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Determining the productivity and quality of precision AWJ machining requires routine and careful in-
spection of nozzle condition. The degradation of the inner bore of the nozzle adversely impacts the mix-
ing efficiency and uniformity of the water jet, thereby affecting its cutting performance. In this study, 
new nozzle was designed and manufactured using additive manufacturing and were made of 316 L stain-
less steel. The new nozzle consists of two combined parts with the peculiarity of being easy to install 
using a screw thread. The wear behaviour of the new nozzle was examined using an accelerated wear 
test. An accelerated wear test was conducted on the hard abrasive silicon carbide (SiC) and compared to 
garnet, the abrasive commonly used in the AWJ industry. The aim of the test was to determine the wear 
pattern of the nozzle. The cumulative mass loss and nozzle diameter increase for different abrasives were 
measured. The geometric change in the nozzle is made visible through destructive examination. The 
findings indicated that the type of abrasives significantly affects nozzle wear. As the hardness of the 
abrasive increases, the diameter of the nozzle enlarges, resulting in accelerated nozzle wear. The mass 
loss factor of SiC abrasives is three times higher than that of garnet abrasives. This research allows prac-
titioners to monitor the nozzle wear behaviour during the AWJ process. The results obtained were used 
to estimate the nozzle life based on the observed wear history. 
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Introduction 
The non-traditional machining technique known 

as abrasive water jet machining technology (AWJ) is 
extensively employed in many different industrial ap-
plications [1]. This technology exhibits reduced sensi-
tivity to material properties due to its lack of chatter, 
absence of thermal effects, minimal stress application 
on the material, along with its exceptional machining 
versatility and adaptability [2]. AWJ machining is a 
highly effective technique commonly employed for 
machining hard and brittle materials, valued for its 
technical efficiency and cost-effectiveness. Scientific 
research demonstrates that waterjet technology per-
forms well across a wide range of materials, including 
titanium alloys [3], aluminium alloys [4] , composites 
[5], and glass [6]. However, there are certain disad-
vantages associated with it, most notably the possibil-

ity of generating excessive noise and creating a disor-
ganized work environment [7] . A specialized tool is 
used in the AWJ process to effectively machine a va-
riety of materials without contact or inertia. This pro-
cess offers several advantages, including a narrow kerf, 
minimal heat affected zone, less waste material, and 
the ability to be used in various machining processes 
[8]. AWJ machining significantly minimizes or elimi-
nates the risk of environmental pollution from fibrous 
materials because the water jet effectively removes the 
eroded material from the workpiece’s surface [3]. The 
selection of various processing parameters, including 
hydraulic, abrasives and machining parameters, has a 
great impact on the machine's ability to cut a variety 
of materials with different thicknesses.  

Particles of abrasive material act as a remover and 
water as an accelerator. Fundamentally, water is re-
leased from a small opening with a diameter of 



February 2025, Vol. 25, No. 1 MANUFACTURING TECHNOLOGY ISSN 1213–2489
e-ISSN 2787–9402

 

indexed on http://www.webofscience.com and http://www.scopus.com 77 

0.01-0.02 mm, which is composed of hard materials 
like sapphire, after it has been compressed to an ultra-
high pressure of up to 400 MPa [9]. Shear, cracking, 
erosion, cavitation, delamination, and plastic damage 
are types of material degradation caused by the sys-
tem's high-velocity water flow, which can attain 
speeds of up to 915 m.s-1 [9]. 

Garnet is abrasive that most commonly used in in-
dustrial application. This material is often used as an 
abrasive in high-pressure water jets because it can 
achieve high efficiency at a rela  tively low cost, which 
increases the durability of the focusing tube [1]. Slag 
[7], aluminum oxide [8], and silicon carbide (SiC) are 
useful alternatives to other synthetic and natural abra-
sives. However, other natural and synthetic abrasives, 
including slag [2], aluminum oxide [8], and silicon car-
bide (SiC), may also be utilized.  Due to the high hard-
ness and geometric aspects of the material, SiC is com-
monly employed for machining materials that present 
significant challenges during cutting processes. [3]. A 
slightly higher cutting speed is possible with a harder 
abrasive. However, the harder abrasive material also 
leads to wear on the nozzle. Achieving an optimal bal-
ance between extending nozzle lifespan and improv-
ing machining efficiency requires the careful selection 
of abrasive materials [9]. 

