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ABSTRACT 
 

This contribution introduces a new approach to the Finite Element Analysis (FEA) method 
simulating the crater shape made by a single abrasive particle impact in Abrasive Water Jet 
(AWJ) machining. Impacts are observed at different impact angles and abrasive particle 
velocities. The proposed method is experimentally validated for stainless steel 1.4301 (AISI 304) 
as a workpiece material. Based on this experimental validation the simulation is extended to 
other engineering materials such as titanium alloy and aluminum alloy. 
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1 INTRODUCTION 
 
There are many different attempts and approaches to simulate the AWJ cutting process. Some 
recent ones are briefly presented in the sequel. A phenomenological approach was used by 
Henning and Westkamper [1] to simulate the generated surface. Vikram and Ramesh Babu [2] 
combined the ballistic theory in order to predict the trajectory of the jet inside the workpiece 
material and Bitter's erosion theory to predict the workpiece material removal process. 
Hoogstrate et al. [3] developed a coherent set of models (material, kinematics, jet, process, 
process quantity and output quantity) for AJW cutting process simulation. A superposition of 
unit events represented by the interaction of a single abrasive particle with the workpiece 
material was applied by Lebar and Junkar [4] to predict the topology of the newly generated 
surface. An innovative approach using cellular automata was introduced by Orbanic and Junkar 
[5, 6], which is in comparison to the unit event based model computationally less demanding and 
gives similar results. 
 
All those and many other models, which are not mentioned here, have a common point. They are 
designed to simulate the AWJ machining process as a whole, where the result is the generated 
surfaces on the workpiece after the interaction with the AWJ. In order to do that, the energy 
distribution (or a distribution of abrasive particles and their respective velocities) across the AWJ 
is taken as an input parameter for the simulations. Unfortunately, the structure of the AWJ and its 
energy distribution is not properly defined yet. Various authors used different energy distribution 
in their simulations as illustrated in Figure 1. It can be observed, that Henning and Westkamper 
[1] used a Gaussian bell distribution, while Lebar and Junkar [4] and Orbanic and Junkar [5] 
applied a uniform distribution to characterize the energy distribution across the jet in their 
simulation models. On the other hand, Chen and Siores [7] measured a double slope distribution 
using a Laser Doppler Anemometry (LDA). This is the main reason why in the presented 
modeling attempt only single abrasive particle impacts are simulated instead of making a 
superposition of the craters in order to simulate the generated surface after AWJ cutting. 
 
Beside the simulation models based on various principles, the AWJ process was modeled and 
simulated by using the Finite Element Analysis (FEA) approach. In this domain Guo et al. [8] 
simulate the AWJ drilling process with an implicit FEA method. They validated the model by 
observing the stress field generated by the static load of the jet in the sample using a moiré 
interferometry technique. On the other hand, Hassan and Kosmol [9] applied an implicit FEA 
method to simulate the erosion on the workpiece produced by a single abrasive particle. Mohan 
and Kovacevic [10] simulated the crack propagation in a Portland Cement Concrete (PCC) slab 
slotted by an AWJ. 
 
After the exposure of the objectives and approaches used for this investigation the applied FEA 
method is described. It follows a description of the experimental validation, which was executed 
on stainless steel 1.4301 (AISI 304). The proposed method was further implemented to simulate 
the crater shapes made at different impact angles on materials such as titanium alloy Ti-6Al-2Sn-
4Zr-2Mo, aluminum alloy AlMg1SiCu (6061-T6) and nickel-based superalloy (Waspaloy). At 
the end the conclusions are traced with an insight into future work in the field. 
 



