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Abstract: Due to the excellent properties of carbon fiber-reinforced polymers (CFRPs), such as high
strength and strong corrosion resistance, the traditional water-jet-guided laser (WJGL) technology
has problems with fiber pull-out and has a small cutting depth when processing CFRPs. Therefore,
in this study, we used high-power water-jet-guided laser (HPWJGL) technology to perform groove
processing experiments on CFRPs. The effects of four key process parameters, high laser power, pulse
frequency, feed rate, and water-jet pressure, on the cutting depth were investigated by a single-factor
experiment. The formation mechanism of groove cross-section morphology and the processing
advantages of high-power water-jet-guided lasers were analyzed. On this basis, the mathematical
prediction model of cutting depth was established by using the response surface method (RSM), and
the optimal combination of process parameters was obtained. The mathematical prediction model
was verified by experiments, and the error was only 1.84%, indicating that the model had a high
reference value. This study provides a reference for the precision machining of HPWJGL technology.

Keywords: high-power water-jet-guided laser; RSM; CFRP; cutting depth

1. Introduction

Carbon fiber-reinforced polymers (CFRPs) are widely used in various industries due
to their excellent performance. CFRPs are an emerging composite material with epoxy
resin as the matrix and carbon fiber as the reinforcing material. Because of its high stiffness,
strength, and fatigue resistance, it is widely used in aircraft fuselage materials and sports
car fluid shells [1]. Moreover, CFRPs also have relatively low density, a high damping
capacity, good dimensional stability, and good corrosion resistance, so they are widely used
in high-tech fields such as marine engineering, civil engineering, wind turbines, and robot
engineering [2]. Due to the wide application of CFRPs, people are committed to exploring
one of their most effective processing methods.

To meet the huge demand for CFRPs in various industries, the method of processing
CFRPs has become a hot spot in current machining. Because CFRPs are composed of two
different materials (carbon fiber and epoxy resin), traditional contact machining such as
drilling, sawing, and wire cutting often causes problems such as serious tool wear, fiber
pull-out, and interlayer cracks [3]. Among them, stratification is the main threat to the loss
of mechanical strength and fatigue strength in the drilling area [4]. At present, the common
methods for processing CFRPs are abrasive water-jet processing, ultrasonic vibration-
assisted (UVA) processing, and electrical discharge machining (EDM). Abrasive water-jet
machining uses a high-pressure water-jet to drive abrasive particles into workpieces. The
advantage of this machining method is that the thermal damage is small, but the epoxy
resin matrix will become softer as the humidity increases, resulting in poor adhesion
of the fiber matrix and then processing defects such as notch deformation, cone angle
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formation, and material delamination [5]. Machining accuracy cannot be guaranteed.
Ultrasonic vibration-assisted machining is a process that uses micro-scale high-frequency
vibration applied to cutting tools to improve material removal efficiency. When machining
CFRPs, problems such as excessive tool wear and subsurface damage to the workpiece will
occur [6,7]. The principle of electrical discharge machining is that a series of voltage pulses
are transmitted between the electrode and the workpiece to generate an electric spark, and
the high temperature generated by the electric spark is used to remove excess material
from the workpiece [8]. However, the high current density during processing leads to
the coating of epoxy resin on the surface, which reduces the material removal rate and
causes rapid deterioration of the machined surface [9]. As a new processing method with
no contact, no tool wear, and clean energy, laser processing stands out among mechanical
processing methods. However, due to the large difference in the thermal properties of
the two composite materials of CFRPs, the thermal damage to the material during the
processing will be large, and due to the high thermal conductivity of the carbon fiber,
the thermal energy will diffuse along the carbon fiber to the material, which will lead
to further expansion of the heat-affected zone [10,11]. Riveiro studied the influence of
processing parameters of CO, laser cutting CFRPs on laser cutting efficiency and cutting
quality. The results show that the heat-affected zone of laser processing is inevitable, but
it can be reduced by selecting appropriate process parameters to obtain better processing
quality [12]. Therefore, more and more people are studying how to reduce the thermal
impact caused by laser processing to achieve high-precision processing of CFRPs.

