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Abstract
In the machining of carbon fiber–reinforced plastic by abrasive waterjet, the surface morphology of the cutting front directly
reflects the processing quality. So in this study, the changes in the topography and surface roughness of the cutting front as a result
of variations in five operational parameters, namely, the traverse speed, abrasive mass flow rate, waterjet pressure, standoff
distance, and sample thickness, were experimentally studied with the aid of μscan laser confocal microscopy. It was found that
periodic stripes and grooves appeared in the traverse direction from observations of three-dimensional surface morphology. And
the analysis of the surface roughness revealed that there were three distinct cutting regions along the penetration direction,
namely, an initial damage region at the jet entry, a smooth cutting region in the intervening cutting area, and a rough cutting
region near the jet exit. According to the three distinct regions in the penetration direction, a three-zone cutting front model was
proposed. A high-quality machined surface could be obtained by extending the smooth cutting zone through the appropriate
choice of process parameters. Therefore, the influences of the above five parameters on the length of the smooth cutting zone
were also investigated, and recommendations are proposed for process control.
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1 Introduction

Carbon fiber–reinforced plastic (CFRP) is a composite ma-
terial that has been increasingly used owing to its outstand-
ing strength and inherent low density [1]. However, the
discontinuous nature, non-uniformity, and anisotropy of
CFRP make it a challenging task to process this material
efficiently while maintaining high surface quality [2].
Furthermore, inappropriate cutting methods may even lead
to the material damage and performance reduction such as
delamination, internal cracking, and fiber pull-out.
Traditional processing methods result in not only low

cutting quality but also low efficiency [3], whereas some
non-traditional methods, such as laser cutting technology,
have been found to produce protruding fibers as a result of
thermal distortion [4]. The unique “cold” abrasive waterjet
(AWJ) technology was first proposed by the British
Hydrodynamics Research Association in the mid-1980s.
They proposed a method by which abrasive particles were
accelerated by a stream of water, and the resulting coherent
slurry jet of abrasive particles and water was used for ma-
terials processing. Mazurkiewicz [5] reported that this
technology had greatly enhanced the cutting capability of
the jet and made it possible to process hard and brittle
materials at pressures of less than 70 MPa. In comparison
with traditional and other non-traditional processing tech-
nologies, AWJ machining exhibits great advantages owing
to its efficiency, versatility, and the high quality of the
finished machined surface, especially as it avoids thermal
deformation of the workpiece [6, 7]. Therefore, AWJ ma-
chining is an ideal processing method for composite mate-
rials, including CFRP.

In general, the process efficiency of AWJ machining and
the resulting surface quality are affected by parameters such as
the traverse speed, waterjet pressure, standoff distance,
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abrasive grit size, and abrasive flow rate [8]. In order to study
the hole processing quality of CFRP sheets by AWJ, Kunlapat
et al. [9] carried out an experiment and founded that the tra-
verse speed had a profound effect on the kerf profile, whereas
the waterjet pressure and abrasive mass flow rate had insig-
nificant effects. High overall hole quality was achieved at a
moderate traverse speed and a low waterjet pressure. Li et al.
[10] conducted a study of radial-mode AWJ turning of short
CFRP pieces to understand the relationship between machin-
ing performance and the cutting parameters; it was founded
that the surface roughness (Ra) was related to the cutting depth
and a higher rotational speed improved the surface quality.
Alberdi et al. [11] also reported that the traverse speed was
an important factor in roughness analysis by carried out an
experiment. The experiment conducted by Liu et al. [12]
indicted that the cutting depth was maximum with standoff
distance of 5.5 mm, but the effect on the surface roughness
was not obvious in the range of 1–10 mm. Therefore, the
material quality of CFRP is sensitive to the machining param-
eters, and process control is of great significance.

