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Abstract
The increase in the use of composite materials poses the problem of their disposal/recycling after the End of Life (EOL). Dif-
ferent strategies were developed to recycle composite material, resulting in the availability of new raw materials, characterised 
by overall good mechanical properties and significantly low cost. However, the applicability of these materials to industrial 
production also depends on the possibility of producing and processing them with likewise available technologies. Among 
the production and processing technologies that can be adopted for recycled composite materials, resin infusion under flexible 
tooling (RIFT) and laser machining, respectively, stand out above all due to the high production/machining speed compared 
to the cost. This paper investigates the possibility to apply both these technologies to carbon fibre–reinforced polymer lami-
nates obtained by adopting recycled carbon fibres. Recycled CFRP plates of about 2.7 mm in thickness were produced by 
RIFT and characterised in tensile and flexural tests. After mechanical characterisation, cutting tests were performed by using 
a 450 W QCW fibre laser, varying the pulse power, the pulse length, and the pulse overlap. The kerf geometries and the HAZ 
extension were measured at the upper and bottom parts as well as in the section. Analysis of variance was adopted to define 
which and how the process parameters affect the kerf dimension and HAZ extension. Results showed that it is possible to 
cut the composite at a cutting speed up to 2000 mm/s, obtaining, in the best conditions, narrow kerf, limited HAZ, and taper 
angle of about 0°.

Keywords Carbon fibre–reinforced composite · Recycled carbon fibre · Laser machining · Thermal damage

1 Introduction

In the last decade, carbon fibre–reinforced polymers (CFRP), 
thanks to their remarkable properties in terms of specific 
properties, fatigue, and environmental resistance, have been 
steadily increasing their applications in different fields, such 
as aerospace, automotive, train, boat, sports equipment, 
energy production, and prosthesis [1]. It has been estimated 
that in the next 10 years the carbon fibre (CF) market can 
roughly triple its turnover (about 4.7 billion USD in 2019 

against the 13.3 billion in 2026 [2]). Although the use of 
CFRP provides several advantages, their use will lead to 
future new waste materials, increasing issues in terms of 
environmental impact. The CFRP wastes, such as industrial 
production scrap and End of Life (EOL) components, pro-
duced in the next years were estimated in [3]. They calcu-
lated the production of about 9-kilo tonnes in 2019 and esti-
mated it the triple in 2027. Thus, it is necessary to develop 
new processes able to manage the CFRP wastes with mini-
mal environmental impact. These processes involve not only 
the disposal/recovery methods of the CFRP components 
once the EoL is reached, but also the inclusion of recovered 
materials in a circular economy system.

Detailed descriptions of EOL alternative processes are 
in [4–6]. The authors evaluate different solutions, includ-
ing landfill, incineration, mechanical recycling, chemical 
decomposition, fluidised bed, and pyrolysis fibre recovery 
processes. In [4], the authors concluded that to obtain an 
effective composite recovery, incentives, infrastructure, 
recycling techniques, and market commitment are required. 
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Witik et al. [5] indicate that, compared to energy recovery 
(i.e. incineration), the possibility to achieve effective benefits 
from fibre recovery depends on the impacts of the selected 
recovery process, and also the type of secondary applica-
tion in which they are used. Naqvi et al. [6] highlighted 
that CFRC recovery is a global challenge since they must 
meet environmental factors, governmental legislation, pro-
duction cost, and management of resources. However, they 
underline that to turn these composite wastes into a valuable 
resource, a circular economy must be created by closing the 
loop with a cradle-to-cradle approach. This involves differ-
ent aspects, such as material source selection, recovering 
process, development low cost and large-scale production 
technologies, and processing technologies. Actually, carbon 
fibre recovering techniques can mainly be divided into two 
families: chemical decomposition and pyrolysis processes. 
The former adopts a solvent under supercritical conditions 
to decompose the polymer matrix leaving the fibres intact 
[4–15]. These processes are more suitable for the recovery 
of high-value fibres (typically pre-preg scrap) since they 
avoid fibre degradation and reclaim carbon fibres with high 
retained strength and clean surface. Conversely, pyrolysis 
techniques decompose the polymer matrix at sufficiently 
high temperatures (400–900 °C) in an atmosphere of nitro-
gen and oxygen gas [4–6, 16–23] and, compared to chemi-
cal decomposition, have lower costs. However, the pyrolysis 
method is an energy-consuming process, requires long times 
(typically 4–6 h), and results in both fibre damages as well as 
contamination [6, 21]. For the aforementioned reasons, this 
process is a viable technique for the recovery of low-value 
fibres (typically composite parts at their EOL) [24].

Many authors have proposed the adoption of recycled 
carbon fibres (rCFs) for concrete reinforcement in different 
industrial fields, which allows benefits in terms of environ-
mental, financial, and mechanical properties [21, 25–31]. 
One of the sectors where this type of reinforcement has 
been extensively studied in the literature is the building con-
structions [21, 25–28]. Akbar and Liew [21, 26] found out 
that the adoption of the rCFs in cement composites greatly 
affects the mechanical properties and the environmental 
impact of the material. They reported an increase in elastic 
modulus, splitting tensile strength, and fracture toughness of 
up to 57%, 188%, and 325%, respectively. The environmen-
tal impact assessment revealed that with the addition of 1% 
of rCFs while replacing 10% of cement with silica fume, the 
overall global warming potential in terms of  CO2 emissions 
comes out to be 13.69% less than plain cement paste impact. 
Moreover, 22% of energy consumption and 70% of the cost 
can be saved by replacing the virgin carbon fibres (vCFs) 
with rCFs in the cement composites. Saccani et al. [25] have 
recycled wastes made of thermosets pre-preg scraps deriving 
from the production of epoxy-carbon fibre composites with-
out any previous high temperature or chemical treatments as 

reinforcement to produce building materials. An addition 
of 5% in volume of short-chopped fibres coated by resin on 
conventional Portland cement showed an increase in flexural 
strength and toughness. An extensive review of rCF applica-
tions in transportation fields is reported in [29]; the authors 
showed solutions for the recovery and re-use of recycled 
carbon fibre in automotive and railway industries, as well as 
in aviation and wind turbine constructions.

