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Abstract: Abrasive jet machining is not very effective on soft materials, therefore for a highly efficient
process, it is necessary to optimize the process parameters to increase the material removal rate and
obtain a good surface quality on soft material. In the present work a new experimental and numerical
investigation was carried out to optimize the abrasive jet drilling operation on aluminum 2024-T3. A
high-velocity jet of air carrying fine abrasive particles of silica sand SiO; was used to perform the
experiments. The abrasive jet machine used in this work can perform CNC drilling. The abrasive jet of
SiO; is given by the x- and 7 -axes while the specimen is motorized by the y-axis. The impact angle was
chosen as 90°. Through this work an experimental study of the material’s removal rate (MRR) at two
different mass flow rates of abrasive particles (MP) was carried out. The numerical study was
approximated to the impact of a single particle at MP=1.2 g/s with a particle jet velocity of around 200
m/s and for MP=2.2 g/s with a particle jet velocity of around 300 m/s. The numerical results for the
eroded mass compared with the experimental results are close. The high precision, rapidity and efficiency
of the present optimized process make it an alternative to traditional drilling processes.
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(MP); Aluminum 2024-T3.
1. INTRODUCTION

Abrasive jet machining (AJM) is a metal
removing process that involves the application
of a jet of gas carrying very fine abrasive
particles on the top surface of a work piece. At
high gas pressure and with the nozzle at a small
standoff distance, the particles strike the work
piece at high velocity, resulting in material
removal through erosive action.

This erosive action has been employed
mostly for cutting and drilling [1-4]. These two
processes are quite effective on hard and brittle
materials (glass, silicon, tungsten, ceramics,
etc.) but not so effective on soft materials like
aluminum, rubber, etc. AJM can produce fine
and complicated details on parts made of very
brittle materials.

For a highly efficient AJM process, it is
necessary to optimize the process parameters to
increase the material removal rate (MRR) while

obtaining a generated surface of good quality
[5]. Several parameters have been discussed by
many authors [6-23], such as the carrier gas, the
size of abrasive grain, the velocity of the
abrasive jet, the type and thickness of work
material, the shape of the cut and tolerance, the
life of the nozzle and the abrasive’s grain size
effects.

The ongoing experimental tests on AJM
demonstrate that the material removal rate
(MRR) changes according to the material
hardness properties [17-19]. The surface
roughness of the process of AJM increases
when the angle of blast is adjusted [20].
Besides, the surface roughness first increases
with the impact duration, then reduces with
further extension of the impact duration
[21,22].

Many studies have investigated the theory of
abrasive jet cutting in order to evaluate the
effects of cutting parameters such as the nozzle
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size [6], the air type and velocity [7], the
shanking amplitude and level [8]. The erosion
behavior in abrasive jet machining has been
investigated based on the explicit finite element
analysis (FEA) model by several authors, such
as S. Dhar et al. [8].

2. DESIGN OF THE AJM AND
EXPERIMENTAL STUDY

AJM was designed to ensure that a high air
flow at high pressure from an air compressor
passes through filters and control valves into a
shaking mixing chamber in which abrasive
particles and the carrier gas are thoroughly
mixed. The abrasive mixed gas passes through
a nozzle onto the work piece, causing
indentation on the work piece.

The indentation ultimately results in the
capture of particles from the work surface [6].
The operation part in AJM is the CNC table,
which is assembled and protected by a safety
guard to prevent contact of the operator with
the machine during the manufacturing process

(Fig. 1).

Fig. 1: The CNC x-y-z table with safety guard

All axes are equipped by stepper motors to
ensure the precision of displacement (Fig. 2).
The nozzle is fixed in the z-axis to permit the
cutting, engraving, drilling and polishing of
work pieces (Fig. 2).

(a) The nozzl ‘ (T)) The stepper motor

Fig. 2: The nozzle and stepper motor of the CNC AIM

The shaking unit was manufactured and
assembled as shown in Fig. 3. A safety valve is
mounted in the abrasive container to prevent
any air pressure risk. A concrete base was
constructed to prevent any external movement
of the shaking unit (Fig. 3).

The pressure relief valve (PRV) (Fig. 3) is a
pressure safety valve (PSV) that meets the
standards 1910 Occupational Safety and Health
standards, and the ASTM E1575-12 Standard
Practice for Pressure Water Cleaning and
Cutting.
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b) Safety valve
Fig. 3: The shaking unit

To inspect and control the pressure and the
flow rate, a control valve and pressure gauge
are mounted just before the nozzle tip. In order
to connect the CNC three-axis table with the
software and the PC, it was necessary to
provide a command unit (Fig. 4). The electronic
assembly of the CNC controller and the
electrical safety condition meet the standards
ISO 10303-210 Application protocol: electronic
assembly, interconnection, and packaging
design.

The CNC system is composed of six major
elements: input device, machine control unit,
machine table, driving systems, feedback
devices, and display unit. Fig. 4 shows a
schematic diagram of the working principle of
the NC axis of a CNC AJM and the interface
with the CNC control.

