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Abstract

The cutting quality of abrasive waterjet (AWJ) can be generally improved by increasing the pressure, but a higher pressure
means a reduced service life of the equipment and increased manufacturing and maintenance cost. In order to obtain the
required high cutting quality at a relatively low pressure of 150 MPa, the process parameters of AWJ were optimized using
the response surface methodology (RSM). The surface roughness (R,) and the kerf taper (K,) were used to evaluate the cut-
ting quality. The Central Composite Design (CCD) model was applied for designing the cutting experiment, and the effects
of abrasive flow rate, standoff distance, and traverse speed on the machining quality were analyzed using the method of
Analysis of Variance (ANOVA). By using the obtained optimal machining parameters of AWJ, the double-pass strategy was
used to further promote the cutting quality. The results show that the cutting quality at the low pressure of 150 MPa can be
significantly improved by optimizing the process parameters or increasing the number of cutting pass. The highest cutting
quality of R,=4.55 pm and K, =0.149° can be achieved at a traverse speed of 33 mm/min, a standoff distance of 0.66 mm,
and an abrasive flow rate of 339 g/min. Using the strategy of double-pass cutting, the R, can be reduced by a maximum of
82.74%, and the greatest reduction in K, is 59.94%, meaning the cutting quality is better when compared with that under the
ultra-high pressure of 350 MPa with single-pass cutting.
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1 Introduction

Abrasive waterjet (AW]J) is a non-traditional green machin-
ing method being widely used in the world today. AW]J is
formed by adding abrasive particles into the high-speed
water beam, and the material removal is mainly achieved by
the shearing effect of abrasive particles [1]. This technol-
ogy is able to machine a wide range of materials because
of its unique advantages like higher versatility, no heat
affected zone, lower cutting forces, and good environmental
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performance [2]. During its working process, nearly no dust
or harmful particles are produced, which is friendly to the
environment [3]. The performance of AWJ processing is
affected by various parameters, among which the waterjet
pressure, the abrasive flow rate, the traverse speed, and the
standoff distance are the main ones [4].

In order to improve the cutting ability of AWJ, many
researchers are focusing on investigating the effects of
machining parameters on the roughness (R,) and taper (K))
of the cut surface and kerf. For example, Arvind et al. [5]
experimentally studied the influence of AWIJ processing
parameters on the cutting quality of Inconel 718 with the
use of response surface methodology (RSM). They found
that both the abrasive flow rate and traverse speed are the
most substantial parameters. Similar results were also obtain
by Joel et al. [6], who used the Taguchi method linked with
the gray relation analysis to investigate the machinability of
AA7075 aluminum alloy by AWJ. Moreover, Ahmed et al.
[7] used experimental design and statistical modeling tech-
niques to make an investigation on the influence of AWJ
cutting parameters on the surface roughness. As a result, the
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waterjet pressure and traverse speed were claimed as signifi-
cant parameters. Yuvaraj et al. [8] studied the cutting perfor-
mance of cryogenic-assisted AWJ under different waterjet
pressures, abrasive sizes, and AWJ impact angles. Xiong
et al. [9] put forward a new cutting strategy that reverses
cutting with variable standoff distance to improve the cutting
performance of Ti6Al4V. Besides, Yang et al. [10] studied
the effects of processing parameters on the cutting capacity
and quality with the monolithic abrasive material and cor-
responding mixing abrasive materials, respectively. They
found that the variation of abrasive flow rate greatly deter-
mines the cutting performance. These investigations indicate
that by optimizing the machining parameters of AWJ, the
cutting quality of materials can be significantly improved.

On the other hand, numerous studies in the literature
have already shown that waterjet pressure is one of the most
significant factors affecting the cutting ability of AWJ and
the cutting quality [11-13]. It can be claimed that a higher
waterjet pressure generally results in better cutting qualities,
especially for hard materials [14, 15]. Our previous cutting
experiments also showed that the waterjet pressure should
be as high as 400 MPa when cutting U71Mn material if
satisfied surface quality needs to be obtained [16]. There-
fore, experiments and investigations are mainly performed at
ultra-high pressures. Almost all, the studies on AWJ cutting
are conducted at pressures above 300 MPa, and so far, few
investigations on AWJ cutting at pressures below 200 MPa
can be found in the literature. But it is known that a higher
pump pressure means that the manufacturing and mainte-
nance cost will be largely raised and the service life will be
greatly reduced at the same time [17]. Up to now, whether
a relatively low pressure waterjet can cut materials with a
high quality as that achieved by ultra-high pressure waterjets
remains unclear.