Typically, the abrasive particles are combined with 
a fast-moving stream of water to create a mixture that 
is used for cutting metals and other non-metallic ma-
terials such as ceramics, such as ceramics, glass, rock, 
stone, advanced composites, and superalloys [10]. The 
ability to cut various materials of different thicknesses 
largely depends on the selection of different pro-
cessing methods. The major challenge affecting the ef-
fectiveness of high-velocity mud jetting is erosion of 
the nozzle walls. Due to the speed of the jet, which 
can vary between 100 and 500 m.s-1, and the particle 
size, which can reach up to 40% of the nozzle diame-
ter, damage to the nozzle can quickly occur [11]. Con-
sequently, in current systems, the nozzles require fre-
quent replacement, typically every 10 to 20 minutes.  
wear is an important problem analyzed in the work 
inAWJ processes, which significantly affect the effi-
ciency, reliability andservice life of the high-pressure 
pumps. This requires ongoing maintenance and in-
spection and results in reduced accuracy and machine 
downtime [11].   

Most research groups emphasis their efforts on 
mitigating wear issues, such as employing hard mate-
rials in the nozzle [12] , utilizing soft abrasive particle 
[13], and modifying nozzle geometry [14–16]. The 
worn nozzle may not experience a uniform wear with 
equal increase of internal diameter. In most cases, the 
erosion is more severe near the nozzle inlet than the 
outlet [6]. Sometimes, the region near the outlet expe-
riences minimal or no erosion at all [7]. However, the 
worn has to be replaced as a whole although there is 

no erosion in some part of it. Worn nozzles will be 
thrown away like worn cutting tools in other tradi-
tional machining processes. Nozzles or cutting tools 
are of great importance to sustainability enhancement. 
They are made from many types of rare metals [17] 
including tungsten, boron, molybdenum, cobalt, chro-
mium and vanadium. Therefore, it is important to de-
sign a new nozzle which its usage can be reused for a 
longer tool life. This study presents the latest develop-
ment of a new design nozzle and conducts a labora-
tory wear test to illustrate the potential of this newly 
introduced nozzle.  

 Methods and Material 
The current conventional nozzle based on indus-

trial used in AWJ machining was taken as an initial 
model which consist of single solid body, and design 
changes have been made. A new design of the nozzle 
has been developed to compose of two merged parts. 
The nozzle has a total length of 76.2 mm, with an ex-
ternal focusing diameter of 3.18 mm and an internal 
focusing diameter of 1.27 mm. The conceptual design 
proposed are shown as Fig. 1. The total length of the 
nozzle is partitioned into 75% allocated to the inlet 
section and 25% designated for the outlet section. The 
prototype of a nozzle made using the selective laser 
melting (SLM) method from metal powder SS316L on 
the RenAM 500E 3D printer.  The nozzle was pro-
duced through laser powder bed fusion (LPBF), a 
method of additive manufacturing (AM).  

 
Fig. 1 The new design of nozzle 

 
Fig. 2 3D printed, consisting of inlet and outlet parts (a) 

Cross section of new printed nozzles (b) 
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Fig. 3 The installation of nozzle attached to the cutting head  

 
The fabricated new nozzles and a cross-sectional 

view of a waterjet nozzle is illustrated in Fig. 2. The 
entire nozzle does not need to be discarded after it has 
worn out, as it is designed with separate components. 
The outlet component is easily installed using a screw 
thread mechanism and can be repurposed. Addition-
ally, this novel reusable nozzle design has the potential 
to minimize waste, thereby promoting environmental 
conservation. The new design nozzle is compatible to 
be used in all commercial waterjet machines. It can 
conveniently fit to any commercial abrasive waterjet 
machines which uses a commercial nozzle. Further-

more, the life of the nozzle of the outlet part can be 
extended since it will be reused by replacing the nozzle 
with a new inlet part. Fig. 3 shows the nozzle installa-
tion in AWJ cutting head. 