The interest of the scientific community in fibre recycling 
made many authors investigate different material proprieties 
[30, 31]. Genna et al. [30] adopted the resin infusion process 
to produce a composite laminate 4 mm in thickness whit 
rCF under the form of non-woven fabric (mat) and carried 
out different mechanical properties, through quasi-static and 
dynamic tests. The tensile, the flexural, and the low-velocity 
impact loading behaviour were investigated considering, 
also, the influence of different stratifications on mechanical 
characteristics. A further issue regards the possibility to have 
low-cost and high-productivity manufacturing processes able 
to cut, drill, and machine new composite materials. Com-
posite materials are difficult to machine with conventional 
cutting methods since they produce tool wear and damage, 
such as matrix degradation (due to the heat produced by fric-
tion), delamination, and fibre pull out [32–34]. Moreover, 
machining is not suitable when very small complex shapes 
are required. Compared to the conventional methods, water 
jet (WJ) and abrasive water jet (AWJ) machining show dif-
ferent advantages such as the absence of heat-affected zone 
(HAZ), and the elimination of dust by jet entrainment and 
high cutting speed [35]. However, both AW and AWJ have 
drawbacks such as moisture absorption, delamination, abra-
sive particle deposit (for AWJ), and slow effective cutting 
speed [35–38]. A possible alternative is represented by laser 
cutting (LC), which can be used on almost all categories of 
materials, including metals [39–45], ceramics [46–48], and 
composites [35, 49–60]. Compared to conventional cutting 
processes, laser cutting offers several advantages: it does 
not apply any mechanical force, absence of wear; it does 
not require complex fixtures; also, since the laser beam spot 
is very small, it is possible to realise complex shapes and 
accurate geometries with narrow kerfs, in a very short time 
[61]; in addition, compared to WJ and AWJ, laser machining 
shows lower kerfs width, higher process speed, and material 
removal rate [38].

However, laser cutting is a thermal process; therefore, 
thermal damage can occur (matrix recession and burning, 
fibre pull out, fibre swelling, delamination, etc.). Ther-
mal damage and HAZ formations are a consequence of 
the difference between the carbon fibre and the epoxy 
matrix properties in terms of laser absorbance, degrada-
tion temperature, and thermal conductivity [35, 50, 51, 
55–60, 62–65]. As a matter of fact, the composite matrix  
shows a low absorptivity at the wavelength range of about 
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1 μm; in addition, either the energy required to evaporate 
or sublimate the carbon fibres and the thermal conductivity 
is more than one order of magnitude higher for the matrix 
[50, 51, 58, 63]. Then during the beam-material interac-
tion, the time that elapses before the vaporisation condi-
tion for CF is larger than that for the resin [51, 55, 63, 
64]. During this period, thanks to the good conductivity 
of the fibres, a great amount of heat is conducted through 
the carbon fibres and released into the matrix, producing 
matrix overheating [51, 62, 65, 66], comprised in the kerf 
neighbour. The latter results in matrix thermal degrada-
tion, the presence of fibres unbonded from the matrix, cav-
ity, and delamination formation. Obviously, the thermal 
damages depend on the material characteristics (matrix, 
reinforcement type, reinforcement content and lay-up 
[56–58]), laser source (wavelength, continuous or pulsed 
mode, average power, etc. [56, 59, 60, 62, 67–70]), and the 
process parameters [50–52, 62–65].

This work aims to study the laser workability of a CFRP 
obtained by adopting recycled carbon fibres. CFRP plates 
2.7 mm in thickness, made of recycled fibres, were pro-
duced by resin infusion under flexible tooling (RIFT) and 
characterised in tensile and flexural tests. Afterwards, laser  
cutting tests were carried out by way of a 450 W quasi-
continuous wave (QCW) fibre laser in a pulsed regime, 
varying the pulse power, the pulse length, and the pulse 
overlap to optimise the cutting process (i.e. HAZ and kerf 
reduction and increase in the cutting speed). The kerf width 
dimensions (at the upper and bottom) and the HAZ exten-
sion (in different points) were measured in the section and 
on the external surfaces. Analysis of variance (ANOVA) 
was adopted to define which and how the process param-
eters affect the kerf dimension and HAZ extension. Results 
show that, with the adopted laser, it is possible to cut the 
composite at a cutting speed up to 2000 mm/s, obtaining, 
in the best conditions, a kerf of about 600 µm, a limited 
HAZ (300 µm) and a taper angle of about 0°. Results high-
light that, by an appropriate selection of materials, produc-
tion, and processing technologies, it is possible to obtain 
products characterised by good performance and low cost. 

Moreover, comparing the measures acquired on the exter-
nal surface to the section ones, the latter appears to be more 
suitable and reliable for the kerf characterisation.

2  Material, equipment, and procedures

2.1  Materials

CFRP plates, 2.7 mm in thickness, were produced through 
the resin infusion process adopting a rCF reinforcement, 
under the form of non-woven carbon fabric 200  g/m2 
(KARBOFELT by Karborek), obtained by the row, tex-
tile, prepreg, and CFRP scrap recycling by pyrolysis [71]. 
This material is a flexible insulating extremely compact felt 
with the shape of a mattress. It has good thermal insulating 
properties, and is highly resistant to temperature, extremely 
flexible, and compact [72]. In Fig. 1, images of the adopted 
carbon felt are reported. As a matrix, a 2-component modi-
fied epoxy system, SX8 EVO (by Mates), was adopted. This 
is a low viscosity matrix for laminating and infusion/injec-
tion processes. The very low viscosity guarantees the perfect 
impregnation of the carbon, glass, and aramid reinforcement 
even in the case of multi-axial or coupled to high grammage. 
Thanks to the low viscosity, this system is designed for all 
those processes that require maximum fluidity of the resin 
and is, therefore, often applied for injections, infusions, and 
machining RTM standard or light. In Table 1, the basic prop-
erties of the adopted matrix systems are reported.

2.2  Laser equipment

The experimental tests were performed adopting a CNC system 
(Rofin finecut Y 340) equipped with a 450 W quasi-continu-
ous wave (QCW) Yb:YAG fibre laser (IPG YLR-450/4500-QCW-
AC) working at the fundamental wavelength λ = 1070 nm. The 
laser source can work in both continuous wave (CW) and pulsed 
wave (PW). The maximum average power released by the laser 
is 450 W (Pa); but, in PW mode, it can release a pulse power  
(Pp) up to 4500 W. The only limitations are the following:  

Fig. 1  Images of the recycled 
non-woven carbon fabric for: 
a non-woven carbon fabric at 
35 × ; b single fibre at 2500 × 
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the average power cannot exceed the nominal value in CW  
mode (450 W) and the duty cycle (δ) (i.e. the product of the 
frequency per pulse duration) cannot exceed 50%. Thus, con-
sidering the well-known equations for the average power calcu-
lation, pulse energy (Ep), pulse power, and duty cycle (δ) [73]:

the effective process conditions where the laser can work in 
PW mode results in a working area shown in Fig. 2.