In order to have a clear understanding of the influence of
various parameters on the cutting process, several material-
removal mechanisms and process models have been devel-
oped for process control and optimization [13–15]. Current
research on models mainly focuses on ductile and brittle ma-
terials and is based on erosion theory [16], energy methods
[17], and fracture mechanics [18]. Among these studies, two
main models of the penetration direction have been proposed,
namely, the two-stage impact zone model developed by Zeng
and Kim [19] and the three-zone cutting front model proposed
by Arola and Ramulu [20, 21], respectively. In the two-stage
impact zone model, the cutting front was divided into direct
and secondary impact zones according to the respectivemech-
anisms of material removal. As for the three-zone cutting front
model, three distinct regions were observed via visualization
of the surface that was created, namely, an initial damage
region (IDR) at the jet entry, an intermediate smooth cutting
region (SCR), and a rough cutting region (RCR) adjacent to
the jet exit. Although several studies on the processing of
CFRP by AWJ have been conducted, these were often limited
to a parametric analysis of kerf depth and taper. Furthermore,
little research has been found that performed a detailed anal-
ysis of the process mechanism and cutting front morphology
in AWJ machining of CFRP. This has to some extent hindered
the processing of CFRP by AWJ technology. Hence, in this
study, an examination of kerf profiles in AWJ cutting of CFRP
was conducted by μscan laser confocal microscopy, and the
effects of process parameters on surface roughness were stud-
ied. In addition, a model of the machining of CFRP is pro-
posed, which was inspired by Arola and Ramulu’s [20] three-
zone cutting front model, from which recommendations are
made on selecting the optimum cutting parameters for practi-
cal applications.

2 Experimentation and procedure

2.1 Material

In this study, CFRP containing 12 layers of carbon fiber with
the T300 composition was used as the target material. The
layered structure of the carbon fiber composite material, as
well as the anisotropy between the layers, has made it difficult
to process this material with high efficiency and high quality
by traditional processing methods. The workpieces used in
this study had thicknesses of 2.2 mm, 4.5 mm, 6.8 mm,
8.8 mm, and 11.0 mm, respectively. All machining was con-
ducted with garnet abrasives with a mesh size of #80, which
have the great advantages of moderate hardness, stable phys-
ical and chemical properties, etc.

2.2 Experimental equipment

The experiments were conducted on a cantilever CNC AWJ
machine equipped with a WJQG37 cutting platform, a
DPSB9-3040 intensifier pump, a CNC system, and an abra-
sive feeding system. The intensifier pump was used to pres-
surize filtered and softened water with a maximum pressure of
500MPa. Then, the water was piped to a water cutting head of
the cutting platform and exited through a sapphire orifice. At
the same time, the abrasive and air from the abrasive feeding
system were also delivered to the water cutting head and were
entrained by the high-velocity water flow. Conceptually, this
technique operates like a jet pump, and the pressurized abra-
sive water jet stream was used as an erosive medium to pro-
cess the workpiece below. The cutting head and the workpiece
were operated by the five-axis linkage water cutting machine
to complete the preset process.

2.3 Cutting procedure

In these experiments, the process parameters in the AWJ ma-
chining procedure were selected on the basis of previous re-
search into AWJmachining [16, 19]. As shown in Table 1, the
parameters that were investigated included the traverse speed,
abrasive mass flow rate, waterjet pressure, standoff distance,
and sample thickness. It should be noted that the selection of
the standoff distance was to keep the nozzle from rubbing the
material considering the need to manufacture large specimens
with complex shapes in industrial production, although a
smaller standoff distance was found to be preferred [20].
And Yanaida [22] has reported that the length of the initial
region of the non-submerged jet of high-pressure water is
about 65 to 135 times of the diameter of the nozzle, which is
much higher than the range of standoff distance selected in
this paper. By controlled variation of the parameters, a total of
366 tests were performed, and the corresponding processed
workpieces were obtained.
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Figure 1 shows a CFRP workpiece subjected to cutting
with the cutting parameters displayed on its surface, where
the x-axis represents the feed direction, the y-axis represents
the jet penetration direction, and the z-axis represents the di-
rection in which the height of the cutting front fluctuated.

