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Abstract

Microscale grooves and holes were fabricated in carbon fiber reinforced plastics (CFRPs) using femtosecond pulsed laser
irradiation, and the characteristics and mechanisms of laser processing were investigated. The relationship between laser
fluence and ablation depth was established by measuring the cross-sectional profiles of the microgrooves produced at dif-
ferent laser fluences. Furthermore, the effect of the angle between the edge of the micro holes and the carbon fibers was
examined by analyzing the edges and wall surfaces of circular and rectangular holes. Experimental results revealed that the
laser processing mechanism was strongly dependent on fiber orientation due to significant heat conduction along carbon
fibers. The findings of this study contribute to a deeper understanding of the ultrashort pulsed laser processing characteristics
and mechanisms for creating small holes in CFRPs and emphasize the possibility of drilling high-precision holes that can
be used in the direct bonding of sensors/IC chips to CFRPs.

Highlights

1. The carbon fiber direction strongly affects the laser
micromachining behavior due to the anisotropy in ther-
mal conduction.

2. The machined surface becomes uneven when the direc-
tions of carbon fiber and laser scanning path are perpen-
dicular.

3. Submillimeter-size round holes, rectangular blind holes
and through-holes were successfully fabricated with
high precision.

Keywords Ultrashort pulsed laser - Carbon fiber reinforced plastics - Micromachining - Heat conduction - Heat-affected

Zone

1 Introduction

Carbon fiber reinforced plastics (CFRP) are composite mate-
rials characterized by their high strength, high stiffness, low
thermal expansion, and lightweight properties [1, 2]. The
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demand for CFRP has been recently increasing in various
fields, such as aircraft, automotive, and space, driven by the
need to improve fuel efficiency through weight reduction
[3, 4]. Accordingly, the demand for precision machining of
CFRP has also been rising.

However, CFRP is a challenging material to machine with
high precision due to its substantial anisotropy in mechani-
cal and thermal properties, depending on fiber direction.
This anisotropy affects the shape and dimensional accuracy
after machining. Therefore, traditional machining methods
of CFRP, such as mechanical machining and cutting, often
lead to a series of problems, including carbon fiber pull-out,
delamination [5], excessive tool wear [6], abrasive penetra-
tion [7], and difficulties with abrasive slurry disposal [8,
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9]. Aiming to address these problems, laser irradiation has
been increasingly used for machining CFRP. Laser irradia-
tion is a noncontact process, eliminating problems related to
tool wear and surface tearing. In addition, laser irradiation
enables the processing of complex shapes over large areas
in a short time. The demand for fine drilling of CFRP has
also increased in recent years, as laser drilling is crucial
in various applications, such as noise reduction [10], the
installation of fiber-optic sensors [11], and the joining of
components [12].

However, reports revealed that when lasers with longer
pulse durations, such as CW lasers or pulsed lasers with
longer durations than nanoseconds, are used, the heat-
affected zone (HAZ) in CFRP becomes larger, resulting in
reduced processing accuracy compared to ultrashort pulsed
lasers such as picosecond and femtosecond pulsed lasers
[13, 14]. Therefore, laser ablation using ultrashort pulsed
lasers is considered effective because it minimizes thermal
effects. Salama et al. successfully drilled circular holes in
CFRP using picosecond pulsed laser irradiation [15]. In
recent years, many other researchers have also focused on
picosecond pulsed laser irradiation for drilling and groov-
ing applications [16, 17]. Femtosecond lasers, as ultrashort
pulsed lasers with stronger peak power density and shorter
pulse widths than picosecond lasers, have been shown to
exhibit minimal heat dissipation and excellent controllability
during their interactions with solid materials. This condition
is due to the termination of the ablation process prior to ther-
mal diffusion around the irradiated area. Notably, the time
required for a material surface to reach high temperature
and pressure, for heat conduction to spread to the periphery,
and for thermal equilibrium to be reached is several tens
of picoseconds [18]. The femtosecond scale is smaller than
the aforementioned; thus, removing the material before heat
conduction spreads to the periphery is possible. Therefore,
femtosecond pulsed lasers are highly effective for process-
ing a wide range of difficult-to-machine materials, including
CFRP. However, most previous studies on laser processing
of CFRP have focused on the fabrication of macroscale
grooves and holes with feature sizes in the millimeter scale
or larger. The micromachining behavior of submillimeter-
sized features in CFRP has rarely been investigated. Such
micro features are increasingly required in fields such as
electronics and sensors. As the feature size decreases to the
submillimeter range, the effects of CFRP anisotropy in ther-
mal and mechanical properties, as well as the differences
in laser machining mechanisms between carbon fibers and
plastic, may become more pronounced. These factors can
strongly influence the achievable form accuracy and surface
quality. Therefore, a systematic and in-depth study on the
mechanisms of femtosecond pulsed laser micromachining of
CFRP submillimeter features is highly demanded in industry
and academia.
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Fig. 1 Laminate structure of CFRP

