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Drilling of CFRP with Reduced and Non-Directional
Heat-Affected Zone by Using 3-kW CW Single-Mode Fiber Laser
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High-precision drilling of carbon fiber reinforced plastic (CFRP) using a 3-kW continuous-wave
(CW) single-mode fiber laser has been demonstrated. Holes with a diameter of 6.4 mm have been
successfully drilled on a 2-mm-thick thermoset CFRP. The laser was scanned at a scanning speed of
10 m/s with a galvanometer scanner by a multi-pass method with a time interval of 20 ms. The pro-
cessing time was 2.7 seconds, which was equivalent to that in mechanical processing. By optimizing
the conditions of scanning and gas injection, the width of heat-affected zone (HAZ) was controlled
to about 100 um. Although a HAZ tends to expand in the direction of carbon the fibers, the zone
was well-controlled in all directions. The results show the potential of the high-power CW single-
mode fiber laser for the application to high speed and high quality drilling of CFRP.
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1. Introduction

The demand for CFRP as a lightweight and high-
strength material is growing especially in the aviation and
automotive industries. Although the processing with ma-
chine tools is the most general method for trimming and
drilling CFRPs, tools used for those processing are easily
damaged due to the high strength of CFRPs. As worn tools
lead to the degradation of quality, they need to be frequent-
ly replaced. In recent years, laser processing has attracted
attention as a wear-free method for processing CFRP. The
biggest problem in laser processing of CFRP is the genera-
tion of HAZs. Using a pulsed laser or ultrashort pulsed
laser is an effective way of minimizing the HAZs [1-5].
However, the low average power of those lasers lead to
relatively long processing time. Processing with a single-
mode laser and a galvanometer scanner is a promising solu-
tion to achieve a short processing time and small HAZ
simultaneously [6-10]. We reported high speed cutting of
CFRP using a 3-kW single-mode fiber laser and galvanom-
eter scanner [11]. A 3-mm-thick CFRP plate was success-
fully cut at an effective cutting speed of 7.8 m/min and a
small HAZ of less than 100 um was obtained.

Joining CFRPs together or CFRP and another material
is also an important matter in industrial application. Me-
chanical fastening and adhesive bonding are general join-
ing methods in the industries. For mechanical fastening
with rivets and bolts, taking mass production in account,
many holes need to be drilled in a short time. Therefore,
laser drilling of CFRP is worth employing as well as laser
cutting. In the laser drilling of CFRP, the problem is that
the direction of expansion of HAZ is different from that in
cutting. Since a HAZ tends to expand in the direction of the
carbon fibers due to its high heat conductivity, the shape of
it becomes an ellipse [12]. Reducing the width of the HAZ
in all directions requires the optimization of the conditions
of scanning and gas injection.
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In this paper, we demonstrate the drilling of 2-mm-thick
thermoset CFRP using a 3-kW single-mode fiber laser and
a galvanometer scanner. As a single-mode fiber laser can
achieve a high power density and small spot diameter, en-
ergy needed for processing is effectively provided. In addi-
tion, high speed scanning by a galvanometer scanner will
reduce the width of HAZ. Considering a balance of a pro-
cessing time and the width of HAZ, an output power of 3
kW was adopted. The laser was scanned at a scanning
speed of 10 m/s and a time interval of 20 ms. Holes with a
diameter of 6.4 mm were successfully drilled in 2.7 sec-
onds, which was the same duration as in mechanical drill-
ing. By the optimization of the conditions, the width of
HAZ was controlled to about 100 um in all directions.
While the processing time was shorter than that in pro-
cessing using pulsed lasers [5, 12], the HAZ was limited to
relatively small width. The results show the capability of
the high power single-mode fiber laser for high-speed high-
quality drilling of the CFRP.

2. Processing conditions

Figure 1 (a) shows the processing test setup. The in-
house manufactured 3-kW single-mode fiber laser was
connected to the galvanometer scanner via the laser deliv-
ery cable. The optical magnification of the galvanometer
scanner was 3 and the corresponding spot diameter was
about 100 um. The Rayleigh length of our laser setup was
5.6 mm. The 2-mm-thick thermoset CFRP was selected as
the workpiece. The CFRP plate consists of 7 layers made of
unidirectional fabric layers, with fiber orientations of 0
degree and 90 degree. The gas injection nozzles were set
above and below the CFRP plate. The nozzle on the upper
side was set for cooling and removing the carbon fiber
deposition, and the nozzle on the lower side was just for
cooling. Figure 1 (b) shows the magnified image of the gas
injection setup. The center of the nozzle was hollow and
therefore the laser beam could pass through the nozzle.
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There were the outlets on the edges of the nozzles, and
nitrogen gas blew out from the outlets toward the pro-
cessing area. Such cylindrical nozzles have not been used
for laser drilling of CFRP. When we used conventional
nozzles, it was impossible to control the width of HAZs
due to the gas flow with low velocity and non-uniformity.
When using selected cylindrical nozzles, HAZs will be
reduced in all directions. The definition of HAZ is different
in researches [13, 14]. In this report, HAZ stands for the
area where the matrix material is vaporized and the carbon
fibers are left, which is the same definition as matrix evap-
oration zone (MEZ) in [14].

