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Abstract Long-pulse quasi-CW laser cutting of metals is
well suited to small-scale manufacturing settings where pro-
cess flexibility is of high value and investment capacity is
limited. This process refers to cutting operations performed
with millisecond laser pulses obtained through modula-
tion of the pump source to achieve continuous-wave (CW)
operation over limited time intervals. The ability to mini-
mize heat conduction losses, comprising the vast majority
of absorbed laser power at low velocity, allows process-
ing of relatively thick sections compared to what would
be possible at the same average power with a CW laser
source. The present study quantifies the reduction in heat
conduction losses with pulsed exposure by employing a
simple power-balance representation of the heat flow prob-
lem. Laser-cutting experiments are performed with inert and
active assist gases on 1- and 4-mm thick steel samples,
varying peak power (0.3–3 kW ), pulse energy (0.3–12 J ),
repetition rate (25–1000 Hz), and velocity (1–40 mm/s).
The lowest minimum laser cutting power and highest cut-
ting efficiency are achieved with maximum peak power
and lowest permissible pulse overlap for a continuous cut.
Under these conditions, heat conduction losses are reduced
by more than 60% with nitrogen assist gas compared to
CW exposure and more than 50% with oxygen. The calcu-
lated average cutting front temperatures are 450–630 ◦C and
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620–900 ◦C, respectively, well below the melting temper-
ature of steel. Lowest dross adhesion and cut edge surface
roughness are obtained with oxygen assist gas, leading to
both the lowest minimum average cutting power and highest
cut quality. These results demonstrate an efficient process
that improves the feasibility of low velocity laser cutting and
therefore the range of industrial applications in which laser
technology can employed.
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1 Introduction

Laser cutting of metals has been exploited in manufactur-
ing since shortly after demonstration of the first laser in
1960 [1–4]. This process currently accounts for a large pro-
portion of industrial laser applications, together with laser
welding, drilling, surface heat treatment, cleaning, marking,
and additive manufacturing [5–7]. The CO2 laser came to
dominate laser cutting for decades due to its high output
power and relatively high efficiency compared to solid-state
lasers, despite limited optical absorption in metals at the
emission wavelength of 10.6 μm. Recently, however, high
power fiber lasers have transformed the market due to their
much higher wall-plug efficiency, excellent beam quality
and emission wavelength of 1064 nm, achieving smaller
spot sizes and improved optical absorption in metals [8–10].
Adoption of continuous-wave (CW) and pulsed fiber lasers
has been swift across a diverse range of applications from
laser cutting and welding of thick metal sections [11, 12] to
high-speed processing of thin films [13, 14].

Laser cutting of sheet metal is usually performed with
a continuous-wave (CW) laser source in the presence of
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high pressure coaxial assist gas, expelling material as it is
continuously heated and melted by the laser beam. Inherent
limits exist in CW laser cutting relating to the stationary heat
conduction problem, which has received thorough analytical
treatment in the literature [15–19]. It has been demonstrated
that heat conduction losses during CW laser cutting can be
approximated by a power function of the Peclet number
[15]. At low cutting speeds, such losses make up the vast
majority of total absorbed laser power necessary to achieve
continuous heating and melting of the cutting front. This
proportion decreases with increasing cutting speed, leading
to more efficient utilization of the incident laser energy and
a narrower heat affected zone (HAZ). A consequence of
this system behavior is that low-power CW laser sources are
disadvantaged in terms of process efficiency by their more
limited ability to cut at high speed. This has restricted uptake
of laser technology in applications where throughput does
not justify the expense of high-power CW laser sources,
and component thickness is excessive for ablation with low-
power short pulse laser sources. Examples include sizing of
1–5 mm sheet metal in small-scale manufacturing settings
and integration of laser cutting into small-scale machining
centers.

