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PREDICTION DURING ABRASIVE WATERJET MACHINING

Abstract: Abrasive Waterjet Machining is a non-conventional material removal process, preferred
to be used for the cutting of difficult-to-cut materials, due to its ability to remove material without
the use of a tool and without causing heat affected zones. Experimentally, monitoring the
phenomena taking place in the cutting area is very difficult, due to various reasons such as the
high speed of the particles and the obstruction due to the water stream. Thus, a simulation
approach, based on experimental data, is required in order to be able to explain these phenomena.
In this work, a 3D thermo-mechanical Finite Element model is presented with realistic
representation of the positioning of discrete abrasive particles and the dependence of cutting zone
dimensions on the mesh size is investigated. After simulation, results are compared to experimental
results, mesh independence study is conducted and finally, conclusions on the optimum mesh size
are drawn and observed process characteristics are discussed.
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1. Introduction

Non-conventional machining processes can be beneficial for the
processing of hard-to-cut materials, such as hardened steel, titanium and
nickel-based alloys or composites, because they do not involve the use of tools
and can be applied to a wide range of materials [1]. More specifically, one of
the most commonly used non-conventional processes is the Abrasive Waterjet
Machining (AWJM), which involves material removal through high-speed
impact of a waterjet containing abrasive particles. AWJM is a cold machining
process, able to create even complex curves on hard workpieces, something
that is frequently required in the aerospace and automotive industry [1, 2].

AWJIM is based on the principle of conversion of the energy of a high-
pressure water column to kinetic energy of a high-speed waterjet. As the
waterjet cannot penetrate the surface of hard materials, the abrasive particles
are added to the jet to improve its cutting capability. The abrasive particles
flow towards the mixing chamber, where they are mixed and homogenized
with the incoming high-speed water jet. Then, accelerated by the high-speed jet,
a number of abrasive particles impact the workpiece surface and remove
material, mainly by erosion. AWJM is an environment-friendly process, as no
hazardous substances, coolant or lubricants are employed. Furthermore, due to
the relatively low cutting forces during AWJM, there is no need for special
clamping of the workpiece on the machine table.
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The types of materials machined by AWJM include metals, ceramics, alloys,
polymers, composites, even textile and soft materials as plastic foams [1, 3].
Important parameters for AWJM are the pressure and flow rate of the water jet,
the traverse speed, the characteristics of the nozzle, the stand-off distance, the
type and size of abrasive particles and the workpiece material [1, 4, 5].

Although AWJM has been established for several decades, the
understanding of material removal mechanisms and phenomena occurring
during the process, are far from being complete. As it is not possible to conduct
direct observations during the progress of AWJM, theoretical studies using
appropriate numerical models are necessary, in order to be able to explain the
occurring phenomena and improve its efficiency. Apart from theoretical
approaches based on particle impact, such as the work of Finnie [6], or Zeng
and Kim [7], numerical models using Finite Element Method (FEM) or
meshless methods have also been presented. One of the earliest FEM
approaches for modeling AWJM was conducted by Hassan and Kosmol [8],
who created a single particle impact model for AWJM of a steel workpiece and
investigated the dependence of depth of cut on pressure as well as its time
evolution. Gudimetla and Yarlaggada [9] investigated the case of AWJIM of a
polycrystalline alumina workpiece with a single particle model. Using this
model, they were able to predict erosion rate values close to the theoretical
ones and observe the phenomena occurring during brittle erosion. Kumar and
Shukla [10] presented a 3D FEM model for AWJM, including multiple steel
particles in order to study the erosion process of Ti-6Al-4V for various impact
angles and velocities. With this model they found that the variation of crater
geometry with different particle velocities and angles was considerable for up
to 17 impacts and then the variation was reduced or stabilized. Apart from
simple FEM approaches, Wenjun et al. [11] and Shahverdi et al. [12]
developed Arbitrary Lagrangian-Eulerian (ALE) models, in which the abrasive
waterjet was explicitly modeled using an Eulerian mesh, while the workpiece
was modeled using a Lagrangian formulation. Finally, Smoothed Particle
Hydrodynamics (SPH) method has also been employed in the relevant
literature, in order to model the abrasive particles flow [13] or even simulate
their trajectory from the mixing chamber up to the workpiece surface [14].

