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We report damage in trenches produced by laser irradiation of a carbon fiber reinforced plastic 
(CFRP) plate. Laser cutting of CFRP was performed by multi-pass irradiation with a continuous-
wave fiber IR laser (multi-mode laser, average power: 3.3 kW). The damaged sidewall of the trench 
in the samples was analyzed by microscopic X-ray computed tomography. Low-speed laser scan-
ning with a galvanometer scanner significantly damaged the sidewall surface and created a wide 
heat-affected zone. As the thickness of the damaged area was correlated with the scanning speed of 
the laser beam, the damaged region length was analyzed using the heat penetration depth equation.  
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1. Introduction 

Carbon fiber reinforced plastics (CFRPs) are composite 
materials consisting of resin matrices and carbon fibers. 
Laser-induced cutting of CFRPs with a kilowatt (kW)-class 
high-power fiber laser enables high-speed material pro-
cessing with an acceptable quality [1-3]. This laser cutting 
process yields high-precision cuts with a narrow trench [4, 
5]. Considerable damage appears on the surface of the 
trench sidewall after irradiation with a tightly focused beam 
of a kW-class laser, probably due to the high thermal con-
ductivity of carbon fiber, which is higher than that of the 
CFRP resin matrix [6-8]. This damage adversely affects the 
mechanical tensile strength of CFRPs [9, 10]. Previous 
studies reduced damage by laser cutting CFRP with a fast 
beam galvanometer scanner using a multi-pass method to 
avoid heat accumulation [1-3, 11].  

In this paper, we report laser-induced damage during la-
ser cutting of CFRPs using a continuous-wave (CW) kW-
class fiber laser (λ = 1,084 nm). The internal trench micro-
structure produced by laser irradiation at various scanning 
speeds was characterized by X-ray computed tomography 
(X-CT) to identify thermally damaged areas. A non-
destructive method like X-CT provides fascinating insight 
into the spatial variation of composite substrates that dis-
play micrometer-size porosity. 
 
 
 

2. Experimental Method 
In the multi-pass method, the output of a near-IR CW 

laser (Furukawa Electric, Yb-doped fiber laser, λ = 1,084 
nm, fiber core diameter 50 µm, 3.3 kW average power) [2] 
was used to scan the sample surface in a series of parallel 
lines using a galvanometer scanner in ambient air without 
assist gas (scanning speed: 3.6 – 0.05 m s-1, linear scan 
length: 5 cm) [1-3, 11]. The beam was normally incident on 
the sample surface and was focused using an f-theta lens 
(Showa Optronics Co., Ltd., FT300/5-1080F, non-
telecentric lens, f = 306 mm, laser beam diameter: ca. 200 
µm). The time interval (breaking time) between the scan 
passes was set to 5 s to prevent heat accumulation on the 
sample.   

CFRP plates 3 mm thick were used for the laser cutting 
in this study. The plates were a commercially available 
prepreg laminate consisting of thermoset epoxy resin with 
PAN-based carbon fibers. The lamina consisted of unidirec-
tional fibers stacked in alternating parallel and perpendicu-
lar layers (manufacturer: MITSUBISHI RAYON CO., 
LTD., cross-ply 0/90°, 12 layers,  Cf = 70%, sample size: 
30x50x3 mm)). 

The internal damage to the laser-cut samples was ob-
served with a microscopic X-CT system (Yamato Science 
Co., TDM1000H-Sµ/TDM1600H-II, X-ray filament: LaB6, 
X-ray spot diameter: 0.8 μm). The dark areas around the 
trench in the cross-sectional X-CT images was recognized 
as laser-induced damage area.  
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3. Results and Discussion 
3.1 X-CT images of CFRP material by laser cutting at 
various scanning speeds 

Figure 1 shows cross-sectional X-CT images of the 
trench structure on a CFRP sample obtained after CW fiber 
laser cutting with an average power of 3.3 kW using the 
multi-pass method. The number of passes to completely cut 
the 3-mm-thick CFRP plates are listed in Table 1 for each 
scanning speed. The laser irradiation formed a deep trench 
structure with a high aspect ratio. The kerf at the trench 
surface was 300 µm wide, and the internal trench width 
was about 200 µm wide. The kerf of the trenches was ta-
pered in Fig. 1. This tapered structure would be attributed 
to the intensity attenuation of the incident laser beam into 
3-mm thick-sample.  

The dark areas in Fig. 1 are attributed to epoxy resin 
degradation and evaporation during the laser irradiation. 
The gray area of the samples in Fig.1 was resin region.  
Thermogravimetric analysis has shown that the epoxy resin 
of CFRP thermally decomposes above 300°C [12], suggest-
ing that the damaged area was transiently above 300°C 
during the laser irradiation. 

As the CFRP sample consists of 12 cross-ply laminates 
with 0/90° orientations, the damaged area expanded in-
homogenously from the sidewall surface into the CFRP 
bulk. At the fiber layer perpendicular to the laser-cutting 
direction at scanning speeds of 3.6 – 0.2 m s-1, a large dam-
aged area was observed because the carbon fiber provided 
the dominant heat conduction path. The top-view cross-
sectional images in Fig. 2 clearly show epoxy resin degra-
dation without carbon fiber damage.  

