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Abstract 

Aerospace coatings (e.g. Thermal Barrier Coatings (TBC), 

abradable coatings…) have been utilised in the industry for decades 

with the aim of protecting the substrate materials from the harsh 

environment and the elevate temperature of the engines as well as to 

improve their performance. However, due to the thermal mismatch 

between materials, coatings are damaged and in consequence spalled. 

As their durability is four or five times lower than the service life of 

the engine, these parts need to be replaced. The goal is to strip the 

coatings efficiently and without damaging the substrate material in 

order to recoat and hence reassemble them in the engine. 

For this Plain Water Jet (PWJ) milling has been proposed, 

which is a nonconventional machining technique that benefits from 

the kinetic energy of the water released at high pressure. This 

technique erodes the target material and generates an accurate cut or 

milled trench with negligible processing temperatures and forces. 

Hence, it is ideal to remove damaged multi-layer coatings efficiently 

without damaging the substrate material at a controlled, clean and 

economical way. Nevertheless, coating removal with PWJ technology 

presents its challenges: each coating layers as well as the substrate 

have distinct mechanical properties that need to be addressed and the 

characteristic time dependency of the WJ machining process, makes 

the operation difficult to predict (e.g. jet penetration).  

This research aims to develop a mathematical model that 

calculates the jet footprint to remove multi-material coatings 

efficiently using a rotational multiple plain water jet nozzle 

accurately. The proposed model is based on the understanding of the  
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etching rate considering the mechanical properties of each individual 

material layer that compounds a coating and the energy of a PWJ 

system. This interaction has been obtained for any specific pressure, 

considering the energy variations along the height of the jet, for one 

or multiple jets, which follows a defined arbitrary trajectory in a 3D 

space, during a period of time. Subsequently, the model has been 

validated and the optimal milling conditions have been defined. 

Moreover, a software with a user’s friendly interface (UI) has been 

developed to easily integrate de mathematical model in an industrial 

environment. 

Finally, to understand the effect of the high energy impact of 

water jet droplets on the coating materials (i.e. in this case YSZ) a 

water jet and high strain rate nanoindentations have been used to 

understand how the behaviour of 6-8YSZ changes upon different 

strain rates (from 10-3 to 108 s-1). This study shows that at extremely 

high strain rates (106 - 108 s-1) the material suffers from a brittle-

dominated failure which induces localized phase transformation even 

if the material is in its partially stabilized form in where limited 

amount of transformation toughening is expected, phenomenon that 

is not observed at lower strain rates (10-3 - 1 s-1). 
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Chapter 1 

1. Introduction to Plain Water jet machining 

for coating striping in aerospace components 

The reduction of fuel consumption and the increase of the 

efficiency of the jet engines is proportionally related to the 

increase of its internal temperature. From the decade of the 1910s 

until the 1980s, this increment has been steady. However, since the 

1990s the temperature that the gas-turbines can withstand has 

increased to almost the double. This has been achieved by 

developing new aerospace materials, improving their 

manufacturing processes and their protective coatings. However, 

when these coatings wear down they need to be replaced. This 

chapter describes how Plain Water Jet machining is one of the 

most promising technologies to remove this multi-layer coatings. 

The main goal is to identify the main challenges when applying this 

technology and develop a model to predict how the coatings are 

going to be removed as well as analysing what happens 

structurally to the water impacted material.  
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1.1. Motivation 

Just over 100 years ago, at the 1st January 1914 the first commercial plane took 

off from St. Petersburg to Tampa, over the Tampa bay (Florida, USA), reducing the 

commute time from 12 h by rail to 23 minutes. It was a plane with a hull made of 

three layers of spurs and linen fabric between each layer and it was powered by a 

Roberts 6-cylinder, in-line, liquid-cooled, 75-horsepower engine that was capable of 

reaching the maximum speed of 103 km/h [1]. Since then, and especially in the last 

50 years, commercial aviation has seen an exponential air traffic demand due to the 

research and improvement in aircraft and engine design incrementing the safety and 

leading to the democratization of the international air travel permitting the drop in 

prices. Nowadays more than one hundred thousand flights take off every day all over 

the world. This trend is increasing at 5% rate every year and it is predicted to continue 

so for the next 20 years [2], [3]. 

However, the transport industry is the second highest most polluting in the 

world just after the energy production [4]. An engine’s exhaust is composed of ~70% 

of carbon dioxide emissions (CO2), ~30% of water vapour (H2O) and a remaining 

~1% is composed of pollutants like nitrogen oxides (NOx), oxides of sulphur (SOx), 

carbon monoxide (CO), partially combusted or unburned hydrocarbons (HC), 

particulate matter (PM), and other trace compounds [5]. Due to this it is 

understandable the effort and budget implied trying to make the aeroengine cleaner 

and more efficient. 

The reduction of carbon dioxide and pollutant emission as well as fuel 

consumption comes with the increase of the efficiency of the jet engines, which is 

proportionally related to the increase of the jet engine temperature [6]. In 

consequence, many efforts have been concentrated to develop engines that withstand 

higher temperature and pressures. However, these improvements are limited by the 

properties of the materials of the engine, temperatures in the combustion chamber 

can reach up to 1200 °C, with over 30 times the atmospheric pressure. Moreover, the 
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inside of an engine is also a chemically harsh environment due to the fuel and 

moisture in the air. To continue developing the efficiency of the engine the integrity 

of the components must be improved or protected to withstand these conditions. 

One of the first attempts of increasing the performance of the engine materials 

was to remove the grain boundaries of the blades, since the 1970s decade a 

directional solidification system has been used to manufacture single crystal engine 

blades [7]. The lack of grain boundaries prevents the part from failing by grains 

sliding under load, improving creep resistance, a key property in high temperature 

applications. Then, internal cooling channels were included in the blade design 

inside the engines in order to provide a faster cooling to these parts. Nowadays the 

research efforts for engine efficiency and increase of durability is focused on 

protecting the surface of the engine parts allowing them to work above their melting 

temperatures (~ 1300 °C) [8], [9] by applying Thermal Barrier Coatings (TBC) 

(Figure 2) or by physically improving the fit between parts thanks to abradable 

coatings [10] (Figure 2). 

 

Figure 1: Schematic representation of Thermal Barrier Coatings, which are able to keep the 

substrate material at a cooler temperature compared to the environment they are in [9]. 
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Figure 2: Schematic representation of Abradable Coatings, that enable a very close fit between a 

rotary an a static part and so that if the two of them touch the coating wears down providing a 

custom fit between parts (adapted from [10]-[11]). 

Thermal Barrier Coatings (TBC) are one of the most demanding coatings 

present in the aero engines and they protect the base substrate from the high 

temperature environment, enabling the base materials to work even above their 

melting temperatures increasing the efficiency and durability of the engines [9]. They 

are built by duplex-type coatings that are formed by two main layers with different 

mechanical and thermal properties that compound a complex structure: a low-

thermal conductivity ceramics top coat and a metallic bond coat [12]. On the other 

hand, abradable coatings help to reduce the leakages between parts improving the 

overall efficiency of the engine. The coating is applied in the stationary part and the 

rotor cuts through this part. In case of friction the clearance is adapted by the erosion 

creating a gap with the needed size. This type of coating allows having tight 

clearance between parts providing a minimum wear and friction heating, or 

components damage in case of metal-metal contact. Being easily wearable is one of 

their main characteristics so when the stators and rotors relative position changes due 

to their use, the requirements of the need of clearance changes. However, after three 

or four years of use, in comparison to the 20-25 years of service life of an engine, 

these coatings prematurely spall from the surface leaving the part exposed to the 
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harsh environments as shown as in Figure 3. This spallation process happens due to 

various factors such as the thermal-expansion mismatch between the coating and the 

part, the oxidation of the metal and the continuous transformation of the material 

such as the microstructure, morphology and composition due to the harsh 

environment inside the engine [9]. 

 

Figure 3: Schematic representation of the deterioration of the aeroengine coating layers after 

years of service, due to the high temperatures and harsh environment. 

The parts where the coatings are applied are precision manufactured and hence 

expensive so considering that the life span of an engine is around 20-30 years the 

coatings have to be replace from the parts several times during their service without 

compromising their integrity. 

1.2. Research problem 

The main challenge faced when replacing a damaged coating from a part that 

must be accurately shaped is that first the worn-out coating has to be fully removed 
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without damaging or altering the substrate material. These coatings have been 

traditionally removed by different techniques: i) submerging the parts in chemical 

baths so the remaining coatings could be dissolved without affecting the substrate. 

However, this technique is time consuming, not environmentally friendly and is hard 

to obtain a fully controlled process. ii) By mechanical milling, but this process 

requires precision manufacturing techniques and considering the complexity of the 

part as well as the request of maintaining the substrate untouched is an intricate 

process and expensive. 

As an alternative, to achieve a controlled, clean and economical coating 

removal process Plain Water Jet (PWJ) milling has been proposed. This process is a 

non-conventional machining process that take advantage of the kinetic energy of the 

high-pressure water to remove the aerospace coatings promising to be a faster, 

cheaper and more accurate than other alternative methods. To upgrade the coating 

replacement maintenance process Rolls-Royce has suggested to develop this 

technology up to the level of being implemented in the production line at the end 

research period. The addition of hard abrasives turns the technology into a process 

called abrasive water jet (AWJ) that is capable of cutting virtually any kind of 

material, such as aerospace superalloys or even polycrystalline diamond [8], [13]. 

Although, the erosion power of the plain (i.e. without abrasives) waterjet (PWJ) is 

significantly lower, this is ideal for more “gentle” procedures such as milling, coating 

removal and surface cleaning. 

Nevertheless, using PWJ technology for milling purposes has its own 

challenges. Coatings are often multi-layer, and each layer as well as the substrate 

have distinct mechanical properties. This means that the water jet will affect every 

layer differently, hence each material will respond with a different etching (i.e. 

material removal) rate. Moreover, the characteristic of time dependency of the WJ 

machining process, makes the operation difficult to predict (e.g. jet penetration), as 

a longer exposure to the jet will result in a proportionally higher etching rate. To 

cover all the surface that needs to be cleaned the jet will have to pass over some areas 
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more than once (i.e. overlapping trenches), the second time the target material will 

have had already experience changes, so it would no longer be an untouched 

substrate making the process hard to perform accurately. 

Rolls-Royce has already been using this stripping technique in their process, 

but it was suggested to find the most optimal way to do so. PWJ technique depends 

on multiple variables that involves pressurised fluids, spinning parts and the coatings 

that are meant to be removed are made of different layers that present various 

mechanical properties. Moreover, machine characteristics change from plant to 

plant, hence this makes it difficult to have standard parameters considering the 

limitations and specifications of each machine. Due to this motivations, a novel 

mathematical model that predicts the water jet milled trenches produced by a 

different water jet removal nozzles head (e.g. a four jet rotary and a fan nozzle) is 

proposed. This presents the innovation of considering the individual properties of the 

each of the multi-material layers, based on the analysis of the energy distribution of 

the multiple jets. This model covers any pump pressure, stand off distance (SoD), 

arbitrary trajectory and the overlapping of the multiple jets’ footprints in curved and 

flat surfaces. In addition, it allows to control the depth of the jet penetration on multi-

material systems to enable the damage prevention of the substrate material, while 

optimising the PWJ milling process to maximise the material removal rate. 

To understand the effect of the impact of the high speed water jet in the target 

material a case study from a new perspective of analysing the effect of the high strain 

rate in 6-8YSZ has also been developed. 

1.3. Objectives of the study 

The aim of the PhD research project is to implement plain waterjet technology 

to remove the aerospace coatings in an effective, fast and in an economical way and 

ensuring no damage to the substrate underneath the coatings. After removing the 

coating these parts must be ready to be recoated and be installed in the engine again 

after ensuring their mechanical properties are still adequate. Moreover, with the aim 
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of understanding the impact of the of a high energy water droplet against the coatings 

that are being removed a material analysis has been also performed. To fulfil these 

main tasks specific research goals have been defined, and have been listed as follow: 

1) To create a foundation and understand the material removal mechanism, a 

mathematical model will be created to predict what will happen at the 

interaction between the waterjet and the coating when removing worn out 

aeroengine coatings. However, due to the nature of the process there are some 

challenges that need to be addressed: 

a. The waterjet being a commercial machine, multiple nozzles exist in 

the industry. Considering the width of the material to be removed 

being various orders of magnitude larger than a standard AWJ needle 

nozzle, two alternative options have been proposed that cover a wider 

surface area: a four jet rotary and a fan nozzle. Furthermore, the 

kinematics of the nozzle heads and their trajectories will need to be 

studied. 

b. Aero engine coatings have different layers in addition to the substrate. 

The coating layers have to be fully removed whereas the substrate 

protected. Hence, the milling depth mechanism must be very well 

understood. For this the material properties of each layer will be 

considered and implemented in the model. 

c. On some occasions, a single pass from the PWJ will not be enough to 

fully remove the entire coating layers but increasing its energy will 

not be possible without compromising the integrity of the substrate 

material. Due to this a jet overlapping approach will also be 

implemented. This presents its own challenges, as the material that 

will be found in the second pass will not be the same as the untouched 

surface, so the new initial conditions in this case will be addressed. 
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d. Components in an aeroengine come in different sizes and shapes, as 

for the versatility of the model the option of calculating the coating 

removal of flat and curved surfaces will be studied. 

2) To facilitate the application of the mathematical model by the design of a 

software tool with a graphical interface, ready to be implemented in industrial 

scenarios at Rolls Royce manufacturing facilities. This will be accompanied 

by a “manual” for industry use. Thanks to this technical output the lab 

knowledge can be transferred and implemented into the industrial working 

environment. 

3) To prove that the predictions obtained from the mathematical model match 

the reality of the PWJ removal mechanism, experiments will be done in a 

controlled laboratory environment. This will be done in a small scale at the 

laboratory from the University of Nottingham UTC, as well as in a Rolls-

Royce industrial machine using a not in service real rotor case and real-life 

applicable parameters. 

4)  Finally, by the usage of advanced material science techniques and 

micromechanical devices the effect of the high energy water droplet impact 

in the coating top layer material will be studied, with the aim of further 

understanding the material removal mechanism at the micro- and nanoscales. 

This includes an assessment of the effect of the direct impact of the jet on the 

surface material and close up material characterisation analysis including 

stress strain evaluation, phase transformation analysis and defect study in the 

atomic scale. 
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1.4. Structure of the thesis 

A schematic representation of the structure of the thesis is presented in  

Figure 4. 

 

Figure 4: Schematic representation of the structure of the thesis document. 



 

Chapter 2 

2. Literature review on aerospace coatings and 

how to remove them  

In view of the growth of Water Jet technology has seen over the 

last few decades there has been an extended research process in 

searching for new ways to implement it in different industrial 

applications. First, this chapter studies how the efficiency of the 

aeroengine evolved thanks to the improvement of the materials and 

manufacturing science over the decades. Then, the materials that 

had encourage this progress are discussed. Afterwards, the 

machining mechanism to replace these materials and coatings 

from the engine parts after they wear out during service is analysed 

as well as the mathematical tools that have evolve to support it. 

Finally, the surface integrity analysis techniques are reviewed as 

they are important to compare real samples to the modelled ones. 
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2.1. Development of the efficiency of aeroengines in regard to their 

improvements to optimize fuel consumption 

The reduction of fuel consumption and the increase of the efficiency of the jet 

engines is proportionally related to the increase of the jet engine temperature [8], 

[14]. From the decade of the 1910s until the 1990s, the increase of this temperature 

has been steady and the machines were rather inefficient. However, with the growing 

demand for aviation and the need for more efficient engines, researchers and 

engineers began developing new technologies and designs to improve the 

performance of aero engines.  

One of the major breakthroughs was the development of the turbojet engine in 

the 1930s and 1940s. The turbojet engine was designed to use the energy of exhaust 

gases to drive a turbine that would power the compressor, which would in turn 

compress the incoming air. This allowed for much greater power output and 

efficiency compared to earlier designs. The turbojet engine was quickly adopted for 

military aircraft and later for commercial airliners. 

In the 1950s and 1960s, further improvements in aero engine technology were 

made with the development of the turbofan engine. These engines had a larger fan 

in front of the compressor, which increased the amount of air that could be 

compressed and also provided additional thrust. This led to further improvements in 

efficiency and allowed for the development of larger, more fuel-efficient aircraft. 

From the 1970s to the 1990s the focus was set more in the development of new 

materials, and manufacturing processes of the engine components to improve 

elevated temperature performance rather than development of new models. As an 

example, grain boundaries of the blades have been removed by performing a 

directional solidification (see Figure 5) and allowing just a grain (i.e. a single crystal) 

to solidify by adjusting the chemical composition [15], [16]. The lack of grain 

boundaries prevents the part from failing by grains sliding under load, improving 

creep resistance, a key property in high temperature application [16]. These 
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advantages and the addition of internal cooling channels in the casting process permit 

to increase the combustion temperature of the jet engine significantly [15]. Since the 

1990s the temperature that the gas-turbines can withstand has increased to almost the 

double. This has been achieved by developing new aerospace materials, improving 

their manufacturing processes and their coatings [14].  

 

Figure 5: Evolution of the engine blade over the years, highlighting the importance of its crystal 

structure for improving the performance [17]. 

At the beginning of the new century, the application of aerospace coatings to 

improve the mechanical properties of the engine materials started to get special 

attention [12]. Coatings in aerospace, are used to enhance the properties of the 

substrate materials from the corrosion, erosion or wear caused by the hazard 

conditions that are held inside a gas-turbine engine: 

• Thermal Barrier Coatings (TBC) are one of the most demanding 

coatings present in the aero engines and they protect the base substrate 

from the high temperature environment and enables the base materials 

to work even above their melting temperatures increasing the efficiency 

and durability of the engines [18]. They typically consist of a ceramic 

layer applied to the surface of the component. This layer has low 

thermal conductivity, which reduces the transfer of heat from the hot 

gas stream to the metal substrate.  
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• Abradable coatings are another type of coating used in aero engines 

and they are applied to the inner surfaces of compressor casings. They 

work by allowing a small amount of material to be rubbed off by the 

rotating blades during operation. This results in a tighter clearance 

between the blade tips and the casing. This leads to improved engine 

efficiency and reduced fuel consumption.  

• Another important coating used in aero engines is erosion-resistant 

coatings. These coatings are applied to compressor blades and other 

components that are subject to erosion by airborne particles. They 

typically consist of a thin layer of material such as diamond-like carbon 

(DLC) or tungsten carbide, which provides a hard and wear-resistant 

surface.  

• In addition, there are also anti-corrosion coatings, anti-fouling 

coatings, and other types of coatings used in aero engines to improve 

their efficiency and reliability. 

2.2. Most relevant coating used on the engines: materials analysis 

As mentioned, there are several types of coatings used in aero engines and each 

one serves its specific purpose. In this section two of the most used coatings will be 

further analysed from the point of view of their material properties: thermal barriers 

and abradable coatings. 

2.2.1. Thermal Barrier Coatings (TBC) 

TBCs are duplex-type coatings that are formed by two main layers with 

different mechanical and thermal properties that compound a complex structure: a 

low-thermal conductivity ceramics top coat and a metallic bond coat [12]. These 

coating are usually set on top of turbine blades, which are made of a substrate 

material that is usually a nickel or a cobalt based superalloy. Their main properties 
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are ductility, hot corrosion and oxidation resistance, high strength at elevated 

temperatures and castability. In the case of the combustion chamber case components 

that are made of titanium alloys which also provide a good strength-to-weight ratio 

[18]. Figure 6 shows the described structure of the TBCs that are able to decrease the 

surface temperature of the base metallic superalloy in between 100 and 300 °C [18]. 

 

Figure 6: Schematic representation of the Thermal Barrier Coatings and their different layers as 

well as the temperature gradient throughout the cross section of the coated turbine blade [18].   

The bond coat is typically made of an oxidation resistant metallic layer, NiAl 

or NiCrAlY alloys, of a thickness between 75 µm and 100 µm that improves the 

adhesion of the top coat to the substrate and helps to alleviate thermal mismatch 

between layers [19]. This layer frequently can reach up to 700 °C so it is unavoidable 

to experience some oxidation after a considerable number of thermal cycles.  

 The oxide layer, denominated thermally grown oxide (TGO), is an aluminium 

oxide (Al2O3) that can grow up to 10 µm. It provides a good corrosion resistance to 

the bond coat as it has a poor ionic diffusivity [20]. However, when the layer does 

not grow uniformly it can lead to an increase of the oxide layer towards the top coat 

decreasing its adherence [18]. Due to the growth of this oxide layer, the properties 

of the TBC can change with the time and during the service life [21]. 
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The top coat layer has a thickness between 100 µm and 400 µm and is usually 

made of yttrium dioxide (Y2O3) and zirconium dioxide (ZrO2) making Yttrium 

Stabilized Zirconia (YSZ) [18]. Moreover, zirconia has an elevated oxygen ion 

conductivity at high temperatures and due to its application process the top coat is 

full of interconnected porosity which leads to a fluent oxygen migration from the top 

coat to the bond coat contributing to the increase of the TGO layer [21], [22].  

a) Yttria Stabilized Zirconia (YSZ): Top layer of TBCs 

• Phase transformations of the pure zirconia 

Zirconia, zirconium dioxide (ZrO2), is one of the most used crystalline 

compounds in the top coat of thermal barrier coating, especially due to its high 

melting point of up to 2680 °C and its elevated resistance to chemical attacks. These 

properties make zirconia an ideal material to withstand hard and continuous thermal 

cycles and provide protection in hot corrosive environments [23]. 

However, pure zirconia shows a major limiting drawback: it suffers phase 

transitions due to temperature that causes property and volume changes making it 

unstable when facing thermal cycles [23]. The Figure 7 shows the different phases 

that pure zirconia undergoes from room temperature to melted liquid zirconia. 

 

Figure 7: Schematic diagram showing the different phases that pure zirconia undergoes from room 

temperature monoclinic zirconia, moving through tetragonal at 1170 °C and cubic at 2370 °C to 

liquid state at 2680 °C (adapted from [22]).   

Understanding the changes in the crystallographic structure when the phase 

changes happen is of vital importance for the development of the project. 

Zirconium dioxide (ZrO2) is made by zirconium atoms, which are the cation 

and oxygen atoms, which constitute the anion. The first phase that is formed is the 

cubic phase, also known as the fluorite structure, when the element is solidified just 
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below 2680 °C. The oxygen forms a cubic sublattice structure while the zirconium 

atoms are packed in a face-centre cubic structure that is set around the oxygen 

sublattice [23]. 

The transition to the tetragonal structure is formed when the material is cooled 

down below 2370 °C and is believed to be a distortion of the fluorite structure. 

Zirconium atoms build a body-centre tetragonal unit and the oxygen atoms build a 

sublattice tetragonal cell [23].  

Below 1170 °C, the zirconia undergoes a martensitic transformation to a 

monoclinic structure. The martensitic transformation is disrupted and suffers a 

volume shrinkage of up to 4% [24], which means that the coordination number drops 

undergoing structural instability during the transformation process in where the 

material suffers strain [23]. All these drawbacks make the phase change from 

tetragonal to monoclinic undesirable or at least known and controlled. 

All the three structures of the pure ZrO2, which are made of four Zr and eight 

O for the monoclinic phase and two Zr and four O for the tetragonal, are represented 

in Figure 8 [25]. 

 
Figure 8: Schematic representation of monoclinic, tetragonal and cubic crystallographic 

structures of pure zirconia, made of zirconium and oxygen atoms [25]. 

• Stabilization of the zirconia 

In order to have a further control in the phase changes, zirconia is usually 

stabilized adding Mg, Ca or Y to the composition. The addition of these elements 

will decrease the phase transition temperature making the desired state more stable. 

This research will be focused the yttrium stabilized zirconia (YSZ) as it is the most 
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used one in aerospace applications due to the fact that undergoes thermal cycles 

really well [8]. YSZ is achieved by the addition yttrium oxide (Y2O3), also called 

yttria, to the pure zirconia (ZrO2). The Figure 9 shows the zirconia-yttria phase 

diagram. 

The percentage of stabilization as well as the mechanical properties of the 

partially stabilized zirconia will depend on the Y2O3 volume percentage and 

distribution added to the mixture. An 100 % of stabilization will be achieved at room 

temperature with a cubic phase. However, this is not always required nor desired as 

toughness decreases when incrementing the Y2O3 percentage [23]. 

 
Figure 9: Phase diagram for ZrO2-Y2O3, with yttria represented in mol % (adapted from [24]). 

• Yttria Stabilized Zirconia properties 

The usual yttria mol fraction goes from 3 % up to 14 % in order to ensure a 

tetragonal phase all along the crevice temperature range. YSZ is a relatively low-

density material (~6.4 Mg/m3), with high hardness that is around 14 GPa making it 

erosion and impact resistant. It has also a low thermal conductivity of around 2.3 

W/mK for a fully dense material and a high thermal expansion coefficient (11×10-

6 °C-1) which contributes to the stress relieve that is generated due to the thermal 

mismatch occasioned by the suffered thermal cycles [18]. However, the most 
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important property of tetragonal YSZ is the elevated fracture toughness that goes 

between 6 to 9×106 N/m3/2 [23], which begins to decrease when its close to transform 

to a cubic phase. 

• Description of phase transformation mechanism 

When the yttrium oxide is added to the zirconium dioxide Zr4+ ions are 

randomly replaced by Y3+ ions. Y2O3 and ZrO2 have the same crystal structure but 

Y3+ ions slightly larger than Zr4+ ions and so they are able to block the structure 

(0.96 Å and 0.84 Å respectively), in addition, the trivalent Y3+ ions induce O2- 

oxygen vacancies in the ZrO2 structure that is build up by Zr4+ tetravalent ions. The 

introduction of oxygen vacancies reduces the fold coordination number of the 

zirconia from 8 to <8 at high temperature. As a result, atoms in the crystal structure 

are mechanically blocked (i.e. up to a degree as this phenomena increases with the 

increase of Y2O3 content) preventing the phase transition from tetragonal to 

monoclinic to happen [8] [26]. 

However, YSZ still can suffer phase transformation after extreme interactions 

such us prolonged thermal cycles or high-pressure. YSZ, due to its structural 

properties and as it is also compatible with the human body, is widely used also in 

biomedical applications, specially implemented to simulate the bone structure. G. 

Pezzotti et al. had reported, back in 2004, some issues with a hip implant made of 

ZrO2 containing 3 mol % Y2O3. The hip suffers a strong impingement in the head 

part against the metallic neck attached in the femoral part, in which a transformation 

from tetragonal to monoclinic zirconia was observed. Raman spectroscopy was used 

to reported that the phase transformation from tetragonal to monoclinic as well as 

stress concentration where much higher in the area where the hip was in contact with 

the metallic femoral surface. The metastability of the YSZ lead to pain and a new 

surgery to replace the implant of the patient after just 3 years [27]. 

K. Yasuda et al. analyse a phase transformation from tetragonal to monoclinic 

on samples of YSZ in samples that goes from 4% to 20% mass of yttria reporting an 
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actual phase transformation in samples with less than 8% mass of yttria after 

undergoing hydrothermal aging. This study demonstrates a correlation of the phase 

change in partially stabilized zirconia with humid atmospheres [28]. 

The martensitic transformation from tetragonal to monoclinic phase 

transformation has been widely observed. However, in parts over 8% Y2O3 has 

usually been reported happening in moisturized environments, corrosive 

environments, or high temperature environments. YSZ is known for its good ion 

(oxygen) diffusivity, which it makes sense, as the oxygen atoms are considerable 

smaller than the cations (Zr4+ and Y3+) [25], [29]. 

In harsh high temperature environments atom vibrations and migration is 

higher and the diffusion mechanism activates more easily, as diffusion is a 

temperature dependant phenomenon [25], [29]. Although the martensitic 

transformation is diffusionless, high temperature and harsh environments and their 

resultant diffusion mechanisms can alter the structure unlocking the stabilized atom 

arrangement. As a result, this new crystallographic architecture could be more likely 

to suffer a diffusionless martensitic transformation. 

b) Comparison between different application methods of Thermal Barrier 

Coatings (TBC) and their microstructures. 

