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Surface integrity on post processed alloy 718 
after non-conventional machining
Alternative production technologies emerges on the market that may contribute of making 
the production of aero engine components of superalloys even more efficient than it is today. 
Introducing new and non-conventional machining technologies allows taking a giant leap to 
increase the material removal rate and thereby drastically increase the productivity. However, 
the end result is to meet the requirements set for today’s machined surfaces. 

The present work has been dedicated to improving the knowledge of how the non-convention-
al machining methods Abrasive Water Jet Machining, AWJM, Laser Beam Machining, LBM, 
and Electrical Discharge Machining, EDM, affect the surface integrity. The aim has been to 
understand how the surface integrity could be altered to an acceptable level. The results of this 
work have shown that both EDM and AWJM are two possible candidates but EDM is the better 
alternative; mainly due to the method’s ability to machine complex geometries. It has further 
been shown that both methods require post processing in order to clean the surface and to 
improve the topography and for the case of EDM a generation of compressive residual stresses 
are also needed.    

Three cold working post processes have been evaluated in order to attain this: shot peening, 
grit blasting and high pressure water jet cleaning, HPWJC. The results showed that a combi-
nation of two post processes is required in order to reach the specified level of surface integrity 
in terms of cleaning and generating compressive residual stresses and low surface roughness. 
The method of high pressure water jet cleaning was the most effective method for removing 
the EDM wire residuals, and shot peening generated the highest compressive residual stresses 
as well as improved the surface topography. 
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Populärvetenskaplig Sammanfattning  
Nyckelord:  Superlegering 718, Icke konventionell bearbetning, Post-

processning, Ytintegritet, Restspänning, Mikrostruktur,  
Diffraktion av bakåtspridda elektroner, 
Materialavverkningshastighet  

Det finns en stark industriell drivkraft att hitta alternativa tillverkningstekniker 
vid tillverkning av komponenter i superlegeringar till dagens flygmotorer. 
Genom användandet av nya och icke konventionella tekniker möjliggörs att 
materialavverkningshastigheten kan ökas avsevärt vilket även drastiskt ökar 
produktiviteten. Men för att möjliggöra detta måste slutresultatet från denna typ 
av bearbetning uppnå motsvarande krav som ställs för dagens tillverkade ytor.  

Arbetet i denna avhandling avser att förbättra kunskapen om hur icke 
konventionell bearbetning så som abrasiv vattenjet, AWJM, laser bearbetning, 
LBM samt elektrisk gnistbearbetning, EDM, påverkar ytintegriteten. Målet med 
detta arbete har varit att förstå hur ytintegriteten kan påverkas så att den färdiga 
ytan når en acceptabel nivå. Resultaten har påvisat att både AWJM och EDM är 
möjliga kandidater men EDM anses vara det bättre alternativet eftersom denna 
teknik möjliggör bearbetning av mer komplexa geometrier än AWJM. Resultaten 
från detta arbete visar vidare på att de bearbetade ytorna med både EDM och 
AWJM kräver post-processning för att rengöra ytan och för att förbättra 
topografin. Dessutom behöver tryckspänningar införas i den EDM:ade ytan.  

Tre olika post-processer har utvärderats för att uppnå detta: Kulbombning, 
blästring samt högtryckstvättning, HPWJC. Resultaten från denna utvärdering 
visade på att en kombination av två post-processer krävs för att uppnå de krav 
som ställs vad gäller på renhet, topografi samt restspänningar. Vidare visade 
resultaten på att HPWJC var den mest effektiva metoden för att rengöra ytorna 
från EDM rester samt att kulbombning skapar högst tryckrestspänningar i ytan 
samt ger högst ytfinhet.  

Sammanfattningsvis visar resultaten från detta arbete att det mest lovande 
tillverkningsalternativet för användning av icke-konventionell bearbetning vara 
EDM följt av post processning med HPWJC samt kulbombning.  
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Abstract 
Title: Surface integrity on post processed alloy 718 after non-

conventional machining  

Keywords: Alloy 718, Non-conventional machining, post processing, 
surface integrity, Microstructure, Residual stress, Electron back 
scattering diffraction, Material removal rate.  

