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Abstract: Although laser drilling of carbon fibre-reinforced polymer (CFRP) composites offers the
advantages of zero tool-wear and avoidance of fibre delamination compared with mechanical drilling,
it consumes considerably more energy during the drilling process. This research shows that by using
a new, stepped parameter parallel ring laser hole drilling method, an energy saving of 78.10% and
an 18.37 gCO2 reduction for each hole, while improving productivity by more than 300%, can be
achieved in laser drilling of 6 mm diameter holes in CFRP sheets of 2 mm in thickness, compared with
previous laser drilling methods under the same drilling quality. The key reason for this is an increase
in energy input to the inner rings enabling more rapid removal of the material, while the lower energy
input for the outer ring provides a shielding trench to reduce the heat loss into the parent material.
The results are compared with single-ring laser drilling and multiple-ring laser drilling with constant
processing parameters, and a discussion is given on comparing with mechanical drilling and future
prospects, including a combined mechanical drilling and laser pre-scribing process.

Keywords: CFRP; laser; drilling; energy efficiency; carbon emission; sustainable

1. Introduction

Carbon fibre-reinforced polymer (CFRP) has gained wide acceptance in different
engineering applications including aircrafts, automobiles and consumer goods, due to its
light weight and good strength [1,2]. CFRP is a class of polymer matrix composite (PMC)
consisting of two distinct constituents—carbon fibre and polymer matrix [3,4]. Due to the
presence of the carbon fibres, CFRPs show anisotropy. Hence, its tensile modulus, electrical
and thermal conductivities are greater along the fibre direction than those perpendicular
to the fibre axis [5]. Polymer matrix material acts as a binder that is able to bind the fibres
together and protects the fibre from environmental damage [6]. Although CFRP products
are usually cured into desired shapes, they often require hole drilling for assembly and
fastening [7]. Drilling CFRP is different from drilling metals in many aspects [6]. Traditional
mechanical drilling of CFRP suffers from various types of damage, including delamination,
matrix cracks, burrs, thermal damage, etc. [6,8]. This can result in a high rejection rate of
components [9]. Standard tungsten carbide coated drilling tools may only last 20 holes in
CFRP dry drilling processes [10]. In the United States alone, the total tooling cost to produce
holes in CFRP was estimated to be over 300 million dollars per year [11]. Therefore, if the
tool life can be extended, not only can significant savings be gained in the hole production
process in CFRP, but also considerable energy could be saved and CO2 emissions reduced.
Recent research has proposed methods for reducing drilling defects [12–17]. However, high
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quality and high efficiency drilling of CFRP is hampered by excessive tool wear due to the
abrasive nature of the carbon fibre [18].

Nonconventional drilling processes include abrasive waterjet (AWJ), laser, and electri-
cal discharge machining (EDM). AWJ technology is able to cut a wide range of advanced
materials including CFRP. However, the AWJ drilling process requires a high-pressure
water jet, which may result in delamination, fibre pull-out, moisture absorption and particle
embedment on drilled CFRP workpieces [6,18,19]. More importantly, the jet diameter in
AWJ process is usually in a range of 0.5–2.5 mm. Hence, this process may not be suitable
to producing small features [20]. EDM utilizes spark discharge between electrode and
workpiece to remove undesired material via melting and vaporization [21]. Low machining
efficiency and high tool (electrode) wear limit the application of EDM for cutting or drilling
CFRP [22].

Laser drilling is free of tool wear, has a higher degree of flexibility, and is non-
contact [18,20]. However, challenges still exist in laser drilling of CFRP. The main challenge
is to minimise the heat affected zone (HAZ), taper control and obtain high drilling ef-
ficiency. Laser drilling of CFRP composite has been investigated extensively in the last
30 years [7,23–29]. Infrared wavelength continuous wave or short pulse (e.g., nanosecond
pulses, or micro-second pulses) laser drilling of CFRP is dominated by a photon-thermal
process to disintegrate or vaporise the resin and carbon fibre. This process often causes
thermal damage such as heat affect zone (HAZ), which is considered as a main obsta-
cle in laser drilling/machining of CFRP [6]. The presence of HAZ is mainly due to the
huge difference in thermal properties between carbon fibre and the polymer matrix [25].
More importantly, epoxy resin, as a matrix material in CFRP, shows low absorbability at
the wavelength of about 1 µm for high power fibre lasers. During the laser-workpiece
interaction period, epoxy resin is degraded more quickly than the carbon fibre under the
same amount of laser energy. However, carbon fibre has a good thermal conductivity. As
a result, a great amount of thermal energy is conducted along the fibre direction to the
surrounding resin, overheating/degradation and fibre debonding [22,30,31]. The size of
HAZ is mainly described by the length of extruding fibre and defined by the zone where
matrix material loses or reduces its ability to transfer load. It has been suggested that
the extension of HAZ reaches a certain limit when fibre temperature is equal to the resin
decomposition temperature [6,32]. Li et al. [23] used a diode-pumped solid state ultraviolet
(UV) laser with nanosecond pulses to drill CFRP. They introduced a novel drilling method
by utilizing multiple parallel rings to improve material removal rate. A minimum HAZ
size of 50 µm was achieved. Salama et al. [25] used a high power picosecond laser to drill a
CFRP sheet of 6 mm in thickness with multiple-ring drilling strategy. A minimum HAZ
of 25 µm at the entrance side was reported. They suggested the use of lower laser power
and higher scanning speed to reduce the extension of HAZ, due to less material–beam
interaction time. Salama et al. [24] also stated that this parallel ring method would increase
heat accumulation between each ring. However, the temperature may not be high enough
to vaporise the carbon fibre. Instead, epoxy resin would be degraded and lose its ability
to hold the fibre. Thus, chopped fibre chips can escape from the machining area. More
importantly, the kerf width would be widened due to multiple rings or parallel lines which
allow the debris and vapour to be ejected from the machining area more easily. Hence,
machining efficiency was increased compared with single-ring drilling.