2 OBJECTIVES AND APPROACHES 
 
In this investigation an improved FEA method is used to predict the crater shape (SC) produced 
after a single abrasive particle impact in different workpiece materials such as titanium alloy Ti-
6Al-2Sn-4Zr-2Mo, aluminum alloy AlMg1SiCu (6061-T6) and nickel-based superalloy 
designated as Waspaloy. The main FEA code was previously experimentally validated on 
stainless steel 1.4301 (AISI 304), of which a detailed description is available [12]. This 
procedure is graphically illustrated in Figure 2. In the sequel, the applied FEA method is briefly 
presented and the corresponding experimental validation of it is described. In chapter 5 the 
simulation results for titanium alloy Ti-6Al-2Sn-4Zr-2Mo, aluminum alloy AlMg1SiCu (6061-
T6) and nickel-based superalloy are presented in cases for impacts at 90, 60 and 30 degrees. At 
the end conclusions are collected with an insight of future activities in the field. 
 
In Abrasive Water Jet (AWJ) cutting the workpiece material is removed mainly due to high-
velocity impacts of hard abrasive particles. During AWJ cutting, the interface between the tool 
and the workpiece is a curved cutting front. The curvature of the cutting front depends on many 
process parameters, but mainly on the traverse rate of the cutting head. However, it can be 
observed, that the abrasive particles impact the workpiece material on the cutting front at angles 
(αI) from almost 0 degrees at the top of the cut and up to 90 degrees at the bottom of the cut, 
especially when the cut does not go through all the sample thickness (TS). Additionally, since the 
cutting step mechanism takes place during the process, which was reported by Hashish [11] it is 
reasonable to assume that many abrasive particles impacts take place at 90 degrees even when 
the cut goes through all the workpiece thickness. A model of such a cutting front with a cutting 
step, where various impact angles are illustrated is presented in Figure 3. 
 
3 APPLIED FEA METHOD 
 
For the numerical simulation an explicit FEA method is applied. Comparing to other attempts of 
simulating the AWJ process with the FEA, some improvements are implemented in the presented 
method. The material model is based on the true stress - true strain curve as an elasto-plastic 
material and it takes into account the hardening of the material due to plastic deformations. 
Additionally, dynamic properties such as velocity and gravity were considered. The abrasive 
particles are taken as rigid spherical objects with a predefined mass and initial velocity, which is 
the same as the velocity of abrasive particles after the acceleration process. Other abrasive 
parameters relevant for the numerical simulation are listed in Table 1. 
 
In modeling the single abrasive particle impact in AWJ machining, high-speed of the abrasive 
particle (vA) up to few 100 m/s, small dimension of the particle (dA) in range of some 100 µm 
and the fact that the impact takes place in a very short time represents important issues, which 
inevitably lead to a numerical stability problem. Due to contact problems between the abrasive 
particle and the workpiece material, and because of the small duration of the impact, an implicit 
numerical code couldn’t be applied. According to that, ANSYS/LS-DYNA was chosen, since it 
is an explicit numerical program, designed to solve different types of impacts. 
 
Because the impact time of an abrasive particle is in the range of few µs, the critical time interval 
in the simulation plays a crucial role in FEA simulation. This critical time interval is used by 



ANSYS/LS-DYNA to verify if a contact was established between the abrasive particle and the 
workpiece material. In the case when the critical time is too long, it can occur that no impact is 
perceived in the simulation. On the other hand, when the critical time interval is too short, the 
simulation would take too much time to be practically useful. These facts reveal the crucial 
importance of defining an appropriate set of units. 
 
The critical time is derived from length and mass units. The selected set of units has to fulfill the 
condition that the critical time interval is much smaller than the time in which the impact takes 
place [12]. When this condition is fulfilled, the impact of an abrasive particle on the workpiece 
surface will be detected and properly simulated. 
 
For fast numerical modeling a program in Python (GPL license) was developed, which creates a 
text-based file. This file contains APDL (ANSYS Parametric Design Language) orders, which 
instructs ANSYS/LS-DYNA how to build and solve the numerical model. As starting conditions, 
the initial velocity and also gravity are imposed to the abrasive particle. 
 
