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Sammanfattning 

Vattenskärning anses generellt vara en snabbt växande skärande bearbetningsmetod. Den har 

utvecklats till en viktig hörnsten i både forskning och industri. Den abrasiva vattenskärningen (AWJ) 

som icke‐konventionell bearbetning har många fördelar såsom ingen värme‐effekt zon och låga 

skärkrafter på arbetstycket. Den kan därför tillämpas på ett brett industriellt spektrum. Tekniken 

utmärker sig unikt för att skära hårda material och numera konkurrerar fördelaktigt med andra 

metoder. Baserat på beskrivningen av projektet och dess frågeställning, ett stort antal artiklar och 

State of the Art rapporter har analyserats och sammanfattats. I denna rapport beskrivs AWJ i termer 

av parametrar och mekanismer av hur material avlägsnas. Studien har fokuserat på den senaste 

forskningen i AWJ bearbetning. Detta omfattar tunnväggigt material, gradbildning, 

precisionsbearbetning och ytjämnhet. AWJ har också jämförts med konventionella 

bearbetningsmetoder såsom fräsning, brotschning och hening. En matris bestående av de artiklar 

som används i detta examensarbete har skapats för att ge en översikt i ämnet 

Nyckelord	
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Skärmekanismer, Precision. 
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Abstract	
 

Abrasive waterjet cutting is one of the fastest growing metal cutting processes. It has developed into 

an important cornerstone in both research and industry. Abrasive waterjet as non‐conventional 

machining has many advantages, such as no heat‐effected zone and minimal force exerted on the 

workpiece. Therefore, it can be applied to a broad range of industrial applications and is receiving 

increasing attention within research. The technology is especially distinguished for cutting hard 

aerospace alloys. Based on the description of the project and its question formulation, a large 

number of articles and State of the Art reports have been analyzed and summarized. In this project 

thesis, abrasive waterjet is described in terms of parameters and mechanisms of material removal. 

This study has focused on the most recent research in abrasive waterjet machining. This includes 

thin‐walled material, burr formation, precision machining, and surface quality. Abrasive waterjat 

technology has also been compared to conventional machining technologies such as milling, honing, 

and reaming. A matrix composed of the articles used in this thesis project has been created to 

provide an overview of the subject. 
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1. Introduction 

        1.1 Background 
Waterjet is a machining process that started in the USA over 30 years ago. In the beginning only 
water was used but later an abrasive substance in the form of sand or aluminum oxide was mixed 
into the water. This made it possible to cut harder materials such as metals. Abrasive waterjet cutting 
as non-conventional machining process is growing fast and has a diverse range of applications. The 
technology is under constant development and much research has been done in the field. Some 
areas within Abrasive Waterjet (AWJ) have been target for a large amount of research. This includes 
using an angled cutting nozzle for five axis high pressure machining. Other areas such as thin-walled 
components and burr formation have received less attention. AWJ is considered a complement to 
other cutting technologies and, because of economic and environmental aspects, AWJ has become a 
substitute for technologies such as chemical machining, laser machining, electro charge machining, 
and spray etching (Fowler, July 2003). 

        1.2 Assignment 
The assignment is to carry out an investigating study of State of the Art research in the field and to 

compare AWJ with certain conventionalcutting methods. For this purpose, prior research on the 

topic is considered in this thesis. This project is of theoretical nature in which State of the Art articles 

and studies are considered forming the basis for the research in abrasive waterjet machining. The 

project will largely consist of a literature study with the scope to investigate different aspects of the 

process. Machining of thin-walled components as well as the formation of burrs will be considered. 

Another area of interest is hybrid processes, i.e., how well Abrasive Waterjet performs in comparison 

with for example milling, reaming, and honing.  The understanding of these areas is important for a 

complete evaluation of the performance of Abrasive Waterjet technology.  

       1.3 Questions to be Answered 
 While analyzing articles and State of the Art reports, the following questions will be considered: 

 What has been written in general in State of the Art reports? 

 What materials/alloys have been investigated and machined with AWJ? 

 What research has been done in the special case of thin-walled components? 

 What has been done in Precision Cutting? 

 What has been done in surface roughness? 

 What research has been done on the topic of burr formation? 

 Are there studies comparing AWJ with conventional machining techniques?  

    1.4 Purpose 
The purpose for this thesis project is to provide an overview over the current status in abrasive 

Waterjet research. Areas of special interest include hybrid cutting technology, thin-walled 

components, surface roughness, and precision machining.  

     1.5 Solution Method 
Relevant articles have been searched through different online databases provided by the Royal 

Institute of Technolgy (KTH). These articles were then sorted according to content and relevance. A 

matrix representation was then created to provide a comprehensive list of the articles by subject. By 
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doing this, a thorough information summary is provided. A summary of some of the article’s contents 

and results is also presented. 

   1.6 Limitations 
The work will include the targets as outlined in Section 1.3 as the basis for the analysis. The main 

analysis is limited to a comparison between abrasive waterjet machining and certain conventional 

metal cutting methods. The limitations also imply looking at items that are relatively current. The 

literature study includes only the latest State of the Art reports and articles written during the past 

ten years. 
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2. Abrasive Waterjet Technology 

        2.1 AWJ and Materials Machined 
In the abrasive waterjet cutting process, the high pressure pump creates the required pressure 

ranging from 300 to 600MPa (see Section 2.1.2). A high pressure supply line directs the pressurized 

water from the pump to the cutting head and then through the orifice in the nozzle (see Figure 1 and 

Section 2.1.1). 

 

Figur 1: Schematic drawing of Abrasive Waterjet 

Abrasive waterjet cutting as machining process uses very high velocity water mixed with abrasive 
medium for cutting different materials such as steel, titanium, aluminum, copper, brass, composites, 
granite, marble, carbon fiber, fiberglass, glass, plastic, paper, rubber, wood, and food products. The 
method thus offers a diverse range of applications. It is used within the aerospace and automotive 
industries, food industry, engineering industry, and even within architecture (Österman & Kumar, 
2010).  For aerospace applications, some difficult to cut materials can be easier processed by AWJ as 
opposed to conventional methods. Also for thin-walled components that require the use of low 
machining forces, AWJ is a viable option in order to avoid component distortion (Fowler, July 2003). 
The mechanisms for removal of material are either erosion or abrasion (See Section 2.1.3).  Even 
though the main process is a damage mechanism, it results in a small and limited damage zone for 
the workpiece. It is a non-contact process causing low force and narrow kerf on the workpiece with 
non-heat affected zone (Janković, et al., 2013). 