Pulsed laser materials processing exploits rapid deposi-
tion of laser energy to achieve a wide variety of material
transformations, from cutting to surface functionalization,
while limiting heat conduction losses and formation of the
HAZ compared to CW exposure. Laser pulses are generally
classified as long (0.1–50 ms), short (1–200 ns) and ultra-
short (≤ 10ps), with equipment costs increasing rapidly as
pulse duration decreases. Long-pulse quasi-CW laser irradi-
ation, more typically employed for drilling [20–22], repre-
sents a low-cost option that reduces heat conduction losses
during low-speed laser cutting and therefore improves pro-
cess efficiency. Quasi-CW refers to laser pulses obtained
through modulation of the pump source to achieve CW
operation over limited time intervals. Integration into small-
scale machining centers has seen some recent uptake due to
the improved process flexibility provided by laser technol-
ogy (Fig. 1). Processing of components in this setting may
require the presence of complex shapes, blind holes or pro-
files with sharp edges. Machining of these parts cannot be

Fig. 1 Integration of a millisecond pulsed quasi-CW laser source
directly into a standard CNC lathe. Photographs courtesy of M.T. S.r.l

performed with traditional turning or milling operations as
minimum tool dimensions are in the order of one millime-
ter. The minimum necessary thickness of material between
adjacent cuts can also be drastically reduced with laser pro-
cessing as there are no cutting forces transmitted to the
workpiece, but simply limited thermal effects such as melt-
ing and vaporization on a similar scale to the focused beam
diameter.

The minimum required average laser power with mil-
lisecond pulses is a function of peak power, repetition rate,
pulse energy, and velocity. At a given average laser power,
the use of high peak power and low repetition rate leads
to rapid heating and melting of the kerf volume followed
by a relatively long cooling period. Maximum pulse energy
is limited by the peak power and lowest repetition rate at
which pulse overlap can be maintained for cut continuity.
The use of low peak power and high repetition rate, on the
other hand, leads to a more constant temperature distribu-
tion approaching that of CW laser cutting. The present work
quantifies gains achieved in laser cutting efficiency with
millisecond pulses compared to CW exposure as a function
of the selected laser parameters in terms of minimum aver-
age cutting power and volumetric cutting energy. A simple
power-balance representation of the heat flow problem is
employed to calculate average temperatures at the cutting
front, together with the percentage reduction in heat conduc-
tion power losses compared to CW exposure under the same
conditions. Cut quality is then assessed in terms of edge
surface roughness for representative cases where maximum
cutting efficiency is achieved.

2 Theory

A simple power-balance representation can be used to
define the heat flow problem during CW laser cutting of
metals. In this approach, minimum laser power (Pmin) is
expressed as a function of the power required to heat (Ph)
and melt (Pm) the cut kerf volume, that lost to thermal con-
duction (Pl) and the workpiece optical absorptivity at the
laser emission wavelength (A) [23]:

Pmin = Ph + Pm + Pl

A
(1)

where:

Ph = ρCp (Tm − Ta) vtd (2)

Pm = ρHmvtd (3)
where ρ is the material density,Cp the specific heat capacity
at constant pressure,Hm the enthalpy of fusion, Tm the melt-
ing temperature, Ta the ambient temperature, v the cutting
velocity, t the thickness, and d the cut kerf width. Schulz et.
al. resolved the two-dimensional heat conduction problem
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Table 1 Characteristics of the laser setup

Wavelength (nm) 1064

Pulse Duration (ms) 0.1 − 50

Repetition Rate (Hz) 1 − 1000

Beam Quality (BPP, mm · mrad) 1.6

Focused spot diameter (μm) 75

Max. average power (W ) 300

Max. pulse energy (J ) 30

for CW laser cutting in closed form, finding that Pl could
be closely represented by a power function of the Peclet
number [15]:

Pl = ρCp (Tm − Ta) vtd

(
Pe

2

)−0.7

(4)

where Pe = vd
2k is the Peclet number and k is the thermal

diffusivity. This simplified approach assumes a cylindri-
cal laser source, negligible release of thermal and latent
heat from resolidification, negligible radiant and convec-
tive heat losses, and negligible influence of the cut kerf
and workpiece thickness on the resulting two-dimensional
temperature distribution. For the purposes of approximating
efficiency gains with long-pulse quasi-CW laser irradiation,
however, this representation lends itself to modification by
replacing Tm in Eq. 4 with the average cutting front temper-
ature, Tav . At minimum cutting power, the average cutting
front temperature should be lower than Tm under pulsed
conditions, owing to the transient nature of heating and
melting. Equations 2 and 3 remain unchanged as the power
required to continuously heat and melt the kerf volume
is constant regardless of the exposure type. This approach
allows relatively straight-forward calculation of Tav from
experimental results and approximation of the reduction in
Pl compared to CW laser cutting.

