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Abstract
To explore the method of laser low-damage processing of carbon fiber-reinforced plastics (CFRP). The feasibility of reduc-
ing the thermal damage of CFRP by laser processing with a 450 W QCW fiber laser through a multi-pass strategy was 
investigated by the design of experiments (DOE) in this paper. The mechanism of material removal and heat-affected zone 
(HAZ) formation of laser processing CFRP were elucidated by experimental study and finite element analysis. The results 
show that HAZ formation can be effectively controlled by the pulsed mode with a multi-pass strategy (up to 7 cuts) and high 
cutting speed (up to 200 mm/s), with the minimum surface HAZ 19.5 μm. The low-power multi-pass strategy is conducive 
to the effective cooling of the internal kerf by the auxiliary gas, which avoids the thermal damage of the material caused by 
excessive heat accumulation, and the processing quality is improved. The finite element model shows that the temperature 
field distribution range is smaller when the laser is parallel to the axis of the carbon fiber, and a smaller HAZ and a larger 
groove width can be obtained. The HAZ will be formed when the removal of resin and carbon fiber is inconsistent. Finally, 
the statistics analyze the influence of process parameters on machining quality, and the process parameters are optimized 
and matched. This study provides a reference for low-damage laser processing of CFRP.
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1 Introduction

Carbon fiber-reinforced plastics (CFRP) are a new compos-
ite material with excellent mechanical properties. CFRP has 
high strength, high specific heat capacity, low density, and 
good wear resistance [1–3]. It has been widely used in many 
industrial applications, such as aerospace, defense, medical, 
and automotive industries [4]. CFRP often cannot meet the 
assembly requirements and requires secondary processing, 
such as cutting and punching. There are several challenges to 

cutting CFRP due to their anisotropy and excellent mechani-
cal properties. Traditional machining has the defects of 
severe tool wear [5, 6], material delamination [7, 8], and 
high cost [9], which hinder the further application of CFRP. 
In non-traditional machining, electrical discharge machining 
has low efficiency [10, 11], and abrasive water jet machining 
[12–14] will cause defects such as high surface roughness 
and material delamination. However, laser machining has 
the advantages of no tool wear, small kerf, high machin-
ing accuracy, high efficiency, and low cost, and it is widely 
used in material processing. Laser processing mainly real-
izes material removal by thermal effect. Unfortunately, ther-
mal damage is inevitable during processing. Some thermal 
defects [15–18] will be generated during CFRP laser pro-
cessing due to the anisotropy of CFRP, such as heat-affected 
zone, taper angle, and fiber terminal expansion.

To explore the methods of reducing thermal damage 
during laser processing CFRP, this paper summarizes the 
research progress of laser processing CFRP at home and 
abroad. There are mainly two aspects to effectively con-
trolling thermal damage. On the one hand, the auxiliary 
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cooling device is added during the laser processing pro-
cess to reduce the residual heat of processing. Tangwaro-
domnukun et al. [19] used a 30 W nanosecond pulsed fiber 
laser with a wavelength of 1064 nm to process CFRP with a 
thickness of 3 mm under a flowing water layer. The results 
showed that HAZ could be effectively reduced, and fiber 
terminal expansion could be improved through the flowing 
water layer. Kaakkunen et al. [20] researched jetted thin 
water layer-assisted femtosecond laser processing of silicon 
wafers. The results showed that the sprayed thin water layer 
could drive the processing debris away from the processing 
area, which improved the machining quality. Sun et al. [21, 
22] studied the effect of water jet-guided laser technology on 
the machining quality of CFRP. They found that the water-
jet-guided laser technology could quickly cool the inside of 
the kerf, and the HAZ was effectively reduced. Simultane-
ously, the cleanliness of the kerf could be improved by the 
impact of the water jet on the kerf [23, 24]. However, the 
structure of the device is complex. The water has a better 
cooling effect; however, water will absorb the laser energy 
and cause problems such as laser scattering, leading to a 
large loss of laser energy and reducing processing efficiency 
[22]. Most importantly, CFRP easily absorbs moisture dur-
ing processing, which decreases mechanical properties [25].

Studies have shown that gas-assisted lasers can avoid 
excessive loss of laser energy, which improves processing 
efficiency and obtains higher processing quality [26]. Sato 
et al. [27] conducted experiments on CFRP using high-
power pulsed fiber lasers. N2 and air assist on process qual-
ity were investigated, respectively. The results showed that 
HAZ could be effectively suppressed with  N2 assistance, and 
the cutting speed was increased by up to 10%. Negarestani 
et al. [28] used a nano-second pulsed diode-pumped solid-
state Nd:YAG with a wavelength of 1064 nm to cut CFRP 
with a thickness of 1.2 mm. It was found that mixing a small 
amount of oxygen in the inert gas could reduce fiber pull-out 
by up to 55% and have higher processing efficiency. How-
ever, oxygen only significantly affects the deep layers [29]. 
Unfortunately, when the cutting depth is deep, the cooling 
effect of the gas is limited due to the transport factor, and a 
larger HAZ will be produced.

On the other hand, shortening the interaction time 
between the laser and the material can avoid more material 
damage caused by heat accumulation. A pulsed laser can 
reduce the contact time between the laser and the material 
[30]. Schneider et al. [31] compared the effect of continu-
ous and pulsed lasers on the machining quality. They found 
that pulsed laser processing could achieve better machining 
quality at 100 m/min speeds. Li et al. [32] studied the hole 
quality of CFRP processed by fiber laser in continuous and 
pulsed modes, respectively. At the same time, the process 
parameters were optimized by statistics, which once again 
proved that the machining quality obtained was better with 

the pulsed laser. The shorter the pulse width, the better the 
processing quality. However, the output power of ultra-short 
pulse width lasers is low, resulting in low processing effi-
ciency [29].

Similarly, the interaction time between the laser and 
the material can be shortened by increasing the processing 
speed. Herzog et al. [33] used a 30KW CW fiber laser to cut 
CFRP with a thickness of 1.4 mm by single-pass and multi-
pass scanning techniques. The experimental results showed 
that the single-pass cutting speed was as high as 1.2 m/s, and 
the HAZ was expanded to 139 μm. While the multi-pass cut-
ting times were 16 times, the equivalent speed was 1.63 m/s, 
and the HAZ was reduced to 78 μm. C. Leone et al. [17] used 
a 150 W Nd:YAG pulsed laser to cut CFRP with a thickness 
of 1 mm at 10.8 mm/s, and the minimum HAZ was 170 μm. 
Li et al. [16] used a CW fiber laser to process CFRP. The 
smallest HAZ was obtained when the power was 650 W and 
the cutting speed was 1100 mm/min. When the multi-scan 
technique was used, processing efficiency was improved, and 
HAZ was also reduced, but the level of improvement of the 
HAZ was limited. This may be because the CW laser has no 
pulse-off time and relatively low cutting speed, resulting in 
a limited cooling effect, so there is still a large HAZ. Con-
sidering the analysis of the aforementioned works, there is 
a possibility for reducing HAZ through higher-power pulsed 
laser and high-speed processing.

With the continuous development of laser sources, the 
emergence of QCW fiber lasers provides new opportunities 
for the low-damage processing of CFRP. QCW fiber lasers 
can operate in both pulsed wave (PW) and continuous wave 
(CW) modes, and the peak power in pulsed mode is ten 
times higher than the average power. QCW fiber lasers can 
generate several kilowatts of peak power at low frequencies. 
Therefore, QCW lasers are very suitable for commercial pro-
cessing. However, the current research on QCW fiber laser 
cutting of CFRP is limited. There are few reports on using 
the pulsed mode of QCW lasers at high cutting speed and 
power for multi-pass strategies to study the methods and 
mechanisms for reducing thermal damage.