       2.1.1 Nozzle 

The nozzle is the equipment that lets out the high pressure water onto the workpiece. The water 
pressure is controlled by a valve mounted on the nozzle to allow for the right amount of water. The 
water is pressed through a diamond with a hole of about 0.25mm diameter, a common beam 
diameter achieving speeds in excess of 1000m/s. The standoff distance should not be over 100mm 
above the workpiece because of power loss and large beam spread (Österman & Kumar, 2010). 
The AWJ nozzle is the only tool used independent of material type and grade. This is a clear 
advantage compared to conventional machining where the tool often is different for different 
materials. The amount of tool wear for the AWJ noozle is also limited even when machining hard 
materials. Even though there is some wear on the mixing tube and on the high pressure water 
components, it tends to be constant over time and does not change when machining different 
materials (Badgujar & Rathi, 2014 ). 
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       2.1.2AWJ Pump System 

 
Abrasive Waterjet machines generally use one of two types of ultra-high pressure pumps which are 
available commercially; intensifier and crankshaft pumps. The difference is the way the plunger 
moves. In both cases, the continuously reciprocating plunger provides the pumping action. The 
plungers in the pumps are placed in the chamber to raise the pressure and expel fluid through an 
outlet check valve. As the direction of the plunger is reversed, low-pressure fluid enters the chamber 
through an inlet check valve. The crank pump mechanism is similar to that used by automobile 
engines. An intensifier drives the plunger with a hydraulic cylinder, usually with oil. Nowadays many 
AWJ systems use crankshafts with 95% efficiency and low noise levels at 75 to 80dB (Liu, 2010). 

       2.1.3 Abrasion and Erosion Processes 

The cutting of the workpiece is caused by abrasion and erosion. Abrasion occurs when the particles 

collide with the surface of the workpiece. The particles are decelerated while transferring energy to 

the surface. Elastic and plastic deformations take place and, dependent on material type, may cause 

cracking. Erosion implies that the material erodes because of water pressure. However, the cutting 

depth is more dependent on abrasive particle size and incident angle, rather than the speed of the 

waterjet (Österman & Kumar, 2010). 

       2.1.4 Abrasives 

There are various types of abrasives available for AWJ. The most common is garnet with an 

approximate size range of 150-300µm. Generally, if a finer grade abrasive is used, a smother surface 

can be obtained whereas cutting speed is reduced (Folkes, 2009). To cut thicker materials, a larger 

grain size of abrasive performs better but with a deteriorated surface finish. Choice of abrasive 

depends on application, e.g., aluminum oxide for precision metal cuttin, salt particles for food, or 

glass beads for coating removal. 

The abrasive particles often get fractured and split up when the high powered jet accelerates them 

onto the machined material surface. Part of the sand gets destroyed while some grains of sand get 

broken up receiving sharp edges. This is advantageious for the process since sharp grains contribute 

to higher speed of intersection. Much effort has been done to recover these sharp grains in order to 

examine them for quality machinability. The result shows that the reclaimed sand has higher quality 

than the original (Österman & Kumar, 2010). 
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2.2 State of the Art Reports  
There have been several State of the Art reports made on the subject of abrasive waterjet machining. 

Most of them survey various aspects and techniques used under various circumstances and with 

various materials. One of these State of the Art reports discusses many of the models for predicting 

and describing the influence of different combinations of input parameters (see Figure 2) (Ushasta, et 

al., 2013). It also contains a brief explanation on how these models work and which processes they 

describe. It was found that different models could be useful in different situations and in different 

processes. It was also found that besides slicing, drilling, and milling, AWJ has been found to work in 

other processes such as boring and turning. AWJ turning showed some advantages compared to the 

conventional method due to low machining forces. This also leads to less workpiece bending. 

Abrasive waterjet is therefore a viable option and, for good process parameter control, tolerance 

limits can be maintained at a high level (Folkes, 2009). 

 

Abrasive waterjet is a highly versatile machining technique which embodies some advantages over 

more conventional machining processes. This includes no heat affected zone, low machining forces, 

and a high degree of maneuverability. AWJ can be applied in a wide range of situations such as slicing 

difficult to cut materials. AWJ has been tested as a method for machining various types of 

composites as well as hard and brittle ceramics. Because AWJ is a multi-point cutting tool, burr 

formation is reduced. When sufficient control of cutting parameters is maintained, kerf taper 

formation and surface roughness can often be sufficiently good to not require any grinding 

operation. 

 

On the subject of kerf taper formation, most researchers agree that by oscillating the nozzle, this 

type of unwanted surface formation can be reduced (See Chapter 5). This requires a more advanced 

type of machine due to the oscillating pattern. Simultaneous high frequency oscillation in two 

perpendicular planes can be technically difficult. Even so, it has shown to give good results on kerf 

characteristics and surface profiles. 

Water becomes incompressible at pressures above 380 MPa. Highly pressured water will therefore 

not only act as a carrier fluid but also erode the material. This field has not been studied extensively 

and thus further studies to understand these phenomena should be considered (Ushasta, et al., 

2013). 

There have been some efforts made to try and combine process models of ductile as well as hard and 

brittle materials (see Chapter four). A model has been suggested were melting specific energy is used 

rather than the modulus of the material. Instead of flow stress, failure stress-strain ratio taken from 

the stress-strain curve may be incorporated to combine different materials in the same model 

(Ushasta, et al., 2013). 

 

Abrasive waterjet is most often used for cutting which is the area where it excels. Many different 

materials and thicknesses can be processed with good quality and with little taper. Cutting speeds 

are often quite high. Aluminum sheet, for example, can generally be cut about 1 mm/s and titanium 

and steel sheet at about half that speed. With an increase in material thickness, the cutting speed is 

noted to decrease non-linearly. Material with a 12.7mm thickness requires half the cutting speed as 

same material with a 6.35mm thickness. However, cutting speed reduced to a fifth of the original 

speed when the thickness again is doubled to 25.4 mm (Folkes, 2009). When cutting thicker materials 
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using AWJ, striation on the milled surface becomes apparent. This is especially true when lower 

cutting speeds are used. Lowering the traverse speed so that the exit hole is right under the entry 

hole may make the striation marks disappear. However, this might also increase cutting time 

dramatically. A high traverse speed makes striation marks less pronounced. 