ISBN: 978-91-87531-72-9 (Printed version) 
978-91-87531-71-2 (Electronic version) 

There is a strong industrial driving force to find alternative production 
technologies in order to make the production of aero engine components of 
superalloys even more efficient than it is today. Introducing new and non-
conventional machining technologies allows taking a giant leap to increase the 
material removal rate and thereby drastically increase the productivity. However, 
the end result is to meet the requirements set for today’s machined surfaces.  

The present work has been dedicated to improving the knowledge of how the 
non-conventional machining methods Abrasive Water Jet Machining, AWJM, 
Laser Beam Machining, LBM, and Electrical Discharge Machining, EDM, affect 
the surface integrity. The aim has been to understand how the surface integrity 
could be altered to an acceptable level. The results of this work have shown that 
both EDM and AWJM are two possible candidates but EDM is the better 
alternative; mainly due to the method’s ability to machine complex geometries. 
It has further been shown that both methods require post processing in order to 
clean the surface and to improve the topography and for the case of EDM a 
generation of compressive residual stresses are also needed.     

Three cold working post processes have been evaluated in order to attain this: 
shot peening, grit blasting and high pressure water jet cleaning, HPWJC. The 
results showed that a combination of two post processes is required in order to 
reach the specified level of surface integrity in terms of cleaning and generating 
compressive residual stresses and low surface roughness. The method of high 
pressure water jet cleaning was the most effective method for removing the 
EDM wire residuals, and shot peening generated the highest compressive 
residual stresses as well as improved the surface topography.  

To summarise: the most promising production flow alternative using non-
conventional machining would be EDM followed by post processing using 
HPWJC and shot peening.  
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A. INTRODUCTORY CHAPTERS 

1 Introduction 
The manufacturing industry is greatly dependent on a constant development of 
all parts in the production chain in order to meet the market’s demands of e.g. 
more complex products. Production technology covers development of 
different systems, including everything from machinery that creates products to 
systems that manage manufacturing scheduling and stock inventory. These 
systems have the objective to optimize the cost, inventory and generate a steady 
work flow.  

The main goal for the Swedish Production Technology research is to make the 
Swedish industry number one on the world market. This could be realised if 
more steps in the value chain of the product are kept within the Swedish 
manufacturing industry instead of producing parts abroad [1]. However, there is 
a contradiction within this since if the product is pushed higher in the value 
chain the cost of keeping the production also increases. Hence, one needs to 
consider and minimise the actual time that the product stays in the production 
chain.  

Another aspect of production is that the product's complexity increases with 
time. Many products contain more components of different materials and of 
different complexity in terms of design. There is also an interesting trend 
concerning the fact that the tolerance limits are reduced with time. For example, 
the automotive industry has a constant strive to reduce the emission by weight 
reduction which could be realised by lowering the tolerance limits and thereby in 
fact lowering the weight of the final product [2]. This could also result in 
optimizing the product where closer tolerances result in less wear and lower 
friction in rotating systems. Development of products with greater complexity 
that have closer tolerances will also push the product further up in the value 
chain regarding knowledge.     

For the aero engine manufacturing industry the demands on efficiency and high 
quality output of today’s manufacturing is ever growing. Present and future 
production focuses more on alternative and more resource efficient production 
[3, 4]. One possible approach that the Swedish aerospace industry could advance 
into, in order to increase the competitiveness, is to adjust the production to 
fabricated alternatives where complex features are added to welded structures of 
i.e. wrought and cast material geometries. This type of production allows for a 
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more flexible production regarding design and manufacturing but along with 
that follows a completely new production work flow.   

Fabricated production opens up for new and alternative machining methods 
that could be of great interest as they allow for much higher material removal 
rates than traditional alternatives. However, exploring these non-conventional 
machining alternatives the final surface functionality and quality need to be 
assured to meet the requirements of today's and future manufacturing. This 
includes assuring the surface integrity for a functional surface which is a great 
challenge; especially since the demands on a functional surface and 
manufacturing efficiency constantly increase. The generated surface conditions 
for a manufactured surface are the result of the interaction between the material 
and the manufacturing process. The performance of engine components such as 
blisks or rotating shafts depends greatly on their surface integrity.  

