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In the paper, laser cutting of basalt fibre reinforced polymer laminate using a 450 W QCW fiber laser, working in
a pulsed regime is presented. Preliminary tests were performed on a basalt laminate, 1.3 mm in thickness,
changing the pulse power (Pp) and pulse duration (D) to find the maximum cutting speed. Then a 3% experi-
mental plan was carried out changing the pulse power, the pulse duration, and the cutting speed. The kerf width
and the heat-affected zone were measured in the section and on the external surfaces. ANOVA analysis was

adopted to assess the process parameters’ influence. The interaction mechanisms were found and discussed.
From the results, the BFRP laminate appears easy to cut at maximum cutting speeds up to 3500 mm/min.
However, thermal damages occur. Kerf geometry and HAZ are mainly affected by the cutting speed, while the Pp
and D seem to have a minor role.

1. Introduction

Basalt fibres are high-tech fibres produced by the continuous spin-
ning of natural volcanic basalt rock at about 1500 °C. These fibres, and
their production process, were developed by the Moscow Research
Institute of Glass and Plastic, and first produced in the middle 1980s by
the Ukraine fibre laboratory [1]. Nowadays, these reinforcements are
adopted for the production of different structural and electro-technical
components in different industrial fields, such as bridge/building con-
struction (directly embedded in the masonry or under the form of
composite rods or plates) [2-6], anti-ballistic armours [7], fan blades,
boats, cars, sports equipment, and household appliance components
[8-12].

Although the mechanical, chemical and physical properties depend
on the chemical composition of the raw material, basalt fibres show
good mechanical properties (ranging between E- and S2-glass) [13-16],
service temperatures [17,18], corrosion resistance [19], and excellent
physical and chemical properties [16,20-22]. These properties can be
modified by hybridization with other reinforcement [23,24], by select-
ing a suitable matrix (thermosetting or thermoplastic) [25,26] or by
surface treatments [27,28]. In addition, since basalt fibres, compared to
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glass fibres, require less energy and no additives for their production,
and they can be easily processed by adopting conventional processes and
equipment, they show a potential advantage in cost too [12]. Although
basalt fibres show softening and melting temperatures higher than glass
fibres, they present lower fire resistance because when exposed to heat
flux, basalt fibres heat faster and reach higher temperatures than glass
fibres due to their highest emissivity [29]. Moreover, due to the resin-
fibre interface issues, basalt fibres may suffer a significant reduction in
mechanical properties when subject to alkali exposition [30-32].

A further issue regards the possibility of having low-cost, high-pro-
ductivity, and sustainable manufacturing processes able to drill, trim
and cut BFRP laminate. Like all composite materials, even BFRPs present
several issues with conventional drilling/cutting methods, resulting in
tool wear, fibre pull-out, delamination, and matrix degradation [33-35].

Among non-conventional technologies, abrasive water jet (AWJ) and
laser machining (LM) are known for their ability to machine any kind of
material. Compared to the conventional methods, abrasive water jet
(AWJ) machining shows different advantages such as the absence of
heat affected zone (HAZ), the elimination of dust by jet-entrainment,
and high cutting speed absence of wear, it does not require complex
fixtures [36]. However, AWJ shows some drawbacks such as moisture
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Table 1

Comparison between the main properties of basalt and glass fibres [8,62].
Characteristic Unit Basalt Glass
Colour - Light brown White transparent
Filament diameter um 17 7
Density kg/dm? 2.8 2.54
Tensile strength MPa 4800 3200
Elastic modulus GPa 90 70
Elongation at break % 3.15 4.0
Max. service temperature °C 650 460

Table 2

SX8 EVO matrix properties [63].
Characteristic Unit Matrix
Tensile strength (ASTM D 638) MPa 65-75
Elongation at break (ASTM D 638) % 6-7
Tensile Young’s modulus (UNI5819) GPa 2.4-3.0
Flexural strength (ASTM D 790) MPa 95-110
Flexural modulus (ASTM D 790) GPa 2.4-3.2
Compressive strength (UNI 4279) MPa 90-110
Glass transition temperature °C 75-85
Water absorption 24 h @ room temperature (ASTM D570) % 0,1-0,2
Water absorption 2 h at 100 °C (ASTM D570) % 0,6-0,7
Operating temperature °C 920

absorption, delamination, abrasive particle deposit (for AWJ), and slow
effective cutting speed [36-38]. Ramraji et al [39] have studied the
effect of process parameters and fly ash content (5-20% wt) during AWJ
machining of BFRP laminate. The investigated process parameters were
the hydraulic pressure (150-300 MPa), the stand-off distance (1.5-3
mm) and the cutting speed (125-225 mm/min). The kerf taper and the
surface roughness were adopted as a quality index. It was observed that
increasing jet pressure intensity reduces the fibre pull-out and damage,
while the surface smoothness and roughness are affected by the fly ash
content. In [40] Ramraji et al. carried out a comparative study on AWJ
cutting of both glass and basalt laminate. They conclude that the most
significant control factor is the water jet pressure since it affects the
surface quality and kerf taper of both materials. However, the kerf de-
viation is higher for the BFRP, since the latter shows a more brittle
behaviour. In addition, the low level of cutting speed, and stand-off
distance improve the workability of the two composites. Amu-
thakkannanat et al. [41] studied the effect of pressure, cutting speed and
stand-off distance on the kerf geometry and the delamination extension
during AWJ cutting of BFRP 3 mm in thickness. They adopt the Grey
Relational Analysis (GRA) to study the effect of the process parameters
and to optimise the process conditions. They found that water pressure
and stand-off distance affect the kerf formation, while the cutting speed
does not significantly affect the kerf characteristics. However, kerf width
and delamination in the range of 1.4-1.7 mm and 0.7-1 mm were
observed, respectively. Sathishkumar et al [42] studied the effect of
traverse speed, stand-off distance and abrasive mass flow of Garnet
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abrasive (mesh size 80 and grit size of 0.18 mm) on the material removal
rate (MRR), the roughness and kerf tapper during the cutting of a hybrid
Basalt-Kevlar-Glass laminate, 8 mm in thickness. Analysis of variance
(ANOVA) and response surface methodology (RSM) were adopted to
find the optimal process condition. They found that good machinability

Fig. 2. Image of the experimental setup.