Li et al. [33] compared the drilling with single and multi-ring drilling strategy by using
a high power fibre laser. They found that the machining time was significantly reduced
by using multiple rings, multi-passes strategy compared with that of single-ring drilling.
Li et al. [18] drilled CFRP with a fibre laser with adjustable pulse duration. Parallel ring
drilling strategy was also adopted in their experiment. They found that a shorter pulse
duration would reduce the size of HAZ due to less laser beam interaction time. A longer
pulse duration would lead to carbonization which is due to matrix material being affected
by heat. Thus, a shorter pulse duration was suggested. Apart from HAZ, hole wall tapering
is another feature associated with laser drilling/machining of CFRP. Due to Gaussian
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distribution of the laser beam and the use of a round shaped beam, the laser energy is
mostly concentrated on the centre, and decreases towards the beam edge. Additionally,
as the material ejection from the top entry erodes the side walls, a tapered hole is often
formed [6,34].

Climate change, global warming, and ozone depletion have drawn wide attention to
investigating more energy efficient manufacturing processes [35]. Hence, it is crucial to
investigate energy efficiency in manufacturing processes to achieve low carbon production
and effective use of energy [36].

Despite a large amount of research in drilling CFRP composites, few studies have been
conducted previously to investigate the effect of drilling process on energy consumption
and CO2 emission.

In this investigation, a new approach of stepped laser pulse parameter multiple-
ring drilling of CFRP is introduced (i.e., laser pulse parameters are different for different
rings) and the energy consumption, carbon emission, drilling time, and hole quality are
evaluated. The key novelty of the research is the development and characterization of
a new drilling method that has shown significant reduction in energy consumption and
significant improvement in drilling efficiency compared with the previously reported laser
drilling with parallel rings under constant drilling parameters and it is the first study of its
kind in laser drilling of CFRP.

2. Materials and Methods
2.1. Workpiece Material

Double-sided high strength CFRP sheets of 2 mm thickness were supplied by Easy
Composite Ltd., as shown in Figure 1. The woven fibre directions were in 0◦/90◦. Each
cured CFRP sheet consisted of 3 layers of XPREG XC 130 210 g and 3 layers of XPREG XC
130 450 g which was cured at 80–120 ◦C temperature. Its density is 1470.05 kg/m3 [37].

J. Manuf. Mater. Process. 2022, 6, x FOR PEER REVIEW 3 of 25 
 

 

shorter pulse duration would reduce the size of HAZ due to less laser beam interaction 
time. A longer pulse duration would lead to carbonization which is due to matrix material 
being affected by heat. Thus, a shorter pulse duration was suggested. Apart from HAZ, 
hole wall tapering is another feature associated with laser drilling/machining of CFRP. 
Due to Gaussian distribution of the laser beam and the use of a round shaped beam, the 
laser energy is mostly concentrated on the centre, and decreases towards the beam edge. 
Additionally, as the material ejection from the top entry erodes the side walls, a tapered 
hole is often formed [6,34]. 

Climate change, global warming, and ozone depletion have drawn wide attention to 
investigating more energy efficient manufacturing processes [35]. Hence, it is crucial to 
investigate energy efficiency in manufacturing processes to achieve low carbon 
production and effective use of energy [36]. 

Despite a large amount of research in drilling CFRP composites, few studies have 
been conducted previously to investigate the effect of drilling process on energy 
consumption and CO2 emission. 

In this investigation, a new approach of stepped laser pulse parameter multiple-ring 
drilling of CFRP is introduced (i.e., laser pulse parameters are different for different rings) 
and the energy consumption, carbon emission, drilling time, and hole quality are 
evaluated. The key novelty of the research is the development and characterization of a 
new drilling method that has shown significant reduction in energy consumption and 
significant improvement in drilling efficiency compared with the previously reported 
laser drilling with parallel rings under constant drilling parameters and it is the first study 
of its kind in laser drilling of CFRP. 

2. Materials and Methods 
2.1. Workpiece Material 

Double-sided high strength CFRP sheets of 2 mm thickness were supplied by Easy 
Composite Ltd., as shown in Figure 1. The woven fibre directions were in 0°/90°. Each 
cured CFRP sheet consisted of 3 layers of XPREG XC130 210 g and 3 layers of XPREG XC 
130 450 g which was cured at 80–120 °C temperature. Its density is 1470.05 kg/m3 [37]. 

