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The ultrasonic vibration activated in the abrasive water jet nozzle is used to enhance the capability of the abrasive water jet
machinery. The experiment devices of the ultrasonic vibration assisted abrasive water jet are established; they are composed of the
ultrasonic vibration producing device, the abrasive supplying device, the abrasive water jet nozzle, the water jet intensifier pump,
and so on. And the effect of process parameters such as the vibration amplitude, the system working pressure, the stand-off, and
the abrasive diameter on the ceramics material removal is studied.The experimental result indicates that the depth and the volume
removal are increased when the ultrasonic vibration is added on abrasive water jet. With the increase of vibration amplitude, the
depth and the volume of material removal are also increased. The other parameters of the ultrasonic vibration assisted abrasive
water jet also have an important role in the improvement of ceramic material erosion efficiency.

1. Introduction

Abrasive water jet (AWJ) technology, as one of the fastest
growing nonconventional machining processes, has been
applied in many engineering fields such as aeronautics and
mechanical manufacture [1, 2]. The abrasive water jet has so
many merits such as no heat deformation, high machining
efficiency, high accuracy, and broad machining range. In
order to improve the capability of the water jet machining,
the pulsed water jet, which could cause a greater removal of
target material by generating water-hammer effect, has been
a research focus [3–5]. With an aim to produce high speed
pulsedwater jets, themechanicalmethods including rotation,
reciprocating, and wobbling have been successfully applied.
However, the devices using these methods require tedious
mechanical maintenance and their durability and reliability
are in harsh working environments. Ultrasonic vibration
has been used widely in abrasive water jet technology; for
example, it is used to determine the vibration emission
frequencywhen the abrasive particles impact thematerials [6,
7]. It is also used to produce the pulsed water jet; for example,

Vijay et al. [8] and Foldyna et al. [9, 10] have introduced
a kind of high frequency pulsed water jet with the use of
ultrasonic vibration activated in the nozzle; the jet’s energy
is pretty low. Lehocka et al. [11] have investigated the surface
topography, morphology, and anisotropy of copper alloys
created by pulsating water jet, and the results indicate that
this new way of metal eroding can be used in the automotive
and engineering industries in the future. Hloch et al. [12]
have used the selective property of ultrasonic pulsating water
jet for the disintegration of the interface created by bone
cement as a potential technique for revision arthroplasty, and
the results positively support an assumption that pulsating
water jet has a potential to be a suitable technique for the
quick and safe disintegration of bone cement during revision
arthroplasty. Zelenak et al. [13] have tested the applicability of
the shadowgraph technique combined with PIV processing
algorithms to visualize water jet structure and analyze flow
velocity field, and its results focus on the visualization of
pulsating and continuous water jets, while there is little
literature about experiment investigation on the material
removal of the ultrasonic vibration assisted abrasive water jet
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Figure 1: The sketch of experiment scheme.

(a) The pneumohydraulic intensifier (b) The device of ultrasonic aided water jet

Figure 2: The device of ultrasonic vibration aided abrasive water jet.

impacting ceramics. With an aim to investigate the effect of
the ultrasonic variations on the efficiency of abrasive water jet
impacting the ceramics, a serial of experiments are carried
out, and the effect of the vibration amplitude, the system
working pressure, the distance of stand-off, and the abrasive
diameter on the ceramics material removal is studied.

2. Experimental Set-Up

The experiment device of ultrasonic vibration assisted abra-
sive water jet, as Figure 1 shows, is composed of the ultrasonic
auxiliary device, the abrasive water jet system including the
abrasive water jet nozzle, the movement control device, the
work piece (ceramics), the collector, and so on.

Among them, the ultrasonic auxiliary device, as is shown
in Figure 2(b), can provide the vibration with a frequency
of 20KHz, and the amplitude is about 20 um, the vibration
amplifier is used to change vibration aptitude, and it is
connected with the abrasive nozzle by stud bolts; the abrasive
water jet system, as is shown in Figure 2(a), can provide
the water jet with a pressure within 0–70Mpa, the working
system pressure of water jet in this study is between 5 and
25MPa, the value is pretty low because these experiments aim
to study the micromachine the ceramics, and the ultrasonic
vibration also helps to decrease the working pressure. The
water jet nozzle diameter is 1mm. The stand-off is within
3–7mm and the abrasive supply rate is 2.5mg/s.