During the FEA simulation in ANSYS/LS-DYNA, it is verified, after each time interval if the 
contact between the abrasive particle and the workpiece surface takes place. The selected type of 
the contact has to fulfill two conditions. In the first place, the contact has to be a surface to 
surface type. Besides that, the contact type has to allow a surface to experience material failure 
during the contact. Both demands are fulfilled in case, where an Eroding Surface To Surface 
(ESTS) type of contact is chosen [12]. 
 
The selected type of contact correctly models a possible punch in the workpiece material, 
because numerical instabilities can arise if a different type of contact is chosen. In this way, the 
local fracture of workpiece material was correctly modeled. The abrasive particle was modeled 
using rigid 3D solid (tetrahedral) elements. The workpiece material was modeled with 3D solid 
(brick) elements with an elastic-plastic material model. A Piecewise Linear Plasticity material 
model was applied, which is very appropriate for steel and other metals. 
 
4 EXPERIMENTAL VALIDATION OF THE PROPOSED FEA METHOD ON 

STAINLESS STEEL 1.4301 (AISI 304) 
 
The applied FEA method has been recently experimentally validated for stainless steel 1.4301 
(AISI 304) as a workpiece material [12]. The relevant material properties are listed in Table 2. 
All the samples were ground prior to the experiment and the average surface roughness Ra=0.83 
µm was achieved. Craters shape after impacts at different impact angles and water pressures are 
observed and compared with the simulated ones at different impact angles and abrasive particles 
velocities. As described before, the impacts are numerically simulated at different impact angles 
of abrasive particles and its velocities. In the experimental validation the samples were exposed 
to the jet at different impact angles using a specially developed workpiece holder, which allows 
us to expose the workpiece surface at impact angles between 0 and 90 degrees. On the other hand 
it is extremely difficult to define the actual velocity of abrasive particles. The only practical way 
to do this is to find a relation between the water pressure (pW) and the abrasive particles velocity. 
For injection AWJ systems it is known that the abrasive particles velocity depends on the 
velocity of the Water Jet (WJ), which accelerates the abrasive particles in the cutting head. 



Additionally, the final velocity of an abrasive particle depends on the ratio between the water 
mass flow and abrasive mass flow and of course on the geometry of the cutting head itself. In 
this investigation it is assumed that the initial WJ velocity is proportional to the square root of the 
water pressure as defined by Equation 1. 
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During the acceleration process the momentum is transferred from the WJ to the abrasive 
particles. Beside water and abrasive particles, a flow of air is present in the acceleration process. 
In this case the momentum transfer is described by Equation 2. 
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In Equation 2, mA, mW and mair are the abrasive, water and air mass flow, respectively; vA,0, vW,0 
and vair,0 are the initial velocities of the abrasive, water and air, respectively; vA,1, vW,1 and vair,1 
are the final velocities after the acceleration process of the abrasive, water and air, respectively. 
From experience, the following assumptions can be made: the initial velocity of abrasive 
particles and air can be neglected, since they are much smaller than the initial velocity of water 
(vA,0<<vW,0, vair,0<<vW,0, ⇒ vA,0≈0, vair,0≈0). The other parameter that can be neglected in 
Equation 2 is the mass flow of air, since it represents only about 2% of the total jet mass 
(mair<<mA, mW<<mA ⇒ mair≈0). Taking into account all those assumption, the impact velocity of 
abrasive particles can be estimated with Equation 3. 
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In order to calculate the final velocity of abrasive particles the final velocity of the water has to 
be known, which is not the case in AWJ machining. Nevertheless, from Equation 1 and Equation 
3, a relation between the water pressure and final velocity of the abrasive particles can be 
approximated as shown in Equation 4. 
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The parameters C1 and C2 describe the acceleration process and they depend on various process 
parameters such as the abrasive properties, geometry of the cutting head components, etc. 
However, Equation 4 shows how the final velocity of the abrasive particles is proportional to the 
square root of the water pressure, what is a crucial information for the experimental validation of 
the proposed FEA method. Taking all this into account the velocity of abrasive particles for the 
numerical simulation and the respective water pressures used in the experimental validation were 
selected as listed in Table 3, where a total of nine different parameter setups are defined. 
 