This work aims to study the material removal mechanism 
and effect of laser process parameters (laser power, laser 
frequency, cutting speed, and pulse width) on the processing 
of a 450 W QCW fiber laser to process CFRP laminates with 
a thickness of 1 mm. According to the DOE, the orthogonal 
experiment L16(44) was carried out, and the process param-
eters were optimized. The influence of process parameters 
on machining quality is analyzed statistically. The regression 
model between process parameters and machining quality is 
established. The effects of machining direction and cutting 
times on machining quality were compared. The mechanism 
of material removal and HAZ formation were analyzed by 
combining the experimental study and the finite element 
model (FEM). Finally, a method for controlling thermal 
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damage during QCW laser processing of CFRP is obtained. 
This study provides a reference for low-damage laser pro-
cessing of CFRP.

2  Workpiece material, experimental facility, 
and experiment strategy

2.1  Workpiece material

Cutting tests were performed on a CFRP laminate with a 
thickness of 1 mm. The unidirectional laminate with the lam-
ination structure of 0°/90° is composed of carbon fiber and an 
epoxy resin matrix. The schematic diagram of the structure is 
shown in Fig. 1. The single-layer thickness of CFRP is about 
0.15 mm, and there are seven layers in total. The material 
physical parameters of CFRP are shown in Table 1.

2.2  Experiment facility

The QCW fiber laser cutting head used in this paper is 
shown in Fig. 2, the QCW fiber laser welding/cutting inte-
grated machine (WCM-IQCW450) produced by Wuhan 
Rongke Laser Automation Co., Ltd. The laser adopts 
IPG quasi-continuous wave fiber laser (model: YLM-
450_4500-QCW). The peak power of the pulsed mode is 

several times that of the continuous mode. The energy is 
stable, and the photoelectric conversion efficiency is high. 
The basic parameters of QCW fiber laser are shown in 
Table 2, which can work in continuous and pulsed modes. 
The CFRP is clamped by the gripper and fixed to the stage 
surface on the mobile platform. In this paper,  N2 is used to 
assist the laser processing of CFRP with a gas pressure of 
0.5Mpa. The gas is coaxial with the laser. The main func-
tion of  N2 is to enhance the cooling effect of the machining 
area. The laser focus was focused on the upper surface of 
CFRP, and the distance between the bottom of the laser 
nozzle and the surface of CFRP was 0.9 mm.

a is the peak power of pulsed mode; b is the average 
power of continuous mode.

The high-speed camera PCO. dimax HD was used to 
capture the in situ dynamic processes of laser processing 
CFRP from the side, with an exposure time of 900us and 
a rate of 1000 frames per second. The OLYMPUS LEXT 
OLS4100 3D laser measuring microscope produced by 
Olympus is used to capture the topography of the work-
piece. The software associated with the microscope can 
display the specific data of the measurement position. 
Sandpaper with different roughness (P800, P1200, P2000) 
was used to polish the CFRP section. At the same time, the 
CFRP was cleaned by ultrasonic vibration in ethanol solu-
tion for 2 min, and the cross-sectional data was measured.

Fig. 1  The structure of CFRP. a The schematic diagram of CFRP structure. b The cross-section of CFRP

Table 1  Physical properties of 
CFRP

Index Epoxy resin Carbon fiber Units

Density 1200 1850 kg/m3

Thermal conductively 0.1 50 (along fibers) W/(m*K)
5 (perpendicular fibers)

Specific heat capacity 1884 710 J/(kg*K)
Vaporization temperature 698 3900 K
Latent heat 1000 43,000 kJ/kg
Volume fraction 30% 70% —

431The International Journal of Advanced Manufacturing Technology (2023) 124:429–447



1 3

2.3  Experiment strategy

This study investigated the effect of QCW fiber laser multi-
pass cutting at high speed on CFRP’s machining quality. 
The method of laser low-damage processing of CFRP 
was explored. The peak power can be adjusted by chang-
ing the laser power share (adjustable range 15–100%). 
Each groove is based on forming a continuous slit on the 
bottom surface of CFRP. No pause time is set between 
each cutting. Each process parameter in this experiment 
will be repeated four times to reduce the experimental 
error. Through the preliminary single-factor experimen-
tal exploration, it has been shown that the laser power 
(18–30%), laser frequency (1100–1400 Hz), cutting speed 
(140–200 mm/s), and laser pulse width (0.1–0.25 ms) can 
obtain better performance machining quality. When the 
laser share is 18%, 22%, 26%, and 30%, the correspond-
ing laser power is 810 W, 990 W, 1170 W, and 1350 W, 
respectively, as shown in Table 3. Therefore, four factors 

and four levels of orthogonal experiments were carried out 
for the above process parameters. The symbol of each fac-
tor is shown in Table 4, and the orthogonal experiment’s 
experimental results are shown in Table 5.

In this paper, factors that significantly affect the 
mechanical properties, such as surface HAZ, groove width, 
and section HAZ, are selected as the evaluation indicators 
of machining quality. The specific definitions are shown 
in Fig. 3. It is worth noting that the cross-section HAZ 
refers to the maximum HAZ value of the cross-section in 
this paper. At the same time, this paper uses the cutting 
times as one of the results because the cutting times can 
reflect the depth of a single cut. The more cutting times, 

Fig. 2  The diagram of laser 
processing. a The laser cutting 
head. b The schematic diagram 
of QCW fiber laser processing 
CFRP

Table 2  Characteristics of QCW fiber laser system

Characteristics Symbols Values Units

Wavelength � 1064 nm
Peak laser  powera Pmax 4500 W
Nominal average  powerb Pa 450 W
Pulse width � 0.1–50 ms
Single pulse energy E  ≤ 45 J
Focused spot radius rb 50 μm
Pulse frequency f 0–2000 Hz
Scanning speed V 0–200 mm/s
Mode of operation — CW/PW —
Beam parameter product BPP 2–3 mm × rad
Power consumption — 2.5 kW

Table 3  Factors and adopted values for the orthogonal test

The bold entries are the optimized process parameters. The laser 
parameters used in the finite element model are the parameters in 
bold

Factors Values

Level 1 Level 2 Level 3 Level 4

Peak laser power (W) 810 990 1170 1350
Laser frequency (Hz) 1100 1200 1300 1400
Cutting speed (mm/s) 140 160 180 200
Pulse width (ms) 0.1 0.15 0.2 0.25

Table 4  The symbol of each factor

Factors Symbol Factors Symbol

Laser power P
max

Surface HAZ HAZ_S
Laser frequency f Groove width G_w
Cutting speed V Cross section HAZ HAZ_C
Pulse width � Cutting times C_t

Depth heat width ratio D_h_w
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the shallower the single cutting depth, related to the pro-
cessing efficiency.

3  Simulation model

3.1  Geometric model and FE model

In order to deeply analyze the mechanism of laser processing 
CFRP, the 3D model of laser processing CFRP was estab-
lished by finite element software, as shown in Fig. 4a. The 
geometry of the model is 380 × 116 × 35 μm, the black-gray 
cylinders with a diameter of 10 μm represent carbon fiber 
tows, and the gray areas represent the resin matrix. Since 
both CFRP and heat source have symmetry, the symmetry 
plane is considered. The purpose is to reduce the compu-
tational cost without affecting the calculation results. The 
minimum mesh size of the FEM is 0.1 μm. The process 
parameters of the simulation are the optimized and matched 
process parameters, as shown in bold values in Table 3.