Furthermore, most previous studies on the laser process-
ing of CFRP have focused on circular drilling using a laser
beam with a large spot diameter [9], while drilling rectangu-
lar holes with sharp corners in CFRP has not yet been real-
ized. In particular, laser micromachining of submillimeter
square holes remains unresolved. Such microscale rectangu-
lar holes hold considerable potential for the direct mounting
and attachment of various micro sensors and IC chips onto
CFRP substrates without using screws or glues. This study
introduces a femtosecond pulsed laser micromachining of
CFRP using a small-diameter laser beam to fabricate sub-
millimeter-sized grooves and rectangular holes with sharp
corners and investigate the fundamental processing charac-
teristics. The success of this study will expand the possibility
of fabricating three-dimensional microstructures and surface
features on CFRP, which are increasingly required across
various industries.

2 Experimental Procedures

The laser used in this study was a Yb: KGW laser PHA-
ROS-08-600-PP, manufactured by Light Conversion, UAB,
Lithuania. The laser operated at a wavelength of 1028 nm
with a pulse width of 256 fs and a repetition frequency of
100 kHz. The laser spot had a circular diameter of 16 um
at the focal point, with a focal length of 70 mm. The laser
beam displayed a Gaussian energy distribution and was lin-
early polarized. A galvanometer scanner system was used
to control the X- and Y-axis scanning of the laser beam,
with a laser motion program created using WinLase Pro-
fessional software. The workpiece was placed on a Z-axis
stage, and the laser beam was focused onto the workpiece
surface using an f0 lens. The pulse interval and overlap were
adjusted by varying the laser scanning speed, which ranged
from 200 to 800 mm/s. The laser output was precisely con-
trolled by the laser oscillator and the attenuator [19]. The
CFRP used for the experiment was a 1.4 mm thick plate
with an internal structure of six unidirectional CFRP layers,
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as shown in Fig. 1. The CFRP has a stacked structure with
intersecting layers stacked at 90° each. The type of carbon
fiber was PAN-based, with a fiber diameter of approximately
6 pm, and the surface cross-layer comprised approximately
3000 carbon fibers per bundle. The surface cross layer is
140-250 pm thick, and each intermediate layer is 90-450 um
thick. The CFRP plates used are made of prepreg, an inter-
mediate material where carbon fibers are impregnated with
resin and then pressurized, heated, and vacuumed in an
autoclave to form the plates. The experimental conditions
are shown in Table 1, and the experimental equipment is
presented in Fig. 2. The polarization direction of the laser
beam is aligned with the x-axis, as depicted in Fig. 2. The

Table 1 Laser irradiation condition

Laser medium Yb: KGW
Wavelength A [nm] 1028

Spot diameter [pm] 16

Pulse width [fs] 256
Repetition frequency [kHz] 100
Fluence [J/cm?] 1.0-8.5
Scanning speed [mm/s] 25-800
Number of irradiations 1-370

Fig.2 Experimental setup for
laser irradiation

Laser head

& (-

Fig.3 Laser scanning method
for drilling: a Circle; b Square (a)

0.5 mm

0.5 mm

Beam expander

irradiation method for planar irradiation is shown in Fig. 3.
Blind hole and through-hole drilling were attempted using
circular irradiation with a radius of 0.5 mm, as well as
square irradiation with side lengths of 0.5 or 1 mm. Dur-
ing through-hole drilling, the focus was adjusted by elevat-
ing the sample stage in the Z-direction to compensate for
changes in the focal point relative to the material surface.
The sample stage was manually raised by 100 um after every
10 cycles of laser irradiation.