2.4 Measurement of landscape profiles

The surface morphology of the cutting front was measured by
μscan laser confocal microscopy with an accuracy of 10 nm. In
comparison with the case in other cutting methods, the changes
in the roughness of the AWJ cutting front in the traverse direc-
tion were not obvious owing to the high periodicity of the
stripes [7, 23]. In order to identify a suitable length range for
measurements in the feed direction, sections with lengths of
30 mm and 40 mm were selected to measure the respective
surface morphologies, and the results were compared. It was
found that the section with a length of 30 mm contained at least
20 cycles, which was a large enough number to meet the accu-
racy requirements of this measurement. Therefore, in order to
reduce the measurement workload, a section of the cutting front
with a length of 30 mm in the feed direction was selected to
acquire the kerf profile of the CFRP workpiece, which is
sketched in Fig. 2. A pronounced periodic stripe structure can
be seen in the x-direction, whereas in the y-direction a stripe

structure is more obvious in the lower part, which indicates that
the surface roughness seems to have changed with the penetra-
tion depth. According to our previous study, the resolution of
the laser confocal microscope has no significant effect on the
measurement of roughness. Hence, in this study, a microscope
resolution of 30 μm× 30 μm and a sampling frequency of
500 Hz were selected according to the recommended values
for the scanning device and our previous study.

In order to quantify the quality of the surface morphology,
the variable Ra was used to denote the surface roughness of
the cutting front in this paper. Here, Ra [8, 24] is the arithmetic
average value of the absolute distance between a point on the
contour line and the baseline in the measurement direction (z-
direction in Fig. 1) within the sampling length, as sketched in
Fig. 3 and mathematically defined by Eq. (1):

Ra ¼ 1

n
∑
n

i¼1
jhij ð1Þ

where n is the sampling number and hi is the absolute distance
between the profile curve and the baseline.

In order to determine the value of Ra along the jet penetra-
tion direction, several parallel horizontal lines were selected
on the cutting front used for measurement, as shown in Fig. 4.
The distances between the horizontal lines were 30 μm,

Fig. 1 Sample of carbon fiber–reinforced plastic (CFRP) workpiece subjected to AWJ cutting

Table 1 Machining parameters
selected for abrasive waterjet
(AWJ) cutting

AWJ cutting parameter Data

Traverse speed u (mm∙min−1) 800 600 400 200 100 50

Abrasive mass flow rate ma (g∙min−1) 1239 987 663 354

Waterjet pressure p (MPa) 450 420 380 350 320 300

Standoff distance L (mm) 5 10 15 20

Sample thickness d (mm) 2.2 4.5 6.8 8.8 11.0
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according to the resolution of the microscope. Thereby, the
profile curves of the chosen parallel lines on the cutting front
were acquired, of which one is shown in Fig. 5.

The greatest difficulty in the determination of Ra is the
establishment of the baseline. In general, the contour signal
can be decomposed into long-wave and short-wave compo-
nents by a filtering operation, and the contour of the long-
wave signal can be used as the baseline. In this study, a B-
spline preprocessed Gaussian filter was chosen as the filtering
operation to process the height fluctuation data and determine
the surface roughness of the cutting front, which was achieved
using the self-developed program PSAWJ based on Fortran
95/2003. The theory and algorithm of the B-spline analysis
module in this program are based on The NURBS Book [25].
Gaussian filtering uses a standard filtering kernel function to
filter surface roughness. By processing the measurement data,
the Ra value of the CFRP cutting front was determined.

3 Results and discussion

The results for the morphology and surface roughness of the
cutting front, which were used to facilitate the analysis of the
influence of the process parameters on the quality of the ma-
chined surface, are shown and discussed below.

3.1 Observation of machined surface

As shown in Figs. 6, 7, 8, 9, and 10, the topography of the
surface that was created was reconstructed from the height
distribution data for the cutting front acquired by μscan laser
confocal microscopy. The morphology of the cutting front can
be observed visually in the 3D views, including the waviness

patterns or stripes and grooves on the surface of the kerf. In
addition, the stripes and grooves seemed to exhibit a certain
periodicity in the feed direction, which indicated that the AWJ
cutting process was cyclical, from the cyclical kerf profile.
The topography of the CFRP sample seemed to be similar to
that of traditional materials machined by AWJ, but different
materials displayed cutting fronts with different characteristics
in detail [16].

