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ABSTRACT

Abrasive Waterjet (AWJ) milling effectively processes high-strength materials like WNiFe tungsten alloy without
altering their properties. This study investigates the effects of jet pressure, traverse speed, and abrasive mass flow
rate on the machining performance. The results indicate that increasing jet pressure significantly enhances groove
depth, with higher pressures leading to more aggressive material removal. Conversely, higher traverse speeds
reduce groove depth, emphasizing the need for slower speeds for deeper penetration. Increased abrasive mass
flow rates also significantly improve groove depth but pose challenges related to material wear and cost. Surface
analysis using scanning electron microscopy (SEM) revealed that higher jet pressures and lower traverse speeds
produce smoother surfaces and more distinct grooves. The findings highlight the importance of optimizing AWJ
parameters to achieve efficient material removal and desired groove geometries. This research provides valuable
insights for improving AWJ machining of tungsten alloys in industrial applications.
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way failure.

INTRODUCTION

Abrasive Waterjet milling is a versatile tech-
nique for processing high-strength materials with-
out altering their properties [1]. It is effective for
milling intricate geometries in hard-to-cut materi-
als such as Hastelloy C-276 and 7075-T6 alumi-
num alloy [1, 2]. The process parameters, includ-
ing waterjet pressure, traverse rate, and abrasive
flow rate, directly influence the material removal
rate and surface roughness [1, 3]. Optimization
techniques, such as response surface methodol-
ogy, help determine the ideal parameter combina-
tions for high productivity and surface quality [1].
AW/J technology can cut various materials, includ-
ing ceramics and hard materials like carbides and
PCD, though it presents challenges in controlling
erosion rates and predicting outcomes [4, 5].

Previous studies, particularly by Kong et al.
[6] and Huang et al. [7], have emphasized the role

of microstructure in erosion mechanisms dur-
ing plain waterjet (WJ) processes. These studies
highlight phenomena such as plastic deforma-
tion and intergranular cracks, indicating ma-
terial removal. Hlavacek et al. [8] discussed
the influence of microstructure on the surface
integrity of workpieces during AWIJ cutting.
Research findings indicate that AWJ cutting
causes plastic deformation of grains, leading
to notch cavities on the cut surface. The character-
istics and quantity of these notch cavities, as well
as the deposition of nanometer-sized aggregate
particles, are influenced by controlling the cutting
speed [9]. During AWJ machining, the metal sur-
face experiences severe plastic deformation due to
repeated abrasive particle impacts. This deforma-
tion can alter the subsurface microstructure, there-
by affecting wear and tribological properties [10].

Tungsten heavy alloys (WHA), such as
WNiFe, are promising alternatives to pure
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tungsten due to their machinability and excellent
mechanical properties [11, 12]. They are used in
environments subjected to extreme conditions,
such as plasma-facing components in nuclear
fusion reactors [11, 14]. WNiFe alloys also im-
prove the performance and lifespan of high-pres-
sure die-casting tools [13]. These alloys, with
high tungsten content, are ideal for military ap-
plications due to their density, wear resistance,
and high-temperature stability [15]. They main-
tain structural integrity under high heat flux
without macroscopic failure [14]. The WNiFe
tungsten alloy is utilized in various specialized
applications due to its unique properties. Specifi-
cally, it is used in military equipment for armour-
piercing ammunition and kinetic energy penetra-
tors. In the aerospace sector, it serves as a coun-
terweight in aircraft components. Additionally,
WNiFe alloys are employed in the medical field
for radiation shielding and in nuclear applications
for similar shielding purposes. Due to the proper-
ties, machining this tungsten alloy poses a chal-
lenge. Researching its feasibility for efficient cut-
ting is crucial. The impact toughness of the alloy
is influenced by the microstructure, with swaging
leading to changes in the shape of tungsten grains
and increased tungsten contiguity, affecting im-
pact failure behaviour [16].