3.2  Procedure and assumptions

The process of laser processing CFRP is very complex, 
involving many mechanisms, which makes the calculation of 
laser processing CFRP very difficult. Therefore, it will make 
reasonable assumptions to simplify the model in this paper:

(1) Carbon fibers are evenly distributed in the resin matrix.
(2) The influence of oxidation on the temperature rise pro-

cess of the material is not considered.

(3) When the temperature of carbon fiber and resin reaches 
the evaporative phase transition temperature, respec-
tively, it is considered that this part of the material is 
removed.

(4) The physical parameters of the material are constant 
and do not change with temperature.

In addition, when the material temperature rises to the 
evaporation phase transition temperature and is removed, 
the removed material no longer absorbs laser energy.

3.3  Governing equation and boundary conditions

In this study, we consider that all the laser energy absorbed 
by the material will be converted into heat. Therefore, the 
governing equation is only a time-dependent heat con-
duction equation. An implicit interface layer model was 
established to simulate the carbon fiber and resin inter-
face. An interface layer material with no actual thickness 
was added between the resin matrix and the carbon fiber 
(the thickness of the representative geometric was set to 
0.01 μm). Romoli et al. [35] measured the laser absorption 
rate of epoxy resin. It was found that with the increase 
of laser wavelength, the absorptivity of epoxy resin on 
laser decreased gradually. When the laser wavelength is 
between 1000 and 1100 nm, the absorption rate of the 
resin is extremely low and can be ignored. In the FEM of 
this paper, the laser energy is only absorbed by the carbon 
fiber due to the laser wavelength used being 1064 nm. At 
the same time, the pulse width of the QCW fiber laser is at 

Table 5  The experimental results of orthogonal experiment

Experimental 
serial number

P
max

f V � HAZ_S (μm) G_w (μm) HAZ_C (μm) D_h_w (1/μm) C_t (-)

1 810 1100 140 0.10 19.500 109.000 114.250 0.080300323 6
2 810 1200 160 0.15 17.000 152.000 176.250 0.037327361 3
3 810 1300 180 0.20 27.125 173.250 218.500 0.026416502 3
4 810 1400 200 0.25 30.875 191.500 224.125 0.023299195 2
5 990 1100 160 0.20 34.375 173.750 175.250 0.032841060 2
6 990 1200 140 0.25 45.000 221.250 252.000 0.017935611 2
7 990 1300 200 0.10 21.000 147.500 140.500 0.048253815 5
8 990 1400 180 0.15 26.000 183.000 221.875 0.024628646 3
9 1170 1100 180 0.25 44.500 208.000 213.250 0.022544864 2
10 1170 1200 200 0.20 44.000 165.750 166.375 0.036262554 2
11 1170 1300 140 0.15 32.375 214.500 217.750 0.021409895 2
12 1170 1400 160 0.10 17.625 167.250 188.000 0.031803581 4
13 1350 1100 200 0.15 23.000 202.000 167.500 0.029555194 3
14 1350 1200 180 0.10 20.375 176.500 143.875 0.039379478 4
15 1350 1300 160 0.25 44.125 265.500 225.250 0.016721324 1
16 1350 1400 140 0.20 69.667 285.000 348.625 0.010064602 2
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the millisecond level, which is much larger than the vibra-
tion time of the material lattice. Therefore, the classical 
heat conduction equation can be used to describe QCW 
fiber laser processing of CFRP [36]:

where � is the density of the material, C is specific heat 
capacity of the material, Q is heat source (laser heat source 
in this paper), T  is the temperature of a point (x, y, z) of the 
material, and kx , ky , and kz are the components of thermal 
conductivity k in x-, y-, and z-directions, respectively.

The pulsed laser mode is used to process CFRP, and 
the distribution in time can be described by the following 
equation:

where � is pulse width of laser, 1 means the laser pulse is 
on, 0 means the laser pulse is off, and t is time in seconds.

Since laser processing mainly removes materials by 
thermal effect, the laser is equivalent to a heat source con-
forming to a Gaussian distribution in this paper, as shown 

(1)kx
�
2T

�t
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2T

�t
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2T
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+ Q = �C

�T

�t

(2)g(t) =

{

1, t ≤ �
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in Fig. 4b. The distribution of laser in time and space is as 
shown in Eq. (3):

where q is the laser power density, Pmax is the peak laser 
power, V0 is the moving speed of the center of the laser 
source along the x-axis, y0 is the y-axis coordinate of the 
center of the laser source, r

b
 is the radius of laser, �m is the 

absorption coefficient of the laser, and R is reflectivity of 
the material.

To ensure the uniqueness of the solution, the following 
boundary conditions need to be set, as shown in Eq. (4), 
(5), (6):
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Fig. 3   The influence of different process parameters on machining quality. a, b The optimal group of the orthogonal experiment. c, d The opti-
mal group of the range method

Fig. 4   The model of finite ele-
ment. a The model of finite ele-
ment and the diagram of local 
mesh. b The model of Gaussian 
heat source
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where TO is initial temperature, and its value is 300 K. ho 
is convective heat transfer coefficient, � is emissivity, � is 
Stefan-Boltzmann constant, and its value is 5.67 ×  10−8 W/
(m^2*K^4). The laser irradiation surface is forced convec-
tion heat transfer, and the boundary conditions of other 
material surfaces are natural heat convection. Equation (6) 
is the interface continuity condition, as shown in Fig. 5.

4  Results and discussion

4.1  The temperature field behavior of laser ablation 
CFRP

When the laser irradiates the CFRP, the carbon fiber 
quickly absorbs the laser energy and excites the lattice 
vibration, and the laser energy is converted into heat 
energy. Finally, the temperature of the CFRP is increased 
to the evaporation phase transition temperature, as shown 
in Fig. 6a. Since this study only considers the absorption 
of laser energy by carbon fiber, the whole temperature of 
CFRP is determined by the energy absorbed by carbon 

fiber. The temperature of the carbon fiber determines the 
temperature of the resin; that is, the temperature of the 
resin does not affect the maximum temperature of CFRP. 
Therefore, it is acceptable to continue increasing the tem-
perature after the resin temperature reaches the tempera-
ture of the evaporative phase transition.

The cross-sectional temperature field distribution of 
laser processing CFRP is shown in Fig. 6a. In this study, 
the QCW fiber laser used is a Gaussian distribution in 
space, as shown in Fig. 4b. It can be seen that the tem-
perature distribution range of the cross-section decreases 
from top to bottom, which is consistent with the process-
ing characteristics of the cross-section in the experiment, 
which is wide at the top and narrow at the bottom, as 
shown in Fig. 7e and Fig. 8e. In order to explore the rea-
sons for the formation of HAZ during laser processing, 

the temperature distribution ranges of carbon fiber (line 
A in Fig. 6a) and resin (line B in Fig. 6a) in the x-axis 
direction at 0.1 ms were extracted. At the same time, 
the temperature distribution range diagram is shown in 
Fig. 9a. It can be seen from Table 1 that the latent heat of 
phase transition and evaporation temperature of resin are 
much lower than those of carbon fiber. The evaporative 
phase transition temperature of the resin is 698 K, and 
carbon fiber’s evaporative phase transition temperature is 
3900 K. Therefore, the resin is easy to be removed dur-
ing laser processing CFRP. When the temperature of the 
material exceeds the evaporative phase transition tempera-
ture, the material will be removed. It can be seen from 
Fig. 9a and b that the temperature of the resin has a larger 
range to reach the evaporative phase transition tempera-
ture. In comparison, the temperature of the carbon fiber 
has a smaller range to reach the evaporative phase transi-
tion temperature. This will lead to the phenomenon that 
a large amount of resin is removed and the carbon fibers 
are retained, as shown in Fig. 6b. Due to the inconsistent 
removal of carbon fiber and resin, HAZ will be formed, 