Table 3

Laser system characteristics.
Characteristic Symbol Units Value
Wavelength A nm 1070 £ 5
Mode of Operation - CW/PW
Nominal average power Pavg w 450
Max. pulse power Pp w 4500
Max. pulse energy Ep J 45
Pulse duration D ms 0,05 = 50
Modulation frequency f kHz 0-50
Beam Parameter Product BPP mm x mrad 2-3
Power stability - % +0.5
Output fibre core diameter - pm 50
Focal length of the collimator - mm 85
Focal length of the focusing lens - mm 100
Focussed spot diameter d um 80
Power consumption (@ max Pa) - kw 1.8

Table 4

Factors and levels adopted for the experimental plan.
Control factor Symbol Unit Levels

-1 0 +1

Pulse power P, kw 3.00 3.75 4.50
Pulse duration D ms 0.05 0.15 0.25
Cutting speed S mm/min 1800 2100 2400

Fig. 1. Images of the reinforcement at different magnifications: a) 50X; b) 1500X.
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Table 5
Corresponding process conditions in terms of Pp, D, f, Ep, S, R, and linear energy
(Le).

P, D f Ep S [mm/
[kW] [ms] [Hz] [J1 min]

Rt [%] Rf Le [J/
* [%] ** mm]

3 0.05 3000 0.15 2400 86.67 94.94 0.188
2100 85.42 94.52 0.214

1800 87.50 96.53 0.250

0.15 1000 0.45 2400 50.00 84.66 0.188

2100 56.25 86.07 0.214

1800 62.50 89.56 0.250

0.25 600 0.75 2400 16.67 66.17 0.188

2100 27.08 71.22 0.214

1800 37.50 82.16 0.250

3.75 0.05 2400 0.19 2400 79.17 91.38 0.188
2100 81.77 93.81 0.214

1800 84.38 95.29 0.250

0.15 800 0.56 2400 37.50 74.62 0.188

2100 45.31 79.46 0.214

1800 53.13 85.05 0.250

0.25 480 0.94 2400 —4.17 59.44 0.188

2100 8.85 68.90 0.214

1800 21.88 70.32 0.250

4.5 0.05 2000 0.23 2400 75.00 91.40 0.188
2100 78.13 91.94 0.214

1800 81.25 94.35 0.250

0.15 667 0.68 2400 25.04 71.27 0.188

2100 34.41 79.65 0.214

1800 43.78 82.50 0.250

0.25 400 1.13 2400 —25.00 50.19 0.188

2100 -9.38 61.61 0.214

1800 6.25 71.66 0.250

*Theoretical value obtained by imposing ds = 80 pm in eq. (6).
*Value obtained by imposing ds = footprint (Uk)

was achieved at a cutting speed of 200 mm/min, an abrasive mass flow
rate of 150 g/s, and a stand-off distance of 3.51 mm. In all cases, irre-
spective of the laminate thickness, the hydraulic pressure and stand-off

HAZ U max
(HAZ_B max)

HAZ_S (left)

HAZ S (right)
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distance, the adopted cutting speed does not exceed 300 mm/min.
Furthermore, AWJ often produces a kerf width that is on the order of a
millimetre. Then there are evident limitations for actual industrial ap-
plications of AWJ.

A possible alternative to the AWJ is represented by laser cutting (LC),
which can be used on almost all categories of materials, including metals
[43-47], ceramics [48], and composites [36,49-51]. Compared to AWJ,
laser cutting offers additional advantages: it does not apply any me-
chanical force; since the laser beam spot is very small, narrow kerfs are
produced. In addition, it is possible to achieve a higher material removal
rate and, then, a high cutting speed and production rate [38,52].
However, since laser machining is a thermal process, thermal damage
and heat affected zone (HAZ) extension are the major issues. As a matter
of fact, compared to laser processing on traditional materials, those on
composite materials have an evident gap and, the interest of the
researcher in laser applications is confirmed by numerous scientific
publications and their growth in the last years. In addition, laser cutting
of composites reinforced with basalt fibre is scarcely studied. In the last
year, Gautam and Mishra have studied the laser cutting of both pure
basalt and hybrid (Kevlar-29/basalt) laminate by means of a pulsed 250

Table 6
Response variables nomenclature.
Measuring position Response variables Symbol Unit
Upper surface Kerf width Uk um
Average side-to-side HAZ HAZ_ U um
Max side by side HAZ HAZ_U max um
Bottom surface Kerf width Bk um
Average side-to-side HAZ HAZB um
Max side to side HAZ HAZ_B max um
Section Upper kerf width Uk S um
Bottom kerf width Bk_S um
Side HAZ HAZS um
Side to side HAZ HAZ_S max um

Fig. 3. Schematic of measurement for the kerf geometry and HAZ characterisation. (Cut obtained at S = 2100 mm/min, Pp = 3 kW, D = 0.05 ms).
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Fig. 4. Individual plot of the maximum cutting speed. In the figure, the empty
circles indicate the average value, the filled circles are the punctual values, and
the vertical bars indicate the standard deviations.

Table 7
Average value and standard deviation of the maximum cutting speed (Sc) [mm/
min].

Pp [kW]
D [ms] 3.00 3.75 4.50
0.05 3194 + 199 3520 + 292 3502 + 310
0.15 3029 + 185 3134 + 116 3345 + 280
0.25 2927 + 246 3039 + 149 3447 + 119
Table 8
ANOVA table for maximum cutting speed (Sc).
Source DF Adj ss Adj MS F-value p-value
D [ms] 2 385033 192516 3.90 0.039
Pp [kW] 2 653404 326702 6.62 0.007
D*Pp 4 151484 37871 0.77 0.560
Error 18 888669 49371
Total 26 2078590
D [ms Pp [k
3500 [ms] p [kW]
3400
g
g 3300
)
v 3200
w2
3100
3000

0.05 0.15 025 3.00 375 450

Fig. 5. Main effect plot for maximum cutting speed (Cs).

