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Abstract

In this research work, laser cutting of 6061-T6 aluminium alloy sheets by means of a 150 W multimode pulsed Nd:YAG laser is
investigated. Linear scans using the maximum average power and different cutting directions and pulse durations are executed to
measure the maximum cutting speeds. Then, cutting tests are performed by varying beam travel direction, pulse duration and
cutting speed. The results show that a 150W multimode pulsed Nd:YAG laser allows to cut 1 mm-thick 6061-T6 sheets with cutting
speed up to 700 mm/min, obtaining narrow kerfs (< 200 pm) with a good taper angle (< 5°) and low dross height (about 40 pm).
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1. Introduction

Aluminium alloys are widely used in several
advanced manufacturing industries due to their unique
performance related to light weight, high strength and
stiffness to weight ratio and high corrosion resistance.
Aluminium can be easily machined through different
removal processes, but the most common and fast
process for cutting complex geometries is laser cutting
[1-2]. Compared to traditional processes, the latter offers
several advantages, like: absence of mechanical contact
and tool wear, no need for complex fixtures, possibility
to create complex shapes and accurate geometries with
narrow kerfs on almost all categories of materials
including metals, nonmetals, ceramics and composites
[1-9]. Laser cutting processes are based on thermal
interaction: when the beam impacts on the material, part
of the laser radiation is absorbed causing melting,
vaporization or chemical state change of the material
which can be easily removed by a pressurized assistant
gas jet. Laser cutting of aluminium can be hard due to its
reflectivity and high thermal conductivity, that tend to
shed heat. Therefore, particular attention must be paid to

ensure an adequate quality of the laser cut. In the
literature there are a limited number of papers on laser
cutting of aluminium [10-14]. Many of them concern
cutting of 2-xxx or 5-xxx alloy series, while no studies
on the 6-xxx alloy series are reported.

Within the 6-xxx alloy series, 6061 alloys are of high
interest for advanced industries like aerospace,
automotive, marine, electrical, chemical, food
processing and sport equipments. These alloys have
medium to high strength, medium fatigue strength and a
very good corrosion resistance. They are weldable
although strength is reduced in the weld zone.

In this research work, laser cutting of 6061 T6
aluminium alloy sheets through the employment of a 150
W multimode pulsed Nd:YAG laser is investigated. Two
experimental test series were carried out. First, linear
scans using the maximum average power (150W) and
different cutting directions and pulse durations were
executed. On the basis of these tests, the maximum
cutting speeds were determined. In the second
experimental test series, cutting tests were performed by
varying the beam travel direction, the duration and the
cutting speed (selected as a percentage of the maximum
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cutting speed). The obtained kerfs sections were
investigated by optical analysis. The upper kerf, down
kerf, taper angle and dross height were measured.
ANalysis Of VAriance was applied in order to study the
influence of the process parameters on the kerf
geometry.

2. Experimental setup
2.1. Equipment

The experimental tests were performed using a 150
W lamp pumped Nd:YAG laser (Rofin StarCut 150).
The laser beam was moved by means of a CNC system
(Rofin finecut Y 340M). A cutting head (Precitek AK-
YK 52), equipped with a lens having a focal length of 80
mm, was mounted on the system. In this way, a focal
spot of about 160 um was obtained. In Fig. 1, a scheme
of the laser system is illustrated.

The system controls the generation of the geometric
patterns, the cutting speed (Cs) and the laser source
process parameters: lamp voltage (V), pulse duration (D)
and pulse frequency (F). Table 1 shows the detailed
characteristics of the laser system.

Fixed the lamp voltage at the maximum value, the
average power (Pa) depends on the adopted values of D
and F, as reported in Fig. 2. The average power was
measured using a power meter (F150A-SH thermal head
and NOVA display by OPHIR). By observing Fig. 2, it
can be noticed that, for a fixed pulse duration, average
power increases according to the increase of pulse
frequency until reaching a plateau value. From there on,
a decrease of average power is seen.