3 Experimental

3.1 Test samples

36NiCrMo4 (AISI 9840) steel samples of thickness 1 and
4 mm were utilized for laser-cutting experiments. These
two thicknesses were chosen as representing thin and thick
workpieces relative to the available laser power, respec-
tively, allowing investigation into the effects of long-pulse
quasi-CW laser irradiation across the widest possible pro-
cess parameter range. This particular steel was chosen due
to its widespread use in structural and engineering applica-
tions, having good mechanical strength, hardenability and
toughness at relatively low cost.

3.2 Laser source

A 300 W average power IPG YLR-300/3000-QCW-MM-
AC-Y14 millisecond pulsed quasi-CW fiber laser source
equipped with an II-VI FiberLight laser-cutting head was
utilized for all experiments. The cutting head was mounted
with a 1 mm diameter nozzle and a 90 mm focal length
focusing lens with adjustable focus. The maximum attain-
able peak power was 3 kW , with a maximum pulse energy
of 30 J . The laser could also emit in CW with an output
power of 300 W . Characteristics of the laser setup are given
in Table 1.

3.3 Procedure

The laser-cutting head was positioned with a nozzle stand-
off distance of 0.5 mm from the workpiece surface. Laser
focus was set at 0.5mm below the surface for 1mm samples
and 2 mm below the surface for 4 mm samples, resulting in
a spot diameter of 75 μm at the center of each section and
approximately 100 and 200 μm, respectively, at the surface.
Tests were performed with nitrogen and oxygen assist gases
at pressures of 500 and 300 kPa, respectively. Ten different

Table 2 Laser parameter groups utilized for tests performed on 1 mm thick samples

Parameter Group 1 2 3 4 5 6 7 8 9 10

Exposure type∗ P P P P P P CW P P P

Peak power (kW ) 3 3 3 3 2 1 0.3 3 3 3

Repetition rate (Hz) 1000 500 333 250 500 500 – 500 500 500

Pulse duration (ms) 0.1 0.2 0.3 0.4 0.3 0.6 – 0.2 0.2 0.2

Max. pulse energy (J ) 0.3 0.6 0.9 1.2 0.6 0.6 – 0.6 0.6 0.6

Max. average power (W ) 300 300 300 300 300 300 300 300 300 300

Velocity (mm/s) 20 20 20 20 20 20 20 10 30 40

Pulse overlap (%) 73 47 20 0 47 47 − 73 20 0

*P pulsed, CW continuous wave
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Table 3 Laser parameter groups utilized for tests performed on 4 mm thick samples

