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Abstract

The mechanisms of melt ejection and striation formation in
continuous wave laser cutting of mild steel are discussed. Melt
ejection from the cutting front is shown to be a cyclic phenom-
enon. Striation formation is strongly affected by the oscillatory
characteristic of the thin liquid film on the cutting front during
melt ejection, together with the oxidation and heat transfer
process. Cutting speed determines whether the liquid film will
rupture or generate waves on the cutting front. Theoretical
explanations are given according to the instability theory of a
thin liquid film in a high-velocity gas jet and the diffusion-con-
trolled oxidation theory. Striation frequency and depth are pre-
dicted according to the above theories. Experimental investi-
gations were carried out and the results are consistent with the
calculations. The better understanding has shed light on fur-
ther investigations and optimal process development.

Keywords: Laser Cutting, Striation Formation, Oxidation,
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Nomenclature

A constant (m?/s)

B constant (m%mol)

b kerf width (m)

C oxygen concentration (mol/m?®)

¢ wave velocity (m/s)

¢ friction factor

¢, heat capacity (J/(kgK))

D diffusion coefficient (m?/'s)

d workpiece thickness (m)

[ wave frequency (s™)

A liquid film thickness (m)

! defined in Eq. (11)

J particle current in oxidation (mol/(m?’s))
K heat conductivity (J/(smK))

k  wave number (m™)

kg Boltzmann constant (J/K)

P. normal stress parameter

P pressure (Pa)

Do OXygen pressurc at interface (Pa)

R Reynolds number of liquid, R= Vh/v
s, maximum thickness of oxide layer (m)
T; tangential stress parameter

7, activation temperature (K)
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LW R T =

t time ($)
1, time period per oxidation cycle (s)
U gas velocity profile (m/s)
U, streamwise gas velocity (m/s)
V' interfacial velocity (m/s)
1 liquid velocity in x direction (m/s)
v liquid velocity in y direction or cutting speed
(m/s)
friction velocity (m/s)
activation energy (J)
internal energy (J)
direction along interface
direction perpendicular to interface
a = kh, dimensionless wave number
defined in Eq. (20)
initial disturbance (m)
surface tension (kg/s?)
wave length (m)
viscosity of melt (kg/(ms))
viscosity of gas (kg/(ms))
density of melt (kg/m?)
density of gas (kg/m?)
- tangential perturbation stress (Pa)
. normal perturbation stress (Pa)
mean shear stress (Pa)
kinematic viscosity of melt (m?/s)
v, kinematic viscosity of gas (m?¥s)
iy stream function
¢ function in Eq. (3)
7 disturbance (m)
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Subscripts

upper bar mean value

prime perturbation value

0 interface of oxide and oxygen
s interface of metal and oxide
Introduction

The formation of periodic patterns (striation) has
drawn much attention in continuous wave laser cut-
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Figure 1
Typical Cut Edge Showing Striation Pattern in Thin Sections

ting of mild steel because it strongly affects the qual-
ity of the finished cut (Figure ). However, the phys-
ical mechanisms of striation formation arc not fully
understood and are far from being quantitatively
described. Obviously, striation results from some
periodic nature of the cutting process. Most investi-
gators argue that striation patterns are due to an
oscillated molten front in the course of laser cutting.
There are several possible mechanisms that will
result in an oscillated molten front even when opti-
cal and mechanical conditions are well controlled.
The fluctuation of absorbed laser power during laser
cutting and the gas flow interacting with the work-
piece will bring about fluctuation of the molten
front." In special cases, the liquid layer can oscillate
with a natural frequency even without fluctuations in
absorbed power.! The high-speed gas jet during melt
ejection will cause hydrodynamic instabilities of the
molten front.? Arata et al. for the first time conduct-
ed a detailed experimental investigation about the
molten front in the cutting process.® They suggested
that when the cutting speeds are less than the veloc-
ity of the reactive front, the ignition and extinction
cycles of reaction begin to take place, and they pro-
posed a critical cutting speed of 2 m/min for mild
steel of certain thickness, above which no such cycle
exists. But some reports indicate even it the cutting
speed is above the critical speed, stria still exist.*® A
cyclic oxidation model is further suggested. It is
explained that, for diffusion-controlled reaction, the
rate of chemical reaction is time dependent, being
rapid in the early stages but decreasing markedly as
the thickness of the oxide layer increases. So the
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Schematic of Oxygen Cutting of Mild Steel
oxide layer will expand rapidly at first but slow
down afterward. Once the oxide is blown out from
the cutting front. due to a sudden decrease of the
oxide layer, another expansion will begin (Figure 2).
Although this model gives a quite convincing expla-
nation on the expansion of the oxide layer, it does
not clearly explain how the oxide layer is suddenly
reduced. Assuming that the melt removal 1s a con-
tinuous process, the oxidation cycle will not gener-
ate striation because when the oxidation and melting
speed are finally the same as the melt removal rate,
the entire process will no longer be cyclic. The
mechanism of melt removal is investigated in this
paper, and it is shown that there are cyclic charac-
teristics in the removal process. A schematic of laser
cutting of mild steel is shown in Figure 3.