In 1854, Tyndall found the total reflection of light in flowing liquid through experi-
ments, which proved that a water-jet can be used as a medium to transmit light, which
provides a theoretical basis for WJGL technology [13]. In 1991, Richerzhagen of the Swiss
Federal University of Technology used a nozzle structure to generate a jet and focused
the laser on the nozzle port, further enriching the principle of WJGL technology. Based
on this research, he successfully developed a more perfect WJGL technology method in
1997 [14]. This new processing method adds a water-jet based on laser processing. While
using the laser energy beam to remove the material, the water-jet can play a role in cooling
and removing the slag from the material. This new processing method has become popular
for precision machining because it has a small thermal impact and keeps the surface of the
material clean after processing. Therefore, many scholars, both domestic and abroad, have
studied this. HOCK uses a 532 nm laser to make an experimental comparison between
traditional laser processing and WJGL-processing of brass and stainless steel sheets. The
results show that although traditional laser processing has high processing efficiency, there
is still a thick deposition layer and a large heat-affected zone in the processing area, while
the WJGL processing area has no residue, the notch width is small, and there is almost no
heat-affected zone [15]. Wagner used traditional laser processing technology and WJGL
processing technology to cut metal sheets for experiments. The experimental results show
that under the same cutting speed and processing efficiency, there is no burr or heat-affected
zone on the surface processed by WJGL technology due to the scouring and cooling effect of
the water-jet in the pulse gap [16]. Dong Sun studied the effect of WJGL cutting experiments
at low power on the surface integrity of CFRPs. The experimental results show that the
WIJGL cutting CFRPs under low power can obtain better surface morphology and a smaller
heat-affected zone, but the processing efficiency is low. Choosing a high-power WJGL is
the main method to improve processing efficiency [17]. In summary, compared with the
problems of thermal damage and thermal ablation caused by traditional laser processing,
WJGL technology has absolute advantages in realizing non-thermal damage processing,
but too small a laser power will affect the processing efficiency. Therefore, in this paper, we
designed experiments to study the effect of high-power WJGL-processing CFRPs.

To study the feasibility of HPW]JGL-processing CFRPs and solve the problem of low
efficiency of low-power WJGL processing, a single-factor experiment for HPWJGL-cutting
CFRPs was designed in this paper. The effects of high laser power, feed speed, pulse
frequency, and water-jet pressure on cutting depth and heat-affected zones were analyzed
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through experimental results. Finally, a mathematical prediction model was established by
the response surface method (RSM) and verified by experiments, and then the optimization
parameters of high-power WJGL technology for CFRP processing with a high reference
value were obtained. The theoretical and experimental results of this experiment provide a
basis for the high-quality processing of CFRPs.

2. Experimental Principle

The principle of HPWJGL technology processing is shown in Figure 1. Because the
refractive index of water and air is different, when the incident angle of the laser is less
than the critical angle of total reflection, the laser beam will have a total reflection at the
boundary between water and air. The laser beam is not directly focused on the surface of
the workpiece but is transmitted to the surface of the workpiece through total reflection.
This processing method is different from traditional water-jet processing, in which the
high-pressure water-jet directly impacts and crushes the material. The water pressure in
HPW]JGL processing is low, and its main function is to carry away the molten material and
excess heat while conducting the laser to the surface of the workpiece for processing [18].
Because the thermal and physical characteristics of carbon fiber and the epoxy resin matrix
in CFRPs are different, there are different reactions in water-guided laser processing. The
water-jet has the effect of scouring and cooling during processing, which can quickly take
away the heat of the processing area and the residue, such as epoxy resin, that melts to the
melting point. The carbon fiber will sublimate when it reaches the sublimation temperature,
so the HPWJGL-processing of CFRPs will not result in the common edge irregularities
and burrs caused by traditional laser processing. The high-speed water-jet of the water-
conducting laser plays a role in cooling the processing area during the laser pulse gap,
which can effectively reduce the heat-affected zone, reduce the thermal deformation and
thermal damage of the material, and improve processing accuracy.

Laser

Focusing lens

Glass window ]
Laser water-jet

Deionized water

Coupling cavity

Nozzle

Figure 1. The principle of HPWJGL technology processing.