 
Figure 1. An optical microscopic image of a CFRP sheet of 2 mm in thickness supplied by Easy 
Composite Ltd. 

Each sample was machined into 20 mm by 20 mm square pieces. The cross-section of 
laser drilled workpieces were prepared by cutting with a diamond saw cutter. Optical 
microscopic images were taken via a digital microscope (VHX-5000, Keyence, Milton 

Figure 1. An optical microscopic image of a CFRP sheet of 2 mm in thickness supplied by Easy
Composite Ltd.

Each sample was machined into 20 mm by 20 mm square pieces. The cross-section
of laser drilled workpieces were prepared by cutting with a diamond saw cutter. Optical
microscopic images were taken via a digital microscope (VHX-5000, Keyence, Milton
Keynes, UK). Scanning electron microscopy was carried out to study the internal hole wall
surface morphology and fibre behaviour.
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2.2. Stepped Laser Parameter Multiple Rings with Multiple Pass Drilling Strategy

In previous studies [24,33], it was found that the lower part CFRP hole was diffi-
cult to be removed by the laser beam with the conventional single-ring drilling strategy.
Li et al. [23] pioneered laser drilling/machining of CFRP with multiple rings with multiple
passes. The study showed that multiple rings were able to enlarge the machining area (or
slot), which allowed debris and vapour to be ejected from the drilling zone more easily.
Hence, the laser could machine deeper. In 2020, Li et al. [33] also reported that multiple-ring
drilling strategy is able to significantly reduce machining time comparing with that using a
single-ring approach. In these previous studies, the same laser processing parameters were
used for all the rings.

In order to further improve laser drilling of CFRP energy efficiency, a new stepped
laser parameter multiple-ring drilling strategy was introduced in this research. The drilling
toolpaths are illustrated in Figure 2. Figure 2a shows the scheme for the single-ring
drilling while the multi-ring drilling is shown in Figure 2b. In Figure 2b, the laser beam
started drilling from the outer ring to the inner ring. Each ring was scanned once from
starting point to end point. Then, the next series of scans took place until the hole was
drilled through. Laser parameters for each ring are listed in Tables 1–3. The effects of
two different multiple-ring drilling strategies (with stepped parameters and with constant
parameters) and single-ring drilling strategy were compared. The reason to choose these
laser parameters are discussed in Section 3.1. Each experiment was repeated 5 times to
obtain the average values of thermal damage on drilled CFRP workpiece and for the energy
efficiency evaluation.
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Figure 2. Schematic diagram of different laser drilling methods: (a) single ring; (b) multiple rings.

Table 1. Laser processing parameters for the stepped laser parameter multiple-ring drilling method.

Stepped Laser Parameter Multiple-Ring Drilling Method

Sample No. 1st Ring 2nd Ring 3rd Ring Feed Rate Laser Spot Size Hatch Distance Hole Diameter

S1
Laser power 150 W 200 W 200 W

70 mm/s 130 µm H1 = H2 = 100 µm 6 mm

Pulse frequency 100 Hz 200 Hz 200 Hz

S2
Laser power 150 W 300 W 300 W

Pulse frequency 100 Hz 200 Hz 200 Hz

S3
Laser power 150 W 400 W 400 W

Pulse frequency 100 Hz 200 Hz 200 Hz

S4
Laser power 150 W 500 W 500 W

Pulse frequency 100 Hz 200 Hz 200 Hz
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Table 2. Laser processing parameters for the constant laser parameter multiple-ring drilling method.

Constant Laser Parameter Multiple Ring Drilling Method

Sample No. 1st Ring 2nd Ring 3rd Ring Feed Rate Laser Spot Size Hatch Distance Hole Diameter

S5
Laser power 200 W 200 W 200 W

70 mm/s 130 µm H1 = H2 = 100 µm 6 mm

Pulse frequency 100 Hz 100 Hz 100 Hz

S6
Laser power 300 W 300 W 300 W

Pulse frequency 100 Hz 100 Hz 100 Hz

S7
Laser power 400 W 400 W 400 W

Pulse frequency 100 Hz 100 Hz 100 Hz

S8
Laser power 500 W 500 W 500 W

Pulse frequency 100 Hz 100 Hz 100 Hz

Table 3. Laser processing parameters for the single-ring drilling method.

Single Ring Drilling Method

Sample No. 1st Ring Feed Rate Laser Spot Size Hatch Distance Hole Diameter

S9
Laser power 300 W

70 mm/s 130 µm H1 = H2 = 0 µm 6 mm

Pulse frequency 100 Hz

S10
Laser power 400 W

Pulse frequency 100 Hz

S11
Laser power 500 W

Pulse frequency 100 Hz

2.3. Laser Processing System and Carbon Emission Estimation Method

The laser system used for drilling was an ytterbium single-mode fibre laser (YLP-500-
WC, IPG) at a wavelength of 1070 nm and a maximum power of 500 W. It can work in either
modulated pulsed mode or continuous wave (CW) mode. The focal position was 1 mm
above the top surface of workpiece. A water chiller (CR8U20-CC, Thermal Exchange) was
used to cool down the laser system. Argon gas was used as the shielding gas. All operation
was controlled remotely via Mach 3 CNC software. Machining time was measured via
Mach 3 software. A Fluke 434 power/energy analyser was used to measure the energy
consumption for each processing equipment, including the laser system, the water chiller
unit, the controlling computer, the function generator and the CNC control system during
the drilling process.