During the experimental validation a shallow trace was engraved using high traverse rate (vT) of 
the cutting head in order to observe the shape of single, isolated craters on the sample surface as 



shown in Figure 2. All the experiments were performed on a OMAX type 2652A/20HP cutting 
system, with a Böhler cutting head. The high-pressure water was supplied from a hydraulic 
intensifier (Böhler Ecotron 403). The abrasive material was Garnet #80, of which more details 
are collected in Table 4. 
 
The minor (d1) and major (d2) dimensions of the craters were measured using a freeware image 
processing software Image Tool. Crater pictures were acquired with a digital camera JVC TK-
870E, which was placed on a microscope Leitz Ortoplan with optical magnification 50:1. All 
further data analysis including the graphical presentation of results were carried out in MatLab 
where the sphericity of the craters (SC) was defined according to Equation 5. 
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In this experimental validation NC=200 craters were observed for each scenario what gives a total 
of 1800 measured craters through all the validation. The experimental results in terms of crater 
sphericity for all three different water pressures and impact angles are collected in Figure 4 and 
the comparison between the FEA simulations and experimental validation in Figure 5. The 
results of the experimental validation are also collected in Table 5, in which the relative 
difference (∆S) between the FEA simulation and experimental validation in calculated. 
 
From the results collected in Figure 5 and Table 5 it can be observed, that the simulated craters 
are more spherical than the measured one. This can be explained by the fact that in the FEA 
simulations the abrasive particles are modeled as perfect spherical bodies, while the measured 
sphericity of the abrasive material used for the experimental validation is about 0.6884. This 
difference between the modeled and actual abrasive particles sphericity causes a drift between 
the simulation and the experiment. 
 
5 APPLICATION OF THE PROPOSED FEA METHOD TO OTHER ENGINEERING 

MATERIALS 
 
After the successful experimental validation on stainless steel 1.4301 (AISI 304), the proposed 
FEA method was applied to simulate and predict the shape of single craters produced at different 
impact angles of abrasive particles. After the preliminary investigation [12] it was decided, that 
only the influence of the impact angle will be observed in this case. In all simulations the impact 
velocity of abrasive particles was always set at 200 m/s. 
 
For the prediction of crater shapes at different impact angles the same FEA code was used as 
described in the previous sections. The only difference was in the new workpiece material 
models, of which the data are collected in Table 5. 
 
5.1 Titanium alloy Ti-6Al-2Sn-4Zr-2Mo 
 
This alloy was developed for improved elevated temperature performance. The base is formed of 
titanium and aluminum, while the overall performance is enhanced by various additions. The 
strength at both, room and elevated temperatures, the creep and thermal stability are improved by 



molybdenum. Addition of tin and zirconium contribute to higher strength. A small addition of 
silicon (about 0.08%) substantially increases the creep strength. This combination results in a 
creep resistant and relatively stable alloy at high temperatures up to 565°C (1050°F). This 
material is used for advanced performance gas turbine engine application. 
 
5.2 Aluminum alloy AlMg1SiCu (6061-T6) 
 
The 6061 series aluminum alloy is used in a wide range of applications, including cryogenic 
application where high toughness is required. This material has an excellent joining 
characteristics, good acceptance of applied coatings and its combines relatively high strength, 
corrosion resistance and is widely available. A wide range of applications comprises aircraft 
fittings, camera lens mounts, couplings, marine fittings and hardware, electrical fittings and 
connectors, magneto parts, brake and hydraulic pistons, appliance fittings, valves, etc. 
 
5.3 Nickel-based superalloy Waspaloy 
 
Waspaloy is an age hardenable superalloy with excellent strength at temperature up to about 
980°C (1800°F). Due to its high performance at elevated temperature this alloy is widely used 
for gas turbine and aerospace components. However, it is also very difficult to machine with 
conventional cutting processes such as milling and turning, what makes it a perfect candidate for 
AWJ machining. 
 