The multi-pass method, in which a laser is scanned on the
same position at high speed, is known to be an effective
way of reducing the width of HAZ. We have adopted this
method in the previous cutting experiment as well [11].
Prior to the processing test, we evaluated the performance
of our galvanometer scanner at high scanning speed with
low output power. We set the scanning speed to 10 m/s,
which was the maximum speed of our galvanometer scan-
ner to draw a 6.4-mm-diameter circle precisely. It takes
about 2 ms to draw a circle in this condition. In the multi-
pass method, the time interval is generally set between each
scan. We optimized the interval for the first step to deter-
mining the scanning conditions. Taking the acceleration
and deceleration of the scanner into account, we added the
1-lap scan without laser output before and after the scan-
ning with laser output. The times for these scans were in-
cluded in the time interval.
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Fig. 1 (a) Processing test setup. (b) Gas injection setup.
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Figure 2 shows the maximum width of HAZ versus the
number of scans at the time interval of 0 to 20 ms. The
width of HAZ increased to more than 700 pm after 30-time
scans without interval, whereas it was limited to about 100
pm with a time interval of 20 ms. As the interval is general-
ly set to several hundred milliseconds to several seconds,
our processing setup can control the HAZ with quite a short
time interval.
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Fig. 2 Maximum width of HAZ versus the number of scans at
each time interval.

To drill a hole in a short time, it is effective to process
with a sufficient kerf width in removing the carbon fiber
deposition [15]. Figure 3 shows the scanning position of
the laser beam. The double concentric circles were drawn
at each focal plane. The focal plane was shifted by 1 mm
after a certain number of scans to improve processing effi-
ciency. At the same time the focal plane shifted, the gap
between the inner and outer circles was narrowed by 50 pm,
which was the same value as in our previous cutting exper-
iment [11].
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Fig. 3 Scanning position.

We set the gap between the circles at the surface to 150
um and 350 um, and compared the processing time. Figure
4 shows the kerf depth versus the number of scans in each
condition. When the processing was started with the gap of
150 um, 108-time-scans were needed, whereas it took only
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90 scans for 350-um gap. Although there was just a slight
difference in the kerf depths, the processing time was
shorter for 350-um gap. Figure 5 (a) and (b) show the
cross-sectional images after 70 scans in each condition.
The images indicate that the larger kerf width with the gap
of 350 pm leads to the short processing time. As seen in
Fig. 5, one side of the kerf walls has deep HAZs. They will
not be a problem since the HAZs are on the wall of the stub
to be discarded.

2.5 "
R S [
E E
:1.5 -------- Fom---
B :
K] ' AGap 150pm
1 -————--A.---O---
E o) OGap 350pm
4 A
0.5 |--=--- bommeeen
[O
0 H

40 60 80
Number of scans

Fig. 4 Kerf depth versus the number of scans in each condition.

Fig. 5 Cross-sectional images after 70 scans with the gap at the
surface of (a) 150 pm and (b) 350 pm.

Table 1 shows the final scanning conditions based on
the described experiment. We set the gap between the cir-
cles at the surface to 350 pm, and reduced it by 50 um as
we shifted the focal plane by 1 mm. The number of scans
was set to 20, 30 and 40 at each focal plane. As the kerf
depth had reached to the bottom in the early phase of pro-
cessing, we set more scans at the bottom. We carried out
the drilling experiment with these conditions.

Table 1 Scanning conditions for drilling

Gap of scanning

Focal position Number of scans

position
0 mm (surface) 350 um 20
1 mm 300 pm 30
2 mm 250 pm 40

3. Processing test results

Figure 6 shows the surface images of the processed
CFRP plate. The 6.4-mm-diameter hole with good round-
ness was achieved. The CFRP plate of 2 mm thickness was
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successfully cut in 2.7 seconds, which was equivalent to
that in mechanical processing. Although the processing
time estimated from the scanning conditions was about 2
seconds, the performance deterioration of the galvanometer
scanner at high scanning speed led to a bit longer pro-
cessing time than estimated. Figure 7 shows the image ob-
tained by a scanning electron microscope (SEM). The
width of the HAZ was reduced to about 100 um.
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Fig. 8 Maximum width of HAZ in each area.

Figure 8 shows the maximum width of HAZ in each ar-
ea. The HAZs were controlled to around 100 pm in most
areas and to 160 um even at the worst point. Although
slight expansion of the HAZ in the direction of the carbon
fiber was observed in area 6, it is not a significant differ-
ence.
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Figure 9 shows the cross-sectional image of the drilled
CFRP. No significant expansion of HAZ was observed

even in the lower layers. The kerf angle was about 3 degree.

It will result in a deviation of 0.2 mm on a diameter. The
acceptable deviation of a diameter for riveting is said to
about 0.4 mm in some applications. Therefore, holes made
by our setup are suitable for precise machining. Figure 10
shows the images of the wall surface obtained by the opti-
cal microscope and the SEM. Although surface irregulari-
ties were observed in some regions, the surface condition
was basically good. The drilling of the CFRP plate using
our single-mode fiber laser enabled reductions in HAZ
width and the achievement of a good wall surface, even at
as short processing time as in the mechanical processing.

500pm

Fig. 9 Cross-sectional image of the processed CFRP.

(b) B

Fig. 10 Cross-sectional surface images obtained by (a) optical
microscope and (b) SEM.
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4. Summary

The 2-mm-thick CFRP plate has been successfully
drilled with the in-house 3-kW single-mode fiber laser and
the galvanometer scanner. A processing time of 2.7 seconds
has been achieved at a scanning speed of 10 m/s and the
interval of 20 ms. The width of HAZ was reduced to about
100 pm in all directions, and a good wall surface was
achieved. The results show the potential of the high power
CW single-mode fiber laser for the application to high
speed and high quality drilling of the CFRP, as well as cut-
ting.
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