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Characterization of the melt removal rate in laser cutting of thick-section
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The efficiency of the laser cutting process depends on both the rate of melting and rate of melt
removal from the cut kerf. The depth of flow separation and the dross attachment on the lower cut
edge relate to the efficiency of the melt removal process and can be used to characterize the rate of
melt removal from the cut kerf. The melt flow velocity and melt film thickness are formulated in this
study by consideration of the fundamentals of viscous incompressible fluid flow. The calculated melt
flow velocity and melt film thickness are correlated with the depth of flow separation on the 10 mm
stainless steel AISI 304 �EN 1.4301� laser cut edge. The effects of process parameters—including
assist gas pressure, nozzle diameter, nozzle standoff, focal point position, and cutting speed—on the
depth of flow separation and the dross attachment on the lower cut edge are investigated. The assist
gas pressure, nozzle diameter, and focal point position are found to significantly affect the efficiency
of melt removal from the cut kerf. © 2010 Laser Institute of America.
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I. INTRODUCTION

Laser cutting of sheet and plate metal is one of the major
applications of high power lasers with steels—both low al-
loyed steels and stainless steels—taking a majority share of
metals that are usually laser cut in industry. The high power
laser systems with high beam quality provide the necessary
power intensity required for cutting of thick-section stainless
steel using inert assist gas and high cutting speeds can be
realized. In principle laser cutting of stainless steel using an
inert assist gas jet �usually nitrogen� is accomplished by two
mechanisms, namely, melt formation through absorption of
the incident laser beam and melt removal from the cut kerf
through the action of the high pressure assist gas jet. After
initiation of the laser cutting process, continuous melt forma-
tion occurs through absorption of the incident laser beam at
the melt surface in the cutting front as the molten material is
continuously sheared and accelerated down the cut kerf by
the pressurized assist gas jet until the melt is ejected from the
cut kerf. Olsen1,2 described the fundamental mechanisms of
the cutting front formation in laser cutting and estimated the
melt film thickness at the cutting front by considering the
molten film formed by thermal conduction and the accelera-
tion of the molten material by the cutting gas pressure. He
reported that the limitation in the melt removal rate due to
the limited gas pressure in the cut kerf is the practical limit-
ing factor of the laser cutting process rather than the power

1
or intensity of the available laser beams. The melt removal
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rate is especially critical during laser cutting of thick-section
metal because of the high amount of melt generated in the
narrow thick-section laser cut kerf.

Laser cut quality is strongly affected by the hydrody-
namic interaction of the assist gas jet with the molten mate-
rial in the cut kerf. The rate of melt removal depends on the
boundary layer flow which is the region close to the kerf wall
where the viscous effects are dominant and the velocity pro-
file is due to the shear stress. It is desirable that a laminar
boundary layer flow is sustained along the whole cut thick-
ness so that the laminar flow runs attached to the kerf wall
and effectively sweeping away the molten material. For good
cutting quality, a laminar flow regime can be maintained
throughout the cut depth in thin sheet cutting with a small cut
kerf but thick plate cutting requires a larger kerf width to
allow the flow to be laminar up to larger cut depths.3 Poor
cut quality results when the melt flow regime transitions into
a turbulent boundary layer before it clears the bottom cut
edge.

The gas flow dynamics inside the laser cut kerf consti-
tute an important factor in the resulting cut quality so that
much effort has been oriented toward improving the capabil-
ity of the assist gas to remove the molten material from the
cut kerf. Gross et al.4 investigated the melt flow pattern in-
side narrow thick-section kerfs using numerical simulation
techniques and identified wave structures in the melt flow
which reduced the drag and pressure forces available for
melt acceleration and subsequent expulsion. They reported