Fig. 5  The interfacial continuity conditions for heterogeneous materi-
als

Fig. 6  The result of laser processing CFRP: (a) the temperature distribution characteristics of CFRP when the time is 0.1 ms; (b) the schematic 
diagram of CFRP removal section; (c) the loose image of carbon fiber
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as shown in Fig. 7 and Fig. 8. The carbon fibers become 
loose due to the lack of resin binding, as shown in Fig. 6c. 
As the carbon fiber becomes loose, the mechanical proper-
ties of CFRP are greatly reduced, which seriously affects 
the performance of CFRP, which is one of the factors that 
reduce the machining quality.

Since the FEM is symmetric about the x–z plane, the 
y-axis data was extracted to draw the temperature distri-
bution range diagram of half the temperature distribution 
range of carbon fiber (line C in Fig. 6a) and resin (line D in 
Fig. 6a) at 0.1 ms, as shown in Fig. 9b. It can be seen from 
Fig. 9b that the maximum temperature of carbon fiber and 
resin gradually decreases as the distance from the center of 
the spot is farther. The resin temperature fluctuates near the 
center of the spot, as shown in Fig. 9b. This is because the 
carbon fiber is cylindrical, and the wave peak and wave val-
ley positions are different from the carbon fiber, as shown 
in Fig. 9b. The wave peak is closer to the carbon fiber and 
can transfer more heat. Therefore, the temperature of the 
wave peak is higher. However, the distance between the wave 
valley and the carbon fiber is farther. Due to the small ther-
mal conductivity of the resin, the heat conduction is limited 
when the distance is farther. Therefore, it is reasonable that 
the resin’s temperature at the wave valley is lower than its 
temperature at the wave peak position. It can be seen from 
Fig. 9a and b that the temperature along the y-axis reaches 
the evaporation phase transition temperature of the carbon 
fiber which is larger than the x-axis. A larger groove width 
will be obtained when the cutting direction is parallel to the 
carbon fiber axis (the laser moves along the x-axis). This is 
because the radial thermal conductivity of carbon fiber is 
smaller than the axial thermal conductivity, which is more 
likely to cause heat accumulation and cause more material 
to be removed. This is consistent with the phenomenon of 

larger groove widths obtained when the cutting direction is 
parallel to the carbon fiber axis shown in Fig. 10b.

Similarly, the temperature range along the x-axis to the 
evaporative phase transition temperature of the resin is larger 
than the y-axis. A larger HAZ will be obtained when the 
cutting direction is perpendicular to the carbon fiber axis 
(the laser moves along the y-axis). It is because of the dif-
ference in the thermal conductivity of composite materials. 
Heat is more easily conducted along the carbon fiber axis, 
which will cause more resin to be removed, resulting in a 
larger HAZ. This is consistent with the phenomenon that 
the HAZ is larger when the cutting direction is perpendicu-
lar to the carbon fiber axis shown in Fig. 10a. As a result, 
it can be known from the simulation results that when the 
laser cutting direction is parallel to the carbon fiber axis, 
the thermal damage generated during the laser processing 
can be reduced.

Since the carbon fiber and the resin are in close contact, 
when the temperature of the carbon fiber increases, it will 
conduct heat energy to the resin, thereby causing the temper-
ature of the resin to increase. For the thermal conductivity of 
inhomogeneous materials, different material regions satisfy 
the thermal conductivity differential equation, respectively. 
Since there is a step-change in the thermal conductivity of 
carbon fiber and resin, it is necessary to satisfy the continu-
ity condition at the interface where the two materials are in 
contact, as shown in Eq. (6). Since the temperature of the 
resin is raised by the heat conduction of the carbon fiber, 
the maximum temperature of the resin is always lower than 
that of the carbon fiber during the processing, as shown in 
Fig. 9a and b.

(7)� =

(

1 −
v

d × f

)

× 100%

Fig. 7  The effect of parallel car-
bon fiber axis to machining: a–d 
the surface machining quality; 
e–h the cross-section machining 
quality
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where � , v , d, and f  are the spot overlap ratio, cutting speed, 
spot diameter, and laser frequency, respectively.

According to Eq.  (7), by substituting the values in 
Table 3, it can be calculated that the light spots between two 
adjacent pulses do not overlap and have a certain distance. 
On the one hand, the heat accumulation can be reduced, 
and the machining efficiency can be improved due to the 
non-overlapping light spots. On the other hand, the non-
overlapping of the light spots may reduce the processing 
quality, which is related to the cutting direction of the laser. 
When the cutting direction is parallel to the carbon fiber axis 
(the laser moves along the x-axis), the islands (part of the 
material that cannot be removed due to no laser irradiation) 
formed between the two pulses will have more resin removed 
under the rapid heat conduction of carbon fiber. It makes 
the mechanical properties of the islands severely reduced. 
At the same time, since the cutting direction is parallel to 
the axial processing of the carbon fiber, the carbon fiber in 
the island is incomplete and belongs to the broken carbon 
fiber, as shown in Fig. 11a. Therefore, the islands formed 
between the two pulses will be destroyed by the strong pres-
sure shock of the material vapor and auxiliary gas. It will 
produce a large amount of fiber ablation debris, as shown in 
Fig. 12a. This will form a continuous, smooth kerf, as shown 
in experimental Fig. 7a–d. Therefore, the machining quality 
and machining efficiency are improved. However, when the 
cutting direction is perpendicular to the carbon fiber axis 
(the laser moves along the y-axis), less resin is removed 
from the islands formed between the two pulses, and good 
mechanical properties are retained. At the same time, due 
to the particularity of the processing direction, the carbon 
fibers in the islands are not completely broken, and only a 
small part of the carbon fibers on the surface are completely 
cut off under the heat accumulation, as shown in Fig. 11b. 
Therefore, the island cannot be completely destroyed under 
the action of material vapor and auxiliary gas. Therefore, no 
obvious fiber ablation debris will be produced during pro-
cessing, as shown in Fig. 12b. This will result in a discon-
tinuous kerf, which appears to be jagged, and the machin-
ing quality is reduced, as shown in experimental processing 
Fig. 7a–d.

The temperature field model shows that both the resin and 
the carbon fiber reach the evaporative phase transition temper-
ature under the action of a single pulse, as shown in Fig. 9a and 
b. Meanwhile, the temperature of CFRP remains at phase tran-
sition temperature until the end of the pulse width. It means 
that the QCW fiber laser can achieve material removal with a 
single pulse. Surprisingly, it is consistent with the phenomenon 
that a single pulse can cause pulsed holes and achieve material 
removal when the cutting time is 1, as shown in Fig. 8a. Con-
sequently, the conclusion obtained from the above temperature 
field model is consistent with the actual machining phenom-
enon. Based on the above analysis, it can be seen that the FEM 

established in this paper can qualitatively reflect the response 
behavior of QCW fiber laser processing CFRP.