In this type of laser, the selection of the process
parameters is a critical issue because the maximum
cutting speed depends on the average power, but also on
pulse energy (Pe) and pulse power (Pp). Furthermore, Pe
and Pp play a central role in laser machining and
micromachining as they determine, together with the
focus spot, the fluence (energy density) and the
irradiance (power density) and so the laser beam-
material interaction mode, the amount of machined
volume and the kerf geometry [1-9, 13-14].
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Fig. 1. Scheme of the laser system

Table 1. Laser system characteristics.

Characteristic Symbol Value Units
Wavelength A 1064 [nm]
Average nominal Power Pa 150 [W]
Pulse duration D 0,03+2,5 [ms]
Pulse frequency F upto3 [kHz]
Mode -- Multimode
Focal length of focussing lens - 80 [mm)]
Focused spot diameter - 160 [um]
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Fig. 2. Average power as a function of the pulse frequency at different
durations. Data obtained with a lamp voltage of 700 V. The filled
points represent the adopted frequency.

Pe and Pp depend on the process parameters Pa, D
and F according to the well known equations:

Pe=PalF )
Pp="Pe/D=Pal/(F-D) 2)

At the same time, it is worth noting that frequency (F)
in conjunction with cutting speed (Cs) controls the
superposition of two pulses in space and time domains,
the so-called overlapping, that is an additional critical
parameter for pulse laser applications.

The overlapping percentage can be calculated through
the following equation:

R%=[1-(Cs/F -ds)]-100 3)

where ds is the spot diameter on the components.

In the adopted laser system, due to the multimode
nature of the source, the laser spot is elliptical. As a
result, the overlapping factor and the beam footprint
width vary along with the beam travel direction, as
visible in Fig. 3. Accordingly, also the maximum cutting
speed and the kerf width vary with the beam travel
direction.
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Fig. 3. Effect of the elliptical spot shape on the overlapping factor and
on the kerf width as a function of the beam travel direction.

Fr=footprint width
Po=Pulve overlapping
1-2=direction

2.2. Material

The investigated material is 6061-T6 aluminium alloy
(UNS A96061; ISO AIMgl1SiCu) in the form of 1 mm-
thick rolled sheets. Al-6061 is a precipitation hardening
aluminium alloy containing magnesium and silicon as
major alloying elements; it is usually adopted in aircraft
structures, automotive parts, yachts, boats and scuba
equipments due to its workability, weldability and
corrosion resistance. In Table 2, the chemical
composition and the main properties of the 6061-T6
alloy are reported [15].

2.3. Experimental procedure

Two experimental testing series were performed.
First, to obtain the maximum cutting speed (S1), i.e. the
speed beyond which it is not possible to cut the sheet, 30
mm-long linear scans were carried out with the laser
beam focused on the surface and maximum average
power (150 W) while varying beam travel speed (mm/s),
pulse duration and beam direction.

Table 2. Chemical composition and properties of AI6061-T6 [15]

Element Al Mg Si Cr Mn
min [%] 95.8 0.8 0.4 0.04 --
max [%] 98.6 1.2 0.8 0.35 0.15
Element Cu Fe Zn Ti Other
min [%] 0.15 -- -- - --
max [%)] 0.4 0.7 0.25 0.15 0.05
Physical and mechanical properties Value Units
Density 2.7 [g/cm’]
Melting Range: Liq.uidus temperature 582 [°C]
Solidus temperature 652

Specific Heat 0.896 [J/kg,°C]
Thermal Conductivity 167 [W/m°C]
Tensile Strength 310 [MPa]
Yield Strength (at 0.2%) 276 [MPa]
Elongation 12-17 [%]
Young’s modulus 68.9 [GPa]

For these tests, the process parameters were selected
according to the above mentioned considerations made
on Pe and Pp. In particular, duration was chosen so as to
take into account the possible influence of Pe or Pp on
the process. Therefore, in this first phase, three different
values of duration were adopted and pulse frequency
was selected in order to have a Pa value equal to the
nominal value (150W). On the other hand, the direction
was chosen so as to take into account the effect of
energy distribution. In Table 3, the process parameters
adopted for the evaluation of the maximum cutting speed
are reported.