Waterjet milling with or without abrasive is a fast developing process. The ability of setting the 

cutting parameters to achieve desired milling depth is generally called Controlled Depth Milling or 

CDM (see Section 6.1). This method is getting more and more accurate and new improved prediction 

models are being developed. The depth of cut for the milled area is most often controlled by altering 

traverse speed. A slower traverse speed increases the cutting depth. A sacrificial mask may be placed 

on top of the milled area for better surface roughness and more precision. This is useful because the 

abrasive waterjet has different cutting properties at different nozzle-to-workpiece distances. 

2.3 Mechanisms of Material Removal  

       2.3.1 Ductile and Brittle Materials 

The cutting mechanisms vary depending on workpiece material and properties and can be classified 
into two groups:  One group of ductile materials that experience plastic deformation during cutting 
and one group of brittle materials subjected to cutting through fracture (Janković, et al., 2013). 
The hardening mechanism is another factor which increases the intersection because of material 
strength (Österman & Kumar, 2010). 
 

       2.3.2 Machining Mechanisms 

The report by (Janković, et al., 2013) analyses AWJ as theories of fluid mechanics. The article 
describes the cutting of ductile materials as two mechanisms; micro-cutting and material separation 
by plastic deformation. However, when observing the cutting process of brittle materials, many 
researchers identify the mechanism as material separation where both brittle fracture and plastic 
deformation are present. The article claims that scratches are visible at low angels of attack, but that 
also some inter-crystalline fracture takes place. These are the predominant methods of removing 
material at corners. Some traces of plastic deformation at low angels of attack were observed as 
well. The article by (Janković, et al., 2013) shows that the characteristics of the abrasive waterjet as a 
non-conventional technology make it very flexible. The low cutting temperature makes it an 
important tool for machining materials such as composites. It has proven very competitive for cutting 
hard materials difficult to cut with traditional machining processes. The final cut surface roughness 
and the dimensional accuracy of AWJ depend on many process parameters. Summarizing the main 
features of the experimental results from this, the following conclusions may be drawn: 
 

 Kerf becomes narrower with increased feed rate. This is because the increased feed rate implies less 
abrasives to strike the jet target thus producing a narrower slot 

 Kerf width becomes narrower with higher abrasive flow rate. This is because a larger number of 
abrasive particles share in the machining process and this is advantageous for the kerf geometry 

 The surface quality is better at the upper half of the cut and worse from the middle of the thickness 
downwards 

  Surface roughness becomes reduced with increased abrasive flow rate. However, the roughness is 
less sensitive to changes in the feed rate for high abrasive mass flow rates 

 Experimental work shows that the nozzle feed rate and abrasive mass flow rate are the two most 
important factors influencing the cut surface roughness of aluminum alloy 
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Abrasive Water Jet Parameters 

Hydraulic 
parameters 

Water jet 
pressure  

Water jet 
nozzle 

diameter  

Abrasive 
parameters  

Abrasive 
material  

Paticle size  

Abrasive 
flow rate  

Abrasive 
shape  

Mixing 
parameters 

Mixing 
methods  

 

Focus tube 
diameter  

Focus tube 
length  

Orifice 
diameter  

Cutting 
parameters   

Impact angle  

Impact 
velocity  

Target 
material 

properties  

Traverse 
speed  

Standoff 
distance  

Output 
parameters  

Material 
Removal 

Rate  

Surface 
roughness  

Kerf width 
and taper  

Depth of cut  

Geometrical and 
dimensional 

accuracy 

       2.3.3 Abrasive Waterjet Parameters 

The depth of cut depends on several parameters as shown in Figure 2. They need to be varied to 
achieve optimum cutting. Some of these parameters are associated with precision cutting such as 
hydraulic, abrasive, and mixing parameters. Other parameters are more associated with surface 
roughness as well as geometrical and dimensional accuracy, and are often found in the cutting 
parameter column. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Abrasive Waterjet Parameters 

The erosion process for ductile materials is categorized into two models; the cutting model and the 

deformation model. These models have been widely accepted for AWJ machining (Wang, et al., 

2011). This thesis shows that the machining performance is highly affected by the input process 

parameters. Most of the available models use several process parameters such as erosion, material 

removal, kerf formation, and roughness. Most models require a number of process parameters that 

depend on calibration constants. This limits the range of the models. Numerical models have been 

used to predict reaction forces during the cutting process. Multi paths are used to produce the 

surface and to calculate the erosion rate when a nozzle output is accelerated or decelerated. Also the 

waviness and surface roughness vary with both depth and length of the kerf. Therefore, the models 

should give attention to the jet generation process within the modeling context (Wang, et al., 2011). 
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3.  Thin-walled Waterjet Machining 

      3.1 Surface texture of thin plate 
Mohamed Hashish, the writer of the article “Characteristics of Surfaces Machined with Abrasive 
Waterjets” investigates the effects of various AWJ parameters on the surface texture and surface 
integrity of thin (1.29mm) sheet metal. This type of material is typically used in the aerospace 
industry. The surface texture accounted for in this investigation included surface waviness, kerf width 
taper (see Figure3), and burr formation (See Sections 3.2-3.4). 

 

 

Figure3: Definition of kerf geometry and burr formation 

      3.2 Surface waviness 
Dynamic parameters like pressure, abrasive flow, and traverse speed that all may change during 

cutting affect surface waviness. Although other parameters, such as mixing pipe diameter, vary 

during cutting due to wear, they are of less importance (Hashish, 1991). Figure 4 from this article 

shows the effects of traverse speed and abrasive flow rate on surface waviness. 