 Nozzle Wear Test and Experimental Setup 
The wear performance of nozzles analyzed 

through two types of tests [18]. Accelerated wear tests 
and actual wear tests are commonly utilized to inves-
tigate the wear behavior of nozzles materials [19] and 
quickly identify wear trends using less wear-resistant 
mixing tubes made of steel or harder abrasives like gar-
net, Silicon carbide and Aluminum oxide [20]. Using 
the newly developed nozzle, an experiment conducted 
using selected processing parameters including water 
pressure, diameter of orifice, abrasive mass flow rate, 
abrasive particle size and abrasive materials. In order 
to conduct the accelerated wear test,  two type of abra-
sive particles silicon carbide and garnet were used to 
accelerate the wear of nozzle. The test is to wear the 
nozzles intensively within few minutes which repre-
sents the use of nozzles beyond the allowed threshold 
[19–21]. The properties of these abrasive particles 
listed in Tab 1. The increase in diameter and the mass 
reduction of the nozzle were documented at specified 
intervals of 5 minutes. The accelerated test conducted 
for offset nozzles up to 25% to confirm the trends 
[20]. A digital scale was utilized to accurately deter-
mine the mass of the nozzle both before and after the 
experiment, ensuring precise measurement of material 
loss due to wear. The nozzle was subjected to longitu-
dinal sectioning using wire electrical discharge ma-
chining (wire EDM) to analyze its internal geometry. 
This technique offered an accurate cross-sectional 
perspective, facilitating thorough examination of wear 
patterns and material deterioration within the nozzle.

Tab. 1 Abrasive particle properties [10,22] 

Abrasive particle types Particle size  
(µm) 

Hardness 
(MOHS) Grain Shape Density 

(g.cm-3) 

 
Garnet 

200 6.5 -7.5 Granule, Irregular sharp-
edged 4.1-4.3 

 
Green Silicon Carbide 

(SiC) 

200 > 9 Granule, Irregular sharp-
edged 3.15 
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The wear test was conducted on a self-developed 
CNC water jet cutting machine, as illustrated in Fig. 4. 
This machine is equipped with an air-driven liquid 
pump capable of generating water pressures of up to 
100 MPa. The operation of the system is controlled by 
a computer numerical control (CNC) unit, which pre-
cisely regulates the movement of the machine. The ta-
ble’s motion is governed along two axes (X and Y), 
while the nozzle's movement is controlled along the 
Z-axis, allowing for accurate depth adjustment. The 
specific machining conditions used for the nozzle 
wear test are detailed in Tab 2. 

 
Fig. 4 The self-developed CNC AWJ machine and [23] 

Tab. 2 Parameters for AWJ machining process 
System Parameters Value Units 

Water pressure 69 MPa 
Abrasive mass flow rate 10 g.min-1 

Type of abrasives Garnet,  Silicon carbide (SiC) 200 µm 
Particle grit number #80 mesh 

Orifice diameter 0.1016 mm 
 
The nozzle's diameter was measured with a video 

measurement device. The nozzles were viewed under 
10x magnification, and coaxial lighting from above 
was used to illuminate them. Three points were cho-
sen on the inner edge of the nozzle to ascertain the 
diameter, after which the software computed the ra-
dius. Each nozzle diameter was measured a minimum 
of four times. The number of measurements increased 
with the amount of wear on the nozzle. Fig. 5 show 

the experimental set up of the wear test of the nozzle. 
Focusing tubes made of tool steel have an effective 
working life of 15 minutes when using garnet abrasive 
at a pressure of 207 MPa and an abrasive flow rate of 
7.5 g.min-1 according to Hashish's research on focus-
ing tube wear [19]. The use of a softer focusing tube 
material in this experiment compared to Hashish's re-
sulted in significantly accelerated effective working 
time of the focusing tube. 

 
Fig. 5 The steps of experiment 

 Results and Discussion 
  Wear Progression of Outlet Diameter 
The durability of a nozzle is contingent upon its 

intended application. The permissible maximum in-
crease in exit diameter in this context is 0.3 mm. A 
significant degree of wear was permissible if this in-
crease reached 25% of the original diameter (1.57 
mm). Certain applications clearly endure greater wear 
than others, allowing a worn tube to be employed in 
contexts that accommodate larger mixing tube diame-
ters. Fig. 6 depict a diagram demonstrating the corre-
lation between focusing tube wear and cutting time. 