that a higher assist gas pressure enhanced a more homoge-
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neous acceleration with less integration of the flow down the
kerf leading to less or delayed build up of melt. Sparkes et
al.5,6 reported that the major factor limiting the cut quality in
inert gas laser cutting of �6–10�-mm-thick stainless steel
plates using the high brightness fiber laser was the difficulty
in obtaining full melt ejection through the narrow cut kerfs.
Duan et al.7 reported that the gas flow field inside the laser
cut kerf strongly depends on the geometric shape of the cut-
ting front that is determined by the input laser cutting param-
eters such as laser power, cutting speed, and focus position.
Increase in the inlet pressure, nozzle exit diameter, and over-
lap of the nozzle with the cut kerf improved the gas flow
field inside the kerf and enhanced efficient melt removal.
Tani et al.8 reported that dross formation was dependent on
the surface tension and occlusion of the kerf bottom through
an excess of liquid. Man et al.9 used shadowgraphic tech-
niques to study the gas jet patterns inside the cut kerf for
supersonic and subsonic �conical� nozzle tips under high in-
let stagnation pressure. They reported that the conical nozzle
tip produced a radically expanding flow and the behavior of
the gas jet inside the kerf worsened with increase in stand-off
distance while a properly designed supersonic nozzle tip pro-
duced a gas flow with uniform distribution so that the behav-
ior of the gas jet inside the kerf was independent of the
variations in stand-off distance. The gas jet behavior inside
the cut kerf was influenced by the kerf width and workpiece
thickness. Man et al.10 demonstrated that a proper design of
the supersonic nozzle for high gas pressure laser cutting
based on the theory of gas dynamics ensures that the exit jet
with high momentum and good uniform boundary can be
obtained so that the tolerance of the stand-off distance be-
tween the nozzle tip and the workpiece can be increased.

High gas pressures are utilized during laser cutting of
thick-section metal with an inert assist gas jet. However, a
supersonic gas jet delivered through the commonly used
conical gas nozzles results in a series of shock structures in
the gas flow due to the adjustment of the higher pressure at
the nozzle exit to the atmospheric ambient pressure. Chen et
al.11 reported that the interaction of the shock waves in a
supersonic gas jet contributes to a large reduction in the stag-
nation pressure at the cutting front thus reducing the material
removal capability of the assist gas jet. The shock structure is
influenced by the gas pressure and nozzle stand-off distance.
Fieret et al.12 reported that the complex shocks structure in a
supersonic gas jet results in various high pressure regions in
the gas flow but with limited tolerance in each high pressure
region. Jun et al.13 used numerical simulations to study the
effect of stand-off distance on the mass flow rate and the
axial thrust in the cut kerf and reported that stand-off dis-
tance has great effect on the shock structure and the jump
and fluctuation of the thrust for different exit Mach number.
The dynamic characteristics of gas jets from supersonic
nozzles for high pressure gas laser cutting and the design of
optimized supersonic nozzles capable of delivering a super-
sonic exit jet with high momentum and uniform boundary
have been addressed by various authors.14–16 Quintero et
al.17 demonstrated the benefits of an off-axis nozzle for mol-
ten material removal over the conventional coaxial assist gas

jet. However, the selection of the inclination angle between
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the laser beam axis and the gas jet as well as the position of
the impinging point of the gas jet with regards to the inci-
dence point of the laser beam are crucial to the cut quality.
Riveiro et al.18 demonstrated the use of a supersonic cutting
head with an off-axis gas jet for the cutting of aluminum
alloy and reported that more superior cut quality was
achieved than with the conventional coaxial conical cutting
head. Duan et al.19 reported that the tendency for boundary
layer separation which reduces the cut edge quality is influ-
enced by the curved shock formed in the flow field inside the
cut kerf; and the curved shock becomes stronger with larger
inclination angle of the cutting front. The pressure gradient
in the cut kerf is influenced by the shock-structure in the
assist gas flow; the normal situation is the decreasing pres-
sure down the kerf, however, a sudden increase in pressure
results when the gas flow passes the point of incidence of the
curved shock resulting in a reduction in the flow velocity and
an increase in the boundary layer thickness.19,20 In order to
maintain a high cutting quality, a laminar boundary layer
melt flow must be maintained throughout the cut depth.
Schulz et al.21 described the time dependent interaction of
the contributing transport processes during laser cutting.
They reported that the onset of ripple formation on the cut
edge is caused by the time-dependent movement of the width
of the cutting front as a response to fluctuations of the pro-
cessing parameters.

This paper investigates the rate of melt removal from the
cut kerf during laser cutting of thick-section stainless steel
using an inert assist gas jet and identifies the process param-
eters that influence the rate of melt removal from the cut
kerf. The melt flow velocity and the melt film thickness are
modeled by applying the principles of conservation of mass
and momentum to the boundary layer flow. The model result
is correlated with the cut quality obtained in the experimental
investigation of laser cutting of 10 mm stainless steel AISI
304 �EN 1.4301� plate with nitrogen as assist gas.