 

 

 

 

 

 

 

 

 

Figure4: Effects of traverse speed and abrasive flow rates on surface waviness. The numbered curves represent different 
abrasive flow rates: 1-7.6 g/s; 2-5.7 g/s; 3-3.8 g/s; 4-1.9 g/s; 5-0.8 g/s. Test parameters were p= 241 MPa; dnldm= 
0.330/1.19 mm; garnet mesh 60. 
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The graph shows that the surface waviness is critically dependent on traverse speed. According to 

(Hashish, 1991), steadiness of motion is important for AWJ traverse system. Hashish suggests that 

the quality of the surface waviness depends on the level of variation in dynamic parameters, but also 

on the machinability of the material. For hard materials, small variations in dynamic parameters will 

not affect the jet produced waviness. Consequently, small variations are relatively insignificant and 

will not contribute to less uniform waviness. On the other hand, surface waviness seems to appear 

more clearly in easier to cut materials  

   3.3 The Kerf width 
The structure of the jet and the machinability of the target material play important roles in kerf 

formation. The kerf taper formation is heavily influenced by the cutting parameters selected. Mainly 

traverse speed and water pressure play important roles in controlling the taper. Also the material 

and its thickness should be considered when selecting cutting parameters. Instead of obtaining a 

desired straight cut groove, a taper is usually formed. It is, however, not parallel to the direction of 

the jet. Hashish experimentally showed that the width and taper of the cut depends more on the 

traverse speed than on the abrasive flow rate. The article further shows that the irregularity and 

asymmetry at the bottom of the kerf are attributed to reduced jet stability. This is also dependent on 

the nonuniformity of the abrasive distribution in the jet and on side deflections of the cutting stream 

This controls the geometry of the cut width (Hashish, 1991). 

 A similar experiment studied AWJ cutting on 1 mm thin steel sheet, analyzing the effects of pressure, 

traverse speed, standoff distance, and jet flow rate on kerf geometry (Wang & Wong, 1999). The 

article came to the following conclusions: 

 Both top and bottom kerf width increase with water pressure. That is because higher water 

pressure results in greater jet kinetic energy. This opens a wider slot on the workpiece which 

in turn increases kerf width. 

 Both top and bottom kerf width increase with standoff distance although the rate of increase 

for the bottom kerf width is smaller. This is due to the jet divergence, i.e. the jet is losing 

kinetic energy as it collides with the workpiece. The outer rim of the diverged jet is not 

affected as it penetrates the lower part of the kerf. 

 Both top and bottom kerf widths decrease with traverse speed, but the kerf taper seems to 

increase. The decrease in top and bottom kerf width is due to a faster passing of the jet, with 

fewer particles striking the surface. This results in a narrower slot. The increased kerf taper is 

due to the decreased kerf width at the bottom while the traverse speed increases. 

 A range of abrasive flow rates were tested but no effect in kerf width was observed. 

A recent study in this area used improved high pressure pumps and minimized jets diameters. There 

was no reduced kerf width observed. Cuts made with an orifice diameter of 0.025mm at 690 MPa 

showed a kerf width of 0.076-0.127mm in 1.6mm thick 6061-T6 aluminum sheet (Hashish, et al., 

1997). 

 

According to (Wang & Wong, 1999), the kerf characteristics seem to change when water pressure 

increases from 290 MPa and 340 MPa. According to (Hashish, et al., 1997), however, kerf 

characteristics do not appear to change significantly as the fluid pressure increases. They used higher 
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fluid pressure lying between 345MPa and 690MPa. One reason for the discrepancy may be that 

different resolution is used when checking kerf characteristics. Another reason might be that there is 

a threshold where an increase in fluid pressure no longer affects kerf characteristics. Further 

investigations should be conducted to clarify the relationship between fluid pressure and kerf 

characteristics. 

       3.4 Burr Formation 
It is observed that burrs are formed at the exit side when cutting thin metal sheet (Hashish, 1991). 

Hashish claims that the height of the burrs depends on traverse speeds and abrasive flow rate (see 

Figure 5). He compares the mechanisms of burr formation with saw cutting mechanisms, implying 

that the material at the bottom of the cut is bent rather than removed. 

 

Figure 5: Burr height produced by AWJ cutting of inconel718 (1.58 mm thick). The numbered curves represent different 
abrasive flow rates: 1-7.6 g/s; 2-5,7 g/s; 3-3.8 g/s; 4-1.9 9/s; 5-0.8 g/s. Test parameters were p= 310 MPa; dnldm= 
0.457/1.58 mm; garnet mesh 100. 

The above graph from Hashish’s article describes different burr heights for different abrasive flow 

rates. It can be seen that for low traverse speeds, burrs tend to decrease for high abrasive flow rates. 

When feed rate increases, burr height for each plot first increases to a maximum after which it 

declines. The lower the mass flow rate, the faster the burrs reach maximum height. This is dependent 

on traverse speed. Once the maximum height is reached, a rapid decline follows. For minimum 

overall burr height with maintained traverse speed, higher flow rates seem to be the best overall 

option. 
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The authors of the article (J. Wang, 1999) found that abrasive flow rate does not significantly affect 

burr height. A 1mm steel sheet was cut while pressure, traverse speed, standoff distance, and 

abrasive mass flow rate were varied. The analysis from experimental data showed following results: 

  High burrs are associated with water pressures of 240 MPa. This is probably due to 

deformation wear when low water pressures roll over material at the bottom of the kerf. 

  Burr height steadily decreases with a decrease in traverse speed. Slower traverse speed also 

allows for higher cutting rate.  

  Burr height increases with standoff distance. This is due to reduction of jet power as 

standoff distance increases. 

The article applies regression analysis (see Figure 6) between measured and predicted surface 

texture. This provides empirical models for the prediction and optimization of AWJ machining 

performance for the material under consideration. 

 

Figure 6: Regression analysis of experimental and predicted surface texture 

These two studies came to different conclusions regarding traverse speed effects on burr height. 

Hashish observed that the burrs decreased in height if traverse speed increased above a certain value 

whereas no such observations were made by J. Wang. In the article by Hashish, abrasive flow rate 

was shown important for burr formation while J. Wang suggesting that this is not the case. 
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4 Precision Waterjet Machining  
 

     4.1 Precision in AWJ Cutting 
Precision cutting using AWJ technology is subject of several articles. Many developmental changes 
have been made in the area over the past few years. Fine features and font sets have been machined 
on thin metal and nonmetal sheets to evaluate the performance of jets for micromachining (Liu, 
2010). Some of the articles discuss 5-axis machines with ultrahigh pressure pumps and reduced 
nozzle diameter while others discuss the optimization of abrasives as nanometer sized aluminum 
oxide. 

