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Abstract

As the only cold processing technology at present, abrasive water jet (AWJ) has been successfully applied in many industrial
fields. However, the tool of the AW is a soft knife, which will be deformed during the cutting process, resulting in kerf error,
which seriously affects the machining accuracy. At present, the commonly used method to eliminate the kerf error is the taper
compensation processing method. However, the contour curve of the kerf is not a straight line in most cases, so that there
are still residual errors in the processing of the taper compensation method. In this paper, the residual error is defined as the
deviation error, that is, the maximum error of the kerf contour deviating from the taper direction. Based on the experiment
of AWI cutting aluminum alloy 6061-T6, a detailed study is carried out on the influence of processing parameters such as
cutting speed, water pressure, abrasive flow rate, and material thickness on the deviation error, and an empirical model of the
deviation error is established through data fitting. This will help to better understand the kerf error of AWJ and has important

guiding significance for optimizing processing parameters and improving processing accuracy.
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1 Introduction

In the 1970s, the technology of pumps advanced by leaps and
bounds, which can generate pressures exceeding 300 MPa.
This provided conditions for the formation of high-pressure
water jet. Soon after, the high-pressure water jet technology
officially came out [1-3]. High-pressure water jet was first
widely used for cutting soft materials and breaking rocks.
Until the 1980s, abrasive particles were mixed into water to
form an abrasive water jet (AWJ), which greatly enhanced
the cutting ability [4]. AW] has strong processing capabili-
ties and belongs to cold processing technology. It has shown
great advantages in the processing of materials, especially
in the processing of various difficult-to-process materials or
heat-sensitive materials, and has received extensive attention
from the manufacturing industry [5].

However, unlike traditional processes such as drilling,
where the cutting edge continually receives energy com-
pensation during the entire machining process, an AWJ
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continually loses its energy due to dissipation along its path.
Therefore, in a typical AW] kerf cutting process, the cut-
ting power of the jet decreases from the top of workpiece to
the bottom, leaving a kerf error, which seriously affects the
machining accuracy [6]. In order to improve the processing
accuracy of AWJ, many scholars have carried out a lot of
research on the kerf error.

As early as the 1970s, Crow and Rehbinder conducted
research on cutting rocks with pure water jets, analyzed the
mechanism of rock failure, and established corresponding
models [7, 8]. Hashish et al. developed a theory of penetrat-
ing various solid materials through continuous high-speed
water jets and expanded it to predict the volume removal of
material and the impact of stand-off distance and multiple
cuts [9, 10]. In the 1980s, Hashish pioneered the study of
AW], explored the influence of different AWJ parameters
on the cutting depth and quality produced, and established
a model to determine the optimal processing parameters
[11, 12]. This model lays a theoretical foundation for the
follow-up AW]J research. Hlavac et al. studied the influence
of cutting speed on the kerf error and, on this basis, proposed
a nozzle inclination compensation cutting method to elimi-
nate the kerf error formed during the cutting process [13,
14]. Yuvaraj et al. studied the influence of pressure, abrasive
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grain size, and incident angle on the taper of the kerf through
the experiment of abrasive water jet cutting D2 steel and
obtained the best combination of processing parameters [15,
16]. Vigano et al. conducted experiments on cutting large-
thickness and complex-shaped ceramic sponges with AWJ,
studied the influence of process parameters on cutting qual-
ity, and optimized the process parameters on this basis [17].
Armagan et al. pointed out that the parameters that have the
greatest influence on the roughness of the cutting section
are the target distance, followed by pressure and abrasive
flow rate, and the traverse speed also has a certain influence
[18]. Wang et al. conducted an in-depth analysis of the kerf
profile of the AWJ and pointed out that the traditional “kerf
taper” used to characterize the kerf profile is not accurate
and has large errors [19, 20]. Li et al. conducted experiments
on cutting plain weave carbon fiber reinforced composites
with AWJ, and the results showed that AWJ processing
generally only causes edge damage and does not produce
material delamination [21]. Perec conducted an experimen-
tal study on AWIJ cutting of titanium alloy materials, and
pointed out that the slower the cutting speed, the deeper the
cutting depth, and the influence of the abrasive flow rate
on the cutting depth is not obvious [22]. Schwartzentruber
et al. studied the influence of process parameters on kerf
roughness based on the experiment of AWJ cutting carbon
fiber reinforced composite materials and established a kerf
roughness model [23]. Kumaran et al. conducted experi-
ments on cutting carbon fiber reinforced plastics with AWJ,
and the results showed that the water pressure and target
distance have the greatest influence on the kerf roughness,
and increasing the water pressure can effectively improve the
surface quality of the kerf [24]. Gnanavelbabu et al. pointed
out that the water pressure and cutting speed have a greater