II. MODELING OF LAMINAR BOUNDARY LAYER MELT
FLOW

The laser cutting front is formed by a thin melt film
which propagates through the material with a velocity that
depends on the energy input, thermal properties of the work-
piece material, and the molten material removal mechanisms.

A. Melt flow velocity formulation

As the laser cutting process progresses, the entire melt
surface is in contact with the gas jet as shown in the
schematic representation of the laser cutting front in Fig.
1�a�. The melt velocity profile in the boundary layer is
presented in Fig. 1�b�. The x-axis is directed in the cutting
direction, y is the coordinate perpendicular to the cutting
front, and z coordinate is along the cut depth.

To specify the melt flow problem, the following
assumptions are made:

�i� The melt film thickness is much smaller than the kerf

width and the workpiece thickness so that the melt
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ejection from the cut kerf can be taken as a two-
dimensional problem.

�ii� The cutting front inclination is negligible.
�iii� There is no substantial vaporization and the melt ejec-

tion is mainly directed down the cut kerf in the z
direction.

�iv� The melt is modeled as a viscous incompressible
fluid; and the melt flow is considered to be laminar
and steady.

�v� The melt flow velocity at any downstream position z
follows a smooth profile from zero at the melt/solid
interface �i.e., kerf wall� to the maximum melt veloc-
ity U at the gas/melt interface �see Fig. 1�b��.

Assumptions �i�–�v� given above are reasonable for the
case of laser cutting of thick-section metal using an inert
assist gas jet whereby lower cutting speeds are applied be-
cause of the higher laser power requirement.

The two-dimensional continuity equation �conservation
of mass� for a steady-state incompressible melt flow is given

FIG. 1. The cutting front and melt velocity profile in the boundary layer �w
is kerf width�.
by Eq. �1� �Refs. 22 and 23�
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where uy and uz are components of the melt velocity vector u
in y and z directions, respectively.

The melt ejection from the laser cut kerf is mainly driven
by two forces exerted by the assist gas jet which include: the
shear force at the gas/melt interface and the pressure
gradient.24 The shear stress, � exerted on the melt layer by
the assist gas jet is given as

� = ��
�uz

�y
�

y=0
, �2�

where � is the gas viscosity, uz is the melt velocity, and y is
the coordinate perpendicular to the cutting front.

The two-dimensional Navier-Stokes equations �conser-
vation of momentum� for motion of a fluid element are given
by Eqs. �3a� and �3b�. P is the assist gas pressure, � is melt
density, and � is the melt kinematic viscosity;22,23
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When there is no substantial vaporization in the cut kerf, the
melt ejection is mainly directed through the bottom of the cut
kerf �z direction� and the transverse velocity component uy

will be negligible. Continuity Eq. �1� reduces to �uZ /�z=0
and the boundary-layer Eqs. �3a� and �3b� reduce to Eqs. �4a�
and �4b�, respectively:
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The pressure gradient inside the cut kerf is given as20

�P

�z
= −

1

2

�gUg
2

d
, �5�

where �g is the gas density, Ug is the characteristic gas ve-
locity inside the cut kerf, and d is the workpiece thickness.

The gas velocity Ug in the cut kerf can be estimated
using the Bernoulli equation as

P = �gUg
2/2.

Putting Eq. �5� into Eq. �4b� gives

�2uz

�y2 = − � 1

� + �
���gUg

2

2d
� . �6�

During laser cutting, the velocity of the melting front is larg-
1,2
est at the central region of the cut kerf and the melt flow
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velocity uz must then be highest at the central region so as to
maintain a steady cutting process. The maximum melt veloc-
ity is obtained at the gas/melt interface and the melt velocity
is zero at the melt-solid interface due to the no-slip condition
at the kerf wall. Therefore, integrating Eq. �6� and noting that
�uz /�y=0 at y=w /2 �i.e., uz is maximum at the central re-
gion of the cut kerf where the melt is in contact with the gas
jet� and uZ=0 at y=0 �i.e., no-slip condition at the kerf wall�,
the expression for the melt flow velocity profile is given as

uz = � 1

� + �
���gUg

2

4d
��wy − y2� �7�

and the maximum melt flow velocity U at the gas/melt in-
terface �at y=w /2� is

U = � 1

� + �
���gUg

2

16d
�w2. �8�

B. Melt film thickness

Considering a unit thickness melt film thickness, the
total flow Q is given as

Q = �
0

w

uzdy

and the mean melt velocity um averaged across the cut kerf
is

um =
Q

w
= � 1

� + �
���gUg

2

24d
�w2.