In the present study, an attempt was made to discover the
cutting ability of AWJ with a relatively low pressure. By
varying the traverse speed, standoff distance, abrasive flow
rate, and the number of cutting pass, the cutting quality of
5052 aluminum alloy under the impact of AWJ at 150 MPa
was studied. The cutting quality was then compared with an
ultra-high pressure of 350 MPa. This study could help obtain
a high cutting quality of AWJ at a low waterjet pressure by
using reasonable machining parameters.

2 Experimental procedure and facilities
2.1 Specimen

As aluminum alloy 5052 has superior manufacturability such
as formability, corrosion resistance, and weldability, it is
being widely employed in aircraft fuel tanks, autonomous
body structures, and sheet metal parts of marines [18]. Thus,
aluminum alloy 5052 was used as the cutting specimen in
this study, and the chemical composition and main mechani-
cal properties are displayed in Tables 1 and 2, respectively
[19, 20]. The dimensions of length, width, and thickness of
the specimen were 20 mm, 10 mm, and 5 mm, respectively.

2.2 Equipment

All the cutting tests were performed using an AWJ platform
(Model: APW2016BA-18) shown in Fig. 1. The platform
was equipped with a five-axis cutting head and a pump with
the maximum ultra-high pressure up to 420 MPa. The AW]J
device also had an abrasive delivery system that can adjust
the abrasive flow rate ranging from 70 to 880 g/min.

The roughness of the cut surface, R,, was obtained by
the contact-type surface measuring instrument (Mitutoyo
SJ-210). Three different locations on the surface of each
specimen were selected for measurement, and the average
values were used to minimize the errors. The measure-
ment length was 6 mm, and the movement speed of the
probe was 0.5 mm/s. The calculation results and surface
roughness waveform can be displayed on the device. The
instrument and measurement method are shown in Fig. 2.

The taper of the cut kerf, K|, was also used for evaluat-
ing the quality of the cut surface, and it was obtained by
a three-dimensional profiler (Model: NanoFocus yscan)
illustrated in Fig. 3. The profiler was used to collect the
contour shape of the cut surface and measure the width of
the upper and lower cuts. Then, K, could be obtained using
the following equation [21]

Table 2 Main mechanical properties of aluminum alloy 5052

Density Tensile Yield Thermal Elastic
(g/em®)  strength strength conductivity Modulus
(MPa) (MPa) (W/mK) (GPa)
2.7 220 65 121 70
Table1 Chemical composition ;o Cu% Mg% Zn% Mn% Cr% Fe% Al%
of aluminum alloy 5052
<0.25 <0.10 22~28 <0.10 <0.10 0.15~0.35 <0.40 Bal
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Fig. 1 AWI devices

CNC system

Ultra-high pressure pump

Fig.2 Mitutoyo SJ-210 and
measurement method

Fig.3 NanoFocus uscan profiler

W W
K, = tan 1(—‘% b) )

where W,, W,, and h are, respectively, denoted as the width
of the upper kerf, the width of the lower kerf, and the thick-
ness of the specimen.

2.3 Experimental design

During all the cutting tests, the waterjet impact angle, the
garnet abrasive size, and the focusing nozzle diameter were
kept as 90°, 80 mesh, and 1.02 mm, respectively. Prelimi-
nary cutting experiments had been performed, and results
showed that 150 MPa was the minimum pressure for cut-
ting through the aluminum alloy 5052 specimen at a single
cutting. In the meantime, a relatively high cutting quality

Catcher.tank

of R,=4.842 pm and K,=1.118° could be obtained at a
much higher pressure of 350 MPa with the traverse speed of
100 mm/min, standoff distance of 2 mm, and abrasive flow
rate of 390 g/min. Thus, 150 MPa was used as the relatively
low pressure, and 350 MPa was used as the ultra-high pres-
sure for comparison.

In this study, two cutting methods were used to improve
the machining quality at the relatively low pressure of
150 MPa. One was optimizing the main process parameters,
which were the traverse speed, the standoff distance, and the
abrasive flow rate, the other was using double-pass cutting
with alternate directions.