The quality of the cutting surface in AJM is
dependent on many process parameters.
Generally, the abrasive jet production is
improved by improving the traverse speed, but
a major problem with increasing the traverse
speed is that nozzle wear begins, affecting the
flow of the jet such that the surface roughness
and kerf quality are reduced. Also, it has been
observed that the type of nozzle and the nozzle



material affect the efficiency of the AJM
process.

The abrasive flow rate and type of abrasive
also affect the production and especially the
MRR. The efficiency of the AJM process
depends on nozzle wear, which in turn depends
on many process parameters and geometrical
parameters. In this study just, the effect of the
mass flow rate (MP) of abrasive particles on the
MRR is analyzed. The MP is switched from 0.4
to 2.2 g/s for a period of 30 s. The grain size is
considered as constant during jet operation.
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Figure 5 shows the experimental results of
the impact of abrasive particles of SiO; on
different material specimens. The results show
evidence that the best MRR will be for hard and
brittle material and low MRR will be obtained
for ductile material.

In the experimental study, the results from
two different mass flow rates, MP=1.2 and
MP=2.2 g/s, used to conduct the experiments
were analyzed, calculating the MRR for
aluminum 2024-T3 (Fig. 6).
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Fig. 4: Diagram of the working principle of the NC axis of a CNC AJM
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Fig. 5: Effect of the abrasive aluminum flow rate on MRR for five different materials
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MP=1.2g/s MP=2.2 g/s
MRR=0.002667 g/s MRR=0.00564 g/s
Fig. 6: Experimental results on abrasive machining of
aluminum 2024-T3 at MP=1.2 g/s and MP=2.2 g/s

A numerical study was performed to
reproduce the experimental setup for the
abrasive jet machine to give insight on the
processes of material removal.

3. NUMERICAL STUDY
3.1 Finite element model

An explicit LS-DYNA code was used to
reproduce the experimental setup for the
abrasive jet machine [25]. Figure 7 shows the
numerical model of the experimental setup,
which is assumed as an impact ball on the
aluminium sheet. The ball is modelled as a rigid
body wusing the material type 20*
(MATERIAL_RIGID, density = 2650 kg/m?,
Young’s modulus = 75 GPa, Poisson’s ratio =
0.17). The aluminium is modelled as a brick
element. The aluminium sheet used in the test
has a square shape with a length of about 40
mm and thickness of 0.5 mm.

The impact ball is spherical with a 1.5 mm
radius. The material of the ball is defined as
Si0;. The model consists of 44331 nodes, with
38673 3D elements (36000 for the aluminium
sheet and 2673 for the rigid part). No refined
meshing privilege zone is wused in the
computational model.

The element size of 0.66*0.66*0.05 mm? in
the central contact region was chosen based on
a trade-off between the calculation cost and the
accuracy, it was adjusted using several
preliminary simulations with various mesh
sizes (no significant mesh dependence was
observed).

Eroding surface-to-surface contact was
established between the ball and the aluminium
sheet. All simulations assume that there is no
friction contact.

Single integrated point meshes are used in
the model, since the use of reduced integration

elements is robust in terms of overcoming
negative volumes in nonlinear analysis, which
are prone to occur in full integration elements.
Despite these benefits, however, reduced
integration elements suffer from nonphysical
spurious/hourglass modes.

An hourglass control card based on
Flanagan—Belytschko integration with a default
hourglass coefficient is used to remove the
hourglass modes. The aluminium sheet is
clamped at the edge ends. The velocity of the
ball is set as the initial velocity node.

Aluminu Sphere ball
m sheet (D=1.5
(40*40*0 mm)

N

Fig. 7 : Numerical model of the impact of jet abrasive
machining of aluminum 2024-T3.

3.2 Constitutive model for the aluminum
skin sheet

It has been reported by many authors that the
aluminum 2024-T3 alloy is complex to analyze
due to the care needed during the modelling of
its anisotropic response and/or pressure and
Lode angle parameter [26]. Meanwhile others
[27-28] have claimed that the stress—strain
behavior of aluminum 2024-T3 alloy is
isotropic and insensitive to mean stress. It was
thus decided to use the material model (MAT-
DAMAGE_1) of LS-DYNA [25]. This choice
was motivated by the relative simplicity of the
model and the possibility of neglecting the
material strain-rate effect. A model was chosen
with the damageable isotropic hardening
elastic-plastic constitutive law proposed by
Lemaitre [29]. Such an isotropic damage model
proposes a relationship between the effective
stress and the damage accumulated plastic
strain r, moderated by the isotropic damage
variable D. The parameters used for aluminum
2024-T3 sheet as identified from normalized
tension tests are given in Table 1.