 

     4.2 Precision Cutting 

4.2.1 Cut Channel Profile in AWJ Micromachining 

For developing the AWJ cutting head for micromachining purposes, the article (Haghbin, et al., 2014) 
discusses prototype nozzles. An old model was used to perform AWJ controlled depth micro milling. 
In the model, the workpiece is submerged in a fluid while micromachining shallow channels in 316L 
stainless steel and 6061-T6 aluminum. The prototype nozzle has an orifice diameter of 127µm and a 
mixing tube diameter of 254µm. They also conducted tests with the workpiece unsubmerged. From 
these results a new surface evolution model was developed that foretells the size and shape of 
relatively deep microchannels resulting from unsubmerged and submerged abrasive waterjet 
micromachining. For both materials, the erosive efficiency distribution changed suddenly after the 
initial formation of the channel. Haghbin claims that the wide initial distribution was due to a 
backflow of abrasive slurry along the channel walls. This did not occur once the channel was formed 
and most of the flow was directed along the channel length. The conclusion was that the erosion 
patterns produced by the jet are different in comparison to the older model prediction. Some 
changes to the model were suggested as follow: 
 

 The decrease in erosion rate with increasing channel depth was not adequately taken into 
account 

 The abrupt narrowing of erosive pattern produced by the jet forming a channel on a flat 
surface, restricting the flow by channel walls, was not correctly modeled 

 Channels become wider and deeper 
 
The model was tested for 316L stainless steel and 6061-T6 aluminum at the nozzle angles 90◦ and 30◦ 
and a standoff distance of 2 and 3mm. It was found to work equally well unsubmerged when the 
waterjet was lowered while processing was conducted in either the forward or backward directions. 
The channel depth was predicted within about 4%. The average error in the predicted channel width 
at half depth was less than 16%. The maximum error of the expected wall slopes were less than 3%. 
Further refinements of the model will likely be required such as implementing Computational Fluid 
Dynamic (CFD) modeling of complex flows in the deeper channels to account for the relatively small 
amount of secondary milling of the side walls. 

 4.2.2 Hole Precision Drilling using an Advanced PumP 

The article (Miller, 2004) discusses AWJ micromachining development using jet diameters from 30 to 
70µm. Profiling trials using 40µm jets carrying nanometer sized aluminum oxide particles indicate 
that cutting should be possible with less than 10µm jet diameters. The article claims that as jet 
diameters are reduced, the ability to quickly start and stop the cutting jet becomes increasingly 
important. This is particularly so when drilling holes using diamond seated valves, having the 
potential to carry out tens of jet on/off cycles per second. Also abrasive suspension is suggested, i.e., 
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passing a pressurized suspension of abrasive particles in water through a ceramic or diamond cutting 
nozzle. The following three points were made: 
 

 Micromachining with abrasive waterjets provides the same unique processing capabilities as 
conventional AWJ 

 Development of valves able to function reliably with abrasives suspended in a fluid has made 
AWJ drilling faster. This has effectively increased possible applications for AWJ micro milling 
with  

 AWJ generated by the suspension method described in (Miller, 2004) has more controllable 
variables than abrasive waterjets generated by the erode method, further research on how 
these should be controlled is recommended 

4.2.3 Micromachining of Fine Features 

Abrasive Waterjet machining uses small orifices with various abrasive mixing ratios. The ability to 

machine fine features has been improved. Several geometric features and font sets were machined 

on thin metal and nonmetal plates to evaluate the performance of jets for micromachining (Liu, 

2010). The results were as follows: 

 Typical kerf width of slots were 300µm for AWJ and 150µm for WJ 

 For thin aluminum sheet, the kerf width of slots for WJ is narrower than for AWJ 

 Machined rib width may be narrower than slots, but minimum width of ribs is limited and 

depends on material thickness 

 The edge quality of slots machined with WJ is inferior compared with AWJ since WJ leaves a 

large amount of frays along the cut edges 

 To reduce the kerf width of AWJ machined slots, a stencil aided waterjet stage (SAWS) was 

developed to work together with AWJ 

         2.2.4 Drilling Holed in Advanced Aircraft Engine Components 

 
The article (Hashish M. Whalen, 2013) uses AWJ for precision drilling of small diameter holes in 
advanced aircraft engine components. These components are sprayed with a ceramic thermal barrier 
coating (TBC). Accuracy and repeatability in AWJ technique as regards air flow and hole size 
requirements are as follows: 
 

 Holes of sufficient quality can be obtained using AWJ drilling. The thermal barrier coating is 
preserved intact around the drilled area when drilling from the thermal barrier side. 

 Varying the pressure while drilling when drilling in composite materials is essential in order 
to acchieve hole size control. However, the current control process requires continuous 
adaptation. Sensor systems need to be developed to fully control this technique.  

 
According to these four articles, many advances have been made in precision cutting. One article 
developed a prototype nozzle and predicted high aspect-ratio channel profiles for submerged and 
unsubmerged AWJ controlled depth milling. Other experiments use advanced AWJ pumps having the 
potential to carry out tens of jet on/off cycles per second allowing for micro drilling. Also 
micromachining of fine features by advanced machines was presented. 
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5. Surface Characteristics 
 

5.1 Surface Roughness 
Surface roughness is an important industrial application and is dependent on cutting parameters 

such as water pressure, abrasive flow rate, jet traverse rate, standoff distance, and focusing nozzle 

diameter. These parameters are important and very much controllable (Chithirai pon selvan, et al., 

2012). Of these, pressure has the greatest influence on surface roughness. When water pressure 

increases, surface roughness becomes smoother. This is thought to be because some of the brittle 

abrasive particles break down into smaller particles when introduced into the violent environment of 

the highly pressurized jet. Another aspect of the higher pressure is that the abrasive particles receive 

higher kinetic energy from the waterjet. The cutting thus becomes more efficient resulting in a 

smother surface. Also a higher abrasive mass flow rate has been found to decrease surface 

roughness. This is because a higher number of impacts and cutting edges are available per unit area. 

This provides more cutting edges available striking the surface in more places. It reduces the 

possibilities for particles not hitting nondesirable areas and this creates the rougher surface 

associated with less mass flow rate. Higher abrasive mass flow rate also increases the total kinetic 

energy in the jet. This, in turn, increases the cutting ability of the jet. However, as the mass flow rate 

increases, particles begin to collide more frequently while in the jet stream, reducing the kinetic 

energy effect. 

Increasing traverse speed has much the same effect on surface roughness as reducing the mass flow 

rate. As traverse speed increases, fewer abrasive particles per unit area pass the cutting area, 

resulting in a rougher surface. Therefore, for operators attempting to decrease machining costs by 

increasing traverse speeds, it can have some negative impact. The surface roughness increases with 

increasing standoff distance. A higher standoff distance allows the jet by hydrodynamic effects to 

expand in diameter. This increases the effect of external drag, reducing the kinetic energy per unit 

area, thus resulting in a negative effect on surface roughness. These effects also may contribute to a 

better surface roughness at the top of a cut near the nozzle. 