The structure of the TBC will vary based on their application process. There 

are many techniques for coating applications, but the most common ones in 

aerospace industry are the followings: air plasma spray (APS) and electron beam 

physical vapour deposition (EB-PVD). Both of them brings up its own characteristic 

microstructure and hence different mechanical properties [30]. 

Electron beam physical vapour deposition (EB-PVD) is a coating deposition 

method that high-energy electron beam into the material to be deposited with the aim 

of evaporating them. Evaporate material gets condensate and is deposited in the 

desired surface [31].  
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APS is a thermal spray technique that is capable of applying metallic and non-

metallic material on thin layers. It uses the kinetic energy of melted particles that 

have an approximate size of 0.1 µm to 1µm diameters [30]. It is applied by generating 

a direct current arc or radio frequency discharge in order to heat the display source 

up to 8000 K. The particle speed released from the spry can vary from 20 m/s to 500 

m/s depending on their size [32]. This deposition process does not ensure the 

complete melt of all the droplets due to this is usual to find semi-melted particles, 

discontinuities and up to 30% of porosity. Both EB-PVD and APS creates a unique 

and characteristic microstructure shown in Figure 10. 

EB-PVD APS 

  
Figure 10: Scanning electron microscopy (SEM) cross sections of EB-PVD columnar structure 

[33], and APS horizontal and porous splats structure. 

With the EB-PVD method, a characteristic columnar structure is obtained 

thanks to a directional cooling which provides better insulation to the base material; 

hence, a directional porosity is achieved. The term "directional porosity" describes 

the coating structure's deliberate production of aligned pores or channels. These 

pores can act as channels for stress release and thermal expansion. The directed 

porosity makes it easier to accommodate thermal expansion and contraction when 

the substrate and coating are subjected to temperature variations. This lessens the 

chance of coating delamination or failure by reducing the accumulation of stress and 

strain inside the coating. The overall performance and longevity of the coated 

component are improved as a result, which lowers the possibility of thermal 

mismatch-induced failures. However, for the success of this method a vacuum 
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environment is required which makes the process very expensive, specially to be 

applied in large parts [31].  

On the other hand, APS coatings are built up forming a horizontal structure 

that is mainly bonded mechanically as it is shown in Figure 11. Even if some 

diffusion mechanisms are also involved in the bonding process one of the main 

advantages of the mechanical bonding is that splats can slide and move in order to 

release the residual stresses causes by thermal cycles. The obtained properties are 

not as good as with the EB-PVD but is much economical and easier to achieve [18] 

and this is why is the one that we will be using in our application. 

 

Figure 11: Mechanical bonding that maintain the APS structure packed in place. 

However, after four or five years of service life YSZ coatings spalls out and, 

as shown in Figure 12, considering that the service life of an engine is of around 20 

years these coatings have to be replace regularly in maintenance processes. This need 

led to the main objective of this project as described in the previous section: include 

the waterjet technology in the maintenance process of Rolls-Royce to remove and 

then replace these coatings. 

EB-PVD APS 

  
Figure 12: Schematic diagram that shows the collapse, showing different cracking mechanisms, of 

both EB-PVD and APS coatings after suffering around 240 thermal cycles [18]. 
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2.2.2. Abradable coatings 

An abradable coating is a specialized type of coating that is designed to wear 

away when it encounters a moving component, such as a turbine blade in an aircraft 

engine. The purpose of the coating is to create a tight seal between the moving and 

stationary parts of the engine, while minimizing friction and reducing the risk of 

damage to the components. They are used to reduce the gap and create a more precise 

seal between the blades and the casing, without causing damage or excessive wear 

[34], [35] (see Figure 13). 

 

Figure 13: Schematic representation of Abradable Coatings, that enable a very close fit between a 

rotary an a static part and so that if the two of them touch the coating wears down providing a 

custom fit between parts (adapted from [10]-[11]). 

Due to this they are typically located in the clearance gap between the rotating 

blades and the stationary casing in a gas turbine engine or in the stator vanes, to 

improve sealing and reduce air leakage. Specifically, they are applied to the shroud 

of the rotating blades and the corresponding casing of the stationary structure. The 

clearance gap is necessary to allow for thermal expansion of the components as they 

are exposed to high temperatures during operation. However, if the gap is too large, 

it can result in significant air leakage and reduced engine efficiency [36]. 
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They are made from materials that have a relatively low hardness and a high 

level of porosity. When the coating is applied to a component, it is designed to be 

slightly softer than the material of the component itself. This means that when the 

component starts to move, the coating will wear away slowly, creating a precise and 

customized gap between the moving and stationary parts of the engine [37]. One of 

the main advantages is that they can improve the efficiency and performance of 

aircraft engines. By reducing the amount of air that escapes around the turbine 

blades, the coating can help to increase the amount of power that is generated by the 

engine, while reducing the amount of fuel that is required to produce that power [35]. 

There are usually applied by thermal spray, which involves heating a material 

to a molten state and then spraying it onto the surface of the component that needs 

to be coated (e.g. Plasma, High-velocity oxy-fuel (HVOF), Detonation gun…) [38]. 

Once the coating has been applied, it is usually subjected to a curing process (i.e. 

heat treatment or air drying) to ensure that it adheres properly to the surface of the 

component and has the desired properties (e.g. porosity, hardness, toughness…) [39]. 

2.2.3. Degradation of aeroengine coatings due to prolonged exposure to a 

harsh environment 

TBCs degrade and expel of when exposing them to harsh conditions, as it is 

the inside of an engine during service, if exposed for a prolonged period of time. This 

can be due to many reasons such us thermal mismatch between coating and substrate 

[40], water vapour induced degradation, residual stresses generated crack growth, 

etc. [41]. When thermal barrier coatings wear off, the underlying material (i.e. the 

substrate) is exposed to the high temperatures and harsh conditions of the gas turbine 

engine environment (see Figure 14). This can lead to several issues such as, increased 

heat transfer, reduce engine performance, corrosion and oxidation of the substrate 

[18]. 
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Figure 14: Schematic representation of how aero engines degrade and get expelled during service 

[adapted from figure from RR]. 

As for the abradable coatings, the clearance gap between the rotating blades 

and stationary casing in the gas turbine engine increases, which can result in a 

reduction in engine efficiency and performance [39]. This can cause a few problems, 

including increased fuel consumption, reduced power output, and increased wear on 

the engine components. If the gap becomes too large, it can also cause a phenomenon 

known as blade rub, where the rotating blades meet the stationary casing, resulting 

in damage to both the blades and the casing. Blade rub can be a serious issue, as it 

can lead to engine failure and even catastrophic damage to the aircraft [42]. 

To prevent these issues, it is important to regularly inspect and maintain the 

coatings in gas turbine engines. This may involve repairing or reapplying as 

necessary to ensure that the underlying material is properly protected but for this the 

compromised coating layer must be removed [43]. 

2.3. Coating removal mechanisms 

Coatings on engine parts become damaged or degraded over time, due to the 

harsh operating conditions of the engine, such as high temperatures, high pressures, 

and exposure to corrosive substances or worn out due to mechanical stress and 

foreign object damage [40], [44]. This can lead to reduced engine performance and 

potentially dangerous malfunctions. Due to these coatings need to be replace by 

removing the worn out layer from the base part and recoating it before mounting it 

again in the engine [42]. 
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The base parts can often be safely reused if they are found to be in good 

condition, defined by aerospace safety regulations standards, after the coating 

removal process [45]. To reuse parts rather than replace them with new if it is 

possible is more desired option due to various factors: 

• It is a cost-effective option. Especially for complex geometry parts, 

such as turbine blades and compressor rotors. By reusing these parts, 

maintenance and repair costs can be significantly reduced, which can 

help to lower the overall cost of engine maintenance. 

• Reusing parts can help to ensure that the engine retains its original 

performance characteristics. These parts are designed and 

manufactured to very precise specifications and replacing them with 

new parts that may have slightly different characteristics can impact 

engine performance. By reusing the original parts, engine performance 

can be maintained and optimized. 

• It is a more environmentally friendly option than replacing them. 

Engine parts can be difficult and expensive to manufacture and 

replacing them with new parts can generate a significant amount of 

waste. 

However, as a disclaimer, it is important to note that not all engine parts can 

be safely reused after coating removal. Some parts may become worn out or damaged 

beyond repair due to the stresses of engine operation and must be replaced with new 

parts. The decision of whether to reuse or replace a particular engine part will depend 

on several factors, including the type and severity of the damage, the age and 

condition of the part, and the requirements of the engine manufacturer and regulatory 

authorities such as industry norms and standards [46]. 

The process of removing coatings from engine parts is known as coating 

removal or stripping. Several methods can be used to remove coatings from engine 

parts, depending on the type of coating and the part's material.  
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The following section describes different methods used in the aerospace 

industry. In any of the methods applied avoiding any damage to the part being 

stripped is essential. 

2.3.1. Classification of coating striping methods after service based on their 

physical process 

There are different methods than can be used based on many factors (e.g. 

coating and substrate material, part geometry, time…) the following section develops 

three main methods for this purpose: mechanical, chemical and thermal coating 

stripping methods [46], [47]. 

a) Mechanical stripping methods 

Mechanical stripping is a process of removing coatings from the surface of 

engine parts using mechanical abrasion or pressure. This method is particularly 

useful for removing coatings that are thick, hard, or difficult to dissolve using 

chemical or thermal methods.  

There are several advantages to using mechanical methods for coating 

stripping in the aerospace industry such as controlled and precise coating removal in 

where consistency is easily acquired, valid for most materials (e.g. including metals, 

ceramics, composites, and polymers) as well as because it is an easy and accessible 

process. Moreover, unlike chemical stripping methods, which can be hazardous and 

require extensive safety precautions, mechanical stripping methods are generally 

safer and less toxic. They also produce less waste and are more environmentally 

friendly. 

However, this method needs to be handled with care if not it can also cause 

damage to the surface of the part being stripped if not done carefully. Therefore, it is 

important to use the appropriate equipment, techniques and understanding of the 

process to ensure that the stripping process is done safely and effectively [46].  
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• Sandblasting: This is a common method that involves using a high-

pressure stream of abrasive particles, such as sand or glass beads to 

remove the coating from the surface of the part and is particularly 

effective for removing thick or stubborn coatings [47]. 

• Grinding: It uses a rotating abrasive wheel that removes small 

amounts of material from the workpiece that is being machined. Its 

process in where precise shapes and tolerances can be achieved [48]. 

• Shot peening: This is a process in where small, spherical particles, 

typically made of steel or ceramic are bombarded into the surface of a 

part. The particles impact the surface, creating small dimples that help 

to remove the coating. Shot peening is particularly effective for 

removing coatings from parts that have complex geometries or that 

require a high degree of precision. However, it can modify the substrate 

material by inducing plastic deformation and compressive residual 

stresses [49]. 

• High-pressure water jetting: This process involves using a high-

pressure stream of water to remove the coating from the surface of the 

part. The advantage of this method is that it is gentle enough to not 

damage the underlying metallic substrate, making it useful for 

removing coatings from delicate or sensitive parts. It is also a relatively 

environmentally friendly method that does not produce hazardous 

waste or emissions. However, water jetting may not be as effective as 

some of the other methods mentioned in removing certain types of 

coatings, such as highly adhesive or stubborn coatings. Additionally, 

due to all the parameters involved in the process it needs to be 

controlled accurately [46],[50]. 
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b) Chemical stripping methods 

Chemical stripping is a process of removing coatings from the surface of 

engine parts using chemical solutions. This method is particularly useful for 

removing coatings that are too thin (i.e. hence substrate damage is almost inevitable 

or difficult to remove using mechanical methods). In addition, it can be a precise and 

selective method with multi material components as each material type reacts 

differently to different acids [51], [47]. 

It is important to note that chemical stripping can be hazardous and requires 

extensive safety precautions, including the use of protective clothing, gloves, and 

ventilation systems. Moreover, the chemicals used in the stripping process can be 

toxic and require careful handling and disposal [46], [52]. This a list of most used 

chemical stripping methods used in the aerospace industry: 

• Acid dipping: This involves immersing the part in an acidic solution, 

typically containing hydrochloric acid or sulphuric acid. The acid 

reacts with the coating, breaking it down and dissolving it from the 

surface of the part. This is an effective way to remove coatings from 

several materials such as including metals, ceramics, and composites 

[46]. 

• Solvent cleaning: This process consist on immersing the part in a 

solvent, such as methylene chloride, acetone, or trichloroethylene. The 

solvent dissolves the coating, allowing it to be wiped or rinsed away. 

Solvent cleaning is particularly useful for removing coatings that are 

difficult to dissolve in other chemicals or that are sensitive to high 

temperatures [46]. 
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c) Thermal stripping methods 

Thermal stripping is a process of removing coatings from engine parts using 

heat. It is often used to remove organic coatings such as paint or varnish that are 

difficult to remove using other methods. The process involves heating the part to a 

high temperature until the coating burns off or decomposes. It is easy to isolate a 

specific area that needs to be stripped and leave the rest of the part untouched which 

comes handy when dealing with complex geometries. However, it is a hazardous 

process that requires extensive safety precautions, including the use of protective 

clothing and equipment. It can also induce potential for damage to the part if not 

controlled properly leading to warping or other forms of degradation [46], [53]. Here 

is a summary of different methods of thermal stripping used in the aerospace 

industry: 

• Flame stripping: This method involves directing a flame at the surface 

of the part until the coating burns off. The flame can be produced using 

a propane torch or other heat source. Flame stripping can be effective 

for removing coatings from small or simple parts, but it is not suitable 

for larger or more complex parts [54]. 

• Fluidized bed stripping: This method involves placing the part in a 

bed of heated sand or other particles. The heat from the particles causes 

the coating to decompose, allowing it to be removed from the surface 

of the part. Fluidized bed stripping is particularly useful for removing 

coatings from parts with complex geometries or delicate surfaces [46]. 

• Induction stripping: This method works by heating the part using 

electromagnetic induction. An alternating magnetic field is applied to 

the part, causing it to heat up and the coating to decompose. Induction 

stripping is particularly useful for removing coatings from parts with a 

high degree of precision or that are sensitive to high temperatures [46]. 
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• Plasma stripping: Plasma stripping involves exposing the part to a 

low-pressure plasma gas, typically nitrogen or oxygen, which breaks 

down the coating and removes it from the surface of the part. This 

method is particularly useful for removing coatings that are sensitive 

to high temperatures or that require a high degree of precision [55]. 

The choice of coating removal method depends on various factors such as the 

type of coating, the material of the engine part, the size and complexity of the part, 

and the desired level of precision. However, among the methods mentioned, 

mechanical stripping is one of the most used methods for removing coatings from 

engine parts. This is because it is a relatively safe and effective method that can be 

used on a wide variety of materials and geometries. Additionally, it does not produce 

hazardous waste or emissions, making it more environmentally friendly than some 

other methods [46], [47]. 

Considering all the mechanical stripping methods available high pressure plain 

water jet is one of the most promising methods for coating stripping. As previously 

described it is a non-abrasive method, meaning it does not damage the underlying 

substrate. This is particularly important in the aerospace industry where the 

components are often made of high-performance materials that require precise 

tolerances and surface finishes. Moreover, it is a highly efficient method. Large 

surface areas can be cleaned in a relatively short amount of time, reducing downtime 

and increasing productivity. Additionally, the method generates very little waste, 

making it a relatively environmentally friendly option compared to traditional 

methods which can produce hazardous waste materials [46], [47]. 

However, it is a method that involves many parameters and it can be hard to 

have accurate control or full understanding of the physics involved. There have been 

many resources focused in researching the development of this method as it is 

described in the next section. 
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2.4. How does a Plain Water Jet system work 

As described water-only or plain water jet technology is non-conventional 

machining technique based on the principle of using a high-pressure water jet to 

remove material from a workpiece, without the use of any abrasives or other cutting 

agents. The water jet is focused through a small orifice to create a high-velocity 

stream that can cut through the material [56]. The pressure of the water is typically 

in the range between 50 - 600 MPa, which allows it to mil a wide range of materials 

with control. Unlike traditional milling methods, water-only milling does not 

generate heat or mechanical stress, which can cause distortion, warping, or cracking 

of the workpiece [57].  

The process of plain water jet milling involves the following steps: 

1. Pressurisation: Water is pressurised to a high pressure of around  

300 MPa using a hydraulic intensifier or a pump. 

2. Focusing: The pressurised water is then passed through a small orifice or 

nozzle that reduces its diameter and increases its velocity, creating a 

narrow and high-velocity jet of water that is capable of cutting or milling 

through various materials. 

3. Machining: The high-velocity jet of water is directed towards the 

material to be cut or milled, and it rapidly erodes the material by abrading 

and breaking apart its structure. The machining process can be further 

enhanced by adding abrasive particles, such as garnet of aluminium oxide 

or silica, to the water jet, which increases its cutting power or used as only 

water for controlled milling procedures. 

This makes PWJ milling ideal for applications where high precision and 

accuracy are required [58]–[60], such as in the aerospace, medical device [61], and 

electronics industries. Additionally, this method if used appropriately it can be an 

environmentally friendly process, as it does not produce any hazardous dust, fumes, 

or waste materials as the water used for the process can be recirculated. Moreover, it 
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is an efficient and non-destructive process as water jet stripping is a process that can 

remove coatings effectively, reducing the time required for maintenance and repair 

without damaging the underlying substrate. Additionally, it is precise (i.e. it is 

possible to achieve high accuracy), it is safe for the user and cost/effective especially 

for large or complex components, as it does not require the use of expensive 

chemicals or the disposal of hazardous waste and as it does not require any cutting 

tools, such as drills or saws, which can wear out over time and require frequent 

replacement. This can reduce maintenance costs and increase production efficiency 

[62]. 

These advantages have made water jet stripping an increasingly popular method 

for the removal of aerospace coatings, particularly for aircraft repainting and 

maintenance. 

One of the most important factors to understand the impact of the high pressure 

water jet in the substrate is the speed of the water jet [63]. This value will be 

important in the future calculation of the maximum energy that will lead to the 

prediction of the milled trench. For this an example will be calculated with a 

representative PWJ pressure value: the speed of the water particles in a plain water 

jet at pressure of 300 MPa can be calculated using the Bernoulli's equation (1). This 

equation is defined by the pressure, velocity, and height of a fluid in a pipe [57]. The 

velocity of the water jet can be determined using the following equation: 

𝑣 = √2
𝑃

𝜌
 (1) 

In where: 

• v is the velocity of the water jet in m/s 

• P is the pressure of the water jet in Pa (300 MPa) 

• ρ is the density of water in kg/m³ (assuming a temperature of 20°C, the 

density of water is approximately 998.2 kg/m³) 
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Using these values, is calculated that the theoretical velocity of the water jet 

particles in a plain water jet is approximately 773.7 m/s, for this specific water 

pressure. 

However, the main reason to introduce this parameter in this section is to elaborate 

that this speed of the water particles in a plain jet will be affected, and hence reduced 

by several factors, including the condition of the equipment, the quality and type of 

nozzle, and the type and quality of the water used. Depending in these factors the 

calculated maximum jet speed will be decreased by a 10 - 40%. Here are some ways 

in which the functions of the system can affect the velocity of the water jet particles: 

It is difficult to provide specific percentage values on how much the velocity of 

the water jet particles could be affected by various factors since it depends on the 

specific circumstances and the degree to which each factor is affecting the system 

[57]. However, some general examples of how different factors can affect the 

velocity of the water jet can be defined [57], [63]: 

• Pressure fluctuations: Any fluctuations in the water pressure can cause 

the velocity of the water jet to vary. If the water pressure drops, the 

velocity of the water jet will decrease and vice versa. The velocity of the 

water jet particles are directly proportional to the pressure of the water 

and therefore, if the water pressure drops by 10 %, the velocity of the 

water jet particles will also decrease by approximately 5 %. Those 

pressure fluctuations can happen for example due to the variations of the 

pump. 

• Nozzle quality: The quality and type of nozzle used can also affect the 

velocity of the water jet. A poorly designed or worn nozzle can reduce 

the velocity of the water jet, resulting in a slower cutting speed. A faulty 

nozzle can reduce the velocity of the water jet stream speed by up to 10-

20% compared to a high-quality, well-designed nozzle. 

• Water quality: The quality of the water used in the water jet machine 

can also affect the velocity of the jet. If the water contains impurities such 

as dissolved minerals or air bubbles, it can reduce the velocity and cutting 

performance of the water jet. The quality of the water can affect the 

velocity of the water jet by up to 5-10%.  
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• Abrasive type and quality: When abrasive particles are added (i.e. if 

they are added) to the water jet to cut harder materials, the type and 

quality of abrasives can also affect the velocity of the water jet. Abrasive 

particles that are too large or too soft might reduce the velocity of the 

water jet and result in a slower cutting speed by up to 10-15%. 

All these factors, and others, can affect the velocity of the water jet droplets in 

a plain water jet, so it is important to ensure that the water jet machine is properly 

maintained and operated to achieve the desired cutting performance. 

About its distribution it is stablished that the water pressure drops and the jet 

spreads with the SoD and that the jet is divided into three regions considering this 

pressure drop, this is clearly illustrated in Figure 15 [63] and Figure 16 [64]:  

 

 
Figure 15: Water jet distribution along the jet axis showing the velocity evolution [63]. 

 

• The initial region or continuous jet region: In this section the 

pressure is at its highest and the jet dimeter is mainly equal to the nozzle 

diameter. It’s the region in where the jet will have the highest energy 

and when using abrasives it is where the cutting takes place. 

• Main region or open jet region: the pressure drops and the jet starts 

to spread at a constant angle due to friction and fluctuations. The energy 

of the jet here is too low for cutting but it is ideal for plain water jet 

milling (e.g. aerospace coating removal) as it is more controllable and 

it has a wider area.  
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• Dissipation region o diffused jet region: In this region the jet is too 

diffuse and disperse. The energy is too low for machining purposes. 

During this work a study has been made using high speed camera recordings 

in order to understand the distribution of every nozzle that has been used at different 

pressure parameters. 

 

Figure 16: Water jet distribution along the jet axis showing the potential applications in each 

region [64]. 

2.5. History, development and research gaps of high pressure water jet 

coating removal mathematical models 

Modelling water jet generated kerfs (i.e. U shape slot machined, in this case, by 

Water Jet milling) can be a challenging task due to the complexity of the physical 

processes involved [57], [62]. Some of the challenges that researchers face when 

modelling water jet generated kerfs include: 

• Non-uniformity of the jet: The water jet is not uniform in its velocity and 

pressure, and its properties can vary along the length of the jet. This can 

result in variations in the kerf geometry and surface roughness, making it 

challenging to accurately predict the kerf geometry. 

• Material removal mechanisms: The water jet cuts through the workpiece 

by a combination of erosion, impact, and fracture. These material removal 
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mechanisms can vary depending on the material being cut, the pressure 

and flow rate of the jet, and other factors, making it challenging to 

accurately model the material removal process. 

• Abrasive particles: In abrasive water jet cutting, the water jet is mixed 

with abrasive particles to enhance the material removal rate. The 

properties of the abrasive particles, such as size, shape, and hardness, 

together with the heterogeneity of the mix, can affect the material removal 

process and the resulting kerf geometry, adding an additional level of 

complexity to the modelling process. 

• Experimental validation: Modelling the water jet generated kerfs 

requires accurate data on the jet properties, workpiece material properties, 

and other parameters. However, obtaining such data can be challenging, 

and experimental validation of the models is essential to ensure their 

accuracy. 

Overall, the complex and multifaceted nature of the water jet cutting process 

presents numerous challenges to accurately model the generated kerfs, and 

researchers must take a multi-disciplinary approach to address them. 

2.5.1. History of  PWJ removal mathematical models 

This technology was firstly patented in the 1930s as a low-pressure water jet 

system that was proved to be effective to cut paper and afterwards with the addition 

of abrasives was developed for mining industry [65]. Nowadays, WJ technology has 

been developed up to obtain a cutting accuracy of ± 0.01 mm and a positioning 

accuracy of ± 0.003 mm. This manufacturing technique does not apply almost cutting 

forces to the workpiece and the produced thermal influence is negligible [57]. 

With the addition of abrasive particles, a high machining versatility is obtain 

as well as simplicity and cutting flexibility to cut in almost any direction and any 

kind of material, such as cutting small pockets in composite material with no 

lamination if the right parameters are used [66]. Furthermore, it is also an economical 

process, usually no post-processing is needed and virtually it is able to cut almost 
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any material [57], [67]. Whereas abrasive waterjet is widely used to cut almost any 

kind of material plain waterjet is ideal to cut soft material, remove coatings or clean 

surfaces [68] without damaging the substrate or polish surfaces [69]. Prediction of 

the waterjet made trench is essential to control the process. Hence, based on this, 

there is a research area that focuses on understanding high pressure plain water jet 

coating removal [70]. This section summarized the various attempts and 

improvements that have been done in this field.  

The very first research where based on making simulation of the interaction 

between the jet and the target [59].  However, these simulations are too 

computationally consuming in order to make advanced calculation, so it was 

concluded that the best way to analyse the trenches was by developing an analytical 

mathematical model. The simplest case to start the mathematical model is a straight 

trench with a 90 º of jet impact angle and a straight path, the angle that maximum 

erosion occurs in brittle materials [71]. Figure 17 shows the geometry of the model. 

 

Figure 17: Scheme of the trench generated by the AWJ machining process and the forces that are 

interacting in the process. a) front view, b) top view [72]. 

The jet footprint function is given as z = Z (x, y, t) and after developing the 

mathematics of the geometry, where the jet footprint is dependent on the etching 

rate: E(r) = C(V·n)k [72]. This rate is based on the materials properties and to avoid 

calibration processes the equation is transformed to non-dimensional by dividing its 

components by the nozzle diameter “a”. Non-dimensional parameters are 
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represented with a dash on the top. The obtained result is non-linear and impossible 

to solve, so is integrated and linearized [72]. 

The program is suitable to predict abrasive water jet cutting as well as plain 

water jet milling and laser ablation process as shown by G. B. J. Gadot et al. [73], 

due to the fact that the program works by including a calibration data trench for 

further analysis. These data are obtained by scanning a machined trench with the 3D 

surface scanner. The trench must have small slopes for accuracy purposes and so it 

must be machined at high-speed rates: in the case of AWJ a cutting speed of vf = 50 

mm/s while only the cutting speed was changed maintaining the rest of the 

parameters constant [74]. Then, the specific etching rate is obtained using computer 

procedures. Finally, to predict the profile at any kerf is integrated using the 

Newtonian method. The model can also be calculated considering the SoD [72]. This 

model can be implemented in a MATLAB code and is able to predict the kerf curve 

with less than a 5 % of error in comparison to the experimental data [72]. 

 

 

Figure 18: Example of the prediction of a trench milled, with an abrasive water jet at 1700 

mm/min on an Inconel target, with less than a 5 % of error [72]. 

J. Billingham et al. upgrade afterwards the mathematical model to overlapping 

straight trenches and trenches considering different impact angles between the AWJ 

and the workpiece [75], [76]. More advanced models that analyse an inverse 

machining problem [77]in where the user is able to define the desired trench and the 

model returns the ideal parameters to do so [77], [78]. 
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Along all the mathematical models that are able to predict the machined 

trenches studies has also been made to analyse their accuracy, as the one A. Rabani 

et al. [79]  and D. Axinte et al. [80] about acoustic emission energy transfer to 

monitor abrasive waterjet milling. Moreover, the study of the obtained surface 

texture and its residual stresses has also been developed [81]. 

In the current research the aim is to remove a full aerospace coating. In the 

previous models, a needle nozzle was considered as the cutting tool. However, a 

needle nozzle would be unproductive to remove the area of a full cover of aerospace 

coatings from an engine part. J. Reichman et al. have proposed an oscillating needle 

nozzle in order to cut a wither trench while cutting big rock blocks in two [82]. Based 

on the idea of optimising the material removal process a rotational four jet nozzle 

was propose for the application. G. Chomka et al. have already analysed the kinetics 

of a two jet rotary nozzle [83], but the study just develops the calculation of the 

position of the jets when it rotates without further development. 

Moreover, the coatings to be removed will be made by multi material layer. 