For a steady laser cutting process, the mass balance between
the rate of melting and the rate of melt removal from the cut
kerf is given as

�umtw = �Vdw ,

where � is melt density, um is the mean melt velocity, t is the
melt film thickness, w is the kerf width, and d is the
workpiece thickness.

The melt film thickness t is

t =
24vd2�� + ��

�gUg
2w2 . �9�

The physical properties of the stainless steel workpiece and
nitrogen gas given in Table I are used to model the melt
flow velocity U and melt film thickness t using Eqs. �8� and

TABLE I. Physical properties of stainless steel and nitrogen gas �Refs. 25
and 26�.

Property Stainless steel Nitrogen

Density �kg /m3� 8030 1.185
Viscosity �mPas� 10.26 �at 1439 °C� 0.0165
�9�, respectively.
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C. Separation and transition of flow

From the boundary-layer Eq. �4b�, we have at the kerf
wall22

�P

�z
= �� + ��� �2uz

�y2 �
0
. �10�

It follows from Eq. �10� that in the case of a zero external
pressure gradient �i.e., �P /�z=0�, ��2uZ /�y2�0=0 and the
velocity gradient will take the preferable general form where
�uZ /�y is greatest at the kerf wall and falls steadily to zero at
the outer edge of the boundary layer as shown in Fig. 2�a�.
However, if there is an adverse pressure gradient in the cut
kerf �i.e., �P /�y�0�, ��2uZ /�y2�0 will be positive and
�uZ /�y will first increase with distance from the kerf wall
before it starts to fall off to zero as shown in Fig. 2�b�.
Under extreme conditions of adverse pressure gradient, the
velocity profile becomes increasingly distorted until the
velocity gradient at the kerf wall ��uZ /�y�0 is zero �see Fig.
2�c�� and at this point separation of melt flow from the kerf
wall occurs. There will be a back-flow adjacent to the kerf
wall downstream from the separation point and the flow
transitions into a turbulent flow in the boundary layer.

The transition to turbulent flow in the boundary layer
can take place even when there is no adverse pressure
gradient, for example, disturbances in a laminar boundary
layer can become amplified until turbulence is developed.

III. EXPERIMENTAL PROCEDURE

A fiber laser �IPG YLR 5000� delivering a maximum
output power of 5 kW at cw mode was used for performing
the cutting tests on 10 mm stainless steel AISI 304 �EN
1.4301� plate with nitrogen assisting gas and cutting param-
eters given in Table II. The UTHSCSA ImageTool program

FIG. 2. Effect of pressure gradient on the flow velocity profile and separa-
tion.
was used to measure the kerf width from digital images of
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the cut kerfs obtained using an optical microscope-camera
combination. Similarly the boundary layer separation point
on the cut edges was measured from digital images of the cut
edges.

IV. RESULTS AND DISCUSSION

A. Features on the cut edge

The main features on the thick-section stainless steel
laser cut edge that signify the efficiency of melt removal
from the cut kerf include the boundary layer separation point
and the dross attachment on the lower cut edge. The profile
of the cut edges shows that the melt flow starts out from the
top of the cut kerf as a laminar boundary layer flow in which
the melt streamlines follow straight paths. As the melt flow
progresses down the cut kerf, the boundary layer thickness
increases and a point is reached where the flow regime
transitions into a turbulent boundary layer flow in which the
melt particles move in haphazard paths as shown by the
nature of the streamlines in Fig. 8. The depth of flow
separation indicates the distance from the top of the cut kerf
where boundary layer separation occurs as the laminar
boundary layer transitions into a turbulent boundary layer
�see Fig. 3�. The striation pattern above the boundary layer
separation point is usually uniform following straight
contours along the cut thickness but the striation pattern
below the separation line is irregular with slanting contours.