The carbon emission of laser drilling process was calculated via the following
equation [36,38]:

Cpart = Epart × CES (1)

where Cpart (gCO2) stands for the carbon emission of total electricity used. Epart (J) is the
total energy consumed during the machining process. CES (gCO2/J) is the carbon emission
signature which is calculated from the energy mix that supplies electrical power.

The specific energy required for removing 1 kg material can be evaluated from:

ESpeci f ic =
Epart

Mremoval
(2)

where Especi f ic (J/kg) is the specific energy required for removing 1 kg material. Epart (J) is
the total energy cost during the machining process. Mremoval (kg) is the mass of the total
material removed by the laser.

2.4. Bearing Strength Test of Laser Drilled CFRP Workpieces

This test was designed to compare the bearing strengths of laser drilled CFRP work-
piece via stepped laser parameter multiple-ring drilling method and constant laser parame-
ter multiple-ring drilling method as well as mechanical hole drilling method. An INSTRON



J. Manuf. Mater. Process. 2022, 6, 7 6 of 23

4507 tensile machine was used for the bearing test. The design of the test was based on
ASTM D5961 standard, Procedure-A, “double shearing with single-pin fastener” [39]. The
specification of the parameters is listed in Table 4, which is in compliance with ASTM D5961
standard. The test was run at a constant displacement rate of 1 mm/min. The drawing of
specimen and pin-load setup is shown in Figure 3. Bearing strength tests were conducted
for S3 and S5 samples. Holes drilled via mechanical dry drilling process was also compared
with laser drilled holes. The specifications of drilling tool and drilling parameters are listed
in Table 5. A piece of wood was placed underneath the CFRP workpiece during mechanical
drilling to prevent serious delamination on the hole exit side. Each set of tests was repeated
3 times to obtain the average value of maximum load and displacement.

Table 4. Specification of actual dimensions on CFRP workpiece (SI).

Parameter Actual Dimension (mm)

Hole diameter, D 6 ± 0.02
Material thickness, h 2 ± 0.06

Length, L 135 ± 0.5
Width, w 36 ± 0.5

Edge distance, e 18 ± 0.4
Countersink None
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Figure 3. Schematic diagram of specimen and pin-load setup for the bearing strength test.

2.5. Mechanical Finishing Process

In order to reduce or eliminate the thermal damage on laser drilled CFRP workpiece,
a mechanical finishing process was introduced. The drilling tool specifications and drilling
parameters are illustrated in Table 5, which follow the specifications given by Cutwel Ltd.
The mechanical drill was engaged reversely from the laser drilled hole exit side, as shown
in Figure 4.
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Figure 4. Schematic diagram of mechanical hole finishing process.

Twist drills have gained great interest in industrial applications due to its good drilling
performance and relatively lower cost [40]. This mechanical finishing process was aimed
to use low-cost drill bits to eliminate delamination without using a supporting material
by combining with the laser drilling. Hence, this type of drill was the chosen for the
mechanical finishing process.

Table 5. Specification of mechanical drilling tool and drilling parameters [41,42].

Parameter Specification

Tool substrate Micro grain Solid Carbide
Surface Treatment Uncoated

Point Angle 118◦

Helix angle 33◦

Diameter 6 mm/6.5 mm
Feed rate 0.025 mm/rev

Spindle speed 2500 rpm

3. Results
3.1. Evaluation of Pulse Frequency Effect

A stepped pulse frequency (i.e., repetition rate) method was chosen in the laser drilling
of the CFRP sheet. Figure 5 shows a string of spots formed on stainless-steel surface for the
stepped laser parameter multiple-ring drilling method.

During the laser drilling process in the stepped laser parameter multiple-ring drilling
method, 100 Hz of pulse frequency was chosen for the first ring. The irradiated area is
shown in Figure 5a. A pulse frequency of 200 Hz was used for the second and third rings
to increase the material removal rate. The surface morphology and pulse separation are
shown in Figure 5b. The effect of pulse overlaps via this stepped parameter multiple-ring
method is shown in Figure 5c,d. When the laser beam interacts with a material, an area
of HAZ will be induced around each laser interaction spot via heat conduction. If there
is an air gap between each ring, the extension of HAZ will be stopped. As a result, the
first ring (100 Hz) would act as a barrier to prevent further heat conduction into the outer
material and the carbon fibre was cut, and resin was removed. As shown in Figure 6, the
heat conduction to the outer material by the second and third rings would be blocked by
the first ring. Ideally, the resultant HAZ left on workpiece is close to the one induced by
first ring only. More importantly, the HAZ size was mainly determined by the effect of
the first ring and the heat damage induced by inner rings could not propagate into the
outer material beyond the first ring. As a result, the stepped laser parameter multiple-ring
drilling method allowed for a higher material removal rate in the inner material than that
of the parent material, due to the increased laser energy input in the second and third rings,
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as shown in Figure 7a. This would allow more energy to be used for the material removal,
rather than being wasted by conduction through the carbon fibres to the outer material
beyond the first ring. This is compared with parallel ring drilling pulse overlaps using
constant laser processing parameters as shown in Figure 7b.