Removing layer of more than one material and ensuring no damage to another 

material below is an issue that has not been faced in the previous models. 

2.5.2. Development of high velocity impact study: effect of the impact of a 

single droplet  

Once understood the microstructure of the TBCs as well as the need of 

replacing them the next step is to understand the effect of the water droplets shocking 

the YSZ coating with the purpose of destroying it. K. Kong et al. had registered the 

impact of a single droplet released at high pressure while analysis the milling 

mechanism of gamma titanium aluminide [50], as shown in Figure 19. In this 

research, they explain the process of the droplets while shocking the surface however 

the main research if focused on the effect that the whole jet creates. 
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In abrasive waterjet milling, the water droplets are released at around 300 MPa, 

which makes that they collide against the target at supersonic speed. C. Visser et al. 

analysed the droplet impact [84] and K. Kondo and K. Ando performed similar 

research by simulating the droplet impact [85]. However, they velocities vary from 

100 m/s and 30 m/s to 50 m/s respectively, more focused for liquid jet cleaning 

applications. Although they show a detailed analysis, their studies are made in a too 

low speed and so they do not pay attention to the effect of the droplet impact in the 

target material.  

 

Figure 19: a) crater and crack formed after the impact of a single water droplet in gamma 

titanium aluminide; b) Sequence of the water droplet when impacting a hard solid surface at a 

supersonic speed [50]. 

C. Tang et al. also make a study on droplets that hit the target at low velocity 

but as an upgrade they analyse the effect of the droplet shock while hitting target 

with different surface roughness’s [86] and G. Cossali et al. analysed the evolution 

of a droplet and its splats during a time slot [87]. 

F. Heymann has studied the impact of supersonic liquid droplet against a solid 

surface [88]. However, in this case they focus the study in the instant when the 
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droplet touches the target at a supersonic speed. They observed that in the first instant 

no lateral flow or splats will occur and that the base of the droplet will be compressed, 

as shown in Figure 20 a. If compression was not happening the pressure at the contact 

instant will be infinite as the touching area will be infinitesimal, as this is not possible 

Haller assumes that compression actually occurs. This stage will continue until the 

shock wave, generated in the contact point, breaks the outer perimeter of the droplet, 

the representation of the propagation of the shock wave is appreciated in Figure 20 

c. Once the shock wave passes the droplet perimeter frontier lateral flow and splats 

will be generated. The pressure of the droplet impact will be distributed ensuring 

maximum pressure at the centre of the impact and one that the droplet breaks and 

splats this pressure will be transfer to the target surface [88].  

  

Figure 20: a) Schematic representation of a droplet when impacting at supersonic speed; b) 

Magnification of the impact area; c) Schematic representation of the propagation of the shock 

wave and the spreading of the jet after breaking the droplet perimeter [89]. 

Afterwards K. Haller et al. make a computational study supporting F. 

Heymanns ideas [89]. However, these studies are focused again on the droplet and 

none of them analyse what is the effect in the target material. 

In order to analyse what is going in the target material Y. Xie et al. has propose 

to make single point scratches performed by a nanoindenter [90]. However, with this 

mechanism the shock effect is not analysed. 
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Moreover, it must be considered that the APS coating shows an uneven 

microstructure in where the grains can vary in shape and size in the same millimetre 

square. M. Mieszala et al. made a comparison of the effect of the impact of the 

abrasives of the abrasive water jet machining process in single crystal, microcrystal 

and nanocrystal nickel alloy samples [91]. In this research, as shown in Figure 21, 

microcrystal structure turns into nanocrystal, nanocrystal maintain unchanged and 

single crystal structure suffers a nanocrystallization in the very edge accompanied 

by dislocation concentration around the area demonstrating the importance of the 

microstructure in the machining effect. 

Based on the research conducted up to this point, the project's methodology 

will be to examine the impact made by a single droplet when it impacts a substrate 

at supersonic speed, but with an emphasis on the impact made on the material rather 

than the droplet itself. 

 
Figure 21: a) Microcrystal nickel alloy that is transformed in nanocrystals after abrasive waterjet 

impact; b) Nanocrystal nickel allow that is maintained unchanged after abrasive waterjet impact; 

c) Single crystal nickel alloy that suffers a nanoscale crystallization and a packing of dislocation in 

the abrasive waterjet impact area. This demonstrates that the microstructure generates a great 

influence in the water jet machining process [91]. 

2.5.3. Research gaps on this field 

Despite the significant progress made in the modelling and simulation of water 

jet generated kerfs, there are still several research gaps that need to be addressed. 

This section summarizes the research gap areas identified along the literature review: 

• Multi-scale modelling: As seen in the literature most current modelling 

focuses on the macroscopic behaviour of the water jet and the workpiece, 

neglecting the micro-scale material removal mechanisms. However, this 
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approach leaves out the interactions at a microscopic scale that can lead to 

structural damage when a material removal process is going on and hence 

contribute to the removal mechanisms that are nowadays under-regarded. 

Multi-scale modelling approaches that incorporate both macroscopic and 

microscopic material removal mechanisms are needed to help improve the 

kerf geometry and surface quality prediction accuracy. 

• Accurate material models: Accurate material as well as multi material 

interaction case study models that can capture the complex behaviour of 

different types of materials under the extreme conditions of water jet 

cutting are still lacking. Developing such material models is essential for 

accurately simulating the material removal process and predicting the kerf 

geometry, especially in cases with multiple layers.  

• In situ simulation: In-situ simulations can play an important role in the 

control and optimization of the water jet milling processes. It enables the 

adjustment and refinement of parameters based on real-life tests run in the 

moment, allowing for the modelling of new parameter sets before 

conducting further experimental tests. To facilitate this iterative process, 

it is essential to employ simulation models that are fast and efficient in 

their calculations or execution. Such models enable real-time simulation 

and empower the ability to change and correct parameters promptly while 

tests are being conducted in the industrial environment. 

• Optimization algorithms: Water jet cutting involves numerous process 

parameters, such as pressure, flow rate, and stand-off distance, which can 

affect the material removal rate and the quality of the kerf. Optimization 

algorithms that can identify the optimal process parameters for a given 

material and cutting application are needed to improve the efficiency and 

quality of the cutting process. 

• Experimental validation: Despite the significant progress made in 

modelling and simulation, experimental validation of the models is still 

essential for ensuring their accuracy and reliability. Further experimental 

studies that provide detailed data on the jet and workpiece properties are 

needed to validate and improve the accuracy of the models. 
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Overall, addressing these research gaps is crucial for improving the accuracy and 

efficiency of water jet cutting, and for advancing the state-of-the-art in this field. 

Water jet cutting has been found to be a versatile and efficient cutting technology 

that is widely used in industries such as aerospace, automotive, and manufacturing. 

It offers several advantages over traditional cutting methods, including the ability to 

cut a wide range of materials with high precision and minimal material wastage. 

Accurately modelling and simulating the water jet cutting process is essential for 

improving the efficiency and quality of the cutting process and for advancing the 

state-of-the-art in this field. By accurately predicting the kerf geometry and surface 

quality, researchers can optimize the cutting parameters and identify the optimal 

cutting conditions for a given material and application. This can lead to significant 

improvements in efficiency and cost-effectiveness, as well as improvements in the 

quality and accuracy of the cut parts. Furthermore, modelling and simulation can 

also help to minimize material wastage, reduce production time, and improve the 

safety of the cutting process. Overall, accurate modelling and simulation of water jet 

cutting is critical for improving the efficiency and quality of the cutting process and 

for advancing the use of this technology in a wide range of industries. 

2.6. Surface integrity analysis techniques 

After modelling the water jet milled trenches is essential to contrast it with 

experimental validation to prof if the simulated calculations meet the reality. For this 

surface integrity analysis techniques will be applied. The surface layer of a material 

will be affected by the water jet milling process, hence the microstructure, residual 

stresses, hardness, and other surface properties will be altered. These techniques are 

a group of methods used to examine and evaluate the quality and properties of a 

material's surface layer. This analysis techniques will evaluate, characterizes and 

measure such properties and assess their impact on the material's performance and 

durability. 

In this project various surface analysis techniques will be use to study the 

mechanical properties of the milled trenches after the tests that will be classified by 
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the following criteria: surface analysis, surface integrity and material property 

analysis techniques. 

2.6.1. Surface analysis 

Surface analysis is a technique used to examine the surface of a material to 

determine its composition, structure, and properties. Surface analysis can provide 

detailed information about the composition and structure of a material's surface, 

including the presence of impurities, defects, and surface treatments. 

Some of the most common techniques for this analysis include optical 3D 

surface metrology systems (see Figure 22) [64], [77], [92], [93], optical 

profilometers [94], scanning electron microscopy (SEM), atomic force microscopy 

(AFM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and 

secondary ion mass spectrometry (SIMS). 

 
Figure 22: Example of a 3D view of a water jet milled trench and scanned by a 3D surface 

metrology machine [77]. 

2.6.2. Surface integrity  

On the other hand, surface integrity is the condition of the top layer of the 

material after being transformed by some kind of manufacturing process. With this 

technique the roughness, hardness, residual stresses, cracks and microstructural 

changes are the properties that are being studied. This is used to evaluate the impact 
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of the manufacturing process (i.e. in this case high pressure plain water jet milling) 

of the surface quality. 

Some of the most common techniques for this analysis include scanning 

electron microscopy (SEM) [95], [96] (se Figure 23 ),  X-ray diffraction (XRD), 

Raman spectroscopy [27], [97], transmission electron microscopy (TEM), Electron 

Backscatter Diffraction (EBSD) [95], [96], transmission Kikuchi diffraction (TKD) 

[95], just to mention some. 

 
Figure 23: Example of a how an SEM can be used to identify cracking and grain structure changes 

affecting the surface integrity, in this case the surface of a machining a Ni-superalloy chip  [96]. 

2.6.3. Material property analysis 

Finally, the material property analysis techniques are used to determine the 

mechanical, thermal, electrical, and other properties of a material. The aim is to 

determine the properties of a material itself, regardless of its surface condition or 

manufacturing history. This is important for understanding how a material will 

perform in a given application under different conditions.  

 There are several ways to assess the mechanical properties of a material both 

in a non-destructive (NDT) and destructive testing (DT) ways. NDTs are set of 

techniques used to evaluate the properties of a material, component or system 

without causing any permanent damage to it. Among them the most extended ones 

are visual inspection, microscopy, radiography, ultrasound, eddy currents for metals, 
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magnetic particles and acoustic emission [98]–[100]. As for the DTs, both because 

the part has to be altered or because samples need to be taken for analysis, 

predominate tensile and compression testing, fracture toughness analysis, impact 

tests (i.e. Charpy test), fatigue analysis, hardness testing (i.e. material indentations). 

In this project a nanoindenter was used to understand the materials properties 

after high pressure water jet impact in 8YSZ at a relatively low strain rate (i.e. 

compared to the strain rates generates with high pressure water jet impact [63]) 

[101]–[104]. Nanoindentation is a technique used to measure the mechanical 

properties of materials at the nanoscale, by indenting a small probe into the surface 

of the material and measuring the force and displacement. The technique is 

commonly used in materials science and engineering, and can provide valuable 

information about the hardness, elastic modulus, and other mechanical properties of 

materials [103]. 

The basic principle of nanoindentation is to use a small probe, typically a 

diamond tip with a radius of a few nanometres, to indent the surface of the material. 

The depth of the indent is typically in the range of a few nanometres to a few microns, 

and the force required to make the indent is measured by a load cell. By measuring 

the force and displacement as the probe is indented into the material, it is possible to 

obtain a load-displacement curve that can be used to determine the mechanical 

properties of the material [105]. 

One of the key advantages of nanoindentation is its ability to measure the 

mechanical properties of materials at small length scales. This is important for 

understanding the mechanical behaviour of materials in micro- and nanoscale 

devices, and for developing new materials with specific mechanical properties. Or 

as in the case of this project to understand the strain rate impact behaviour of the 

material [106]. 

 



 

Chapter 3 

3. Methodology  

The following chapter describes the necessary materials and 

equipment used to develop this project. This includes a detailed 

explanation of the Water Jet machines together with the types of 

nozzles available. Furthermore, all the different test materials as 

well as all the used tools and the sample preparation processes for 

the experimental process for the model validation and the 

materials analysis are defined. Finally, the material analysis 

techniques and the machines used for those purposes are carefully 

exposed. 
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3.1. Plain Water jet milling machines 

A water jet (WJ) machine is a complex equipment that involves several 

components working together to generate and direct the high-pressure water jet. The 

main parts of the machine include:  

• High-pressure pump: in where the high-pressure water required for 

cutting is generated.  

• Intensifier: amplifies the pressure of the water to even higher values, it 

uses a hydraulic piston to increase the pressure of the water to the required 

level. 

• Cutting head: this directs the high-pressure water jet towards the 

material to be cut which includes a nozzle and a mixing chamber, which 

mixes water with abrasive particles (in case of using particles, if not the 

water would just pass by). 

• CNC control system: this is the part of the machine that controls the 

cutting process and ensures precision and accuracy. It uses computer 

programming to direct the cutting head along the desired path. 

• Abrasive delivery system: this element delivers the abrasive particles to 

the mixing chamber, where they are mixed with water before being 

directed towards the material to be cut. In case of not using abrasives, this 

inlet will just be closed. 

• Catch tank: here the water and the abrasive particles are collected after 

they have been used in the machining process. 

• Water filtration system: this filters and recirculates the water used in 

the cutting process, reducing water consumption. 

• Motion system: moves the cutting head along the desired path. It 

includes a gantry or a robotic arm, which may be driven by stepper 

motors, servomotors, or linear motors. 
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All these components, represented in Figure 24, work together to produce a 

high-pressure water jet that is capable of cutting through a variety of materials or 

able to mill with accuracy and precision. Subsequently, the specific WJ machines 

used in this project as well as the parameter ranges at which they work are described. 

 

Figure 24: Schematic of a water jet machine system [Adapted from [107]]. 

3.1.1. University of Nottingham waterjet machines and their specifications 

d) Three axis micro waterjet machine 

The abrasive water jet (WJ) machine has been the main machine used for the 

study of the removal of aerospace coating. For this the micro waterjet F4 three-axis 

machine, manufactured by the Swiss company WATERjet AG and located at the 

University of Nottingham was used, see Figure 25 a. This machine is a prototype 

from the company and is characterized by its high accuracy while cutting, it has a 

translational speed that ranges from 0 to 4000 mm/min. WJ machines mainly work 

by pumping water at a high pressure and realising it from a narrow aperture called 

nozzle. When the pressurised water is released, its energy is turned into kinetic 

energy and erodes the material below. As for the pump, the University of Nottingham 

three-axis WJ machine uses a KMT Waterjet systems SL-V100D Plus ultra-high 

pressure pump. This pump, showed in Figure 25 b, generates a pressure from 500 
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bar to 4000 bar (from 50 MPa to 400 MPa). Table 1 shows a summary of the 

components and parameters of the machine. 

Table 1: Summary of the 3-axis water jet machine components and its respective parameters. 

AWJ components Parameters 

Working area 1 × 0.55 m 

Catcher depth 1 m 

Pump pressure 50 – 400 MPa 

Traverse speed 0 – 4K mm/min 

Nozzle head movement X-Y-Z axis 

Machine post process SW Internal SW and MasterCAM 9.0 

 

 

Figure 25: a) Three-axis micro water jet machine from micro waterjet. b) Ultra-high pressure 

pump KMT Waterjet systems SL-V100D Plus connected to the WJ machine to pressurise the 

water. 

e) Five axis waterjet 

Although the three-axis WJ machine is excellent for precision manufacturing, 

an Ormond five-axis WJ machine was also used because it is easier to adapt to curved 

surfaces and is also available at the University of Nottingham.  

This CNC controlled waterjet machine consists of the following main sub-

systems: CNC controlled (FAGOR 8055) five-axis manipulator and turntable, KMT 
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streamline SL-V100D ultra-high pressure (UHP) pump, a mast mounted abrasive 

hopper, catcher tank filled with water to absorb the jet energy and muffle the sound 

of the jet, AWJ mixing chamber and nozzle. The working area for waterjet operation 

is within 1.2 x 0.65 m and there are several transversal bars attached horizontally 

across the 1.7 m depth catcher. The nozzle head can be programmed to move on five-

axes (linear X-Y-Z, and rotary B and C axis) but the C axis at the moment cannot 

make a continuous 360° movement which can be limiting for some machining 

procedures, the machine is shown in Figure 25. The pump pressure, as it uses the 

same pump as in the 3-axis water jet machine it works in the same range: between 

50 and 400 MPa. The maximum traverse speed that can be reached depends on the 

machine acceleration and the travel length, but it is defined in ~ 20.000 mm/min. As 

for the software, the machine does not use a commercial software, so the 

MasterCAM 9.0 has been used as the software for the path generation. Table 2 shows 

a summary of the components and parameters of the machine. 

Table 2: Summary of the 5-axis water jet machine components and its respective parameters. 

AWJ components Parameters 

Working area 1.2 × 0.65 m 

Catcher depth 1.7 m 

Pump pressure 50 – 400 MPa 

Traverse speed 0 – 20.000 mm/min 

Nozzle head movement X-Y-Z axis; B axis (-90° to 90°); C axis (0°-359°) 

Machine post process SW MasterCAM 9.0 
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Figure 26: a) Five-axis water jet machine from Omicron. b) Ultra-high pressure pump KMT 

Waterjet systems SL-V100D Plus connected to the WJ machine to pressurise the water. 

f) Water jet machine modes 

• WJ for cutting: Abrasive Water Jet (AWJ) machining 

In order to use both of the WJ machines for cutting abrasives are fed in the 

water slurry. These abrasives are Si particles with a 220# mesh size fed at an 80 g/s 

rate. As for the nozzle, for cutting purposes, a needle nozzle, shown in Figure 27, is 

used in the tree-axis micro WJ machine and the one shown in Figure 27 b in the five-

axis machine. UoN machines are capable of accommodating orifices with diameters 

of 0.05 to 0.4 mm while the range of the nozzle diameters depends on the tool 

supplier which in this case ranges between 0.3 to 1.5 mm diameters mixing tube. The 

orifice to nozzle diameter has usually a 1:3 ratio [57]. 
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Figure 27: Close up of the distribution system of the AWJ machine in where the abrasive and water 

inlet as well as the slurry outlet through the needle nozzle for: a) the three-axis WJ machine, b) 

five-axis WJ machine. 

• WJ for milling: Plain Water Jet (PWJ) milling 

On the other hand, the WJ machines can be used without abrasives for milling 

purposes. As in AWJ machining, pressurised water is forced through a small orifice 
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and nozzle, creating a narrow and high-velocity jet of water, but without the 

abrasives it is not powerful enough to cut through the materials by releasing high 

pressure water, hence, it can be used for milling if the machining depth is controlled.  

However a needle nozzle, due to its nature, is not the most ideal tool to remove 

large surface areas. As a result a collaboration was made with the French company 

AQUARESE to implement a rotational head in the WJ machines. The AQUARESE 

equipment was installed after making a design study of the actual WJ system. First 

an adaptation panel was designed as coupling device between the WJ machine and 

the rotational head, for both UoN WJ machines. The head is detachable so the WJ 

machines can be use for cutting and milling and the head can be interchanged 

between both machines. This addition is controlled with an external controlling panel 

that enables the control of the rotational speed. 

g) Water Jet Machining nozzles 

The nozzle head is an essential part of the machining head assembly in a water jet 

machine. It is responsible for creating the high-velocity water jet that is used to cut 

through the material. The nozzle to be use must be chosen depending on the 

application. During this project a needle shape, a four jet and a fan nozzle have been 

used in both machines. The main parts of a nozzle head include: 

• Nozzle body: The nozzle body is the main body of the nozzle and is 

typically made of a hard material like carbide or diamond. It is designed 

to withstand the high-pressure water flowing through it and to accurately 

direct the jet towards the material to be cut. 

• Orifice: The orifice is the small opening in the nozzle body through 

which the high-pressure water flows. The size and shape of the orifice 

can vary depending on the application, and it is critical to ensure the water 

jet's accuracy and cutting performance. 

• Mixing chamber: The mixing chamber is located just behind the orifice 

and is responsible for mixing the abrasive particles with the water before 

the jet is directed towards the material to be cut. The mixing chamber 

may be a separate part of the nozzle head or be integrated into the nozzle 
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body. In the case of water-only machining the water just passes through 

this section as if it was part of the tubing. 

• Mixing tube: The mixing tube is a small tube that connects the abrasive 

supply line to the mixing chamber. It is typically made of a hard material 

like tungsten carbide and is designed to withstand the abrasive particles' 

high velocity.  

• Abrasive inlet: The abrasive inlet is the part of the nozzle head where 

the abrasive particles are introduced into the water stream. It is typically 

a small port located near the mixing chamber. 

In the nozzles that can be used with and without abrasives (e.g. needle nozzle) the 

mixing chamber, tube and abrasive inlet are present but when using it as a plain water 

jet system the water just passes through the chamber and the tube, and the abrasive 

inlet is closed. As for the nozzle heads that can only be used as water-only machining 

(e.g. 4 jet and fan rotational nozzle heads) these parts are just not present. Overall, 

the design and quality of the nozzle head are critical to ensure the water jet's 

accuracy, precision, and cutting performance. 

• Needle nozzle 

As described in Figure 27 a and b the needle nozzle is 30 mm long, and a 0.3 

to 1.5 mm orifice nozzle is typically used for cutting purposes if it is combined with 

abrasives. With a thinner nozzle the achieved cut will be more precise with less 

material waste from the cutting line but with a shorter cutting length. However, when 

used without abrasives and the optimal set of parameters it can also be used for 

milling. 

• Four jet rotational nozzle head 

This nozzle is a four orifice rotational nozzle head from Aquarese (Figure 28a). 

It is always used without abrasives, hence is just used for milling purposes. The head 

contains four 1 mm outlets which are distributed at each of the quarters (i.e. every 

90º) at a different radius (i.e. 9 mm, 2 × 7.8 mm and 6 mm) and the released water is 

equally distributed. This head has a wide milling area that ranges from 15 to 25 mm 
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and quite gentle with the target material which makes it ideal to remove soft coatings 

such as abradable, rubbers and paint. 

• Fan jet rotational nozzle head 

The rotational fan jet nozzle (Figure 28b) has a narrow slot (10 mm long, 1 

mm wide) with a 1 mm orifice in the middle of the cavity. When the water is released 

this fills the slot cavity, and as a result the water is released creating a fan shape. As 

the four jet nozzle, this is also used just for milling purposes and always without 

abrasives. This head has a narrower interaction area for a single pass (i.e. from 12 to 

20 mm) but in comparison to the four jet nozzle it releases more energy per area. It 

is ideal to mill harder materials that the four jet nozzle is not even able to scratch, 

such as the titanium aluminide coatings, but it needs more care when defining the 

milling parameters as it is easier to damage the substrate material with this nozzle. 

 

Figure 28: Rotational a) Four jet and b) Fan nozzles. 
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3.1.2. PWJ in industrial environment - Rolls-Royce water jet machine 

The main goal of this thesis is to develop a mathematical model to predict PWJ 

milled trenches. Once the model has been developed, it was put to the test in an 

industrial setting with the aim of demonstrating its veracity. The PWJ machine, 

which is located at the Rolls-Royce corporate office in Derby, was employed for this. 

This machine is a walk in WJ machine that is designed to be used just with water 

(i.e. without abrasive particles). In this machine a cylindrical part (e.g. a casing from 

the engine) is attached to a rotating base that makes a +360° spin and the 5 axis robot 

arm is finished with the nozzle head. This head can be programmed to follow the 

trajectory that is desired, which in this case is: a motion that follows the profile of 

the part section while keeping a constant SoD. In contrast to the UoN pump the RR 

one can reach a pump pressure (P) of up to 600 MPa and a translational sped (vt) of 

7000 mm/min. 

 

Figure 29: Rolls-Royce PWJ machine. 
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3.2. Sample preparation process 

Since micromechanical testing was employed in this research, it was ensured 

that sample grinding and polishing as well as carbon coating of the sample surfaces 

was performed and applied in line with the appropriate standards for micro-testing 

[108].  

The grinding and polishing set of steps were done in the Struers Tegra Force 5 

(Figure 30) in various steps as described in Table 3. 

Table 3: Polishing steps for sample preparation for material characterization and 

understanding of material removal mechanisms, steps recommended from STRUERS. 

Step Pad 
Coolant suspension 

(μm) 
Force (N) Time (min) 

Coarse 

grinding 
MD-Piano  Diamond 9 15 2 

Fine polishing Dac Diamond 3 10 5 

Fine polishing Dac Diamond 1 10 10 

Finishing Chem Coloidal silica 0.01 20 2 

Cleaning Chem Plain water 20 2 

 

 

Figure 30: Struers Tegra Force 5 UoN UTC polishing machine. 
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For any sample (polished or not), before getting it into any microscope that 

works with an electron beam, sample surfaces have been carbon coated as the 

ceramic materials analysed are not conductive enough, hence, charging is 

accumulated in the less conductive regions disenabling the possibility for analysis. 

The samples are positioned within the chamber on a rotating tray, and once the 

chamber is vacuumed, a carbon filament is lit to produce regulated sparks. The 

vaporized carbon is deposited in the surface of the samples evenly, creating an 

approximately a 15 nm coating layer. For this a Quorum Q150 R ES from the nmRC 

(Figure 31) was used. 

 

Figure 31: Carbon coater Quorum Q150 R ES from the nmRC. 

3.3. Water jet analysis 

a) High speed camera 

An IDT Y4-S2 Motion Pro high-speed camera (Integrated Design Tools Inc.) 

was used for recording the jet released from both four and fan jet rotational nozzles 

in order to analyse the water distribution at different pressures. The acquisition rate 

was set up at 5 kHz and Motion Studio was used to process the data, in where the 

brightness, contrast, playback speed and zoom-in area of the recorded videos were 

adjusted. The camera was connected to its own power supply and one set of led lights 

was used to illuminate the section of interest. Meaningful frames were saved from 

the recording and, finally, these were post-processed in Mountains Map SW in where 
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the brightness scale of the images was correlated with the water density in each 

section. 

3.4. Material analysis techniques 

3.4.1. Surface analysis  

b) High-resolution optical 3D measurement system 

The Alicona Infinite Focus G4 (Figure 32) is a high-resolution optical 3D 

surface metrology system that is used for the characterization and analysis of 

surfaces. It uses a technique called Focus Variation (FV) to obtain high-resolution 

3D images of surfaces. The FV technique uses a combination of vertical scanning 

and focus variation to measure surface topography, providing high-resolution images 

of surface features with sub-micron accuracy. The system can measure surface 

features such as roughness, step heights, and surface defects, and can provide 

detailed information on surface texture, wear, and other surface properties. It 

includes a variety of objectives (i.e. 5x, 10x, 20x, 50x, 100x and 1000x) that allow it 

to measure surfaces with a wide range of feature sizes and geometries.  

In this project the magnification lens of 10x was employed to create 3D 

reconstructions of the surface of the machined trenches to compare the modelled 

kerfs to the machined ones with a vertical and lateral resolution ranging from 2.3 μm 

to 10 nm. The analysis of the collected measurements was carried out in Mountains 

Map software and translated for plotting with custom MATALB code. 
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Figure 32: Alicona G4 infinite focus and an example of the obtained results. 

3.4.2. Surface integrity 

a) Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a type of microscopy used to study the 

surface of a material in high resolution. It allows for a much higher resolution than 

optical microscopes as it can reach up to 1 nm. This is due to the shorter wavelength 

of highly charged electrons compared to light photons.  

The basic components of an SEM include an electron source, a series of 

electromagnetic lenses, and a detector system. The electron source typically uses a 

heated tungsten filament or a field-emission electron gun to generate a beam of 

electrons that is focused onto the surface of the material by a series of lenses.  