Physical Model of Melt Removal and
Striation Formation

The behavior of a thin liquid film under gas flow
has been studied over several decades.®” The behav-
ior of the liquid film is largely dependent on the gas
velocity, liquid flow rate (or Reynolds number), and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



film thickness. Ripples are generated on the surface
when a high-velocity gas flows above a thick liquid
layer because the viscous dissipation is less than the
energy transferred by the wave-induced pressure
perturbation. The wave behavior depends on the gas
velocity and liquid flow rate. As the film thickness
is reduced, the surface smooths out because the fric-
tion in the liquid phase can overcome the pressure
perturbation. As the film thickness is further
reduced to a very small value, it is found that the lig-
uid film becomes unstable because the wave-
induced shear stress perturbation is sufficient to
overcome the restoring forces, and so-called slow
waves are generated on the surface.® It is perceivable
that, if the liquid film gets even thinner and has a
lower fluid flow rate, the film will rupture. In addi-
tion to the aforementioned destabilizing forces, the
intermolecular dispersion forces may become
important in film rupture.’

For the case of laser cutting of mild steel, it is com-
monly accepted that the molten front thickness is of
the order of 10~° m.%*! In such an order of thickness,
the molten front is unstable and can easily rupture.

Consider the top part of the molten front (Figure
4). At low cutting speeds, the liquid film has rela-
tively long exposure time in the gas flow, and the lig-
uid film will usually rupture because there is not
enough liquid flow rate on the top part of the molten
front. This phenomenon has been observed and
described by Arata et al.* When the cutting speed
increases, the period of film rupture becomes short-
er. At some critical cutting speed, there is not enough
time for instabilities to develop to cause film rup-
ture, and there is always a liquid film on the top of
the molten front. This was described by Arata et al.?
as “steady cutting,” which corresponds to a cutting
speed above 2 m/min. This thin liquid film for mild
steel of certain thickness, however, may still be
unstable, and instead of film rupture, slow waves
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Figure 4
Schematic of Molten Front Change at High Cutting Speeds
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may be generated (it is shown later that the thickness
of the liquid film is below the critical thickness
under which slow waves are generated). Once the
crest of the slow wave moves downward from the
top of the molten front, much more melt is removed,
and oxidation coupled with heat conduction begins
to expand. The process is fast at first and slows
down until another wave crest comes and moves the
melt downward. Thus, an expansion-compression
cyclic pattern is still formed above the so-called crit-
ical cutting speed.

It has been shown by Makashev' that a steady
flow of the melt layer on the upper edge is impossi-
ble. Instead of wave generation, he proposed that a
melt drop will quickly grow up to a critical size and
then move down. Makashev’s theory of droplet for-
mation on the upper edge is not convincing enough
because the liquid flow rate is very small and the lig-
uid layer is basically in laminar state (it is estimated
that the liquid Reynolds number is comparable to 1).
Moreover, as mentioned earlier, there is not enough
time for film rupture when the cutting speed is high.
Vicanek et al.? treated the melt flow as a two-dimen-
sional boundary layer and gave the stationary thick-
ness of the molten layer along with an instability
analysis. The stress perturbation, however, was not
considered in their approach, and hence the results
are not accurate enough to give a quantitative
description of the striation pattern.