It can be seen from Figs. 6, 7, 8, 9, and 10 that
different kerf profiles were obtained under different
working conditions. Figure 6 illustrates that a fast tra-
verse speed may result in more pronounced grooves in
the feed direction and a rougher overall cutting front.
The kerf profiles were different at different mass flow
rates, as shown in Fig. 7, but the relationship is not
obvious. As for the waterjet pressure, the effect is also
not very apparent, as seen from Fig. 8. Figure 9 shows
that surface grooves were more obvious at a small
standoff distance, which was probably due to mechani-
cal vibration of the jet perpendicular to the penetration
direction. The kerf profiles for different sample thick-
nesses are shown in Fig. 10, and the waviness pattern
became more obvious at a greater depth in the penetra-
tion direction as the sample thickness increased, which
was probably because the jet energy was insufficient to
destroy and remove the material efficiently as the pen-
etration depth increased. According to these figures, the
surface morphology changed with the operational pa-
rameters, including the fluctuations in height along the
jet penetration direction and the periodicity of incisions
in the feed direction. Therefore, the surface morphology
of the cutting front was critically correlated with varia-
tions in the process parameters. However, the specific

Fig. 3 Schematic diagram of
surface roughness

Fig. 2 Scanning range of the
μscan laser confocal microscope
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Fig. 4 Parallel lines on the cutting
front

Fig. 5 Profile curve of a selected parallel line on the cutting front

Fig. 6 3D views of the cutting front at different traverse speeds: a u = 800 mm/min; b u = 50 mm/min (ma = 663 g/min, p = 450 MPa, L = 5 mm, d =
8.8 mm)
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relationships cannot be directly deduced from the 3D
views in these figures.

3.2 Surface roughness

In order to have a clear understanding of the specific relation-
ships between the process parameters and the surface quality,
the variable Ra was used to denote the surface roughness of
the cutting front, and the influence of each parameter on the
value of Ra was studied. Figure 11 a shows the surface rough-
ness along the cutting depth at different traverse speeds. In
general, the surface roughness remained relatively low
throughout the cutting process and exhibited slight fluctua-
tions in amplitude, with values of between 1 and 4, except in
the region adjacent to the jet exit point. In this region, the
surface roughness underwent large fluctuations, except when
the traverse speed was 50 mm/min or 600 mm/min. The
curves in the region of y = 4.77–6.39 mm are enlarged in
Fig. 11b. One can see that a sharp increase in roughness began

in the range of y = 5.7–5.9 mm, whereas a rapid decline in
roughness started in the range of y = 5.85–6.06 mm.

The surface roughness at different abrasive mass flow rates
generally exhibited the same behavior as those at different tra-
verse speeds (Fig. 12). However, the roughness decreased
slightly in the region of the initial jet entry point and thereafter
continued to remain relatively constant. This may have resulted
from vibration of the mechanical equipment when the jet came
into contact with the workpiece in this region. In the region near
the jet exit point, the roughness also increased sharply (y = 5.8–
6.0 mm) and then rapidly decreased (y = 6.0–6.4 mm). It can be
seen that the greater was the abrasive mass flow rate, the higher
was the maximum surface roughness.

When the waterjet pressure was changed, the distribution
of the surface roughness of the cutting front was as shown in
Fig. 13 and was similar to that for different traverse speeds.
The maximum roughness occurred at p = 420 MPa, and the
minimum roughness occurred at p = 320 MPa. In addition to
small fluctuations in the region of the jet entry point and sharp
fluctuations in the region near the jet exit point, there were also

Fig. 7 3D views of the cutting front at different abrasive mass flow rates: a ma = 1239 g/min; b ma = 354 g/min (u = 400 mm/min, p = 450 MPa, L =
5 mm, d = 8.8 mm)

Fig. 8 3D views of the cutting front at different waterjet pressures: a p = 450 MPa; b p = 300 MPa (u = 400 mm/min, ma = 663 g/min, L = 5 mm, d =
8.8 mm)
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small fluctuations in the intervening area. These fluctuations
may be attributed to the instability of the booster device and
vibrations of the cutting platform.

When the standoff distance was used as the variable, the
curve of the roughness as a function of the cutting depth ex-
hibited similar results to those for the other cutting parameters.