RSM, which is a statistical method for solving multivari-
ate problems, was used in company with the Central Com-
posite Design (CCD) model. One advantage of CCD over
Box-Behnken Design (BBD) and other design techniques
of the experiment is its design flexibility, which allows for
increased factor levels by adding axial points [22]. In gen-
eral, the basic form of the multivariate quadratic response
surface regression model is shown as follows [23].

Y=by+ i bX+ i b X+ i i byX,X+e 2)
i=1 i=1

i=1 j>1

where Y is the response factor (R,, K,), b, is the regression
intercept, b;, b;;, and bij are regression coefficients, ¢ is the
random experimental error, and Xj, XJ are independent vari-
ables of dimensionless coded.

A model of three factors at five levels was adopted to
obtain the optimum cutting parameters. Coding factors A,

B, and C stand for the traverse speed, the standoff distance,
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and the abrasive flow rate, separately. For each factor, the
values of levels 2 and 4 were determined by the preliminary
experiment, and the other three levels were acquired by the
CCD model. All the process parameters are summarized in
Table 3.

3 Results and discussion

A total of 40 cutting tests were performed at the relatively
low pressure of 150 MPa. In more specific terms, 20 tests
were under single-pass cutting, and the other 20 were under
double-pass cutting. The values of R, and K, of each test are

3.1 Cutting quality improvement by optimizing
process parameters

The optimization of the three process parameters was stud-
ied under the condition of single-pass cutting. RSM was
used for clarifying the influence of process parameters on
the response metrics. It also helped to establish the quad-
ratic regression equation models of R, and K, considering
the above cutting parameters. The final quadratic regression
equation models of R, and K, according to the coding factors
are given in Egs. 3 and 4, respectively.

R, =12.59+2.32A - 0.7419B

displayed in Table 4, as well as those obtained at the ultra- —1.94C — 1.27AC — 1.63A% + 0.5473C? )
high pressure of 350 MPa in the preliminary experiment, for
the convenience of comparison.
Table 3 LeYelS of the C‘,mi“g Symbol Input parameters Level
parameters in the experiment
1 2 3 4 5
A Traverse speed (mm/min) 33 50 75 100 117
B Standoff distance (mm) 0.66 1 1.5 2 2.34
C Abrasive flow rate (g/min) 70 200 390 580 710
T?ble 4 R, aF‘d K val.uc'as at Run order Input parameters Single-pass cut-  Double-pass
different cutting conditions ting cutting
Traverse speed Standoff distance Abrasive flow rate R, K, R, K,
(mm/min) (mm) (g/min) (pm) (degree) (pm) (degree)
1 75 1.5 390 12.978 1.086 2979 0.435
2 75 2.34 390 11.585 1.274 3.021 0.871
3 50 1 580 8.821 0.809 2.420 0.528
4 33 1.5 390 4.789 0.590 2.503 0.280
5 75 1.5 710 10.561 1.491 2.626 0.621
6 100 1 580 11.680 1.613 2.593 0.808
7 75 1.5 390 12976 1.235 2.744 0.839
8 75 1.5 390 12.878 1.182 2.688 0.901
9 50 2 200 8.841 1.056 3412 0.777
10 75 1.5 70 17.576 0.988 3.590 0.590
11 100 2 200 15510 1.615 3.406 0.714
12 117 1.5 390 11.003 1.522 3.109 0.776
13 50 2 580 7.846 1.212 2756 0.746
14 100 1 200 19.126 1.553 3.301 0.870
15 75 0.66 390 13.409 0.809 2902 0.932
16 75 1.5 390 12.245 1.130 3.005 1.087
17 100 2 580 10.487 1.690 2774 1.088
18 75 1.5 390 12.435 0.978 3.119 1.025
19 75 1.5 390 12.108 1.119 2.515 0.994
20 50 1 200 10.120 0.641 3.124 0.622
C.g 100 2 390 4.842 1.118

C. g Control group
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K, = 1.13 + 0.3164A + 0.1273B + 0.0955C + 0.0743C?
“

However, it should be pointed out that in double-pass
cutting, due to the polishing and trimming effects of the
secondary cutting, the influence of various factors on cut-
ting quality is weakened, and the prediction model of quad-
ratic regression equation is not reliable. Therefore, only the
surface quality prediction model of single-pass cutting is
analyzed in this paper.