Kumar, Sreebalaji, and Pridhar [17] opti-
mized AWJ machining parameters for aluminum/
tungsten carbide composites, focusing on stand-
off distance, traverse speed, and tungsten carbide
percentage. They found that transverse speed
and tungsten carbide percentage significantly in-
fluenced the material removal rate and surface
roughness. Yan Wang et al. [ 18] studied the cutting
of tungsten plates for fusion devices using a pre-
mixed AWJ, demonstrating that transverse speed
significantly impacts surface roughness. Reduc-
ing transverse speed decreased surface rough-
ness while increasing jet pressure improved the
cut’s depth. Derzija Begic-Hajdarevic and Izet
Bijelonja [19] explored laser beam machining
of tungsten alloy, focusing on the heat-affected
zone (HAZ). They found larger HAZ in thinner
plates and detected microcracks at the HAZ bor-
ders. Wang, Wang, and Zhan [20] modelled AWJ
parameters for cutting rolled tungsten plates, rel-
evant for constructing tokamaks. They used mul-
tivariate nonlinear regression and backpropaga-
tion ANN models to predict surface roughness,
finding that slower cutting speeds and higher jet
pressures significantly improve surface quality.
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Topological parameters like surface roughness
(Ra, Rz), skewness (Rsk), and kurtosis (Rku) are
essential for understanding tribological properties
and wear behaviour. Studies such as Karkalos,
Muthuramalingam, and Karmiris-Obratanski [21]
highlight their importance in predicting wear per-
formance. While our research primarily examines
the impact of AWJ parameters on material remov-
al and surface integrity, the relevance of surface
topography in determining tribological properties
aligns with existing literature.

From the literature review, it 1is clear
that a comprehensive study on AWJ machin-
ing of tungsten alloys, especially WNiFe, is
lacking. This work conducts an experimen-
tal study with varying jet pressure, traverse
speed, and abrasive mass flow rate. Statistical
analysis is performed on results such as depth
of penetration and kerf taper angle to determine
their correlation with input parameters and the
relative importance of these parameters.

MATERIALS AND METHODS

This study utilized a tungsten heavy alloy con-
sisting of 92.5% tungsten (W), 5.25% nickel (Ni),
and 2.25% iron (Fe). The microstructure of the
WNiFealloyconsistsoftungstengrainsembeddedin
a nickel-iron matrix. Tungsten precipitates within
the matrix further enhance the alloy’s properties.
This two-phase composite structure, with tung-
sten as the reinforcement phase and the nickel-
iron matrix providing ductility, is critical for the
alloy’s mechanical behaviour.

The WNiFe alloy exhibits high ultimate ten-
sile strength and low elongation, primarily due
to the high fraction of tungsten cleavage planes
and high-density dislocations in both the tung-
sten grains and the matrix phase. These disloca-
tions hinder the movement of dislocation lines,
increasing the material’s yield strength. The al-
loy’s thermal stability and wear resistance also
make it suitable for extreme environments, such
as aerospace, defence, and nuclear industries. The
combination of tungsten’s hardness and the duc-
tility of the nickel-iron matrix allows the alloy to
withstand high mechanical loads and resist defor-
mation under stress.

The experiments were conducted on an
HWE-1520 RIDDER Automatisierungs GmbH
machine (H.G. RIDDER H., Hamm, Germany).
This machine supports various jet pressure values
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(50 to 400 MPa), abrasive mass flow rates (10
to 600 g/min), and traverse feeds. It is operated
using Siemens SINUMERIK software, which al-
lows precise control over the machining parame-
ters. For this study, the specific parameters varied
are shown in Table 1.