The technique works by scanning a beam of electrons over the surface of the 

material. When the high-energy electrons from the electron source strike the surface 

of the sample, they interact with the atoms in the topmost layer, this interaction is 

responsible for the formation of different signals in a region called the interaction 

volume (as illustrated in Figure 33). The detection of this signals, collected by 

specialized detectors provides information about the material and is used to construct 

images of the surface. 
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The primary interaction that takes place is elastic scattering, known as the 

primary electron beam-sample interaction. In this process, the incident electrons 

undergo elastic collisions with the atoms in the sample, causing some electrons to 

scatter back (backscattered electrons or BSE) while others pass through with 

minimal energy loss (transmitted electrons). 

Additionally, inelastic scattering occurs, leading to the generation of secondary 

electrons (SE) and characteristic X-rays. Secondary electrons are low-energy 

electrons emitted from the surface of the sample due to the excitation and ejection of 

electrons from the sample's atoms. These secondary electrons carry valuable 

information about the topography and surface morphology of the material and are 

primarily used for generating high-resolution images. 

Backscattered electrons, on the other hand, have higher energies and can 

penetrate deeper into the sample, providing information about the composition and 

crystal structure of the material. By detecting the intensity and energy distribution of 

backscattered electrons, SEM can distinguish regions with different atomic 

compositions, allowing researchers to obtain compositional contrast in their images. 

The resolution is determined by the size of the interaction volume. A smaller 

interaction volume leads to better spatial resolution. The size of the interaction 

volume is influenced by the energy of the incident electron beam, the atomic number 

of the sample, and the angle at which the beam strikes the surface  [109]. 
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Figure 33: Schematic representation of the internal structure of an SEM and the description of the 

interaction volume of the beam with the material (adapted from [110]). 

 

The SEM has been used for visual inspection of the material removal 

mechanisms of the water jet (i.e. to study the coating layer removal zones and the 

crack generation through the impacted coating layers). A FEI Quanta 600 SEM has 

been used (Figure 34a). Furthermore, in order to obtain more detailed pictures of the 

high speed water droplet impacts discussed in chapter 7 a Field Emission Gun SEM 

(FEG-SEM) Jeol 7000F has been used to reach higher magnifications, thanks to the 

higher voltages permitted compared to the tungsten filament of a regular SEM 

(Figure 34b). Both equipment’s are available at the Nanoscale and Microscale 

Research Centre (nmRC) from the University of Nottingham. 
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a) 

 

b) 

 
Figure 34: a) FEI Quanta 600 SEM and b) SEM (FEG-SEM) Jeol 7000F both from the nmRC. 

b) Energy-dispersive X-ray spectroscopy (EDX) 

Energy-dispersive X-ray spectroscopy (EDX) is a technique used in 

conjunction with the SEM to analyse the elemental composition of materials. The 

technique works by detecting the characteristic X-rays that are emitted when high-

energy electrons interact with the sample. The sample is bombarded with a focused 

beam of electrons, causing the atoms in the sample to emit X-rays of characteristic 

energies. These X-rays are then collected and separated by energy using a detector, 

such as a silicon drift detector or a high-purity germanium detector. The energy of 

the X-rays is proportional to the atomic number of the element, so the signal can be 

used to identify the elements present in the sample.  

EDX provides a rapid, non-destructive way to determine the elemental 

composition of materials, and it is particularly useful for identifying the distribution 

of elements within a material, as the X-rays can be detected with high spatial 

resolution in the SEM. Moreover, it enables the measurement of the relative 

abundance of each element, and to map the distribution of elements in the sample. 
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The technique can also be used to detect light elements such as carbon, nitrogen, and 

oxygen, which are not easily detected by other techniques such as X-ray diffraction. 

In this case, it has been employed to identify if the coating layers have been 

fully removed from the substrate by using high pressure waster jet techniques and 

compare the results with the simulations. For this the FEI Quanta 600 SEM in EDX 

mode has been used. 

c) Raman spectroscopy 

The Raman effect, discovered by Sir Chandrashekhara Venkata Raman in 

1928, occurs when light is scattered by a material and its frequency is shifted due to 

interaction with the vibrational modes of the material. The resulting Raman spectrum 

contains information about the vibrational modes of the material. This makes it a 

powerful analytical technique to study the vibrational modes of molecules and 

materials.  

In Raman spectroscopy, a laser beam is typically used as the excitation source, 

and the scattered light is analysed using a spectrometer to obtain the Raman 

spectrum. The Raman spectrum typically consists of a series of peaks corresponding 

to the different vibrational modes of the material. The positions and intensities of 

these peaks can be used to identify the chemical composition of the material, residual 

stress analysis and phase study as well as to obtain information about its molecular 

structure and physical properties. It is non-destructive, meaning that samples can be 

analysed without altering their chemical or physical properties.  

Raman spectroscopy is a well stablished technique in the study of phase 

transformation of YSZ [18]. Consequently, a Horiba LabRAM HR confocal Raman 

spectroscopy microscope with a Synapse CCD detector, from the UoN nmRC, has 

been used to characterise the phase state of the analysed YSZ samples and study the 

high strain impact of high pressure water jet droplets in the affected material (Figure 

35). The microscope is equipped with a x50 lens (0.55 numerical aperture) and was 

set up with λ 532 nm wavelength (i.e., green) laser, operating at a power of ~2 mW 
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(100%), a spot size of approximately 1.2 µm (calculated based on the Rayleigh 

criterion) and a grating of 1800 lines/mm. The confocal nature of the employed setup 

allows to obtain measurements from a small volume of material near to the top 

surface. Measurements were collected for 2 seconds, and the average of two 

measurements was kept as the final result.  

 

Figure 35: Horiba LabRAM HR confocal Raman spectroscopy microscope from the nmRC. 

d) Focused ion beam (FIB) 

Focused ion beam (FIB) is a technique that uses a beam of ions to remove 

material from a sample or to modify its surface with high precision. The technique 

is widely used in materials science, semiconductor fabrication, and other fields that 

require high-resolution imaging, precision machining, or sample preparation. 

The basic components of a FIB system include an ion source, a series of 

electromagnetic lenses, and a detector system. The ion source typically uses a gas 

such as gallium, which is ionized and accelerated to produce a beam of ions that can 

be focused onto the sample by a series of lenses. The ions can be controlled in terms 

of energy, current, and spot size, allowing for precise removal or modification of 

material. 
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One of the key advantages of FIB is its ability to create precise, three-

dimensional structures at the nanoscale. In this project the EI Quanta 200 3D Dual 

Beam FIB-SEM from the nmRC has been used for manufacturing lamellas for 

material characterization in the TEM. First the area of interest has been covered in 

15 × 1 μm a gallium layer and then the 15 × 7 × 1 μm rectangles were milled with 

the ion beam. Afterwards, the lamella has been extracted and positioned in a holder 

and finally, its thickness has been reduced from 1 μm to ~ 100 nm. This machine is 

shown in Figure 36. 

 

Figure 36: EI Quanta 200 3D Dual Beam FIB-SEM from the nmRC. 

e) Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a type of microscopy used to 

study the internal structure of materials with very high resolution, typically at the 

scale of a few micrometres or less. The technique works by passing a beam of 

electrons through a very thin section of a material and measuring the resulting 

signals. Thanks to its high resolution and contrast image analysis it allows the study 

of crystal structures, defects, and interfaces within materials. 
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The basic components of a TEM include an electron source, a series of 

electromagnetic lenses, and a detector system. The electron source typically uses a 

heated tungsten filament or a field-emission electron gun to generate a beam of 

electrons that is focused onto the sample by a series of lenses. As the electrons pass 

through the sample, they can be scattered, diffracted, or absorbed, producing various 

signals that can be detected by specialized detectors. 

For this project a Jeol 2100F TEM (Figure 37) has been used. There are 

different models of TEM analysis techniques, the ones applied have been: i) HAAD 

STEM that gives a general view of the lamellas. This technique works by transmitted 

electron signal, in where the electrons pass through the sample without being 

scattered or absorbed, then these electrons are focused onto a detector placed below 

the sample, and their signals can be used to produce high-resolution images of the 

material's internal structure. ii) BF TEM in where atomic resolution can be obtained 

(i.e. defects below 5 nm have been observed) and iii) SADP TEM that gives 

information as diffraction patterns.  

 

Figure 37: Jeol 2100F TEM from the nmRC. 
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3.4.3. Material property analysis 

a) Nanoindenter 

In this project an SEM with an in-situ Alemnis nanoindenter has been used. 

This was equipped with a spherical tip (diamond ∅40 µm) to mimic the shape of the 

water droplet as much as possible but to access lower values of strain rate. The 

indentations have been analysed by studying the relationship between the indentation 

depth (h) and the load/unload (P) forces that equals to the indentation energies, which 

are calculated from the area underneath the load and unload curve. The setup is 

shown in Figure 38. 

 

Figure 38: Alemnis nanoindenter from the UTC installed inside the FEI Quanta 600 SEM from the 

nmRC equipped with a 40 µm ∅ spherical tip.  



 

Chapter 4 

4. Development of the mathematical model for 

multi material coating removal with PWJ 

This chapter describes the development of the mathematical model 

designed to calculate the jet footprint to remove multi-material 

coatings. First, the importance of the nozzle choice is analysed in 

addition to the calculation of their kinematics. Soon after, the 

model itself is defined: this is based on the understanding of the 

etching rate considering the mechanical properties of each 

individual material layer that compounds a coating and the energy 

of a PWJ system. This interaction has been obtained for any 

specific pressure, considering the energy variations along the 

height of the jet, for one or multiple jets, which follows a defined 

arbitrary trajectory in a 3D space, during a period of time.  

Finally, a particular case in reference to the coating removal of 

pocket edges has also been analysed.  
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4.1. Introduction 

Aerospace coatings, which are meant to work in harsh environments, are 

usually made of various material layers: i) a top coat (e.g. thermally sprayed AlSi 

alloy) that complements the mechanical/thermal properties of the substrate; ii) a 

bond coat that enhances the adhesion of the top coat and the substrate (e.g. thermally 

sprayed Ni alloy) and finally iii) the substrate (e.g. Ti alloy). These coatings get worn 

and need to be replaced to prolong the aeroengine service life and for this, PWJ 

milling process is proposed [111]. Both the distinct mechanical properties of each of 

the layers, and the characteristic of time dependency of the WJ machining process, 

makes the operation difficult to predict (e.g. jet penetration). Therefore, the process 

is hard to perform accurately, especially when the aim is to remove the top layers 

without damaging the substrate material. 

Previously, Finite Element Models (FEM) have been proposed for coating 

removal processes with high velocity PWJ milling systems and a non-stationary jet 

[112] as well as AWJ milling trenches [59]. However, particularly for large-scale 

simulations, the computing cost of solving FEM models can be very high. In order 

to handle the computations effectively, this can result in lengthier processing times 

and need powerful hardware and resources. Hence, FEM models are not the most 

competitive option for an industrial environment specially when the aim is to test 

new relevant machining parameters in situ and expect a fast response. Additionally, 

these models demand for specialised software that is reliant on external licencing, 

which is typically expensive, requires upkeep and upgrades, and is challenging to 

transfer the knowledge from one plant to another. 

Taking this into consideration, a mathematical framework based on the 

calculation of the etching rate to predict the depth of the removed material for 

nonstationary jets has been previously suggested [72]. This model has been upgraded 

for straight trenches, tilted angles [71] as well as overlapping trenches [75] and free 

forms [113]. Even if they have demonstrated accurate water jet milling predictions 
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in these conditions, the application of this model in a multi-layered system (i.e. 

components with coatings) is a challenge. In this model the etching rate is obtained 

by post processing a calibration data, hence the etching rate curve is obtained for the 

entire trench. Having several materials in layers requires a distinct etching rate for 

each layer because this parameter depends on the material, SoD, and coating 

thickness. This complicates the boundary conditions needed to transit from one layer 

to another [72].  To avoid this issue a model that considers the etching rate in a 

punctual way rather than considering it for the full trench is proposed. 

The scope of this chapter (summarized in Fig. 1), is to propose a functional 

mathematical model that predicts the water jet milled trenches produced by a 

different water jet removal nozzles heads (e.g. a four jet rotary and a fan nozzle), 

which presents the novelty of considering the individual properties of the each of the 

multi-material layers (i.e. aerospace coating), based on the analysis of the energy 

distribution of the multiple jets. This model covers any pump pressure, stand off 

distance (SoD), arbitrary trajectory and the overlapping of the multiple jets’ 

footprints in curved and flat surfaces. Moreover, it allows to control the depth of the 

jet penetration on multi-material systems to enable the damage prevention of the 

substrate material, while optimising the PWJ milling process to maximise the 

material removal rate.  
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Figure 39: Schematic representation of an example of a multi-layer coating being stripped using 

high pressure waterjet technology with a rotational multiple plain water jet nozzle. 

4.2. Study of the material removing nozzles 

4.2.1. Key parameters to be considered in PWJ milling 

As previously stated, Plain Water Jet milling is a non-conventional machining 

technique that releases plain water (i.e. without any abrasives), from a small nozzle, 

with a high kinetic energy in order to abrade the target material. This process depends 

on multiple variables that involve the control of the water jet pump, the variables 

from the water jet machine and material properties that are meant to be removed 

[114].  

The key parameters and features that the user needs to define the PWJ milling 

process from a machining point of view are as follows (see Figure 40): 

• Water Pressure (P / MPa): This parameter is defined by the water pump 

of the machine. A higher pressure of the water being released from the 

nozzle will produce a higher abrasive energy of the jet. Hence, the material 

removal rate increases proportionally. 

• Stand of Distance (SoD / mm): The distance from the top of the sample 

to the end tip of the nozzle, in positive z direction. Based on this distance 
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the jet energy will be more focused or disperse. Therefore, the material 

removal rate of the target will vary from a deeper trench with a lower SoD, 

to a wider when increasing this distance. 

• Speed of the nozzle head, translational speed (vt / mm/min): The speed 

at which the nozzle head advances. The higher the translational speed, the 

lower the trench depth will be. 

• Nozzle: The nozzle choice will define the geometry of the jet and thus the 

energy distribution at the target. At the same pressure and speeds, different 

nozzle heads will generate a variety of trenches. 

 

Figure 40: Schematic representation a jet indicating the key parameters to consider in order to 

model its performance (adapted from [115]). 

4.2.2. Types of nozzles considered for the study and the analysis of their jet 

flow 

There are many nozzle types in the market and each of them is designed for a 

different application. The aim of this project is to remove (i.e. clean) surface coatings 

without damaging the substrate material. For this application a nozzle that provides 

a wide diameter is preferred in contrast to a focused nozzle (e.g. a needle nozzle) as 
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it will be faster due to its larger material removal area and in addition, the jet energy 

will be more distributed in the target surface. Considering these points, for this 

project, a four jet rotational nozzle and fan nozzle have been analysed. 

The four jet nozzle, presented in Figure 28a, is a rotational head with four 

individual needle nozzles located at different radiuses from the centre at each quarter 

(i.e. every 90º). The total jet radius of this nozzle will be as wide as the outer radius 

of the jet furthest from the centre. 

The fan jet, shown in Figure 28b, on the other hand, is a nozzle with a thin slot 

in where the outlet orifice is located inside. When the water is released, the thin slot 

gets filled redirecting the water to get out creating a curtain/fan shape (i.e. a wide jet 

from the front and a needle shape when looked from the side). When this nozzle 

rotates the total jet radius becomes as wide as the fan shape width. 

Due to the wide radiuses both nozzles are ideal to mill large areas of material 

in a reasonable time. However, due to the energy distributions of the jets the 4 jet 

nozzle is gentler than the fan nozzle which makes it more suitable to remove soft 

coatings whereas the fan nozzle is more efficient with harder material coatings. 

To comprehensively understand the jet flow of both nozzles (i.e., the four jet 

and fan nozzle) and mathematically model their behaviour, a close analysis was 

conducted using a high-speed camera (IDT Y4-S2 Motion Pro) recording at 4500 

frames per second. From the recorded videos, specific frames were extracted for 

further analysis. The extracted data was then subjected to examination in Mountains 

Map® to determine the water density of each jet. To evaluate the jet behaviour under 

different conditions, four representative pressures were chosen for the tests:  

100 MPa, 200 MPa, 300 MPa, and 400 MPa. These selected pressure values allowed 

for an in-depth analysis of the jet evolution at a range of water speeds. 

By correlating the high-speed camera observations with the pressure-

dependent water density data, researchers can gain a comprehensive understanding 

of the nozzle's performance and optimize their industrial applications accordingly. 
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a) Four jet nozzle 

The high speed camera pictures for the four jet nozzle, Figure 41, show that 

each of the four water jets are clearly defined and divided, independent to each other. 

The study reveals the water density and the jet diameter (see Figure 40) increase with 

the raise of the water pressure.  

   

 

  
Figure 41: High speed camera (IDT Y4-S2 Motion Pro) plus MM water density distribution 

analysis of the four jet nozzle flow at a) 100 MPa, b) 200 MPa, c) 300 MPa and 400 MPa. 

Moreover, the snapshots also demonstrate that the water density distribution 

of each jet follows a specific pattern. According to the literature, in the case of the 

needle nozzles the distribution of the jet is considered to have a normal distribution 

(i.e. Gaussian distribution) [116], [117].  

To grasp a clearer understanding of these images, let us carry a more 

meticulous examination (see Figure 42). Each of the jets is positioned at a different 

distance from the camera due to the cylindrical shape of the nozzle head. The camera 

is focused on the nearest nozzle to it (e.g. jet 4), which exhibits the most distinct 
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water distribution pattern. Upon analysing the colour code representing the water 

density distribution of this particular jet, we can discern a Gaussian distribution, 

supporting the claim made earlier in the literature. Furthermore, the jet's energy 

distribution will also follow a gaussian distribution since it has the same pattern as 

the water density. 

 
Figure 42: A close-up high-speed camera image of a fan jet nozzle displaying the locations of 

each jet and the gaussian distribution of the water flow while taking into account the water 

density % colour scale. 

b) Fan jet nozzle 

The same study was also conducted with the fan nozzle as it is shown in Figure 

43. In this case the front and side views of the jet are show as the jet is not radially 

symmetric. The images for this nozzle show that this nozzle does not follow a 

Gaussian distribution as in the case of the four jet, but still follow a distinct patter 

among each other. The water density on the fan nozzle does not seem to have a 

uniform composition, thus it shows what looks like two opposite streams and a 

curtain of water between them. When raising the pressure, the density of these side 

jets increases while the middle curtain does not show a clear pattern. Furthermore, 

no information was found in the literature about the water distribution for this type 

of nozzle. 
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Figure 43: High speed camera (IDT Y4-S2 Motion Pro) plus MM water density distribution 

analysis of the fan jet nozzle flow, both from the front and side, at a) 100 MPa, b) 200 MPa, c) 

300 MPa and 400 MPa. 
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The water distribution for the fan nozzle could not be identified from the high 

speed camera pictures. An attempt was done by taking a slice across the direction 

perpendicular to the flow, but due to the quality of the images, in this case it was 

hard to obtain an identifiable mathematical distribution, hence, the attempt was not 

successful. Thus, in order to get the fan nozzle's jet distribution, a trench was 

therefore machined, and the resulting curve was measured, as shown in Figure 44: 

 

 
Figure 44: Process followed to calculate the water density distribution of the fan jet nozzle: a) first 

by milling the trench (3 axis WJ from UoN) in a soft material, b) then scanning (high-resolution 

optical 3D surface metrology system) and data analysis in MM and finally c) data post processing 

and fitting curve calculation in MATLAB.  

First a trench was milled by using the 3 axis water jet from the University of 

Nottingham in a soft material (i.e. 5 mm abradable coating) so the indentation left 

by the jet can be easily scanned (Figure 44a). Then the trench was scanned in a 

surface scanner (high-resolution optical 3D surface metrology system) and post 

processed in Mountains Map, here an area of the trench was considered to create a 

mean trench that was exported as a point cloud (Figure 44b). Finally, after smoothing 

the data just enough to remove the background noise a curve fitting was obtained in 

MATLAB (Figure 44c).  This fitting was then introduced in the model as the energy 

distribution shape of the fan jet nozzle.  
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It is worth mentioning that even if a considerable effort was made trying to 

obtain a faithful approximation of the energy distribution, in the case of this type of 

nozzle in where the jet is quite uniform, the exact shape of the energy is not crucial. 

The aim has been to capture the essential characteristics of the system, rather than 

dwelling on fine-tuned energy details that might have marginal impact on the model. 

4.2.3. Kinematics study of the nozzle heads for an optimal coating removal 

After understanding the distribution of water density of both nozzles the 

movement in space of the jets needs to be considered for an optimum coating 

removal. As stated before, nozzle heads that spin were chosen to optimise the coating 

removal area, this means that the resultant velocity of the nozzle heads will be a 

combination of a rotational as well as a translational velocity. The kinematics of the 

nozzle head is based on the particular geometry, so in the following section the 

relative velocity of each point the jets will be calculated. The mathematical model 

has been presented parametrically. 

a) Four jet nozzle 

In the case of the four jet nozzle (n = 4) each of the jets (jn) are located at a 

different radius (rn) from the centre at each cardinal point (γ = 90̊) and all of them 

rotate at the same time around the z axis at a constant rotational speed (vr). 

Meanwhile the rotational nozzle head advances forward in a constant translational 

speed (vt) as represented in Figure 45. 



4.  Development of the mathematical model for multi material coating removal with PWJ 

83 

 

 
Figure 45: Schematic representation of the trajectory of each individual jet of the four jet rotary 

nozzle and the definition of the parameters as well as the reference system in order to understand 

the kinematics of the nozzle head when rotating and advancing transversally.  

First, the equation (2) and (3) defines the translational (dj1t) and rotational 

velocity (dj1r) vectors of the first nozzle (j1). In where the angular velocity is 

calculated as in the equation (4) considering the vr and the time (t). 

𝑑𝑗1𝑡 = {
𝑣𝑡 × 𝑡

0
} = {

𝑥
𝑦} (2) 

𝑑𝑗1𝑟 = {
𝑟1 × 𝑐𝑜𝑠 𝛼
𝑟1 × 𝑠𝑖𝑛 𝛼} = {

𝑥
𝑦} (3) 

𝛼 = 𝑣𝑟 × 𝑡. (4) 

The absolute position of the m1 (dtotal_m1) is calculated by the sum of both 

relative motion vectors as represented in equation (5). 

𝑑𝑡𝑜𝑡𝑎𝑙_𝑗1 =  𝑑𝑗1𝑡 + 𝑑𝑗1𝑟 = {
𝑟1 × 𝑐𝑜𝑠 𝛼
𝑟1 × 𝑠𝑖𝑛 𝛼} + {

𝑣𝑡 × 𝑡
0

} (5) 

Finally, considering that is possible to have more than one jet (mn) in the same 

manifold, the position of the each of the jets has been calculated relatively 

considering the angle that they make with the first nozzle (βn), as shown in equations 

(6), (7). 

𝛽𝑛 = 𝛼 + 𝑗𝑛 × 2𝜋
𝑛𝑡𝑜𝑡𝑎𝑙

⁄  (6) 

𝑑𝑡𝑜𝑡𝑎𝑙_𝑗𝑛 = {
𝑓𝑥4𝐽

𝑓𝑦4𝐽
} = {

𝑟𝑛 × 𝑐𝑜𝑠 𝛽𝑛

𝑟𝑛 × 𝑠𝑖𝑛 𝛽𝑛
} + {

𝑣𝑡 × 𝑡
0

}  (7) 

Subsequently, the absolute velocity (vtotal) of the nozzle jets has been calculated 

by deriving the position, as shown in equation (8) and (9). 
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𝑣𝑓𝑥

𝑣𝑓𝑦
=

𝑑(𝑓𝑥(𝑡))

𝑑𝑡

𝑑(𝑓𝑦(𝑡))

𝑑𝑡

= {
−(𝑣𝑟 × 𝑟𝑛 × 𝑠𝑖𝑛(𝑣𝑟 × 𝑡) ) + (𝑣𝑡)

𝑣𝑟 × 𝑟𝑛 × 𝑐𝑜𝑠(𝑣𝑟 × 𝑡)
}  (8) 

𝑣𝑡𝑜𝑡𝑎𝑙 = √𝑣𝑓𝑥
2 + 𝑣𝑓𝑦

2 (9) 

The positioning of the jet represents the coordinate point of the centre of each 

jet in the nozzle head, the nozzle diameter and the taper effect of it is not considered 

yet. The understanding of the position of the jets overtime is highly important as it 

directly affects the pattern that the jet will follow and thus the coating removal 

efficiency. This pattern will determine if the surface will be totally cleaned or if any 

spot will be left untouched, hence with coating unremoved. 

b) Fan jet nozzle 

The kinematic pattern of the fan jet nozzle head is similar to the four jets, both 

are nozzle heads that rotate in their z axis while moving forward in positive x at a 

constant transversal speed. In both cases the particular points will follow a sinusoidal 

path along the trench. 

However, in the case of the fan nozzle there are not multiple jet distributed but 

there is a single nozzle inside a slot (see Figure 46), that when the water is released 

from it, the slot gets filled and it is released creating a water curtain (i.e. very narrow 

looking it from the side, but with a fan shape looking from the front).  Due to this the 

kinematic analysis will be studied using a random number of infinitesimal points (in 

this example n = 7) along the width of the slot (nwidth) and their position in time will 

be analysed. The plots will only represent the edges and some points along the fan, 

but it needs to be considered that infinite points would exist along the width of the 

slot.  

Equation (10) and (11) defines the translational (dpnt) and rotational velocity 

(dpnr) vectors of the points along the width of the fan nozzle. The angular velocity is 

calculated in the same way as for the four jet nozzle (equation (4)). 
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𝑑𝑝𝑛𝑡 = {
𝑣𝑡 × 𝑡

0
}  → {

𝑥
𝑦} (10) 

𝑑𝑝𝑛𝑟 = {
𝑟𝑛 × 𝑐𝑜𝑠 𝛼
𝑟𝑛 × 𝑠𝑖𝑛 𝛼} → {

𝑥
𝑦} (11) 

Finally, the equation (12) describes the position for any given time for any 

given point along the width of the fan jet nozzle slot. 

𝑑𝑡𝑜𝑡𝑎𝑙_𝑝𝑛 =  𝑑𝑝𝑛𝑡 + 𝑑𝑝𝑛𝑟 = {
𝑓𝑥𝑓𝑎𝑛

𝑓𝑦𝑓𝑎𝑛
} = {

𝑟𝑛 × 𝑐𝑜𝑠 𝛼
𝑟𝑛 × 𝑠𝑖𝑛 𝛼} + {

𝑣𝑡 × 𝑡
0

} → {
𝑥
𝑦} (12) 

 

 
Figure 46: Schematic representation of the trajectory of four different points through the width of 

the fan nozzle slot and the definition of the parameters as well as the reference system in order to 

understand the kinematics of the nozzle head when rotating and advancing transversally. 

Figure 47 and Figure 48 represent four MATLAB graphs from the four jet and 

fan jet nozzle respectively at different parameter combinations. All the 

configurations maintain a constant vr (-2π rad/s) and a variable vt (1 m/s, 5 m/s,  

25 m/s, 100 m/s) to visually understand the effect of the speed in the coverage of the 

jets. The studied length for the calculation is the same for all the plots (150 mm), 

which means that the necessary time (t) to cover the same distance changes for each 

considered vt. In each case the resultant pattern varies from a full removal to very 

low removal points. The results can be used to calculate the optimum translational 

speed without compromising the total processing time.  

Figure 47a and b present patterns that fully covers the area of study, even 

passing several times over the same spots. The difference between both passes is that 

the parameters involved in Figure 47a are too conservative that most certainly will 
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take longer than necessary. The plot in Figure 47b keeps the coverage, as the four 

jets pass over every point, with many overlapping and along both edges of the trench.  

On the other hand, Figure 47c and d exhibit clear gaps between the jet rotations 

and that the edges of the trench do not follow a linear pattern. These are examples of 

how a trench where the jet moves at just over critical speed would look like. These 

patterns will never remove all the necessary material. 

 
Figure 47: MTATLAB graph representation of the effect that the difference in vt (and hence the 

change in the absolute jet speed) provokes in the jet positioning patterns, in the four jet nozzle, 

while keeping the rest of the parameters constant (vr = -2π): a) 1 m/s, b) 5 m/s, c) 25 m/s,  

d) 100 m/s. 