The erosion surface morphology of experimental sample
is observed and analyzed with the help of an instrument of
3D Laser Shape Measurement.

The alumina ceramics produced by National Engineering
Laboratory of Ceramics are used as the work piece material
and the purity of these alumina ceramics is 96%; themechan-
ical property is shown in Table 1.

The green silicon carbide is used as abrasive, which is
produced by a corundum manufacturing company named
HeXing in ZhengZhou, and the mechanical property is
shown in Table 2.

3. Experimental Procedure

The way of fixed-point erosion is used in this experiment,
and each processing time is 8s. In this experiment, by
changing the amplitude, the water jet pressure, the stand-
off, and the abrasive grain, the instrument of 3D Laser Shape
Measurement will be used to observe and analyze the change
law of area, shape, and depth in the erosion field; each sample
point will suffer erosion for three times, and the average value
will be used.The experiment parameters are shown inTable 3.

According to the method of single factor experiment, the
designed experiment scheme is shown in Table 4.

4. Experimental Result and Its Discussion

Figure 3 shows the erosion surface morphology of alumina
ceramics with and without the ultrasonic vibration assisted
abrasive water jet. The erosion surface morphology of alu-
mina ceramics is under the experimental condition that the
size of abrasive grain is 320#, the stand-off is 5mm, the supply
rate of abrasive is 0.25 g/s, and the processing time is 8 s.
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Table 1: The mechanical property of alumina ceramic [14].

Material Density
(g/cm3)

Vickers hardness
(Gpa)

Bending strength
(Mpa)

Fracture toughness
(Mpa⋅m1/2)

96% alumina 3.7 20 320 3
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Figure 3: The erosion surface morphology of alumina ceramics.
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Figure 4: The effect of amplitude on the depth and the material removal amount.

Table 2: The mechanical property of green silicon carbide [14].

Material Density (g/cm3) Mosh hardness scale
Green silicon carbide (SiC) 3.2 9.2

As is shown in Figure 3 obviously, there are sporadic
erosive pits in the erosion field without the ultrasonic vibra-
tion assisted abrasive water jet, and, for these pits, the depth
and the volume of material removal are very small. In this
experiment, the amount of erosive pits, the maximum depth
of erosive pits and the volume of material removal increase
simultaneously with the ultrasonic vibration assisted abrasive
water jet. And the erosive area increases slightly with the
ultrasonic vibration assisted abrasive water jet.

Figure 4 shows the effect of vibration amplitude on the
depth of erosive pits and the volume of material removal. As
is shown obviously, with the increase of amplitude, the depth

of erosive pits and the volume of the material removal will
increase firstly but decrease subsequently.

Figure 5 shows the effect of water jet pressure on the
depth of erosive pits and the volume of material removal
with different values of pressure, such as 5MPa, 10MPa,
15MPa, 20MPa, and 25MPa.As is shownobviously, when the
workpiece surface suffers vertical impact by abrasive water
jet, the maximum depth will increase with the increase of
water jet pressure, and that is because the lower the water
jet pressure is, the smaller the normal component of the
impact load becomes. And the surface roughness of initial
workpiece is very large, and the volume ofmaterial removal is
very small. However, the normal component of impact load,
the depth, and the volume of material removal will increase
simultaneously with the increase of water jet pressure.

Figure 6 shows the effect of stand-off on the depth and
the volume of material removal. As is shown obviously, the
stand-off has a small effect on the depth and the volume of
material removal.
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Table 3: The experiment parameters.

Abrasive
(mesh/#)

Pressure
(Mpa)

Amplitude
(mm)

Stand-off
(mm) Material

280, 320, 400 5, 10, 15, 20, 25 22, 17, 10 3, 5, 7 Alumina ceramic, glass
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Figure 5: The effect of water jet pressure on the depth and the volume of material removal.

Table 4: The experiment scheme.