W pulsed Nd:YAG laser source [53-55]. They adopt different method-
ologies (Analysis of Variance, Response Surface Methodology, Teaching
learning-based optimization, and Firefly Algorithms), for the modelling
and optimisation of the process parameters to obtain a regular kerf ge-
ometry (narrow and straight kerf, with minimal kerf deviation). During
the studies they change the Lamp current (160-200 A), pulse width
(2-2.6 ms), pulse frequency (20-30 Hz), air pressure (8-10 Bar) and
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Rfc [%] vs D and Pp

Rfc [%]
<50
50 — 60
W 6o- 70
W 70- 8
W80 - %
H >%

0.05
3.00 325 350 375 4.00 425 450
Pp [kW]

Fig. 6. Effect of pulse power and duration on Rfc.

cutting speed (50-300). Jain et al. [56] carried out a study on laser
cutting of basalt-glass hybrid composite adopting similar equipment and
process parameters. In this case, the kerf geometry was optimised by
adopting Artificial Neural Network (ANN) techniques, irrespective of
the thermal damage. Najjar et al. [57] use ANN to estimate the kerf
geometry during laser cutting of basalt fibre laminate 1.6 mm in thick-
ness. They adopt a pulsed Nd:YAG laser, changing cutting speed
(50-200 mm/min), gas pressure (8-10 Bar), the lamp current (160-200
A), the pulse frequency (20-30 Hz) and the pulse length (2-2.6 ms).
Response surface methodology and box-Behnken design were adopted to
design the experimental plan. They found that ANNs are able to model
the process. Moreover, a narrow kerf with minimum deviation can be
obtained by adopting moderate lamp current, high pulse width, high
pulse frequency, low air pressure and low cutting speed. Although the
efforts spent in the modelling and optimisation of laser cutting of pure
basalt and basalt hybrid laminate, the thermal damage formation,
modelling, and optimisation were not thoroughly investigated. In
addition, the adoption of pulsed Nd:YAG laser, shows some critical is-
sues such as the limited pulse frequency that does not allow the
achievement of sufficient overlapping at high speeds (the maximum
cutting speed, 300 mm/min, is comparable to the AWJ ones), the dif-
ficulty of obtaining the average nominal power in all process conditions
(since it depend on lamp current, pulse frequency and pulse duration
setting) that does not help in cutting speed increasing, low beam quality
and asymmetrical energy distribution, the latter produces variable
performance according to the cut direction [43,44].

In recent years, quasi-continuous wave (QCW) fiber lasers, thanks to
their specific characteristics, have replaced Yb:YAG lasers source in
several applications [58,59]. Compared to pulsed Yb:YAG laser, QCW
fiber lasers show several advantages, such as high-quality beam and
small focusing diameter, wall-plug efficiency, reliability, zero mainte-
nance, stability, high pulse power, the possibility to have the same
average power in a large range of laser parameters [60].

Since laser machining of pure BFRP hasn’t been systematically
studied, and, compared to pulsed Yb:YAG laser sources, QCW fiber laser
offers several advantages, the study of laser cutting of BFRP laminate
adopting the aforementioned source has a good research significance.
Then, the present paper aims to study the laser cutting process of basalt
fibre laminates. To this end, BFRP plates, 1.3 mm in thickness, were
produced by resin infusion. Preliminary cutting tests were performed
adopting a 450 W QCW fiber laser changing the pulse power and pulse
duration, to find the maximum cutting speed. Then a 3% experimental
plan was developed and carried out, changing the pulse power, the pulse
duration, and the cutting speed. The kerf width and the heat affected
zone (HAZ) were measured in the section and on the external bottom
and upper surfaces. ANOVA analysis was adopted to assess the influence
of the process parameters. The interaction mechanisms were analysed
and discussed too. From the results, the BFRP laminate appears
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Fig. 7. Images of the upper, section, and bottom kerf obtained at S = 1800 mm/min and: a) Pp = 3.0 kW, D = 0.05 ms; b) Pp = 3.0 kW, D = 0.25 ms, ¢) Pp = 4.5 kW,
D = 0.05 ms, d) Pp = 4.5 kW, D = 0.25. In the figure, the upper surfaces are on the left.

relatively easy to cut, with cutting speeds that can easily reach 2400
mm/min. Thermal damages in the form of matrix burning and recession,
fibre protrusion or the presence of a coating made of a mixture of
remelted basalt and carbonised matrix were observed. Kerf geometry
and HAZ extension are affected by the cutting speed and the molten
basalt flow produced inside the kerf. The effect of measurement position
was analysed and discussed too.

2. Materials, equipment, and experimental procedures
2.1. Material

The cutting tests were performed on a BFRP laminate 300 x 240
mm? in-plane dimension and 1.32 + 0.02 mm in thickness produced by
resin infusion, according to the procedure described in [61]. As rein-
forcement materials, 8 plays of basalt dry fabrics, 200 g/m?2, plain-weave
(warp 10F/10 mm, weft 10F/10 mm), and tex 100, from ZLBM (De),
were adopted. The stacking sequence was [(0/90)2 (£45)2]s. A 2-

component modified epoxy system (Mates SX8 EVO mixed with slow
hardener) was adopted for the matrixed. This kind of resin is a low-
viscosity matrix specifically developed for injections, infusions, and
RTM processes. In Table 1 and Table 2 the basic properties of the basalt
fibres and the epoxy matrix, as declared by the producers, are reported,
respectively. While in Fig. 1 images of the adopted reinforcements at
different magnifications are reported. After, the plate production,
stripes, 260 x 40 mm?, were obtained by diamond saw cutting and
adopted for the laser cutting tests.