3. Experiment Setup
3.1. Experiment Equipment

The self-built HPWJGL processing equipment used in this experiment is shown in
Figure 2. The equipment consists of a water-light coupling alignment system, a water
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supply system, and a motion platform. The water-light coupling alignment system is com-
posed of a YLR-2000-WC (DSX1000, OLYMPUS, Tokyo, Japan) fiber laser, beam focusing
element, and camera. The maximum power of the fiber laser is 2000 W, the wavelength is
1070 nm, and the maximum laser repetition frequency is 10 kHz. In this experiment, the
diameter of the nozzle is 0.5 mm, the distance between the nozzle and the workpiece is
15 mm, and the effective diameter in contact with the workpiece is 0.5 mm. During the
experiment, the microparticles and bubbles in the water interfered with the laminar flow
state of the jet and even lead to a change in the optical transmission path. Therefore, the
water supply system used in this experiment consists of a high-pressure precision filter,
a three-cylinder plunger pump, a pressure-regulating valve, and an overflow valve. The
maximum water pressure is 5 MPa, which can produce filtered deionized water and ensure
better processing quality.

Laser water jet

Figure 2. HPWJGL processing equipment.

3.2. Experimental Design

In this experiment, 50 x 50 x 1.5 mm orthogonally distributed epoxy resin-based car-
bon fiber experimental plates were selected. The experimental plate is shown in Figure 3a.
The physical properties of CFRPs at room temperature are shown in Table 1. To deter-
mine the appropriate range of the main parameters of HPWJGL technology for machining
CFRPs, a single-factor experiment was designed to study the influence of laser power,
laser frequency, laser pulse, and feed rate on the cutting depth of CFRPs. To obtain better
cutting depth and groove surface morphology, based on reading relevant literature and a
large number of experiments, the parameters of the HPWJGL-processing CFRP experiment
were selected as follows: laser power 100~300 W, pulse frequency 3000~7000 Hz, water
pressure 0.4~1.2 MPa, and feed speed 0.1~0.3 mm/s. The experiment used a single-cutting
experiment with four factors and five levels. Each group of experiments was repeated three
times, and the average of the three was taken. After the processing was completed, the
surface of the plate was cleaned with anhydrous ethanol and then further cleaned with an
ultrasonic cleaner. Finally, a DSX ultra-depth-of-field microscope was used to obtain a clear
image of the gully surface of the CFRP specimen and measure the cutting depth. The DSX
ultra-depth-of-field microscope equipment is shown in Figure 3b.
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(a)

Figure 3. (a) Experimental plate and (b) DSX ultra-depth-of-field microscope equipment.

Table 1. Physical properties of the CFRP at room temperature.

Density Melting Temperature Thermal Conductivity
Kg/m3 °C (W/(m-K))
1500 £ 15 3300 32(0°), 5(90°)

4. Single-Factor Experiment Design and Result Analysis
4.1. Influence of High Laser Power on Cutting Quality

The feed speed was 0.2 mm/s, the water pressure was 0.8 MPa, the laser frequency
was 6000 Hz, and the laser power was 100 W, 150 W, 200 W, 250 W, and 300 W for single-
cutting experiments, respectively. Figure 4 shows the average cutting depth at different
laser powers. It can be seen from Figure 4 that the cutting depth gradually increases
with an increase in laser power, but the increment gradually decreases. The reason is as
follows: when the laser frequency and pulse width are constant, the single-pulse energy
is determined by the laser power and increases with the increase of the laser power. The
removal ability increases with the increase in pulse energy, so that the material reaching the
removal threshold gradually increases, which makes the cutting depth increase. Figure 5
shows the effect of high laser power on the groove cross-section morphology. It can be
seen from the figure that the cutting cross-section is generally V-shaped. This is because
the energy density of the laser center in the water-jet-guided laser is large and the water
pressure at the center of the water-jet is large. Because the V-shaped notch gradually
narrows from top to bottom, it will lead to difficulty in slag discharge, so the laser energy
cannot reach the lower end of the groove smoothly, and the energy transmitted to the side
wall of the groove increases, thus further expanding the V-shaped notch. In the case of a
90° arrangement, the fibers in the composite material are filled with resin, and the heat will
be transferred alternately between the fibers and the resin, so the heat is not easily spread
in this direction, so the width of the transverse and longitudinal distribution of the carbon
fiber is different. Figure 5a,b show the cross-section morphology of the groove under laser
powers of 100 W and 150 W, respectively. Due to the low laser power and the absorption of
laser energy by the water-jet, the laser cannot cut the carbon fiber wire in time, resulting
in low cutting depth and some problems such as fiber exposure and pull-out. Figure 5¢,d
show the groove section under the laser power of 200 W and 250 W, respectively. There are
some carbon fiber filaments exposed in the groove section, but the heat-affected zone is
small, no carbon fiber filaments are pulled out, and the groove section morphology is better.
In Figure 5e, the laser power is 300 W, the cutting depth increases slowly compared with
the low power, the heat-affected zone increases, and some carbon fiber filaments are brittle
and pulled out. This is because when the laser power is too large, the energy transmitted to
the inner wall of the groove increases, resulting in an increase in the heat-affected zone and
the width of the incision. Therefore, when other parameters remain unchanged when the
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power is in the range of 200~300 W, the cross-section morphology of the groove obtained
by processing is better.