Melting (or oxidation) and melt ejection are essen-
tially coupled with each other to form a cyclic pattern
at the molten front. Because of the wave formation at
the molten front, the melt ejection shows a cyclic
nature that causes the oxide layer to oscillate and
brings about the oscillation of oxidation due to high
resistance of the oxide layer. Such a process will be
explored in more detail in the following sections.
Based on the aforementioned explanation, it is obvi-
ous that the oscillation frequency of the molten front
is related with the wave frequency on the molten
front, which is dependent on the momentum and ener-
gy balance of the gas flow and the liquid phase.

Theoretical Background
Mathematical Formulation

The analysis of the instabilities generated on a
liquid film by an adjacent high-speed gas jet begins
with the linearized Navier-Stokes equations of the
liquid film. Only two-dimensional harmonic distur-
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bances are considered here. The two-dimensional
treatment will reveal the basic nature of the problem
because every periodic three-dimensional distur-
bance may be represented in terms of a correspond-
ing two-dimensional problem." Suppose the compo-
nents of velocity, u;, and pressure, P, can be written
as the sum of mean values ; and P and small per-
turbation values u; and P’ , as follows:

u, =u, +u;

P=P+P (h

where subscript i/ can be in the x or y direction
(Figure 5), and the velocity will be u or v accordingly.

The linearized equations of motion in a two-
dimensional plane can be obtained by canceling the
time-independent solution when the above variables
are substituted into Navier-Stokes equations, that is:

ou;' +u—8u,.' oy du, 5
or 7 ox, N (2)

(=
dy; p ox

where p is the density, v=p/p is the kinematic vis-
cosity, and A is the Laplace operator.

The stream function representing a single oscilla-
tion of the disturbance, 7, is assumed to be propor-
tional to the disturbance to satisty the following con-
tinuity equation:

y(xy1)=—o(x)n(x1) 3)

where ¢ is a function of y.
The sinusoidal disturbance, v, has the form of

(refer to Figure 5)

r’ — &ik(x—cr} (4)

where & is the initial disturbance of a small value, &
is the wave number, A = 27/k is the wave length, and
¢ is the wave velocity, which may be complex. The
perturbation velocities can be written as the deriva-
tives of the stream function, as follows:

U= a—w __4¢

SOy dy (5)
Yy .

= =k
dx ko

Substituting them into Eq. (2), taking proper
derivatives of each equation, and making subtraction
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Schematic of Shear Flow and Surface Disturbances

to cancel out the pressure term will lead to the so-
called Orr-Sommerfeld equation, as follows:

4 2
v 490 —[ik(ﬁ—c)+2vkz]d—2

av* dy

+ ik (it =)+ vi* |p =0

(6)

The above equations have to satisfy the linearized
kinematic and dynamic boundary conditions as well
as the condition of vanishing perturbation velocity at
the wall. The linearized kinematic condition at the
liquid surface is as follows:

an ., 9n
DL V—, b5 ’:/ 7
V= + n aty=nh (7)

where /1 is the thickness of the liquid film and ¥ is
the interface velocity.

The dynamic conditions require the continuity of
the tangential perturbation stress, o,,, at the inter-
face, that is:

du o
,u[ 5 &\'j o,.aty=h

and the equilibrium of the resisting forces and the

normal perturbation stress, o, (gravity is neglected),
' 2

v o°n
+0 .,
a\ axz ¥y

aty=h (9)

where v is the surface tension.
When written in the form of ¢ [refer to Eq. (5)],
Egs. (7), (8), and (9) become

o=V-caty=h (10)
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%Jrkz(])-1—(/,17])710'_“v =0.aty=nh (11)
y

o d 140

(ik) 1V;}g+[(c—V)+31kV];{; (12)

+Vo/h+ky/p~(pn)'c, =0.aty=h

In deriving the above results, it is assumed that the
liquid velocity has a linear profile u = Vv/h and that
the mean shear stress is 7 =ul/A. The vanishing per-
turbation velocity at the wall leads to the conditions of

_do_,

0=

,at_\’:—‘O (]3)

The instability analysis is basically to solve an
eigenvalue problem of Orr-Sommerfeld Eq. (6) with
the boundary conditions of Egs. (10), (11), (12), and
(13). The process of solving these equations is left
out in this paper; only relevant results are provided.
A similar analysis was done by Craik.*