TABLE II. Cutting parameters.

Property Units Value

Laser power kW 2–5
Cutting speed m/min 0.2–1.8
Nozzle diameter mm 1.0–2.5
Gas pressure bar 4–20
FIG. 3. Definition of depth of flow separation.
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B. Comparison of the model and experimental results

The model and experimental results show the influence
of the assist gas pressure and cut kerf width on the rate of
melt removal from the cut kerf �see Figs. 4 and 5�. With
increase in assist gas pressure, Fig. 4 shows that melt flow
velocity increases and the melt film thickness decreases so
that the boundary layer separation point moves down the cut
kerf. An increase in cut kerf width results in an increase in
the melt flow velocity and a reduction in the melt film
thickness �Fig. 5� and the boundary layer separation point
moves down the cut kerf. The experimental investigation
also shows that the dross attachment on the lower cut edge
reduces with increase in assist gas pressure and cut kerf
width.

C. Effect of assist gas pressure

The position of the boundary layer separation point
moves closer to the bottom cut edge with increase in assist
gas pressure �see Fig. 4� due to an increase in the Reynolds
number of the melt flow. The inertial force exerted on the

FIG. 4. Correlation of depth of flow separation with calculated melt velocity
and melt film thickness.
melt film by the assist gas is higher with increase in assist
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gas pressure resulting in a thinner boundary layer thickness
and the laminar boundary layer flow can be sustained over a
longer distance down the cut edge. When the boundary layer
is thin, the velocity gradient �duZ /dy� normal to the flow is
large and a large shear stress, �0 �where �0=�duZ /dy� is
exerted at the kerf wall by the assist gas. The corresponding
shear force is large enough to exert the necessary drag on the
melt close to the kerf wall and maintain a laminar flow
regime as the viscous shear stresses hold the melt particles in
a constant motion within layers. With low assist gas
pressure, the melt flow is sluggish so that the viscous forces
in the boundary layer will be more significant and the
boundary layer thickness increases rapidly. As the boundary
layer thickness increases, the velocity gradient becomes
smaller and the viscous shear stresses decrease until they are
no longer enough to drag the slow melt particles close to the
kerf wall in layers and the laminar boundary layer melt flow
rapidly transitions into a turbulent boundary layer. In the
turbulent boundary layer, the melt particles rotate in such a
way that the melt particles from the fast moving region
move to the region where the particles are slower and the
slower melt particles move to the faster moving region with
the net effect of an increase in momentum in the boundary
layer.

FIG. 5. Calculated melt velocity and melt film thickness with assist gas
pressure and cut kerf width.
The viscous forces in the boundary layer flow and the
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pressure drop down the thick-section cut kerf reduce the
melt removal rate at the lower cut section resulting in a melt
flow separation and dross attachment on the lower cut edge.
As the boundary layer thickness increases down the cut
thickness due to deceleration of the melt film by friction
between the melt layers close to the kerf wall, flow
separation occurs when the melt flow regime in the
boundary layer transitions from a laminar flow to turbulent
boundary layer flow. Also surface tension retards the melt
from clearing the lower cut edge causing dross attachment
on the lower cut edge.

D. Effect of nozzle diameter and nozzle standoff
distance

The nozzle size has a significant effect on the depth of
flow separation but the nozzle standoff distance did not
significantly affect the depth of flow separation �see Fig. 6�.

The nozzle diameter determines the mass flow rate of
the assist gas delivered into the cut kerf and influences the
inertial force exerted by the assist gas at the gas/melt
interface. A larger nozzle diameter increases the mass flow
rate of the assist gas in the cut kerf resulting in a higher
inertial force exerted by the assist gas on the gas/melt
interface and subsequently a smaller boundary layer
thickness. The effect is that the melt flow will progress down
the cut kerf for a longer distance without flow separation and
with lower dross attachment on the lower cut edge �see Fig.
7� indicating that a larger nozzle diameter gives a higher
melt removal rate and better cut edge quality.