Analysis of variance (ANOVA), generally used for sig-
nificance testing, was applied to evaluate the significance of
the cutting parameters. The ANOVA analysis result of R,
under 150 MPa single-pass cutting is shown in Table 5. The
F-value of the model is 52.71, and the P value is less than
0.05, which indicates that the established model is signifi-
cant. Each item with p value less than 0.05 has a significant

Table5 ANOVA for R,

influence on the model as a whole. As can be seen from
Table 5, A, B, C, AC, A2, C? are the significant model terms.
Similarly, the ANOVA result for the K, of 150 MPa single-
pass cutting is shown in Table 6, from which it can be found
that the K, is influenced significantly by the model terms of
A, B, C,and C*

The normal plots of residuals of R, and K, are shown
in Fig. 4. All residuals are approximately evenly distrib-
uted along a straight line, indicating that the error of the
regression model obtained is small and the accuracy is high.
Therefore, it can be used as a basis for predicting the results
of response variables [24].

The approximate degree of the actual values and pre-
dicted values of R, and K, are shown in Fig. 5. The actual
values and predicted values are generally distributed near
the central line, which has a good linear fitting relation-
ship [25]. This shows the good applicability of the model,

Source Sum of Squares DOF Mean Square F-value P-value
Model 193.09 9 21.54 52.71 <0.001
A-Traverse speed 73.24 1 73.24 179.94 <0.001
B-Standoft distance 7.52 1 7.52 18.47 0.0016
C-Abrasive flow rate 51.65 1 51.65 126.90 <0.001
AB 0.8162 1 0.8162 2.01 0.1871
AC 12.94 1 12.94 31.79 0.0002
BC 0.9293 1 0.9293 2.28 0.1617
A? 38.57 1 38.57 94.76 <0.001
B’ 0.0013 1 0.0013 0.0031 0.9565
c? 4.30 1 4.30 10.57 0.0087
Residual 4.07 10 0.4070
Lack of fit 3.31 0.6628 4.38 0.0654
Pure error 0.7563 0.1513
Cor total 197.16 19

Table6 ANOVA for K, Source Sum of Squares DOF Mean Square F-value P-value
Model 1.86 9 0.2064 12.39 0.0003
A-Traverse speed 1.37 1 1.37 82.04 <0.001
B-Standoft distance 0.2213 1 0.2213 13.28 0.0045
C-Abrasive flow rate 0.1246 1 0.1246 7.48 0.0210
AB 0.0574 1 0.0574 3.45 0.0930
AC 0.0045 1 0.0045 0.272 0.6133
BC 1.290E-06 1 1.290E-06 0.0001 0.9932
A? 0.0017 1 0.0017 0.1025 0.7555
B’ 0.0005 1 0.0005 0.0286 0.8690
c? 0.0829 1 0.0829 4.98 0.0498
Residual 0.1666 10 0.0167
Lack of fit 0.1280 0.0256 3.32 0.1071
Pure error 0.0386 0.0077
Cor total 2.02 19
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which also confirms that the established model has high
precision in predicting R, and K.

Figure 6a-c display the response surface results of R,.
In Fig. 6a, the effect of the interaction between the stand-
off distance and traverse speed on R, is shown under the

Fig.4 Residual plots of

Normal Plot of Residuals

Normal Plot of Residuals
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Fig.6 3D response surface of surface roughness
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abrasive flow rate of 390 g/min. For lower transverse speeds
and higher standoff distances, the R, will decrease. This is
due to the reason that the cutting time of AWJ is increased
[26]. The interaction between abrasive flow rate and traverse
speed on R, is shown in Fig. 6b, where the standoff distance
remains unchanged at 1.5 mm. For a combination of a high
abrasive flow rate and a low traverse speed, a decrease in R,
is observed. This is because the increase in abrasive flow rate
increases the number of grits per unit time, which increases
the cutting area of grits. As a consequence, the waterjet
capacity is improved, making the processed surface cleaner
[27]. Figure 6¢ is the 3D response surface of abrasive flow
rate and standoff distance at a constant traverse speed of
75 mm/min. It can be seen that a smaller R, can be obtained
at an abrasive flow rate of 710 g/min and a standoff distance
of 2.34 mm. This is because the increase in the standoff dis-
tance enlarges the acceleration time of AWJ and increases
the grit kinetic energy, which in turn enhances the process-
ing ability of AWJ.