The figure illustrates that an extended cutting duration 
correlates with a wider diameter of the focusing tube 
outlet. The nozzle's contact with garnet abrasive for 
15 minutes leads to a minor increase in the outlet di-
ameter, measuring only 0.24 mm. In contrast, when 
the nozzle encounters silicon carbide (SiC) abrasive, 
the erosion process transpires significantly more 
swiftly. After merely 5 minutes of exposure, the outlet 
diameter expands by 0.36 mm. The notable disparity 
in erosion rates indicates the more aggressive charac-
teristics of SiC relative to garnet. The elevated abra-
sion rate of SiC not only accelerates nozzle wear but 
also diminishes the overall durability of the nozzle  
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under comparable operational conditions. The diame-
ter of the worn nozzle for the #80 garnet and SiC 
abrasive types is depicted in Fig. 7. The images illus-
trate that a recently developed nozzle has an opening 
size that is nearly ideal in terms of circularity. The 
roundness, on the other hand, gradually decreases as 
the amount of wear increases.  As a result, the jet ex-
hibits increased instability and diminished efficiency. 
The prolonged use of the focusing tube leads to 
changes in the exit geometry, particularly an increase 
in opening eccentricity [24].  

The alignment between the orifice and the focus-
ing nozzle significantly impacts wear. Even slight mis-
alignments can result in increased and uneven wear, as 
the abrasive jet deviates from its intended trajectory, 
causing localized erosion on the inner surfaces of the 
nozzle. As time progresses, this uneven wear can in-
tensify the issue, eventually leading to a significant fail-
ure referred to as a blowout as shown in the Figure 7 

for SiC abrasive section d. A blowout happens when 
the AWJ wears away the sidewall of the focusing noz-
zle. Undermining the system’s integrity and possibly 
leading to considerable operational downtime [24].  

 
Fig. 6 Relationship between exit diameter of tested abrasives 

and erosion duration 

   
Fig. 7 Increasing the outlet diameter of the nozzle with SiC abrasive: a) initial diameter, wear test b) 5 minutes, c) 10 minutes, d) 
15 minutes of erosion time, and increasing the outlet diameter of the nozzle with garnet abrasive: e) initial diameter, wear test f) 5 

minutes, g) 10 minutes, h) 15 minutes of erosion duration 

 Wear Progression of Middle Diameter 
The enlargement of the middle diameter during 

AWJ with various types of abrasives is depicted in Fig. 
8. After 5 minutes of testing, the average middle diam-
eter of the worn nozzle reached 0.57 mm with SiC, 
while it was only 0.36 mm with Garnet abrasive. The 
worn middle diameter after 15 minutes with SiC abra-
sives is 2.2 mm, while with garnet abrasives it is 1.75 
mm. It is evident that SiC abrasives generated the larg-
est diameter, followed by garnet abrasives. SiC is the 
hardest abrasive material, thus it maintains its wear re-
sistance as it descends. SiC is acknowledged as the 
hardest abrasive material, enabling it to maintain its 
wear resistance while moving through the nozzle dur-
ing the cutting process. SiC abrasives exhibit superior 
hardness relative to garnet, allowing them to retain 
their sharp cutting edges effectively at both the entry 
and exit points of the jet stream. The retention of 

sharpness leads to a reduced cut width, as the abra-
sives sustain their cutting efficiency consistently dur-
ing the machining process. Conversely, garnet abra-
sives, due to their softer composition, progressively 
diminish the sharpness of their cutting edges as they 
approach the jet exit, resulting in a broader cut and 
decreased precision [25].  

Experimental studies have consistently demon-
strated that during machining with various abrasives, 
the central part of the nozzle undergoes greater wear, 
resulting in its diameter surpassing that of the outlet. 
The wear pattern is notably pronounced with SiC, due 
to its hardness and enduring sharpness, which lead to 
more intense erosion in the central areas of the nozzle. 
It was highlighted that the abrasive particles dissipate 
their kinetic energy as they pass through the jet, result-
ing in a narrowing of the relative strength zone of the 
jet. The results of the measurements are interesting  
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and help to justify the nozzle replacement in term of 
improving nozzle life. Fig. 9 depict a diagram demon-
strating the correlation between focusing tube wear 

and cutting time. The figure illustrates that an ex-
tended cutting duration correlates with a wider middle 
diameter of the focusing tube. 