 
 

(a) (b)        (c)    500 µm 500 µm 500 µm
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Fig. 1 Side-view cross-sectional X-CT images of 3-mm-thick CFRP plates cut by CW 3.3-kW fiber laser irradiation using the multi-pass 
method. The laser scanning speed was (a) 3.6 m s-1, (b) 0.5 m s-1, (c) 0.2 m s-1, (d) 0.1 m s-1, and (e) 0.05 m s-1. Thermally damaged areas 
are labeled “HAZ” (heat-affected zone).  The laser scanning speed of 3.6 m s-1 was maximum for the laser irradiation system. 
 

Table 1 Number of passes required to completely cut 
through CFRP plates 3 mm thick at various 
laser scanning speeds. 

Scanning speed, v Number of passes for complete 
cutting of CFRP 

3.6 m s-1 60 
0.5 m s-1 6 
0.2 m s-1 5 
0.1 m s-1 3 
0.05 ms-1 2 
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Fig. 2 Top-view cross-sectional X-CT images of the 3-mm-thick 
CFRP plate cut by CW 3.3-kW fiber laser irradiation using the 
multi-pass method (3 passes).  The laser scanning speed was 0.1 
m s-1. The section depths are (a) fifth layer from the surface and 
(b) sixth layer from the surface.  
 
 

 
3.2 Relationship between thermal damage and laser 
scanning speed 

As shown in Fig. 1, the trench sidewall damage strongly 
depended on the laser scanning speed, which was varied 
between 3.6 and 0.05 m s-1. Table 2 indicates the maxi-
mum thickness of the thermally damaged area produced by 
laser irradiation in the CFRP plates at these laser scanning 
speeds. The minimum thermal damage was obtained using 
a scanning speed of 3.6 m s-1.  

The laser irradiation time τ  on the sample surface was 
calculated as follows: 

τ =  φ / v                                                                  (1) 
 
 
 
 
 

 

where φ is the laser beam diameter (corresponding to the 
internal trench width of 200 µm) and v is the laser scanning 
speed. In this experiment, the laser irradiation time τ  was 
varied widely, from 56 µs to 4 ms.  The maximum thick-
ness of the thermally damaged area L in a CFRP plate is 
plotted as function of laser irradiation time τ in Fig. 3. A 
linear relation between L and the square root of τ  was ob-
tained. The heat penetration depth was defined from the 
parameters L and τ  and the thermal diffusivity constant D 
[5]: 
 
 
                                                                                        (2) 
 

On the basis of curve fitting using equation (2) for the 
data in Fig. 3, D was estimated to be about 1.98 cm2 s-1. 
Red line in both plots in Fig. 3 are fits using equation (2). 
This value was almost in agreement with the experimental-
ly measured value for in-plane, uni-directional thermal 
diffusivity (D = 2.18 cm2 s-1) for a CFRP plate [13], sug-
gesting that the damaged area propagated into the bulk 
CFRP through carbon fibers by a heat conduction during 
photo-induced thermal process.   

Although the damage area in the trench at the laser irra-
diation of the slow scanning speed (Figs. 1 (d) and (e)) was 
about the same parallel and perpendicular, the area at the 
fast scanning (Fig. 1(a) and (b)) was much larger parallel 
then at slow scanning. This would be attributed to a slow 
heat conduction of resin region (D = 0.023 cm2 s-1) [13]. 
 

 (a)

100

1000

3000

40 100 1000 7000

M
a
xi

m
u
m

 t
h
ic

k
n
e
ss

 o
f 
H

A
Z
 L

 ／
μ

m

Laser irradiation time τ ／ μs   
 

 (b)

1

10

100

1000

3000

0.001 0.01 0.1 1 10 100 1000 10000

M
a
xi

m
u
m

 t
h
ic

kn
e
s
s 

o
f 
H

A
Z
 L

 ／
μ

m

Laser irradiation time τ ／ μs

Laser beam scanning speed v[m/s]：　3.6      0.5 0.2 0.1 0.05

 
 
Fig. 3 Maximum thickness L of thermally damaged region plotted 
as function of laser irradiation time τ .  Plots are for (a) microsec-
ond region and (b) nanosecond to microsecond region. Red line in 
both plots are fits using Eq. (2).  

Table 2 Maximum thickness of thermally damaged area 
in CFRP plates produced by laser irradiation at 
various laser scanning speeds. 

Scanning 
speed, v 

Laser irradiation 
time, τ 

Maximum thickness 
of thermally dam-

aged area, L 

3.6 m s-1 56 µs 180 µm 
0.5 m s-1 400 µs 

 

430 µm 
0.2 m s-1 1000 µs 770 µm 
0.1 m s-1 2,000 µs 1,100 µm 

0.05 m s-1 4,000 µs 1,900 µm 
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When Fig. 3(a) was extended to the nanosecond regime, 
L was reduced to about 10 µm for an irradiation time of 
100 ns [Fig. 3(b)]. If a scanning system 500 times faster 
with a high-peak-laser-power or a kW-class nanosecond 
pulsed laser was employed, the laser-cut trench would ex-
hibit a clean top and excellent sidewall quality, and the 
thermally damaged region would extend only tens of mi-
crometers from the trench. 
 
 
4. Summary 

We have analyzed thermal damage to CFRP in ambient 
air following multi-pass cutting with a CW near-IR laser. 
By exploring the damage using the heat penetration depth 
equation, a systematic analysis of laser beam scanning 
speed resulted in a good correlation between the laser irra-
diation time and the extent of damage near the sidewall. 
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