2.2. Equipment

Cutting tests have been performed on a commercial 3 + 1 axis CNC
system (Rofin finecut Y340M) equipped with a 450 W Quasi-Continuous
Wave (QCW) Yb:YAG fiber laser source (IPG YLR-450, 4500-QCW-
MMAC-Y14) emitting at 1070 nm wavelength with a quasi-Gaussian
intensity distribution. The laser source has a nominal average power
(Pavg) of 450 W in both continuous wave (CW) and pulsed wave (PW)
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Fig. 8. Images of the upper, section, and bottom kerf obtained at S = 2400 mm/min and: a) Pp = 3.0 kW, D = 0.05 ms; b) Pp = 3.0 kW, D = 0.25 ms, ¢) Pp = 4.5 kW,
D = 0.05 ms, d) Pp = 4.5 kW, D = 0.25. In the figure, the upper surfaces are on the left.

regimes. In the latter case, the pulse power (Pp) can reach values up to
4500 W, with the following limitation: the average power cannot exceed
the nominal value in CW mode (450 W) and the duty cycle (8) (i.e. the
product of the frequency per pulse duration) cannot exceed 50%.
Considering the well-known equations for the average power, pulse
energy (Ep), pulse power, and duty cycle (8) [52,60]:

E, = Pavg/f 1)
E,

P, = D" 2

5= 100f-D @)

Where Ep, Pp, f, and D are the pulse energy, the pulse power, the
pulse frequency, and the pulse duration, respectively. Then, considering
the source limitation, in the PW mode, the following constraints must be
observed:

fD<05 &)

Pavg = Pp-f = (EE) f <450 ®)

The laser beam has been delivered through a 50 pm core optical fibre
into a cutting head (IPG Micro Cutting Head P21-010105 D25), equip-
ped with an 85 mm collimation lens and a 100 mm focusing lens. The
beam parameter product (BPP), as declared by the producer, is 2.4 mm
x mrad, corresponding to a M? factor of about 7 and a theoretical beam
diameter at the focussing point of about 80 um. In Fig. 2 an image of the
experimental setup is reported, while in Table 3 the main characteristics
of the laser are summarised.

2.3. Experimental procedures

The experimental tests were developed according to the Design of
Experiment (DoE) methodology. This approach includes the selection of
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Fig. 9. Images of the kerf’s walls obtained at S = 1800 mm/min and: a) Pp = 3.0 kW, D = 0.05 ms; b) Pp = 3.0 kW, D = 0.25 ms, ¢) Pp = 4.5 kW, D = 0.05 ms, d) Pp
= 4.5 kW, D = 0.25. In the figure, the arrow indicates the travel direction of the laser beam.

d)

—

Fig. 10. Images of the kerf’s walls obtained at S = 2400 mm/min and: a) Pp = 3.0 kW, D = 0.05 ms; b) Pp = 3.0 kW, D = 0.25 ms, c¢) Pp = 4.5 kW, D = 0.05 ms, d) Pp
= 4.5 kW, D = 0.25. In the figure, the arrow indicates the travel direction of the laser beam.

the experimental plan as well as the control factors (i.e. the settable
process parameters that affect the cutting process), their levels (values),
and the response variables (the measured quantity that describes the
process behaviours). As a matter of fact, for a pulsed laser source, there
are several possible control factors, excluding the material characteris-
tics that are fixed, they are the average power (Pavg), the pulse power
(Pp), the pulse duration (D), the pulse frequency (f), the overlapping
percentage (R%), that is the percentage of the overlap between two
consecutive pulses, the cutting speed (S), the focusing position, the
stand-off distance (SOD), the type of assistant gas and its pressure.

The use of too many variables involves a large number of tests to be
performed. Also, the selection may be complex since some of these

quantities are derived from each other (see Eqs. 1-3). Then, to reduce
the number of tests and focus on the process and laser system parame-
ters, some factors were fixed according to the following consideration:
since the thickness of the laminate (1.3 mm) is in the same order as the
focussing depth (i.e. the Rayleigh length), it was decided to fix the focus
position on the sample surface, the SOD was fixed at the standard value
for the adopted head (1 mm), to avoid combustion phenomena (due to
O, presence) and/or excessive erosion (produced by too-high pressure),
as assistance gas, nitrogen at a pressure of 0.7 MPa was adopted, ac-
cording to the results obtained in [64], finally, to assures highest per-
formances in term of achievable cutting speed the average power was
fixed at the maximum values (450 W).
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Fig. 11. Selected images of the debris separated from the kerf wall after cutting. In the figures, the arrow indicates basalt fibres’ presence. a) Debris overview; b-c)
Large drops of basalt with gas bubble; d) Carbonised matrix fragments and basalt fibre; e) Basalt micro-droplets; f) basalt mixed with the carbonised matrix.

Then, a 3® full factorial plan was developed adopting as control
factors the pulse power, the pulse duration, and the cutting speed. The
selected levels were in the range of 3-4.5 kW; 0.05-0.25 ms and
1800-2400 mm/min, respectively. These values were selected based on
the laser characteristics, previous experiences [60,61,65], preliminary
tests, and relevant bibliography. In any case, they were chosen to assure
the maximum cutting speed and minimum thermal damage. The pulse
frequency was obtained according to Egs. 1-2 imposing Pavg = 450 W.
During the experimentation, the tests were replicated three times and
fully randomised for each replication.

It is worth noting that pulsed laser cutting involves the overlapping
of a series of single footprints each one generated by a single pulse;
therefore, to ensure the throughout-cut and good quality of the kerf
surfaces, it is necessary that the overlapping is greater than a certain
critical value (for metals it is about 70-75%). The overlapping can be
calculated by the following:

R\% = 100-[1 — (S/f)/(ds + 5-D)] ~ 1001 — S/(f-ds)] ®)

where ds represents the beam diameter at the focussing point (Rt) or
the beam footprint on the component (Rf). Although the spot over-
lapping is a significant factor in pulsed laser cutting operation, in the
present paper it was preferred to use the cutting speed. This choice was
adopted considering that higher values of the overlapping involve
component overheating and that, for a QCW laser source, the simulta-
neous adoption of high Pp and long D imply low frequencies (400 Hz at

Pp =4.5and D = 0.25 ms, vs. the maximum that is 3000 Hz) that involve
low cutting speed (from eq. (4), 5 and 6). Since adopting a low cutting
speed could penalize the process in terms of energy consumption, effi-
ciency; process time; and, due to excessive heating, and material dam-
ages, it has been chosen to use the cutting speed as a control factor.
Therefore, before carrying out the cutting tests, a pre-test campaign was
carried out to measure the maximum cutting speed for the different Pp-D
combinations. Then cutting speeds of about 80%, 70%, and 60% (2400,
2100, and 1800 mm/min) of the lower maximum cutting speed (about
2900) were adopted for the following tests. The procedure adopted in
the pre-tests campaign is described in a following paragraph. Table 4
and Table 5 show the factors and levels adopted in the experimental
plant and the corresponding process conditions.