4.2  The results of ANOVA and main effect

In order to better evaluate the machining quality, it intro-
duces a new parameter for evaluating the machining qual-
ity in this study, named the depth-heat-width ratio α.

where l,d, and h are groove depth, groove width, and the 
cross-section HAZ maximum, respectively.

It can be seen that Eq. (8) introduces the heat-affected 
zone factor based on aspect ratio. As we all know, the 
larger the aspect ratio, the better the machining quality. 
As for the machining quality, the smaller the value of the 
HAZ, the better the machining quality. The α is in the 
denominator. Therefore, the larger the α value, the bet-
ter the machining quality. The cutting times are studied 
when analyzing the main effect in this paper. Since the 
multi-pass strategy is used to experiment in this study, the 
cutting times also represent the groove depth of a single 
cutting. The fewer the cutting times, the greater the single 
cutting depth and the higher the machining efficiency. It 
reflects the higher machining efficiency.

The statistical analysis demonstrated that a certain con-
trol factor of the experiment is significant at a confidence 
level of 95% (P-value < 0.05). The significant controls for 
machining quality in Table 6 are shown in bold. It can 
be seen from the machining quality evaluation indicators 
considered in this study that the laser power has a sig-
nificant effect on the groove width but has no significant 
effect on other quality evaluation indicators. Cutting speed 
and laser frequency had no significant effect on all quality 
evaluation indicators. The laser pulse width significantly 
affects the groove width and the cutting times, but it has no 
significant effect on the HAZ and depth-heat-width ratio. 
The conclusions of this paper are closely related to the 
range of process parameters.

Simultaneously, the main effect of each process param-
eter on the machining quality was analyzed by the range 
method, as shown in Fig. 13. The abscissa is the process 
factor, and the ordinate is the machining quality evalua-
tion indicator. In Fig. 13a, it can be concluded that the 
influence of various process factors on the surface HAZ 
is ranked as follows: pulse width > laser power > cut-
ting speed > laser frequency. In Fig. 13b, it can be con-
cluded that the influence of various process factors on the 
groove width is ranked as follows: laser power > pulse 
width > laser frequency > cutting speed. In Fig. 13c, it can 
be concluded that the influence of various process fac-
tors on the cross-section HAZ is ranked as follows: pulse 

(8)� =
l

d × h
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width > laser frequency > cutting speed > laser power. In 
Fig. 13d, it can be concluded that the influence of vari-
ous process factors on the cutting times (the cutting times 
reflects the depth of the single cut) is ranked as follows: 
pulse width > laser power > cutting speed = laser fre-
quency. In Fig. 13e, it can be concluded that the influence 
of various process factors on the depth heat width ratio 
is ranked as follows: pulse width > laser frequency > laser 
power > cutting speed. These conclusions are consistent 
with that of the analysis of variance.

From the ranking of the main effect of each process 
parameter on the machining quality, it can be seen that 
the influence of pulse width on each quality factor is the 
most important. This may be related to the interaction 
time between the laser and the material. Because the larger 
the pulse width, the more time the laser interacts with the 
material. Therefore, the cooling time is reduced, and it is 

easy to cause heat accumulation of the material, resulting 
in greater thermal damage. In the evaluation indicators of 
machining quality, the smaller surface HAZ, cross-section 
HAZ, the groove width, and the larger the depth-heat-width 
ratio, the better the machining quality. The fewer cutting 
times, the higher the machining efficiency. According to 
the changing trend of the main effect graph in Fig. 13, the 
smaller the pulse width, the better the machining quality 
can be obtained. Without considering the machining effi-
ciency, better machining quality can be obtained by shorter 
pulse width, lower power, higher cutting speed, and lower 
frequency. Since the depth-heat-width ratio can reflect the 
machining quality more comprehensively, the study mainly 
discusses the influence of process parameters on the depth-
heat-width ratio.

It can be seen from Fig. 13e that the α value gradually 
increases as the laser power, laser frequency, and pulse width 

Table 6  ANOVA results for surface HAZ, groove width, cross-section HAZ, cutting times, and depth-heat-width ratio

The bold entries are the control factor has a significant impact on response factor

Response factor Control factor DF Adj SS Adj MS F-value P-value R-squared

Surface HAZ Laser power (W) 3 520.174 173.391 2.206 0.266 0.922
Laser frequency (Hz) 3 78.534 26.178 0.333 0.805
Cutting speed (mm/s) 3 471.215 157.072 1.999 0.292
Pulse width (ms) 3 1719.927 573.309 7.295 0.068
Residual 3 235.772 78.591
Total 15 19,701.600

Groove width Laser power (W) 3 11,947.512 3982.504 19.663 0.018 0.979
Laser frequency (Hz) 3 3153.605 1051.202 5.190 0.105
Cutting speed (mm/s) 3 2017.230 672.410 3.320 0.175
Pulse width (ms) 3 10,737.980 3579.327 17.673 0.021
Residual 3 607.605 202.535
Total 15 604,450.063

Cross section HAZ Laser power (W) 3 3012.597 1004.199 0.887 0.538 0.924
Laser frequency (Hz) 3 13,490.558 4496.853 3.971 0.144
Cutting speed (mm/s) 3 7282.370 2427.457 2.144 0.274
Pulse width (ms) 3 17,689.940 5896.647 5.208 0.104
Residual 3 3396.995 1132.332
Total 15 682,225.203

Cutting times Laser power (W) 3 2.750 0.917 3.667 0.157 0.971
Laser frequency (Hz) 3 0.750 0.250 1.000 0.500
Cutting speed (mm/s) 3 0.750 0.250 1.000 0.500
Pulse width (ms) 3 20.750 6.917 27.667 0.011
Residual 3 0.750 0.250
Total 15 158.000

Depth heat width ratio Laser power (W) 3 0.001 0.000 1.800 0.321 0.901
Laser frequency (Hz) 3 0.001 0.000 1.942 0.300
Cutting speed (mm/s) 3 8.983E-5 2.994E-5 0.229 0.871
Pulse width (ms) 3 0.002 0.001 5.164 0.105
Residual 3 0.000 0.000
Total 15 0.020
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decrease. It means that the machining quality gradually 
increases with the decrease of the three process parameters. 
This is because reducing the three process parameters can 
reduce the laser energy absorbed by the material per unit of 
time. The cutting speed shows a trend of decreasing first and 
then increasing, showing a maximum value when the speed 
is 200 mm/s. The reason may be based on the cut penetra-
tion in this study. The depths of all orthogonal experimental 
groups are consistent. Therefore, the α value is determined 
by the groove width and the cross-section HAZ. It can be 
known from Eq. (8) that the α value is the reciprocal of 
the product of the groove width and the cross-section HAZ, 
and the larger the α value, the better the machining quality. 
According to Fig. 13e, it can be seen that the optimal process 
parameter combination when only considering the α-value is 
as follows: the pulse width, laser frequency, laser power, and 
cutting speed are 0.1 ms, 1100 Hz, 810 W, and 200 mm/s, 
respectively. However, the optimal level combination in the 
sixteen groups of orthogonal experiments is as follows: the 
pulse width, laser frequency, laser power, and cutting speed 
are 0.1 ms, 1100 Hz, 810 W, and 140 mm/s, respectively. 
There is only a speed difference with the optimal combina-
tion obtained by the range method. When the cutting speed 
is lower, the interaction time between the laser and the mate-
rial is longer. The material absorbs more laser energy, so 
the number of cutting repetitions becomes less, but it will 
increase the residual heat of processing, and a larger HAZ 
is formed. When the cutting speed is higher, the interac-
tion time between the laser and the material is shorter, and 
the laser energy absorbed by the material is less. Therefore, 
the residual heat of processing is reduced, and a smaller 
heat-affected zone is formed. Consequently, the HAZ gener-
ated during processing can be effectively reduced by using 
high-cutting speed processing. However, the cutting times 
increase as the cutting speed increases, which will cause the 

CFRP to absorb energy repeatedly, and the groove width is 
increased. Therefore, when the speed increases, the α value 
first decreases and increases.