Serial
number

System pressure
(Mpa)

Stand-off
(mm)

Amplitude
(mm)

Particle size
(mesh/#)

1 20 3 0 320
2 20 3 22 320
3 20 5 0 320
4 20 5 22 320
5 20 7 0 320
6 20 7 22 320
7 20 5 0 280
8 20 5 22 280
9 20 5 0 400
10 20 5 22 400
11 25 5 0 320
12 25 5 22 320
13 15 5 0 320
14 15 5 22 320
15 10 5 0 320
16 10 5 22 320
17 5 5 0 320
18 5 5 22 320
19 20 3 17 320
20 20 5 17 320
21 20 7 17 320
22 20 5 17 280
23 20 5 17 400
24 25 5 17 320
25 15 5 17 320
26 10 5 17 320
27 5 5 17 320

Table 4: Continued.

Serial
number

System pressure
(Mpa)

Stand-off
(mm)

Amplitude
(mm)

Particle size
(mesh/#)

28 20 3 10 320
29 20 5 10 320
30 20 7 10 320
31 20 5 10 280
32 20 5 10 400
33 25 5 10 320
34 15 5 10 320
35 10 5 10 320

Figure 7 shows the effect of abrasive grain on the erosion
surface morphology with different values of abrasive, such
as 280#, 320#, and 400#. As is shown obviously, the depth
and the volume of material removal will increase firstly
but decrease subsequently with the increase of abrasive. It
indicates that, for the alumina ceramics, the abrasive has a
small effect on the depth and the volume of material removal.

5. Establishment of Experimental Model

By analyzing the experimental result, it is easy to obtain
the experimental model of depth and material removal
amount for the ceramics which is machined by the ultrasonic
vibration assisted abrasive water jet. The symbol of water jet
pressure is 𝑃𝑠, the symbol of stand-off is B, the symbol of
amplitude is 𝑎, and the symbol of abrasive is M; they all
have a great effect on the surface morphology. Therefore, the
above processing parameters which play an important role
on the depth and the material removal amount will satisfy
the relation, and the predicted model of depth and material
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Table 5: The coefficients of regression equation.

Project Coefficient
𝑤0 𝑤1 𝑤2 𝑤3 𝑤4

ℎ1 8.894 0.115 0.491 0.049 −0.008

𝑄1 8.457 0.239 −0.586 0.072 0.0077
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Figure 6: The effect of stand-off on the depth and the volume of material removal.
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Figure 7: The influence of abrasive on the depth and the material removal amount.

removal amount for the alumina ceramics machined by the
ultrasonic vibration assisted abrasive water jet is obtained:

ℎ = 𝐶𝑃
𝑤1
𝑠 𝐵
𝑤2𝑎
𝑤3𝑀
𝑤4

𝑄1 = 𝐶𝑃
𝑤1
𝑠 𝐵
𝑤2𝑎
𝑤3𝑀
𝑤4 ,

(1)

where ℎ is depth (mm), 𝑄1 is material removal amount
(mm3), 𝐶 is coefficient which is related to the abrasive, and
𝑤1, 𝑤2, 𝑤3, and 𝑤4 are undetermined coefficients.

According to the experimental date, the MATLAB lan-
guage is used to do the regression analysis [15, 16]. The
coefficients of the above regression equation are shown in
Table 5.

Figure 8 shows the regression residual analysis. As is
shown obviously, the regression coefficients of depth and
material removal amount are within the confidence interval

(95%), and it indicates that the above regression coefficients
are reliable.

According to the comparison between all effects caused
by different parameters, for the depth and the material
removal amount, the stand-off and thewater jet pressure have
the biggest effect, the amplitude has a great effect, and the
abrasive grain has a small effect.

6. Conclusions

This experimental study focuses on the ultrasonic vibration
assisted abrasive water jet impacting the alumina ceramics.
By measuring the surface morphology of alumina ceramics,
the results indicate that the ultrasonic vibration improves
the processing capability of abrasive water jet. Meanwhile,
it also shows that both the depth and the material removal
amount will increase when the ultrasonic vibration is applied.
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Figure 8: The analysis of residual.

A predicted model of depth and material removal amount is
built. The results indicate that, for the depth and the material
removal amount, the water jet pressure and the stand-off have
the biggest effect, the amplitude has a great effect, and the
abrasive grain has a small effect.
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