The abrasive used was garnet with a mesh
size of #80. The nozzle diameter was 1 mm. Pre-
liminary experiments were conducted to establish
a suitable range for the machining parameters, en-
suring that the selected parameters could effective-
ly evaluate the machinability of the tungsten alloy
and the geometric characteristics of the machined
grooves. The Box-Behnken design was chosen for
the experimental plan due to its efficiency in terms
of the number of experiments required. This de-
sign allows for the assessment of the main effects
and interactions of the process parameters while
minimizing the total number of experiments,
thereby reducing costs. The Box-Behnken design
is particularly advantageous for fitting quadratic
response surfaces and constructing second-order
polynomial models, making it suitable for this
type of experimental optimization. In this study,
15 experimental runs were conducted, which is
adequate to assess the effects of the selected pa-
rameters on machining performance. Figure 1

Table 1. Experimental parameters

illustrates the cutting method and the sample
in a graphical representation. Slot dimensions
were measured using a VHX-7000 ultra-deep-
field microscope (KEYENCE, Mechelen, Bel-
gium). This focus variation microscope (FVM)
utilizes 20-2000% lenses and a white light LED
source to achieve high-resolution 3D surface
measurements. The resulting images had a 4096
x 2160 pixel resolution, enabling precise kerf
angle and depth measurements. Figure 2 shows
the incision profile to better understand the
measuring method.

Images were acquired using the Phenom XL
scanning electron microscope (SEM), which pro-
vides high-resolution imaging essential for de-
tailed sample analysis. The Phenom XL, equipped
with a four-segment backscattered electron detec-
tor, enables the capture of sharp images with chem-
ical composition contrast. This SEM can examine
samples up to 100x100x65 mm in size and features
a streamlined loading mechanism that allows for
rapid image acquisition, typically within 60 sec-
onds. These images were utilized to assess the
surface quality and to elucidate the mechanisms
of material removal by abrasive particles during
the machining process.

Levels Jet pressure [MPa] Feed rate [mm/min] Abrasive mass flow rate [g/s] | Stand-off distance [mm]
1 150 150 2
2 200 225 3 2
3 250 300 4

Figure 1. Graphical representation of the AWJM process and the influence of the process parameters on the
groove’s geometry
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Figure 2. Photo taken with an FVM demonstrating the measurement method

RESULTS AND DISCUSSION

The results of the experimental study
provide a detailed analysis of the effects of
varying process parameters on the depth
of penetration and kerf taper angle during
AWJ machining of WNiFe tungsten alloy.

Table 2. Experimental results

Table 2 presents the geometric measurements
of the machined grooves, including the depth
of penetration and kerf taper angle, under differ-
ent combinations of jet pressure, traverse speed,
and abrasive mass flow rate.

Upon receiving the results of the experiments,
statistical analysis was carried out, including

No. p [MPa] v [mm/min] m, [g/s] Depth [um] Angle [deg.]
1 150 225 2 661.3 19.8
2 250 300 3 1063.7 12.6
3 250 225 2 1171.6 9.7
4 200 150 2 1509.6 9.1
5 200 150 4 2309.2 7.0
6 200 225 3 1139.8 10.0
7 250 225 4 1692.1 7.6
8 200 225 3 1292.8 10.0
9 150 150 3 1235.8 1.5

10 150 225 4 1233.9 12.8
11 200 300 2 669.0 14.8

12 200 300 4 1161.8 9.8

13 150 300 3 717.4 15.2

14 200 225 3 1328.1 9.9

15 250 150 3 1997.2 7.8
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marginal average analysis and the generation of
response surfaces that illustrate the relationships
between the dependent and independent variables.
The analysis of marginal means is a crucial step in
understanding how different process parameters
influence the outcomes of the experiments. By
examining the marginal means, the effect of each
independent variable on the dependent variables
can be isolated and evaluated, without the inter-
ference of other factors. This method facilitates
the identification of the most significant param-
eters that impact the machining process, leading
to optimized settings for enhanced performance.
This study focuses on the depth of the grooves
and the kerf angle as the dependent variables. The
independent variables under consideration are jet
pressure, traverse speed, and abrasive mass flow
rate. The analysis of marginal means provides in-
sights into how each factor influences the machin-
ing outcomes. The deviation bars in the graphs
represent the standard errors of the means, calcu-
lated using the mean square errors for each case
separately. This helps quantify the data’s variabili-
ty and ensures a clear understanding of the results’
reliability. Figure 3 shows the marginal means for
the dependent variable, groove depth, and kerf ta-
per angle, concerning the independent variables.
The third graph illustrates the effect of jet
pressure on the grooves’ depth. The depth in-
creases as the jet pressure rises from 150 MPa
to 250 MPa [22]. Higher jet pressures result in
more forceful impacts of abrasive particles on
the material surface, thereby increasing the pen-
etration depth. The confidence intervals show
that the data points are reliable, and the trend is
clear. The groove depth increases significantly