Although this characteristic may appear as a limitation, 
compared to the modulated wave (MW) fibre sources with 

(1)Ep = Pa∕f

(2)Pp = Ep∕D

(3)� = 100f ⋅ D

equal pulse power or the pulsed Nd:YAG sources, the QCW 
offers several advantages, such as low investment cost, 
high wall-plug efficiency, reliability, zero maintenance, 
stability, a high-quality beam (the beam parameter product 
BPP = λM2/π equal to 2.4 mm × mrad, corresponding to a 
M2 of about 2.2).  The latter characteristic allows to obtain 
a very small beam diameter at the focussing point and is due 
to the possibility to use small diameter fibre (here 50 µm) 
regardless of the high pulse power. It is worth noting that 
the high wall-plug efficiency of the fibre laser is a great 
advantage when materials with low added value need to 
be machined since this permits a reduction of the overall 
product cost. As a matter of fact, the nominal power con-
sumption of this laser source is only 1.8 kW; this value is a 
very low value when compared with the same power  CO2 
or Nd:YAG source.

The laser system adopts a cutting head (IPG MICRO 
CUTTING HEAD P21-010,105 D25) with a nozzle of 
0.8 mm in diameter, and a focusing lens of 100 mm in 
focal length. The latter allows obtaining a beam spot diam-
eter (ds) of about 80–100 µm. The CNC is controlled via a 
personal computer, allowing the cutting pattern generation 
and the process parameter setting such as the following: 
cutting speed, average power (Pa) in CW mode, and, in 
PW mode, the pulse power (Pp), the pulse duration (D), the 
pulse frequency (f), and the cutting speed (Cs).

2.3  Procedures

2.3.1  Composite fabrications and characterisation

Composite laminates with 500  mm × 400  mm in-plane 
dimensions and a thickness of 2.67 ± 0.16  mm, were 

Table 1  SX8 EVO matrix properties

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
Shore (ASTM D 15) – 86–90
Compressive strength (UNI 4279) MPa 90–110
Glass transition temperature °C 75–85
Water absorption 24 h at room temperature (ASTM 

D570)
% 0.1–0.2

Water absorption 2 h at 100 °C (ASTM D570) % 0.6–0.7
Operating temperature °C 90

Fig. 2  Working area for the 
adopted laser  source in terms 
of pulse duration and duty cycle 
vs. pulse power
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obtained by means of the resin infusion process. To pro-
duce the required thickness, 2 plies of mat reinforcement 
were placed on a glass mould, previously treated with a 
release agent, and covered with a peel ply (nylon fabric) a 
polypropylene net, that acts as a distributor, and the plastic 
vacuum bag (polypropylene flexible bag). The latter was 
bonded to the glass tool with a butylic sealant (MATES® 
M-Seal) after the placement of the inlet and outlet distribu-
tor. A vacuum pump was adopted to realise the air suction. 
Once the vacuum (about − 0.85 bar) was achieved, the resin 
system (SX8 EVO mixed with a low hardener) was sucked 
into the vacuum bag until the total impregnation is obtained. 
After that, the inlet valve was closed and the vacuum pump 
was left on for another hour to remove the matrix excess. 
Thus, the output valve was closed and the composite was left 
to consolidate for 24 h. After composite extraction, a post-
cure process of 5 h at 70 °C was performed too. In Figs. 3 

and 4, the schematic of the infusion process and  images of 
the obtained laminate are reported, respectively.

Quasi-static tensile and 3-point flexural tests were car-
ried out, according to the ASTM D 3039/D 3039 M-14 [74] 
and ASTM D 790–17 Standard specifications [75], respec-
tively. The tests were performed adopting a universal testing 
machine (MTS ALLIANCE RT/50) equipped with a 50-kN 
load cell and, for the tensile tests, an extensometer 24 mm 
in length (MTS 634.31F–24). Due to the mat anisotropy 
[30], the tests were carried out in both the directions: lon-
gitudinal (L) and transversal (T) to the coil direction, high-
lighted in Fig. 4. The tests were carried out 1 week after the 
post-cure cycle; to assure the reproducibility of the results, 
five samples were tested for each test method and direction 
(L, T). In addition, ASTM D 792–20 [76] and ASTM D 
3171–15 (Procedure G) [77] were adopted to measure the 
material density and the composite content, respectively. In 

Fig. 3  Schematic of the infusion 
process setup

1 Glass tool 5 Vacuum Bag 9 Resin tank 

2 Non-woven carbon fabric 6 Vacuum sealant 10 Inlet valve 

3 Peel-ply 7 Inlet distributor 11 Outlet valve 

4 Distributor (net) 8 Outlet distributor 12 Vacuum pump 
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Fig. 4  Images of the laminate during the fabrication and after de-moulding
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Table 2, the measured mechanical properties (failure stress 
and Young’s modulus) are reported. From the table, the 
mechanical properties are aligned to the ones measured in 
[30]; however, anisotropy is clearly visible. The latter is due 
to the partial alignment of the fibres along the coil longitudi-
nal direction resulting from both the carding and the winding 
process phases. Considering the reinforcement format (non-
woven carbon fabric), the reinforcement volume ratio, and 
the reinforcement cost (comparable to a glass fibre mat), the 
mechanical properties seem to be promising, since they are 
comparable or in some cases better to a glass fibre mat with 
the same resin content.

2.3.2  Laser cutting

The experimental plan was developed by adopting a sys-
tematic approach to the Design of Experiment (DoE) meth-
odology. Compared to the typical approaches “one-factor-
at-a-time”, the DoE approach has both the advantages of 
reducing the experimental runs and providing information 
about the effects of the interaction between the various pro-
cess parameters [78, 79]. Typically, the DoE approach is 
not limited to the selection of the test plan (i.e. the factorial 
plan type), but it involves the selection of the control factors 
(i.e. the settable process parameters that affect the cutting 
process) and their levels, and the response variables (here 
the kerf geometry and the HAZ extension) as well as the 
knowledge and the bibliographic analysis.

The selection of the control factors (i.e. the settable 
process parameters that affect the cutting process) and the 
response variables (the measured quantity that describes 
the process behaviours) is a critical issue in statistical 
analysis, especially when several factors are affecting the 
process itself, like in laser cutting. In Fig. 5 the param-
eters affecting the kerf geometry and quality are reported 
as suggested by Mathew et al. in [50]. From the figure, 
the laser cutting process is affected by a large number of 
process parameters. However, since either the investigated 
material or the adoption of specific equipment imposes 
precise constraints (i.e. they are fixed), only a part of these 

can be used as control factors; in Fig. 5 the possible con-
trol factors are highlighted by the italics bold text. Thus, 
the selection of the control factors and their levels were 
performed based on the relevant bibliography, previous 
experiences, and preliminary tests. More in detail com-
pared to the CW mode, in PW mode it is possible to obtain 
significantly higher cutting speeds (an order of magni-
tude greater) and considering the industrial requirements 
(higher cutting speed = less cost), all the test campaign 
was carried out using the laser in pulsed regime; for the 
same reason, the average power was fixed at the maximum 
nominal value.