In this study, the machining quality of CFRP with a thick-
ness of 1 mm was compared between the optimal experimental 
group and the optimal group of the range method. The experi-
mental results show that compared with the optimal experi-
mental group, the optimal group of the range method is as fol-
lows: The cutting times increased by up to 1, the groove width 
increased by up to 5.28%, the cross-section HAZ decreased 
by up to 7.88%, and α value increased by up to 3.11%. The 
experimental effect is shown in Fig. 3a–d. The surface HAZ 
of the optimal experimental group was 19.5 μm. Since the α 
value is mainly considered in this study, the following experi-
ments are carried out using the optimal group of the range 
method (the pulse width, laser frequency, laser power, and 
cutting speed are 0.1 ms, 1100 Hz, 810 W, and 200 mm/s, 
respectively). When the cutting speed increases, since the laser 
energy absorbed by the material is reduced, the cutting times 
will be increased to achieve the material being cut through. 
This will cause the surface material to absorb laser energy 
multiple times, and the material removal and the groove width 
are increased. The inside of the kerf is effectively cooled, and 
the residual heat of processing is reduced. Consequently, the 
cross-section HAZ is reduced. Since the reduction of the 
cross-section HAZ is greater than the increase of the groove 
width, the α value increases. A better machining quality can 
be obtained by increasing the cutting speed.

It can be seen from Fig. 3a and c that the cutting kerf of 
the optimal experimental group is smoother than that of the 
optimal group of the range method. This is because the optimal 
experimental group and the optimal group of the range method 
are only different in speed. When the cutting speed increases 
and the laser frequency remains the same, the spot overlap rate 
will decrease, reducing the smoothness of the cutting kerf.

Fig. 8  The effect of perpendicu-
lar carbon fiber axis to machin-
ing: a–d the surface machining 
quality; e–h the cross-section 
machining quality
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In order to estimate the influence of laser parameters on 
processing quality, the expression between input parameters 
and output parameters can generally be deduced through 
regression analysis. This paper conducted second-order 
polynomial regression analysis for the nonlinear relationship 
between process parameters and machining quality. In regres-
sion analysis, the response function is designed for all input 
variables and residuals, as described in Eq. 9.

where u(1,2,3,…,n) represents n observations in the experi-
ment. The  xiu represents the level of the ith factors in uth 
observations. The response function is denoted by f and er 
is the residual.

In general, a second-order polynomial regression model for 
the output variable can be represented by the following.

K represents the total number of factors (4 factors in this 
paper). The �0 is the intercept coefficient. The �i , �ii , and 
�ij stands for linear, quadratic, and interactive interactions, 
respectively.

In this paper, the regression equations of groove width, 
cross-section HAZ, and depth to heat-to-width ratio and pro-
cess parameters can be expressed:

(9)y = f (x1u, x2u, x3u, ......, xiu) + er
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The data brought into Table 5 can be used to calculate the 
respective coefficient values, as shown in Table 7.

It can be seen from Fig. 14 that the regression model is in 
good agreement with the experimental data. In the regres-
sion equation, R2 for groove width, cross-section HAZ, and 
depth to heat-to-width ratio are 0.999, 0.962, and 0.993, 
respectively. It shows that the regression model established 
in this paper has high accuracy.

4.3  The influence of multiple cutting in different 
cutting directions on machining quality

In this study, the optimal group of the range method is used 
to compare the influence of cutting times and cutting direc-
tion on the machining quality, as shown in Fig. 10. The cut-
ting direction refers to the included angle between the laser 
cutting direction and the axial direction of the first layer of 
carbon fiber. When the included angle is 0°, the laser cutting 
direction is parallel to the axial direction of the first layer of 
carbon fibers. On the contrary, when the included angle is 
90°, the laser cutting direction is perpendicular to the axis of 
the first layer of carbon fibers. When the laser cutting direc-
tion is parallel to the axial direction of the carbon fiber, it 
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Fig. 9   The temperature 
distribution range of different 
directions: a the temperature 
distribution of x-axis; b the tem-
perature distribution of y-axis
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Fig. 10  The influence regular of cutting times on machining quality: a the surface HAZ; b the groove width; c the groove depth; d the cross-
section HAZ; e the depth-heat-width ratio

Table 7  Values of the coefficients of the regression equation

Factors Value Factors Value Factors Value

α0  − 7,127,331.48830607 β0 6,306,091.97469257 γ0  − 19,927.176337692
α1 4065.63856502319 β1  − 3596.89804488975 γ1 11.3658697176146
α2 1920.2329489058 β2  − 1700.4227661706 γ2 5.36885329651206
α3 66,547.2233200787 β3  − 58,874.3050851043 γ3 186.075419009859
α4  − 19,597,920.539415 β4 17,345,905.6135629 γ4  − 54,806.6902407389
α5  − 1.99234199911752 β5 1.76331858933811 γ5  − 0.00557175275695106
α6 0.331451016271244 β6  − 0.291777401613402 γ6 9.25736311886384E-4
α7  − 82.7612360204151 β7 73.249820921449 γ7  − 0.231437992298991
α8 11,917,355.8439375 β8  − 10,547,692.9181876 γ8 33,328.5749925402
α9  − 0.000688362654578385 β9 5.54461251607064E-6 γ9 3.09569318694377E-7
α10  − 0.0024921879729186 β10  − 0.00170254423417485 γ10 5.4716137635804E-7
α11 0.583628065832223 β11  − 0.308244499789536 γ11 9.07953403839581E-5
α12  − 29.7973119042851 β12 26.3573095276069 γ12  − 0.0833175824045581
α13 13,242.728779262 β13  − 11,718.2447128028 γ13 37.0309649488496
α14  − 6628.61473853685 β14 5849.59859867775 γ14  − 18.5132919097541

to the simulation results in Section 4.1, when the laser cut-
ting direction is parallel to the carbon fiber axial process-
ing, it can be seen that the resin removal amount will be 
greater than the carbon fiber removal amount, resulting in 
the formation of HAZ and the exposed carbon fiber. As the 
number of cuts increases, the exposed carbon fibers repeat-
edly absorb the laser energy to form heat accumulation and 
are removed. As a result, as the number of cuts increases, 

only takes seven times to cut through the CFRP. Therefore, 
the maximum cutting times is seven in this paper.

Figure 10a and b shows that as the cutting times increases, 
a smaller surface HAZ and a larger groove width can be 
obtained by the laser cutting direction parallel to the carbon 
fiber axis. This may be related to the fact that the laser has 
a Gaussian distribution in space; that is, the farther away 
from the center of the spot, the lower the energy. According 
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the groove width keeps increasing. At the same time, the 
scattered material on the edge of the groove is gradually 
removed, which will make the kerf smoother. However, the 
radial thermal conductivity of carbon fibers is small, and the 
heat transfer range is limited. The surface HAZ generated 
during processing is limited, and the increased groove width 
indicates that more carbon fibers are removed. Accordingly, 
a multi-pass strategy can reduce the surface HAZ when the 
laser cutting direction is parallel to the carbon fiber axis.