Fig. 1 Comparison of kerf
profiles from cutting with and
without taper compensation
[29]
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impact on the taper of the kerf based on the AW]J cutting
of aluminum alloy composite materials [25]. Miao studied
the kerf morphology through AW cutting experiments; pro-
posed a variety of methods to improve cutting quality, such
as secondary cutting, multiple cutting, and oblique cutting;
and established a stacking cutting depth prediction model
[26]. Azmi et al. used AW] to process layered fiber rein-
forced polymer composites and found that the taper error is
mainly affected by standoff distance and nozzle movement
speed and then established a taper error model [27]. Shan-
mugam et al. pointed out that nozzle movement speed and
water pressure are the most important processing parameters
that affect taper error and established a mathematical model
based on experimental data [28].

On the basis of in-depth study of the kerf error, a method
called taper compensation to eliminate kerf error was pro-
posed and successfully applied to the precision machining of
AWI. In this method, the jet is inclined at an angle along the
direction perpendicular to the nozzle movement to eliminate
the kerf error. The compensation result of this method is
to keep the upper and lower dimensions of the sample the
same, as shown in Fig. 1.

However, in the previous research, it was found that the
kerf profile curve is not a straight line in most cases, so the
parts processed by the taper compensation method still have
residual errors. In this paper, this residual error is defined
as the deviation error, that is, the straightness error of the
kerf profile along the taper direction, and its value is equal
to the maximum distance between the kerf profile curve and
the line connecting the top and bottom port vertices of the
kerf, as shown in Fig. 2. An in-depth research on the devia-
tion error is carried out, which has a positive effect on the
improvement of the machining accuracy of the AWJ.

Compensated wal

1mm



The International Journal of Advanced Manufacturing Technology (2022) 118:2513-2521 2515

V/Center of kerf

Left kerf

o / Right kerf
profile

profile

| /Deviation error

|
I
I
I
1

Fig.2 Deviation error definition

2 Experimental study

The AWIJ cutting machine is selected as the 2626XP model
produced by the OMAX company, as shown in Fig. 3. Gar-
net is selected as the abrasive, which is more cost-effective
and is more commonly used in AW]J cutting. The abrasive
grain size is 100 meshes commonly used in precision cut-
ting. The processing material is aluminum alloy 6061-T6,
which is widely used in actual industrial production and
is also one of the most commonly cut materials with AW]J.
The diameter of the orifice and the mixing tube is a com-
bination of 0.33 mm and 0.89 mm, which is commonly
used in AWJ precision cutting, and the stand-off distance
is fixed at 1.5 mm. Other processing parameters are shown
in Table 1.

In Table 1, the cutting quality level is used instead
of the cutting speed, because the cutting quality level is

Fig.3 AWIJ cutting machine

Table 1 Experiment parameters

Parameters Values

Water pressure (MPa) 245, 315, 385
Abrasive flow rate (kg/min) 0.25,0.35,0.45
Thickness of sample (mm) 5, 10, 25, 50, 100, 150
Cutting quality level Q3,Q5,Q10

commonly used in the current commercial AWJ cutting.
The higher the quality level, the lower the cutting speed.
The relationship between cutting quality level and cutting
speed is given by Zeng’s model [6]:

125,;,0.687,,,0.343 \ 119
B N, P = " i W
u= C QHDO.618

s

where u is the cutting speed in mm/s, N,, is the machina-
bility number of material, 71, is the water flow rate in g/s,
1 is the abrasive flow rate in g/s, P,, is the water pressure
in MPa, C; is the scale factor, Q is the cutting quality level,
D is the diameter of mixing tube in mm, and H is the thick-
ness of sample in mm.