In this paper, the dependence of AWJM simulation results on mesh size is
investigated using a different modeling approach for AWJM, focusing on a
more realistic abrasive particle positioning. The particles are modeled as
discrete deformable bodies impacting the workpiece with a specific velocity
depending on waterjet pressure. The simulation results are firstly compared to
literature ones and then, mesh sensitivity analysis is carried out. Apart from
mesh sensitivity study results, other significant results, such as the effect of
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process parameters on cutting zone dimensions, stress and temperature
distribution are discussed as well.

2. Methodology

For the modeling of the AWJM, a 3D explicit FEM thermo-mechanical
model was created in Abaqus. In order to investigate the effect of the mesh size
on the results, three different meshes were used for three different experimental
AWJIM cases, described in [15], for a total of 9 simulation cases. The abrasive
particles and workpiece were modeled using the Lagrangian formulation. Each
abrasive particle consisted of a single rectangular C3D8RT mesh element and
had diagonal dimension of 0.2 mm (Grit 80), while the rectangular shaped
workpiece consisted of varying-size C3D8RT mesh elements, depending on the
simulation case. The water is omitted in the present work, as it does not have
the energy to cut the material on its own [16]; however, the effect of particle
acceleration due to the waterjet was taken into account by a velocity boundary
condition. The workpiece dimensions were 6 mm height, 4 mm length and 6
mm width, in the y, x and z axes respectively, as can be also seen in Fig.1. The
characteristics of the three different meshes used in this work, such as element
size and number of elements are presented in Table 1.

Table 1 — Characteristics of the meshes employed in this work

Mesh density Number of Minimum element Maximum
elements size (m) element size (m)
Coarse 67,320 10+ 3-10*
Average 91,800 8:10° 2-10
Fine 210,120 410 1-10

In order to position the abrasive particles in space, some calculations were
carried out at first. Since the abrasive mass flow was constant at 2.56 g/s, the
number of particles existing within the solution time was calculated. This was
done by dividing the mass flow by the particle weight, multiplying that result
with the final solution time of 1 ms. After that, the distance between the
particles was calculated, assuming that when a particle left the nozzle with a
constant initial speed, the next one leaving the nozzle would have a fixed
distance from the first one, based on the particle speed. Knowing the vertical
distance between the particles and their total number, a Gaussian distribution
was used for horizontal positioning of the particles, keeping them within the
theoretical nozzle diameter of 0.3mm. The jet impact angle was 90° and the
initiation point was in the middle of the top left edge, with a standoff distance
of 3mm. An initial vertical velocity was given to each particle per pressure case,
and the same jet traverse speed was applied in all simulations. These were
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adopted from literature [15] and presented in Table 2. The selected material
model for the workpiece material (AISI 1018 steel) was Johnson-Cook model
[17], with the values related to plasticity and damage adopted from literature
[18].
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4

Figure 1 — AWJM model assembly

The abrasive particle mechanical and thermo-physical properties were
adopted from literature as well [19]. Abrasive material was garnet, with a
density value of 4,325 kg/m?® and tensile failure stress was 150 MPa. A deletion
criterion was adopted for the particles, to reduce computation time due to
particle movement after collision with the workpiece; thus, when each particle
reached the critical stress value of 150 MPa, it was deleted from the simulation.
Furthermore, coefficient of friction between the particles and the workpiece
was considered to be 0.1. Due to high strain rates, adiabatic heating of the
workpiece is considered, with a coefficient of 90%, converting that percentage
of plastic work done to heat [19], while initial model temperature was set to
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20°C. Finally, the workpiece was constrained at the bottom and right face, as
shown in Fig. 1.

Table 2 — Waterjet pressure and abrasive particles velocity values for all simulation
cases

Simulation Waterjet pressure (MPa) Abrasive particle velocity (m/s)
Case
1 100 400
2 200 620
3 350 810

3. Results and Discussion

At first, simulation results were compared to experimental ones from the
aforementioned literature reference [15]. In the present case, the simulation
time of 1 ms was sufficient for the erosion process to start. By comparing the
present simulation results to the experimental ones, the calculated forces never
exceeded 1N, in accordance with the experimental results for the earliest stages
of AWJM,; thus, it can be assumed that the presented model is accurate enough.