Afterwards, a second testing series was performed to
verify the influence of the process parameters on the kerf
geometry. For this experimental phase a 2°x3 full
factorial design was developed according to the Design
of Experiments (DoE) methodology. The following
control factors were adopted: duration, maximum cutting
speed and beam travel direction. In particular, it was
chosen to adopt a Sl corresponding to the 100% and 90%
and 80% of the minimum SI measured for the two
directions and for each duration, the maximum and the
minimum durations adopted in the first test, and the two
directions. These conditions were adopted considering
the effect of duration described below and the fact that,
from a practical point of view, neither it is conceivable
to use the highest speed (which would not assure cutting
along all the directions), nor to change the speed along
with the cutting direction. For each treatment, 4
replications were executed. Table 4 summarizes the
levels of the control factors and their settings.

In order to determine which of the process parameters
affect the kerf geometry and how, Analysis Of Variance
(ANOVA) was used. The analysis was carried out at a
95% confidence level (0=0.05), and the p-value was
used to determine the significance of the factors or their
combinations. Thus, a single process parameter or an
interaction is significant if the p-value is less than 0.05.
The MiniTab R.16 software tool was adopted for the
analysis. After the tests, the samples were cut, included
in epoxy resin and then polished using abrasive paper of
grit size up to P2500 (Standard ISO 6344). Then, images
of the kerf sections were taken by optical microscopy
(Zeiss Axioskop 40) and the geometry was measured
according to the UNI EN ISO 12584 standard. In
particular, the kerf width at the inlet of the beam, called
upper kerf (Uk), and at the exit of the beam, called down
kerf (Dk) and the dross height (Dh) were measured. Fig.
4 shows a scheme of the kerf section and how Uk, Dk
and Dh were measured.

In addition, after measuring, the taper angle (Ta) was
calculated via the following equation:

Ta = tan”'[[Uk — Dk)/(2 )] “4)
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Where, in the equation, ¢ is the sheet thickness.

Table 3. Process conditions and tested samples

Control Labels Low (-) Midle (0) High (+)  Unit
factors
Direction Dr 1 - 2 -
Duration D 0.1 0.2 0.3 [ms]
Cutting speed up to incomplete cut
Table 4. Control factors adopted in the kerf analysis
Control factors Labels Low (—) Midle (0) High (+) Unit
Direction Dr 1 - 2 -
Speed limit S1 80 90 100 [%]
Duration D 0.1 - 0.3 [ms]
Uk
T.
t
Dh | Dk

Fig. 4. Definition of kerf geometry parameters (UNIENISO 12584)
3. Experimental results and discussion
3.1. Maximum cutting speed

In Fig. 5, the maximum cutting speed is reported as a
function of duration (D) for both directions (Dr). It can
be observed that the maximum cutting speed linearly
increases at the increase of pulse duration. Furthermore,
as it was expected, it increases moving from direction 2
to direction 1. The results clearly indicate the effect of
pulse duration (the maximum cutting speed decreases if
the D is decreased) and also clarify the choices made in
the DoE development.

Since the cutting pattern is not made of straight lines,
and it is arranged along the two directions, it is not
advisable to use the maximum speed. Neither it is
possible to think to adjust the cutting speed as a function
of direction. Therefore, to ensure the cut on any
geometry, the use of the lowest speed among those
guaranteed in both directions it is necessary. In Table 5
the process parameters (D, F, Pp and Ep), the maximum
cutting speed (100% SI), and the absolute values of the
S1 adopted for the second experimental test are reported.
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Fig. 5. Maximum cutting speed as a function of pulse duration for the
two beam travel directions

Table 5. Process parameters, maximum cutting speed and the absolute
values of the Sl adopted for the second experimental test

D F Pp Ep Cutting speed [mm/s]*
[ms] [Hz] [kW] [J] 100% S1  90% S1 ~ 80% Sl
0.3 150 3.33 1.00 900 810 720
0.1 659 2.28 0.23 450 405 360

3.2. Kerf geometry

ANOVA assumes that the observations are normally
and independently distributed with the same variance for
each treatment or factor level. Then, before the analysis,
the ANOVA assumptions have been successfully
checked via graphical examination of residuals, in
agreement with what reported in [16]. However, these
results were not reported here for sake of briefness. In
Table 6, the ANOVA results are summarized in terms of
p-values. From the table and on the basis of the
assumptions (0=0.05), the direction affects both the kerf
widths and the taper angle, the duration affects the down
kerf, the taper angle and the dross height. The maximum
cutting speed (S1) does not affect any response variables.
It is unexpected, probably it is due to the use of too
closest values for Sl. Regarding the two way interaction,
ANOVA indicates, as significant, the interaction Dr*D
for Uk, Dk, and Ta.