A further simplification can be made for the mode 
operation parameters (see Fig. 5) considering that in PW 
mode the settable parameters are Pp, D, and f. Thus, since 
the average power is fixed, only two of the above quanti-
ties can be selected independently, while the third must 
be derived by Eqs. (1)–(2). Thus, in the present case, the 
pulse power and the pulse duration were chosen as control 
factors, while the pulse frequency was selected, according 
to Eqs. (1)–(2), to satisfy the condition Pa = 450 W.

Then, Pp and D levels were selected based on previous 
experiences and preliminary tests, considering the process 
conditions allowing maximum cutting speed and minimum 
thermal damage.

Moreover, in PW mode, to avoid the cutting interrup-
tion, an appropriate value of the overlapping factor (R%) 
is required (typically greater than 75%). The latter repre-
sents the superposition between two consecutive pulses 
(pulse overlapping) and can be calculated by the following 
expression:

where df is the beam footprint diameter or the beam spot 
diameter on the components (in this work the beam spot 
diameter was adopted). In Fig. 6 a representation of the over-
lapping factor is showed. From Eq. (4), by fixing the R% 
and f, the cutting speed (Cs) is fixed too as it is a derived 
quantity.

(4)R% =

[
1 −

(Cs/f)

(df + Cs ⋅ D)

]
⋅ 100 ≈

[
1 −

Cs

f ⋅ df

]
⋅ 100

Table 2  Laminate properties according to the ASTM Standard

ASTM Standard Test direction Length (mm) Width (mm) Span (mm) Thickness (mm) Failure stress (MPa) Young 
modulus 
(GPa)

D 3039-D 3039 M-14 L 250 21.5 ± 0.29 – 2.7 ± 0.22 203 ± 15.8 13.1 ± 0.69
T 250 21.7 ± 0.14 –  2.7 ± 0.15 113 ± 9.2 8.7 ± 0.52

D790-17 L 200 13.5 ± 0.14 120 2.6 ± 0.14 245 ± 15.2 12.9 ± 1.16
T 200 13.7 ± 0.7 120 2.6 ± 0.11 158 ± 9.8 8.1 ± 0.72

D 792–20 Density (kg/m3) 1211 ± 7.42
D3171-15, Procedure G Reinforcement content (wt%) 12.62 ± 0.209
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The remaining parameters are the focal position, the 
nozzle diameter, the assist gas, and its pressure.

The former was selected on the component surface, 
considering the beam dimension at the component exit; 
the latter can be calculated by the following Eq. (5) [73]:

where w0 is the radius at the focussing point (the beam 
waist), z is the distance from the focussing point, wz is the 
radius at a distance z, and λ is the laser wavelength. Thus, 
for the adopted system at 2.7 mm (i.e. the laminate thick-
ness) from the focusing point, the beam diameter is about 
100–115 µm, which is still a sufficiently small value to allow 

(5)df z = 2⋅wz = w0

�����
⎡⎢⎢⎣
1 +

�
(� ⋅ z)�
� ⋅ w0

2
�
�2⎤⎥⎥⎦

high power densities. The nozzle diameter was selected in 
the middle value of the available ones for the adopted cutting 
head (0.8), as assistant gas nitrogen at 7 bar (0.7 MPa) was 
adopted. The latter was selected at about ½ of the maximum 
pressure to avoid excessive kerf erosion. In addition, since 
the mechanical tests highlighted that the laminate shows a 
partial fibre alignment, during the plan development, the cut-
ting directions with respect to the coil direction (longitudinal 
(L) or transversal (T)) were also considered control factors. 
This parameter was adopted since the direction of the fibres 
affects the heat diffusion within the matrix and then the HAZ 
extension [62]. Consequently, since the heat is transported 
along the fibres, it is expected that when the laser travels 
along the transverse direction (T), the thermal damage 
is greater than in the longitudinal one (L). In Table 3 the 
adopted control factors and their values are reported, while 
in Table 4, for completeness, the corresponding derived pro-
cess conditions in terms of Cs and Le are reported too. It is 
worth noting that the levels (values) adopted for the process 
parameters were selected based on previous experience [39, 
40, 63, 64, 80] and after preliminary tests.

During the tests, each treatment (i.e. control factors com-
binations) was repeated two times (i.e. two replications) for 
each direction. Thus, a total of 81 experimental runs were 
executed. The trial order was block randomised (i.e. only 
the treatments for the same replication were randomised) 
to reduce the disturbance of any unconsidered noise factor.

The influence of the control factors on the response vari-
ables was assessed by the analysis of variance (ANOVA) and 
main effects plot analysis. The ANOVA tests the significant 
differences between the means of the response variables by 
partitioning its total variation into different sources (error, 

Material properties

Mechanical properties
---------

•Density
• Strength
•Bending stress
• Shear stress
•Young’s modulus

Thermal properties
------

•Heat conductivities
• Specific heat capacity
• Specific expansion
coefficient

•Enthalpy
•Melting temperature

Optical properties
---------------------

•Absorption
•Reflection
•Transmission

Others
--------------

•Component geometry

•Component surface

•Geometrical pattern

•Axis inertia

System parameters

Laser beam source
----------------

•Laser power
• Spatial/temporal beam profiles

• Structure of the mode (TEM)

•Wavelength

•Beam parameter product (BPP)

•Beam quality factor (M2)

•Laser polarisation

Beam forming
------------------------

• Focus diameter (df)

•Focal position
• Focal length
•Divergence
•Collimation

Process parameters

Mode operation
--------

•Wave mode: CW/PW
•Pulse Power (Pp)
•Pulse energy (Pe)
•Pulse duration (D)
•Pulse frequency (f)

Assistant gas
--------

•Nozzle shape
•Nozzle diameter

• Process gas type
• Process gas pressure
• Stand off distance Others

-------

•Cutting speed (Cs)
•Overlapping factor (R%)
•Energy density (Ed)

Kerf geometry
&

HAZ extension

Fig. 5  Parameters affecting the kerf geometry and quality

Cutting speed direction

Pulse overlap (R≈ 75%)

Pulse overlap (R≈ 85%)

Large overlap (R≈ 40%)

High overlap (R≈ 95%)

Fig. 6  Schematic of different pulse overlap percentages (R%)
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experimental group membership…) and comparing the vari-
ance variability between groups (or treatments) with the one 
within the group (i.e. the same treatment). The analysis was 
performed with a confidence level of 95% (α = 0.05); thus, 
a control factor or an interaction is statistically significant 
if the p-value is less than 0.05. The F-value indicates the 
weight of the effect; the greater the F-value, the greater the 
variation of the response variables at control factors change.

The analysis was performed up to the second-order 
terms (i.e. considering only the main effect and the 2-way 
interactions, while the 3-way and the 4-way ones were not 
considered). From a practical point of view, this choice did 
not entail limitations to the analysis, except for a moderate 
lowering of the error estimators (R-sq and R-sq(adj)).