It should be pointed out that the wave velocity
consists of a real part and an imaginary part: ¢ = ¢,
+ ic;, in which ¢; represents the growth of the distur-
bance and ¢, denotes the traveling speed of the wave.
Thus, instability occurs when c¢; has a positive value.
For neutrally stable disturbances (c; = 0), the analy-
sis gives the following results:

3T,

P +—L=ykh

AT (14)
c =V (15)

where P, and T; are stress parameters such that g,, =
P and o, = Tm. The condition for Egs. (14) and
(15) to be valid is that (k#)R is small enough. R is the
liquid Reynolds number.

R=Vh/v (16)

[t is obvious that the two terms on the left side of Eq.
(14) represent the surface stress, and the term on the
right side is the restoring force of surface tension.
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Instabilities of the Cutting Front

Instability occurs when the surface stress is suffi-
ciently large to overcome the restoring forces of sur-
face tension, that is:

3T 2
P +—l2yk‘h

2kh an

For the case of laser cutting, the condition that (k2)R
is small is satisfied. When the liquid film is so thin
that the intermolecular interaction becomes impor-
tant, the effect can be included by taking it into a dis-
persion force term on the left side of the equation.
Thus, the condition of instability of the film rupture
takes the same form as that of wave generation. For
simplicity, only the waves under the so-called
“steady cutting” conditions (cutting speed less than
2 m/min.)* are considered. In the case of small film
thickness, the shear force perturbation will be domi-
nant, so Eq. (17) can be further simplified as follows:

; 3T 1/2
\27k’)

The critical thickness for stability can be evaluated
for a given wave length, if the perturbation shear
stress can be calculated accordingly. Most theoreti-
cal analyses of interfacial instabilities have adopted
Benjamin’s quasi-laminar estimate. Benjamin’s
method is expected to give correct orders of the
results even when it 1s applied to turbulent flows'?
and is used here to evaluate the scaling of the surface
stress and critical film thickness for instability.
The surface stress can be evaluated as follows:®

h<

(18)

T, = pv}(B1jc, o (oR) ™ (19)
p-pvad (20)
Reg

where o = kh is the dimensionless wave number and
¢, 1s the friction factor. The expressions for 7 and B
are as follows:

o

I~ oy, e e

1

(21)
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(22)

where U(y) is the gas velocity profile that is
assumed to follow the 1/7th power law,"* U, is the
streamwise gas velocity, v, and v are kinematic vis-
cosity of the gas and the melt, respectively, and p,
is the gas density. ¢, can be calculated according to
the following:

|4 2
/J - = Cfpgl‘]()-

ho (23)

where  is the viscosity of the melt.
The interfacial velocity can be calculated using the
1/7th power law of mean velocity profile,"? that is:

17
Uy 74 bv,
T..g_ 2v (24)
. MV
PgVe T (25)

where b 1s the kerf width, v, is the kinematic viscos-
ity of the gas, and v. is the friction velocity. The
properties of the gas phase should be taken at the
local temperature.

The critical thickness below which instabilities
occur is found to be approximately 5.6 x 10 m if
the parameters in 7able [ are used. The wave num-
ber & is evaluated as & = 27//V, where f'1s the stria-
tion frequency. Since it is commonly accepted that
thickness of the molten layer is in the order of
10° m, >+ which is about one order of magnitude
below the calculated critical thickness, thus the
molten front is unstable and so-called slow waves
will generate at the cutting front.

Table 1
Physical Quantities and Parameters Used in the Simulation

Uy =340 m/s me = 4.5 x 107 kg/(ms)
b=04x 107 m p=7.8x 10" kg/m?
f=2305s" p, = 0.23 kg/m*

v = 1.0 kg/s? v =0.64 x 10* m¥s

p =5 x 107~ kg/(ms) v, =225x 107" m¥s

48

Prediction of Striation Frequency

In the aforementioned physical model, the stria-
tion frequency is equivalent to the oscillation fre-
quency of melt ejection and oxidation. Under high-
speed cutting conditions, the frequency should be
equivalent to the slow wave frequency. The wave
number of the slow wave is approximately taken as
the critical wave number at which the mean shear
stress, 7, attains the minimum value. Undamped dis-
turbances for the liquid film of thickness, 4, are sus-
tained at such a minimum value. Substituted by the
proper stress evaluation, Eq. (14) becomes