5.4 FEA simulations results 
 
The FEA simulation results for all the material described above are presented in diagrams in 
Figure 6-8. Additionally, pictures of the craters are corresponding the respective points in the 
diagrams. From these diagrams it can be observed that the impact angle of abrasive particles has 
the strongest influence on the crater shape in case when the target material is AlMg1SiCu, while 
on the other hand the smallest influence was encountered in case of the nickel based superalloy 
(Waspaloy). According to these FEA results, the most stable material during AWJ machining 
should be Waspaloy, while in case of AlMg1SiCu the machining quality depends on the impact 
angles of abrasive particles during the process. 
 
However, all these numerical results are not experimentally validated since the implemented 
FEA method was validated in case of stainless steel 1.4301 (AISI 304) and the simulation was 
extended to metals, with similar elasto-plastic behavior. 
 
6 CONCLUSSION 
 
In this paper an explicit FEA method is presented, which allows us to simulate the crater shapes 
after produced by a single abrasive particle impact at different impact angles. The proposed 
method was experimentally validated for the case when the workpiece material is stainless steel 
1.4301 (AISI 304) [12]. The main objective of this investigation was the extrapolation of the 
method on other engineering materials such as titanium alloy Ti-6Al-2Sn-4Zr-2Mo, aluminum 
alloy AlMg1SiCu (6061-T6) and nickel-based superalloy (Waspaloy). All these materials exhibit 
the same elasto-plastic behavior like stainless steel 1.4301, on which the FEA method was 



experimentally validated. In order to simulate the crater shapes on different workpiece materials 
the material model, which is mainly based on the true stress - true strain curve has to be 
available. 
 
This work is just a part of a widely defined investigation, extended to research other mechanisms 
involved in the AWJ machining process. An interesting effect would be the influence of the 
abrasive particle size, especially from the perspective of applying AWJ machining to micro 
manufacturing. Beside that, the proposed method will be applied to analyze if there is any 
relevant rotation of abrasive particles at the impact of the workpiece material. 
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9 NOMENCLATURE 
 
Symbols: 
#A abrasive mesh number [-]   Rp 0.2 yield stress [MPa] 
AM elongation [%]    SC crater sphericity [-] 
C1,C2 constants describing the abrasive  SC,exp measured crater sphericity [-] 
 acceleration process [-]   SC,FEA simulated crater sphericity [-] 
d1 minor crater dimension [µm]  SC,FEA simulated crater sphericity [-] 
d2 major crater dimension [µm]  TS sample thickness [mm] 
dA diameter of abrasive particles [µm] vA abrasive particle velocity [m/s] 
dF diameter of the focusing tube [mm] vA,0 initial velocity of abrasive before 
dO diameter of the orifice [mm]   the acceleration process [m/s] 
EA elastic module of abrasive [MPa]  vA,1 final velocity of abrasive at the exit 
EAWJ AWJ kinetic energy [J]    from the cutting head [m/s] 
EM elastic module of the workpiece  vair,0 initial velocity of air before the 
 material [MPa]     acceleration process [m/s] 
hSO stand-off distance [mm]   vair,1 final velocity of air at the exit from 
lF length of the focusing tube [mm]   the cutting head [m/s] 
mA abrasive mass flow [g/min]   vT traverse rate of the cutting 
mW water mass flow [g/min]    head [mm/s] 
NC number of measured craters [-]  vW,0 initial velocity of water before the 
pW water pressure [MPa]    acceleration process [m/s] 
Ra average surface roughness [µm]  vW,1 final velocity of water at the exit from 
rAWJ AWJ radius [mm]     the cutting head [m/s] 
Rm tensile strength [MPa] 
 
Greek letters: 
αI impact angle [°]    ρ specific material density [kg/m3] 
∆S relative difference between simulated ρA abrasive density [kg/m3] 
 and measured crater sphericity [%] ρM density of the workpiece 
νA Poisson coefficient for abrasive [-]   material [kg/m3] 
νM Poisson coefficient of the workpiece ρW water density [kg/m3] 
 material [-] 
 