1200
N Cutting depth(um) 1071.5

1000

Cutting depth(pm)
2 ]
=] (=]

N
[=
=}

200

100 150 200 250 300

Laser power(W)

Figure 4. The average cutting depth at different laser power.

o

Figure 5. Morphology of grooves section at (a) 100 W, (b) 150 W, (c) 200 W, (d) 250 W, and (e) 300 W
laser power.

4.2. The Influence of Feed Speed on Cutting Quality

The laser frequency was 6000 Hz, the water-jet pressure was 0.8 MPa, the laser power
was 200 W, and the feed speed was 0.1 mm/s, 0.15 mm/s, 0.2 mm/s, 0.25 mm/s, and
0.3 mm/s for single-cutting experiments, respectively. Figure 6 shows that the cutting
depth decreases with an increase in feed speed. This is because with the increase in feed
speed, the number of pulses of laser radiation in the same area decreases, the interaction
time between the water-jet-carrying laser and the CFRP material decreases, and the laser
pulse energy absorbed by the CFRP material per unit area decreases, resulting in a decrease
in cutting depth. Figure 7a shows the groove interface morphology at a feed speed of
0.1 mm/s. It can be seen from the figure that the material can absorb enough laser energy
at a feed speed of 0.1 mm/s, so the obtained notch width and cutting depth are larger. And
because the laser pulse energy absorbed by the CFRP material per unit area is higher, the
energy transmitted to the inside of the groove is also increased, which leads to a larger
heat-affected zone and is accompanied by fiber exposure. Figure 7b,c show the cross-section
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morphology of the groove at a feed speed of 0.15 mm/s and 0.2 mm/s, respectively. The
heat-affected zone is small, and no fiber pull-out occurs. Figure 7d,e show the cross-section
morphologies of grooves at feed speeds of 0.25 mm/s and 0.3 mm/s, respectively. It can
be seen from the figure that when the feed speed is greater than 0.2 mm/s, the cutting
depth is small. The reason is that with the increase in feed speed, the laser pulse energy
absorbed by the CFRP material per unit area decreases, the cutting depth decreases, and
the fiber pull-out phenomenon exists. Therefore, when the feed speed is in the range of
0.1~0.2 mm/s, the machining quality of the groove section is better.

BN Cutting depth(pm)

1200

1000

3
=3
=}

Cutting depth(pum)
(=)
2

400

200

0.10 0.15 0.20 0.25 0.30
Feed speed(mm/s)

Figure 6. The average cutting depth at different feed speeds.

500um
it

5

Figure 7. Morphology of grooves section at (a) 0.1 mm/s, (b) 0.15 mm/s, (c) 0.2 mm/s, (d) 0.25 mm/s,

and (e) 0.30 mm/s feed speed.

4.3. Influence of Laser Pulse Frequency on Cutting Quality

The laser power was 200 W, the water-jet pressure was 0.8 MPa, the feed rate was
0.2 mm/s, and the laser pulse frequencies were 3000 Hz, 4000 Hz, 5000 Hz, 6000 Hz,
and 7000 Hz for single-cutting experiments, respectively. Figure 8 shows that with the
increase in laser repetition frequency, the incision width decreases and the cutting depth
decreases rapidly. The reason is that when the laser power is constant, with the increase
in laser repetition frequency, the single-pulse energy of the laser decreases significantly,
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the laser removal ability decreases, and the cutting depth decreases. Figure 9a shows
the groove cross-section morphology at the laser pulse frequency of 3000 Hz. It can be
seen from Figure 9 that the cutting depth is larger, but the single-pulse energy is larger,
and the laser pulse duty cycle is smaller, resulting in a larger heat-affected zone of the
material. Figure 9b—d show the cross-section morphology of the groove under the laser
pulse frequencies of 4000 Hz, 5000 Hz, and 6000 Hz, respectively. The heat-affected zone
of the groove section is small, there is no fiber pull-out, and the processing morphology
is good. It can be seen from the cross-section morphology of the groove at the laser pulse
frequency of 7000 Hz shown in Figure 9e that there is a small cutting depth and a large
heat-affected zone. This is because when the laser pulse frequency is greater than 6000,
the removal ability of the laser pulse is very weak, and because of that, some carbon fibers
cannot be cut off, which hinders the downward transmission of laser energy, resulting in a
decrease in ablation depth and ablation width. Moreover, the duty cycle of the laser pulse
is large, which is not conducive to the heat dissipation of the material, resulting in more
heat transfer to the inside of the groove, resulting in a larger heat-affected zone. Therefore,
when the pulse frequency is between 4000 Hz and 6000 Hz, the processing quality of the
groove section is the best.