Figure 7a-c portrays the 3D surface plot of the K, with
traverse speed, standoff distance, and abrasive flow rate.
As can be seen from Fig. 7a, with the decrease in traverse
speed and standoff distance, the K, shows a decreasing
trend. The minimum K, can be obtained at the standoff
distance of 0.66 mm and traverse speed of 33 mm/min.
This is because the reduction in traverse speed increases
the material removal time, resulting in similar kerf widths
at the exit and entrance of the kerf. The reduction in the

Kerf taper (degree)
°
O
Kerf taper (degree)
°

66.6

1.332
B: Standoff distance 0.996 49.8  A: Traverse speed

C: Abrasive flow rate 230

0.66 33

Fig. 7 3D response surface of kerf taper

target distance leads to the reduction in the diffusion angle
of the AWJ, and the waterjet beam is concentrated in a
smaller angular range [28]. Figure 7b and ¢ shows that
there is an intermediate abrasive flow rate of about 350 g/
min that makes the K, minimum. As the abrasive flow rate
decreases, the contact between the grits also decreases.
Thus, the kerf entrance and the kerf taper are decreased.
However, an extremely low abrasive flow rate can lead to
a sharp reduction in the AWJ’s cutting capability and the
kerf width at the exit is small, resulting in a larger taper
[29].

RSM is also an optimization method where the goal
of optimization is to determine the optimal combination
of parameters to obtain the optimal output response. The
parameter optimization can achieve different optimization
objectives, such as achieving the maximum or minimum
value of the output response or achieving a specific target
value. For multi-objective optimization, each optimiza-
tion objective has a certain importance. The least impor-
tant optimization goal is represented by (+), and the most
important optimization goal is represented by (++ + ++).
Table 7 shows the relevant parameter optimization settings.
In this study, the optimization process has two main objec-
tives. Determine the minimum R, and the minimum K, for
the cutting process using the maximum importance coef-
ficient (++ + ++), other parameters are normalized to find
the combination of parameters that satisfies the objective
proposal.

Kerf taper (degree)
°
o

17 710 - 234

66.6

. 1 2
A Travesse spéed C: Abrasive flow rate 230

70 33 70 0.66

(2) (b)

Table 7 Parameter optimization

. Name Lower Limit Upper Limit Importance Optimization Target
settings
Traverse speed (mm/min) 33 117 +++ In range
Standoff distance (mm) 0.66 2.34 +++ In range
Abrasive flow rate (g/min) 70 710 +4++ In range
R, (pm) 0 20 +++++ Minimize
K, (degree) 0 2 +++++ Minimize
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The optimization results obtained based on the parameter
optimization setting are R,=4.55 pm and K, =0.149°, with a
corresponding expected value of 84.6% as shown in Table 8.
At this time, the traverse speed is 33 mm/min, the standoff
distance is 0.66 mm, and the abrasive flow rate is 339 g/
min. Compared with the experimental results of the control
group, R, is reduced by 6.03%, and K, is reduced by 86.67%.

3.2 Cutting quality improvement
by the double-pass cutting strategy

In addition to the 20 specimens obtained at 150 MPa by
single-pass cutting, another set of 20 specimens was also
cut by 150 MPa double-pass cutting with alternate directions
using the same cutting parameters. Then, using the optimal
parameters obtained above, the specimens were cut by the
two cutting strategies under the low-pressure waterjet condi-
tion, and the specimens of the high-pressure control group
are shown in Fig. 8. It can be found that under 150 MPa sin-
gle-pass cutting conditions, the presence of oblique stripes
at the bottom of the cut surface can be seen in Fig. 8a. While
under 350 MPa single-pass cutting, the trace of the stripe
fades significantly and becomes a straight stripe. The reason
is that the increase in pressure enhances its cutting ability
and effective material removal can be achieved at the bottom

of the specimen as well. With 150 MPa double-pass cutting,
the stripes are almost invisible on the cut surface, and the
cut quality is even better than that of the 350 MPa cutting.