Some attempts on detecting and controlling surface roughness in real time have been made using 

the acoustic properties of the AWJ process (Valíček & Sergej, 2009). Using acoustic sound pressure 

and controlling traverse speed to influence the cut, desired surface roughness was achieved. They 

found a relationship between the two parameters where an increase in acoustic pressure could be 

related to an increase in traverse speed. This dependence was shown to be linear and was used in 

the design of a regulatory system capable of reading the approximate surface roughness parameter 

in real time. This allowed for automatic control of the traverse speed in order to achieve desired 

surface parameters. 

5.2 Impact from Choice of Abrasive on Surface Roughness 

 Abrasive particle hardness, size, type, and shape all have an effect on surface roughness. Material 

removal rate and surface roughness increase if particle hardness is increased. Harder particles act as 

rigid indentors compared to softer particles, thus making the ratio between the hardness of the 

workpiece and the hardness of the abrasive important (Fowler, et al., 2008). Increasing particle 

hardness from 500HV to 2500HV increases the material removal rate by a factor of two, although any 

increase above 1000HV only slightly increases removal rate. A rapid rise in particle hardness (from 
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200 to 1000HV) results in a significant increase in roughness, while little further increase in 

roughness occurs above 1000HV. Milling aluminum at low traverse speeds using hard particles, such 

as garnet grit, results in higher roughness values. Milling using glass beads, as opposed to regular 

garnet, results in 50% lower roughness. 

The shape of the particle also has an effect on material removal rate and surface roughness. Particles 

with a more even shape tend to cause a smoother surface and a lower material removal rate. Higher 

traverse speed results in a rougher surface, but it also results in a significant reduction in surface 

waviness (Fowler, et al., 2008). When the traverse speed is high, the cut becomes shallower, leading 

to less cutting channel effects. This causes surface waviness. The shape of the abrasive particles has 

been shown not to have significant impact on surface waviness. 

5.3 Surface Waviness 
Surface waviness appears to develop due to irregularities formed during the milling process. Once 

formed, irregularities are propagated since they form disturbances to the waterjet flow pattern. This 

further promotes local material removal. The waviness formation is a jet related phenomenon. All 

beam-like cutting tools such as laser and plasma jets all produce wavy cutting surfaces. The surface 

waviness depends on the cutting parameters being used when machining the work piece. The 

traverse speed of the jet has a strong influence on surface finish. Low traverse speed is associated 

with lower surface roughness but with an increase in surface waviness. This may be due to the high 

number of impacts from the abrasive particles per surface area. Even though surface roughness is 

reduced, however, surface waviness is worsened. The surface waviness improves significantly when 

the traverse speed increases up to 0.01m/s but further increases only cause slight improvements. 

There have been suggestions made that the traverse speed must exceed a critical value of 0.016m/s 

to achieve low surface waviness, i.e. surface uniformity. The sensitivity to traverse speed is the most 

significant factor of all cutting parameters when it comes to formation of waviness. Once surface 

waviness has been formed on a work piece, it cannot be removed. Trying to remove it with 

subsequent passes with the jet only worsens the condition. Therefore, if surface uniformity is 

wanted, it is required to control the parameters correctly from the beginning of the process (Fowler, 

et al., 2008). 

The traverse speed is a critical parameter for surface waviness formation. Therefore, the stability of 

the traverse system is of utmost importance when producing cuts with low waviness. It is also 

important to reduce vibrations in the AWJ system since small irregularities are propagated, forming 

disturbances in the water jet flow pattern. The degree to which variations in the dynamic parameters 

affect surface waviness depends on the level of variation and machinability of the material. If the 

target is a difficult to cut material, small variations in dynamic parameters will not significantly affect 

the waviness produced by the jet. In this case, small variations are negated, and more uniform 

waviness will result. The regularity of the waviness pattern of a cut surface of zirconia is more 

uniform than the cut surface of metal. The frequency of the surface waviness is not affected when 

increasing the traverse speed. This implies that the waviness is induced by variations in other cutting 

parameters, such as abrasive flow rate, pressure, and traverse system (Hashish, 1991). 
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6. Abrasive Waterjet and Milling Comparison 
The main application for abrasive waterjet is through-cutting materials difficult to cut by 

conventional machining processes. Other advantages of AWJ machining over conventional processes 

are covered in the book (Davim, 2013) and are for example: 

 No thermal distortion, making it suitable for heat-sensitive materials like plastics 

 Relatively fast process 

 The cut surface is smoother and requires limited postprocessing 

  Because of small cutting forces, thin workpieces can be cut with minimum bending or 

melting 

 Any contour can be cut in almost any material 

AWJ milling (AWJM) is different to AWJ cutting in the sense that the milling process is used to 

remove material to a limited depth from the component. The fluid conditions are different from the 

case of through-cutting where the jet stream passes through the material (Fowler, July 2003). AWJ 

milling occurs when the jet is applied with several overlapping multi-ray passes across the workpiece 

surface. This multi-ray linear traverse cutting strategy uses the principle of superpositioning of 

several kerfs in order to obtain final geometry and form. Several parameters significantly contribute 

to the efficiency of the AWJM process (Davim, 2013) 

6.1 Controlled Depth Milling 
The abrasive waterjet milling may be used for controlled depth milling (CDM) of materials. The article 
(Tandon, 2013) focuses on making blind pockets of controlled depth for a set of materials using 
AWJM. The materials used in the study were Al 6061, Al 2024, brass 353, Ti 6Al-4V, AISI 304 SS, and 
tool steel M2 RC20. Some of the results were as follows: 

 
 Machinability index and mechanical properties of the materials milled are important for 

establishing milling time and surface roughness 

 Traverse speed is lower for materials with low machinability index and higher for materials 
with high machinability index (see Figure 7) 

 Milling time increases nonlinearly with the depth of milling because of the loss of energy 
with increased standoff distance 
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Figure 7: Machinability index for various material  

6.2 Comparison AWJ Milling with Conventional Milling 
When milling thin-walled plate using AWJ, some research has been done to achieve successful 
industrial implementation of AWJ-CDM (controlled depth milling). A goal is to minimize surface 
waviness in order to achieve tight tolerances without the requirement of further finishing operations. 
A study of surface characteristics developed during AWJ-CDM of Ti-6Al4V shows that surface quality 
depends on the process parameters (Shipway, et al., 2005). The result from the experiment shows 
the following: 

 Low surface waviness can be achieved by employing a high jet traverse speed, a small grit 
size, a low waterjet pressure, and a low jet impingement angle. These process parameters 
reduce the rate of material removal and make the process less efficient. Because of the 
nature of the process, waviness increases with depth of cut, limiting the applicability of the 
process. 