1200

1041.5 BN Cutting depth(um)

1000 o 9688

Cutting depth(pum)
D
S

200

3000 4000 5000 6000 7000
Pulse frequency(Hz)

Figure 8. The average cutting depth at different pulse frequencies.

Figure 9. Morphology of grooves section at (a) 3000 Hz, (b) 4000 Hz, (c) 5000 Hz, (d) 6000 Hz, and
(e) 7000 Hz pulse frequency.
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4.4. Influence of Water Pressure on Cutting Quality

The laser power was 200 W, the laser frequency was 6000 Hz, the feed rate was
0.2 mm/s, and the water-jet pressure was 0.4 MPa, 0.6 MPa, 0.8 MPa, 1.0 MPa, and 1.2 MPa
for a single-cutting experiment, respectively. It can be seen from Figure 10 that when other
parameters remain unchanged, the cutting depth increases first and then decreases with the
increase in water pressure. Figure 11a shows the cross-section morphology of the groove
under a water pressure of 0.4 MPa. It can be seen from Figure 11a that the heat-affected
zone is large, and there are problems with fiber embrittlement and fiber exposure. This is
because when the water pressure is small, the cooling effect of the water-jet is less than
the laser energy absorbed by the CFRP, and the molten material generated by the CFRP,
which absorbs the laser pulse energy, cannot be washed away in time. Figure 11b,c show
the cross-sectional morphologies of the groove’s underwater pressures of 0.6 MPa and
0.8 MPa, respectively. The cutting depth shows an increasing trend, the heat-affected zone
is small, and there is almost no problem with fiber pull-out or exposure. This is because,
with the increase in water pressure, the velocity of the water-jet increases, the scouring
ability of the water-jet increases, and the molten material can be taken away by the water-jet
in time, which does not affect the downward transmission of the laser or the absorption
of laser energy by materials. Therefore, the cutting depth increases with the increase in
water-jet pressure, and the heat-affected zone also shows a downward trend. With the
increase in water-jet pressure, the shrinkage effect of the water-jet gradually increases,
and the diameter of the water-jet gradually decreases. Because of that, the slit width
decreases. Figure 11d,e show the cross-section morphology of the groove under water
pressures of 1.0 MPa and 1.2 MPa, respectively. When the water-jet pressure is greater
than 0.8 MPa, the stability of the water-jet beam becomes worse, resulting in a decrease
in the laser energy transmitted to the CFRP material and a decrease in the cutting depth.
Because the epoxy resin matrix on the surface of the groove is easily decomposed by heat,
with the increase in water-jet pressure, the erosion effect of the water-jet on the surface of
the groove will be more obvious, increasing the width of the incision. Therefore, when
other parameters remain unchanged when the water-jet pressure is between 0.6 MPa and
0.8 MPa, the processing quality of the groove section is better.

1200 1155.5 11815 N Cutting depth(um)

1000 —

800

600 —

Cutting depth(um)

400

200

0.4 0.6 0.8 1.0 1.2

Water pressure(MPa)

Figure 10. The average cutting depth at a different water pressure.
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Figure 11. Morphology of grooves section at (a) 0.4 MPa, (b) 0.6 MPa, (c) 0.8 MPa, (d) 1.0 MPa, and
(e) 1.2 MPa water pressure.

5. Analysis of Response Surface Experimental Results
5.1. Regression Model and Variance Analysis

The design of the experiment (DOE) is a systematic method for allocating the correla-
tion between input and output responses. The aim is to use DOE to collect experimental
results for verification and statistical methods for analysis. In this paper, the response
surface method (RSM) was used for experimental design and analysis. RSM can fit the
nonlinear function relationship between the input factor and the response quantity by
establishing a multivariate quadratic regression equation model to select the best process
scheme within the known optimization range. The optimization process scheme of this
paper is based on the experimental range and measurement results obtained under the
single-factor experiment. The RSM is used to optimize the process parameters of HPWJGL
technology for cutting CFRPs, and the optimal values of the four process parameters of
laser power, pulse frequency, feed speed, and water-jet pressure are further obtained.