Specimens of run number 19 and the high-pressure con-
trol group were selected, and their surface morphology was
measured using the NanoFocus uscan profiler as shown in
Fig. 9, with a scanning frequency of 500 Hz and a resolution
of 30 pm X 30 pm. As is demonstrated in Fig. 9a-c, the maxi-
mum height of the cutting surface in the Z-axis direction
decreased from 118 to 98.4 pm by increasing the number
of cuts, a reduction of 16.61%. Compared with the effect
of high pressure cutting, the maximum height of 150 MPa
double-pass cutting in the Z-axis direction is smaller than
that of 350 MPa cutting.

Figure 10 shows the comparison of experimental data
between single-pass cutting, double-pass cutting, and the
dotted line shows the cutting results of the 350 MPa control
group. From Fig. 10a, it can be observed that double-pass
cutting can greatly reduce the R, of the cut surface by a
maximum of 82.74% (Run Number 14) while narrowing
the difference between the Ra of the cut surface with dif-
ferent cutting parameters. Compared to the control group
with 350 MPa cutting, double-pass cutting at low pressure
can achieve better experimental results than the control
group based on all combinations of the selected cutting

Table 8 Optimization results in

Number  Traverse speed  Standoff distance ~ Abrasive flow rate R, K, Desirability
R, and K,

1 33 0.66 339 455  0.149  0.846
Fig.8 AWJ machined surface a L e ————————— 2
150 MPa single-pass cutting, b s b
150 MPa double-pass cutting, ; g i
and ¢ 350 MPa single-pass Obh(ilie_stmpes‘ 1 Almost no stripes Straight stripes|
cutting e T ek o \

e Ve AR
L PRy S, DTN R @

X =9.03 mm
Y =9.03mm
Z=118 um

(2)

(b)

X =9.03 mm
Y =9.03mm
Z=984 pym

X =9.03 mm
Y =9.03mm
Z=102 um

(b) (©

Fig.9 Surface morphology produced by AWJ a 150 MPa single-pass cutting, b 150 MPa double-pass cutting, and ¢ 350 MPa single-pass cutting
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—#— |50MPa with single-pass cutting
—®— 150MPa with double-pass cutting

— 553
(=2} (=]
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T

Run Number

(a)

2.0

—#— ]50MPa with single-pass cutting
—®— 150MPa with double-pass cutting

o N
T T

o
oo
T

Kerf taper(degree)

Run Number

(b)

Fig. 10 a Surface roughness and b kerf taper under different cutting strategies.

parameters. Figure 10b displays the resulting curve for K|,
where the double-pass cutting similarly reduces the K, by
up to 59.94% (Run Number 1) compared to the single-pass
cutting. When compared with the control group cutting, the
K, in the double-pass cutting mode in the low-pressure con-
dition is also smaller than the control group in both cases.
Therefore, the cut quality obtained under 350 MPa waterjet
can be achieved by using the double-pass cutting method in
150 MPa condition.

In this study, the same traverse speed is used in single-
pass cutting and double-pass cutting, so the machining effi-
ciency of double-pass cutting is reduced. However, under the
same cutting time, the cutting quality is still better than that
of single-pass cutting when the traverse speed of double-
pass cutting is increased. Therefore, the double-pass cutting
strategy under low pressure can prolong the service life of
the equipment without reducing the machining efficiency.

4 Conclusions

Although increasing the waterjet pressure is an effective and
much direct way to promote the cutting quality of AWJ, the
manufacturing, maintenance, and safety of the ultra-high-
pressure pump are suffering great challenges. In the present
study, the method for achieving high waterjet cutting quality
at a relatively low pressure of 150 MPa was experimentally
explored, and the main conclusions are as follows:

1. The experimental results show that reducing the trav-
erse speed and standoff distance significantly reduces
the R, and K,. In addition, increasing the abrasive flow
rate decreases the R,, while an optimal abrasive flow rate
exists for the K.

2. The cut quality at the relatively low pressure of 150 MPa
can be improved by optimizing the process parameters.
The highest quality appears when the traverse speed is
33 mm/min, the standoff distance is 0.66 mm, and the
abrasive flow rate is 339 g/min, where the R, and K, are
reduced by 6.03% and 86.67%, respectively.

3. Double-pass cutting with alternate directions is an
effective strategy for improving the cut quality at the
relatively low pressure. After double-pass cutting, the
R, has reduced by a maximum of 82.74% and the great-
est reduction in K, is about 59.94%. The surface quality
exceeded that of the high pressure cutting.
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