L 273 2/3
ko 3BTk
Io; 2h p

2

vk
P (26)

LS

('f

i
L

Taking derivative d7/dk of the above equation, one
obtains the positive critical wave number:

[ = It
depy (27)
The mean stress is evaluated according to
Y
H i (28)

Theoretical results show that the wave speed is
equal to the interfacial velocity [Eq. (15)]. However,
the experimental measurements show that the wave
speed is actually less than the interfacial velocity. A
reasonable approximation is obtained by consider-
ing a coefficient of, say, 0.8.

c=08V (29)

where ¢ 1s the wave velocity and V is the interfacial
velocity. This takes into account the nonlinear effects
that may reduce the wave velocity. Thus, ¥ calculat-
ed from Eqgs. (24) and (25) can be used to approxi-
mate wave velocity. The wave frequency is then

F=08Vk/2x (30)

As discussed in the physical model section, the
wave frequency 1s actually the frequency of the stri-
ation. The striation wavelength is, however, a com-
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bination of striation frequency and the cutting speed,
v, as follows:

A=v/f (31

The interfacial velocity, ¥/ is dependent on the sta-
tionary liquid film thickness, A, which should be
derived from steady-state energy and momentum
balance. The calculation method from Vicanek et al.2
is used to obtain the values of film thickness 4 as a
function of cutting speed and gas velocity. Vicanek
et al. treated the molten front as a plane and solved
the momentum equations based on boundary theory,
taking the physical properties at the wall tempera-
ture instead of solving the energy equation.

Prediction of Striation Depth

As mentioned in the introductory section, stria-
tion formation has been found to be strongly related
to oxidation in laser cutting. The exothermic oxida-
tion typically contributes nearly half of the total
energy input. The heat conduction and oxidation
take the same parabolic forms as the following:

aC aC 9 _aC
v =—==—| D—
8r+ ())ax By[ ay] (32)
dc,T de,T o oT
Uly)—2— = | k2=
Py AU ay( ay] (33)

where C is the oxygen concentration, p is the densi-
ty, ¢, is the heat capacity, and D and K are the diffu-
sion coefficient and heat conductivity, respectively.
The hydrodynamic instability of the oxide layer
described in the previous sections brings about oscil-
lations in the oxidation process because of the large
diffusivity of the oxide layer. The diffusion-controlled
oxidation process can be described as follows:

4 _py-pp?€ (34)

dt dx
where s is the oxide layer thickness, J is the particle
current, and B is a constant. If the quasi steady state
approximation that the concentration on oxide sur-
face is independent of the oxide film is valid, Eq.
(34) can be written as follows:

— o

ds (Co B Cs ) C
S opgpie=lop
dt s(r) s(1) (35)
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where subscript s denotes the metal-oxide interface
and subscript o denotes the oxide-oxygen interface.
C; 1s near zero because of consumption of oxygen at
the reaction plane. The temperature dependence of
the diffusion coefficient is due to an exponential fac-
tor containing an activation energy W and
Boltzmann constant kg.

Docexp(' kVWTJ (36)

B

Note that C, is also temperature dependent,

C, exp[— AWT) (37)

‘B

where w is the internal energy. The oxidation equa-
tion can be written as follows:

ds _ (p”)f}b(wTo T)

dr s(1) (38)

where 4 is a coefficient that has presumably a linear
relationship with the oxygen pressure p, at the sur-
face of the molten front. 7 is the activation temper-
ature for the diffusion. An estimate for s can be
achieved by neglecting temperature variation and
simply integrating Eq. (38) to give the well-known
parabolic equation:

sut = Alp, ), (39)

where s, is the maximum thickness of the oxide
layer. The time period ¢, is the inverse of frequency
from Eq. (30). If one calculates the striation fre-
quency from Eq. (30), the maximum depth of the
striations can be estimated from Eq. (39) if the coef-
ficient is experimentally calibrated.