The Box-Behnken module in the Design-Expert software (DX10) was used for the
experimental design. The process parameters of HPWJGL are selected: laser power
200~300 W, pulse frequency 4000~6000 Hz, feed rate 0.1~0.2 mm/s, and water-jet pressure
0.6~0.8 MPa. A four-factor, three-level response surface test was designed with a total of
29 groups of experiments, of which five groups were repeated under the same factor to
estimate the main effects and interactions of each factor [19]. The advantage is that the
relative error of the test is reduced, and the experimental results are more accurate. The
factor level table is arranged as shown in Table 2.

Table 2. Box-Behnken design test factors and levels.

Test Factors Laser Power (A) Feed Speed (B) Pulse Frequency (C) Water Pressure (D)
Unit A\ mm/s Hz MPa
1 200 0.1 4000 0.6
2 250 0.15 5000 0.7
3 300 0.2 6000 0.8
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The Box-Behnken module in the Design-Expert software was used to design the ex-
periment. Taking the cutting depth as the index, three sets of experiments were carried out
at each test point, and the average value was calculated. The response surface experimen-
tal design and results are shown in Table 3. The regression equation of cutting depth is
obtained by fitting the experimental data:

H = 1106.98 + 56.70 x A —40.82 x B —36.27 x C +22.63 x D 4+ 22.45 x AB — 2.65 x AC — 17.35 x AD
—10.30 x BC 4 14.95 x BD + 19.20 x CD — 19.64 x AZ — 0.39 x B2 — 22.64 x C2 + 0.060 x D?

Table 3. The response surface experimental design and results.

Test Laser Power  Feed Speed Pulse Water Cutting
Factors (A) (B) Frequency (C)  Pressure (D) Depth (H)

Unit W mm/s Hz MPa pm
1 200 4000 0.15 0.7 1018.6
2 250 5000 0.15 0.7 11214
3 250 5000 0.2 0.8 1102.2
4 250 4000 0.2 0.7 1106.5
5 250 5000 0.2 0.6 1029.3
6 250 6000 0.2 0.7 989.1
7 250 6000 0.15 0.8 1088.8
8 250 5000 0.15 0.7 1133
9 300 5000 0.15 0.8 1206.1
10 300 4000 0.15 0.7 1211.1
11 300 6000 0.15 0.7 1103.7
12 300 5000 0.15 0.6 1143.2
13 250 6000 0.1 0.7 1099.9
14 200 5000 0.15 0.8 1084.2
15 200 5000 0.15 0.6 1001.9
16 250 4000 0.15 0.8 1189.1
17 250 5000 0.15 0.7 1107.7
18 250 4000 0.15 0.6 1102.3
19 200 5000 0.1 0.7 1095.5
20 250 6000 0.15 0.6 1005.2
21 300 5000 0.1 0.7 1207
22 250 5000 0.1 0.6 1139.2
23 250 4000 0.1 0.7 1206.5
24 250 5000 0.1 0.8 1182.3
25 200 6000 0.15 0.7 961.8
26 250 5000 0.15 0.7 1113.7
27 300 5000 0.2 0.7 1107.2
28 200 5000 0.2 0.7 985.9
29 250 5000 0.15 0.7 1159.1

The results of the quadratic model analysis of variance and F test of the CFRP pro-
cessed by HPWJGL technology are shown in Table 4. The F-value is the ratio of the mean
square between the groups and the mean square within the group, and the p-value is the
probability value corresponding to the F-value. If the p-value is >0.1, it is not significant [19].
The F-value of the model selected in this experiment is 31.84, and the p-value is less than
0.0001, indicating that the established response surface regression equation prediction
model of the four independent variables affecting the cutting depth is very significant, so
the model can effectively predict the relationship between the four independent variables
and the cutting depth. The p-value of the fitted missing term is 0.7243 > 0.05, indicating that
the regression equation of the fitted missing term is not significant. The multivariate corre-
lation coefficient R? = 0.9696. After correction, the multivariate correlation coefficient Adj
R? = 0.9391, indicating that the incision depth regression model can explain 93.91% of
the response value, indicating that the actual error is small and the fitting degree is good.
Among the four factors that affect the cutting depth, the p-values of laser power, pulse
frequency, feed speed, and water-jet pressure are all <0.0001, indicating that the laser power,