3.2. Evaluation of Drilling Quality for Each Method

Figure 8a,c shows the degree of thermal damage in laser-drilled CFRP workpieces.
S1–S4 were samples produced using the stepped laser parameter multiple-ring drilling
method. The increased laser power and repetition rate resulted in an increase in the
average thermal damage on the top surface, the cross-section, and the bottom surface.
Meanwhile, the drilling time was reduced from 240 s to 28 s, as shown in Figure 8b. The
required total number of scans was also reduced from 267 to 30 passes. Since the first
ring was used as a protection ring, when increasing the laser power from 200 W to 400 W,
the average heat-affected zone sizes on the top surface, cross-section and bottom surface
were increased by 14.80%, 11.73% and 17.61%, respectively. However, when the laser
power increased to 500 W, this protection barrier was finally exceeded, which resulted in
greater thermal damage on the drilled CFRP workpiece. This result was useful for selecting
suitable/optimal laser processing parameters in the stepped laser parameter multiple-ring
drilling method. When evaluating the drilling quality, a 350 µm HAZ size was set as the
maximum limit. Hence, S4 was not chosen, due to an excessive size of HAZ. S3 resulted
in 314 µm of HAZ on the top surface, a 314 µm cross-section HAZ and a 234 µm bottom
surface HAZ. The drilling time was 53 s, which was the quickest set among S1–S3. The
required number of scans was 54 passes for S4.
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method, constant laser parameter multiple-ring drilling method, and single-ring drilling method.

For samples S5–S8 produced with the constant laser parameter multiple-ring drilling
method, an increase in laser power from 200 W to 500 W resulted in greater average HAZs
than those with the stepped laser parameter multiple-ring drilling method on the top
surface and cross-section from 297 µm to 536 µm and from 271 µm to 299 µm, respectively,
as shown in Figure 8c. When increasing the laser power from 200 W to 500 W, the drilling
time was reduced non-linearly, as shown in Figure 8d. According to the experimental result
from S5 and S6, the drilling time was reduced from 247 s to 111 s. The number of scans was
reduced from 276 to 123 passes, which was higher than stepped laser parameter multiple-
ring drilling method. However, S6 produced lower average cross-section HAZ than that of
S5. This was due to increased laser and material interaction time in S5 which led to greater
extension of HAZ. Therefore, it would be important to strike a balance between material
removal rate and the extent of cross-section HAZ. Hence, increased laser power resulted
larger HAZ on top surface. Although S6, S7 and S8 had lower average cross-section HAZs
than that of S3, tremendous top surface HAZ lead to unacceptable drilling quality for S6, S7
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and S8. Therefore, the later sets were not selected according to the 350 µm HAZ limit. The
best quality produced by the constant laser parameter multiple-ring drilling method was
S5, which resulted in a 297 µm average HAZ on the top surface, a 271 µm average HAZ in
the cross-section and a 188 µm average HAZ on the bottom surface. The drilling time was
247 s. The required number of scans was 276 passes.

When comparing between S3 and S5, the resultant average top surface HAZ via
the stepped laser parameter multiple-ring drilling method and constant laser parameter
multiple-ring drilling method was 314 µm and 297 µm, respectively. The average cross
section HAZ in stepped laser parameter multiple-ring drilling method was 314 µm. How-
ever, in the constant laser parameter multiple-ring drilling method, this value was 271 µm.
Therefore, the resultant average maximum cross section HAZ by the stepped laser pa-
rameter multiple-ring drilling method was greater than that of constant laser parameter
multiple-ring drilling method by 43 µm. On the bottom surface, the stepped laser param-
eter multiple-ring drilling method also produced a larger HAZ than that of the constant
laser parameter multiple-ring drilling method, which was 234 µm and 188 µm, respectively.
This was due to increased material removal rate in the inner ring via the stepped process
parameter method, which means the second and third rings were drilled more quickly
than the first ring. As a result, the effect of protection from the first ring was limited on the
bottom surface. In the stepped laser parameter multiple-ring drilling method, the first ring
acted as a barrier, which helped prevent the extension of the HAZ, as shown in Figure 6.
Therefore, with a relatively lower laser energy input for the first ring, the extension of the
HAZ through the subsequent inner rings was limited. If the laser energy input was further
increased, the protection from first ring would reach a certain limit and eventually resulted
in greater thermal damage on CFRP workpiece.

Figure 8e shows the average thermal damage on CFRP workpiece via single-ring
drilling method. For samples S9–S11, the laser power was increased from 300 W to 500 W,
the average thermal damage on top surface was increased from 386 µm to 439 µm. On
cross-sectional view, 300 W laser power (S9) resulted in a 295 µm of average HAZ. If the
laser power was increased to 400 W (S10), the average cross section HAZ was reduced to
286 µm. This phenomenal was mainly due to excessive laser/material interaction time in
S9 (195 s) than S10 (93 s), as shown in Figure 8f. Thus, the HAZ would extend radially and
axially, which would result in excessive HAZ on cross-section view. For sample S11, at
500 W laser power, the average cross-section HAZ was increased to 295 µm due to further
increased laser energy input. The drilling time was 51 s. On drilled-hole exit, the average
thermal damage was increased from 219 µm to 361 µm when increasing the laser power
from 300 W to 500 W. When the laser power was 200 W, even for more than 20 min, the
hole could not be drilled using a single-ring drilling approach due to self-limiting effect.