This thesis work has been devoted to introduce new and alternative machining 
concepts for the aero engine manufacturing industry. A methodology based on a 
triangular flow has been considered, this involves: Production - Characterization 
– Function. This will be the key for a successful development of functional 
surfaces. This research approach will address a new type of methodology that 
will be developed essentially in order to include other aspects than the 
topography in the parametric description of the surface. The description of the 
surface includes material characteristics defining the surface integrity such as 
residual stress and alterations of the microstructure. The results will generate a 
more complete description of the surface, which will be linked to performance 
and demands for surface integrity. When a surface is given a parametric 
description it is also possible to compare and evaluate different parametric 
settings to efficiently improve the manufacturing process. 

1.1 Research objective 
There is a strong industrial driving force for finding alternative production 
technologies in order to make the production of aero engine components of 
superalloys even more efficient than it is today. Introducing new and non-
conventional machining technologies allows taking a giant leap towards 
increasing the material removal rate and thereby drastically increasing the 
productivity. However, the end result needs to meet the requirements set for 
today’s machined surfaces. The present work is dedicated to improve the 
knowledge of how the non-conventional machining methods Abrasive Water Jet 
Machining, AWJM, Laser Beam Machining, LBM, and Electrical Discharge 
Machining, EDM, affect the generated surface integrity and fatigue in order to 
understand how to alter the surface integrity to an acceptable level.  
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The academic objective of this research is to evaluate the surface integrity of 
non-conventional machined and subsequently post processed surfaces. 
Secondly, to enable efficient surface integrity evaluations, a methodology has to 
be developed. The surface integrity investigations will be the foundation for 
explaining how the different machining concepts have affected the material. 
This is also important when selecting appropriate post processes to control the 
surface state after an initial manufacturing process in order to meet the surface 
integrity specifications.    

1.2 Limitations 
A limitation in this thesis work is that the post processing has only been 
evaluated for EDM surfaces. The reason for this limitation was based on the 
result from the initial investigations of different non-conventional machining 
techniques. These investigations compared different machining techniques in 
terms of machining time, set up time, possibilities to machine complex 
geometries and, most importantly, how detrimental the machining process has 
been to the processed part's integrity. It was concluded from these 
investigations that EDM would be the most promising method to be used for 
initial processing. The EDM process, specifically from a production perspective, 
is of great interest since it allows for machining of large and complex parts and 
is to some extent in use in production today. 

The second delimitation has been that only Alloy 718 has been considered in 
this research. The reason is that Alloy 718 is the high volume aero engine 
material and tough to machine using conventional machining methods such as 
milling or turning. The reason for this material's low machinability is mainly its 
properties of work hardening which result in long machining times as well as 
severe wear of the cutting tools. 

1.3 Research questions 
The overarching research theme relates to exploring and comparing different 
post processing strategies in order to select the most promising alternative to 
non-conventional and conventional machined surfaces. The aim behind the 
research questions is to increase the productivity, i.e. the material removal rate, 
MRR. Additionally, it is also because new and efficient non-conventional 
machining methods are emerging on the market that exhibits similar MRR as 
conventional machining. The selection process of appropriate manufacturing 
alternatives includes thorough analyses of how different machining operations 
affect the integrity of the processed surface. These results will be used as an 
important basis when making the decision of selecting future machining 
strategies that allow for much higher material removal rates.   
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The academic part of this research has been to establish correlations between 
different machining operations and subsequent post processing operations and 
the effect on the resulting surface integrity. The research questions related to 
this work are as follows:  

Overarching research question: Which is the most suitable non-conventional machining 
alternative of EDM, LBM and AWJM that requires the least amount of post processing to 
reach similar surface integrity as a traditional milling operation?  

RQ 1. How do the three non-conventional machining alternatives affect the surface 
integrity in terms of residual stress, topography and influence on the 
microstructure? 

RQ 2. What are the premises and requirements for the three different non-conventional 
machining operations in order to alter the surface integrity to match the conditions 
of a conventional machined surface?  

Depending on the outcome from these results the most promising non-
conventional machining alternative will be selected. This will result in the 
follow-up question: 

RQ 3. Could the post processes: shot peening, grit blasting or high pressure water jet 
cleaning solely or in combinations be used in order to alter the surface integrity to 
the same levels as a traditional milled and post processed surface?   