Figure 48 represent the same case scenarios respectively in each a, b, c and d 

version but for the fan jet nozzle head.  
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Figure 48: MATLAB graph representation of the effect that the difference in vt (and hence the 

change in the absolute jet speed) provokes considering different points along the jet width in the 

fan jet nozzle, while keeping the rest of the parameters constant (vr = -2π): a) 1 m/s, b) 5 m/s, c) 25 

m/s, d) 100 m/s. 

4.3. Mathematical model based on the calculation of the jet energy 

4.3.1. Introduction: description of previous models and its limitations 

Originally, the prediction calculations where organized to be based on the 

model defined by Axinte et al. in 2010 [72], in where the material removal is 

calculated using the material specific erosion (i.e. etching) rate. The etching rate in 

this context is dependent on the properties of the workpiece material and other 

process parameters (e.g. pressure, mass flow of abrasives). It is treated as a function 
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that needs to be calibrated using experimental data and in the 2010 model it follows 

a linear geometry and jet motion, with no variation in the y-direction [72]. The idea 

in the current project is to combine the absolute velocity of the speed of the jet (which 

is variable at each point dependant on the trajectory) with this etching rate to obtain 

the material removal mathematical model. As shown in Figure 49 the result of the 

addition between the kinematics of the jet (Figure 49a) with the calculation of the 

material specific etching rate (Figure 49b) results in variable depth trench (Figure 

49c), that follows the jet trajectory, that depends on the nozzle absolute velocity (i.e. 

slower the nozzle deeper the trench). 

 
Figure 49: The combination of both a) the kinematics of the jet and the b) calculation of the 

material specific etching rate (defined by Axinte et al. in 2010 [72]) c) results in variable depth 

trench that follows the jet trajectory that depends on the nozzle absolute velocity.  

The main point of this project is to remove coatings with multiple material 

layers on top of each other. This implies considering that in each application the 
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layers might have different thicknesses and material properties. Depending on the 

material properties the depth of the trench will vary as depicted in Figure 50. 

 
Figure 50: Comparison of the trench shape between a) a single material target that creates a 

continuous outline vs b) a trench made in a multimaterial target that has clear intersection between 

layers due to the fact that the trench shape depends in the jet as well as the material properties of 

the target. 

The previous model from 2010 [72] is limited for this type of prediction, as the 

etching rate is obtained from a calibration data that considers the geometry of the 

trench curve. If more than one layer needs to be considered, the etching rate will still 

be calculated from the full trench, so it will not separate the properties of each 

material layer. Furthermore, if the thickness or the materials of the layers change, 

new calibration data will need to be measured to readjust the trench geometry and a 

new etching rate calculated for every variation of the sample.  

The novel model proposed in this project is based on the understanding of the 

etching rate (i.e. depth of material removed) by modelling the kinetics and the energy 

of a Plain Water Jet (PWJ) system, this way the model will be able to consider the 

mechanical properties of each individual material layer that compounds the coating. 

This interaction is obtained for any specific pressure, considering the energy 

variations along the height of the jet, for one or multiple jets, which follows a defined 

arbitrary trajectory in a 3D space, during a period of time. It will still be needed a 

calibration data to include the individual mechanical properties. But the same 

calibration data will be enough for that material no matter what the thickness, coating 

order or machining parameters. The calibration data will be just linked to the material 

itself. 
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4.3.2. Definition of the energy distribution of a rotary jet for an arbitrary 

trajectory in a 3D space 

The flow is modelled based on the energy that is released from the jet (Enozzle), 

which is defined by the pump pressure (P), the position in space (x, y, z) and the 

geometry of the nozzle (gn), such as the diameters and length. 

𝐸𝑛𝑜𝑧𝑧𝑙𝑒 = 𝑓(𝑃, 𝑥, 𝑦, 𝑧, 𝑔𝑛) (13) 

The jet has been particularised as a cone shape to define the energy distribution 

as it is one of the most common jet types used in WJ systems. However, the model 

could be adjusted for any nozzle geometry and therefore for any energy distribution. 

As explained in section 4.2.2 in this project a four jet and a fan jet rotary nozzle will 

be used. For the energy model explanation a single jet of the four jet nozzle, which 

is basically a usual needle nozzle with a cone shaped jet, will be used as an example. 

In the case of the fan nozzle the energy distribution through the jet width will follow 

equation (13).  

For a cone shape nozzle, the following assumptions have been defined: i) the 

jet follows a Gaussian distribution along the z axis and ii) energy conservation is 

assumed along the z direction of the jet, as described in Figure 51. 

 
Figure 51: Energy distribution of a cone shape nozzle (i.e. needle nozzle) following a Gaussian 

energy distribution along the jet z axis. 

The energy distribution calculation of a cone shape nozzle that follows a 

Gaussian distribution has been previously studied [116]. Here, the jet velocity is 
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obtained applying Bernoulli’s principle and the kinetic energy of the jet is calculated. 

In this case, it has been considered that there is no air on the jet as it is just plain 

water. The maximum energy (Emax) is calculated for any pump pressure (P), water 

density (ρ), any nozzle diameter (dnozzle), jet cone angle (δ) and distance to the nozzle 

in z positive direction. In this study, the energy distribution along the radius (Edis(r)) 

is defined based on the maximum energy at each height of the z axis of the jet and 

the variation of the jet diameter expressed with (σ).   

𝐸𝑑𝑖𝑠(𝑟, 𝑧) = 𝐸𝑚𝑎𝑥(𝑧)𝑒
−(

𝑟2

2𝜎2)
 (14) 

In where for PWJ:  
𝐸𝑚𝑎𝑥 = 𝑓(𝑃, 𝜌, 𝑧) (15) 

𝜎 = 𝑓(𝑑𝑛𝑜𝑧𝑧𝑙𝑒, 𝑧, 𝛿) (16) 

Thus, the energy distribution is a property of the jet, independent to the 

trajectory that follows. The trajectory (T) of a rotary jet can be defined by a 

homogeneous transformation matrix which consists of a rotation and a translation in 

3D space in a defined period of time: T(t). Hence, the jet energy that follows the 

defined trajectory is described as Espace. 

𝐸𝑠𝑝𝑎𝑐𝑒(𝑟, 𝑧, 𝑡) = [
𝐸𝑑𝑖𝑠(𝑟, 𝑧)
𝐸𝑑𝑖𝑠(𝑟, 𝑧)

−𝑧

] × 𝑇(𝑡) (17) 

4.3.3. Definition of the target material considering an arbitrary number of 

coating layers 

The depth (z) of the target material consists of a defined number of material 

layers (m) and a freeform surface (S), each one with different mechanical properties 

and in where each of the layers is set in parallel on top of the previous one, see 

equation (18). In the model S is created in a simple way: The size of x and y defines 

the size of the part that is going to be calculated and the spacing between values of x 

and y determines the mesh size. The calculations of how much material is removed 

depending on the energy that reaches the surface is defined in the numerical value of 

the x and y components (z). Being zero the initial value defining that the target was 
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not yet modified by any jet and going towards negative values defining the depth at 

which the material has been removed while the surface is being impacted by the jet 

energy.  

The size of the jet, the time length that wants to be simulated, the resolutions 

that is needed for reliable results and the computers computational time have to be 

considered when defining these parameters. Figure 52 shows a comparison between 

different mesh sizes that have been tested to find the optimal discretisation, hence 

the one with the best resolution and least computational time valance. Spatial meshes 

from 1 (M = 30) to 20 points per mm (M = 600) have been simulated. The inflexion 

point can be identified around the 10 point per mm (M = 300) discretisation, as in 

this resolution a good continuity of the trench is found (specially at the curves). 

Below this resolution, the shape of the trench loses its accuracy, so the resolution is 

not suitable to provide confident results. Above 10 points per mm, even if the 

resolution increases, it does not improve the predictability of the model and 

furthermore, there is an increase in computational cost. 

 
Figure 52: Comparison of different spatial mesh sizes to define the optimal discretisation showing 

examples at the following points per mm: 20, 10, 5, 2.5 and 1. The mesh size of M=300 with 10 

points per mm offers a good enough resolution with least compromise on the computational time. 
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𝑧 = 𝑆𝑚(𝑥, 𝑦)  (18) 

In previous WJ trench milling mathematical models [72], an etching rate is 

described to calculate the depth of the removed material at each jet radius (r) and for 

a specific exposure time. 

In this case, an etching rate (U) is also calculated to define the depth of the 

removed material for adimensional (expressed with suffix a) arbitrary energy in 

space (𝐸𝑠𝑝𝑎𝑐𝑒(𝑟, 𝑧, 𝑡)𝑎), see equation (19). Due to this, no calibration data is needed 

to express the machining parameters (e.g. pressure, height) as the energy has already 

been modelled considering these parameters, and hence, they are easily controllable. 

However, the material properties (i.e. resistance to jet impingement) need to be 

considered by the relationship between the maximum cutting depth point defined by 

the energy at which this point is obtained (C) and the jet cutting sensitivity of the 

target material (k) constants, which will be obtained by calibration data. As 

calibration data is used the proposed model will be considered a mathematical model 

that considers empirical data. The process in order to calibrate the model is explained 

in section 5.5.2. 

𝑈 = 𝐶 𝐸𝑠𝑝𝑎𝑐𝑒(𝑟, 𝑧, 𝑡)𝑎
𝑘
 (19) 

Moreover, each of the material layers (m) can have a unique thickness (hm) that 

is defined as the distance between S1 and Sm+1, along the normal of Sm. Throughout 

this thickness, the material will have its own homogeneous properties represented by 

Cm and km. 

As described in equation (20) the material properties Cm and km (i.e. the 

subindex m indicates that each particular layer (m) will have its own particular C and 

K values) will have to be defined for every material layer for every element in x and 

y that belongs to all the layers from the first to the last one plus the substrate (hence 

the m+1) both edges inclusive. 

𝐶𝑚, 𝑘𝑚  ∀(𝑥, 𝑦) ∈ [𝑆1, 𝑆𝑚+1]  (20) 
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4.3.4. The interaction between the jet and the target material 

The distance between the nozzle head to the material is defined as the SoD. 

Once the nozzle is set to a specific SoD, equation (17) is used to calculate the energy 

(Espace) at each point of the material surface, for which, in a freeform target (Sm) will 

vary at each point. Additionally, reordering the equation (19) and knowing the values 

of the material coefficients, the necessary energy to remove each layer with their 

corresponding thickness is easily obtained. The points where the jets overlap, the 

energy that the surface will receive is a sum of each pass, exemplified in Figure 53. 

 
Figure 53: Example of a) the energy distributed at every x, y target points of a single rotational jet 

nozzle that follows a linear trajectory and b) the resulting milled trench generated by such nozzle. 

Based on the energy map, a comparison between the received energy and the 

one needed to entirely remove a coating layer is compared at each target point (x, y). 

To calculate the removed depth (Z) the quantity of energy is correlated with the 

energy needed to remove the corresponding material layer. If the energy is high 

enough, the entire energy needed to remove the layer is deducted, and the rest is used 

for the calculation of the trench geometry in the following layer, as mathematically 

described in equation (21). What is to say, the material removed in depth (Z) along 

the defined area (x, y) is obtained by the multiplication of the material coefficient Cm 

and the received energy E (through x and y, considering the SoD to the power of Km) 

plus the summatory of the thicknesses of the previously removed layers ℎ(𝑚−1). In 

the case when the energy was high enough to remove the previous layer fully, this 
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value will be the entire thickness of the layer. In conclusion, the eroded trench 

footprint will be the sum of the eroded trenches of each material layer, as shown in 

Figure 54. 

 
Figure 54: Generic representation of a cross section of a single jet multi-material trench with the 

definition of the coefficients (Ci, ki, i=1 ... m) of the surfaces of each material layers. 

𝑍(𝑥, 𝑦) = 𝐶𝑚𝐸(𝑥, 𝑦, 𝑆𝑂𝐷)𝑎
𝑘𝑚 + ∑ ℎ(𝑚−1)

𝑚

1

 
(21) 

4.3.5. Application of the concept in realistic parts: Overlapping trenches, 

curved surfaces and calculation of the milling time 

In order to be able to apply the model to a virtually any kind of part the 

following considerations have been implemented: a) curved and flat surfaces, b) 

Overlapping trenches and c) calculation of the overall cleaning time of a part. 

a) Modelling of flat and curved surfaces 

The developed model is prepared to work with flat surfaces as well as concave 

and convex surfaces of any radius. In a rounded surface the SoD of the jet will differ 

along the jet radius as shown in Figure 55a. An example of a usual real life 

application for cleaning a curved part is shown in Figure 55b: a rounded engine 

casing with an inner coating located as strips inside pockets that needs to be removed.  

In this case, the casing will rotate while the nozzle head moves vertically from 

the top to the bottom; the rotation of the casing is the equivalent of the transversal 

speed and the downwards movement along each revolution creates the overlapping. 
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The velocity of this movement will define the overlapping separation percentage. In 

this application it is key to accurately adjust the cleaning parameters as the casing 

has some exposed areas between coating strips that cannot be damaged, thus having 

a mathematical model that predicts the surface effect is indispensable. 

To implement this geometry feature in the model, the shape of the workpiece 

has been implemented onto the initial state of the calculation, hence is independent 

to the jet energy calculation and its kinematics, the definition of the target material 

and their interaction. Thanks to this it is easy to implement a curvature to the model 

in the following way: i) positive radius will imply a convex surface, ii) a negative 

one a concave and iii) an infinite radius will simulate a flat surface. Due to how this 

has been coded, it is possible to modify this section and generate any kind of surface 

geometry including freeforms to the model in the future. 

 
Figure 55: a) Effect on the difference of the SoD along the jet radius and b) a representation of a 

usual of real life application of coating removal in the interior of a jet casing.  
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a) Simulation of overlapping trenches 

To achieve an optimal cleaned surface (i.e. full coating removal and no damage 

to the substrate) sometimes it is necessary to pass the WJ more than once over the 

same area. This interaction is called overlapping and understanding its effect is 

fundamental for the model. When a second trench overlaps the target surface, the 

state of the coating is different to the initial conditions as some material has already 

been removed, so the model must take this into consideration. Overlapping can 

increase the possibility of damaging the substrate material, although sometimes it is 

necessary to have a full cleaning, so it is essential to be well predicted. 

Figure 56 shows an example how overlapping’s are modelled in the SW. In 

order to define overlapping’s two parameters are considered: the number of trenches 

(Figure 56a) that will be simulated and the percentage of separation between the 

centres of the trenches (Figure 56c). For this variable, 0% means that the trenches 

will be one on top of the other and 100% means that they will be one next to the 

other. A higher value than that will result in a gap between trenches (Figure 56b). 

Furthermore, in order to maintain a low computational effort it has been decided that 

simulating a segment of the workpiece and a maximum of five trenches would be 

enough to measure the viability of the chosen milling parameters.  



4.  Development of the mathematical model for multi material coating removal with PWJ 

98 

 

 
Figure 56: Representation of overlapping trenches showing a) a single trench, b) multiple trenches 

with 120% of overlapping separation that results in no overlap and having unremoved coating 

stripes between trenches and c)  example with multiple trenches with a 75% of overlapping 

separation resulting in areas with more than one pass. 

b) Calculation of the milling time of a whole part 

Finally, the milling time of the part has been calculated. On the one part, the 

model has a feature that calculates the total cleaning time of the part considering the 

full surface area that needs to be cleaned and the machining parameters. On the other 

hand, the model calculates the estimated time that takes to clean a 1 x 1 m plate. This 

way it is very simple to compare the cleaning speed of any parameter combination 

that is being tried.  

4.4. Particular case: geometry of a pocket, the edge of a trench 

The mathematical model described until now, although being very versatile 

regarding machining parameters, coating layer design and surface creation is only 

considered for a uniform coating applied parallel to the substrate. However, in the 

particular case of a casing pocket depicted in the Figure 57, which is a very common 
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application for this model, the coating layer is not parallel to the substrate at every 

point. The kinetics of the nozzle head (section 4.2.3), the energy distribution of the 

jet (section 4.3.2) and the way that the jet will interact with the target material 

(section 4.3.4) will still be as already explained. However, the geometry of target 

material has to be defined differently. This section will develop how this was done. 

 
Figure 57: Schematic drawing of a cross section of a pocket with protective coating  

It is important to understand that when cleaning a surface with pockets the jet 

will pass over all the sections, no matter if it is just substrate or a pocket (see Figure 

55b). This is because stabilizing the jet at the desired pressure takes time and it 

cannot be switched on and off while in the run. Considering that the optimal coating 

removal parameters can damage the naked substrate, the jet speed can be changed in 

each section of the pocket geometry. The definition of the pocket sections is shown 

in Figure 58:  

• Section A: Just substrate. This is just the naked material of the part and the 

damage by water jet must be from minimum to zero. 

• Section B: The slope of the pocket. This section begins at the start of the 

pocket slope (P1). Deeper in the section the thickness of the coating will 

constantly increase up to P2.  

• Section C: Curved section of the pocket. Starting in P2 this section is a 

continuation of the section B but instead of the coating layer increasing at a 

constant rate it increases following the curvature of the pocket.  
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• Section D: Flat area. Starting in P3 this last section is the same as in the 

original program defined in 4.3 where the thickness is constant. The coating 

layers here are parallel to the substrate. 

 
Figure 58: Schematic drawing of the different sections that compound the transition from exposed 

substrate (A) material to fully coated area (D). 

This pocket geometry has been parametrized (see Figure 59) and hence the x 

and y position for each point of the substrate surface has been defined. This will 

allow to consider the target material: just substrate (section A), a different variable 

coating thickness depending on the (x) position along the workpiece (sections B and 

C) and total coating thickness plus substrate underneath (section D).    

 
Figure 59: Definition of the parameters that determine the geometry and dimensions of the 

sections of the edge of a pocket. 

The total thickness (Tthick) is defined by the sum of all the coating thicknesses 

(i.e. this particularization it is also modelled for any number of defined coating layers 
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as in the model developed in section 874.3) and the slope angle (λ) as well as the 

curvature radius (rp) are both known geometry. Then, the geometry points are 

defined by equation (22) and the section points are defined in equation (23). 

𝛽 = 90 − 𝜆 

𝑗 =  𝑟𝑝  ×  sin 𝛽 

𝑘 =  𝑟𝑝 × cos 𝛽 

𝑞 =  𝑟𝑝 − 𝑘 

𝑙 = 𝑇 − 𝑞 

𝑓 = 𝑙 × tan 𝜆 

(22) 

𝑃0 = 0 

𝑃1 = 𝐿𝑒𝑛𝑔𝑡ℎ 𝐴 

𝑃2 = 𝑃1 + 𝑓 

𝑃3 = 𝑃2 + 𝑗 
𝑃4 = 𝑃3 + 𝐿𝑒𝑛𝑔𝑡ℎ 𝐷 (23) 

The surface mesh generated is then included as the free form surface (S) in 

equation (18) and the rest of the model continues as previously described from that 

point on.  

4.5. Presentation of the results: street light system 

On their own the model results presented in Figure 53b are difficult to 

understand at first glance. In order to make them more readable and require a lower 

knowledge level, a street light system has been designed to represent the results. The 

resultant material has been divided in four groups: i) untouched surface (i.e. surface 

that did not receive any jet energy) is represented in blue, ii) the target material that 

has been milled but not enough to have a full coating removal is shown in yellow, 

iii) the areas that have a full coating removal and undamaged substrate are presented 

in green and finally iv) the substrate areas that have been damaged are demonstrated 

in red. When a resultant graph shows any red pixel, the parameters used for the 

machining are considered too aggressive. If the resultant graph shows a mainly green 

area with independent yellow or blue islands it means that the removal has been 

unsuccessful as there is still unremoved coating material, hence the parameters need 

to be further tuned. Finally, if the graph shows a full green area with just yellow areas 

in the edges (i.e. taper angle effect) it represents that a full removal of the coating is 

achieved, so the used conditions are valid. An example with the four jet rotational 

nozzle, 5 trenches and 75% of overlapping separation at different parameters can be: 

with a good removal result in Figure 60a and too much removal Figure 60b. 
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Figure 60: Example of street light system result representation made with the four jet rotary 

nozzle, 5 trenches and 75% of overlapping separation a) showing a good material removal and b) 

too much removal and substrate damage. 

The same has been done with the particular case of the pocket edge. This is 

depicted in the Figure 61, an example milled with a four jet rotary nozzle, simulating 

5 trenches at a 75% overlapping separation. The points (Pn) marked in the figure 

represent the same sections defined previously in Figure 58. 

 
Figure 61: Example of street light system result representation made with the four jet rotary 

nozzle, 5 trenches and 75% of overlapping separation in the particular case of the edge of a pocket 

a) showing a good material removal and b) too much removal and substrate damage. 

4.6. Concluding remarks 

This chapter proposes a highly versatile model that predicts the eroded patches 

(i.e. overlapped jet footprints) produced by rotational plain water jet nozzle heads. 

This enables a controlled removal of coating used in aerospace systems in a robust 

manner (i.e. no damage to the substrate and a full removal of the coating). The 
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innovation lays on the fact that this model, unlike previous ones, considering 

multiple layer coatings and the mechanical properties of each of the individual 

layers. Mathematically it is based on the understanding of the etching rate (i.e. 

calculation of the depth of material that has been removed).  

First, the flows of both considered nozzle heads (i.e. four jet rotational and fan 

jet nozzles) as well as their kinetics have been calculated, followed by the definition 

of the energy model of a Plain Water Jet (PWJ) system. The energy model is defined 

by the energy distribution of a rotary jet for an arbitrary trajectory in a 3D space, 

pursued by the characterization of the target material considering an arbitrary 

number of coating layers. Finally, the interaction between the jet and the target 

material has been defined. This interaction is obtained for any specific pressure, 

considering the energy variations along the height of the jet, for one or multiple jets, 

which follows a defined arbitrary trajectory, during a defined period of time. 

However, a calibration data will still be needed to include the individual material 

mechanical properties. 

Afterwards, the model has been upgraded for calculating single and multiple 

trenches that are able to overlap, flat and curved surfaces and calculation of the 

milling time for flat and rounded parts. Finally, the particular case of the edge of a 

pocket section has also been studied considering that in this example the coating is 

not always parallel to the substrate layer. 

 



 

Chapter 5 

5. Development of the Software to apply the 

mathematical model in an industrial 

environment 

In order to viably use the model in an industrial application a 

functional and easy to use interface is necessary. This chapter 

explains the construction of the designed software (SW) 

application developed in MATLAB AppDesigner with this aim. For 

this section a set of parameters has been selected as an example 

and the program has been simulated so the reader will be guided 

step by step through the parameter setting, calculation process and 

results analysis while using the program. 
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5.1. Introduction 

With the aim of implementing the model in an industrial environment an 

application has been developed in the AppDesigner of MATLAB with a user friendly 

interface. It is not only easy to set the modelling parameters, but the results are clearly 

presented. At the end of the program a document is generated in order to have a 

simulation record. The application can be installed in any computer with an 

installation package and an executable file is created. 

The App is organized in six tabs organized by usage order (Figure 62): (1) 

Input parameters, (2) Calibration coefficient calculation, (3) Results: Energy map 

and milled trench, (4) Results: Understanding coating removal, (5) Results: (Pockets) 

Milled trench and coating removal, (6) Unit converter. Due to the page width 

limitations some of the details of the tab figures are not easily readable, Annex A 

shows them in a full page size. 

To showcase the model in this chapter an example run has been made in a flat 

sample with a two layer coating on top of a substrate. It simulates the milling with a 

four jet rotary nozzle with four 1.5 mm nozzles each located at an 8, 10, 9 and 8.5 

mm radius from the centre with the parameters defined in Table 4: 

Table 4: Definition of the parameters used in the run to show the app as an example. 

Parameter Value Unit 

P 300 MPa 

SoD 20 mm 

Vt 1500 rpm 

Vr 600 Mm/min 

Running time 12 s 

Overlapping trenches 

Quantity 5 - 

Separation 75 % 

Top coat 

Thickness 5 mm 

Bond Coat 

Thickness 0.1 mm 

Substrate 

Thickness 5 mm 
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Figure 62: View of the first tab “Input parameters” of the software and the presentation of the 

navigation panel to move from tab to tab. 

5.2. Structure of the designed application 

5.2.1.  (1) Input parameters 

The “Input parameters” tab (Figure 62) can be considered the main page of the 

software (SW) as it is where all the conditions for the simulation are defined. It is 

the starting point for all the software and an indispensable step to be able to use the 

rest of the app. The window is divided in five sections depending on the aspect that 

needs to be characterized: nozzle, machining parameters, part geometry, overlapping 

and material layers. 

The nozzle segment (Figure 63) has all the necessary parameters to completely 

define the geometry of the nozzle and the jets. It is possible to select between two 

types of nozzles (rotational four jet or fan nozzle, both defined at section 4.2.2), and 

the required input parameters are adapted accordingly. For the four jet nozzle (Figure 

63a), the diameter of the jets and their aperture angle needs to be assigned, together 

with the positional radius of each jet respective to the nozzle rotation axis. On the 

other hand, for the fan nozzle (Figure 63b) only the width of the fan and the aperture 
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need to be specified. A figure has also been added next to the parameter definition 

area to help with the understanding of the meaning of each parameter. 

 
Figure 63: Nozzle definition segment of the Input parameters window showing the necessary 

parameters to characterise a) the rotational 4 jet nozzle and b) the fan jet nozzle, with their 

respective figures showing the meaning of each parameter. 

Having selected the nozzle parameters, the next step is to define the machining 

conditions (Figure 64). These are the variables that represent the machine that is 

being emulated and the conditions that want to be simulated to obtain an estimation 

of the material removal. On the one hand, there is the water pressure which is defined 

(and also limited) by the pressure range of the water pump of the machine. On the 

other hand, there are the parameters determining the relative position of the jet and 

the workpiece which are the usually tuned variables to simulate different conditions 

as well as the SoD and both translational (Vt) and the rotational velocities (Vr) of the 

rotary nozzle heads. Finally, the simulation running time is defined to control the 

length of the simulation. If the translational speed is high, the jet will travel a further 

distance, so less simulation time will be necessary, while for low speeds the time will 

need to be increased to achieve a considerable trench. It is key to control this 

parameter and just simulate the necessary t in order to have meaningful simulations 

as it increases the computational time considerably. 
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Figure 64: View of the “Machining parameters” section for defining the machining conditions for 

the simulation, with a representative image of the variables. 

Next in line is the determination of the workpiece and its geometry (Figure 

65). Two geometrical options are available for selection, flat workpiece and curved 

workpiece, which can be used to represent three machining conditions depending on 

the surface where the coating is placed on the curved part. For a flat workpiece 

(Figure 65a), no other variable is necessary, whereas for the curved (Figure 65b) a 

selection must be made to define if the coating is in the inside or outside of the 

curvature, and the diameter of the part needs to be entered. Once again, an example 

of each type of workpiece is visually represented next to the variable input boxes. If 

there is the need to analyse other type of geometries or free forms this needs to be 

addressed in the code itself. 

 
Figure 65: Section of the “Input parameters” tab to define the type, geometry and position of the 

coating for the workpiece together with figures representing a) a flat surface and b) a curved 

surface with both options of cleaning inside or outside the ring. 

Apart from the parameters that previously defined the speed of the jet, another 

consideration must be done depending on how many trenches want to be simulated 

(Figure 66). Having a single trench (Figure 66a) will generate an individual line that 
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will represent the material removal with a single pass of the jet. On the other hand, 

having multiple trenches (Figure 66b) it is possible to simulate the effect of passing 

the jet multiple times on top of the same workpiece area (i.e. effect of jet 

overlapping). The quantity of trenches can be tuned, with a maximum of five, as it 

is considered that increasing that number further will not give additional information 

but can be increase the computational demand. Furthermore, the overlapping 

separation is given in percentage as the width of the jet will depend on the previously 

set parameters. An overlapping of 0% will result on the jet passing exactly on the 

same line, while a 100% or higher separation will generate two parallel trenches not 

touching each other.  

 
Figure 66: Segment with the required variables to define the quantity of trenches to simulate a a) 

single trench and b) multiple trenches and their overlapping percentage. The two images visually 

represent the difference between having a single or multiple trenches and the meaning of the 

variables. 