After the tests, the kerf geometries and the thermal damages were
first investigated on the external surfaces (at the laser beam input and
output); then, to analyse the section, the kerfs were filled with white
acrylic paint and then polished using abrasive paper of grit size up to
P2500 (Standard ISO 6344).

EN ISO 17658 (Welding - Imperfections in oxyfuel flame cuts, laser
beam cuts and plasma cuts — Terminology) and ISO 9013 (Thermal
cutting - Classification of thermal cuts - Geometrical product specifica-
tion and quality tolerances) Standards were adopted to select the
response variables. More in detail, the kerf widths in the section were
measured at the upper and the bottom of the kerf, UK_S, and BK_S,
respectively. To characterise the thermal damage, the heat-affected zone
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Laser beam travel direction

Base materials
Free matrix fibre
Molten basalt

Matrix degradation

Gas vapour and
plasma phase

Heat flux
Assistant gas

Drag thrust

Fig. 12. Schematic of Laser-BFRP interaction mechanisms. a) Cut starting; b) After few cutting mm,; c) In regime condition.

extension (HAZ_S) was measured on the left and right kerf sides surface,
as proposed by Tagliaferri et al. [66,67], and from side to side (HAZ_S
max), as proposed in [60,61,68]. Moreover, since some authors have
adopted the measurement of the kerf geometry and the HAZ on the
external surfaces [69-71], the value of the kerf widths, the HAZ exten-
sion and the side-to-side HAZ, measured on the bottom and upper sur-
faces have been measured too. A digital microscope (Hirox KH8700) was
adopted for the kerf observation and measurement. Some parameters,
like the perpendicularity, non-planar cut face, the cut angle, or the
roughness, which are further parameters considered in ISO 9013, were
not evaluated since the thermal defects greatly exceed these latter.

For each cut, no less than 3 measurements, at a distance of 4 mm,
were recorded on the external surface. In Fig. 3 a schematic of the
measures is reported; while in Table 6, the response variables’ nomen-
clature is reported. It is worth noting that the texture visible on the
bottom surface is the peel ply footprint.

The influence of the test parameters on the kerf geometry and quality
was assessed through the ANalysis Of VAriance (ANOVA). This analysis
tests the significant differences between the means of the response
variables by dividing its total variation into the contribution due to
different sources (error, experimental group membership...) and
comparing the variance due to the between-groups (or treatments)

variability with the one due to the within-group (i.e. the same treat-
ment). During the analysis, a confidence level of 95% (a = 0.05) was
adopted. It means that a control factor or an interaction is considered
statistically significant if the p-value < 0.05. The ANOVA assumes that
experiments are independent and normally distributed with equal var-
iances between cutting conditions. Then, before the analysis, these as-
sumptions were checked by the residuals analysis, as suggested in
[72,73]. However, this analysis is not reported here for the sake of
briefness.

3. Results
3.1. Maximum cutting speed determination

Preliminary tests were performed starting from a cutting speed cor-
responding to a spot overlap of 75% and increasing the cutting speed
with a step of 20% up to observe a no-throughout cut. Then, starting
from the highest speed that permits the obtaining of a throughout cut,
the procedure was iterated adopting, first a step of 10% and then a step
of 5%. The maximum cutting speed obtained with the last iteration was
assumed as the maximum cutting speed. To ensure robustness in the
maximum speed determination, the last iteration was repeated three
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Fig. 13. External surface close to the end of the cut. Sample obtained at S = 2100 mm/min, Pp = 3 kW, D = 0.05 ms. In the figure, the arrow indicates the travel

direction of the laser beam.

30 mm

Fig. 14. IR images obtained at Pa = 4.5 kW, D = 0.15 ms, Ss = 2100 mm/s. The images are obtained at; a) about 5 mm from the initial edge, b) in the sample middle;

) near the end of the cut; d) immediately after the cut end.

times obtaining three values of the maximum speed for each test
condition.

In Fig. 4 the Individual plot of the maximum cutting speed (Sc) is
reported; in the figure, the empty circles indicate the average values,
while the vertical bars are the standard deviations. In Table 7 the
average values of the maximum cutting speed are reported together with
the standard deviation. From Fig. 4, the maximum cutting speed varies
from a minimum value of about 2900 mm/min (@ Pp =3 kW and D =
0.25 ms) to a maximum one of about 3520 mm/min (@ Pp = 3.75 kW
and D = 0.05 ms. However, since certain data scattering is observable,
the ANOVA was performed to verify the significance of the control
factors (Pp and D) and their effects on the maximum cutting speed. In
Table 8 the ANOVA results are reported. From the table, both Pp and D
are statistically significant (p-value < 0.05). Furthermore, since the F-
value of the Pp, compared to the D one, is double, the Pp plays the
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relevant role in the maximum cutting speed determination; at least, in
the analysed parameter range. In Fig. 5 the main effect plot is reported,
from the figure, the maximum cutting speed increases at the pulse power
increase and vice versa for the duration. It is worth noting that, if the
former effect is expected, the reduction of Sc at the increase of the
duration, since normally the opposite happens, needs an explanation:
increasing the pulse duration, since Pavg is fixed, a decrease of the pulse
frequency is needed. Therefore, according to Eq. (6), a decrease in the
overlapping is obtained and this results in a reduction of the maximum
cutting speed. In other words, the effect of the overlapping is still present
and overcomes the effect of the pulse duration.

About the overlapping percentage, it is worth noting that at the
maximum cutting speed the theoretical overlapping percentage, Rt
(calculated by imposing ds = 80 um), varies from negative (—79% at Pp
= 4.5 and D = 0.25 ms) to positive values (78%, @ Pp = 3 kW and D =
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Fig. 15. Images acquired in the visible spectrum at Pa = 4.5 kW, D = 0.15 ms, Ss = 2100 mm/s. The images are obtained at; a) about 5 mm from the initial edge, b)

in the sample middle; c) near the end of the cut; d) immediately after the cut end.

