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Abstract. Abrasive water jet machining (AWJM) is an interesting solution for
the production of shallow pockets in metal sheets made of titanium alloys. Indeed,
it produces low cutting forces and heat generation and prevents deformation of
these parts after machining. In addition, it has the advantage of only using two raw
materials: sand and water. It is possible to generate pocket edges with an imposed
geometry using AWJM, but it is necessary to tilt the axis of the jet. The material
removalmechanism is then a function of the inclination angle. The presented study
propose an improved model for modelling the pocket profile in TiAl6V parts. The
experimental results shows that the model is efficient as the precision is around
5%.

Keywords: Abrasive water jet machining (AWJM) · Titanium alloy · Alloy
cutting depth model

1 Introduction

Titanium alloys, and the most used one Ti6Al4V, presents several advantages compared
to other metallic materials, such as lightweight, excellent fatigue performance and high
resistance to the aggressive environment. These advantages are the reasons of its wide
employability material in industry, especially in aerospace. However, its machinability
is affected by other properties as high strength, low thermal conductivity and chemical
reactivity with cutting tool materials, so it is challenging to choose conventional machin-
ing processes in this case. Particularly, pylon components in the aeronautical structure
have thin and large shape. Choosing conventional milling process for those parts causes
dramatically reduction of the tool life due to galling tendency and deformation of parts
due to heat generation caused by high cutting forces. All these restrictions led to the
rapid development of machining titanium alloys by non-conventional process like laser,
chemical and electrical discharge and abrasive water jet machining (AWJM). Among
non-conventional machiningmethods, AWJM is a promising techniquewith outstanding
characteristics in comparison with conventional machining. AWJ uses a simple tooling
(pure water and abrasive particles), it imposes minimum forces on the workpiece and it
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does not produce any heat-affected zone.Also in the aspect of impact on the environment,
it could be considered to be the least harmful.

Due to these advantages,AWJprocess has been applied formachiningwith controlled
depth of metals [1–3]. Some reports [4–6] has shown that the desired 3D complex
geometry milled by AWJ process can be achieved by governing different slopes which
are equal to the local slope of that desired 3D geometry, obtained by changing the angle
between the jet axis and the target surface.

However, many studies have shown that there is a wide kind of process parameters in
the AWJ process [7–9]. It makes difficult to control the amount of the material removal
volume. A small variation in the characteristic of the jet plume causes a fluctuation
of eroded material mass along the trajectory of the jet plume. This raises a significant
issue for controlled-depth milling in AWJ machining. For those reasons, controlling
the jet footprint geometry plays the most important role in generating desirable surface
geometries. Thus, a predictive geometrical surface profile model is very importance to
fulfil these challenges and improve the advantages of abrasive water jet technology.

The present work develops an efficient and simple geometrical milling model, taking
into account the inclination jet angle (α) (Fig. 1-a). As shown by the study presented
in [10], only the inclination angle variation is relevant to be considered. Impingement
angle (Fig. 1-b) and 5-axis combination are intent to be studied in further work. It makes
an effort to insight the kerf generation process with respect to a key kinematic process
parameter (α) as a basis to develop strategies for machining controllable pocket shape
and further for complex geometries in abrasive water jet technology.

Fig. 1. Definition of jet angle

To enable this, several works are conducted as follows:

• (i) Introduction of an extended model [10] of the profile for the pocket machined
taking into account the inclination angles of the jet (α).

• (ii) Experimentations with different inclination angles of the jet.

2 Proposed Model with the Inclination Angle of the Jet

The energy distribution in theAWJ is identified experimentally as aGaussian distribution
[9, 11], which means that at any cross-section of the jet plume (perpendicular to the jet
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axis), the velocity profile of water follows nearly Gaussian distribution [12]. Moving of
the jet plume over a workpiece surface generates an elementary pass with bell shape as a
result of Gaussian distribution. The model of the kerf profile of the elementary pass and
pocket milled by abrasive water jet process have been introduced [10, 13]. Thus an open
pocket can be generated by using several successive elementary passes with a suitable
distance (Pitch) (Fig. 2).

Y

Pitch
Successive

passes

Jet

Open pocket

Y(x)

X
Jet inclination

Fig. 2. Schematic of open pocket profile generated by successive elementary passes correspond-
ing to the jet inclination angle at α

In addition, in order to narrow the influence of complex operating parameters, a
given configuration of the machine is defined by dividing into two categories: (i) the
setting parameters and (ii) controlled parameters. The setting parameters are not easily
modifiable during milling including: pressure (P), grade of abrasive particle, abrasive
flow rate (ma), and standoff distance (SOD). The controlled parameters are defined as
the ones that could be modified during machining by the NC program. Considering an
elementary pass, in this present study, the only controlled parameter is the traverse speed
(Vf).