Micromachines 2023, 14, 1721

12 0f 18

pulse frequency, feed speed, and water-jet pressure are highly fitted with the cutting depth.
The F-value of laser power is 182.73, which indicates that laser power has the greatest
influence on the cutting depth. The reason is that laser power is the main energy source in
the processing of HPWJGL. The larger the laser power, the greater the energy density of
the laser, and a larger surface volume of the material is removed. Under the erosion of the
water-jet, the molten material is discharged, thus forming a deeper groove.

Table 4. Analysis of variance of cutting depth regression model.

Source 2;1;1:1‘2: df Mean Square F-Value I”’;Xsl:;
Model 1.402 x 10° 14 10,014.33 31.84 <0.0001 Significant
A-Laser power 57,463.68 1 57,463.68 182.73 <0.0001
B-Feed speed 31,028.67 1 31,028.67 90.67 <0.0001
C-Pulse frequency 28,577.28 1 28,577.28 98.87 <0.0001
D-Water pressure 15,523.21 1 15,523.21 49.36 <0.0001
AB 24.01 1 24.01 0.076 0.7863
AC 640.09 1 640.09 2.04 0.1756
AD 94.09 1 94.09 0.30 0.5930
BC 29.16 1 29.16 0.093 0.7652
BD 222.01 1 222.01 0.71 0.4149
CD 2.56 1 2.56 8.140 x 1073 0.9294
A2 2949.31 1 2949.31 9.38 0.0084
B2 216.20 1 216.20 0.69 0.4209
C? 4649.59 1 4649.59 14.79 0.0018
D? 53.55 1 53.55 0.17 0.6861
Residual 4402.71 14 314.48
Lack of Fit 2755.56 10 275.56 0.67 0.7243 Not significant
Pure Error 1647.15 4 411.79
Cor Total 1.446 x 10° 28
R-Squared = 0.9696 Adj R-Squared = 0.9391

The fitting of the model can be evaluated by the normal graph of the residual value
and the figure of the relationship between the residual and the predicted value. Figure 12
shows that the data are scattered around the average line, indicating that the established
model is statistically significant. Figure 13 is the residual normal distribution diagram of
the prediction model, which can be used to test the advantages and disadvantages of the
model. It can be seen from Figure 13 that the normal distribution of the model is evenly
distributed around the straight line, which is highly fitted to the straight line. Therefore,
it can be judged that the predicted value of the model is in good agreement with the
actual value.

5.2. Response Surface Analysis of Process Parameters
5.2.1. Response Surface Analysis of Laser Power and Feed Speed

The three-dimensional surface map and contour map of the response can directly
reflect whether the interaction between the two variables has a significant effect on the
response value. Figure 14a,b show that when the pulse frequency and water pressure are
fixed, the cutting depth increases with the increase in laser power and decreases with the
decrease in cutting speed.
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Figure 14. (a) Three-dimensional surface diagram and (b) contour map of the influence of laser power
and feed speed on cutting depth.

5.2.2. Response Surface Analysis of Laser Power and Pulse Frequency

Figures 15a and 16 show that when the feed speed and water pressure are fixed, high
laser power and a low repetition rate are beneficial to increasing the cutting depth. The
reason is that with the increase in laser power, the decrease in pulse frequency, and the
increase in single-pulse energy, the stronger the ability to remove materials is, therefore
the cutting depth increases [20]. However, there will still be the problem of a too large
heat-affected zone. Therefore, in order to ensure processing quality, the laser power should
be increased and the pulse frequency should be reduced as much as possible.

Cutting depth (um)

C: Pulse frequency (HZ)
g

4000 4000
4500 200 220 240 260 280 300

C: Pulse frequency (HZ) A: Laser power (W)

Figure 15. (a) Three-dimensional surface diagram and (b) contour map of the influence of laser power
and pulse frequency on cutting depth.