Parameter Group 1 2 3 4 5 6 7 8 9 10

Exposure type∗ P P P P P P CW P P P

Peak power (kW ) 3 3 3 3 2 1 0.3 3 3 3

Repetition rate (Hz) 1000 100 50 25 50 50 – 50 50 50

Pulse duration (ms) 0.1 1 2 4 3 6 – 2 2 2

Max. pulse energy (J ) 0.3 3 6 12 6 6 – 6 6 6

Max. average power (W ) 300 300 300 300 300 300 300 300 300 300

Velocity (mm/s) 2 2 2 2 2 2 2 1 3 4

Pulse overlap (%) 97 73 47 0 47 47 − 73 20 0

*P pulsed, CW continuous wave

laser parameter groups were utilized for each sample thick-
ness and assist gas type, systematically varying repetition
rate, pulse energy, peak power and velocity over as wide a
range as possible. The details of all parameter groups are
given in Tables 2 and 3 for 1 and 4 mm samples, respec-
tively. In all cases, groups 1 to 4 saw variation of pulse
repetition rate from 1000 Hz to a minimum value at which
the pulse overlap approached 0%. Peak power was held
constant, with pulse duration and pulse energy increased to
maintain a maximum average power of 300 W . Groups 5 to
7 instead saw variation of peak power down to a minimum
value of 300 W with constant repetition rate, pulse energy
and pulse overlap. Pulse duration was increased to maintain
a maximum average power of 300 W up to the limiting case
of 100% duty cycle with CW exposure in group 7. Groups
8 to 10 saw variation of exposure velocity with constant
laser parameters. Lower repetition rates and therefore higher
pulse energies were utilized for the 4 mm samples due to
lower attainable cutting velocities and therefore higher pulse
overlap.

Within each test group, individual laser exposures were
performed over a length of 40 mm, starting from outside the
specimen. Laser power was varied from 100 to 10% at inter-
vals of 10%, with two repetitions performed on different
samples for each parameter group. Minimum cutting power
was defined as the power at which complete uninterrupted
material penetration was achieved for the entire 40 mm cut
length. Volumetric cut energy was taken as the minimum

cutting power divided by the kerf removal rate. The result-
ing cut edges obtained at maximum cutting efficiency were
analyzed with a Taylor Hobson Talysurf CCI optical profiler
with 50× objective. Profile measurements were performed
at the center of the cut section for 1 mm samples and at
2.6 mm from the surface for 4 mm samples (2/3 depth),
over a length of 4.17 mm in both cases. Due to the relatively
limited field of view of the optical profiler (340× 340 μm),
data stitching was performed to achieve the required length.

4 Results and discussion

Laser cutting was successfully performed with all parameter
groups excluding 4 and 10 for 1 mm samples, where pulse
overlap was insufficient, and 7 for 4 mm samples, where
laser power was insufficient. Photographs of the resulting
cut edges achieved with the lowest minimum average cut-
ting power across all test groups are presented in Fig. 2. The
cut edges are consistent in form across the entire length and
generally of good quality; however, some dross is evident
on the 4 mm sample with nitrogen assist gas.

Minimum average cutting power and volumetric cutting
energy for the 1 mm samples are presented in Fig. 3 for all
test parameter groups. The main varied parameter in each
case is displayed above the upper horizontal axis. Param-
eter group 7 provides reference values for CW cutting at
20 mm/s with nitrogen and oxygen assist gas, 210 and

Fig. 2 Photographs of laser cut
edges achieved with minimum
average power: a 4 mm

thickness, parameter group 4,
nitrogen assist gas, b 4 mm

thickness, parameter group 4,
oxygen assist gas, c 1 mm

thickness, parameter group 3,
nitrogen assist gas, and d 1 mm

thickness, parameter group 3,
oxygen assist gas

(a)

(b)

(c)

(d)
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Fig. 3 Minimum average laser-cutting power (Pmin) and volumetric
cutting energy (Evol) for 1 mm samples

120 W , respectively. Cutting with oxygen required approx-
imately 40% less laser power due to additional energy
provided by the exothermic oxidation of iron [24]. In com-
parison, long-pulse quasi-CW laser cutting at a repetition
rate of 1000 Hz (group 1) required 90 W with both nitro-
gen and oxygen. By reducing the repetition rate to 333 Hz

(group 3), minimum average cutting power dropped to 60W

for oxygen but remained constant at 90 W for nitrogen.
These conditions represent the lowest achievable minimum
cutting power at 20mm/s, a reduction of 40–50% compared
to CW exposure. At 250 Hz (group 4), pulse overlap was
insufficient to achieve a complete cut, resulting in discon-
tinuous perforation of the samples. By reducing peak laser
power to 1 kW (group 6) and then 300 W (CW conditions
in group 7), minimum average cutting power increased sig-
nificantly. Volumetric cutting energy increased at 10 mm/s

Fig. 4 Calculated average cutting front temperature (Tav) and percent-
age of CW thermal conduction power losses for 1 mm samples

Fig. 5 Minimum average laser-cutting power (Pmin) and volumetric
cutting energy (Evol) for 4 mm samples

(group 8) and decreased at 30 mm/s (group 9) compared
to exposure at 20 mm/s with the same laser parameters
(group 2). This effect is due to decreasing power conduc-
tion losses with increasing velocity. At 40mm/s (group 10),
pulse overlap was insufficient to achieve a continuous cut.