Finally, the last parameters to be defined are the material properties, the 

thicknesses of the workpiece and the coating layers that need to be simulated. Three 

sections are divided to consider each material of three layers of the workpiece 

independently (coating layers are defined in Figure 64): the top coat, the bond coat 

and the substrate. The thicknesses will be given by the part that is being emulated 

while the material coefficients will be specific for each material. 



5. Development of the SW to apply the mathematical model in an industrial environment 

110 

 

 
Figure 67: Definition of the thicknesses in mm and the material coefficient value for each of the 

coating layers, in where the material coefficient is calculated from calibration data. 

The material coefficients can be calculated using the calculator on tab (2) 

Calibration coefficient calculator. These need to be calculated using calibration data 

the first time a material is used, as it is material dependent, but once the coefficient 

is known for a particular material it will be the same for any other simulation and 

any other set of parameters. 

5.2.2.  (2) Calibration coefficient calculator 

The Calibration coefficient calculator is a tool that needs to be used the first 

time a new material must be simulated. By using some calibration data obtained from 

simple experiments, it provides a coefficient that represents the mechanical 

properties of the material. This coefficient is a unitless metric that determines the 

relation between the energy that is focused against the material and the removal rate 

achieved, so it is independent of machining parameters and type of jet (e.g. single, 

four jet, fan jet nozzle etc.), and will be representative for any conditions. 

Furthermore, as each material has its own independent coefficient, it will allow to 

consider coatings with many layers, and calculate the material removal depending 

on the energy arriving to each layer and their coefficient. 

To calculate the “material dependent calibration coefficient” the following 

steps will need to be followed in order to generate the required information for the 

calculator: 
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1. To begin with, a straight single jet trench with known machining 

parameters needs to be milled in the material to be analysed with PWJ 

machine. It is important to ensure that the full depth of the trench is 

performed in a uniform area throughout the thickness of the material. 

2. The parameters used to carry out the trench need to be introduced in 

the “machining parameters” section of the software: water jet pressure 

(P), Stand of Distance (SoD), translational velocity of the jet (Vt) and 

the diameter of the nozzle. 

3. The “trench depth” of each material needs to be measured by direct 

measurement, (i.e. by preparing a micrograph and measuring in a 

microscope or by scanning the surface with a surface scanner), and the 

value of the deepest point of the trench has to be set in the “measured 

value" section (see Figure 67). 

 
Figure 68: Definition of the trench depth that needs to be measured for the 

calibration. 

4. Finally, clicking on the “Calculate” button of each coating layer the 

“material dependent coefficient” is calculated. When doing this the 

value will be automatically saved in the corresponding square of the 

“(1.4) Definition of the material layers” section from the “(1) Input 

parameters” tab. 
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Figure 69: Representation of tab number 2: Calibration coefficient calculator to calculate the 

material dependent coefficient for each layer from calibration data obtained from a single jet 

trench. The procedure for the calculation is also presented, together with a representative picture 

of the layers and the trench. 

By using this tool, a library could be created containing the coefficients of all 

the used coating materials. If these values are recorded, in the future no more 

calibration tests will be needed for known materials and they could be used for any 

machining conditions. 

To make the software more accessible to new users, information pop-ups 

(Figure 70) have been implemented that appear when a figure is clicked so it explains 

the meaning of the image. 

 
Figure 70: Example of a pop-up that appears when the user clicks on an image, with an 

explanatory description of what is shown in the figure. 

Furthermore, a small button with a question mark (Figure 71) has also been 

added next to the variables, this will open a pop-up with the description of the 

required parameter. 
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Figure 71: Example of a button with the question mark that is located next to the variable input 

boxes, and the pop-up that appears with a description of the parameter. 

Finally, once all the parameters have been introduced to the software, at the 

bottom of the “(1) Input parameters” page the “Simulate” button can be found 

(Figure 72). Pressing this button will start the calculation process which will take 

some time. To avoid pressing the button many times and show the user that the 

software is working, this button has been set to grey out and the text changed to 

“Calculating…” when pressed. 

 
Figure 72: Simulate button at the bottom of the “Input parameter” tab to run the calculation, and 

the alternative version to show when the program is running. 

5.2.3.  (3) RESULTS – Energy map and milled trench 

The third tab of the software is the first window showing the actual results of 

the simulation and until the simulation is run it does not present any graph. As it can 

be seen in Figure 73 it has two main plots: one for the energy map results on the left, 

and the other for the resultant milled trench.  

The energy map graph presents the raw output from the energy calculations 

that explain the total energy where the jets have passed. It considers the path that the 

waterjet has taken and the resultant energy in Joules (J) that reached each point  

(x, y) of the target surface is calculated. The x and y directions of the plot represent 

the length and width of the sample, while the z axis is the energy value. In this 

example it can be seen that the energy in the middle sections of the trench is higher 

due to the overlapping of the trenches, but this does not yet mean anything (i.e. 
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regarding the effect on the material) as the material properties have not been 

considered.  

The milled trench graph shows the result of applying the energy of the jet onto 

the material properties of the coating and substrate. By using the material coefficients 

and the geometry of the workpiece, it calculates the quantity of material removed 

and the resultant footprint left on the workpiece. This can be considered the raw 

result of the simulation which already represents the behaviour of the workpiece with 

the defined machining conditions, but the readability is very limited. In this particular 

case, it seems that the jet has removed all the material where it passed, but it is very 

hard to assess at first glance if the substrate has been damaged or if small thin patches 

are left.  

 
Figure 73: Representation of tab 3: Resultant preliminary graphs from the total energy calculation 

on the left and the resultant milled trench on the right, with a description of the meaning of both 

plots under them. 

5.2.4.  (4) RESULTS – Understanding coating removal 

In order to have a better understanding of the energy map and milled trench 

results a street light system graph (explained in the section 4.5.) it is calculated. This 

will allow to clearly represent and easily understand the depth of the resultant 

workpiece surfaces. As it is shown in Figure 74, the same data from the previous 
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milled trench has been used but this time the top view has been selected and the 

colour system has been adapted. The blue colour represents the untouched surface, 

so every point around the trench that has not been affected by the water jet has this 

colour. The yellow parts show areas where the coating has not been fully removed. 

In this case it can only be seen at the edges of the trench due to the taper effect so it 

can be considered as valid. Marked in green is the area that has had all the coating 

well removed, and furthermore, as no red segments are seen it can be concluded that 

the substrate has not been damaged. Apart from this, a header on top of the image 

that has considered the values from the graph, also shows a text saying that the 

parameters have given a “Good removal”, confirming what can be seen with the 

colour code. Furthermore, the error allowance for over-removal of the substrate 

material (set by Rolls-Royce) is also shown, which is not changeable as it comes 

from quality limitations but is a necessary piece of information.  

 
Figure 74: Representation of tab 4: Material removal results represented with the street light 

method to clearly identify untouched surface (blue), not fully removed coating (yellow), fully 

cleaned substrate (green) and damaged surface (red). The calculators to estimate the time needed 

to remove the coating from the two most common coated parts are also shown. 

Additionally, this tab also has two more calculation tools that estimate the 

approximate time needed to clean the most common types of workpieces with the 
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selected parameters: a one square meter flat workpiece, and a rounded part with 

dimensions defined by the user. 

5.2.5.  (5) RESULTS (Pockets) – Milled trench and coating removal 

To consider the particular case of the coating removal on the edge of a pocket, 

where the geometry of the workpiece is different and the coating layers thicknesses 

change, an additional tab has been added (Figure 75). This tab requires some more 

inputs to define the sections that determine the geometry of the pocket to be analysed: 

length of section A, slope of section B, radius of section C and the length of section 

D. As the jet will be passing over uncoated parts of the workpiece (section A), the 

velocity at each section can also be adapted to avoid damaging the substrate. This 

page has its own “Simulate” button as it might not be necessary to run it every time, 

but it still considers the parameters from the “Input parameters” tab. For the 

parameters used in the example run see Table 4 and Table 5. 

Table 5: Definition of the parameters used in the calculation of the pocket section in the run 

to show the app as an example. 

Parameter Value Unit 

Length A 15 mm 

Slop section B 30 ̊ 

Radios section C 2.5 mm 

Length D 15 mm 

Continuous velocity 

Vt 600 Mm/min 
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Figure 75: Representation of tab 5, calculation and results of the particular case in where the edge 

of the pocket is studied. 

The results in this page are shown in three ways: an isometric view of the raw 

trench as a preliminary graph, a cross section of the trench to see the geometry of the 

substrate and the coating removal, and finally a top view with the street light system 

together with the text box where the assessment of the removal quality is given. In 

this case the results show that the removal has been well done along the pocket, and 

no damage has been induced to the substrate in either coated or uncoated sections. 

5.2.6.  (6) Unit converter 

The final tab shown in Figure 76 presents a basic unit converter with the main 

units relevant to the model. This tab is organized in four simple sections: pressure, 

translational speed, length and angle and rotational speed. To convert the value has 

to be written in the relevant section and then proceed to calculate.  
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Figure 76: Tab (6) Unit converter with the units relevant to the model organized in four sections: 

pressure, translational speed, length and angles and rotational speed unit converters. 

Finally, once that the simulation is finished the SW will generate a pdf report 

summarizing the used parameters and the obtained results, so it is easy to keep track 

of all the calculations made.  

5.3. Installation of the software 

To install the SW “MATLAB runtime” is needed which is an official for free 

SW from MATLAB that is specially designed to be able to run MATLAB 

executables without having a MATLAB licence. 

To install the SW an executable with an internal launcher has been created so 

the first time that the SW is executed the MATLAB runtime is installed 

automatically. 

5.4. Discussion on the software’s functionality 

Having an interactive UI provides the user with a tool that is both easy to instal 

and use making the program more approachable for an industrial environment. This 

makes it ready to be used by non-experts that do not need to know the details of the 

coding in order to be able to use the program and understand the results. 
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The model has been tested in a small scale by Rolls Royce users in a factory 

environment and the feedback was positive. The small changes suggested by the 

technicians such as the implementation of a case study for the pocket areas, a 

possibility print or save the results in a pdf document and have a unit conversion 

table where all successfully included. Nonetheless, the model even if it has plans to 

be used in the future in further applications in the company by the time of publishing 

this document it does not have a launch date yet. 

However, while the implementation of a user interface (UI) brings significant 

advantages, it also comes with certain inherent limitations that deserve 

consideration: 

• Limited nozzle addition flexibility: the current UI design does not permit 

the seamless addition of new nozzles directly from the interface itself. In the 

event that a new nozzle type is required, the conventional approach involves 

manual coding of each unique nozzle into the raw codebase. 

• Control over part and mesh sizes: Although adjustments to both part size 

and mesh size are straightforward when directly modifying the raw code, 

these essential parameters are not conveniently accessible through the UI. 

Inadequate selection of these parameters within the UI could potentially lead 

to errors or even an undesirable increase in computational processing time. 

• Capped coating layers: The UI imposes a constraint on the number of 

coating layers that can be applied, limiting the options to a maximum of three 

layers. While this may be enough for many scenarios, certain applications 

might necessitate additional coating layers that, unfortunately, cannot be 

accommodated within the current UI framework. 

• Predefined nozzle path restrictions: The UI's capabilities in defining 

nozzle paths are limited to parallel lines, which is the optimal cleaning path 

for the type of applications addressed in this thesis. However, if future use 

cases demand alternative nozzle path strategies (e.g. zig-zag, spiral milling, 
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etc.) their implementation would have to be made by custom coding within 

the application's codebase. 

• Overlapping trench limitation: To ensure efficient computational 

processing, the UI has been engineered to accommodate a maximum of five 

overlapping trenches. This restriction is essential for maintaining acceptable 

performance levels within reasonable timeframes. 

• Geometric constraints: The geometries available in the UI are a flat plate 

and a concave or convex surface. If a different shape needs to be analysed 

(e.g. spherical, parabola, slope or even a free form) it would require to be 

included from the raw code. 

As part of a proposal of future work, conducting a user conformability test is 

encouraged, ensuring that any necessary improvements to the UI features are 

identified and addressed.  

5.5. Concluding remarks 

This chapter describes the implementation of a user’s friendly interface to the 

model developed in Chapter 4. This is necessary in order to be able to use the model 

in an efficient way in an industrial environment. The highlights of the applications 

are described as follow: 

• The app is design to be able to choose between a four jet and fan rotational 

nozzle head, flat or curved samples that could be cleaned from the inside 

or outside and to choose if a single trench or multiple trenches will be 

simulated with different degrees of overlapping. 

• The software has an attractive design that guides the user step by step 

through the tabs that are organized in a sequential order: the input 

parameters are required in the first place, followed by the presentation of 

the results and the particular case is shown at the end.  
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• Elements that help the user navigate the application have also been 

implemented in the SW such as the descriptions in the questions marks 

and further details when clicking the images. These elements help make 

the interface more accessible. 

• The overall results of the simulation (i.e. the energy map as well as the 

milled trench) are showed in the UI app. However, for an easier 

interpretation of the results, these are shown with a four colour system 

that indicates if the coating has been fully or partially removed or if the 

substrate has been damaged. Moreover, a feature that calculates the time 

to clean a 1 m2 plate as well as defined dimension rounded part has also 

been included. 

• The option to generate an automatic pdf report is asked. Thanks to this is 

easy to keep track of the performed simulations over the time. 

• Finally, while the UI implementation offers numerous benefits, it 

presents certain limitations too: new nozzle addition requires manual 

coding, part and mesh size adjustments are only feasible through raw 

code modification, a maximum of three coating layers are allowed, nozzle 

path options are restricted to parallel lines, five overlapping trenches is 

the computational limit, and the UI confines analysis to specific 

geometric shapes, necessitating manual code inclusion for more diverse 

shapes. As future work, user conformability test is encouraged, ensuring 

that any necessary improvements to the UI features are identified and 

addressed. 

 



 

Chapter 6 

6. Assessment of material removal capabilities 

of the developed mathematical model  

A model is only valid if it is proven to be representative of what is 

observed in the real life tests. In this chapter the validation of the 

mathematical model is demonstrated using both nozzle heads in 

test samples. Afterwards, to prove it in a real case application in 

an industrial environment, a test that consists in successfully 

cleaning a combustion chamber with coating strips in Rolls-Royce 

facilities is described.  Finally, a study in order to further 

understand the material removal mechanism is discussed. 
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6.1. Mathematical model validation in a controlled sample 

To ensure an accurate simulation of the model a small scale validation has been 

done for both rotational nozzles (i.e. rotational four jet and fan nozzles) in controlled 

samples. For this the simulated data from the model and trenches performed in the 

University of Nottingham 3 axis micro waterjet from WATERjet AG have been 

compared. 

6.1.1. Four jet rotational nozzle head model validation 

In the particular case of the four head rotary nozzle, the chosen workpiece 

material for the model validation is a square piece of 150×150 mm with a 100 mm 

curvature radius. It is covered in a coating formed by two different material layers 

plus the substrate, shown in Figure 77. The aim of the procedure is to remove the 

coating layers without damaging the substrate. In this case, as no abrasives have been 

used k (i.e. sensitivity of the target material to the erosion tool, equation (19)) is 

assumed to be 1.  

 
Figure 77: Experimental setup and description of the geometry and material details of the coating 

and the substrate of the trial material. 

The relationship between the maximum eroded depth and the energy at this 

point (C) (see (24)), has been calibrated for each material by milling a single straight 

trench at a constant P of 300 MPa and 20 mm SoD and a fast vt of 1020 mm/min. 

𝐶 =
𝐸𝑠𝑝𝑎𝑐𝑒(𝑟)𝑎

1

𝑈(𝑟)
⁄  

(24) 

For which:                   𝑟 = 0 → 𝑈 = 𝑈𝑚𝑎𝑥 

Knowing the maximum energy and depth at these conditions, which for a 

straight trench will be at the centre, the material dependent C value is obtained for 
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each material layer of the coating system. As it is a PW system the value will be 

constant for any speed. The characteristics of the material coating layers and its 

coefficients are presented in Table 6. 

Table 6: Description of the properties of each of the materials used in the model validation 

example. 

Layer Material Thickness (mm) C 

Top coat Thermally sprayed AlSi 6 0.27 

Bond coat Thermally sprayed Ni ally 0.15 0.02 

Substrate Ti alloy 2 4.3×10-6 

The four jet rotational nozzle head rotates around its z axis (rotational position 

defined by (β) and is based on the angular velocity (α) and is moving at a translational 

speed (vt) in x direction. The combination between the translational (vt) and rotational 

(vr) speeds will define the resulting trajectory (equation (25)), but also the 

overlapping points (see Figure 78) generated by crossing the jet paths, which is a key 

indicator to ensure the desired removal ratio (e.g. if the relation is not correct, 

unremoved material will be present). 

{
𝑋𝑖

𝑌𝑖

𝑍𝑖

} = {
R𝑖  cos 𝛽
R𝑖  sin 𝛽

0

} + {
𝑣𝑡  𝑡

0
𝑆𝑂𝐷

} 

(25) 

For which:      𝛽 = 𝛼 + 𝑛𝑖𝛾             𝛼 = 𝑣𝑟 𝑡           𝛾 = 2𝜋
𝑛⁄  

As for the experiments, the milled trenches have been carried out at a pump 

pressure (P) of 300 MPa, a rotational speed (vr) 1500 rpm and a SoD of 20 mm as 

the minimum height. The tests had been carried up out in a three-axis micro waterjet 

machine (Waterjet AG, Switzerland) equipped with a high pressure pump  

(Pmax 400 MPa). The tests included a sweep of transversal velocities (vt), from  

60 mm/min to 1020 mm/min, in 16 equidistant steps of 5 mm. Moreover, a rotational 

multiple plain water jet nozzle (AQUARESE) has been used with the set up and 

nozzle geometry specified in the Figure 78. The simulated trenches have been 

modelled in MATLAB while the milled trenches were analysed on a surface scanner 
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(Alicona G4). Energy Dispersive X-Ray (EDX) analysis has been performed in a 

Scanning Electron Microscope (FEI Quanta600 MLA SEM). 

 
 

Figure 78: Experimental setup showing the four jets nozzle head, the two layers coated annular 

component and the trajectories of the centres of the four rotational nozzles caused by a linear 

movement of the head. 

To compare and validate the proposed model with the milled trenches, three 

distinct speeds have been selected. These velocities include a deliberately slow speed 

(vt = 60 mm/min), known for excessive milling, a moderate speed (vt = 660 mm/min) 

anticipated for optimal milling, and a notably fast speed (vt = 1200 mm/min) 

expected to result in not enough material removal for optimal milling. These choices 

ensure that the proposed model's performance can be thoroughly compared and 

validated against milled trenches, offering a full representation of potential 

outcomes.  

On the one hand, the mathematical model has been run using the UI described 

in chapter 5. As a new material has been milled the “material dependent calibration 
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coefficient" had to be calculated first (i.e. Cm and Km described in chapter 4), which 

is to say, the calibration of the model with the material of interest was performed. 

Firstly, a precisely fabricated single jet trench was generated within the material of 

interest using the three axis Water Jet uniformly across the material's thickness. The 

distinct parameters utilized for the trench, encompassing water jet pressure (P), 

Stand of Distance (SoD), translational jet velocity (vt), and nozzle diameter, are 

considered as well as the depth of the trench is directly measured using the surface 

scanner to obtain the utmost depth point of the trench. These parameters are used to 

calculate the etching rate (U), described in equation (19). In the UI these parameters 

are recorded in the “machining parameters” and “measured values” tab and 

ultimately obtained upon activating the "Calculate" function for each coating layer. 

This resulting value is then automatically recorded in the corresponding location 

within the segment designated as "Definition of the material layers" under the "Input 

parameters" category. 

On the other hand the plot for the real trench is obtained from an averaging of 

200 profiles obtained from a 5 mm trench, and both the maximum and minimum 

values are considered (i.e. it encompasses the whole experimental area). Both the 

modelled and experimental trenched are compared in Figure 79. 

Considering that water jet milling is a time dependent process, a faster speed 

means that less energy will reach the surface of the target and hence the etching rate 

will be lower. The comparison between a simulated and experimental trench at  

vt = 60 mm/min is carried out in Figure 79a. At this milling speed the coating layers 

have not been fully removed from the substrate. The unremoved coating in the centre 

is caused by the fast milling transversal velocity that prevents to have enough 

overlapping points to remove all the coating, which the model is able to predict with 

a 0.28 mm (4.5 %) of error maximum on the unremoved coating areas and 0.07 mm 

(1.2 %) in the cleaned ones. On the other hand, the unremoved coating in the corners 

is due to the lack of energy to remove the coating but also caused by the additional 

removal mechanism (e.g. crack growth); at this point the error gets up to 27 %. At 
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vt = 660 mm/min (Figure 79b) there are no residues in the centre of the trench but 

still some in the corners; as the model also suggests. In the areas where the coating 

is fully removed the maximum error is as in vt = 1020 mm/min whereas in the 

unremoved coating areas the prediction error decreases to 0.19 mm (3.1 %). Finally, 

the comparison of the profiles at lowest speed is shown at Figure 79c and at these 

conditions the coating layers are fully removed without damaging the substrate with 

a maximum error of 0.08 mm (1.3 %). 

 
Figure 79: Comparison of the simulated and the milled trench at a range of transversal velocities 

(vt): a) 1020 mm/min, b) 660 mm/min c) 60 mm/min. 

For a better identification of the unremoved coating and to ensure no damage 

of the substrate, the 3D scanned and predicted surface of the slowest trench at  

vt = 60 mm/min and the fastest one at vt = 1020 mm/min are compared (Figure 80). 

The first one (i.e. left) shows a perfectly cleaned surface with a clear division 

between the untouched coating and the substrate as seen in the EDX. For the  

vt = 1020 mm/min milled trenches (i.e. right) bond coat residues are not fully 

removed. In the EDX map is demonstrated that on the edges of the trench, as 

predicted in the model, a 0.48 µm band bond coat is unremoved whereas in the centre 

bond coat islands are still present. 



6. Assessment of material removal capabilities of the developed mathematical model 

128 

 

 

Figure 80: Comparison between two example trenches one at vt = 60 mm/min, in order to 

ensure a full cleaning of the trench and the other at vt = 1020 mm/min to show the accuracy of the 

model when predicting preserved coating bits along the trench. The experimental and simulated 

trenches are shown, as well as EDX analysis to identify the coating layer and zones where it has not 

been removed. 

6.1.2. Fan jet nozzle model validation 

For the validation of the fan rotary nozzle head a different approach has been 

considered in order to prove other aspects of the model.  In contrast to the validation 

of the four jet nozzle in this case the sample chosen for analysis it has been the edge 

of a pocket in where at the beginning of the trench there is just substrate and then, 

due to the nature of the geometry, it evolves into a coated surface, with the layers 

parallel to the surface. This samples were obtained from a 1 m diameter ring from 

the rotor casing, but as the aim was to validate the model with as much parameter 

combinations as possible the milled trenches have been  performed in the in the axial 

direction, hence it is considered to be a straight trench, see Figure 81. As the 

materials involved are the same as the ones shown in Table 6 the material coefficients 

do not need to be calculated again. 
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Figure 81: Definition of the geometry of the tests samples as well as the tests set up for the small 

scale validation of the fan jet rotational nozzle head in pocket samples. 

The test results are shows in three different ways:  

1) Scan of the milled trench: this is the surface scan obtained with the multi 

focus scanner (Alicona G4) and post processed in Mountains Map from 

the real milled sample. To understand this graph close attention has to be 

put to the geometry. These pictures show a trench milled in the edge of a 

pocket. Untouched material can be appreciated in the edges but the 

middle section is clear. In this area, where the coating material has been 

removed, the pocket geometry is clearly identified, with the naked 

substrate at the back, and then towards the front, the pocket with its 

characteristic geometry: a slope, radius and finally a flat area in where 

the coating used to be sitting parallel to the substrate before being 

removed. Depending on the milling parameters good and bad removals 

can be identified by considering the surface quality. If marks are 

identified in the centre of the trench, then damage has been induced to the 

substrate whereas if coating blotches are left in the edge of the trench then 

the coating has not been fully removed.  
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2) Modelled trench: this graph shows the resultant milled trench calculated 

by the model which is explained in section 4.3.4. This is the actual result 

of the simulation, however, in some cases, due to the representation of 

the mesh sizing, the small variations along the trench, hence the damage 

in the substrate, are hard to visualize. 

3) Model interpretation (top view): this graph, obtained by simulation, is 

the interpretation of the “modelled trench” by using an easy to understand 

colour code based on the street light system explained in section 4.5. This 

helps to better understand the results of the “modelled trench” as the 

discontinuities along the milled trench are highlighted. The colours in the 

plot mean the following: i) blue untouched surface, ii) yellow not fully 

removed coating, iii) red damaged substrate, iv) blue good removal. 

 Overall, the analysis has been focused in three different machining parameters 

in order to study their separate effect: the translational velocity, the pump pressure 

and the overlapping separation when milling multiple trenches.  

a) Effect of the translational velocity 

First of all, the influence of the translational velocity in the milling result has 

been studied by milling trenches at three different vt: 100, 1000 and 4000 mm/min. 

For these tests the following parameters have been kept constant: P 3500 bar,  

vr 1500 rpm, SoD 20 mm in a single trench. The obtained results are shown in Figure 

82. 
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Figure 82: Study of the translational velocity comparing 100, 1000 and 4000 mm/min trenches in 

where the results are presented as a scan of the milled trench, modelled trench and model 

interpretation shown from the top view with the street light system. 

First, a pass at vt = 100 mm/min trench (i.e. the slowest trench) was milled in 

the sample material while a simulation was run with the same parameters. In the scan 

of milled trench, which corresponds to the surface scan of the actual machined 

sample a clear substrate damage can be appreciated. The damage is present in all the 

sections of the pocket: in the section A, which corresponds to naked substrate, as 

well as in the D section which was coated previous to the water jet pass (for further 

terminology clarification visit Figure 58) in where a deep straight cut can be seen in 

the centre of the trench. On the other hand, the modelled trench that was obtained 

from the mathematical model simulation shows the same damage. However, these 

discontinuities are very hard to see in this type of graph, even if they are there, as out 

of the SW context problematic areas cannot be zoomed in to see them more clearly. 

In these cases is where the model interpretation graph comes in handy. This plot 
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represents the top view of the model trench highlighting the relative height between 

what the geometry of the substrate should be, compared to the actual substrate and 

the damage after the process. The model representation shows the same results as 

the milled trench scan: damage in the substrate along all the sections (i.e. red areas), 

hence incorrect set of parameters. This happens because of receiving too much jet 

energy, so it can be concluded that the jet should pass at a slower general translational 

speed. 

As for the vt = 1000 mm/min (i.e. mid speed) slight marks can be seen in the 

scan of milled trench in all the section but these discontinuities are inside the 

deviations allowed by Rolls-Royce: 0.05 mm. Due to this both the modelled trench 

as well as its interpretation represent the parameters as good removal (i.e. no red 

areas). These conditions are okay for a single trench as the substrate, even inside the 

allowed parameters, is starting to wear out, but it should be taken with care if used 

in overlapping trenches in where the jet will pass more than once from the same area. 

Finally the vt = 4000 mm/min (i.e. fastest trench) is shown as both milled and 

modelled trench. In the scan milled trench areas in where the coating has not been 

fully removed are clearly interpreted specially at the edge of the trench. As for the 

modelled trench and its interpretation graph this edge discontinuities are also 

visualized. This is since the machining conditions do not cover all the trench width 

so they will be edges with not enough jet energy received for all the coating to be 

removed. An important aspect seen in this case is that even if the coating has not 

been fully removed, no damage has been induced to the substrate. In conclusion, 

these parameters are valid as they should allow to have multiple passes and 

overlapping to remove all the coating without damaging the workpiece. 

b) Effect of the pressure 

Second, the influence of the pressure in the milling result has been studied by 

milling trenches at four different P: 200, 250, 300 and 350 MPa. For these tests the 
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following parameters have been kept constant: vt: 4000 mm/min, vr 1500 rpm, SoD 

20 mm in a single trench. The obtained results are shown in Figure 83. 