The above approximation assumes that the oxide
layer is directly related to the striation depth.
Striation formation is a complicated phenomenon,
and simplifications are needed for modeling and
simulation efforts to obtain quantitative results.
Another simplified yet reasonable approach to pre-
dict striation depth is to relate the striation depth to
the temperature fluctuation range of the molten
front. Experimental studies have confirmed that the
striation pattern can be correlated to the temperature
fluctuation. A numerical simulation has been car-
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ried out to simulate the front temperature fluctua-
tion, where parabolic growth of the oxide layer is
assumed, followed by removal due to hydrodynamic
instability." The period of this growth-removal cycle
is given from the frequency prediction described
before. The striation depth can be calibrated from
the simulated temperature fluctuation range.

Calculation and Experimental Results
Striation Frequency

For a given laser power, the striation frequency is
related to the surface velocity [Eqgs. (24) and (25)]
and wave number [Eq. (27)], which in turn depends
on the gas velocity and liquid film thickness. The
gas velocity is dependent on the gas pressure as well
as the interaction of the gas jet with the workpicce.
The average values of the streamwise gas velocity
are obtained from numerical simulations carried out
by the same authors. The details of the numerical
simulation of the gas effects will be presented in the
other paper. The liquid film thickness is dependent
on the gas velocity and the cutting speed.

Experiments were carried out for oxygen-assisted
cutting of 1.6 mm thick steel 1018 with a CO, laser
(Tuble 2). The laser was operated in continuous wave
mode with focal length of 2.5 in. The laser beam was
focused on the material surface. The gas delivery
nozzle is a convergent nozzle with diameter 1.35
mm and standoft 1.0 mm. For Group | experiments,
the gas pressure is held at 2.1 bar (30 psi, measured
on gauge) and the cutting speed is varied from 15
mm/s to 50 mm/s. In Group 2 experiments, the cut-
ting speed is fixed at 30 mm/s and the gas pressure
is varied from 0.8 to 3.8 bar (measured on gauge).
The striation wavelength and depth are obtained
from Talysurf profiles taken from a position 0.5 mm
from the top of the cut edge.

Figures 6 and 7 show the calculated liquid film
thickness and interfacial velocity against the cutting
speed. corresponding to the experimental parame-

Table 2
Experimental Conditions

Section
Thickness  Power Group | Group 2
1.6 mm 500 W (as pressure Cut speed

2.1 bar 30 mm/s

Cut speed
15-50 mmy/s

(as pressure
(0.8-3.8 bar

ters. The wave number calculated from Eq. (28) is vir-
tually unaltered with changes of the cutting speed. The
corresponding wavelength of slow waves is about 1.56
mm if a typical value of /=0.30 in Eq. (21) is chosen.
The predicted striation wavelength and the exper-
imental results are given in Figure &, and they are in
agreement. The increase in cutting speed causes the
liquid film thickness and thus the interfacial veloci-
ty to increase. As a result, the striation frequency
increases, but not as much as the increase of the cut-
ting speed. The net result, therefore, is that the stria-
tion wavelength increases with the cutting speed.
For convergent nozzles, when the stagnant gas
pressure is higher than 0.89 bar (measured on
gauge). that is, when the ambient pressure is lower
than the critical pressure (0.528 of stagnant gas pres-
sure). the gas jet cannot expand normally. The gas
pressure at the nozzle exit will be held at the critical
pressure (choked flow) and the velocity is equivalent
to the sound velocity at the local temperature.
Immediately after the nozzle exit, there is a system
of shockwaves beginning at the nozzle edge.'®
However, the numerical simulation shows that the
main stream gas velocity remains relatively constant
inside the cut kerf (between 1.0 mm and 2.5 mm in
Figure 9) despite the increasing gas pressure.
Consequently, the wave velocity will not change
much, and the striation frequency is almost indepen-
dent of the gas pressure. Figure /0 shows the mea-
sured and predicted striation wavelengths against
the gas pressure. The wavelength does not change
much when the gas pressure is higher than 0.89 bar.

Striation Depth

Striation depth is evaluated using Eq. (39). This
assumes that the parabolic growth of the oxide layer
is directly related to the striation depth. Figure 11
shows the predicted maximum striation depth
against the experimental measurements. The coeffi-
cient in Eq. (39) is calibrated to be a constant of 4 x
107%. The increasc of the striation frequency with the
cutting speed gives a shorter interaction period for
the oxidation and melting process and thus reduces
the striation depth. The prediction is consistent with
the experimental results.