Table 1: Parameters of isotropic damage model
(MAT_DAMAGE_1) for aluminum 2024-T3

Parameters Value

p 2700 kg/m?
70 GPa

v 0.3

Ql 34.5 MPa

Q2 0 MPa

C1 47.32

Cc2 0

D 0.18

S 0.5 MPa

Dc 0.1

4. RESULTS AND DISCUSSION

One of the important parts of successful
utilization of the AJM process is the analysis of
the different process criteria, especially the
material removal rate. The abrasive particles
are considered as spherical in shape and rigid.
The complete kinetic energy of the particle is
used to cut the material.

The material is considered to fail due to
brittle fracture, and fracture of the volume is
hemispherical with a diameter equal to the
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chordal length of a particle of SiO». For ductile
material, the volume of material removal is
assumed to be equal to the particle volume due
to particulate impact [24].

The abrasive particles are directed at the
work surface at high velocity through nozzles:
150, 200 and 300 m/s according to the position
of the control valve.

The rate of material removal and the size of
the machined area are influenced by the
velocity because in this work the distance of the
nozzle from the workpiece is considered as
fixed.

The abrasive particles from the nozzle
follow a parallel path. It is observed that the
material removal rate initially increases with
increase in the velocity of particles.

A comparison between the experimental
material removal rate (MRR) and those from
the simulation at 200 m/s and 300 m/s shows
that the MRR for the simulation at 200 m/s is in
relative agreement with the experimental value
whereas there is a significant discrepancy at
300 m/s (Fig. 8). It can also be noted that there
is no perforation of the aluminum sheet at the
impact velocity of 150 m/s (Fig. 9a) but a full
perforation of the plate at impact velocities of
200 m/s and 300 m/s (Fig. 9 b, c).
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Fig. 8: Results for eroded mass of Al 2024-T3: experimental vs numerical
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(a) v=150 m/s (b) v=200 m/s (c) v=300 m/s

Fig. 9: Simulation results of impact of the abrasive
particles on Al 2024-T3 at different impact velocities
(150 m/s, 200 m/s, 300 m/s).

Figure 10 shows the analysis of the
aluminum sheet after impact erosion and
illustrates a good agreement with the
simulations results. As a result of the above
numerical observation, the drilling of the
aluminum 2024-T3 by abrasive SiO; particles
at the particle velocity of 200 m/s gives a result
close to the experimental one, but the error in
results becomes more remarkable at the
velocity 300 m/s. Therefore, the model needs to
be refined at the high velocity level to match
the experimental results.

i L}
Fig. 10: Impact results on specimen of Al 2024-T3:
experimental vs numerical at velocity v=200 m/s

5. CONCLUSION

The work shown in this paper was divided
into experimental and numerical investigation
of the drilling of aluminum 2024-T3. A high
velocity jet of air carrying fine abrasive
particles of silica sand SiO2 was used to
perform the experiments.

An experimental study of the material
removal rate (MRR) at different mass flow
rates of abrasive particles (MP) was carried out.
The numerical study was approximated to the
impact of a single particle at MP=1.2 g/s
relative to a particle velocity of around 200 m/s
and for MP=2.2 g/s relative to a particle
velocity of 300 m/s.

The eroded mass in both the experimental
and numerical studies gives a contiguous result,
where the maximum MRR for the drilling of
the Al 2024-T3 was for the MP=2.2 g/s.
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STUDIU EXPERIMENTAL SI NUMERIC PE JET ABRAZIVE DE PRELUCRARE DIN
ALUMINIU 2024-T3

Rezumat: Prelucrarea cu jet abraziv nu este foarte eficientd pe materiale moi, prin urmare,
pentru un proces extrem de eficient, este necesar sd se optimizeze parametrii procesului pentru a
creste rata de indepdrtare a materialului si de a obtine o calitate bund a suprafetei pe material
moale. In lucrarea de fatd a fost efectuatd o noud investigatie experimentald si numericd pentru
optimizarea operatiunii de foraj cu jet abraziv pe aluminiu 2024-T3. Un jet de mare vitezd de aer
care transportd particule fine abrazive de nisip de siliciu SiO2 a fost folosit pentru a efectua
experimente. Masina cu jet abrazivd utilizatd in aceasta lucrare are capacitatea de a efectua
forarea CNC. Jet abraziv de SiO2 este motorizat de x-si z-axe in timp ce specimenul este
motorizat de axa y. Unghiul de impact a fost ales ca 90 °. Prin intermediul acestei lucrdri a fost
efectuat un studiu experimental al ratei de indepdrtare a materialului (MRR) la doud rate diferite
ale fluxului de masa ale particulelor abrazive (MP). Studiul numeric a fost aproximat la impactul
unei singure particule la MP = 1.2 g/s cu o viteza cu jet de particule de aproximativ 200 m/s si
pentru MP = 2.2 g/s cu o viteza cu jet de particule de aproximativ 300 m/s. Rezultatele numerice
pentru masa erodate in comparatie cu rezultatele experimentale sunt apropiate. Precizia ridicatd,
rapiditatea si eficienta procesului optimizat actual fac din aceasta o alternativd la procesele
traditionale de foraj.
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