@)

Graph of marginal averages and confidence
intervals(95,%)

as the jet pressure increases, but the increase
is not linear, as indicated by the percentage in-
creases of 30% and 50% when moving from 150
MPa to 200 MPa and 250 MPa, respectively.
This suggests a potentially exponential relation-
ship between jet pressure and groove depth. High-
er jet pressures enhance the kinetic energy of the
abrasive particles, resulting in more aggressive
material removal. This increased energy allows
the abrasive particles to penetrate deeper into the
tungsten alloy, creating deeper grooves. Figure 3b
shows the correlation between jet pressure and the
inclination of the groove’s wall. As the jet pres-
sure increases from 150 MPa to 250 MPa, the an-
gle decreases. Higher jet pressures result in more
forceful impacts of abrasive particles on the mate-
rial surface, which enhances the removal of mate-
rial at the edges and results in steeper wall angles.
The error bars indicate the variability of the data
points, providing an understanding of the reliabil-
ity of the trends observed in the graphs. This trend
highlights the need to carefully control jet pres-
sure to achieve the desired wall angle, as exces-
sively high pressures could lead to overly steep
cuts, which may not be desirable for certain appli-
cations. According to the research, waterjet pres-
sure significantly impacts the material removal
rate (MRR) during abrasive waterjet machining
(AWIM). Optimizing this parameter is crucial for
enhancing the efficiency of the process [23].

The effect of traverse speed on the grooves’
depth has been illustrated in Figure 4. As the
traverse speed increases from 150 mm/min to
300 mm/min, the depth of the grooves decreas-
es [24]. Higher traverse speeds reduce the expo-
sure time of the jet on a specific area, leading to

)

Graph of marginal averages and confidence
intervals(95,%)
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Figure 3. Graph displaying results of analysis of marginal averages for (a) penetration depth and pressure, and
(b) penetration depth and taper kerf angle on the right
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Figure 4. Graph displaying results of analysis of marginal averages for (a) penetration depth, and (b) taper kerf
angle in comparison to feed rate

less material being removed and resulting in shal-
lower grooves [25]. The confidence intervals indi-
cate that the data points are reliable and the trend
is clear. The decrease in groove depth is signifi-
cant, showing a substantial reduction in material
removal rate with increasing traverse speed. This
suggests that slower traverse speeds allow more
effective energy transfer from the abrasive parti-
cles to the material, thereby increasing penetration
depth. However, slower speeds may also reduce the
overall machining efficiency by increasing the time
required for processing. Figure 4, on the right, de-
picts the effect of traverse speed on the wall angle
of the grooves. As the traverse speed increases from
150 mm/min to 300 mm/min, the wall angle in-
creases. Higher traverse speeds reduce the exposure
time of the jet on a specific area, leading to less ma-
terial being removed at the edges and resulting in
larger wall angles. This increase in wall angle with

a) 2000
1800
1600
1400 -
1200

1000 %/_/

800

Depth [um]

600
2, 3, 4,

ma [g/s]

higher traverse speeds suggests that slower speeds
allow for more precise and steeper cuts, while high-
er speeds lead to wider and less defined angles.
The fifth graph illustrates the effect of abrasive
mass flow rate on the grooves’ depth. As the abra-
sive mass flow rate increases from 2 g/s to 4 g/s,
the depth of the grooves increases significantly
[24]. Higher abrasive flow rates result in a greater
number of abrasive particles impacting the mate-
rial surface, thereby enhancing material removal
and increasing penetration depth. The substantial
increase in groove depth with higher abrasive
flow rates suggests that more abrasive particles
lead to more effective energy transfer to the ma-
terial, resulting in deeper grooves [26]. However,
while increasing the abrasive mass flow rate en-
hances the depth of grooves, it also poses chal-
lenges in terms of material wear and operational
cost. In the graph (Figure 5b), the impact of the

b) 16
15
14
13

Angle [deg.]