Table 6. ANOVA results, p-value

Control factor Upper Down Taper Dross

Source kerf kerf angle height

Dr 0.000 0.000 0.000 0.272
D [ms] 0.115 0.000 0.000 0.000
S1 [%] 0.562 0.484 0.232 0.140
Dr*D 0.047 0.034 0.002 0.140
Dr*S1 0.567 0.353 0.165 0.242
SI*Dr 0.816 0.922 0.975 0.840
Dr*D*S1 0.879 0.111 0.199 0.063
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The main effects plots and the interaction plots
reported in Figs. 6-12 help understand the effect of the
significant factors. In the main effects plots (Figs. 6-9)
the significant factors are highlighted using continuous
lines. In the interaction plots (Figs. 10-12) only the
statistically significant interactions are reported.

In Fig. 6a, the main effects plot for Uk shows that the
upper kerf decreases moving from direction 1 to 2. The
highest kerf width obtained in direction 1 is probably
due to the fact that in this direction the laser beam works
at a S1% lower than the real S1 (Fig. 5). Consequently,
the molten material increases and the upper kerf is
enlarged. This effect is more evident when the duration
has a low value, as visible in the two-way interaction
plot of Fig. 10b. The opposite happens for the down
kerf, Fig. 7a: this because the high amount of molten
material produced as the laser beam travels along
direction 1 tends to solidify at the bottom of the kerf due
to the high thermal conductivity of the aluminium alloy,
thus reducing the down kerf width. Obviously, the
opposite occurs in direction 2. This effect is more
evident when pulse duration is set to 0.1 ms (Fig. 11b).
The effect of pulse duration on Dk is due to similar
phenomena, Fig. 7b. An increase of pulse duration
produces an increase of the molten material and higher
temperatures of molten and solid materials in the kerf.
This allows the gas to easily expel the molten material
from the kerf. This effect is more evident when the beam
travels along direction 1 (Fig. 11a). The taper angle is
affected by both Uk and Dk: in particular, it decreases
going from direction 1 to 2 (Fig. 8a) and when duration
increases (Fig. 8b). Similarly to the behaviour of Uk and
Dk, also in this case the effects of direction and duration
are more evident when duration is set at a low value
(Fig. 12b) or the beam travels along direction 1 (Fig.
12a). The dross height is affected by duration only, Fig.
9b, as a consequence of the previously described
behaviour: as duration increases, the amount of molten
material is more easily expelled from the kerf section.
However, part of the molten material tends to remain
attached to the bottom edge of the kerf, thus forming the
dross.
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Fig. 6. Main effects plot for upper kerf (Uk)
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Interaction Plot for Dk (mm)
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Fig. 12. Interaction plot for taper angle (Ta)
4. Conclusions and future developments

Laser cutting tests were performed on 1 mm-thick
6061-T6 aluminium alloy sheets adopting a 150W
multimode pulsed Nd:YAG laser to study the influence
of the process parameters on the kerf geometry. Two
experimental test plans were developed and performed.
The first was used to measure the maximum cutting
speed at the maximum average power. The maximum
cutting speed varies in the range 1200+450 mm/min
depending on beam travel direction and pulse duration.
It increases with a longer pulse duration and when the
laser beam travels along the minor axis of the elliptical
focus footprint.

In the second test series, the effects of beam travel
direction, pulse duration and cutting speed (selected as a
percentage of the maximum cutting speed) on the kerf
geometry were investigated by means of ANOVA. The
beam travel direction affects both the kerf widths and the
taper angle. The pulse duration affects the down kerf, the
taper angle and the dross height. From a practical point
of view, a nearly perpendicular kerf (Ta<4°) can be
obtained adopting a long pulse duration. In this
condition, a dross height lower than 40 pum is obtained.

In order to provide a complete assessment of the kerf
quality, a characterization of the HAZ extension and the
roughness measured along the kerf would be advisable.

This aspect needs further studies and it will be
investigated in a future research activity.
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