Then, the investigation, regarding the dependence of simulation results on
the mesh size took place. Results on predicted cutting zone dimensions for all
cases are depicted in Fig. 2. It can be clearly observed that there exists a
variation in the results, in respect to each type of mesh. The clearest difference
is observed for the depth of cut in every case; in fact, a decrease of element
size results in a visible increase of predicted depth of cut with the differences
being more significant in the cases with particle speed of 400 and 620 m/s. The
importance of using a sufficiently fine mesh for the simulation can be further
stressed by observing that the use of a coarse mesh for the case with particle
speed of 620 m/s produced the same result with the simulation regarding the
case with particle speed of 400 m/s and a fine mesh, something that is not
reasonable. As for traverse length and width of the cutting zone, there is not a
definite trend in their variation with element size, except for some cases in
which width was shown to decrease for finer meshes, so a clear conclusion
cannot be deduced for them.

As the presented model is thermo-mechanical, it is considered important
to observe the dependence of predicted temperature values on the mesh density.
Maximum temperature observed in every simulation case is presented in Fig. 3.
Starting from a maximum of 40°C for the lowest speed and rising to a
maximum of 65°C for the highest speed, these results are in compliance with
other experimental results of the same material [20]. Temperature is shown to
increase as the mesh gets finer and as the abrasive particles’ speed increases.
Although temperature variation is relatively small in AWJM, its variation with
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mesh density is another indication that mesh density plays an important role for
AWJIM simulations.

Dimensions of the cutting zone
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Figure 2 — Predicted dimensions of the cutting zone for all simulation cases

Temperature (°C)
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Figure 3 — Simulation temperature results for all cases

After the effect of mesh density on AWJM simulation results was
determined, the results of the developed models can be further analyzed.
Regarding depth of cut, a clearly increasing trend with increasing waterjet
pressure was noted, as can be seen in Fig. 2, as expected from the experimental
works [15]. Moreover, regarding workpiece temperature field, it is observed
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from relevant snapshots, such as the one in Fig.4, that temperature is
considerably larger in the zone where erosion takes place and that there is
minimal temperature change around the cutting zone.

Figure 4 — Temperature distribution for finest mesh case at particle speed of 620 m/s

Furthermore, in Fig. 5 the von Mises stress distribution for the end of the
simulation, for the finest mesh, at 810 m/s particle speed is presented. Highest
stress concentration is visible near the cutting zone, confirming theoretical
expectations [20]. Another interesting observation is the material removal
mechanism near the impact zone on the top face, where brittle erosion took
place, since that area had no particle impact during the simulation.

Figure 5 — Von Mises stress distribution for finest mesh case at 810 m/s particle speed
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Finally, in Fig. 6 the time evolution of the cutting process for the fine
mesh case at particle speed of 810 m/s is presented. The view is cut along the
width axis, so as the evolution of the erosion to be more easily understood. It is
visible that the material is mainly removed in a vertical direction, with a few
points of impact and deleted elements being occasionally in a distance from the
main cutting zone during the evolution of the process.

t=1ms

t=0.1ms

t=0.5ms

t=0.8 ms

Figure 6 — Time evolution of the AWJM for the finest mesh at particle speed of 810 m/s

4. Conclusions

In the present paper, an investigation regarding the dependence of AWJM
results on mesh element size was carried out. A 3D thermo-mechanical FEM
model was developed with realistic positioning of abrasive particles, which
were regarded as distinct deformable bodies. Simulations were carried out for
three different waterjet pressure values with three different meshes and
afterwards, the following conclusions were drawn:

¢ From the simulation results, it was deduced that there is a clear impact

of mesh element size on predicted cutting zone dimensions.
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¢ Regarding depth of cut, the difference between meshes of different
density were more obvious for the cases with particle speed of 400 and 620 m/s
and in every case, the depth of cut was higher for finer meshes.