Fig. 8 Enlargement of the nozzle's middle diameter using SiC abrasive: a) initial diameter, wear test b) 5 minutes, c) 10 minutes, 
d) 15 minutes of erosion time, and enlargement of the nozzle middle diameter using garnet abrasive: e) initial diameter, wear test f) 5

minutes, g) 10 minutes, h) 15 minutes of erosion duration 

Fig. 9 Relationship between middle diameter of tested 
abrasives and erosion duration 

Mass Loss of Nozzle 
Upon completion of each testing phase, measure-

ments were taken and documented for both the inner 
diameter of the outlet the nozzle mass reduction in. 
The erosive properties influence not only the parame-
ters of the material being cut, but also impact the du-
rability of the focusing tube [24]. Based on the studies, 
the ability of erosion abrasive wear rates has been 
identified through the calculation of the focusing tube. 
The decrease in the weight of the focusing tube is 
mainly due to the gradual deterioration of its inner 
wall, resulting in the formation of noticeable wear pat-
terns on the internal surface. With prolonged use of 
the focusing tube, the wear patterns become increas-
ingly evident, progressively affecting the structural in-
tegrity of the tube. The extended use of the tube ulti-
mately influences its exit geometry, frequently leading 

to the development of an eccentric or irregular open-
ing at the nozzle exit. The presence of such eccen-
tricity can greatly influence the efficiency of the water 
jet, resulting in variable cutting quality and heightened 
nozzle wear [26]. Fig 10 depicts the correlation be-
tween the mass loss of the focusing tube and the op-
erational duration for the different abrasive materials 
evaluated. Silicon carbide #80 demonstrated the most 
pronounced wear effect among the abrasives, resulting 
in the greatest mass loss in the focusing tube. Follow-
ing a 15-minute testing interval, the mass reduction 
surpassed 0.99 grams, signifying the pronounced ero-
sive characteristics of silicon carbide in comparison to 
alternative abrasives. The garnet type has the second 
most wear. The mass loss was over 0.45 g after 15 
minutes of exposure. 

Fig. 10 Correlation between the nozzle's mass, the abrasive 
material, and erosion duration 
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 Factor of Mass Loss 
The mass loss factor was determined using the 

methodology described by Perec et al. [13], employing 
the relevant mathematical expression to quantify the 
wear of the focusing tube. In this equation, Mt signi-
fies the initial mass of the focusing tube and ΔMt de-
notes the mass loss factor.  

 (1) 

Where: 
mt…Time of mass loss[g.min-1], 
ma…Abrasive flow rate [kg.min-1]. 
The outcomes derived from this calculation are il-

lustrated in Fig. 11. The maximum mass loss factor, 
Mf, observed was 9.98 g kg-1, attributed to the utiliza-
tion of silicon carbide abrasive, indicating its pro-
nounced erosive properties. The mass loss factor for 
garnet abrasives was considerably lower, attaining a 
maximum value of 3.2 g kg-1.  As the bore expanded 
to its maximum size at 15 minutes, the confinement 
of the high-velocity flow weakened, reducing the im-
pact momentum of the abrasive particles as they ex-
ited the nozzle. Consequently, the mass loss factor was 
lowest at 3 g.kg-1 for garnet and 6.9 g.kg-1 for SiC, 
which suggests that the nozzle needs to be replaced. 
Due to a lower mass loss factor than at 10 minutes, 
the injected particles were not fully utilized for erosion 
or service at either 5 or 15 minutes. Therefore, rapid 
nozzle wear serves as an indicator that the jet is oper-
ating at its optimum condition, ensuring effective per-
formance in cutting, peening, or cleaning applications.  

 
Fig. 11 Mass loss coefficient of nozzles    

 The configuration of the internal geometry  
The interaction of abrasive particles with the inner 

wall of the focusing tube occurs at multiple angles, 
leading to material wear and degradation. When the 
focusing tube is adequately extended, the abrasive par-