2.3.3  Kerf characterisation

After the tests, the samples were cut by a diamond saw, 
embedded with white acrylic paint, and polished using 
abrasive paper of grit size up to P2500 (Standard ISO 
6344). The response variables considered for this study 
are the kerf widths at the entrance of the beam (upper side) 
and the output one (bottom side); the matrix recession 
(MR, i.e. the extension of the kerf wall where the fibres 
protrude from the matrix); and the HAZ extension. The 
latter is the width of the overall damage extension of the 
matrix that comprises the MR and the matrix degradation. 
The kerf geometry characterisation was performed accord-
ing to the UNI EN ISO 12584 and ISO 9013 in the sec-
tion. In addition, as suggested by several authors [81–83], 

measurements on the external surfaces (upper and bottom) 
were carried out too. In Table 5 the adopted response vari-
ables are summarised, while in Fig. 7 the schematic of how 
they were measured is reported. For the HAZ measured in 
the section, during the analysis the average value between 
the two sides (left and right) was adopted, as proposed by 
Tagliaferri [84] and Jovane [85]. Since it is possible to take  
more images on the same external surfaces, the measures 
on the surfaces were repeated three times, and the average 
values were adopted in the analysis. In addition, the taper 
angle was calculated from the kerf widths measured in the 
section (Ta_S) and on the external surfaces (Ta) according 
to the following equations:

where t is the nominal thickness (2.7 mm). Moreover, since 
the measurement carried out on the external surfaces is 
acquired in different positions, in Eq. (7), the Ta was evalu-
ated adopting the average value of the three measures of Uk 
and Bk performed on each sample.

3  Results and discussion

3.1  Optical analysis

Figures 8, 9, 10, and 11 show the beam entrance surface, 
the kerf section, and the surface for cuts obtained in differ-
ent conditions along with both the directions (Figs. 8 and 9 
along the transversal direction (T); Figs.  10  and  11 
along the longitudinal direction). From the figures, the 
upper kerf width always appears less or equal to the bot-
tom one. Therefore, the taper angles fall in the negative 
region (i.e. < 0°). In addition, the upper kerf shows little 
variation with process parameters, while Bk increases by 
increasing the pulse duration and R. The thermal damage 
mainly consists of fibre pull out and matrix recession. A 

(6)Ta_S = Tan−1[(Uk_S − Bk_S)∕(2 ∗ t)]

(7)Ta = Tan−1[(Uk − Bk)∕(2 ∗ t)]

Table 3  Control factors and levels adopted in the experimental plant

Control factor Symbol Unit Levels

−1 0 +1

Direction Dir L – T
Pulse power Pp (kW) 3.00 3.75 4.50
Pulse duration D (ms) 0.05 0.15 0.25
Overlapping factor R (%) 75 80 85

Table 4  Calculated Cs (mm/
min) and Le [J/mm] for the 
adopted process conditions (Pp, 
D, and R)

All the process conditions correspond to a fixed average power of 450 W
In the round brackets are indicated the Le values

Pp (kW) D = 0.05 (ms) D = 0.15 (ms) D = 0.25 (ms)

R = 75% R = 80% R = 85% R = 75% R = 80% R = 85% R = 75% R = 80% R = 85%

3.00 2700
(10)

2160
(13)

1620
(17)

900
(30)

720
(38)

540
(50)

540
(50)

432
(63)

324
(83)

3.75 2160
(13)

1728
(16)

1296
(21)

720
(38)

576
(47)

432
(63)

432
(63)

346
(78)

259
(104)

4.50 1800
(15)

1440
(19)

1080
(25)

600
(45)

480
(56)

360
(75)

360
(75)

288
(94)

216
(125)
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limited number of delaminations were observed (Figs. 8d 
and 9b–d). However, it was possible to observe that the 
delamination occurs only in correspondence with poros-
ity. The width of the matrix recession seems to increase 
with increasing the pulse duration and pulse power and the 
overlapping factor, while, as expected, it is lower when the 
laser beam works along the longitudinal direction (L), as 
visible comparing Figs. 8 and 9 to Figs. 10 and 11.

Moreover, for the cutting condition corresponding to 
the simultaneous combination of the lower values of Pp, D, 
and R, the through cut is interrupted (Figs. 8a and 10a). It 
is worth noting that during the preliminary tests, all cuts 
were through; thus, this condition corresponds to the limit 
beyond which it is not possible to carry out the through 
cut (Pp = 3 kW, D = 0.05 ms, R = 75%, and Cs = 2700 mm/
min). Consequently, the statistical analysis (described in the 

Table 5  Adopted response 
variables and their 
nomenclature

*Calculated through Eqs. (6) and (7)

Measuring position Response variables Symbol Unit

External surfaces Upper Kerf width Uk (µm)
Max matrix recession MR_U (µm)
Max HAZ extension HAZ_UM (µm)

Bottom Kerf width Bk (µm)
Max matrix recession MR_B (µm)
Max HAZ extension HAZ_BM (µm)
Taper angle* Ta (Deg)

Section Upper kerf width Uk_S (µm)
Bottom kerf width Bk_S (µm)
HAZ measured at 10% of the thickness from the upper 

surface
HAZ_SU (µm)

HAZ measured at 10% of the thickness from the bot-
tom surface

HAZ_SB (µm)

Max HAZ HAZ_SM (µm)
Taper angle* Ta_S (Deg)

Fig. 7  Schematic of the adopted 
response variables (kerf 
geometry and HAZ extension) 
measured on a–b kerf section; 
c-d external surfaces

a) b)

c) d)
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following paragraph) was performed after deleting the data 
measured in the bottom part of the kerf in correspondence 
to these process conditions (i.e. the analysis is unbalanced).

3.2  ANOVA results

Before the analysis, the ANOVA assumptions were veri-
fied by the graphical examination of residuals, according 
to what was reported in [78]. In only one case (the matrix 
recession measured on the bottom surface, MR_B), prob-
lems with the residual’s normal distribution were observed. 
For this parameter, the Cox-Box transformation was suc-
cessfully adopted. However, for the sake of brevity, this 
part of the analysis was not described here. In Tables 6 
and 7, the results of the ANOVA are summarised for all 
the measurable response variables in terms of p-value 
and F-value, for the measurements carried out in the sec-
tions and on the surfaces, respectively, while in Table 8 
the ANOVA results for Ta_S and Ta are reported (that are 
calculated variables). Since the analysis was carried out 
adopting a 95% confidence level, a control factor is statisti-
cally significant if the p-value is less than 0.05. Similarly, 

a p-value < 0.05 for the two-factor interaction indicates 
that the effect of a control factor on the response variables 
depends on the adopted level of another control factor. In 
the tables, the significant control factors are highlighted 
by bold text. F-value indicates the weight of the effect: 
the greater the F-value, the greater the variation of the 
response variables at control factor changes. The tables 
also provide the error estimators: R-sq [%] and R-sq(adj) 
[%]. R-sq [%] describes the amount of the response vari-
able variation explained by the control factors, while the 
R-sq(adj) [%] is a modified R-sq that has been adjusted for 
the number of terms in the model.