Comparing S6–S8 and S9–S11, even the constant laser parameter multiple-ring drilling
method showed much better drilling efficiency than the single-ring drilling method without
further increasing thermal damage.

Figure 9 shows the comparison of hole diameter and taper angle when drilling
with stepped laser parameter multiple-ring drilling method and constant laser param-
eter multiple-ring drilling method. According to the experimental data, no significant
change in hole entry side diameter by utilizing different drilling methods. However, the
diameter of the exit side hole was strongly affected by different drilling methods. For
samples S1–S4, increased laser power (200 W–500 W) resulted increase in hole exit diameter.
Thus, the taper angle was decreased from 5.99◦ to 3.62◦. For samples S5–S8, the laser power
was also increased from 200 W to 500 W, which resulted in decreased taper angle from
6.04◦ to 4.40◦. Therefore, increased laser energy input in drilling of CFRP would result in a
reduction in taper angle [24]. The stepped laser parameter multiple-ring drilling method
increased laser energy input in second and third rings; thus, the taper angle left on the
workpiece was smaller than constant process method.
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Figure 10 shows optical images of a CFRP workpieces after laser drilling with the
two different parallel ring drilling methods. From the cross-sectional view, the HAZ was
increased more rapidly along the fibre direction. However, by using the stepped laser
parameter multiple-ring drilling method, more HAZ was detected in the direction that
was perpendicular to the fibre direction. This is because in the stepped laser parameter
multiple-ring drilling method, the laser energy input was not constant. The second and
third rings produced more HAZ than the first ring. Therefore, the increased laser energy
input also affected the area that was perpendicular to the fibre direction. Both top and
bottom surfaces showed similar result, regardless of the difference in the HAZ. Resin spatter
was formed on the top surface, which was due to the re-solidification of ejected resin from
the machining area. More importantly, no delamination was detected on the cross section
of CFRP workpiece which was the main benefit of the multiple-ring laser drilling. Figure 11
shows drilled CFRP morphology (with stepped laser parameter multiple-ring drilling
method) examined using scanning electron microscopy (SEM). On the hole edge, there
was an obvious de-bounded fibre which was due to the absence of resin. The cross-section
formed a recast layer, and no obvious fibres were extruding out of the matrix. However,
striation lines were present near the hole exit, which was due to the formation of a cyclic
erosion front. The frequency of striation formation was more relevant to the transverse
speed and laser power [6].

According to the experimental results from S3 and S5, the stepped laser parameter
multiple-ring drilling method greatly reduced the drilling time by varying laser energy
input during laser drilling process. In laser drilling of CFRP process, the drilling quality
on CFRP workpiece was mainly dominated by the laser and material interaction time
and thermal energy input in each laser scan. Therefore, a balance must be maintained
between these two variables during drilling, for example, sample S4, which had the least
drilling time and greatest laser energy input in each laser scan. However, the drilling
quality was the worst due to excessive laser energy input in each laser scan. Meanwhile,
S3 showed a good balance between laser drilling time and laser energy input. Thus, the
result was considered as the best set among S1–S4. In this research, the change of pulse
frequency was achieved by using a function generator. Therefore, it would be crucial
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to synchronize generated pulse frequency with the motion of CNC machine. Otherwise,
the protection from the first ring would be hampered if too high a pulse frequency was
applied. Manually change of pulse frequency or laser power would not be suggested
for stepped laser parameter multiple-ring drilling method. Once the laser system stops
emitting the laser, the residual heat left inside the CFRP workpiece starts dissipating. Thus,
an additional amount of laser energy would be needed to reheat the material instead of
being used for the material removal, which would result in lower drilling efficiency.
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3.3. Evaluation of Energy Consumption and Carbon Footprints

Laser system energy consumption was measured using a Fluke 434 power/energy
analyser, which was based on the ISO 14955-1:2017 standard for data collection method [43].
The energy consumptions include those of laser cell, computer numerical control (CNC)
motion system, water chiller, computer control system, and function generator for laser
pulse control. According to the result, the stepped laser parameter multiple-ring drilling
method led to a significant reduction in drilling time and energy consumption, as shown
in Table 6. The drilling time was reduced from 247 s to 53 s, which was a 78.54% im-
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provement over that of the constant laser parameter multiple-ring drilling method. The
material removal rate in the stepped laser parameter multiple-ring drilling method was
3.58 × 10−7 kg/s, which was higher than that in the constant laser parameter multiple-ring
drilling method (7.67 × 10−8 kg/s) due to the increased laser energy input in the inner
rings. During the laser drilling process, an increase in hatch distance lead to an increased
gap width between each ring. Since the carbon fibre was chopped off by the laser beam
between two adjacent rings, the thermal conduction through the fibre to the base material
was prevented and the material inside the ring could be considered as an isolated area.
When the resin was disintegrated, it lost its ability to hold the fibre. Therefore, chopped
fibres were ejected from the drilling area by the argon gas once it was de-bounded from
the resin. Hence, the increasing hatch distance was able to increase the material removal
rate in the inner rings. Figures 12 and 13 show the active power profiles for the stepped
laser parameter multiple-ring drilling method and constant laser parameter multiple-ring
drilling method. Since the laser power and pulse frequency were increased for the inner
rings in the stepped laser parameter multiple-ring drilling method, the laser power profile
showed a jagged shape.
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Table 6. Specific energy consumption and drilling time for each method under the similar drilling quality.