After laser irradiation, the surface and hole walls of the
samples were observed using a scanning electron micro-
scope (SEM), Inspect F50, made by FEI Company, USA.
The depth of the irradiated area, as well as the profile of
the grooves and holes, were measured using a shape analy-
sis laser microscope, VK-X1000, from Keyence Corpora-
tion, Japan. For quantitative analysis, the heat-affected zone
(HAZ) was calculated through image analysis using image
processing software [20]. SEM images were imported into
the software to visually measure the areas where the resin
surface was damaged, such as regions where carbon fibers
were exposed, or cracks appeared in the resin.

Attenuator Galvano scanner

Polarization
direction /

Sample

(b)

0.5 or 1 mm
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v
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Fig.4 SEM images of micro- >
grooves with different laser
scanning speeds: a 200 mm/s,
b 400 mm/s, ¢ 600 mm/s, and d
800 mm/s

direction’

e

3 Results and Discussion
3.1 Effect of Laser Scanning Speed

Line irradiation was conducted by changing the scan-
ning speed in increments of 200 mm/s, within the range of
200-800 mm/s. The number of irradiation was fixed at 1 time
with a fluence of 1.8 J/cm® The surface of the material was
observed using SEM. Figure 4 shows the SEM image of the
surface after irradiation. The width of the grooves increased as
the scanning speed decreased. This finding is possibly due to
an increase in the overlap rate of the pulses and a correspond-
ing increase in the amount of heat delivered to the material
as the scanning speed decreased [21]. The overlap rate of the
laser pulses # can be expressed as shown in Eq. (1):

2o (3) - guin{eos (1) }] 1)

w2

where r is the laser spot radius, and [ is the distance between
the centers of laser pulses, which can be expressed as in
Eq. (2):

v

=7 ©)

where v is the scanning speed, and f is the repetition fre-
quency. As shown in Eqgs. (1) and (2), the scanning speed
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is a crucial factor affecting the laser pulse overlap rate,
which is strongly associated with thermal damage to the
material [22]. Therefore, the increase in overlap due to
the reduction in scanning speed resulted in an increase in
groove width. Grooves with clear edges were obtained at
scanning speeds of 400-600 mm/s. However, the edges of
the work traces became unclear at scanning speeds of 200
and 800 mm/s, and more debris was observed at a scanning
speed of 800 mm/s. The number of pulses at the irradiation
spot increased with a reduction in scanning speed. Thus, the
removal of debris was attributed to heat accumulation caused
by overlapping laser pulses. The debris observed herein was
considered to be epoxy resin, which had once vaporized
and was re-solidified on the material surface via air cool-
ing [23]. Therefore, a scanning speed of 400-600 mm/s is
necessary to sufficiently remove debris and obtain a clear
edge. Based on Eq. (1), the overlap rates between pulses
are approximately 69% and 39% at scanning speeds of 400
and 800 mm/s, respectively. Therefore, at a scanning speed
of 800 mm/s, where the overlap rate notably decreased, the
heat required to completely remove the re-deposited debris
is not achieved.

3.2 Effect of Laser Fluence
Line irradiation was performed at a scanning speed of

400 mm/s, with the number of irradiations set at 10, while
changing laser fluences from 1.0 to 6.5 J/cm?. The machined
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Fig.5 Groove depth obtained at different laser fluences

surface and measurement of the groove depth were observed
at different fluences. Figure 5 shows the groove depth at
each fluence. The groove depth demonstrated an increas-
ing tendency as the laser fluence increased. This increase is
because the laser beam penetrates deeper into the material
as the fluence increases, extending the range where ablation
occurs and processing deeper grooves. Figure 6 shows the
SEM images of grooves at laser fluences of 3.0-6.0 J/cm?.
At a fluence of 3.0 J/cm?, carbon fibers in the same direc-
tion as the groove direction were observed on the bottom
surface of the groove; at fluences of 4.0-5.0 J/cm?, carbon

Fig.6 SEM images of micro-
grooves fabricated by laser
irradiation at different fluences:
a3.0 J/em? b 4.0 J/em?, ¢ 5.0 J/
cm?, and d 6.0 J/cm?