ticles situated at the distal end of the tube tend to 
travel parallel to the inner wall. The parallel motion 
diminishes the impact force applied to the inner sur-
face, which may affect the wear patterns seen in the 
tube. The fundamental mechanisms of focusing tube 
degradation are the formation of micro-cuts and mi-
crocracks [24,26]. Fig. 12 illustrates the wear on the 
internal surface of the focusing tubes caused by abra-
sive flow. After a 15-minute testing period, wear was 
predominantly noted in the transition zone between 
the internal cone and the cylindrical section of the 
nozzle, where the design shifts from conical to cylin-
drical geometry. Furthermore, indications of deterio-
ration started to appear in the central area of the fo-
cusing tube during this period. The wear in these par-
ticular zones persisted, with additional increases in 
degradation recorded. Additionally, wear was ob-
served in the outlet area of the nozzle, suggesting that 
various sections of the focusing tube are vulnerable to 
abrasive damage during operational conditions. These 
results indicate the significance of observing wear in 
various nozzle regions to gain a deeper insight into 
wear patterns. The intensity was especially pro-
nounced for SiC #80 abrasives. Air is additionally in-
troduced when abrasive is incorporated into the mix-
ing chamber, resulting in the jet comprising over 90% 
ambient air [8]. The result is a more rapid disintegra-
tion of the jet. The rapid divergence of the water jet 
upon leaving the focusing nozzle causes immediate in-
teraction with the surrounding fluid, resulting in a tur-
bulent flow regime. The turbulence markedly en-
hances the disintegration of the jet. The turbulent flow 
enhances the mixing of abrasive particles with water 
and increases the shear forces on the nozzle  
surfaces [9].  

The erosion of the nozzle caused by abrasive par-
ticles occurs in a random manner, characterized by ir-
regular wear patterns that vary significantly across the 
surface. Upon closer examination, this chaotic erosion 
results in the formation of a distinct wave-like pattern 
along the inner walls of the nozzle. This pattern arises 
as specific regions undergo greater wear from the con-
tinuous impact of abrasive particles, illustrating the in-
tricate relationship between fluid dynamics and abra-
sive characteristics. These promising results are pre-
sented as one of the main achievements of this work. 
Both the conventional nozzle and the proposed noz-
zle illustrated similar performance. This pattern of ob-
servation has been shown in previous works, Accord-
ing to Nanduri [20], the abrasive particles are active in 
the formation of the first wave near the top of the 
nozzle during the early stages of the wear test. There 
is no wavy wear in the lower/exit region, so the exit 
bore grows with the same amount of uniformity. 

 1
1-

1

 
kg.min

min. = mt =Mt 


 kggg
ma
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Fig. 12 Sectioned nozzle after 15 minutes of testing using  (a) Garnet (b) SiC 

 Conclusions 
This work presents an experimental investigation 

into the effect of abrasive materials on the wear pro-
gression of the nozzle (in terms of nozzle diameter, 
mass loss of loss, and shape internal geometry) 
through accelerated wear test in AWJ process. The 
outcomes demonstrated that nozzle wear is influenced 
by the kind of abrasive particles. The following con-
clusions can be made in light of the research: 

 A linear relationship has been proposed be-
tween extended cutting times and the increase 
in the diameter of the focusing tube outlet, in-
dicating a nearly proportional correlation. 
However, to establish a more precise under-
standing of this relationship and to accurately 
assess the influence of the specified parame-
ters, further investigations are necessary. 
These additional studies will help clarify the 
dynamics at play and refine the predictive 
models associated with nozzle wear under 
varying cutting conditions. 

 Following a 15-minute exposure of the focus-
ing tubes to each abrasive particle type, a sig-
nificant increase in wear was observed, as in-
dicated by both mass loss and an expansion 
of the outlet's inner diameter. Among the 
tested abrasives, silicon carbide exhibited the 
most significant increase in wear, underscor-
ing its aggressive characteristics and effect on 
the structural integrity of the focusing tubes. 
Variations in abrasive types affect abrasive ve-
locities and energy distribution. More abra-
sive materials are more prone to producing 
larger diameters. Diverse abrasive materials 
exhibit distinct trends in the mass loss factor 
of the nozzle utilized in the tests.   

 Comprehensive wear tests conducted using 
silicon carbide (SiC) abrasive demonstrate 
that the wear rate of the focusing tube is three 
times greater than that observed with garnet 
abrasive. The findings include the ultimate di-
ameter of the focusing tube after the tests, as 
well as the calculated mass loss factor, which 
provides a quantitative measure of material 
degradation for both types of abrasives. 
These results highlight the significant impact 
of abrasive selection on the wear characteris-
tics of the focusing tube. 

 The changes in the nozzle's internal geometry 
are due to gradual wear, influenced by the di-
rection of the abrasive water flow. As the flow 
intensifies, material is progressively eroded 
from the internal surfaces, resulting in a mor-
phological alteration that directly impacts the 
nozzle's performance and efficiency over 
time. 
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