The size of the cutting sample is 50 mm X 20 mm, and
the two sides of the sample are the area to obtain the kerf
profile curve, as shown in Fig. 4. After the sample is cut,
the Swiss Sylvac 905.4525 digital dial indicator is used
to measure the kerf profile curve data. This dial indicator
can be connected to a computer to realize the synchro-
nous transmission of data. Together with the programming
function of the OMAX software, it can realize the auto-
mation of data measurement and avoid the generation of
human errors in the measurement process. The data of the
dial indicator can be read out by the computer, and the
AWI cutting equipment selected in the experiment can also
be controlled by computer programming. Therefore, each
data measurement only needs to set the starting point, and
the equipment can perform automatic measurement. The
measurement method is shown in Fig. 5.

1.5mm

Cutting trace [

Fig.4 Cutting path for each sample
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Fig. 5 Method of obtaining kerf profile curve

3 Results and discussions

Through the above experiments, the kerf profile curves of
162 samples are obtained, and the deviation error corre-
sponding to each curve is calculated. For the convenience
of comparison, the types of kerf profile are summarized
into three types, namely, convex type, straight type, and
concave type. The deviation error of the concave type is
defined as a negative value, and the deviation error of the

Fig.6 Classification of
deviation error of kerf profile. a
Convex type. b Straight type. ¢
Concave type

Center of kerf

convex type is defined as a positive value, as shown in
Fig. 6. It should be noted that the positive and negative
only represent the direction in which the kerf profile curve
deviates from the taper error line, and the magnitude of the
deviation error is determined by its absolute value.

3.1 The influence of cutting speed on deviation
error

The cutting speed has a great influence on the deviation
error, as shown in Figs. 7 and 8. When the deviation error is
positive, as the cutting speed decreases, the deviation error
gradually decreases, as shown in Fig. 7. When the deviation
error is negative, as the cutting speed decreases, the devia-
tion error gradually increases, as shown in Fig. 8.

Lower cutting speed means that more abrasive particles
per unit area participate in material removal. The removal of
material by abrasive particles is carried out gradually from
top to bottom, which causes the deviation error position to
move down with the cutting depth direction, and the amount
of material removed there increases, which causes the above
phenomenon.

3.2 The influence of water pressure on deviation
error

The influence of water pressure on the deviation error is
shown in Figs. 9 and 10. In Fig. 9, the sample thickness is
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Fig. 7 Deviation error affected by cutting speed (material thickness is
5 mm, abrasive flow rate is 0.25 kg/min)

10 mm, and the deviation error is positive. Under the cutting
quality level Q3, as the water pressure increases, the devia-
tion error hardly changes. Under the cutting quality level Q5
and Q10, as the water pressure increases, the deviation error
will increase slightly. In Fig. 10, the material thickness is
100 mm, and the deviation error is negative. When the water
pressure increases, the deviation error under different cutting
quality levels decreases, and the magnitude of the change is
much greater than that in Fig. 9.

This is because the water pressure has two effects on the
deviation error. First, when other parameters (including cut-
ting speed) are unchanged, the increase in water pressure
will inevitably increase the energy obtained by the abrasive
particles and increase the jet cutting ability. As a result, the
position of the deviation error moves down along the cutting
depth direction, and the amount of material removed there is
increased. Second, as the water pressure increases, the cut-
ting speed under the same cutting quality level will increase,
which leads to a decrease in the number of abrasive particles
involved in material removal per unit area, causing the devi-
ation error position to move up in the cutting depth direction,
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Fig. 8 Deviation error affected by cutting speed (material thickness is
150 mm, abrasive flow rate is 0.45 kg/min)
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Fig.9 Deviation error affected by water pressure (material thickness
is 10 mm, abrasive flow rate is 0.25 kg/min)

and the amount of material removed there is reduced. There
will be an offsetting effect between the increase in abrasive
energy and the decrease in the number of abrasive particles.
The impact of the decrease in the number of abrasive par-
ticles is greater than the increase in abrasive energy, and it
becomes more and more obvious with the accumulation of
time, resulting in the phenomenon shown in Figs. 9 and 10.