From the tables, the fibre direction (T/L) affects the upper 
kerf width measured on the external surface and the HAZ 
parameters measured in both the section and on the external 
surfaces; the Pp affects the Bk_S, the HAZ_SM, and the 
HAZ_BM; the pulse duration (D) affects all the response 
variables except the upper kerf (UK_S and UK), while the 
overlapping factor does not affect the upper kerfs and the 
HAZ_BM. Comparing the F-values, the most affecting con-
trol factor is the pulse duration which shows an F-value one 
order of magnitude higher than the other factors.

Fig. 8  Images of upper, sec-
tion, and bottom kerf obtained 
cutting along the transversal 
direction (T) at Pp = 3 kW, 
and a D = 0.05 ms, R = 75%; 
b D = 0.05 ms, R = 85%; c 
D = 0.25 ms, R = 75%; d 
D = 0.25 ms, R = 85%. In the 
sections, the upper surfaces are 
on the left
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Moreover, the tables also show several significant inter-
actions. However, compared to the main factors, their 
F-values are low and no anti-synergic interactions were 
recorded. Therefore, in the following analysis, they have 
been neglected.

3.3  Effect of process parameters and interaction 
mechanisms

In Figs. 12, 13 and 14 the main effect plots of the response 
variables for the section, surface, and derivate quantities 
(taper angles) are reported. In the figures, the significant 
parameters are highlighted by a continuous line. From the 
figures, it is notable that the upper kerf (UK) increases 
when the laser cuts along the longitudinal direction 
(Fig. 13a). However, in this case, it must be considered 
that the R-sq is very low (Table 7: R-sq = 37.70); conse-
quently, the variation indicated by the control factor is also 
low which indicates that the response variable is scarcely 
affected by the analysed parameter.

The bottom kerf widths increase at the increase of D, 
R, and Pp (Figs. 12b and 13b) indicated in the order of 

importance (i.e. with higher F-value). The HAZs meas-
ured in the section show similar behaviour (Fig. 12c–e); 
they increase at the increase of D and R or passing from 
the longitudinal (L) to the transversal (T) direction; more-
over, HAZ_SM (Fig. 12e) also increases as Pp increases.

MR_U and MR_B show opposite behaviours 
(Fig. 13c–d): the latter increases at the increase of D and R 
or passing from the L to the T direction, and vice versa for 
the MR_U. Furthermore, the matrix recession extension is 
always greater on the lower surface (approximately double 
for almost all the analysed process conditions).

Compared to the HAZs measured in the sections, the 
HAZs measured on the surfaces (HAZ_UM and HAZ_BM, 
(Fig. 13e–f)) show an opposite effect since they decrease at 
the increase of the pulse duration (D); moreover, HAZ_UM 
decreases at the R increases, while HAZ_UB decreases at 
the Pp increase. However, according to the HAZ measured in 
the section, both HAZ_UM and HAZ_BM increase passing 
from the longitudinal to the transversal direction.

Lastly, since the upper kerfs are scarcely affected by 
the process parameters, the taper angles (both Ta_S and 
Ta) follow, according to the Eqs. (6)–(7), an opposite 

Fig. 9  Images of upper, sec-
tion, and bottom kerf obtained 
cutting along the transversal 
direction (T) at Pp = 4.5 kW, 
and a D = 0.05 ms, R = 75%; 
b D = 0.05 ms, R = 85%; 
c D = 0.25 ms, R = 75%; d 
D = 0.25 ms, R = 85%. In the 
sections, the upper surfaces are 
on the left
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trend compared to the bottom kerf width: when the latter 
increases, the former decreases.

Combining the comments and the observation of 
Figs. 8 and 12, the following interaction mechanisms can be 
deduced: the laser beam directly impacts the upper surface; 
on this surface, the beam is absorbed by the fibres that rapidly 
vaporise producing a great quantity of vapours at high pres-
sure. Simultaneously the matrix around the fibres absorbs the 
heat from the fibres and vaporises forming further gases. The 
gases completely absorb the laser radiation and transfer the 
energy to the sidewalls of the kerf both by convention and by 
radiation. In this area, the fibres are not directly exposed to 
the radiation and remain partially intact; this justifies the pres-
ence of the central channel with a quasi-constant cross-section 
without fibres. However, since the fibres have high thermal 
conductivity, they conduct a further quantity of heat to the 
surrounding matrix. The presence of the three heat transfer 
mechanisms causes a matrix burnout on the surrounding walls, 
producing a strong flame, clearly visible during the cutting 
operation. The flame intensity depends on the process param-
eters; in any case, it is mainly oriented downwards and in the 
opposite direction concerning the direction of the laser beam.

The effects of D and R on the HAZs measured in the 
section and the kerf width can be explained considering 
that an increase in the duration or the overlapping factor 
(that is an inverse function of the linear energy) involves 
an increase in the interaction time; the latter allows the 
introduction of a higher quantity of heat that causes an 
enlargement of the kerf and the increase of the HAZ.

Moreover, the presence of the assistant gas (at 7 bar) on 
the upper kerf region causes the cooling of the upper surface 
and the concentration of the plasma action and the heat in 
the bottom kerf area, making the measured at the bottom 
(BK, BK, HAZ_SB, and HAZ_SM) more sensitive to the 
process conditions. At the same time, this explains the scarce 
effect of the process parameters on the upper kerfs. The 
effect of the travel beam direction is a consequence of the 
partial fibre alignment: since there are more fibres aligned 
to the longitudinal direction, the thermal conductivity is 
higher along the latter. Then, when the laser beam travels in 
the transverse direction, the amount of heat transmitted by 
conduction to the sidewalls of the kerf tends to increase and 
therefore an increase in both the kerf width and the HAZ 
extension occurs.

Fig. 10  Images of upper, sec-
tion, and bottom kerf obtained 
cutting along the longitudinal 
direction (L) at Pp = 3 kW, 
and a D = 0.05 ms, R = 75%; 
b D = 0.05 ms, R = 85%; c 
D = 0.25 ms, R = 75%; d 
D = 0.25 ms, R = 85%. In the 
sections, the upper surfaces are 
on the left
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The pressure of the assistant gas also causes the erosion 
of the fibres protruding from the matrix and the burned 
matrix presents on the upper surface. This effect is stronger 
when the fibres are partially aligned along the laser beam 

direction since along this direction the length of the exposed 
fibres is higher. This explains both the increases of UK and 
MR_U when the laser beam travels along the longitudinal 
direction.