Fig. 9 3D views of the cutting front at different standoff distances: a L = 5 mm; b L = 20 mm (u = 800 mm/min, ma = 987 g/min, p = 450 MPa, d =
8.8 mm)

Fig. 10 3D views of the cutting front at different sample thicknesses: a d = 2.2 mm; b d = 11.0 mm (u = 100 mm/min,ma = 987 g/min, p = 450MPa, L =
5 mm)
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Fig. 11 Effect of traverse speed on surface roughness: a surface roughness along the cutting depth; b surface roughness in the range of y = 4.77–6.39mm
(ma = 987 g/min, p = 450 MPa, L = 5 mm, d = 6.8 mm)
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According to an enlarged view of the region near the jet exit
point (Fig. 14b), the curve for L = 15 mm started to increase
and then decline first in this region, and the peak value of the
fluctuations was also the largest among those for all the oper-
ational conditions.

The effects on the surface roughness of the sample thick-
ness are presented in Fig. 15; there were large fluctuations in
amplitude in the region near the jet exit point. Among the
samples, the workpiece with a thickness of 4.5 mm had the
largest range of fluctuations, whereas the workpiece with a
thickness of 8.8 mm had the smallest range.

3.3 Three-zone cutting front model

From Figs. 11, 12, 13, 14, and 15, one can see that the rough-
ness remained relatively stable in most areas of the cutting
front and displayed large fluctuations only in some confined
regions, mainly those near the jet entry and jet exit points. In
the region of the jet entry point, the roughness either increased
from zero to the average amplitude or increased first and then
decreased to a stable value of Ra in the range of 0–10 for y =
0–0.2 mm. In the middle cutting zone, the roughness remained
relatively stable with small fluctuations, and the value of Ra
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was basically in the range of 2–5. In the region near the jet exit
point, the roughness exhibited large fluctuations, and the max-
imum value of Ra reached about 62. This is basically in agree-
ment with Arola and Ramulu’s [20] experimental results. The
distribution of the surface roughness of machined CFRP indi-
cated the presence of three distinct regions along the cutting
depth, each of which exhibited unique surface features.
According to the experiment conducted by Arola and
Ramulu [20], these three regions are the initial damage region
at the jet entry, the smooth cutting region in the intervening
area, and the rough cutting region near the jet exit point. In
order to devise a better division of the cutting front according
to the ranges of the fluctuations in roughness, the

dimensionless cutting depth, which is normalized by the cor-
responding sample thickness, was introduced. Using the di-
mensionless cutting depth as the abscissa, the roughness dis-
tribution for different sample thicknesses displayed the same
behavior, as illustrated in Fig. 16, and the cutting front was
divided into three distinct regions according to the degree of
roughness. These three regions are categorized as follows.

Initial damage region (IDR): The initial damage region is
located at the jet entry point. According to the three-zone
cutting front model proposed by Arola and Ramulu for a
graphite/epoxy laminate [20], the initial damage region at
the jet entry point has a direct relationship with the diameter
of the AWJ nozzle. According to our experimental data, the
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length of this region in CFRP was about 0.2D (whereD is the
diameter of the AWJ nozzle, which was 1 mm in this
experiment).

Smooth cutting region (SCR): The surface is smooth and
the Ra value is about 2–5 in this region because the AWJ acts
on this region directly and the jet energy is sufficient for stable
cutting. The results of the above experiments revealed that the
end of the SCR is located in the range of y/d = 0.83–0.92. The
analysis of the influence of the cutting parameters on the sur-
face roughness along the penetration direction indicated that
the range of the SCR has a direct relationship with the process
parameters.

Rough cutting region (RCR): The surface of this region has
more obvious stripes and grooves, with the result that the
boundary between the SCR and the RCR of the cutting front
can be observed clearly. This roughness may be caused by two
reasons, of which one is the fact that the energy of the AWJ is
severely depleted when it reaches this area, so that the material
cannot be destroyed and removed effectively. The other rea-
son is frictional collisions between particles and particles, par-
ticles and water, and particles and surfaces because of the
reflection of the abrasive water jet.