¢ Regarding traverse length and width of cut, minimal variations were
observed with different mesh element sizes.

e Furthermore, mesh size had a direct impact on workpiece maximum
temperature, with predicted temperature being higher for finer meshes.

e Finally, the proposed model was able to predict experimentally
observed trends of AWJM and thus it can be considered reliable for future
studies.
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Xpucroc 1. dimomynoc, Hikomaoc E. Kapkaioc,
Anrenoc I1. Mapkonynoc, Adinu, ['penis

JOCJIKEHHSA 3AJEXKHOCTI IPOTHO30BAHUX PO3MIPIB
30HU PI3BAHHS BIJI IAPAMETPIB CITKH
IIPU ABPA3UBHIN BOJOCTPYMEHEBIA OBPOBIII

AHoTauis. AbpasusHa eodocmpymenesa 00pobKa — ye HempaOUYiiHULL Npoyec BUOANeHHS
Mamepiany, AKull Kpauje 8UKOPUCTOBY8amMU Olsl Pi3AHHS 8AMHCKOOOPOONI06aHUX Mamepianie yepes
11020 30amHoCmi 6UOANAMU Mamepian Oe3 GUKOPUCMANHA THCMpYMeHmy i 6e3 CMEOpeHHs 30H
mepmiuHo20 énausy. EKCnepumMeHmanbHo, MOHIMOPUHe A8uw, Wo 8i00Y8aAOMbCA 6 30HI Pi3AHHS,
dyorce YmMpyOHeHUll uepe3 PISHOMAMIMHI NPUYUHU, MAKI AK 6UCOKA WBUOKICMb YACMUHOK |
nepewkoou uepes nomik 6oou. Taxkum uuHom, ImMimayiiHuti niOXi0, 3ACHOBAHULl HA
EKCNEPUMEHMATIbHUX OAHUX, € HAUKpawum 0isk mo2o, wob nosacHumu yi seuwa. Y oauii pobomi
npeocmasieHa MpUSUMIPHA  KIHYeBO-eleMEeHNMHA MePMOMEXAHIYHA MOOelb 3  PeanriCmuiHum
NOOAHHAM NONOIICEHHS OUCKDEMHUX AOPA3UGHUX YACTUHOK | OOCTIOJCEHA 3aNedCHICIb PO3MIDI6
30HU PI3aHHA GI0 PO3MIpY CImKU. Iicna MOOento8anHs pe3yibmamu NOpPIiGHIIOMbCA 3
EKCNEePUMEHMATbHUMU  Pe3YIbMAMaMy, NpPO60OUMbCs OOCHIONCEHHS! He3ANeHCHOCMI  CImKU 1,
Hapewimi, poOOIAMbCA  GUCHOBKU NPO  ONMUMATLHUL  po3mip cimku i 062080pi0IONbCA
Xapaxkmepucmuku npoyecy, Axi cnocmepieaiomucs. Modenoganns npogoounocs 0 mpbox pisHux
3HAYeHb MUCKY 2I0poabpa3U6HO20 CIMPYMEHIO 3 MPbOMA PISHUMU CIMKamu, [ NICIs ybo2o 6yiu
3pO0NIeHi BUCHOBKU WO, ICHYE ABHUL GNIUE PO3MIPY eleMeHmy CImKU HA NPOSHO308AHI PO3MIpU
30HU pizanus. o cmocyembcs enubunu pizanHs, pizHuys Midc auesmu pizHoi wjinbHocmi Oyna
0inb 0YesUOHOI 015 8UNAOKIE 3i wisuokicmio yacmunok 400 i 620 m / ¢, i 8 KOHCHOMY 8UNAOKY
enubuna pizanna 6yra euuje 04 Oinvw Opionux auen. LlJo cmocyemves dosoucunu i wupunu
00pi3KU, MIHIMATLHI 3MIHU CROCMEPI2anUca npu pisnux po3mipax eremenmie cimxu. Kpim mozo,
PO3Mip cimKku 6e3n0cepeoHbo GNAUHYE HA MAKCUMATbHY MEMNEPAmypy 3a20MO6KU, NPUHOMY
npoenoszoeana memnepamypa Oyna euwe 015 0invw Opibnux cimok. Hapewmi, 3anpononosana
Modenv 6yna 30amua nepedbauumu eKCRepUMeHmaIbHo Cnocmepedicysani mendenyii abpasueHoi
sooocmpymenesoi 0bpooku (AWIM) i, makum uunom, ii modcna esadxcamu HadiliHow 04
MaiuOymmix 00Caiodncens.

KarouoBi ciaoBa: cidpoabpasuena 06podka; necmanoapmua 006podKa; Memoo Kinyesux
enemenmie.
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