Fig. 11  Images of upper, sec-
tion, and bottom kerf obtained 
cutting along the longitudinal 
direction (L) at Pp = 4.5 kW, 
and a D = 0.05 ms, R = 75%; 
b D = 0.05 ms, R = 85%; 
c D = 0.25 ms, R = 75%; d 
D = 0.25 ms, R = 85%. In the 
sections, the upper surfaces are 
on the left

Table 6  ANOVA table for the response variables measured in the section

Source Uk_S (µm) HAZ_SU (µm) Bk_S (µm) HAZ_SU (µm) HAZ_SM

F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value

Direction 0.81 0.370 22.41 0.000 2.16 0.146 65.78 0.000 34.11 0.000
Pp (kW) 0.97 0.384 1.68 0.193 6.30 0.003 3.13 0.050 3.20 0.046
D (ms) 0.21 0.810 15.40 0.000 122.80 0.000 151.56 0.000 87.50 0.000
R (%) 0.55 0.578 7.52 0.001 23.30 0.000 56.57 0.000 33.44 0.000
Direction × Pp 0.31 0.734 3.22 0.045 1.37 0.259 1.27 0.288 0.07 0.931
Direction × D 1.31 0.276 5.07 0.008 0.69 0.507 4.45 0.015 3.74 0.028
Direction × R 0.49 0.613 0.87 0.423 0.33 0.718 2.02 0.139 1.03 0.363
Pp × D 0.17 0.955 0.72 0.579 3.54 0.011 0.79 0.534 0.47 0.760
Pp × R 0.32 0.866 1.31 0.275 1.38 0.247 0.12 0.974 0.28 0.887
D × R 0.79 0.536 1.54 0.200 3.78 0.007 10.54 0.000 9.25 0.000
R-sq (%) 14.77 55.13 80.31 88.76 79.81
R-sq(adj) (%) 0.00 41.11 73.75 84.97 73.50
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On the other hand, the low reinforce percentage, the fibre 
random distribution (even if prevalent with respect to one 
direction), and the absence of dense (thick) tows capable 
of creating preferential paths for heat diffusion, make the 
heat transmission more homogeneously distributed on the 
surface of the kerf wall. Therefore, delaminations due to heat 
concentration along the tows are avoided.

It is worth noting that the main interaction mechanisms 
are consistent with those reported in the main bibliogra-
phy for the traditional laminate [35, 50–52, 62–64], as 
well as the ones observed in laser cutting of a traditional 
laminate 1.3 mm in thickness, in the same process condi-
tions [80].

Moreover, comparing the results obtained in this work 
to the one reported in [80], the main differences concern 
the kerf shape, HAZ extension, and delaminations. Respec-
tively, the shape appears more regular (vertical) rather than 
barrel; the HAZ extension, despite the difference in thick-
ness, is lower for the recycled fibre composite; the delami-
nations are absent with the same cutting speed despite the 
thickness being double. Based on the last affirmations, it is 
confirmed that, compared to the traditional laminates, the 
material investigated in this paper shows better workability.

3.4  Damage index individuation and optimal 
process condition

In Fig. 15 the response variable distributions are com-
pared for homogeneous quantities (i.e. geometrical and 
HAZ extension). The quantities measured in the sections 
show mean values and standard deviations that are always 
greater than the reciprocal quantities measured on the 
surfaces; therefore, the measurements performed on the 
surface underestimate the quantities and vice versa. In 
addition, as already observed, the measurements made on 
the upper surfaces are lower in value than those recorded 
on the bottom ones and are affected by local phenomena 
(for instance the effect of the abrasion action due to the 
assistant gas).

To highlight the presence of relations between the 
different control factors, a correlation analysis was per-
formed. Since the measurements in the section and the 
ones acquired on the surfaces were carried out at different 
points, the analyses were performed adopting the average 

Table 7  ANOVA table for the response variables measured on the surfaces

Source Upper surface Bottom surface

Uk (µm) Mr_U (µm) HAZ_UM (µm) Bk (µm) Mr_B (µm) HAZ_BM (µm)

F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value

Direction 28.85 0.000 18.61 0.000 8.82 0.004 0.46 0.499 10.52 0.002 16.78 0.000
Pp (kW) 0.04 0.964 2.49 0.089 1.02 0.366 14.63 0.000 0.86 0.428 8.99 0.000
D (ms) 2.45 0.093 89.41 0.000 83.89 0.000 191.46 0.000 17.11 0.000 15.20 0.000
R (%) 3.23 0.045 14.68 0.000 5.07 0.008 27.70 0.000 21.96 0.000 1.56 0.216
Direction × Pp 0.37 0.694 0.05 0.954 0.49 0.617 0.64 0.532 1.43 0.245 0.50 0.612
Direction × D 0.33 0.723 4.89 0.010 5.12 0.008 0.22 0.803 0.08 0.925 0.54 0.584
Direction × R 0.01 0.990 1.65 0.198 2.33 0.104 0.59 0.559 0.15 0.864 0.21 0.810
Pp × D 0.73 0.572 3.06 0.021 1.98 0.106 4.95 0.001 0.50 0.733 1.05 0.390
Pp × R 0.61 0.653 1.37 0.251 2.81 0.031 1.83 0.132 0.76 0.556 0.72 0.582
D × R 0.63 0.640 7.68 0.000 3.10 0.020 5.64 0.001 2.58 0.044 6.06 0.000
R-sq (%) 37.70 78.16 74.23 86.66 61.45 56.44
R-sq(adj) (%) 18.71 71.50 66.37 82.10 48.43 41.72

Table 8  ANOVA table for the taper angle

Source Ta_S (deg) Ta (deg)

F-value p-value F-value p-value

Direction 1.13 0.292 15.69 0.000
Pp (kW) 4.41 0.015 12.59 0.000
D (ms) 80.39 0.000 184.47 0.000
R (%) 18.62 0.000 34.07 0.000
Direction × Pp 2.99 0.056 0.89 0.413
Direction × D 3.05 0.053 0.52 0.600
Direction × R 0.06 0.946 0.50 0.609
Pp × D 2.66 0.039 4.71 0.002
Pp × R 0.78 0.542 1.27 0.289
D × R 1.56 0.193 4.82 0.002
R-sq (%) 74.90 86.41
R-sq(adj) (%) 66.64 81.75
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value of the two replications. In addition, the correlation 
was performed by comparing homogeneous quantities and 
adopting a linear model. In Tables 9 and 10 the results of 

the correlation analysis are reported for the geometrical 
and the damage response variables, respectively. In the 
tables the following codes were adopted:

Fig. 12  Main effect diagrams for the measurements carried out in the kerf sections

Fig. 13  Main effect diagrams for the measurements carried out on the kerf
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ns, not significant: it means that no correlation (p-value > 
0.05) was found;

s, significant: it means that a correlation was found 
(p-value > 0.05) but the Rsq is less 
than 70%;

numerical value: it indicates directly the Rsq value for 
correlation that have p-value > 0.05 
and Rsq > 70%.