Average cutting front temperatures are presented in
Fig. 4, calculated by substituting the experimental minimum
average cutting power into Eq. 1. Equivalent absorption,
A, was 0.5 with nitrogen assist gas and 0.88 with oxy-
gen. Reaction power made up approximately 45% of the
absorbed power in the latter case [4]. These values led to
a calculated kerf temperature equal to the melting tempera-
ture (1510 ◦C) under CW conditions with parameter group
7. Calculated average cutting temperatures were generally
higher with oxygen due to additional energy provided by the

Fig. 6 Calculated average cutting front temperature (Tav) and percent-
age of CW thermal conduction power losses for 4 mm samples
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Fig. 7 Calculated minimum laser power, Pmin, for CW and long-pulse
quasi-CW (0–20% overlap) cutting of 4 mm thick steel with nitrogen
assist gas, together with Pl/A and (Ph + Pm)/A for long pulses

oxidation reaction. Nonetheless, significant reductions in
conduction power losses were observed in both cases, with
Pl as low as 36% of the CW value with nitrogen and 44%
with oxygen. As with the minimum average cutting power,
Tav decreased with decreasing repetition rate and increased
with decreasing peak power.

The effect of process parameter choice was more evi-
dent at lower cutting speeds with thicker samples due to the
wider range of conditions (Figs. 5 and 6). CW laser cut-
ting of 4 mm thick steel at 2 mm/s was not possible with
an average power of 300 W ; however, long-pulse quasi-
CW laser cutting at a repetition rate of 1000 Hz (group
1) required 240 and 180 W average power with nitrogen

and oxygen assist gases, respectively. A reduction in repe-
tition rate from 1000 to 25 Hz (groups 1 to 4) saw a large
reduction in minimum cutting power to 120 and 90 W for
nitrogen and oxygen, respectively, at the lowest repetition
rate. The calculated average temperature fell from 941 and
1244 ◦C at 1000 Hz to 464 and 617 ◦C at 25 Hz. The per-
centage reduction in Pl is very similar to the reduction in
Pmin in this case due to the exceedingly high value of Pl

at low velocities compared to Ph and Pm, which take on
values of 3.3 W and 1.3 W according to Eqs. 2 and 3,
respectively. Despite low pulse overlap with group 4, a con-
tinuous cut was achieved for 4 mm thick samples. As with
the 1 mm samples, the lowest repetition rate at which a full
cut could be achieved yielded the lowest minimum cutting
power. Similarly, minimum average cutting power and Tav

increased with decreasing peak power, to the point were a
full cut was not achieved at maximum laser power under
CW conditions (group 7). Large decreases in volumetric
cutting energy with increasing velocity were observed over
the velocity range 1–4 mm/s (groups 8 to 10), while this
parameter was generally much higher for 4 mm than for
1 mm samples due to the much lower velocities involved
in the former case. This result confirms a decrease in the
proportion of laser power lost to conduction with increasing
velocity.

Despite the largely different process parameters
employed for 1 and 4 mm thick samples, the calculated
heat conduction losses and average cutting temperatures
are minimum, within the ranges 30–40% of CW exposure
and 450–630 ◦C, respectively, for tests performed with
low pulse overlap (0–20%) and nitrogen assist gas. Heat
conduction losses are therefore minimized where com-
plete penetration of the workpiece is achieved in as few
laser pulses as possible. The calculated heat conduction

Fig. 8 Measured cut edge
profile of 1 mm samples subject
to parameter group 3 with a
nitrogen and b oxygen assist gas

(a)

(b)
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Fig. 9 Measured cut edge
profile of 4 mm samples subject
to parameter group 4 with a
nitrogen and b oxygen assist gas

(a)

(b)

losses compared to CW exposure and average cutting
front temperatures are instead within the ranges 40–60%
and 620–900 ◦C for tests performed with low pulse over-
lap (0–20%) and oxygen assist gas. The higher average
temperature results in less difference between CW and
long-pulse quasi-CW cutting in terms of minimum cutting
power.