 
 
 



10 TABLES 
 

Table 1. Abrasive properties used in the FEA simulation 
 

particles shape spherical 
elastic module (EA) 2.48×105 MPa 

Poisson coefficient (νA) 0.27 
abrasive density (ρA) 4000 kg/m3 
particle diameter (dA) 100 µm 

 
Table 2. Material properties for stainless steel 1.4301 (AISI 304) 

 
material density (ρM) 8030 kg/m3 
elastic module (EM) 1.95×105 MPa 

Poisson coefficient (νM) 0.27 
yield stress (Rp 0,2) 316 MPa 

tensile strength (Rm) 623 MPa 
elongation (AM) 55 % 

 
Table 3. Variable parameters in the FEA simulation and experimental validation for stainless 

steel 1.4301 (AISI 304) 
 

FEA simulation experimental validation 

impact angle [°] impact velocity of 
abrasive particle [m/s] impact angle [°] water pressure [MPa] 

30 30 
60 60 
90 

180 
90 

200 

30 30 
60 60 
90 

200 
90 

250 

30 30 
60 60 
90 

220 
90 

300 

 
Table 4. Properties of the abrasive material used in the experimental validation 

 
type of abrasive Garnet 

abrasive mesh (#A) 80 
average particle size (dA) 190 µm 

abrasive density (ρA) ≈4000 kg/m3 
abrasive hardness 8÷9 Mohs scale 

 
 
 



Table 5. Comparison of FEA simulation and experimental results for stainless steel 1.4301 [12] 
 

impact angle αI [°] 30 60 90 
measured sphericity at pW=200 MPa 2.2100 1.6573 1.3166 
simulated sphericity at vA=180 m/s 1.3280 1.1040 1.0000 

relative difference, ∆S [%] 39.9 33.4 31.7 
measured sphericity at pW=250 MPa 2.0066 1.6027 1.2605 
simulated sphericity at vA=200 m/s 1.3370 1.1040 1.0000 

relative difference, ∆S [%] 33.4 31.1 26.1 
measured sphericity at pW=300 MPa 2.0319 1.5686 1.2115 
simulated sphericity at vA=220 m/s 1.4183 1.0820 1.0000 

relative difference, ∆S [%] 30.2 31.0 21.2 
 

Table 6. Material properties used in the FEA simulation of titanium alloy Ti-6Al-2Sn-4Zr-2Mo, 
aluminum alloy AlMg1SiCu (6061-T6) and Nickel-based superalloy Waspaloy 

 
material Ti-6Al-2Sn-4Zr-2Mo AlMg1SiCu  Waspaloy 

material density (ρM) [kg/m3] 4539.52 2712.64 8248.64 
elastic module (EM) [MPa] 113765 68948 210980 
Poisson coefficient (νM) [-] 0.32 0.33 0.3 
yield stress (Rp 0,2) [MPa] 221 104 442 

tensile strength (Rm) [MPa] 992 138 1003 
elongation (AM) [%] 10 10 20 

 
 
11 FIGURES 

 

 
 

Figure 1. Different types of energy distribution profiles in the AWJ. 
 



 
 

Figure 2. Proposed approach of FEA simulation and experimental validation 



 

 
 

Figure 3. Shape of a cutting front in AWJ cutting and impact angles of abrasive particles. 
 

 
 

Figure 4. Measured craters sphericity in the experimental validation [11] 
 



 
 

Figure 5. Numerical and experimental results in case of stainless steel 1.4301 (AISI 304) [12] 
 

 
 

Figure 6. FEA results in case of Ti-6Al-2Sn-4Zr-2Mo 



 
 

Figure 7. FEA results in case of AlMg1SiCu (6061-T6) 
 

 
 

Figure 8. FEA results in case of nickel based superalloy Waspaloy 
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