B

direction

-

Scanning 7
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fibers in a direction perpendicular to the groove direction
were observed. At a laser fluence of 6.0 J/cm?, carbon fib-
ers in the same direction as the groove direction were again
observed on the bottom surface of the groove. These SEM
images reveal the occurrence of this phenomenon during
the transition of layers in CFRP with a laminated structure.
The change in orientation of the carbon fibers during the
layer transition and the change in direction of heat conduc-
tion may have temporarily reduced the amount of material
removed in the depth direction via ablation.

3.3 Effect of the Angle Between Fiber Direction
and Laser Scanning Direction

CFRP is an anisotropic material. Thus, the effect of the
angle between the laser scanning direction and the car-
bon fiber direction on the processing characteristics was
investigated. Using the irradiation method presented in
Fig. 3 (a), the laser was irradiated in a circular pattern
from the inside to the outside at a scanning speed of
400 mm/s and a fixed fluence of 5.0 J/cm? while adjusting
the focus position every 10 irradiation cycles. A circular
through-hole with a diameter of approximately 0.5 mm
was drilled by performing 220 times of laser irradiation in
total. Figure 7 shows SEM images of the wall of the circu-
lar through-hole. As the angle between the scanning and
carbon fiber directions approached 90°, the wall surface

@ Springer
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Fig.7 SEM images of a circular
through-hole: a Whole image; b
90° layer; ¢ 45° layer; d 0° layer

became highly uneven, and an increase in exposed carbon
fibers was observed on the wall surface. This finding is
believed to be attributed to the relationship between the
carbon fiber direction and thermal conductivity of CFRP.
Carbon fiber exhibits high thermal conductivity in the
carbon fiber direction, which is substantially higher than
that of resin [24]. The difference in the ablation thresh-
old between epoxy resin and carbon fiber facilitates the
easier ablation of epoxy resin compared to carbon fiber. As
shown in Fig. 8, epoxy resin is removed first, followed by
carbon fiber. During this process, resin evaporation around
the carbon fiber occurs due to thermal conduction in the

Fig.8 Schematic of material
removal via heat conduction in
the direction of carbon fibers

S
°
°
s

Resin
Carbon fiber
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carbon fiber direction, and even the resin around the fiber
other than the laser-irradiated area is also removed [25,
26].

3.4 Rectangular Blind Hole Drilling

Rectangular blind-hole drilling experiments were conducted
to investigate the effect of heat conduction in the carbon
fiber direction on the edges of the machining trace after drill-
ing a deep hole by laser irradiation. The scanning speed was
varied between 25 and 500 mm/s, and the laser was irradi-
ated 5-10 times with a fluence ranging from 1.0 to 5.0 J/cm?

Resin evaporation
around fibers
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Fig.9 SEM images of a rec-
tangular blind hole (Scanning
speed: 400 mm/s, fluence: 3.0 J/
cm?, number of irradiations: 10
times): a Whole image; b Edge
parallel to the scanning direc-
tion; ¢ Hole edge perpendicular
to the scanning direction

Carbon
fiber

(b) |

.v;i;‘ty,{-l b \

and a hatch width of 3 pm. Figure 9 shows SEM images of
the edges of the rectangular blind hole. Resin evaporation
was observed along the carbon fibers at the edge of the trace.
The edges parallel to the carbon fiber direction formed sharp
edges, while the edges perpendicular to the carbon fibers
showed resin evaporation removal from the surface of the
material along the carbon fiber orientation.

A HAZ was defined to quantitatively evaluate the ther-
mal damage to the edge of the machining trace. As shown
in Fig. 10, in this study, the HAZ was defined as the area
where processing actually occurred minus the ideal process-
ing area through which the laser spot passed. Since the laser
spot was programmed to trace a square of 500 X 500 square
micrometers at its center, the ideal machined area in this
experiment is 516 X 516 square micrometers, as shown in
Fig. 10 (a). The area where processing actually occurred
refers to the region where the surface resin was damaged, as
shown in Fig. 10 (b). Thermal damage increases as the angle
between the fiber and scanning directions approaches 90°,
as discussed in Sect. 3.3. Figure 11 shows the HAZ for the
rectangular blind hole, with edges parallel and perpendicular
to the carbon fiber. The HAZ was larger when the edge was
perpendicular to the fiber direction compared to when the
edge was parallel to the fiber direction. As presented in the
previous section, CFRP has a high thermal conductivity in
the carbon fiber direction, which is believed to be attributed

h ; ?