Stepped Laser Parameter
Multiple Ring Drilling

Method (S3)

Constant Laser Parameter
Multiple Ring Drilling

Method (S5)

Rate of Improvement
between S3 and S5

Drilling time (s) 53.00 247.00 78.54%
Material removal (mg) 19.00 (±1.70) 18.95 (±3.18) ——

Specific material removal rate (kg/s) 3.58 × 10−7 7.67 × 10−8 78.58%
Material removal rate (mm3/s) 0.2439 0.0522 78.60%
Total energy consumption (J) 72,547.00 331,223.00 78.10%

Specific energy consumption for
removing 1 kg CFRP (J/kg) 3.82 × 109 1.75 × 1010 78.17%

Carbon emission (gCO2) 5.15 23.52 78.10%
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As a result of the reduced drilling time in the stepped laser parameter multiple-
ring drilling method, the total energy consumption was also reduced significantly from
331,223 J for the constant laser parameter multiple-ring drilling method to 72,547 J for the
stepped laser parameter multiple-ring drilling method, as shown in Figure 14. This is a
78.10% improvement in the total energy consumption. The specific energy consumption
to remove 1 kg of CFRP was 1.75 × 1010 J/kg for the constant laser parameter multiple-
ring drilling method and 3.82 × 109 J/kg for the stepped laser parameter multiple-ring
drilling method calculated from Equation (2). The electricity carbon factor in the UK is
0.2556 kgCO2/kWh [36]. Thus, the carbon emissions from the laser drilling process were
calculated form Equation (1), which was 23.52 gCO2 for constant laser parameter multiple-
ring drilling method and 5.15 gCO2 for the stepped laser parameter multiple-ring drilling
method. It shows that the stepped laser parameter multiple-ring drilling method had a
78.10% reduction in carbon emission.
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3.4. Evaluation of Bearing Strength

Mechanical fastening is a commonly accepted method to join CFRP workpieces with
other materials. The contact force acting between fastener and CFRP material may cause
bearing failure. Figure 15 shows an example load versus displacement curve for the
CFRP workpiece being drilled via different methods. As the load was applied to the
pin, the load and displacement curve was progressed in a linear trend until a sudden
drop occurred in the load. The average maximum load was 2.76 kN (±0.10) at a 0.83 mm
(±0.15) displacement for the sample drilled via the stepped laser parameter multiple-
ring drilling method. In the case of the constant laser parameter multiple-ring drilling
method, the average maximum load was 2.97 kN (±0.08) at a displacement of 0.72 mm
(±0.15). According to the experimental data, a slight difference (7%) was detected in
average maximum load to initiate bearing failure between the two methods. The average
maximum load for mechanical drilling was 3.56 kN ((±0.19) at a displacement of 0.60 mm
((±0.07). Moreover, there was no difference in failure mode for the hole being drilled
via the stepped laser parameter multiple-ring drilling method, constant laser parameter
multiple-ring drilling method, and traditional mechanical drilling process.
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3.5. Mechanical Finishing

The mechanical drill bit was engaged reversely from the laser drilling hole exit side.
No supporting material or special designed drill bit were used in the dry drilling of the
CFRP workpiece. After the laser drilling, the average HAZ left on bottom surface was
161.70 µm (±1.79) and 316.25 µm (±67.99) on top surface. Figure 16 shows the comparison
of the hole quality between the laser drilled pilot hole and mechanical finished hole. On the
cross-sectional view, the HAZ and taper angle were removed by the mechanical finishing
process. More importantly, no delamination was detected at the hole exit. This result was
achieved with the assistance of mechanical finishing with reversed feed drilling strategy.
No supporting material and special designed drill bit were used in this dry mechanical
finishing process. With the assistance of this novel drilling strategy, a good balance between
drilling quality and drilling cost was able to be achieved.
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4. Discussion

This research has shown that by introducing stepped parameter parallel drilling
laser drilling method, significant benefit can be gained in terms of drilling efficiency and
energy consumption reduction, without sacrificing the drilling quality compared with
the previously reported parallel ring laser drilling with constant drilling parameters. The
temperature profiles in laser parallel ring processing of CFRP has been previously studied,
e.g., Li et al. [33]. The key findings from the previous temperature profile study are the rapid
damage and disintegration of the resin by the high temperature of the highly conducting
carbon fibre and direct laser irradiation. The parallel ring drilling can more effectively
prevent heat from the inner drilling rings from expanding through the cut channels of the
outer ring to the parent material, and carbon fibres can be removed more effectively by
multiple rings by chopping them into short fibres rather than vaporizing them all. The key
difference is that, in the present study using a stepped parameter parallel ring approach,
the outer ring can be produced using a lower energy input to limit the heat affected zone,
while preventing the heat from inner rings from reaching the parent material. A higher
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energy input was used for the inner rings to remove the material more rapidly. It should be
noted that in this laser drilling process, the hole drilling was realized by only cutting out a
central disk, rather than vaporizing the entire material in the hole centre, thus the energy
consumption can be significantly reduced.