From the tables, no strong correlations between the 
variables measured at the surfaces and in the section are 
observed, except for the kerf widths and the HAZs meas-
ured at the bottom kerf. About the taper angles, the lack 

of sensitivity to the process parameters of the upper kerf 
widths explains the strong correlation with the bottom kerf 
widths, as aforementioned. These results are consistent with 
previous work [80].

Although the measurements carried out on the surfaces 
are faster since they do not require sample preparation, and 
it is also possible to read more values on the same surface, 
those measurements could be affected by different noise 
factors. Firstly, compared to the images acquired in the sec-
tions, the surface ones are affected by a lower contrast; thus, 
there are more possibilities of errors in the measuring itself. 
Secondly, the measurements are subjective and depend on 
the operator’s skill; consequently, different operators can 

Fig. 14  Main effect diagrams for the taper angle

Fig. 15  Response variable distributions: a kerf widths; b taper angles; c matrix recessions; d HAZ extensions
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measure different quantities. Moreover, large damages 
produced inside the kerf can be hidden by the front layers; 
therefore, they are not recorded during the analysis of the 
surface. Conversely, the section images appear well defined 
and contrasted. The damage produced in the inner part of the 
kerf is clearly visible, which indicates a more accurate meas-
ure since it is less sensitive to the operator’s skill; besides, 
the HAZ measured in the section is not underestimated.

Considering what was stated aforementioned about 
Fig. 15 and the scarce influence of the process parameters 
on the upper kerf widths, assuming a conservative approach 
(high damage = lower error), the use of the Bk_S, HAZ_SM, 
and Ta_S appears the appropriate choice to define one or 
more quality indexes and optimal process conditions. In 
Fig. 16, by plotting the BK_S and the HAZ_SM as a func-
tion of the taper angle Ta_S, it is possible to observe that a 
narrow area, characterised by a low HAZ (about 300 µm) 
and a taper angle close to 0°, is present. This area corre-
sponds to the process conditions: Pp = 3 kW, D = 0.05 ms, 
and R = 80% (Cs = 2160 [mm/min]), which represents the 
optimal process condition.

4  Conclusions

In the present work, a 450-W QCW laser source was 
adopted to cut CFRP produced by adopting recycled car-
bon fibres. During the tests, the laser beam travel direc-
tion, the pulse power, the pulse duration, and the overlap-
ping factor were changed. The kerf width and the HAZ 
extension were measured at the upper and bottom sides 
of the kerf, in the section, and on the external surface. 
ANOVA was adopted to assess the process parameter 
influence. From the results, within the adopted source, 

Table 9  Results of correlation 
analysis for the geometrical 
response variable

ns, non-significative: p-value > 0.05 or R-sq [%] < 70%
s, significative: p-value < 0.05 and R-sq [%] < 70%
Numerical value = R-sq [%], p-value < 0.05 and R-sq [%] > 70%

Uk Bk Ta Uk_S Bk_S Ta_S

Uk 100 s s ns s ns
Bk s 100 94.05 ns 93.89 92.27
TA s 94.05 100 ns 86.31 92.37
Uk_S ns ns ns 100 ns ns
Bk_S s 93.89 86.31 ns 100 96.66
TA_S ns 92.27 92.37 ns 96.66 100

Table 10  Results of correlation 
analysis for the damage 
response variable

ns, non-significative: p-value > 0.05 or R-sq [%] < 70%
s, significative: p-value < 0.05 and R-sq [%] < 70%
Numerical value, R-sq [%], p-value < 0.05 and R-sq [%] > 70%

MR_U HAZ_UM MR_B HAZ_BM HAZ_SU HAZ_SB HAZ_SM

MR_U 100 89.54 s s s s s
HAZ_UM 89.54 100 ns s s s s
MR_B s ns 100 s s s s
HAZ_BM s s s 100 ns ns ns
HAZ_SU s s s ns 100 s s
HAZ_SB s s s ns s 100 93.53
HAZ_SM s s s ns s 93.53 100

Fig. 16  Bottom kerf width and HAZ maximum measured in the 
section as a function of the taper angle. In the figure, the horizontal 
lines indicate the average value of the UK_S (continuous line) and its 
standard deviation (dashed lines)
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material, and process conditions, the following main con-
clusions were drawn:

• The 450/4500 QCW fibre laser, despite the limited aver-
age power (450 W), can cut CFRP plates with recycled 
carbon fibres of 2.7 mm in thickness, at a maximum cut-
ting speed of about 2000 mm/s.

• The interaction mechanisms observed for the composite 
obtained by adopting recycled fibres are similar to the 
ones described in the main bibliography for traditional 
laminate. However, the partially random distribution of 
the fibres and the absence of dense tows, which improve 
the heat flow in the surrounding matrix, allow a more 
regular kerf profile and lower HAZ (matrix degradation 
and fibre pull-out) and avoid large delaminations.

• The kerf width and the HAZ measured at the laser beam 
input side are scarcely influenced by the process param-
eters. The kerf width and the HAZ measured on the 
laser beam exit side are more sensitive to the investi-
gated parameters. The most affecting process parameter 
is the pulse duration (D) since, regardless of the meas-
ured parameters and position, its F-value is one order of 
magnitude higher than the other, followed by the pulse 
overlapping (R) and the pulse power (Pp).

• The cutting direction mainly affects the extension of the 
HAZ. However, this is a consequence of the partial fibre 
alignment, which involves a moderate anisotropy in the 
thermal properties.

• To reduce the HAZ as much as possible, low values 
of Pp, D, and R are required. The latter corresponds to 
the adoption of the maximum cutting speed and then 
the maximum productivity. Here, the minimum HAZ 
extension (HAZ_S ≈ 300 μm) was found for Pp = 3 kW, 
D = 0.05 ms, R = 80%. In this condition, a taper angle 
of about 0° is also obtained.

• The correlations between the measurements performed 
in the section and on external surfaces were studied 
too. Results show that a correlation can be found only 
for the measures carried out at the bottom kerf. The 
measurements carried out in the section, despite being 
time expensive, appear to be more reliable and con-
servative compared to the surface ones.

• Finally, since for these materials another key to success 
is the possibility to adopt low-cost and high-productivity 
manufacturing processes, and it was proven that the mate-
rial can be easily machined with a QCW laser source, the 
adopted material is very attractive for industrial applica-
tions.
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