Figure 7 presents the calculated minimum cutting power
as a function of velocity for 4 mm samples with nitro-
gen assist gas for CW exposure and for long pulses with
minimum overlap. Pl/A and (Ph + Pm)/A, whose sum is
Pmin, are also presented for pulsed exposure. Long-pulse
quasi-CW exposure can be seen to reduce the difference
between the laser power contributing to the cutting process
and that lost to heat conduction, with the former increasing
in proportion at higher velocities.

Cut section profiles are presented in Figs. 8 and 9 for 1
and 4 mm samples produced with parameter groups 3 and
4, respectively. Measured cut edges corresponded to 10%
higher laser power than the minimum value so as to reflect
realistic industrial cutting conditions. Values of Sa and Sq

over the 4.17×0.34mm sample area are provided in Table 4
for all measurements. Use of nitrogen and oxygen assist
gases presents little difference in terms of roughness for the

Table 4 Measured surface roughness for 1 mm and 4 mm samples
produced with parameter groups 3 and 4, respectively

Sample Sa(μm) Sq(μm)

1 mm, N2, Group 3 7.64 9.59

1 mm, O2, Group 3 8.48 9.49

4 mm, N2, Group 4 13.2 16.7

4 mm, O2, Group 4 4.91 6.27

1 mm samples; however, considerably lower surface rough-
ness was observed with oxygen for the 4 mm samples. This
effect, contrary to what is typically observed during CW
laser-cutting, may be due to the more continuous nature of
energy provided to the kerf volume with the addition of
reaction power from oxidation, which is expected to fol-
low a more gradual temporal profile than the laser pulse.
Cutting with inert gas and very low pulse overlap, on the
other hand, leads to strong variation in instantaneous energy
delivered along the cut edge. These results have important
implications for industrial application of long-pulse quasi-
CW laser cutting, as use of oxygen assist gas leads to both
lower minimum laser power and cut edge roughness for
thick specimens.

5 Conclusion

Though it is clear that the applicability of long-pulse quasi-
CW laser sources for metal cutting is likely to be limited to
low throughput manufacturing settings for the time being,
many opportunities exist within small and medium sized
enterprises where laser technology could provide greater
process flexibility than conventional manufacturing tech-
niques. It has been shown within the present work that mil-
lisecond laser pulses can significantly reduce the minimum
required laser-cutting power at low velocities, permitting
thicker components to be processed than would be possible
with CW exposure. For the full benefit of this technology
to be exploited, it is important that laser exposure is per-
formed with the highest possible peak power and lowest
permissible pulse overlap for a continuous cut, achiev-
ing complete penetration of the workpiece in as few laser
pulses as possible. Under these conditions, highest cutting



Int J Adv Manuf Technol

efficiency is achieved and the potential to increase removal
rates is improved. Heat conduction losses, making up the
vast majority of absorbed laser power at low velocity, can
be reduced by more than 60% compared to CW exposure
with nitrogen assist gas and more than 50% with oxygen
assist gas. Reductions of this type are possible due to lower
average cutting front temperatures, in the order of 450–
630 ◦C with nitrogen assist gas and 620–900 ◦C with oxy-
gen, significantly less than the melting temperature of steel.
Cut edge surface roughness and dross adhesion are low-
est with oxygen assist gas, leading to the optimum scenario
of lowest minimum average cutting power and highest cut
quality. In light of these results, long-pulse quasi-CW laser
technology represents a potential candidate for material
processing in many small-scale industrial settings.
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