 
Figure 83: Study of the pump pressure comparing 200, 250, 300 and 350 MPa trenches in where 

the results are presented as a scan of the milled trench, modelled trench and model interpretation 

shown from the top view with the street light system. 

In the WJ machine in where the tests were performed the pump pressure ranges 

from 50 to 400 MPa. However, the machine cannot be run at 400 MPa for large 

periods of time for safety reasons so 350 MPa is considered the maximum viable 

pressure of the machine. Ideally, considering that the aim is to remove the coatings 

in the shortest amount of time maximum pump capacity is desired as the energy 
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received by the workpiece would be greater, hence higher removal rate would be 

achieved.  

There is a clear similarity between the scan milled trenches and the modelled 

trench and its interpretation, demonstrating the validation of the model. In this case 

a greater removal can be seen at the increment of pump pressure, observing an 

increase in the fully removed good areas at each interval. The jump between 300 and 

350 MPa is considerable, so it can be considered that at this step the influence of the 

material removal mechanisms comes to play, which will be further discussed in 

section 6.4. 

c) Effect of the overlapping separation 

Finally, the effect of the overlapping separation is studied as it has been learned 

that the optimal set of parameters not to damage the substrate has been to go gentle 

and have multiple passes: 80 % and 55 % of overlapping separation. For these tests 

the following parameters have been kept constant: P: 350 MPa, vt: 4000 mm/min, vr 

1500 rpm and SoD 20 mm. The obtained results are shown in Figure 84. 

 
Figure 84: Study of the separation percentage of the overlapping trenches comparing 80  and 

55 % in where the results are presented as a scan of the milled trench, modelled trench and model 

interpretation shown from the top view with the street light system. 

After having studied the impact of different translational velocities and the 

pressures, the most interesting parameter values have been selected for this analysis: 
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vt = 4000 mm/min and P = 350 MPa. Even if a full removal is not obtained, it gives 

promising results with a considerate coating removal and with no substrate damage, 

which makes this configuration interesting to be analysed in overlapping conditions.  

In order to analyse different overlapping separations, simulations were done at 

a range. From those, the two most representative settings were machined to compare 

the model with the real case: at 80% (sample in Figure 85a) and 55% (sample in 

Figure 85b) separation. As for the 80% of overlapping separation it can be observed 

in both the milled trench scan and in the simulated models that the separation is too 

wide to ensure a full coating removal and that traces are left all over the area. 

However, when reducing the separation to the 55 %, a clean surface with no damage 

can be observed in all the cases demonstrating the ideal coating removal parameters 

as well as proving the validity of the model to predict the coating removal accurately. 

 
Figure 85: Photograph of the samples after coating removal at P: 350 MPa, vt: 4000 mm/min, vr 

1500 rpm, SoD 20 mm and a) 55 % of overlapping separation between trenches and b) at 80 %. 

6.2. Proposal of the most suitable parameters for the studied materials 

After analysing the multiple milled and simulated trenches the following 

statements are concluded about the effect of the machining parameters in the trench 

generation. Overall, more than one set of parameters are valid for coating removal 

with no damage to the substrate. This is because when multiple parameters are on 

the play a balance between them should be achieved. This said, the ideal set of 

parameters will be those which fulfil the objective in the fastest way possible 

considering the limitations of the available equipment.  
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• Nozzle: Both nozzles have demonstrated to be accurately represented by 

the developed mathematical model. The four jet rotary nozzle works better 

for softer materials as it is gentler, and it ensures a full removal with no 

substrate damage whereas the fan nozzle is more aggressive which will be 

too harsh in soft coatings but achieves a good removal in harder ones.   

• Pressure (P): The pump pressure affects to the trench depth; more pressure 

leads to higher energy reaching the workpiece which ends with a higher 

material removal. This is also the most unstable parameter; the pump needs 

time to stabilize before the beginning of each test, so this needs to be kept 

constant during all the machining process. In the UoN WJ machine the 

highest pressure set (350 MPa) was still not enough for substrate damage 

if the rest of the parameters are adequately tuned for the studied materials. 

• Stand of distance (SoD): Higher the SoD wider the trench will be as the 

taper effect will be more noticeable, hence faster removal rate. However, 

when going too far the jet becomes unstable and the removal more 

unpredictable. After analysing the high speed camera recordings of the 

nozzle heads this parameter was set in 20 mm as it shows a good valance 

in this area (see section 4.2.2). 

• Rotational velocity (Vr): This was selected after the manufacturer 

recommendation and it was set at 1500 rpm for all the tests. The balance 

between vr and vt for trench coverage was achieved by adapting the vt. 

• Translational velocity (Vt): This is a key parameter as is the value that 

influences the outcome result the most. Slower the vt, higher the energy 

that the workpiece will receive resulting in a greater removal rate but 

demanding a longer machining time for the same area. For this the fastest 

translational velocity as possible is desired. After the performed tests it has 

been observed that 4000 mm/min for the analysed material, in combination 
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with the rest of the already set parameters, works the best for the UoN WJ 

machine. 

• Overlapping separation: This set will also greatly influence in the final 

machining time as it has a direct effect in how many passes are needed to 

cover the full surface. Too many or too little overlapping separation in the 

same area with set machining parameters will lead to over or under 

cleaning.  

6.3. Industrial validation in the Rolls-Royce PWJ machine 

Finally, the model has been tested in situ in Rolls-Royce installation in Derby. 

For the test a compressor casing has been chosen. Considering the limited material 

and time access to the machine there were performed three trench at various 

machining conditions: 

• Trench 1: Usual Rolls-Royce parameters chosen by experience and 

proven to work fine over the years. 

• Trench 2: Parameters defined by the model in where a good removal is 

expected. 

• Trench 3: Parameters defined by the model in where too much material 

is removed and the substrate is predicted to be damaged. 

The parameters used in each of the trench are described in Table 7 and the 

coating materials are the ones described in Table 6. 

Table 7: Definition of the parameters used at Rolls-Royce WJ machine in order to prove the material 

removal prediction capabilities of the developed model. 

Trench P (MPa) 
Vt 

(mm/min) 
Vr (rpm) 

Overlapping 

separation (%) 
SoD (mm) 

1 241 6220 1500 75 % 12 

2 350 4000 1500 55 % 20 

3 300 500 1500 80 % 20 



6. Assessment of material removal capabilities of the developed mathematical model 

138 

 

Figure 86 shows the set up used in the Rolls-Royce Derby water jet machine 

as well as the workpiece material used in the tests. This WJ machine is a full cabin 

in where parts are entirely introduced and are fixed to the rotary base of the machine 

with a pump pressure that reaches 600 MPa in contrast to the 400 MPa of the UoN 

WJ machine. In this case the part itself is the one that rotates and the water jet head 

with the nozzle, that is equipped with a fan jet constantly kept at a 20 mm SoD, stays 

stationary in x and y while it goes from the top of the part to the bottom in the z axis. 

The combination of these two movements creates a spiral that will ensure the full 

coverage of the inside of the part. The combination of the rotational speed of the part 

and the z axis speed of the head will be equivalent to the combination of the 

translational speed and overlapping separation in the model, the number of rounds 

will be equivalent to the number of passes. In this document everything will be 

presented in the model nomenclature to maintain the consistency. 

 The objectives of these tests are, to evaluate how accurately the model can 

predict the coating removal of a real case scenario, as well as to assess how well the 

jet can do the machining depending on the parameters considered. These studies will 

be done by comparing the three sets of configurations previously explained to 

generate three different trenches. 

The first experiment was done with the parameters that Rolls-Royce generally 

uses to remove the coatings. These values come from previous experience and only 

have experimental results for their justification.  

 



6. Assessment of material removal capabilities of the developed mathematical model 

139 

 

 
Figure 86: Description of the Rolls-Royce water jet machine tests set up in where a) the mounted 

casing inside the machine is showcased as well as the WJ nozzle head, b) the attachment of the 

casing to the rotary base and c) the representation of the coating steeps to be removed are shown.  

  As it can be seen in Figure 87, both the mathematical simulations and the 

measured results show that at these machining conditions the coating is fully 

removed. However, if close attention is paid to Figure 87, some stripping lines can 

be identified. These are not problematic as they fit within the allowances for the 

process, but still mean that the substrate is being affected and the parameters are 

harsh. Furthermore, if these parameters are used several times in the lifetime of a 

part, it cannot be ensured that the substrate will not be affected in the long term. 

Nevertheless, the model can accurately predict the result of the machined surface 

with an average error of 2.2%, and the parameters achieve the fastest processing 

time. 
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Figure 87: Study of the milling of the workpiece using the original parameters that Rolls-Royce 

uses for the process: a) modelled trench obtained from the mathematical model, b) top view 

representation of the modelled surface, c) picture of the cleaned surface showing the stripping 

lines, d) comparison of the measured and the modelled trenches with the error between them. 

The parameters selected for the second experiment were taken from the 

simulations done with the software which had also been validated at the UoN WJ. 

The machine from Rolls-Royce being slightly different, these might not be the ideal 

parameters for this WJ, as having a higher pump pressure would enable a faster 

approach. However, these parameters will still allow to prove if the predictions of 

the model match the real machining results. 

As shown in Figure 88, the results from the mathematical model and the 

measurements show a full cleaning of the part with no apparent discontinuities. Even 

if the configuration is slower than the previous, no stripping marks can be identified 

which ensures that the substrate has not been damaged. Furthermore, this should 

allow having more iterations in the re-coating of the workpiece without 

compromising its quality. The results of the model are able to predict the geometry 

of the trench with an accuracy of 4% at the edges and 2.8% in the middle, as when 

the full coating is removed the difference is minimum. 
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Figure 88: Study of the milling of the workpiece using the new proposed parameters for a 

controlled milling and reduce the damage of the substrate: a) modelled trench obtained from the 

mathematical model, b) top view representation of the modelled surface, c) picture of the cleaned 

surface, d) comparison of the measured and the modelled trenches with the error between them. 

Finally, the third test was done selecting parameters that according to the 

model should give a bad removal (i.e. damaged substrate) as a result. This was done 

to validate that the model can predict when the machining conditions are too harsh, 

and to prove the accuracy of it against a real case.  

The results presented in Figure 89 clearly show a segment of the trench which 

goes deeper than the required to remove the coating. In both the model and the real 

measurements, this happens at the middle section, which could be a result of the 

overlapping between passes. Having too much energy because of the low 

translational speed, passing more than once over the same area removes too much 

material damaging the substrate and creating that geometry. Moreover, the accuracy 

of the model has been further validated, as it shows the full removal of the coating 

at the edges with an accuracy of 0.26%, while the prediction at the middle, where the 

damage has been done, the error increases to a 0.8%. 
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Figure 89: Study of the milling of the workpiece using parameters that should damage the 

workpiece to validate the predictability achieved using the model: a) modelled trench obtained 

from the mathematical model, b) top view representation of the modelled surface with the damage 

in red, c) picture of the cleaned surface with the damage induced, d) comparison of the measured 

and the modelled trenches, showing the damage and with the error between them. 

6.4. Understanding of the material removal mechanisms 

One of the topics that arises from the validation of mathematical model was: 

How is the material removed from the samples to generate the trench? In this thesis, 

the author proposes a hypothesis suggesting that under high pressure, water 

infiltrates the cracks within an imperfect material's structure. This infiltration plays 

a role in unforeseen crack propagation, ultimately culminating in the failure of 

specific material zones. 

 As coatings are generally applied using methods such as air plasma spray, this 

generates a very heterogeneous material with a variety of discontinuities throughout 

the structure (e.g. voids, cracks, pores…) [118]. These imperfections in material can 

act as stress concentration points. Under mechanical loading, stress tends to 

concentrate around these imperfections, potentially initiating crack formation. 

Another weak point in coatings is the union between layers, as the bonding between 

materials is usually more fragile than the material on its own, making it another very 

natural place for cracks to grow. When high pressure water goes into these features, 
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it opens them even more propagating the cracks and breaking the material. Moreover, 

high pressure can have significant effects on materials, it can alter the physical 

properties and their behaviour (e.g. phase transformation), potentially making them 

more susceptible to cracking and failure [119]. The presence of water can affect 

material properties by causing swelling, corrosion, or promoting chemical reactions.  

The stochastic nature of materials introduces a level of unpredictability and 

variability in their behaviour. Considering the presented hypothesis, this 

stochasticity can contribute to a discrepancy between the theoretical predictions of 

the model and the actual characteristics observed in real-world milled trenches. 

While the model attempts to predict the material removal behaviour when 

being milled with a high pressure water jet and considers the physical interactions 

between the jet and the material in a level that it has been proved that the model 

works, there are still many factors (e.g water infiltration, and crack propagation on 

material failure, etc.) that have not been considered. The complexity of real materials 

introduces numerous factors that may not be fully captured by the theoretical 

framework and hence, the model does not accurately represent the intricate interplay 

between the material's microstructure, the unique distribution of imperfections 

within it, and the diverse ways in which water can infiltrate and interact with these 

imperfections. A visual representation of the proposed hypothesis is shown in the 

Figure 90. 
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Figure 90: Visual representation of the theory of how the edge of the trenches after passing a 

milling trench are expected to be removed vs how it actually gets removed. 

To prove this hypothesis, some trenches have been milled in air plasma sprayed 

TBCs as the nature of the structure of these coating makes it easier to identify the 

previously described phenomena. The cross section of the microstructure of the 

samples have been analysed in an SEM (Figure 91) after cutting, mounting and 

polishing the samples. 

As suggested, the figures showcase the effect of the cracks can be seen in the 

material removal mechanisms. In Figure 91a, the effect of the growth of a crack can 

be identified, which lead to the breakage of the material creating a straight vertical 

fracture. Furthermore, Figure 91b visualizes a crack being generated between the 

substrate and the bond coat, while the top coat is missing. The top of the trench 

having a flat geometry suggests that the top coating has been removed due to a crack 

as it does not follow the shape of the trench. The image on Figure 91c also proves 

that the material removal mechanism depends on the cracks, as a gap that does not 

follow the trench geometry can be identified, whereas it follows the direction of a 

crack. 

 Finally, Figure 91d shows clear cracks between layers (bond coat-top coat and 

substrate-bond coat), which are a visible consequence of the milling process with the 

high pressure water jet. In conclusion, the study done with the SEM at the cross 

section of the samples explains why sometimes the model and the real trenches 
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mismatch at the very edges, reducing the accuracy of the mathematical model as this 

effect is unpredictable.  

 
Figure 91: SEM pictures showing the different cracks generated on the sample after the waterjet 

milling: a) material removal due to a crack formation, b) example of a crack between the substrate 

and the bond coat, c) gap generated on the top coat of the sample due to crack and d) cracks 

generated between layers at the substrate-bond coat, and top coat-bond coat. 

Finally, a comparison has been done to see the difference between a sample 

processed using adequate milling parameters and another that had been damaged by 

the waterjet. As seen in Figure 92a, the damage induced to the substrate can be 

clearly identified in the middle of the trench using both an EDX and SEM analysis. 

On the other hand, Figure 92b shows how a not full removal looks with coating 

material being left on top of the substrate. 
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Figure 92: Pictures from the SEM and EDX analysis to compare machining parameters that leads 

to too much removal and as a consequence substrate damage and too little removal which implies 

coating left behind.  

6.5. Concluding remarks 

This chapter presents the validation the mathematical model presented by 

comparing the predictions with the results of real milling of coated samples. Two 

types of nozzles will be tested at different parameters (i.e. translational speed, 

pressure and overlapping separation) to evaluate and understand the effect of each in 

the material removal. The main conclusions drawn from this work are as follow: 

• The tests done with the four jet rotational nozzle proved that the density 

of the overlapped jet footprints depends on the kinematic of the process 

(i.e. ratio between the rotational and translational speeds) which could 

result in a non-uniform eroded patch. The model can predict such 

discrepancies (i.e. unremoved coatings) at good accuracy, max. 4.5% in 

the middle and 27% at the edges of the trenches respectively; increased 

error in the latter case is related to secondary effects of the process (e.g. 
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secondary material cracking). Nevertheless, non-uniform eroded patches 

is not the scope of the coating removal process, hence, it is considered 

that model predictions are acceptable in this working scenario. 

• The consistency of the coating removal has been demonstrated by the use 

of SEM and EDX material analysis proving that the kinematics and the 

multiple jet footprints can be optimized by the model, so that components 

with no coating residual on the substrate are obtained. 

• From the experiments done with the fan nozzle it can be concluded that 

in some cases, it is preferable to use a lower pressure and higher 

translational speed, even if not all the coating is removed, to ensure that 

no damage is done to the substrate. By controlling the overlapping 

separation, a good removal of the coating can be achieved while the 

pressure and translational speed are far from critical values that could ruin 

the sample.  

• The importance of the model interpretation using the street light system 

has also been validated, as in some cases it is not possible to visualize the 

damage in the original modelled due to the scale of the graph. By 

separating the depths into contrasting colours, the different segments of 

the trench are highlighted and easily identified. 

• The experiments performed at Rolls-Royce showed that the parameters 

they used are valid, but still generate some stripping on the workpiece, 

which even if it is in the allowed damage range, could potentially be 

detrimental in the long term.   For that reason, some new parameters 

obtained from the mathematical model have been proposed and tested, 

showing a better result without any damage on the workpiece. 

Furthermore, the model has been validated to be able to predict when 

some parameters will not be valid, by relating the model with real case 

experiments with a maximum error of 4%. 
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• Finally, a theory for the material removal mechanism has been proposed 

and proven via EDX and SEM analysis. By studying the results of the 

trenches done with the waterjet, it has been confirmed that due to the 

heterogeneities of the coating material, cracks grow at the edges breaking 

the material from there. That explains why in some cases the model and 

the real trenches have differences, as this behaviour is not predictable, 

and hence cannot be implemented into the mathematical model. 

 



 

Chapter 7 

7. Comparison between high (PWJ) and low 

(nanoindentation) strain impact in YSZ: 

Case study 

This chapter describes a case study to understand the material 

removal mechanisms generated by the jet of a WJ machine when 

impacting the target material at high pressure. For this, one of the 

most used materials in aerospace coatings has been chosen: Yttria 

Stabilized Zirconia (YSZ) is generally used as the top coat on the 

so called Thermal Barrier Coatings (TBC). To carry out this 

analysis, Raman spectroscopy, TEM analysis and different strain 

rate nanoindentations have been performed. 
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7.1. Introduction 

After developing the mathematical model for coating removal, with the aim of 

understanding the differences observed between the model and the machined 

surfaces, a material removal mechanism analysis has been done in the previous 

chapter. Based on this, and with the aim of further developing the understanding of 

the material removal mechanisms that are involved in the direct impact of the jet on 

the workpiece, the following case study has been proposed: the effect of high strain 

rate impact in Yttria Stabilized Zirconia. 

On the one hand, the first instinct would be to examine the substrate material 

following its interaction with the waterjet, as it constitutes the resulting entity. 

However, this is just a simple metal with no relative interest. On the other hand, the 

literature review has revealed that YSZ can have a phase transformation when 

impacted at high speeds, which is an interesting topic for study. Considering that this 

could have repercussion on the material removal mechanism, it would fill the 

research gap opened in the previous chapter. For this reason, the study has been 

focused on the top layer of the workpiece.  

Yttria stabilized zirconia (6-8YSZ) is widely used as a top coat in Thermal 

Barrier Coatings (TBCs) to protect metallic substrates. These coatings are exposed 

to severe high strain rate fields along their life, for example during the impact of 

debris happening in service or during coating removal in repair processes. In this 

work we use a water jet and high strain rate nanoindentation to understand how the 

behaviour at a small scale of 8YSZ depends on the strain rate (from 10-3 to 108 s-1). 

We observe how at extremely high strain rates (106 - 108 s-1) the material suffers 

from a brittle-dominated failure which induces localized phase transformation. At 

lower strain rates (10-3 - 1 s-1), plasticity dominates, and phase transformation is not 

observed. 

For future approaches, it would hold significant appeal to continue studying 

the impact of the waterjet at high speeds on different coating materials and especially 
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on substrates generally used in aerospace. This would aim towards the goal of having 

a full understanding of the impact of the waterjet at high velocities into the target 

material, and its effect in the material removal mechanisms.  

7.1.1. Understanding of YSZ and its response to high strain impact 

Zirconia is a remarkable material for high temperature or harsh environment 

applications. This is due to its high melting point (2680°C), low thermal conductivity 

and high resistance to chemical attacks. There are three polymorphic modifications 

of zirconia oxide (ZrO2): monoclinic (m), tetragonal (t) and cubic (c). The usual 

transformation of these phases goes from monoclinic at room temperature and 

atmospheric pressure, to tetragonal by martensitic transformation (Tm) at 1170°C and 

to cubic at 2370°C until its melting point at 2690°C [120], [121]. 

The polymorphic transformation of ZrO2 from tetragonal to monoclinic, when 

cooling below ~ 950°C, comes with a volume change of ~4% due to a diffusionless 

martensitic transformation to accommodate the Zr ions from an 8 to 7 fold 

coordination system [26], [122]. When cooling this creates a strain of ~1.5%, that 

occurs below the ductile to brittle transformation temperature [23], which leads to 

cracking, and consequently, to premature failure of the material [123] 

On the other hand, the compressive stresses generated by the volume change 

when the zirconia undergoes the t → m martensitic transformation, can be used as 

transformation toughening if this is done in a controlled manner [124]. If the material 

has undergone transformation toughening, and cracks are generated under 

mechanical load, the compressive forces will close them, preventing their 

propagation and avoiding material failure. Due to this phenomena a material with 

high toughness, which is capable of dissipating energy under stress, and with a high 

fracture resistance is created [125]. 

 



7. Analysis of a high strain rate impact in YSZ: Case study 

152 

 

One way of controlling the behaviour of Zirconia to achieve the required 

properties for each application is to add small quantities of oxides (e.g. Y2O3, CaO, 

MgO) [18] to partially or fully stabilize it [126]. Yttria (Y2O3) is one of the most 

effective stabilizers to avoid the transformation to a monoclinic (m) state [127] which 

enables the high temperature tetragonal (t) or cubic (c) phases to be stable at room 

temperature [29]. In the process, Zr4+ ions are randomly replaced by Y3+ ions which 

are slightly larger (i.e. 0.96 Å Y3+ and 0.84 Å Zr4+) while the trivalent Y3+ ions 

induces O2- oxygen vacancies in the ZrO2 structure that is built up by Zr4+ tetravalent 

ions. The introduction of oxygen vacancies reduces the fold coordination number of 

the zirconia from 8 to <8 at high temperature, hence preventing it from undergoing 

a t → m transformation when cooling down [26]. 

Adding different percentages of yttria produces materials with distinct 

properties, making them appropriate for specific applications. Yttria Stabilized 

Zirconia (YSZ) with a 6-8 wt% of Y2O3 is widely used as a top layer in Thermal 

Barrier Coatings (TBCs) to enhance the performance of metallic components of jet 

engines at temperatures well above their melting point [128], [129]. 8 wt% of Yttria 

is considered a metastable phase with a tetragonal structure [102]. It would take  

9 wt% Yttria to be fully stabilized, whose crystallographic structure is normally 

presented as cubic [121]. Having the right proportion of Y2O3 is key to obtain the 

high thermal expansion coefficient, good thermal shock resistance and good 

chemical stability required for TBCs. Increasing the amount of Y2O3 to obtain a fully 

stabilized YSZ would help with the thermal stability but would make the material 

more brittle and prone to cracking under mechanical stress [130]. With 8YSZ a good 

balance of desired properties is achieved, but its fracture toughness tends to be on 

the lower side, approaching values similar to the monoclinic phase, which results in 

a limited amount of expected transformation toughening [121]. 

Despite the numerous studies conducted on YSZ regarding its properties at 

high temperatures or in harsh environments, there is limited information on how 

mechanical loads affect its failure mechanisms. These mechanical loads can be easily 
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originated either during in-service (e.g. impact by high-velocity small debris) or 

during processing (e.g. Water Jet machining) both in the range of high strain rate 

(HSR) impact. This transformation, beneficial or not, changes the mechanical 

properties of the material so they need to be known and under control. In this work, 

we use Plain Water Jet (PWJ) to investigate the effect of mechanical loads, at a small 

scale, on the properties of YSZ which has relevance not only to manufacturing 

methods but also in-service like conditions of the surfaces coated with YSZ [50]. 

7.2. Experimental procedure: methodology and materials 

In Water Jet, the plume can be divided into three sections characterized by 

different water densities that decrease while the jet loses its focus: continuous, open 

and diffused jet regions as depicted in Figure 93a and b. The PWJ milling process of 

the coating is performed at the open jet section mainly by the main core (that presents 

a high density and kinetic energy of the water droplets) while in the mist zone of this 

section (characterized by a lower density/kinetic energy than the main core) only 

secondary material removal occurs [131]. 

The aim of this research work is to investigate how 8YSZ behaves at small 

scale when being exposed to impacts at high and low strain rates. The tests will be 

conducted by using a PWJ and a controlled nanoindenter respectively and 

subsequently the influence of the mechanical response of the material will be 

analysed. As such, this thesis reports how in 8YSZ t → m transformations only 

happen at high strain rate (HSR) (>106 s-1) but not low strain rate LSR (<1 s-1).  
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Figure 93: a) Schematic representation of a PWJ trench indicating the process parameters in the 

performed tests b) Waterjet density distribution along the jet – experimental results. 

For the present study a straight trench has been milled with a Plain Water Jet 

machine (i.e. without abrasives) as described in Figure 93. A 0.5 mm orifice needle 

nozzle at a pressure of 300 MPa, 1000 mm/min feed rate and 20 mm stand of distance 

(SoD) that impacts the surface at HSR (calculated to be above 106 s-1 [132]) was used 

in a 10 mm x 10 mm x 2 mm single crystal 8YSZ sample. At these conditions the jet 

plume generates an impact on the target surface causing a strain rate between 106 to 

 108 s-1 [133].  

Determining the precise strain rate resulting from a water jet proves to be an 

exceptionally challenging task. Consequently, an approach focused on establishing 

a range of values has been adopted instead. To obtain an exact value is not so crucial, 

especially due to the fluctuations of the jet (as explained in section 2.4). Drawing 

from existing literature [133], the anticipated strain rate within the specified 
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conditions is well-defined within a certain range. Moreover, the precise numerical 

value is not so significant, as exceeding a certain strain rate threshold is already on 

the threshold of causing a change in the material that's being affected. 

Considering that the energy (E) released by the PWJ follows a Gaussian 

distribution along the width of the jet [134], the analysis areas have been selected as 

illustrated in Figure 94 and are shown by using a Scanning Electron Microscope 

(SEM) (JEOL 7000F FEG-SEM): 

 
Figure 94: Schematic representation of the front and top view of the PWJ milled trench indicating 

Gaussian energy distribution (E) of the jet and the location of the three regions of interest. Finally, 

SEM images of the selected surface areas: a) E0, b) Elow, c) Ehigh indicating the surface damage 

under mechanical impact. 

• E0: control region where no jet energy has interacted with the sample (Figure 

94a). This area was analysed as reference material. 

• Elow: area whereby the sample has been impinged by low water density mist 

zone of the jet and hence single droplet impacts can be identified; this is 

defined as low energy impact region (Figure 94b). 
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• Ehigh: region whereby the surface has been milled by the high density droplets 

of the main core of the plume and as a result a trench is generated; the main 

core is the jet region that contains most of the jet’s energy (Figure 94c). 

7.3. Results on the case study 

7.3.1.  High strain rate (HSR) impact study in YSZ 

Raman spectroscopy is a well stablished technique in the study of phase 

transformation of YSZ [135]. Consequently, a Horiba LabRAM HR confocal Raman 

spectroscopy microscope (x50 lens; 0.55 numerical aperture) with λ 532 nm 

wavelength (i.e., green) laser, operating at a power of ~2 mW (100%) and a spot size 

of approximately 1.2 µm (calculated based on the Rayleigh criterion), has been used 

for identifying a t → m transformation in the three regions of the sample due to the 

impact energy of the PWJ. 