5.2.3. Response Surface Analysis of Feed Speed and Water Pressure

Figure 16 shows that when the laser power and pulse frequency are constant, the
cutting depth increases with the increase in water pressure at a lower feed speed. The
reason is related to the stability of the water-jet. When the water pressure is low, the
water-jet velocity is low, and the molten material formed by the water-jet-guided laser
cutting cannot be eliminated in time, so the laser energy cannot continue to transmit
downward, resulting in a smaller cutting depth. After the water-jet enters the nozzle orifice,
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the water beam ejected has a shrinkage phenomenon, and the shrinkage range is about
83% of the nozzle diameter [21]. When the water-jet pressure is large, the formed water
beam has a good shrinkage effect, and the water flow is relatively stable. The laser energy
reaching the surface of the workpiece through water-light coupling increases, and the
molten material generated by laser cutting can also be removed in time, so the cutting
depth is high. Therefore, in the stable range of the water-jet, a higher water-jet pressure
should be selected.
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Figure 16. (a) Three-dimensional surface diagram and (b) contour map of the influence of feed speed
and water pressure on cutting depth.

5.3. Process Parameter Optimization and Experimental Verification

Using the Design-Expert software to predict and optimize the process parameters
of HPWJGL technology for cutting the CFRP with the maximum cutting depth as the
optimization goal, the process parameters of HPWJGL technology for cutting the CFRP
are predicted and optimized. The results show that when the laser power is 271.49 W, the
feed rate is 0.149 mm/s, the pulse frequency is 4048.24 Hz, and the water-jet pressure is
0.799 MPa, the predicted cutting depth is the best, which is 1212.257 pm.

To verify the reliability of the response surface optimization method, cutting experi-
ments were carried out using the optimized process parameters. Three sets of experiments
were carried out, and the average value was obtained. The test results are shown in Table 5.
The cutting section is shown in Figure 17. The groove section morphology obtained by
using the optimized process parameters is better, the heat-affected zone is smaller, and there
is a slight problem of fiber exposure, but there is no phenomenon such as fiber pull-out.
The actual measurement depth is 1189.97, and the error with the predicted value is 1.84%.
The error is small, indicating that the prediction model has a high reference value. The
reason for this error may be a system error in the experimental equipment or an error in
the measurement process.

Table 5. The actual value after optimization is compared with the predicted value.

Laser Power

Feed Speed Pulse Frequency =~ Water Pressure Prediction

(A) (B) © D) Depth Actual Depth Error
W mm/s HZ MPa um pm %
271.49 0.149 4048.24 0.799 1212.257 1189.97 1.84
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Figure 17. The optimized groove section morphology diagram.

6. Conclusions

In this paper, the HPWJGL technology for processing CFRPs was studied. The in-

fluence of different process parameters on the machining effect was investigated by a
single-factor experiment, and the mathematical model of optimizing the cutting depth was
established by the response surface method. According to the experimental results and
model predictions, the following conclusions are drawn:

1.

The single-factor test results show that the laser power, feed rate, pulse frequency, and
water-jet pressure have a significant effect on the cutting depth. However, improper
selection of process parameters will cause adverse effects such as a too large heat-
affected zone. In the experiment of water-guided laser cutting of CFRPs, the laser
power determines the energy of a single pulse, so it has the greatest influence on the
cutting depth. The experimental results show that when the laser power is 200~300 W,
the feed speed is 0.1~0.2 mm/s, the laser frequency is 4000~6000 Hz, and the water-jet
pressure is 0.6~0.8 MPa, the cutting effect is promoted.

The response surface test scheme of four factors and three levels was developed with
the cutting depth as the evaluation standard by the response surface method. The
regression model of the influence of laser power, feed rate, pulse frequency, and
water-jet pressure on the cutting depth is established. The results show that the model
has a response value of 93.91%, and its good fitting effect is verified by variance
analysis, which has a high reference value. In addition, the level of influence of each
of the parameters on the cutting depth is laser power > pulse frequency > feed rate >
water-jet pressure.

The response surface optimization results show that the process parameters are a
laser power of 271.49 W, a feed rate of 0.149 mm/s, a pulse frequency of 4048.24 Hz, a
water-jet pressure of 0.799 MPa, and a predicted depth of 1212.257 mm. Finally, the
cutting experiment is carried out by using the optimized parameters to verify the
predicted value. The cutting depth is 1189.97 mm, and the error is only 1.84%, which
proves that the model has a high reference value.
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4. There are many factors affecting the quality of water-guided laser processing. In this
paper, only some process parameters are selected to explore the processing quality.
Subsequently, water-jet diameter, processing distance, CFRP material thickness, and
other factors can be selected for further experimental research.
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