3.3 Theinfluence of abrasive flow rate on deviation
error

The influence of abrasive flow rate on deviation error is
shown in Figs. 11 and 12. In Fig. 11, the material thickness
is 10 mm, the deviation error is positive, and the change of
abrasive flow rate has almost no effect on the deviation error.
In Fig. 12, the material thickness is 100 mm, and the devia-
tion error is negative. As the abrasive flow rate increases,
the deviation error under different cutting quality levels is
reduced accordingly.
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Fig. 10 Deviation error affected by water pressure (material thickness
is 100 mm, abrasive flow rate is 0.45 kg/min)
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Fig. 11 Deviation error affected by abrasive flow rate (material thick-
ness is 10 mm, water pressure is 315 MPa)

The reason is similar to the water pressure. When
other cutting parameters (including cutting speed) remain
unchanged, the increase in abrasive flow will increase the
number of abrasive particles involved in material removal
per unit area. However, the increase in the abrasive flow
rate will also increase the cutting speed corresponding to
the same cutting quality level, thereby causing the reduction
of abrasive particles involved in material removal per unit
area. The reduction of abrasive particles is greater than the
increase, which shows the phenomenon shown in Figs. 11
and 12.

3.4 The influence of material thickness on deviation
error

The material thickness has a great influence on the deviation
error (as shown in Fig. 13). When other machining param-
eters remain unchanged, as the material thickness increases,
the deviation error changes from positive to negative, that is,
first decreases and then increases. It indicates that the shape
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Fig. 12 Deviation error affected by abrasive flow rate (material thick-
ness is 100 mm, water pressure is 385 MPa)
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Fig. 13 Deviation error affected by material thickness (water pressure
is 315 MPa, abrasive flow rate is 0.45 kg/min)

of the kerf profile has changed from protruding to the outside
of the sample to being close to a straight line and then concave
to the inside of the sample.

The increase in material thickness means that more mate-
rial needs to be removed. Therefore, a slower cutting speed is
required to provide more abrasive particles to participate in
the material removal, and the material removal is carried out
gradually from top to bottom, which causes the deviation error
position to move down with the cutting depth direction, and
the amount of material removed there increases, resulting in
the phenomenon shown in Fig. 13.

It is worth pointing out that some researchers believe that
water pressure and abrasive flow rate have a greater influence
on the kerf profile. This seems to be at odds with the views of
this paper, but it is not contradictory. In their research, specific
cutting speed values are used. However, the cutting quality
level is selected in this paper, and the value of the cutting speed
corresponding to the same cutting quality level will change
with the change of other parameters. Therefore, in this paper,
changes in water pressure and abrasive flow rate will directly
affect the kerf profile on the one hand and, on the other hand,
will also change the cutting speed value corresponding to the
same cutting quality level, thereby indirectly affecting the kerf
profile. As mentioned above, these two effects will cancel each
other out, and the final performance is that water pressure and
abrasive flow rate have no obvious effect on the kerf profile of
thinner materials.

4 Deviation error model
4.1 Model building

Through the analysis of experimental data, it is found that there
is a strong mathematical relationship between In(U/H) and the
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Fig. 14 Relation of In(U/H) vs. deviation error

deviation error, where U is the cutting speed in mm/min and
H is the material thickness in mm. As shown in Fig. 14, the
mathematical relationship between In(U/H) and the deviation
error can be expressed by a third-degree polynomial. In this
paper, a third-degree polynomial is used to fit the experimental
data through the Levenberg—Marquardt algorithm. The rel-
evant fitting parameters are as follows:

RMSE: 0.031832231301863
SSE: 0.168206297642781

R: 0.983406712402736

R?%: 0.967088761998757

DC: 0.967088761998757
Chi-Square: -0.564917304755963
F-Statistic: 4804.00513794199

Therefore, the following formula can be obtained:

Substituting Eq. (3) into Eq. (2), the model relationship
between the deviation error and the parameters studied in
this paper can be obtained:

3 Pl 4375 m0,39445 2 Pl 4375 m0.39445
DE = 0.00041n’ (2222220 ) — 0.00961? (222022 )
) - 0.0009

Pl'4375m0'39445
+0.0455In (2200

&)
Through Eq. (5), the deviation error of the kerf profile
under given processing parameters can be calculated.