Table 9
ANOVA table for the parameters measured in the section.
UK_S Bk S HAZS HAZ_S max

Source F-value p-value F-value p-value F-value p-value F-value p-value
S 5.48 0.007 3.50 0.036 2.42 0.097 4.78 0.012
Pp 0.81 0.449 1.89 0.159 0.01 0.990 0.10 0.906
D 0.81 0.448 2.35 0.104 0.46 0.632 0.16 0.852
S*Pp 0.41 0.802 0.04 0.996 1.23 0.309 1.39 0.249
S*D 0.31 0.873 0.48 0.751 1.35 0.263 0.46 0.762
P*D 2.02 0.103 0.99 0.422 0.80 0.527 0.77 0.546
R-Sq [%] 35.86% 33.19% 29.71% 30.37%

Table 10

ANOVA table for the parameters measured on the surfaces.

Uk Bk HAZ U HAZ_U max HAZ B HAZ B max

Source F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value F-Value p-value
S 9.00 0.000 6.25 0.003 1.93 0.154 4.61 0.014 7.61 0.001 7.84 0.001
Pp 2.77 0.071 2.28 0.111 0.77 0.466 0.81 0.449 3.61 0.033 6.49 0.003
D 1.56 0.219 2.94 0.060 0.12 0.890 0.47 0.628 2.54 0.087 1.11 0.337
S*Pp 1.10 0.366 0.43 0.786 1.18 0.327 1.83 0.135 0.20 0.937 0.28 0.888
S*D 0.41 0.799 0.34 0.853 0.91 0.463 0.76 0.555 0.83 0.510 0.40 0.805
P*D 0.54 0.705 0.94 0.447 0.41 0.798 0.33 0.859 1.35 0.262 2.40 0.060
R-Sq 37.97% 68.05% 25.28% 29.37% 51.10% 43.02%

0.05 ms), where negative values indicate that the laser pulses fall on
separate points. While the effective overlapping percentage Rf (calcu-
lated by imposing ds = UKk) varies in the range of 42-95%. In Fig. 6 the
critical overlapping percentage, (Rfc), that is the Rf value below which
there is no through-cut, is reported as a function of Pp and D. From the
figure the Rfc decreases increasing Pp and/or D.

This explains why, as a control factor, it was preferred the cutting
speed instead of the theoretical R [%]. As a matter of fact, the adoption
of Rt or Rf in the order of 70-75% (typical values for metal cutting)
would have involved too low speeds adoption, with the consequent in-
crease in the damages due to the overheating. Moreover, a kerf width
larger than ds indicates good laser workability of the basalt composite.
Furthermore, the adoption of a cutting speed between 60% and 80% of
the maximum, in the experimental plan, was necessary to assure thor-
ough cuts. It is worth noting that the values found here are more than an
order of magnitude larger than those adopted for AWJ [39-42] or laser
cutting [53-57] operations.
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3.2. Analysis of kerf characteristics and cutting mechanisms

In Fig. 7 and Fig. 8 images of the upper, the section, and the bottom
kerf obtained in different process conditions are reported; while in Fig. 9
and Fig. 10, the kerf walls obtained in the same process conditions are
reported too. In Fig. 7 and Fig. 8, the upper surfaces are on the left, while
the texture on the bottom surfaces is the peel-ply footprint. These figures
show the typical composite material damages due to the laser interac-
tion, such as matrix recession on the external surfaces, the presence of
protruded fibres, and matrix degradation (matrix browning) on the
upper and bottom surfaces. In addition, at the entrance and exit of the
kerf, it is possible to observe the presence of re-solidified drops of molten
basalt. Observing the sections profiles, the heat-affected zone consists of
three layers: a first layer, external to the kerf wall, with an irregular
shape, consisting of black re-solidified basalt mixed with carbon de-
posits; the second layer is made of fibres without matrix or, more rarely,
fibres incorporate in a carbonized matrix; the third one consists of a very
thin layer of carbonized matrix. The latter is not always visible/present.
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Fig. 17. Main effect plot of the parameters measured on the upper surface: a) Upper kef width; b) HAZ extension.

Observing the walls of the kerf, Fig. 9 and Fig. 10, evident striations can
be seen on the first layer. The striations are reminiscent of those pro-
duced in the oxygen-assisted laser cutting of steels. The angle of the
striations varies from a minimum between 0° and 8° to a maximum of
68°. The layer appears thicker and more remarkable for cuts made at low
speed (1800 mm/min, Fig. 9) and less consistent for those obtained at
high speed (2400 mm/min, Fig. 10). On the latter, moreover, large areas
with uncovered fibres are observed, this is consistent to [54]. Indicates
that the outer layer (the first layer) is blown off during the cut itself. This
is confirmed by the large quantity of debris and the burr produced
during the cutting. Part of them has ejected out of the kerf thanks to the
assistance of gas action and the plasma plume, part remains attached to
the walls of the kerf forming the first layer and the burr observed at the
upper and bottom surfaces. In Fig. 11 some selected images of the debris
separated from the kerf wall after the cutting operation are reported.
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The debris consists of resolidified basalt droplets rich in carbon deposits,
drops of only basalt with dimensions considerably larger than the fibres
and rich in gas bubbles inside (Fig. 11b and Fig. 11c¢), carbonised matrix
fragments with the fibres still visible inside (Fig. 11d), micro-droplets
(about 70 pm in diameter) of basalt or basalt and carbonised matrix,
Fig. 11e and Fig. 11f, respectively.

Comparing Fig. 7 and Fig. 8, it is not possible to identify a clear trend
of the kerf geometry (shape and width), HAZ extension, and/or striation
characteristics. However, there are some qualitative indications: the
resolidified droplets on the external surface appear numerous and larger
on the bottom surface, especially when the lower cutting speed is
adopted, unlike what happens in CFRP laser cutting with the same
equipment and under similar conditions [60], the BFRP laminate shows
an irregular kerf profile (wavy instead of straight); the kerf section ap-
pears more regular for high Pp and D values; conversely, low Pp and D
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Table 11
Correlation table between the measurement in the kerf section and on the sur-
faces (R-Sq [%] values).