The modelling of kerf profile of elementary pass, taking into account the influence
of the jet inclination angle (Fig. 2), has been developed in the previous works [10]. The
present model (Eq. 1) is developed further to predict the open pocket on abrasive water
jet milling and it workswith the open pocket generated at different focusing tube inclined
angles corresponding to a specific machine configuration:

Y (x) =
∑n

i=0
[H (α).Ke(α).H (Vf ).e

−
(

x−i.pitch. sin(α)
B(Vf )

)2
] + cot(α).x (1)

where Ke(α) is the erosion factor which depends on the jet inclination angle and it
allows the governing the equation to be more suitable. Ke(α) is identified analytically
to find the specific erosion rate on the target material. He(α) factor consider the effect
of a succession of elementary passes depending on the real inclination angle of the jet.
The maximum depth H(Vf) and the width factor B(Vf) of the corresponding elementary
pass generated at the jet inclination angle of 90◦, these factors have been introduced in
[10, 13] and defined using Eq. 2 and Eq. 3.

H (Vf ) = Ho × Vf Hv (2)

B(Vf ) = Bo × Bf Bv (3)

Ho, Hv, Bo, and Bv are coefficients that are determined experimentally.



24 V.-H. Bui et al.

3 Experiment

The experiments for model validation are conducted on a five-axis AWJ machining sys-
tem (FLOW MACH4C). All input parameters are selected as it was done in previous
works [10, 13] which play the role of the setting parameters in a given machine con-
figuration. In addition, the results from previous works [10, 13, 14] has demonstrated
the efficiency of the model to predict the geometrical characteristics of the kerf pro-
file of both the elementary pass and pocket for various values of traverse speed. The
present work only consider the influence of the jet inclination angle (α) on the milling
process. The tests were implemented using a specific value of the traverse speed, Vf =
1000 mm/min, with different jet inclination angles.

In order to demonstrate the efficiency of the model (Eq. 1), the effect of the jet
inclination angles in pocket generation is performed (Fig. 3-a by varying the angle α in
the range of 50◦–90◦ with two pitch values (0.7 mm and 1.1 mm).

(a) 
(b)

Fig. 3. Experimental setup and measurement employed for machining open pocket by AWJ

The identification of the dimensional characteristics of the pocket are extracted from
the outcome of measuring on an ALICONA IF optical profilometer (Fig. 3-b). This
apparatus is able to measure 1000 curves, distributed regularly over 2 mm, using.

4 Result

Based on the experimental result of milling elementary passes with three levels of the
traverse speed (Vf) presented in Eq. 2 and Eq. 3 [10, 13], the coefficients Ho = 336.074,
Hv = −1.000, Bo = 1.224, Bv = −0.066 were determined. Besides, the erosion factor
Ke(α)was determined by the experiments and given in [10]. It should be noted that once
the erosion coefficient He(α) is taken into account in the model (Eq. 1), there is a good
agreement between the model predictions and the measured profiles with a mean error
which is computed by Eq. 4.

Error = DepthModeled − DepthMeasured

DepthMeasured
(4)

The mean errors (Table 1) are always negative values and all the absolute values are
smaller than 5%; the maximum mean value is observed at the inclination angles of 70◦
and also 80◦ for both two cases of the pitch.
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Table. 1. Modeled and measured depth.

α Pitch = 0.7 mm Pitch = 1.1 mm

Experiment
(mm)

Model (mm) Error (%) Experiment
(mm)

Model (mm) Error (%)

90◦ 0.868 0.844 −1.63% 0.497 0.488 −1.84%

80◦ 0.789 0.772 −2.04% 0.485 0.466 −4.09%

70◦ 0.752 0.740 −1.56% 0.466 0.459 −3.35%

60◦ 0.709 0.706 −0.36% 0.470 0.453 −2.43%

50◦ 0.719 0.710 −1.23% 0.496 0.483 −2.57%
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Fig. 4. A comparison measured and modelled profiles corresponding to the jet inclination angle
at α = 60◦; (a) - Pitch = 0.7 mm and (b) - Pitch = 1.1 mm.

Furthermore, Fig. 4 indicates a good fitting ofmeasured profile withmodelled profile
at 60◦ of the jet inclination angle for the pitch = 0.7 (mm) and 1.1 (mm).

Figure 5 shows the value of He(α) factor which defined by experiment at a given
jet inclination angle for two values of the pitch steps. In both cases, the He(α) factor is
a function of the jet inclination angle and dependence of He(α) fully matches with the
linear trendline (dot lines is the best-fit line).

Fig. 5. He(α) factor defined experimentally as a function of jet inclination angle. The dot line
represents the best fit line: a) Pitch = 0.7 (mm); b) Pitch = 1.1 (mm).
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5 Conclusion

In this work, the generation of milled pocket at various jet inclination angles is investi-
gated by considering themodel for 2D cross-section profilemilling byAWJ applications.
The model has been assessed by milling open pockets in titanium alloy (Ti6Al4V). The
process is controlled by the traverse speed (Vf) and the jet inclination angles (α), other
process parameters are chosen to establish a givenmachine configuration. Themachined
pocket profile is analysed to get control for the depth of the pocket by varying a jet incli-
nation angles from 50◦ to 90◦. The geometry of the profile of the open milled pocket
significantly depends on the jet inclination angle (α). The mean error is less than 5%.
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adaptation, distribution and reproduction in anymedium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.
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