E. Effect of focal point position

The narrow cut kerfs produced when the focal point
position is located closer to the workpiece top surface results
in reduced melt removal rate and flow separation occurs
before the melt clears the bottom cut edge �Fig. 8�. Clean cut
edges—with minimal dross attachment and with the depth of
flow separation close to the bottom edge of the workpiece—
are obtained when the focal point position is located close to
the bottom edge of the workpiece or above the workpiece
top surface provided that the power intensity on the

FIG. 6. Depth of flow separation with nozzle stand-off distance for different
nozzle sizes.
workpiece is sufficient to achieve complete penetration of

 license or copyright; see http://jla.aip.org/about/about_the_journal



68 J. Laser Appl., Vol. 22, No. 2, May 2010 C. Wandera and V. Kujanpaa
the workpiece. The wider cut kerfs produced with the
defocus focus positions enhance the melt removal rate so
that the melt flow clears the bottom cut edge before flow
separation occurs. Penetration of the 10 mm stainless steel
workpiece at 1.0 m/min with 4 kW laser power could not be
achieved with the focal point position located at 6 mm above
the workpiece top surface due to the reduced power intensity
at the workpiece.

The main factors to be considered when deciding the
optimum focal point position in thick-section metal cutting
include the required power intensity to penetrate the
workpiece at a high cutting speed and the kerf width
required for efficient melt ejection from the cut kerf. Focal
point positions located away from the workpiece top
surface—either above the workpiece top surface or close to

FIG. 7. Effect of nozzle size on flow separation depth �4 kW, 1.0 m/min, 18
bar, �8 focal point position�.

FIG. 8. Depth of flow separation and kerf width variation with focal point

position.
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the bottom surface of the workpiece—give a larger focused
beam size on the workpiece and produce wider cut kerfs
which enhance the melt flow velocity in the cut kerf so that
the melt flow clears the bottom cut edge before flow
separation occurs and with minimal dross attachment on the
lower cut edge. However, the necessary condition for these
focal point positions is that the power intensity on the
workpiece should be sufficient to produce complete
penetration of the workpiece.

F. Effect of cutting speed

The depth of flow separation moves closer to the bottom
cut edge with increase in cutting speed �Fig. 9�.

Higher dross attachment is obtained when lower cutting
speeds are applied than during a faster cutting process �see
Fig. 10�. The high power loss from the cutting zone to the
substrate material when cutting is performed with low
cutting speeds results in lower melt temperature and high
melt viscosity due to the temperature dependence of
viscosity. This subsequently results in reduced melt removal
rate at the lower cut section where there is melt buildup and
high dross attachment on the lower cut edge �see Fig. 10�a��.
As the cutting speed is increased, the beam is more
efficiently coupled to the workpiece and less power is lost
from the cutting zone to the substrate material. Due to the
reduced power losses during a fast laser cutting process, the
melt temperature will be higher resulting in lower melt
viscosity and better melt removal from the cut kerf with less
dross attachment on the lower cut edge �see Fig. 10�b��.

V. CONCLUSIONS

The melt flow velocity and melt film thickness were for-
mulated in this paper and correlated with the depth of flow
separation on the cut edge in 10 mm stainless steel AISI 304
�EN 1.4301� workpiece. Good correlation was found be-
tween the calculated melt flow velocity and melt film thick-
ness, with the depth of flow separation on the cut edge in the
cutting experiments. A high cut edge quality is obtained
when the assist gas pressure is sufficient to sustain a laminar

FIG. 9. Depth of flow separation with cutting speed.
boundary layer throughout the entire cut thickness so that the
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melt flow clears the cut edge without the occurrence of flow
separation and with minimal dross attachment on the lower
cut edge.

The cutting parameters that have a significant influence
on the rate of melt removal from the cut kerf during thick-
section stainless steel laser cutting using an inert assist gas
include the assist gas pressure, nozzle diameter, focal point
position, and cutting speed. A high rate of melt removal from
the cut kerf and subsequently high cut edge quality can be
achieved with the following cutting conditions:

High assist gas pressure ��16 bar in 10-mm-thick work-
piece�.

FIG. 10. Effect of cutting speed on dross attachment.
Large nozzle diameter �e.g., 2.5 mm nozzle�.
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Focal point position located close to the workpiece bottom
surface so as to create a larger cut kerf width.
Optimum cutting speed to prevent dross attachment on the
lower cut edge.
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