Uk Bk HAZ_ U HAZ_ U HAZ B HAZ B
[um] [um] [um] max [um] max
[um] [um]
Uk_S 26.2 15.9
(s) (s)
Bk S 19.51 32.5
(s) (s)
HAZS 0.01 (ns)  0.24 (ns) 0.45(ns)  0.02 (ns)
HAZS 2.13 (ns) 3.40 (ns) 3.45 (ns) 2.30 (ns)
max

s = significant: p-value < 0.05.
ns = not significant: p-value > 0.05.

involve barrel profiles (similar to those observed in [19]). The upper kerf
appears more regular when high pulse power and duration are adopted
(Fig. 7c and Fig. 8c).

Based on the observations, the interaction mechanism can be sum-
marised as reported in Fig. 12: the laser penetrates the first layer of the
matrix and is absorbed by the basalt fibres that melt Fig. 12a); the
molten fibres exchange heat with the surrounding matrix, producing the
combustion/vaporization of the latter. The vapours produced partly mix
with the molten basalt generating the bubble inside the basalt droplets
visible in Fig. 11b-c-e, partly forming a gas column capable of absorbing
all the laser radiation. Consequently, a high temperature and pressure
gas bubble (plasma phase) is formed inside the kerf, Fig. 12b. The
plasma bubble has two main effects: it exchanges heat with the kerf
walls and, together with the assist gas, pushes the molten basalt both out
and towards the back of the kerf itself (as visible in Fig. 9 and Fig. 10).
Downstream of the plasma bubble, the molten basalt flowing into the
kerf continues to exchange heat with the kerf walls producing the
resolidified material layer (the first layer described above) and further
carbonisation, combustion, and vaporization of the matrix, Fig. 12c.
This generates the second layer (consisting of matrix-free fibres), the
debris formation (basalt droplets, carbonised matrix fragments), and
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further kerf and HAZ enlargement. The process is not stable, since the
molten basalt must reach a certain volume before flowing into the kerf,
this explains the presence of striations. The molten basalt flow inside the
kerf, its partial expulsion, and cooling on the edge of the kerf are the
cause of both the presence of the burr on both surfaces (the re-solidified
basalt drops) and the characteristic wavy appearance of the kerf’s edges,
as visible in Fig. 7 and Fig. 8. The latter is confirmed by the analysis of
the final part of the cut, Fig. 13, where it can be clearly seen that, on the
upper surface of the kerf, the last part of the profile is very regular, while
the more distant part is more irregular and damaged.

To have further confirmation of the interaction mechanisms, a new
test was performed adopting the following process conditions: Pa = 4.5
kW, D = 0.15 ms, Ss = 2100 mm/s. During the test, cameras both in IR
and visible spectra were adopted to record the interaction phenomena.
The IR camera (FLIR mod A655SC) was selected since its spectral range
(7.5-14 pm) is far enough from the laser beam wavelength to avoid the
blinding phenomenon. During the test the following parameters were
adopted: emissivity € = 0.95, acquisition rate = 25 Hz, and a tempera-
ture range between 100 °C and 650 °C. It is worth noting that an
emissivity € in the range of 0.9-0.95 is a plausible value for the
machined material. However, since it is not the correct value, this choice
can affect the measurements. In the visible spectrum, a commercial
camera was adopted (Canon FS100). In Fig. 14 and Fig. 15 four frames
(at about 5 mm from the initial edge, at the middle of the sample, near
the end of the cut, and immediately after the cut end) are reported for
the IR and Visible camera, respectively.

From Fig. 14, during the cutting operation, the inner part of the kerf
is at a temperature higher than the saturation one of the IR camera
(600 °C). Moreover, as visible in Fig. 14d, immediately after the cut end,
there is a large part of the kerf that is still at high temperature; this part is
characterised by different striation, due to the molten basalt flow. While,
in Fig. 15, it can be observed both the formation of a large plasma plume
(in the opposite direction to the cutting one) and the droplets made of
molten basalt (the red dots indicate by the arrow in Fig. 15d) that are
still at high temperatures (since the red colours) and placed either inside
or in the lower part of the kerf.



C. Leone et al.

Histogram of Uk; Bk; Uk_S; Bk_S

80

Variable Mean StDev

— Uk 236.3 45.51
— —- Bk 253.0 61.22
..... Uk S 395.8 139.7
—--Bk S 373.9 153.5

Percent

Data [pm]

©)

=
=
@
2
[
-9

40
30
20

10

0
800

Composites Part A 175 (2023) 107800

b) Histogram of HAZ_U; HAZ_B; HAZ S
40
Variable  Mean StDev
~ —— HAZ U 6127 76.77
’ HAZ B 6588 78.28
30 ,/ \ —..HAZS 4661 57.25
-
g
g 20
)
%
10
0 . .
200 400 600 800 1000 1200
Data [pm]

1000 1200 1400 1600 1800 2000 2200 2400

Histogram of HAZ_U max; HAZ_B max; HAZ_S max

Variable Mean StDev
—— HAZ Umax 1435 1413
HAZ Bmx 1527 148.1
— — - HAZ Smax 1172 140.0

Data [pm]

Fig. 19. Comparison between the distribution of the kerf width and HAZ extension: a) Kerf widths; b) HAZs; ¢) Maximum HAZs.