1.4 Research approach 
The research approach was determined following a thorough literature study of 
hybrid as well as non-conventional machining concepts for machining of Alloy 
718. Furthermore, a second literature survey was performed within the field of 
different post processing methods that could be applicable for aero engine 
materials and specifically the nickel and iron-nickel based superalloys. Generally, 
published results only cover limited aspects of surface integrity and most of the 
published research only concerns separate parametric studies of different 
machining methods or processes rather than comparing different concepts for 
machining or post processing of the same material. This knowledge gap was 
identified at an early stage and the research approach of this work has been 
designed to fill this void.  

The base-line of this work has been to perform thorough surface integrity 
investigations which were developed and applied for all the studied samples in 
this thesis work. The intention was to parameterize the different surface 
integrity aspects into simple parameters, enabling easier comparisons between 
different processes. 
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The main theme of the surface integrity studies has been to determine the 
residual stress state in relation to the impact on the microstructure. The surface 
integrity studies were carried out through X-ray diffraction and hole drilling 
measurements of residual stresses, surface topography measurements using 
interference microscopy and investigations of the microstructure using Light 
Optical Microscopy, Scanning Electron Microscopy, Energy Dispersive Analysis 
and Electron Back Scatter Diffraction analysis. All this information has been 
parameterized and used as input for selecting appropriate post processing 
methods in order to meet the requirements of a standard surface of today’s 
production. 

This approach has generated a substantial amount of experimental data. In order 
to summarize this in the best fashion, all results were published in Journal 
papers. The journals selected for the publications have been of a more industrial 
applicable nature, which also many of the referred papers have been.   

The selection of machining and post-process methods investigated in this thesis 
was based on the most promising methods according to the literature study. For 
non-conventional machining; Abrasive Water Jet Machining, AWJM, Electrical 
Discharge Machining, EDM, and Laser Beam Machining, LBM, were selected 
since all of these methods are mature within their specific area of application. 
Comparing these methods in terms of surface integrity and fatigue was the basis 
in order to determine the most promising non-conventional machining 
alternative. This work was realised and summarised in paper A and paper B where 
a screening test was performed using best practice parameters for respective 
machining methods. 

The selection was further done on the basis of acquiring the same surface 
integrity as for a conventionally finish milled surface. The most promising 
manufacturing alternative EDM was selected for further study with the aim to 
alter the part's surface integrity to the same level as a conventional machining 
operation.  

The initial literature study indicated that in order to restore an EDM surface, the 
unwanted recast layer, residual stress state and topography need to be addressed. 
On the basis of this input, three different cold working processes were selected 
and evaluated with the objective to restore the surface integrity in terms of 
removal of any unwanted residuals on the surface, generation of favourable 
compressive residual stresses and also generation of a smooth surface. The 
process parameters for the post processes were selected based on both 
parametric studies as well as selection from best practice parameters used by 
industry.  



 

 

A visual representation of the research approach is illustrated in Figure 1. 

 

This thesis is outlined as follows: Section A is dedicated to the introductory 
chapter, Chapters 1. This includes an introduction, research objective, research 
questions and research approach 

Section B is dedicated to state of art chapters, Chapter 2-3. This includes current 
state of art regarding the investigated material, the investigated machining 
methods and the examination methods used for evaluating the surface integrity.  

Section C is dedicated to investigation chapters, Chapters 4-5. Initially the 
experimental details of the different investigations are described, Chapter 4, 
followed by a summary of the most important results from investigations of the 
surface integrity for the different machining operations and post processing, 
Chapter 5. 

Section D is dedicated to concluding chapters, Chapters 6-8. This includes 
analysis of the derived results, Chapter 6, conclusions from the findings, 
Chapter 7, discussion and future work, Chapter 8 and list of references, Chapter 
9.  

Finally, Section E includes all the appended papers. 



 

Current development and improvements of components for the aero engine 
involv development of the work material. This is realised in terms of chemistry 
to withstand higher operating temperatureas, as well as finding methods to 
process these materials that are difficult to machine. Improvements regarding 
the machinability has been a major part of research for several years which has 
developed the cutting process with e.g. high pressure assisted cooling as well as 
development of the material grade and geometries for the insert tool in order to 
withstand these difficult cutting conditions.  