50 pm

to resin evaporation around the carbon fiber due to thermal
conduction in the carbon fiber direction.

3.5 Rectangular Through-Hole Drilling

Rectangular through-hole drilling experiments were con-
ducted with the scanning speed set to 400 mm/s. The flu-
ence was 5.0 J/cm? for 1-50 irradiations and 8.5 J/cm? for
51-370 irradiations, totaling 370 irradiations with focus
position adjustments. Therefore, a rectangular through-hole
was successfully drilled.

The whole SEM image of the rectangular through-hole
is shown in Fig. 12 (a), and an enlarged SEM image of the
corner of the hole is shown in Fig. 12 (b). The 3D images
and cross-sectional profiles of the hole sidewalls, measured
at points c, d, e, and f, are shown in Fig. 12 (c), (d), (e), and
(), respectively. All the cross-sectional profiles reveal simi-
lar curves with a gradually increasing taper angle.

In this study, the taper angle refers to the angle between
the horizontal line and the slope line that connects the hole
edge at the top surface to the hole edge at the bottom surface
in the hole cross-section. The taper angles on both side walls
were approximately 100°. The gradual increase in taper
angle with hole depth is due to the reduction in laser flu-
ence in the deeper part of the hole. The incident laser beam,
shielded by the upper slope surface, leads to the expansion

@ Springer
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Fig. 10 Definition of HAZ: a
Definition of ideal processed

area; b Definition of actual pro-
cessed area (The area enclosed
by yellow dotted line indicates
actual processed area, while the
area enclosed by blue dotted
line indicates ideal processed
area)

500 pm
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Fig. 11 HAZ for the rectangular blind hole with the edge parallel and
perpendicular to the carbon fibers

of the focused spot area along the sidewall in the deeper area
of the hole. This phenomenon results in a reduction in laser
fluence in deeper areas and an increase in taper angles [27].
Furthermore, considering the Gaussian intensity distribu-
tion, the laser intensity near the center of the laser spot is
stronger than at locations away from the center, and addi-
tional materials were removed near the center of the laser
spot, leading to an increase in taper angle [28]. As shown in
Fig. 12 (b), grooves were also observed at the hole corners
where the sidewalls intersected each other. This finding is

@ Springer

believed to be due to the decrease in the laser scanning speed
near the start and end points of the laser scanning, which
increases the overlap rate between the laser pulses. Notably,
the spot diameter of the laser beam used in this experiment
(16 pm) was the smallest spot diameter at the focal point.
Achieving a smaller spot diameter using the present experi-
mental setup is challenging. However, using an objective
lens with a smaller focal length could allow for a smaller
spot diameter, enabling the drilling of rectangular holes with
substantially sharper corners.

4 Conclusions

Femtosecond pulsed laser irradiation was performed on
CFRP to investigate the fundamental micro-grooving and
drilling characteristics. The following conclusions were
obtained:

e Line irradiation formedmicroscale grooves, and clear-
edged grooves were obtained at scanning speeds ranging
from 400 to 600 mm/s.

e The groove depth increased with laser fluence. The
increase in groove depth is considered to have decreased
at the transition between CFRP layers.

e A microscale circular through-hole was fabricated
through circular surface irradiation. As the angle between
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Fig. 12 Laser-drilled rectan-
gular through hole: a Whole
SEM image; b Enlarged SEM
image of the corner of the hole;
¢ 3D image and cross-sectional
profile of the left sidewall; d
3D image and cross-sectional
profile of the lower sidewall; e
3D image and cross-sectional
profile of the right sidewall; f
3D image and cross-sectional
profile of the upper sidewall
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the carbon fiber direction and the laser scanning direction
approached 90°, the hole wall surface became increas-
ingly uneven.

e Microscale rectangular blind holes and a through-hole
were fabricated through rectangular surface irradiation.
In areas where the fiber direction was perpendicular to
the hole edge, results revealed that even the resin on the
surface of the material, away from the irradiated area,
was removed due to thermal conduction along the fiber
direction.

These findings contribute to an improved understanding
of the ultrashort pulsed laser processing characteristics and
mechanisms in CFRP. They also demonstrate the potential
for drilling high-precision holes and creating other three-
dimensional microstructures, which are useful in direct
bonding and fixing of sensors/IC chips to CFRP substrates.
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