 When milling at normal jet impingement, high traverse speeds reduce surface waviness. 
Surface roughness increases at low impingement angles due to the suppression of secondary 
milling. Surface roughness can be minimized by combining small-sized abrasive grits with 
lower jet impingement angles. It was noticed that waterjet pressure has little effect on the 
surface roughness at high traverse speeds. It should be noted that surface roughness is a 
micro-scale phenomenon and is not depending on milling depth. 

 When secondary milling is conducted at high traverse speeds, grit embedment increases with 
increasing impact angle. This is because of a higher impulse during impact as the 
impingement angle is raised. 

When milling low rigidity thin-walled plate using conventional machining, FEM (Finite Element 
Method) may be suitable for static deformation predictions. The prediction increases the geometric 
accuracy of milling flexible thin-walled plates by considering the impact of the milling forces, the 
location of cutter, and the part thickness. If the cutting parameters are not varied while milling the 
thin-walled plate, an inaccuracy in machining will result. It is therefore necessary to adjust cutting 
parameters at each layer of the machined part in order to satisfy the demand of decreased cutting 
force. This will result in better accuracy and quality of the machined part (Tang & Liu, 2008). 
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Machining thin-walled aerospace components also give rise to chatter vibrations. This is due to 
increased production speeds and material removal rates (MRR) as component thickness and weight 
are reduced (Wanner, et al., 2012). Three common offset positions were investigated to exemplify 
the impact of milling geometry on resultant cutting forces as well as on the onset of chatter 
vibrations. The results from the experiment show that chatter vibrations in the system can be 
reduced by changing the offset location of the tool in relation to the workpiece. The choice of offset 
position is crucial as the component height overhang increases. Moreover, it is more important to 
have a smooth cutter exit than a smooth cutter entry in order to avoid chatter vibrations. 

When comparing AWJ milling and conventional milling, it is noted that conventional milling of thin-
walled plate is time consuming. This is because the dynamic parameters must be selected for each 
layer of machined part in order to avoid deformation. This makes the process ineffective, slow, and 
costly. When machining thin-walled plate using AWJ milling, the surface roughness quality is smooth 
with limited required postprocessing. However, the selection of high jet traverse speed, small grit 
size, and reduced MRR makes the process inefficient and slow. 
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7.  Abrasive Waterjet and Reaming Comparison 
 

Reaming is a process for creating a larger, more accurate hole from a previously drilled smaller hole. 

It can also be used to remove burrs. When creating holes using AWJ as drilling process, static piercing 

is usually the first step. Static piercing is a process in which an AWJ nozzle is held over the same spot 

above a target surface until the jet has pierced through the target. When creating small holes, this is 

often the only feasible technique since moving the nozzle would 

result in a bigger hole. Dynamic drilling is a process where the nozzle 

is nonstationary, moving while the hole is formed. This reduces the 

effects of rebounding abrasive water exiting from the cut hole or 

channel. This makes producing holes a faster process but increases 

the minimum hole diameter. After the material is pierced with one of 

these techniques, the process most comparable to reaming is cutting 

the hole to specification. When cutting a circular hole, the tendency of 

AWJ is to create tapered walls. Lowering the traverse speed will 

reduce tapering formation. If the traverse speed is slowed too much, 

however, there is a risk for the tapering to start moving outward with increasing depth. To remove 

this tapering completely, the speed must be lowered to a point where the cutting process no longer 

is economical. Instead of slowing the traverse speed, a tilting of the nozzle can compensate for the 

tapering effect. Controlled correctly, this method can correct the tapering formation without 

impairing cutting speed (Zhang, et al., 2011). This tilting of the nozzle technique shows such good 

performance while cutting holes that it is suggested that it can be used in other applications such as 

milling. This would eliminate tapering sides of the area being milled.  

Abrasive Waterjet cutting provides some advantages over conventional reaming in that AWJ is 

capable producing holes in many different shapes. This includes convergent, divergent, and square 

holes. Small diameter deep holes can be produced which often pose significant problems due to the 

limitations of existing drilling tools. 

The AWJ process offers a wide range of flexible machining options from rapid rough shaping to very 

high precision hole cutting including good kerf geometry. This makes AWJ an excellent tool for 

various types of manufacturing industries. It can often complement conventional machining to 

achieve higher cost efficiency with maintained or improved quality. This is due to its many 

advantages such as low machining forces and no heat affected zone. A high level of accuracy may be 

achieved down to a few nanometers. Therefore, the AWJ process can be applied in even the most 

precision critical environments under controlled circumstances. 

 

  

Figure 8: Removing taper by tilting nozzle at 
small angles 
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8. Abrasive Waterjet and Honing Comparison  
 

Honing is a machining method used to increase the precision of a previously machined surface of a 

machined component. The best way for achieving high accuracy precision and surface roughness 

with AWJ is to set the machining parameters so that collision energy is low and collision angle is 

shallow. With these parameters correctly applied, the abrasion rate may decrease to a few 

nanometers per minute. Ductile mode abrasion with a few nanometers surface roughness may be 

achieved even for brittle work materials (Horiuchi, et al., 2007). 

AWJ tests with an impingement angle of 3 and a grit size of 17 to 75m resulted in surface 

roughness values of 0.6-1.0m. This is comparable with that of grinding, honing, and lapping. These 

results suggest that one AWJ technique can be used to first rough shape the workpiece, and another 

AWJ technique can be used to finish the surface of the workpiece. This is similar to how conventional 

milling first can create the basic rough layout of an object and later with other parameters and tools 

can finish with higher precision (Badgujar & Rathi, 2014 ). 

Conventional honing is a low‐speed abrading process using bonded abrasive sticks for removing stock 

from metallic and non‐metallic materials. Honing corrects surface errors produced by other 

machining or grinding operations. It has an important function in the finishing of internal cylindrical 

surfaces. The development of honing took place concurrent with engine development. The honing 

process is not only applied to cylinder block machining, but also to machining of other types of 

applications requiring high level of precision, such as gears (Damir, et al., 2011). 