3.4 Influence of process parameters on the length
of the SCR

In the cutting process, the SCR, where Ra is relatively
low and stable, has an important influence on the sur-
face quality. The point at which Ra = 5 is defined as the
boundary between the smooth and rough cutting regions
from the experimental data, from which the length of
the SCR was determined. The variable hs is used to

denote the length of the SCR in the jet penetration
direction.

Figure 17 illustrates the influence of the process pa-
rameters on the length of the SCR. It appears from
Fig. 17a that the cutting depth of the SCR reached a
maximum at a traverse speed of 200 mm/min. As for
the abrasive mass flow rate, the length of the SCR
reached a minimum at an abrasive mass flow rate of
approximately 1000 g/min but exhibited no maximum
value, as illustrated in Fig. 17b. In order to ensure high
quality of the cutting front, it is necessary to avoid abra-
sive mass flow rates in the intermediate range in the
figure. However, the cutting performance and efficiency
of the penetrating jet will be reduced at a low abrasive
mass flow rate, and the piping system will be blocked as
a result of a high abrasive mass flow rate. Therefore, the
selection of the abrasive mass flow rate needs to be con-
sidered comprehensively. As shown in Fig. 17c, the rela-
tionship of the SCR length with the waterjet pressure
exhibited large fluctuations in amplitude. In order to im-
prove the process efficiency and the quality of the ma-
chined surface of CFRP, it is suggested that the pressure
should preferably be in the range of 300–345 MPa.
Figure 17 d shows that a standoff distance in the range
of 7–13 mm resulted in a greater SCR length. This may
have occurred because the jet expanded over too broad
an area when the standoff distance was too great, where-
as too short a standoff distance may have caused me-
chanical vibration and possible scratching between the
nozzle and the workpiece. Figure 17 e presents the rela-
tionship between the relative length of the SCR and the
sample thickness. It is recommended that the sample
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thickness should be in the range of 8–10 mm in order to
obtain the greatest relative length of the SCR.

4 Conclusions

An experimental study was conducted to reveal the influence
of the process parameters on the surface morphology of the

cutting front in AWJ machining of CFRP. The results of this
study were analyzed, and the following conclusions were
reached:

1. Waviness patterns or stripes and grooves can be seen in
the three-dimensional height distribution of the landscape
profile of the cutting front, and the cyclical kerf profile in
the feed direction indicated that the AWJ cutting process

(a)
(ma=987g/min p=450MPa L=5mm d=6.8mm)

(b)
(u=800mm/min p=450MPa L=5mm d=6.8mm)

(c)
(u=800mm/min ma=663g/min L=5mm d=6.8mm)

(d)
(u=800mm/min ma=987g/min p=450MPa d=6.8mm)

(e)
(u=800mm/min ma=987g/min p=450MPa L=5mm)

Fig. 17 Influence of process parameters on the length of the smooth cutting region, the parameters are a traverse speed, b abrasive mass flow rate, c
waterjet pressure, d standoff distance, and e sample thickness, respectively
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was cyclical. The kerf profile was influenced by the tra-
verse speed, abrasive mass flow rate, waterjet pressure,
standoff distance, and sample thickness. Among these
factors, traverse speed was found to have a remarkable
effect on the kerf profile, and a moderate traverse speed
was more conducive to achieve high overall surface
quality.

2. The three-zone cutting front model was proposed accord-
ing to the surface roughness along the penetration direc-
tion, and the cutting front was divided into three distinct
regions. These three regions were the initial damage re-
gion at the jet entry point with the length of 0.2D, the
smooth cutting region in the intervening area with the
end in the range of y/d = 0.83–0.92, and the rough cutting
region near the jet exit point.

3. Extension of the SCR may be accomplished with suitable
process parameters. It is suggested that the length of the
smooth cutting zone reached a maximum at a traverse
speed of 200 mm/min, a waterjet pressure of 300–
345 MPa, a standoff distance of 7–13 mm, and a sample
thickness of 8–10 mm. There is no maximum value in the
curve of the cutting depth in the SCR versus the abrasive
mass flow rate, which needs to be chosen according to the
actual situation.
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