3.3. ANOVA results and effect of the process parameters

In Table 9 and Table 10, the ANOVA tables for the parameters
measured in the section and on the surface are reported, respectively. In
the table, the significant control factors (p-value < 0.05) are indicated by
bold text. From the table, the cutting speed is the main significant
control factor, since it affects all the response variables, except the
HAZ_U that results unaffected by any process parameters. The pulse
power affects the HAZ B and the HAZ B max. Conversely, the pulse
duration seems does not affect any response variables. Moreover, no
significant interactions are present. In any case, it is worth noting that
the R-Sq [%] values do not appear exciting, since they are in the range of
30%-60%. This means that only 30%-60% of the response variables’
variation is explained by the control factors. It is plausible that these low
values are a consequence of the fact that, in addition to the laser action,
both the kerf dimensions and the HAZ extension are influenced by the
interaction between the kerf wall and the molten basalt flow generated
downstream to the laser action. In Fig. 16-18, the main effect plots are
reported for the section, upper kerf, and bottom kerf measurements,
respectively. In the figures, the significant response variables are high-
lighted by a continuous line and full dots. As expected, since an increase
in the cutting speed involves a decrease of the energy released for unit
length (see Le in Table 5), the S increase involves kerf widths and HAZ
extension reduction. About the effect of the pulse power on HAZ B and
HAZ B mayx, the increase of Pp involves a decrease of both these quan-
tities, this effect is opposite to then observed in CFRP laser cutting [60].
It is reasonable to assume that this effect is mainly due to how the molten
basalt is formed and how the latter interacts with the surface of the kerf.
As a matter of fact, the use of a high Pp implies a more violent inter-
action with the production of larger plasma bubbles at higher pressure,
the latter favours the expulsion of the molten material out of the kerf
reducing the HAZ enlargement.

4. Effect of measurement position

Previous studies show that the measurement position (section or
surfaces) of the kerf characteristics (width and HAZ) influences the
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measurement itself [60,61,66,67]. Since, in laser cutting of BFRP, the
kerf formation mechanism is quite different from that of CFRP, this
aspect has deepened in the present section. Therefore, to investigate the
effect of the measurement position a regression analysis was first per-
formed between the average of the measurements carried out in the
section and the ones acquired on the surfaces. During the analysis, a
linear equation was adopted (however, the results remain similar even
using other types of equations) and the p-value was assumed to verify
the presence of correlation between the measured quantities (it means
that a p-value < 0.05 indicates the presence of a significant correlation)
while the R-Sq [%] parameter was adopted to measure how much the
equation fit the data. The result of the analysis is summarised in
Table 11. From the table, only the kerf widths are correlated to each
other; while the HAZs show a p-value > 0.05. Then, no correlations are
present between the HAZs. In any case, also for the kerf widths the
correlation appears poor since the low values of R-Sq [%] due to the high
data scattering. The latter is, probably, a consequence of the fact that the
measuring positions between the sections and the surfaces are different.
The analysis highlights that the damage mechanism on the external
surfaces differs from that inside the kerf. Conversely, a correlation be-
tween the measurements of the kerf width is identified instead (albeit
disturbed by noise).

In Fig. 19 the comparison between the distributions of the kerf
widths and HAZs carried out in the different positions is reported. From
the figure, the kerf widths measured in the section show mean values
and standard deviations larger than the ones measured on the external
surfaces. Therefore, the kerf measurements on the surface underestimate
the quantities and vice versa. Conversely, the mean value of the HAZ
extension measured on the external surfaces is larger than the ones
measured in the section, while the standard deviation is almost equal. In
addition, the measurements (width and HAZ extension) acquired on
upper surfaces are slightly smaller than those obtained on the bottom
surfaces. The differences observed between the widths measured on the
surface and the one in the section are due to different phenomena, such
as the erosion of the walls produced by the molten basalt flow inside the
kerf, the possibility that part of the first layer may detach from the walls
during the process or the sample manipulation. In addition, the typical
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wavy shape of the kerf edge doesn’t help since it may introduce an error
in the width assessment. The differences found on the HAZ are always
due to the flow of molten basalt which, on the external surfaces, forms
several drops that flow and condense on the external surfaces. During its
flow, the molten basalt exchanges heat with the matrix coating pro-
ducing the matrix recession or its degradation (browning). This explains
why the HAZ on the outside appears greater than that on the inside.
Moreover, the difference between the upper and bottom surface char-
acteristics, together with the observations about Fig. 13, indicate that, in
the first part of the cut formation (i.e. in the area where the laser beam
irradiates), the assist gas is still able to counteract the plasma bubble
pressure. The differences observed in terms of kerf widths and HAZ
extension pose a problem in the kerf estimation since, for a full char-
acterisation of process and product, it is mandatory to measure both the
positions (external and section). This aspect is often overlooked by
academics.

5. Conclusion

In the present paper, laser cutting of BFRP laminate using a 450 W,
QCW fiber laser is presented. Tests were carried out in the PW regime, to
find the influence of the pulse power and duration on the maximum
cutting speed. Then cutting tests were performed changing the pulse
power, the pulse duration, and the cutting speed. The kerf geometry and
quality were measured in the section and on the external surfaces.
ANOVA analysis was adopted to assess the influence of the process pa-
rameters. From the results, within the adopted source, material, and
process conditions, the main conclusions are:

Basalt fibre composites can be easily cut by adopting a 450/4500 W
QCW fibre laser working at a wavelength of A = 1070 nm, at a cutting
speed of up to 3500 mm/min.

The maximum cutting speed depends on both the pulse power and
the pulse duration; it increases as the pulse power increases and vice
versa for the duration.

From the cutting tests, the thermal damage mainly consists of matrix
degradation, fibre protrusion, the presence of resolidified basalt
droplets at the kerf edges and a layer of resolidified basalt mixed with
carbonised matrix on the kerf wall.

During the laser material interaction, plasma plume and molten
basalt are produced. The pressure generated by the plasma, in
combination with the pressure of the assist gas, pushes the molten
basalt downstream to the laser beam inside the kerf, allowing further
heat transfer on the kerf walls. During the heat transfer, an
enlargement of both kerf and HAZ is produced.

The kerf dimension and the HAZ extension are mainly affected by the
cutting speed since this determines the energy released per unit of
length and then, the overall interaction mechanism.

Pulse power and pulse duration, although affect the maximum cut-
ting speed, show a secondary effect on the kerf characteristics.
Probably hidden by the effects of the molten basalt flow inside the
kerf. The latter plays an important role in the interaction mecha-
nisms and kerf formation.

The regression tests show that only the widths are correlated be-
tween them. While the HAZs extensions are not correlated.

In any case, the measuring position affects the measurement itself.
The kerf widths measured in the section are larger than the ones
measured on the external surfaces. Vice versa the HAZs extension.
These differences are mainly due to the presence of molten basalt
flow inside the kerf, too.
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