Figure 12 shows the maximum striation depth
against the gas pressure. The p, in Eq. (39) is the
stagnant pressure on the cut edge, which is nearly
proportional to the total pressure at the nozzle exit.
The pressure on the cut edge increases as the gas
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Figure 8
Striation Wavelength vs. Cutting Speed

pressure increases, resulting in higher oxygen con-
centrations on the cut edge. which is beneficial for
oxidation. Thus, the striation depth increases.

Based on this molten layer instability analysis, the
transient temperature fluctuation is captured numer-
ically. The details of the numerical simulation
process are described in Chen, Yao, and Modi."* The
relevant results are summarized here. Figure 13
shows calculated front temperature fluctuation
under a typical condition. Since the coefficient of
the parabolic growth is not readily available, it is cal-
ibrated so that the temperature fluctuation is around
a level known from experiments. When the oxide
layer starts to grow, the oxidation slows down
because of the high resistance of the oxide layer to
the oxygen diffusion, and thus the temperature starts
to drop. Once the oxide layer is removed, the tem-
perature quickly picks up due to a sudden increase
of oxygen flux and reaction energy. Figures /4 and
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15 show the calculated temperature fluctuation
range and the measured striation depth for ditferent
cutting speeds and gas pressures, respectively. As
seen, the decrease of the temperature fluctuation
range corresponds to the decrease of the striation
depth for increasing cutting speed, and the opposite
trends hold for increasing gas pressure.

Discussions

It is interesting to note that when thick sections
are cut, there are two striation patterns produced on
cut edges, with the primary striation pattern on the
top and another more irregular pattern on the bot-
tom. This is understandable (f there are two waves
present on the cut edge, one followed by another. It
is known that the transition to two striation patterns
occurs when the workpiece thickness is above 1.5
mm to 2.0 mm. This is close to the calculated value
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of wavelength. When waves travel downward, the

wave velocities become irregular, causing relative
irregularity of the secondary striation pattern com-
monly observed. This topic is intended to be investi-
gated in the future work.

In the current prediction of striation wavelength,
the physical properties of gas and liquid phase are
assumed to be constant. The approximation is valid
only when the energy balance does not change sig-
nificantly as the cutting speed or the gas pressure
varies. A more accurate model would incorporate
the energy balance into the calculations. Since the
oxidation process in laser cutting is far from being
well understood and the relationship between the
molten layer and the oxidation layer is not clear,
approximations were made, and the calculations
have to be calibrated to evaluate the striation depth.
The molten front is simplified to be two-dimension-
al, of uniform thickness. The actual profile of the
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molten front is, however, curved, and the thickness
increases from top to bottom. A slow wave on the
molten front may consist of a band of wave num-
bers, and the wave numbers may be away from the
critical wave number.

There are other effects that may influence the
instabilities of the thin liquid film. There are shock
waves in the gas jet after the nozzle exit, and the gas
jet becomes turbulent because the reservoir pressure
for laser cutting is usually higher than 0.89 bar of
gauge pressure. The turbulent fluctuation of the air-
flow will increase the surface stresses produced by
interaction of the mean airflow, making the liquid
film more unstable. The viscosity and the surface
tension of the liquid phase generally have stabilizing
effects on the liquid film. In oxidation cutting, the
viscosity and the surface tension of the iron oxide
are lower than those of pure molten iron, which
increases the instability of the molten front.

Conclusions

A theory of the unstable characteristic of the melt
cjection combined with the oxidation oscillation is
proposed to explain the mechanism of striation gen-
cration. When the cutting speed is small, the liquid
film ruptures on the cutting front. When the cutting
speed increases to some point, waves are produced
on the top of the cutting front in place of film rup-
ture. Each wave crest or film rupture results in a sud-
den increase of the melt removal and thus the accel-
cration of the oxidation and the melting. As a result,
a cyclic pattern i1s formed on the cut edge. The stria-
tion frequency is related to the frequency of the slow
waves or film rupture. The calculated striation fre-
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