In contrast, when the laser cutting direction is perpen-
dicular to the carbon fiber axis, the surface HAZ gradually 
increases, but the increase in the groove width is small. As 
the cutting times increase, the CFRP repeatedly absorbs 
the laser energy, resulting in more material being removed. 
Inversely, the axial thermal conductivity of carbon fiber is 
greater than the radial thermal conductivity. When the laser 
cutting direction is perpendicular to the carbon fiber axis, 
more laser energy will be transferred to the resin around 
the processing area, resulting in more resin being removed. 
Therefore, the surface HAZ is larger. This phenomenon is 
consistent with the simulation in Sect. 4.1, showing that 
resin removal temperature ranges larger when the laser cut-
ting direction is perpendicular to the carbon fiber axis. With 
the increase in cutting times, more resin will be removed 
from the surface under the rapid thermal conductivity of 
carbon fiber, so the surface HAZ continues to increase. Due 

to the insufficient energy of the irradiated laser edge for 
the groove width, less heat accumulation is formed under 
the effect of rapid thermal conduction of the carbon fiber. 
Accordingly, as the cutting times increase, the amount of 
carbon fiber removed gradually decreases, and the increase 
in groove width is smaller, as shown in Fig. 10b.

It can be seen from Fig. 10c and d that both machining 
directions show that with the increase in cutting times, the 
groove width and the cross-section HAZ gradually increase. 
This is related to the abovementioned repeated absorption of 
laser energy by CFRP. With the increase in cutting times, 
the material inside the slit continuously absorbs the laser 
energy, increasing heat accumulation so that more material 
reaches the removal temperature and is removed. Therefore, 
the groove depth continues to increase. However, the laser 
focus is focused on the CFRP surface. As the groove depth 
increases, the laser energy absorbed by the material inside the 
slit will gradually decrease, decreasing the amount of material 
removed during each cut. Therefore, the increase in the groove 
depth tends to decrease. Unfortunately, the cooling effect of 
the assist gas is limited as the groove depth increases. When 
the material inside the slit repeatedly absorbs the laser energy, 
heat accumulation will be formed inside the slit, causing more 
resin to be removed under the rapid heat conduction of the 
carbon fiber. Therefore, as the increase of cutting times, the 
cross-section HAZ will continue to increase. When the laser 

Fig. 11  The schematic diagram of island removal formed by different cutting directions. a The parallel carbon fiber axial machining. b The per-
pendicular carbon fiber axial machining

Fig. 12  The effect of cutting 
direction on the machining pro-
cess: a the parallel the carbon 
fiber axis to machining; b the 
perpendicular the carbon fiber 
axis to machining
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cutting direction is parallel to the axial direction of the car-
bon fiber, the groove width can be larger, which enhances the 
cooling effect inside the slit. Consequently, a multiple-pass 
strategy can obtain a smaller cross-section HAZ when the 
laser cutting direction is parallel to the carbon fiber axis.

Figure 10e shows the regular variation of α under differ-
ent cutting times and machining directions. The α is deter-
mined by the groove depth, width, and cross-section HAZ. 
When the cutting times is one, the α value is larger by the 
laser cutting direction perpendicular to the carbon fiber axis, 
indicating better machining quality. This is related to the 
larger cross-section HAZ formed by laser processing paral-
lel to the carbon fiber axis when the cutting times is one. It 
can be seen from Fig. 10c that when the cutting times is one, 
the groove depth can reach the second layer of CFRP. It can 
be seen from Fig. 1 that compared with the laser processing 
perpendicular to the carbon fiber axis, when the laser cut-
ting direction is parallel to the carbon fiber axis, the thermal 
conductivity of the second layer along the two sides of the 
slit is greater. Therefore, more heat will be transferred to 
both sides of the kerf, causing more resin to be removed, 
resulting in a larger cross-sectional HAZ. When the cut-
ting times are seven, the α value is larger when the laser 
cutting direction is perpendicular to the carbon fiber axis. 
This is mainly related to the size of the groove width, and 

the other indicators are almost the same. Therefore, when 
the cutting times are one and seven, the laser cutting direc-
tion is perpendicular to the carbon fiber axial direction that 
can obtain better machining quality. A larger α value can be 
obtained when the laser cutting direction is parallel to the 
carbon fiber axis when the cutting times are three. This is 
mainly related to the smaller cross-sectional HAZ obtained 
by the laser cutting direction parallel to the carbon fiber 
axis. When the cutting times are five, the machining quality 
of the two processing directions is almost identical. This is 
because α is jointly determined by the groove width, depth, 
and cross-section HAZ caused by multiple factors Fig. 7.

Consequently, compared with the thermal damage 
produced by literature [17], the minimum cross-section 
HAZ produced by laser cutting is 105 μm when the cut-
ting speed used is as high as 200 mm/s in this study, which 
is reduced by 38%. Although literature [16] has different 
ways of characterizing HAZ, the scale bar can calculate 
the approximate surface HAZ range. By comparison, it can 
be known that the pulse mode processing in this study can 
significantly reduce the HAZ. Homoplastically, compared 
with the reference [34] that uses QCW fiber laser to pro-
cess CFRP with high power and produces a cross-section 
HAZ of 500 μm, the processing method adopted in this 
paper reduces the HAZ by up to 79% to the greatest extent. 

Fig. 13  The range results. a Surface HAZ. b Groove width. c Cross-section HAZ. d Cutting times. e Depth-heat-width ratio
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Consequently, the thermal damage can be effectively 
reduced by the processing method in this paper (Fig. 8).

4.4  The analysis of removal mechanism 
of multi‑pass cutting CFRP by QCW fiber laser

where I , pmax , r0 , and � are laser energy density, peak power, 
spot radius, and pulse width, respectively.

Ma et al. [37] used the shadow method to photograph the 
plasma generated during millisecond laser processing of CFRP 
and GFRP by a high-speed camera. The results show that there 
will be plasma generation when the energy density exceeds 
392(J/cm2). According to Eq. (14), the laser energy density 
in this paper can be calculated. There will be plasma genera-
tion during the laser processing CFRP due to the minimum 
energy density in this paper being 1031(J/cm2). The residues 
produced are sprayed out of the slit by processing under the 
action of the plasma shock wave. It is beneficial in promoting 
the interaction between the laser and the material. Figure 15 

(14)E =

pmax × �

� × r2
0

shows that based on the laser power, laser frequency, cutting 
speed, and pulse width are 810 W, 1100 Hz, 200 mm/s, and 
0.1 ms, respectively, according to the process parameters given 
in Table 3 to in situ capture the processing process by a high-
speed camera PCO. dimax HD. It can be seen from Fig. 8 that 
there is obvious CFRP steam and fiber ablation debris during 
the laser processing. There is a small amount of black mat-
ter attached to the surface of CFRP, which is the product of 
the carbonization of the material at high temperatures. At the 
same time, there is a small amount of smoke during the laser 
processing process. The plasma and smoke will cause laser 
loss and reduce machining efficiency. However, the coaxial gas 
method is beneficial for accelerating the escape of plasma and 
smoke from the processing area and weakening its influence on 
the laser transmission. The simulation results in Sect. 4.1 show 
that the instantaneous temperature of the laser machining area 
can reach the phase transition removal temperature of carbon 
fibers under the action of a pulsed laser, which indicates that 
the carbon fibers are mainly removed by sublimation during 
pulsed laser processing [38]. During the heating process of 
the material, it will experience a very short liquid phase. The 
molten material will be removed by the impact of auxiliary 

Fig. 14   Comparison of machining quality between the experimental date and the predicted model: a groove width; b cross-section HAZ; c deep 
heat width ratio

Fig. 15  The influence of differ-
ent process parameters on the 
machining process
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gas and plasma, but the process is very short. However, the 
thermoset epoxy resins are not considered to undergo a liquid 
phase. The removal of epoxy resins is mainly by pyrolysis and 
sublimation. Consequently, the removal of CFRP is mainly 
based on sublimation removal.