The main disadvantage with conventional honing is that it is a time consuming and expensive 

process. It is thus used mainly on components requiring highest level of precision. Honing is a process 

step in general preceded by grinding. When comparing honing to AWJ, the latter provides more 

flexibility. This is because the same machine with different settings often works several steps. The 

general advantages of AWJ, such as no heat affected zone and low machining forces also apply. The 

advantage honing has over AWJ is its high dimensional accuracy and that it is relatively easy to 

control. 

  



25 
 

  



26 
 

9. Literature Matrix 

 

General Waterjet Machining Matrix 

             Article topic        

 
Article title 

 
Materials 
machined 

Thin wall 
Waterjet 
machining 

precision 
waterjet 
machining 

Surface roughness: 
parameters 
investigated 

 
Burr 
Formation 

(Fowler, et al., 2008) Ti6Al4V 
Aluminum 

  Traverse speed, 
particle size, shape 
and hardness  

 

(Chithirai pon selvan, et al., 
2012) 

Aluminum 
dimensions: 
15x100x60 mm. 

  Water pressure, 
Traverse speed, 
Mass flow rate, 
Standoff distance 

 

(Ushasta, et al., 2013) Investigates 
common materials 

  Different process 
models  

 

(Valíček & Sergej, 2009) Steel AISI 309   Using acoustic sound 
pressure for process 
control 

 

(Hashish, 1991) Sheet steel Cutting thin 
steel plates 

Kerf width, 
surface 
waviness 

Parameter 
implication on 
roughness 

Process 
paremeter 
impact on 
burr 
formation 

(Miller, 2004) Stainless steel and 
several 
composites 

Thin materials 
cut with very 
high precision 

High precision 
AWJ, special 
equipment 

High quality surface 
texture, narrow 
tolerances 

 

(Folkes, 2009) Aluminum 
Titanium 
Glass 
composites 

 Cutting, drilling, 
milling precision 

Surface of cut 
materials and 
striation formation.  

 

(Hashish, et al., 1997) Aluminum 1.6 mm samples 
were used 

Super high 
pressure, 
effects on 
precision 

Super high pressure, 
effects on roughness 

 

(Fowler, July 2003)   CDM AWJ in general  

(Haghbin, et al., 2014) 316L stainless 
steel and 6061-T6 
aluminum of the 
nozzle 

  Model to 
predict high 
aspect-ratio 
channel 

  

(Hashish & Whalen, 2013) Aerospace 
Material 

 Drilling hole in 
coating 
Aerospace 
component 

  

(Hashish, et al., 1997) aluminum 6061-T6 1.6 mm-thick Super high 
pressure, effects 
on precision 

Super high pressure, 
effects on 
roughness 
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(Palleda, 2007) glass  Kerf taper with 
increased stand 
of distance and 
different liquids 

  

(Zhang, et al., 2011) Titanium  
Ti-6A14V 

 Hole drilling, 
kerf taper 
removal 

  

(Keivan Dadkhahipour, 
2011) 

soda-lime glass of 
60×50×19 mm 

 Process 
parameters 
impact Material 
removal rate 

Cutting parameters 
impact on cut 
geometry 

 

(François, et al., 2013) Aluminum 
2024-T3 

 Using feed rate 
to control depth. 

  

(Palleda, 2007) glass  Kerf taper with 
increased stand 
of distance and 
different liquids 

  

(Liu, 2010) Aluminium, 
copper and thin 
nonmetallic 
materials 

 Machining fine 
features 

  

(Wang, et al., 2011) Erosion michanism 
and MRR 

AWJ parameters AWJ parameters AWJ parameters AWJ 
parameters 

(Wang & Wong, 1999) zinc alloy metallic coated 
sheet steels 

Kerf width, 
surface waviness 

Parameter 
implication on 
roughness 

Process 
paremeter 
impact burr 
formation 

(Tandon & Puneet, 2013)  Al 6061, Al 2024, 
brass 353, 
titanium 6Al-4V, 
AISI 304 SS, and 
tool steel M2 Rc 
20. 

  AWJ (CDM)  

(Shipway, et al., 2005)  Ti6Al4V   AWJ(CDM)  
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10. Summary and Conclusions 
Abrasive waterjet is a modern machining technique that has shown great progress over recent years. 

New applications develop at rapid pace. The cutting parameters are subject to a great amount of 

research and a number of models for predicting AWJ cutting have been developed. This thesis 

compiles research in order to get an overview of the subject. 

 What has been written in general in State of the Art reports? 

o Information found in prior State of the Art reports is provided and a general view of 

completed research is presented. Various aspects of AWJ machining and its 

applications are covered. A matrix intended to classify AWJ articles by subject is 

presented. This matrix is intended to provide an overview of already completed AWJ 

research. 

 What materials/alloys have been investigated and machined with AWJ? 

o A wide range of materials and the interaction between material and process have 

been investigated. During AWJ machining, many different processes take place 

simultaneously. These include interaction of abrasives with water, water 

hydrodynamics by itself, and interaction between water and abrasive mix in contact 

with the workpiece. This is further complicated since interaction change depending 

on material being machined and on cutting process stage. 

 What research has been done in the special case of thin-walled components? 

o Machining thin-walled components using AWJ is a promising area because of the low 

forces applied to the work piece. This minimizes the risk for distortion. The research 

done in the area of thin-walled components is limited, especially of advanced three-

dimensional shapes. Particularly in the aerospace industry where continuous weight 

reductions are of interest, AWJ should have many potential applications. 

 What has been done in Precision Cutting? 

o Various techniques for precision applications have been reaserached. High aspect 

ratio orfices and machines especially developed for high precision have been covered 

in this thesis. 

 What has been done in surface roughness? 

o The surface roughness and other surface aspects such as waviness are covered by 

this thesis. The process parameter impact on the surface has also been investigated. 

 What research has been done on the topic of burr formation? 

o Burr formation is realtively unexplored in AWJ machining. Some conflicting 

conclusions exist on parameter impact on burr formation. This suggests that further 

investigations would be of benefit to understand how to predict and minimize burr. 

 Are there studies comparing AWJ with conventional machining techniques?  

o The AWJ process flexibility offers a wide range of machining options comparable to 

conventional machining processes. It has been found that AWJ offers som 

advantages over conventional methods but the AWJ process are in some cases less 

efficient at certain tasks where conventional machining is superior. A hybrid 

approach combining AWJ with conventional methods is a possible future field of 

research with many potential industrial applicatons.  
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