4.2 Model validation

The model verification experiment parameters are shown
in Table 2. Except for the parameters listed in the table, the
other parameters are the same as the previous ones. After
adopting the same data measurement and processing meth-
ods as above, the experimental results obtained are shown in
Table 3. Among them, the maximum deviation between the
model prediction values and the experimental measurement
values is 0.0171 mm, the average deviation is 0.0082 mm,
and the Pearson correlation coefficient is 0.98. Figure 15
intuitively shows the relationship between the predicted
curve and the experimental values. The experimental values
are basically distributed near the model prediction curve,
which shows that the model can effectively calculate the
deviation error of the kerf profile under the given cutting
parameters.

5 Conclusion

In most cases, the kerf profile curve is not a straight line,

DE = 0.00041n*(U/H) — 0.0096In*(U/H) + 0.0455 In (U/H) — 0.0009 2

where DE is the deviation error in mm.

Some parameters in Eq. (1) are fixed values in this paper.
Therefore, in order to simplify the formula derivation, these
parameters are treated as constants, so Eq. (1) can be expressed
as

P14375,,,0.39445
- C,QISHLS €)

where U is the actual cutting speed in mm/min, P is the
water pressure in MPa, m is the abrasive flow rate in g/s, and
Cy is the constant coefficient; its value can be calculated by
the following formula:

CSDo.els L15
Cr= (35.17Nmm0»687> @

so the workpiece processed by the traditional taper com-
pensation method still has residual error, which is defined

Table 2 Verification experiment parameters

Test No Cutting speed Material Water Abrasive flow
(mm/min) thickness pressure rate (kg/min)
(mm) (MPa)
Test 1 190 5 385 0.458
Test2 70 5 245 0.225
Test3 50 10 315 0.225
Test4 10 10 245 0.344
Test5 25 25 385 0.344
Test6 15 25 245 0.458
Test7 10 50 315 0.344
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Table 3 Verification experiment data

Test No In(U/H) Deviation error (mm)
Predicted value Measured value

Test 1 3.64 0.059 0.061
Test 2 2.64 0.061 0.046
Test 3 1.61 0.049 0.049
Test 4 0 —0.0009 0.002
Test 5 0 —0.0009 -0.018
Test 6 -0.51 —0.0267 -0.023
Test 7 —-1.61 —0.1008 -0.084

as deviation error in this paper. The smaller the absolute
value of the deviation error, the closer the kerf profile
curve is to a straight line, which means the higher the
accuracy of the taper compensation processing method.
Therefore, the study of deviation error is helpful to opti-
mize the processing parameters and improve the accuracy
of AWJ processing.

The kerf profile is classified into three types, namely,
convex type, straight type, and concave type. As the cutting
speed decreases, the kerf profile curve of the sample has a
tendency to change from convex to concave. The influence
of water pressure and abrasive flow rate on the deviation
error will become more and more obvious as the material
thickness increases. The material thickness has a great influ-
ence on the deviation error. With the increase of the material
thickness, the deviation error changes from positive to nega-
tive, and the type of the kerf profile of the sample changes
from convex to linear, and finally to concave.

Based on experimental research, a deviation error model
is established in this paper, which makes it possible to pre-
dict deviation error under given parameters. In the case
that AWJ machining cannot achieve the required accuracy
at one time, as long as the deviation error is determined,
the allowance for subsequent machining is clarified, which

0.08
‘= 0.044
£
g
1 0
£
=
B)
= m
3 -0.04
=
= Predicted value
> 0081 . redicte
=) ® Measured value
-0.12 T T T T T
-2 -1 0 1 2 3 4

In(U/H)
Fig. 15 Predicted vs. measured deviation error
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has guiding significance for the precision machining of the
workpiece.
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