2, 3, 4,
ma [g/s]

Figure 5. Graph displaying results of analysis of marginal averages for (a) penetration depth and abrasive mass
flow rate, (b) Kerf taper angle and abrasive mass flow rate
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abrasive mass flow rate on the wall angle of the
grooves can be observed. The wall angle decreas-
es significantly as the abrasive mass flow rate in-
creases from 2 g/s to 4 g/s. Higher abrasive flow
rates result in more abrasive particles impacting
the material surface, creating a steeper cut and
reducing the kerf angle. This reduction in incli-
nation angle with higher abrasive flow rates sug-
gests that more abrasive particles lead to more
effective material removal at the edges, creating
sharper angles.

The following image, captured using a Phen-
om XL scanning electron microscope (SEM), il-
lustrates the difference in surface quality between
grooves 3 and 5, which were machined under
different parameters. The SEM images were cap-
tured with a field width (FW) of 518 micrometres,
using a high voltage (HV) of 15 kV, at a working
distance (WD) of 9.797 mm, and under a cham-
ber pressure (Pres.) of 0.1 MPa. These parameters

were selected to optimize resolution. Groove 3
was processed at 250 MPa, 225 mm/min, and 2
g/s, while groove 5 was processed at 200 MPa,
150 mm/min, and 4 g/s. The image on the left,
where higher pressure and traverse speed but low-
er abrasive mass flow were used, shows shallower
and less distinct grooves formed by the abrasive
particles. This indicates that a longer exposure
time per unit area and a higher abrasive mass flow
can lead to increased surface roughness and more
efficient material removal, as more material is cut
by individual abrasive particles. The reason for
this is that the particles impact perpendicularly
to the bottom of the groove. In case the material
is not being milled, but cut in its entirety, lower
feed rates have a positive effect on surface quality
[27]. It can be observed that with higher pressure,
the surface becomes smoother, and the grains
gradually disappear, suggesting that increased
pressure results in a more evenly ground surface

Figure 6. Images of grooves (a) number 3 and (b) number 5 were captured using a scanning electron microscope
(SEM) at 1000x magnification

Mag. Fw
5000x  104pm

abrasive
7/ remnants

Int. Det. wD Pres.
Image SED 9.797 mm 0.10Pa

2024-07-03 10:55
11

Figure 7. Image of the surface of the fifth groove was captured using SEM at 5000x magnification
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and better cutting quality [28]. Additionally, the
image below (Figure 7) displays a 5000x magni-
fication of a groove (reference number 1 shown
in Figure 6 on the left) formed by the material
cutting mechanism of abrasive particles (marked
with a red frame in the photo below), providing a
better understanding of the material removal pro-
cess in AWJ machining.

During abrasive waterjet (AWJ) machining,
the material removal process involves the impact
of high-velocity abrasive particles on the surface,
leading to mechanisms such as microcutting, mi-
crocracking, and spallation. The rapid stress ap-
plication causes brittle fracture in the material, re-
sulting in the detachment of small particles. These
effects are influenced by process parameters like
jet pressure, traverse speed, and abrasive type, im-
pacting the efficiency and quality of the machining
process. There are two known types of microcut-
ting mechanisms. On the surfaces of materials pro-
cessed by the water-abrasive stream, both cutting
and abrasion (scratching) effects can be observed.
Cutting is caused by abrasive grains with sharp, ir-
regular edges, while material removal by abrasion
occurs with oval grains. The rotation direction of
the grains relative to the material also affects the
cutting marks. In Type I, grains rotate in the direc-
tion of motion, while in Type II, grains rotate op-
positely. Microcutting occurs only at small impact
angles of particles on the material. When these an-
gles approach 90°, abrasive particles striking the
surface cause transverse cracks, further promoting
material damage, especially in brittle materials.