In conventional mechanical drilling, although much less energy is used during the
drilling process, hole delamination damage and tool wear would occur, which is dependent
on the type of drilling tools and material size and applications. Thus, the analysis of energy
consumption for the replacement of drilling tools (depending on how the tools are made,
what tool and coating materials are used) and loss of damaged product (say, a CFRP panel
with x% of failed holes) in specific applications would be much more complex, thus beyond
the scope of the current study. More detailed bench marking against conventional drilling
will be studied in the near future using “from cradle to grave” full life cycle analysis.

The key problem of mechanical drilling is the fibre delamination in the hole exit, as
shown in Figure 17, drilled using the same drill bit as shown in Table 5, in addition to the
significant tool wear. A good drilling tool can typically drill 20–30 holes in CFRP, depending
on the material thickness. Replacement of these tools would result in significant energy
consumption and cost.
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The current research is the first step in understanding of energy efficiency in laser
drilling holes in CFRP with a workpiece thickness of 2 mm. In practical applications,
such as the manufacture of modern aircraft structures in Boeing 787 and Airbus A350, a
significant proportion (50–60% by weight) of aircraft panels are made of CFRP of sheets of
5–75 mm in thickness, and many thousands of fastening holes are needed in these CFRP
panels. Tool wear and quality control are critical considerations. In order to reduce damage
to the CFRP, very high-cost special tools are needed and tool wear would lead to significant
cost and overall energy consumptions not just to the aircraft manufacturers but also to the
supply chains.
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A rapid laser pre-scribing process, followed by standard mechanical drilling, is de-
signed to chop off the continuous fibre at the hole exit periphery. Then, mechanical drilling
is carried out from the opposite side to avoid hole exit fibre delamination. This is illustrated
in Figure 18 together with the effect of drilling to demonstrate that fibre delamination can
be avoided without a backing plate in mechanical drilling. The mechanical drilling took
about 2 s and the laser pre-scribing took about 2 s. If both are carried out simultaneously,
then there would be no time delay to the mechanical drilling process. This, however, does
not solve the problem of tool wear. A more detailed study of this novel process will be
presented elsewhere.
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Laser drilling alone, while taking longer than mechanical drilling with the present set
up, eliminates the problem of tool wear and fibre delamination at the hole exit associated
with mechanical drilling. With the availability of high-power picosecond and nanosecond
lasers, both drilling time and quality can be expected to be further improved.

5. Conclusions

This research demonstrates a new CFRP hole-drilling method—the stepped laser parame-
ter multiple-ring drilling method. The main findings in this research are summarised below.

• The stepped laser parameter multiple-ring drilling strategy leads to a 78.54% im-
provement in drilling time, i.e., over 300% increase in productivity, while reducing
energy consumption by 78.10% compared with that of the constant laser parameter
multiple-ring drilling method.

• The carbon emission from the stepped laser parameter multiple-ring drilling method
is reduced to 5.15 gCO2, less than a quarter of that in the constant laser parameter
multiple-ring drilling method of 23.52 gCO2.

• The specific energy consumption to remove 1 mg of CFRP in a process period by the
stepped laser parameter multiple-ring drilling method and the constant laser parame-
ter multiple-ring drilling method is 3.82 × 109 J/kg and 1.75 × 1010 J/kg, respectively.

• The key reason for this significant reduction in drilling time and energy requirement
is the increase in energy input for the inner rings for the more rapid removal of the
material, while the lower energy input generated outer ring provided a shield trench
to stop the heat transition into the parent material.

• Mechanical bearing response test shows that a laser drilled hole via stepped laser
parameter multiple-ring drilling method has similar maximum failure load and load–
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displacement trend as that of samples drilled via constant laser parameter multiple-
ring drilling method, but lower than that drilled mechanically.

• The mechanical finishing process shows that a reversed-feed drilling strategy was able
to suppress delamination at the hole exit without using supporting material and a
specially designed drilling tool.

• With this new method, one can simultaneously minimise the drilling time and reduce
environmental impact without sacrificing much on the drilling quality.

• A new combined rapid laser pre-scribing followed by mechanical hole drilling has
been briefly demonstrated to avoid fibre delamination at the hole exit.

• The current study shows that laser drilling time (53 s) is still considerably longer
than that for mechanical drilling (about 2 s), although the laser drilling eliminates the
tool wear and fibre delamination at the hole exit. With the availability of high-power
picosecond and femtosecond lasers, both drilling time and drilling quality can be
further improved.

Further study could be undertaken to benchmark against conventional mechanical
drilling processes using “cradle to grave” full life cycling energy consumption analysis
considering the tool wear loss in mechanical drilling. More in-depth theoretical modelling
of the temperature profiles and material flow characteristic using computational fluid
dynamics and finite element modelling will be carried out to understand the process
dynamics and material behaviour. More industrial application-relevant studies of drilling
thicker CFRP materials will be carried out.
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