When high cutting speed and multi-pass strategy are used 
for laser processing, the laser energy absorbed by the material 
during a single cut is limited, only a small amount of mate-
rial can be removed, and the cutting depth is shallow. There-
fore, the study mainly realizes CFRP processing by layer-
by-layer milling, as shown in Fig. 7 and Fig. 8. Due to the 
small amount of material removed by a single cut, the coaxial 
auxiliary gas is conducive to ejecting processing residues 
such as ablated fibers inside the slit, as shown in Fig. 15 and 
Fig. 12. At the same time, the auxiliary gas can effectively 
cool the kerf. On the one hand, this is beneficial to promote 
the interaction between the laser and the material in the next 
cutting. On the other hand, the ablative fibers are jetted out 
of the slit to prevent the ablative fibers from transferring heat 
inside the slit without removing material. Additionally, the 
auxiliary gas can reduce the heat accumulation inside the slit 
and avoid excessive thermal damage to the material. It can 
be seen from the previous analysis that a larger groove width 
can be obtained when the laser cutting direction is parallel to 
the carbon fiber axis, which will help the auxiliary gas to cool 
the inside of the slit effectively. As a result, a smaller HAZ 
can be obtained when the laser cutting direction is parallel to 
the carbon fiber axis, as shown in Fig. 10d.

According to Table 1, the removal threshold of resin is 
one order of magnitude lower than that of carbon fiber, so 
the resin is easier to be removed during laser processing. The 
simulation model established in this paper shows that the 
range of reaching the resin removal threshold is larger than 
the carbon fiber removal threshold during laser processing, 
as shown in Fig. 9a and b. There is a phenomenon that more 
resin will be removed, but the carbon fiber will remain, and 
the HAZ will be formed. Consequently, the formation of 
HAZ is due to inconsistent removal of carbon fiber and resin. 
Due to the lack of resin restraint, the mechanical properties 
of carbon fiber will be decreased. Under the impact of mate-
rial vapor and auxiliary gas, the carbon fibers that have not 
been removed will become loose, as shown in Fig. 6c, and 
even the fiber pull-out phenomenon will occur.

Interestingly, when the laser cutting direction is parallel 
to the carbon fiber axis, the resin between the two pulses is 
quickly removed by heat conduction due to the fast thermal 
conductivity of the carbon fiber. And the residual carbon 
fiber belongs to the broken carbon fiber with extremely 
poor mechanical properties. Under the impact of high-pres-
sure gas, the residual carbon fiber will be further removed 
by mechanical erosion, such as fiber ablation debris, as 
shown in Fig. 15, which is beneficial to making the slit 
smoother. On the contrary, when the laser cutting direction 

is perpendicular to the carbon fiber axis, the mechanical 
properties of the residual carbon fiber between the two 
pulses are better. It cannot be completely removed under 
the impact of high-pressure gas, and the fiber ablation debris 
is not significant, as shown in Fig. 12b, so the slit is serrated. 
Accordingly, mechanical erosion during the laser processing 
of CFRP can improve the machining quality and efficiency.

The multi-pass strategy is achieved by removing material 
layer by layer. During the multi-pass strategy process, the 
material’s temperature rises because the material inside the 
slit repeatedly absorbs the laser energy. The heat accumula-
tion will form inside the kerf, rapidly conducting the heat 
through the carbon fiber, causing more resin to be removed. 
Still, the carbon fiber is difficult to remove. Therefore, as 
the cutting times increase, a larger HAZ will be generated 
in the cross-section, and the cross-section HAZ will gradu-
ally increase from 50 to 105 μm. Conversely, since the laser 
is focused on the material’s surface, the surface material 
absorbs more laser energy than the inside of the slit. When 
the laser cutting direction is parallel to the carbon fiber axis, 
the groove width will increase with the cutting times, which 
is beneficial to reducing the surface HAZ. The surface HAZ 
gradually decreases from the initial 49 to 28 μm, as shown in 
Fig. 10a. When the laser cutting direction is perpendicular to 
the carbon fiber axis, with the increase in cutting times, the 
bare carbon fiber is removed repeatedly by absorbing energy, 
and the groove width is increased. Unfortunately, the carbon 
fiber will continuously transfer heat to the resin during the 
subsequent process. Therefore, as the cutting time increases, 
the surface HAZ increases from the initial 76 to 100 μm; the 
cross-sectional HAZ increases from the initial 41 to 105 μm.

However, when machining with high power and long 
pulse width, the ablation debris, plasma concentration, and 
residual heat generated during machining increase rapidly, 
as shown in Fig. 15 for machining phenomena at different 
levels. At this time, the cooling effect of the auxiliary gas is 
limited, which will cause considerable thermal damage. The 
cross-sectional HAZ is 348.625 μm, and the surface HAZ is 
69.667 μm. As a result, the thermal damage generated dur-
ing the laser processing CFRP will be decreased using the 
pulsed mode, higher power, and multi-pass strategy.

5  Conclusions

The present work conducted the multi-pass strategy experi-
ment of 450 W QCW fiber laser processing CFRP on CFRP 
by the DOE. And the effects of process parameters (laser 
power, laser frequency, pulse width, and cutting speed) on 
the machining were analyzed statistically. The HAZ forma-
tion mechanism and material removal mechanism of QCW 
pulsed laser processing CFRP were clarified by combining 
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the experimental study and finite element model. A method 
of effectively controlling thermal damage during QCW laser 
processing of CFRP was obtained. The main conclusions are 
as follows:

(1) The material removal mechanisms of QCW fiber laser 
processing of CFRP mainly include thermal evapo-
ration, thermal melting, plasma impact, mechanical 
ablation, pyrolysis, and carbonization. The mechanical 
ablation effect generated during laser processing can 
increase the material removal rate and improve process-
ing quality and efficiency.

(2) The characteristics of temperature field distribution 
show that, compared with the processing perpendicu-
lar to the carbon fiber axial direction, the temperature 
field distribution range is smaller when the laser cutting 
direction is parallel to the carbon fiber axial direction. 
Therefore, a smaller HAZ and a larger groove width 
can be obtained. Similarly, the thermal damage can be 
effectively controlled when the laser cutting direction 
is parallel to the carbon fiber axis with the increase in 
cutting times. The machining quality can be improved.

(3) Experiments and simulations show that a pulsed laser 
can make the temperature of CFRP reach the material 
removal temperature to achieve material removal. At 
the same time, HAZ will be formed when the removal 
of carbon fiber and resin is inconsistent.

(4) This paper uses the optimal process parameter group 
within the range of process parameters: the pulse width 
is 0.1 ms, the laser frequency is 1100 Hz, the laser 
power is 810 W, and the cutting speed is 200 mm/s.

(5) Compared with previous studies, this paper proposes 
that high-speed and high-power processing in pulsed 
mode can enhance the cooling effect of the machin-
ing area and avoid excessive heat accumulation. The 
method can effectively control thermal damage during 
CFRP laser processing. The minimum surface HAZ is 
19.5 μm.
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