Figure 95 presents an example of many (>30) Raman spectra from the three 

regions (E0, Elow, Ehigh) of interest that received different levels of energy from the 

jet while identifying the peaks related to tetragonal (continuous line) and monoclinic 

(dotted line) phases. The raw data was then post processed by normalizing the 

intensity and applying a baseline correction based on the model developed by 

Schulze et al. [136] for a clearer identification of the peaks. 

The Raman spectra of the measurements from E0 (i.e. control/untouched 

region) shows prominent vibration modes at 149 cm-1, 247 cm-1, 344 cm-1, 479 cm-1 

and 626 cm-1. The 149 cm-1, 247 cm-1, 344cm-1 and 479cm-1 vibration modes match 

with the literature values of typical t bands of 8YS [123], [124], [127]. However, the 

626 cm-1 peak broadening to the left suggests the existence of additional peaks, (i.e. 

612 cm-1 and 640 cm-1) reported in the literature related to YSZ tetragonal phase and 

which have been merged creating an asymmetric peak (626 cm-1). Furthermore, the 

Raman spectra obtained from Ehigh present the same vibrational modes as the E0 

regions where no monoclinic (m) bands are observed confirming the state of the 
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material as fully tetragonal (t). However, the Raman spectra measured in the Elow 

region, where single droplet impact occurs, shows two major changes: i) the 

appearance of two new peaks (i.e. 502 cm-1, 554 cm-1) that are related to t → m 

transformation, ii) and a clear variation in the vibration modes (i.e.  ~200 cm-1 and 

500 – 550 cm-1 domain) m as well as an increase in the intensity of the vibration 

mode at ̴ 350 cm-1 which are both characteristic indicators of m YSZ. Hence, both 

changes in the Raman spectra are indicators of a partial t → m diffusionless phase 

transformation after a single high strain impact caused, in our case, by high velocity 

droplet impact (HSR) at room temperature. This interesting phenomenon reveals the 

materials modification mechanism of 8YSZ under high strain rate impact. 

 
Figure 95: Raman spectra from each of the three regions of interest: E0, Elow and Ehigh. The 

analysis demonstrates t → m phase transformation phenomena in the zone of single droplet impact 

which is manifested by the appearance of new peaks (500-550 cm-1), while in the trench, i.e. 

eroded, area and untouched surfaces show typical tetragonal spectra values. 
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As defined in chapter 3, Raman spectroscopy analysis was conducted using a 

confocal Horiba LabRAM HR Raman microscope equipped with a 532 nm 

wavelength (WL) green laser and a 600 grating. Each measurement comprised two 

acquisitions, each lasting 10 seconds for accumulation. The microscopy was 

performed at a magnification of x50, employing a microscope objective with a 

numerical aperture (NA) of 0.55. Considering the wavelength of the laser used, the 

resulting spot size was calculated to be approximately 1.18 µm, following the 

formula for spot size determination shown in equation (26).  

𝑆𝑝𝑜𝑡 𝑆𝑖𝑧𝑒 =
1.22 × 𝑊𝐿

𝑁𝐴
 (26) 

Considering that the used confocal Raman spectrometer just penetrates 1.18 

µm in the material, which is a relatively low depth, it implies that the monoclinic 

8YSZ has been transformed at the very surface in a much localized manner. In 

contrast, in the sample zone characterized by Ehigh, t → m phase change has not been 

registered; note that in this zone the high energy of the jet creates cracks on the 

material inducing a brittle fracture and removing the upper regions. Hence, due to 

the occurrence of material removal, in this region, new material is continuously 

exposed to the PWJ, situation that leads to “loss of history” of possible t → m 

transformations. Due to this the Elow area was used to understand the high strain rate 

microscale deformation and fracture.  

Nonetheless, to reveal how the martensitic t → m transformation is happening 

at a nanoscale level in the Elow region, lamellas were extracted and prepared from a 

single droplet impacted 8YSZ surface using a Focused Ion Beam (FEI Quanta200 

3D FIB-SEM). As shown in Figure 96, Transmission Electron Microscopy (TEM) 

analysis has been further conducted to reveal how the shock affected the local 

microstructure. 
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Figure 96: a) General view of the lamella in the HAADF STEM in where defects created by the 

process can clearly be seen in the first 500 – 600 nm from the surface. b) BF TEM images showing 

an acicular dislocation build up that leads to the initial phases of a defect. c) SADP TEM 

diffraction patterns obtained from a STEM image of a HSR water droplet impact lamella (Elow) 

shows residual strain in the top being released while getting deeper beneath the surface while 

indicating a phase change when reaching the crack. 

Figure 96a shows a TEM study of an Elow region. It can be observed that the 

damage induced by a high strain impact is concentrated within the first  

500 - 600 nm. The diffraction contrast observed within that area suggested the 

formation of a highly deformed region. Figure 96b shows high-resolution images of 

the defect present in the deformed area. These show acidulated discontinuities at the 

atomic scale that could act as defect initiators (e.g. crack initiation zones). Figure 

96c shows another Elow region where cracks have propagated. Diffraction patterns 

from the surface inwards show the localised residual strain in the surface that gets 

relaxed in the bulk. All this evidenced point out that the propagation of cracks leads 

to a localised t → m transformation that induces a transformation toughening 

procedure. This happens when a crack starts to form in YSZ due to an applied force, 

the material around the crack tip undergoes a transformation that effectively "closes" 

the crack or prevents it from propagating further. This process absorbs some of the 

energy that would have otherwise caused the crack to grow, making the material 



7. Analysis of a high strain rate impact in YSZ: Case study 

160 

 

more resistant to fracture. As a result, the material becomes tougher and less prone 

to catastrophic failure (see Figure 97) [137], [138]. This observations match with the 

previously observed with Raman spectroscopy results. 

 
Figure 97: Transformation toughening process induced by crack propagation [137]. 

7.3.2. Low strain rate (LSR) impact analysis in YSZ 

However, with the aim of observing the effect of the strain rate in 8YSZ 

nanoindentation tests have been performed in the region of 10-3 s-1 to 10 s-1, which 

are considerably lower than the ones generated with the PWJ milling process that go 

over 106 s-1. This situation offered the opportunity to explore the effect and 

differences that the strain rate can cause in the t → m transition phenomena by a 

single impact in a single crystal 8YSZ. 

For this study, an SEM in-situ nanoindenter equipped with a diamond spherical 

tip (∅40 µm) was used to mimic the shape of the water droplet as much as possible 

and access lower values of strain rate. The indentations have been analysed by 

studying the relationship between the indentation depth (h) and the 

loading/unloading (P) forces that relate to the indentation energies and which are 

calculated from the area underneath the load and unload curve (Figure 98a and b) 

[139]. Figure 98c shows that the elastic/plastic ratio, often referred to as the 

"elastic/plastic slope" or the ratio of elastic modulus to yield strength (i.e. m) grows 

logarithmically while increasing the strain rate from 10-3 to 1 s-1. This ratio is a 

measure of a material's ability to undergo elastic deformation before transitioning 
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into plastic (permanent) deformation. A higher elastic-plastic ratio indicates that a 

material can withstand more elastic deformation before undergoing plastic 

deformation. When comparing it to its strain rate sensitivity, if the elastic-plastic 

ratio increases as the strain rate increases, it generally suggests that the material is 

becoming more resistant to plastic deformation at higher strain rates. Moreover, 

Figure 98d shows how the hardness is also strain rate dependent suggesting a strain 

hardening phenomena at room temperature generated by the creation of defects in 

the lattice structure, similar to the findings of D. Xiao et al. [140] in pure zirconia. 

 

Figure 98: a) Exemplary P-h diagram obtained at 10 mN/s loading and 5 mN/s unloading and a 10 

s hold time that describes the diagrams parameters and the schematic representation of the 

deformation under a spherical tip and b) the description of the relevant. 

Brittleness is a measure of a material's tendency to fracture without undergoing 

significant plastic deformation. An increase of this property implies a higher chance 

of fracturing with minimal plastic deformation. While the relationship between strain 

rate sensitivity, elastic-plastic ratio, hardness and brittleness is intricate and 

influenced by multiple factors, results from Raman and TEM observations suggest 

that an elevated elastic-plastic ratio concerning the material's strain rate suggests a 

shift towards a more brittle behaviour in 8YSZ. 
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7.4. Discussion 

The comparison of the SEM images of the low strain rate (LSR) indentations 

performed with the nanoindenter (Figure 99a) with those obtained at high strain rate 

(Elow in Figure 93e) support the analysis shown in Figure 98c. While the craters 

generated at high strain (>106 s-1) show evidence of brittle fracture, the indentations 

at low strain rates (10-3 to 1 s-1) show material pile up at the edge, indicating a more 

ductile behaviour. However, there are also differences between the results obtained 

at the low range (i.e. 10-3 s-1 and 1 s-1), as cracking increases with the strain rate (see 

Figure 99a). 

Moreover, it is also important to acknowledge that even if the setups of high 

and low strain rate have been compared to tests the material properties, there are 

fundamental differences between them. PWJ droplets can be deformed and 

redistribute residual stresses when indenting the surface (at high strain) while for the 

diamond indentation the tip is considered non deformable [103]. However, this still 

demonstrates that a ductile to brittle transition at the micron scale can be achieved in 

8YSZ when reaching high enough strain rates.  

In contrast with the high strain rate (HSR) results (>106 s-1 in Figure 95) the 

Raman spectra for the LSR tests (from 10-3 to 1 s-1 in Figure 99b) show that there is 

no t → m phase transformation. This suggests that the low strain rates are not enough 

to trigger this change (i.e. the elastic/plastic ratio is too low) and hence that this 

transformation is linked to the speed required to propagate the discontinuities in 

zirconia or that at LSR not enough defects are generated to trigger any 

transformation. 

With the results presented above, it can be concluded that the LSR deformation 

applied with a non-deformable tool induces a ductile deformation mechanism and no 

phase transformation. The fact that a phase transformation can be seen at HSR  

(>106 s-1) whereas in the LSR indentations (10-3 to 1 s-1) this is not observed suggests 

that the phenomenon is strongly related to the strain rate and the ductile-to-brittle 
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transition at the micron scale. That might also explain why this has not previously 

been reported. Furthermore, in order to fully identify what happens at different strain 

rates it would be of considerable interest to complete the range of strain rates missing 

in the presented results (i.e. from 1 s-1 to 106 s-1) in a future work. 

 

Figure 99: a) SEM images of the indentations at 10-3 s-1 and 1 s-1 order of magnitude stain rates, 

b) Raman spectroscopy results of the indentation at all the analysed strain rates showing the 

absence of monoclinic phase.  

7.5. Concluding remarks 

Following the objective of investigating how 8YSZ behaves at small scale 

when being exposed to impacts at high and low strain rates, it has been seen that 

8YSZ t → m transformations only happen at high strain rates (>106 s-1) but not at 

low (<1 s-1). Hence, this arises the question if there is a threshold that could trigger 

this t → m transformation. 

• With the impact tests at HSR a t → m phase transformation has been 

reported after Raman spectroscopy analysis at the Elow region. This 

phenomenon happens in 8YSZ at the very surface and at a localized 

manner (in this case induced by PWJ impact). However, there is no 

transformation registered in the Ehigh zone as the high energy of the jet 

creates cracks on the material inducing a brittle fracture and removing the 

upper regions. Due to this occurrence of material removal, new material 
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is continuously exposed to the PWJ, situation that leads to “loss of 

history” of possible t → m transformations. 

• Moreover, the high-resolution TEM analysis in high strain rate impact 

areas show needle shape discontinuities oriented in a preferential 

direction, affecting the first ~ 600 nm from the surface and which could 

act as crack induction points. Multiple cracks have also been observed in 

those regions and it is believed that they could act as nucleation points 

for the phase transformation measured with Raman Spectroscopy. 

• On the other hand, micro indentations in 8YSZ, using a spherical 

indenter, at an interval of 10-3 s-1 to 1 s-1 strain rate shows that the 

elastic/plastic ratio and hardness grows logarithmically while increasing 

the strain rate. This demonstrates that the material behaving in a ductile 

or brittle manner is influenced by the strain rate. 

• Finally, for the indentations performed at the strain rates ranging between 

10-3 s-1 and 1 s-1 there was no indication of t → m transformation. It is 

believed that this lack of phase transformation is linked to the absence of 

cracks dominating the failure mechanism.



 

Chapter 8 

8. Conclusions of the research and future work 

evaluation 

After the development of the project, this final chapter presents a 

summary of the project focusing on the final conclusions along 

with the research gaps left for future analysis. 
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8.1. Conclusions 

Overall, PWJ technology is a versatile and increasingly popular manufacturing 

process that has a wide range of applications across various industries. With the 

ability to cut a variety of materials to precise specifications without causing thermal 

damage, PWJ technology has become a preferred method for many manufacturing 

and production operations. The aim of the PhD research project is to implement the 

plain waterjet technology to remove the aerospace coatings in an effective, fast and 

economical way, ensuring no damage to the substrate underneath the coatings. 

Ideally, these parts should be ready to be recoated and be installed in the engine again 

after ensuring their mechanical properties are still adequate after being cleaned.  

Chapter 1 describes how Plain Water Jet machining is one of the most 

promising technologies to do so. The main goal is to identify the main challenges 

when applying this technology and develop a model to predict how the coatings are 

going to be removed as well as analysing what happens structurally in the process to 

the water impacted material. Chapter 2 develops the basis of WJ milling technology. 

It, presents a comprehensive literature review analysing the development that this 

technology has overcome as well as the mathematical tools that have evolve to 

support it. Chapter 3 describes the necessary materials and equipment used in order 

to develop this project. This includes a detailed explanation of the Water Jet 

machines used in this project, including the types of nozzles. Moreover, all the 

different test materials as well as all the used tolls and the sample preparation 

processes for the experimental process for the model validation and the materials 

analysis are defined as well as the material analysis techniques and the machines 

used for those purposes. Chapter 4 describes the development of the mathematical 

model design to calculate the jet footprint to remove multi-material coatings. First, 

the importance of the nozzle choice is analysed in addition to the calculation of their 

kinematics. Soon after, the model itself is defined: this is based on the understanding 

of the etching rate considering the mechanical properties of each individual material 

layer that compounds a coating and the energy of a PWJ system. This interaction has 
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been obtained for any specific pressure, considering the energy variations along the 

height of the jet, for one or multiple jets, which follows a defined arbitrary trajectory 

in a 3D space, during a period of time.  Finally, a particular case in reference to the 

coating removal of pocket edges has also been analysed. Chapter 5 explains the 

construction of the designed software (SW) application developed in MATLAB 

AppDesigner with this aim. For this section a set of parameters has been selected as 

an example and the program has been simulated so the reader will be guided step by 

step through the parameter setting, calculation process and results analysis while 

using the program. Chapter 6 validates the developed mathematical model for both 

nozzle heads in test samples. Afterwards, to prove it in a real case application in an 

industrial environment, a test that consists in successfully cleaning a combustion 

chamber with coating strips in Rolls-Royce facilities is described.  Finally, a study 

in order to further understand the material removal mechanism is discussed. Chapter 

7 describes a case study to understand the material removal mechanisms generated 

by the jet of a WJ machine when impacting the target material at high pressure. For 

this, one of the most used materials in aerospace coatings has been chosen: Yttria 

Stabilized Zirconia (YSZ) is generally used as the top coat on the so called Thermal 

Barrier Coatings (TBC). To carry out this analysis, Raman spectroscopy, TEM 

analysis and different strain rate nanoindentations have been performed. Finally, this 

8th Chapter summarises the project as well as presenting its conclusions and the ideas 

for future works. 

8.1.1. Chapter 4: Development of the mathematical model for multi material 

coating removal with WJ milling 

Overall, a highly versatile model that predicts the eroded patches (i.e. 

overlapped jet footprints) produced by rotational plain water jet nozzle heads has 

been developed. This enables a controlled removal of coating used in aerospace 

systems in a robust manner (i.e. no damage to the substrate and a full removal of the 

coating). The innovation consists on this model, unlike previous ones, considering 
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multiple layer coatings and the mechanical properties of each of the individual 

layers. Mathematically it is based on the understanding of the etching rate (i.e. 

calculation of the depth of material that has been removed).  

• First, the flows of both of the considered nozzle heads (i.e. four jet rotational 

and fan jet nozzles) as well as their kinetics have been calculated, followed 

by the definition of the energy model of a Plain Water Jet (PWJ) system. The 

energy model is defined by the energy distribution of a rotary jet for an 

arbitrary trajectory in a 3D space, pursued by the characterization of the target 

material considering an arbitrary number of coating layers. Finally, the 

interaction between the jet and the target material has been defined. This 

interaction is obtained for any specific pressure, considering the energy 

variations along the height of the jet, for one or multiple jets, which follows 

a defined arbitrary trajectory, during a defined period of time. However, a 

calibration data will still be needed to include the individual material 

mechanical properties. 

• The model has been upgraded for calculating single and multiple trenches 

that are able to overlap, flat and curved surfaces and calculation of the milling 

time for flat and rounded parts. Finally, the particular case of the edge of a 

pocket section has also been studied considering that in this example the 

coating is not always parallel to the substrate layer. 

8.1.2. Chapter 5: Development of the Software to apply the mathematical 

model in an industrial environment 

This chapter describes the implementation of a user’s friendly interface to the 

model developed in Chapter 4. This is necessary in order to be able to use the model 

in an efficient way in an industrial environment. The highlights of the applications 

are described as follow: 
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• The app is design to be able to choose between a four jet and fan rotational 

nozzle head, flat or curved samples that could be cleaned from the inside or 

outside and to choose if a single trench or multiple trenches will be simulated 

with different degrees of overlapping. 

• The software has an attractive design that guides the user step by step through 

the tabs that are organized in a sequential order: the input parameters are 

required in the first place, followed by the presentation of the results and the 

particular case is shown at the end.  

• Elements that help the user navigate the application have also been 

implemented in the SW such as the descriptions in the questions marks and 

further details when clicking the images. These elements help make the 

interface more accessible. 

• The overall results of the simulation (i.e. the energy map as well as the milled 

trench) are showed in the UI app. However, for an easier interpretation of the 

results, these are shown with a four colour system that indicates if the coating 

has been fully or partially removed or if the substrate has been damaged. 

Moreover, a feature that calculates the time to clean a 1 m2 plate as well as 

defined dimension rounded part has also been included. 

• The option to generate an automatic pdf report is asked. Thanks to this is easy 

to keep track of the performed simulations over the time. 

• Finally, while the UI implementation offers numerous benefits, it presents 

certain limitations too: new nozzle addition requires manual coding, part and 

mesh size adjustments are only feasible through raw code modification, a 

maximum of three coating layers are allowed, nozzle path options are 

restricted to parallel lines, five overlapping trenches is the computational 

limit, and the UI confines analysis to specific geometric shapes, necessitating 

manual code inclusion for more diverse shapes. As future work, user 
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conformability test is encouraged, ensuring that any necessary improvements 

to the UI features are identified and addressed. 

8.1.3. Chapter 6: Assessment of material removal capabilities of the developed 

mathematical model 

Overall, the validation of the mathematical model presented by comparing the 

predictions with the results of real milling of coated samples are presented in this 

section. Two types of nozzles will be tested at different parameters (i.e. translational 

speed, pressure and overlapping separation) to evaluate and understand the effect of 

each in the material removal. The main conclusions drawn from this work are as 

follows: 

• The tests done with the four jet rotational nozzle proved that the density of 

the overlapped jet footprints depends on the kinematic of the process (i.e. 

ratio between the rotational and translational speeds) which could result in a 

non-uniform eroded patch. The model is able to predict such discrepancies 

(i.e. unremoved coatings) at good accuracy, max. 4.5% in the middle and 

27% at the edges of the trenches respectively; increased error in the latter 

case is related to secondary effects of the process (e.g. secondary material 

cracking). Nevertheless, non-uniform eroded patches is not the scope of the 

coating removal process, hence, it is considered that model predictions are 

acceptable in this working scenario. 

• The consistency of the coating removal has been demonstrated by the use of 

SEM and EDX material analysis proving that the kinematics and the multiple 

jet footprints can be optimized by the model, so that components with no 

coating residual on the substrate are obtained. 

• From the experiments done with the fan nozzle it can be concluded that in 

some cases, it is preferable to use a lower pressure and higher translational 

speed, even if not all the coating is removed, to ensure that no damage is done 
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to the substrate. By controlling the overlapping separation, a good removal 

of the coating can be achieved while the pressure and translational speed are 

far from critical values that could ruin the sample.  

• The importance of the model interpretation using the street light system has 

also been validated, as in some cases it is not possible to visualize the damage 

in the original modelled due to the scale of the graph. By separating the 

depths into contrasting colours, the different segments of the trench are 

highlighted and easily identified. 

• The experiments performed at Rolls-Royce showed that the parameters they 

used are valid, but still generate some stripping on the workpiece, which even 

if it is in the allowed damage range, could potentially be detrimental in the 

long term. For that reason, some new parameters obtained from the 

mathematical model have been proposed and tested, showing a better result 

without any damage on the workpiece. Furthermore, the model has been 

validated to be able to predict when some parameters will not be valid, by 

relating the model with real case experiments with a maximum error of 4%. 

• Finally, a theory for the material removal mechanism has been proposed and 

proven via EDX and SEM analysis. By studying the results of the trenches 

done with the waterjet, it has been confirmed that due to the heterogeneities 

of the coating material, cracks grow at the edges breaking the material from 

there. That explains why in some cases the model and the real trenches have 

differences, as this behaviour is not predictable, and hence cannot be 

implemented into the mathematical model. 

8.1.4. Chapter 7: Study of the effect of the material removal mechanism of the 

PWJ milling in YSZ: Case study 

Following the objective of investigating how 8YSZ behaves at small scale 

when being exposed to impacts at high and low strain rates, it has been seen that 
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8YSZ t → m transformations only happen at high strain rates (>106 s-1) but not at 

low (<1 s-1). Hence, this arises the question if there is a threshold that could trigger 

this t → m transformation. 

• With the impact tests at HSR a t → m phase transformation has been reported 

after Raman spectroscopy analysis at the Elow region. This phenomenon 

happens in 8YSZ at the very surface and at a localized manner (in this case 

induced by PWJ impact). However, there is no transformation registered in 

the Ehigh zone as the high energy of the jet creates cracks on the material 

inducing a brittle fracture and removing the upper regions. Due to this 

occurrence of material removal, new material is continuously exposed to the 

PWJ, situation that leads to “loss of history” of possible t → m 

transformations. 

• Moreover, the high-resolution TEM analysis in high strain rate impact areas 

shows needle shape discontinuities oriented in a preferential direction, 

affecting the first ~ 600 nm from the surface and which could act as crack 

induction points. Multiple cracks have also been observed in those regions 

and it is believed that they could act as nucleation points for the phase 

transformation measured with Raman Spectroscopy. 

• On the other hand, micro indentations in 8YSZ, using a spherical indenter, at 

an interval of 10-3 s-1 to 1 s-1 strain rate shows that the elastic/plastic ratio and 

hardness grows logarithmically while increasing the strain rate. This 

demonstrates that the material behaving in a ductile or brittle manner is 

influenced by the strain rate. 

• Finally, for the indentations performed at the strain rates ranging between  

10-3 s-1 and 1 s-1 there was no indication of t → m transformation. It is 

believed that this lack of phase transformation is linked to the absence of 

cracks dominating the failure mechanism 



8. Conclusions of the research and future work evaluation 

173 

 

8.2. Future work 

Despite the significant advances in PWJ technology, there is still much to be 

done in terms of optimizing the process and expanding its applications. Future 

research could focus on developing more accurate and efficient models to predict the 

behaviour of water jets and optimize process parameters for different materials and 

cutting geometries. Moreover, there is an increasing demand for environmentally 

sustainable manufacturing processes, and future work could investigate ways to 

reduce the energy consumption of only-water high pressure WJ technology or to 

explore new WJ milling techniques that utilize renewable energy sources. By 

addressing these challenges and opportunities, future research can help to advance 

its capabilities and drive further innovation in manufacturing and production 

industries. The following section discusses ideas that could be developed regarding 

the developed project: 

8.2.1. Chapter 4: Development of the mathematical model for multi material 

coating removal with WJ milling 

One of the key research points of this project has been the development of the 

mathematical model to predict full 3D kerfs of water jet milled trenches in multi 

material coatings. Hence, even if the model has been proven to do its job it still has 

improvements that can be implemented to upgrade it. 

•  The developed model could have an option integrated to upload freeforms 

(i.e. complex geometries) and the SW could consider them as the milling 

surface that the high pressure jet will follow to simulate the created kerfs for 

optimal surface cleaning. 

• The four and fan jet rotational nozzles, even though they were the most 

interesting ones for the current applications, are not the only ones in the 

market. Other nozzles suitable for milling large areas could be considered to 

study them mathematically and implement them as options in the model. 
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Even more, pros and cons of the studied nozzles can be considered to design 

and develop an optimal coating removal nozzle. 

• As in the case of the nozzles there are many more coating layers and substrate 

materials implemented in the aero engines. The model could be proven in 

other materials. Based on this, if enough materials are tested a library could 

be created that recorded different material coefficients so calibration tests 

will not be necessary every time that new parameters are needed to be tested.  

• In order to calculate the material removed for an amount of energy that 

reaches the substrate the involved material is considered continuous and 

homogeneous. However, this is never going to be the case as due to the 

manufacturing processes and the damage induced during service the coating 

materials will always present irregularities. As the next step of improving the 

accuracy of the model this could also be considered. 

8.2.2. Chapter 5: Development of the Software to apply the mathematical 

model in an industrial environment 

After developing the model, this has been implemented into a SW to ease the 

use. In this aspect there are also some future actions that could be taken for 

improvement. 

• Although the application is fully functional, the script of the code could be 

optimized to make the simulations faster. This would both reduce the time 

needed to define the best parameters, and also decrease the hardware 

specification requirements for the computer. 

• The user’s interface could also be improved to implement any new features 

implemented to the model. Furthermore, the data collected from real user’s 

experience would also be useful to determine the most useful characteristics 

to enhance them or any necessary refinement.  
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8.2.3. Chapter 6: Assessment of material removal capabilities of the developed 

mathematical model 

In this chapter the material model has been proved comparing simulated kerfs 

with real life milled trenches. Moreover, the material removal mechanism of coating 

layer removal has been studied. Here are some future line ideas: 

• To demonstrate the model's predictive power in different configurations, 

simulations and experiments in other materials would be intriguing. To 

demonstrate the model's predictive power in different configurations, 

simulations and experiments in other materials would be intriguing. By 

milling trenches in a wide variety of materials and geometries the model 

could be improved to make it more accurate for future applications. 

• Alternativelly, further studies could be done for better understanding the 

material removal mechanism. By doing it, the behaviour could be predicted 

and thus it would be possible to implement it in the model to achieve better 

predictions of the trench geometries.  

8.2.4. Chapter 7: Study of the effect of the material removal mechanism of the 

PWJ milling in YSZ: Case study 

In this chapter a water jet and a high strain rate nanoindentation were used to 

understand how the behaviour of fully stabilized zirconia changes upon different 

strain rates (from 10-3 to 108 s-1). It was observed that at extremely high strain rates 

(106 - 108 s-1) the material suffers from a brittle-dominated failure which induces 

localized phase transformation even if the materials is in its fully stabilized form. On 

the other hand, at lower strain rates, plasticity dominates, and phase transformation 

is not observed. However, this work left some open aspects that could be further 

studied: 

• The strain rate study done with the water jet and the nanoindenter could be 

followed by doing more experiments at the missing strain rate values. By 
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filling the gaps between the low and high strain rate tests, the evolution of 

the material could be studied and the phenomena further understood. 

• It would be of great interest to continue studying the impact of the waterjet 

at high speeds on different coating materials and especially on substrates 

generally used in aerospace. This would aim towards the goal of having a full 

understanding of the impact of the waterjet impact at high velocities into the 

target material, and its effect in the material removal mechanisms.  
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 Annex A 

With the aim of having a better view of the tabs from the developed App this 

section shows them in a full page size:  

(1) Input parameters 

(2) Calibration coefficient calculation 

(3) Results: Energy map and milled trench 

(4) Results: Understanding coating removal 

(5) Results: (Pockets) Milled trench and coating removal 

(6) Unit converter 
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