The investigated material is a tungsten alloy,
known for its inherent brittleness. During AWJ
machining process, the impact of abrasive par-
ticles on the surface results in distinctive topo-
graphical features. The SEM image reveals dark-
ened structures indicative of craters formed by
the impact of these abrasive particles. Additional-
ly, the presence of scratches can be attributed to
the material removal process. The topography of
the machined surface appears uneven and chaot-
ic, which is typical given the complexity of the
erosion process and the varying angles of particle
impact. Embedded abrasive remnants can also be
observed within the grooves, highlighting the in-
tensity of the AWJ process. The jagged appearance
of the material surface is a consequence of both
the mechanical properties of the tungsten alloy
and the specific machining parameters used. The
inherent brittleness of tungsten, combined with
the dynamic and multifaceted nature of the AWJ
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process, contributes to the irregular surface finish.
This characteristic roughness is typical of materi-
als subjected to high-energy particle impacts and
reflects the challenges in achieving a uniformly
smooth surface through AWJ machining.

Zhu et al. [16] investigated the impact of
swaging on the microstructure and mechan-
ical properties of the 90W-7Ni-3Fe tungsten
alloy. Their findings, while not directly re-
lated to AWIJ, provide valuable insights that
can be applied to understanding the effects of
AWJ machining on tungsten alloy structures.
The AWIJ process causes the formation of cra-
ters and scratches on the material’s surface.
The high dislocation density and presence of
subgrain structures, as observed in Zhu et al.’s
study, can contribute to more uniform and pre-
dictable material removal. The study noted that
microstructural changes, such as the pronounced
<101> texture in the W phase at the highest
deformation level, can influence the material’s
impact strength. This same texture may affect
how abrasive particles interact with the surface
during AWJ machining. The impact of abrasive
particles during AWJ machining can lead to fur-
ther increases in dislocation density and subgrain
structures, which enhance the material’s hardness
and strength. However, the intense interaction of
abrasive particles can also cause microcracks and
material loss, potentially weakening the material.
The study’s results show that the crack initiation
energy decreases with increasing deformation
levels, suggesting that the material becomes more
brittle. This phenomenon may also be observed
during AWJ machining, where the high-energy
impact of abrasive particles can lead to faster
crack initiation in the deformed material.

CONCLUSIONS

This study analyzed AWJ machining’s impact
on WNiFe tungsten alloy, focusing on jet pres-
sure, traverse speed, and abrasive mass flow rate:
e jet pressure: Increasing pressure from 150 to

250 MPa enhances groove depth, suggesting a

non-linear relationship; higher pressures yield
more aggressive material removal but can lead
to steeper wall angles;

e traverse speed: higher speeds (150-300 mm/
min) reduce groove depth and precision, while
slower speeds enhance penetration but lower
machining efficiency;
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e abrasive mass flow rate: higher flow rates (2—4
g/s) improve material removal but increase
wear and costs; they also lead to steeper cuts
and reduced kerf angles;

e surface quality: SEM analysis reveals that
higher pressures and slower speeds yield
smoother surfaces; craters and scratches result
from abrasive particle impacts, reflecting the
complex erosion process;

e microstructural impact: high dislocation den-
sity and subgrain structures, influenced by
machining parameters, aid uniform material
removal; however, increased dislocation den-
sity and pronounced texture can also cause
brittleness and faster crack initiation under
high-energy impacts.

Optimizing these parameters is crucial for
efficient AWJ machining of tungsten alloys, en-
suring balanced material removal and surface in-
tegrity. Future studies should explore the micro-
structural evolution during AWJ machining and
its implications for wear properties.
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