Alloy 718, or the the brand name Inconel 718, is an iron-nickel based superalloy 
which has excellent high temperature strength as well as corrosion resistance. 
Superalloys account for about 50 weight-% of the materials being used in aero 
engines and especially Alloy 718 which is the most frequently used material, 
accounts for approximately 25% of the cast material and 45% of the wrought 
material of the annual production volume [5, 6]. Even though Alloy 718 is the 
high volume material, several derivatives of this alloy have been developed 
thoughout the past years in order to further improve the properties at elevated 
temperatures of these alloys. The chemical composition is presented in Table 1, 
which shows that the main chemical elements are Nickel, Chromium and Iron 
but also with high amounts of Molybdenum and Niobium. 

 

Dudzinski et al. listed several material properties that contribute to this material 
property of being difficult to machine [8]. Basically, this material is designed to 
maintain its mechanical properties at high temperatures which in turn makes it 
tough to machine. Secondly, the material work hardens at elevated temperatures 
which results in further tool wear. Thirdly, the material contains hard carbide 
particles which increases the abrasive wear. Finally, the low thermal conductivity 
of this material results in high temperatures that in turn gives a high termal load 
on the cutting edge itself, resulting in excessive tool wear [8]. 



 

 

The material has an austenitic matrix, and when heat treated intermetallic phases 
and carbides precipitates. Hardening of this alloy improves the material strength 
which primarily originates from the the percipitation of the gamma prime (γ’) 
and dubble prime (γ’’) phases. Both phases is a mixture of elements where Co, 
Cr and Fe can subsitute Ni and Nb substitute for Al and Ti. The γ’ phase is an 
intermetallic phase with face centered cubic crystal structure, FCC while the γ’’ 
is body centered tetragonal, BCT, generally expressed as Ni3Nb phase [5]. 

Within this thesis work both wrought sheet and forged Alloy 718 have been 
used in the investigations. Figure 2 and 3 illustrate examples of typical Alloy 718 
microstructures for wrought sheet and forged material, respectively. 

 

 

 

 

  



 

9 
 

2.2 Machining of aero engine superalloys 
There is a strong demand for improving the material removal rates, MRR, in the 
production of aero engine components. This is due to the fact that these alloys 
are challenging to machine and also due to industry reasons; the utilisation of 
these alloys increases when the demand for a clean and efficient air transport 
system increases [3, 9].  

A typical aero engine part is designed for low weight, high durability and 
strength. To avoid any detrimental impact from edge or border effects, the raw 
material is usually designed with a substantial dimensional allowance to the final 
shape [10, 11]. The demand for an efficient material removal process is 
therefore obvious. Conventional machining is the most commonly used material 
removal concept and alternatives are not so obvious. 

The concept of machinability is of great interest for machining of superalloys. 
This is defined as a measurement of the materials’ response to being machined 
using a specific set of machining settings and insert tool and described as how 
easy or difficult the material is to machine [5]. However, machinability is 
basically evaluated by measuring the tool life, surface finish generated and 
measuring the cutting forces during the cutting operation. 

Another limiting aspect when machining these alloys is the low MRR. The 
traditional method to remove large amounts of material with high MRR in 
today’s aero engine manufacturing is by means of high speed rough milling, i.e. 
with ceramic insert tools followed by milling with cemented carbide tools, such 
as tungsten carbide, WC, inserts [12]. This machining process has been 
improved during recent years by different approaches.  

Major development has been supplied by the tool manufactures and 
development of the insert tool material. The rough machining is today 
commonly performed using ceramic inserts and the development has resulted in 
several derivatives of insert material. For machining of Alloy 718, there are three 
frequently used ceramic insert tool materials, silicon nitrite based, alumina based 
and whisker reinforced ceramic tools [5]. The usage of ceramic tools has grown 
mainly due to the stability of these materials to sustain higher cutting speed 
conditions. 

The alternative, or rather the subsequent machining operation after cutting 
using ceramic insert tool, is machining with either carbide inserts, WC or mixed 
grade carbides of titanium, TiC, tantalum, TaC, or niobium, NbC, or Cubic 
Boron Nitride, CBN, inserts [5]. Machining using either carbide tools or CBN 
tools has been investigated thoroughly in the literature for turning operations 
and aspects of how the surface integrity is affected by the machining operation 
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[13–15]. The results show that machining generates high tensile residual stresses 
in the surface region and that at rather low cutting speeds and depth of cut are 
required in order to minimise this detrimental influence. Arunachalam et al. 
exemplified this in a comparative investigation of turning using a CBN insert 
and a mixed ceramic Al2O3 and TiC insert [13]. The investigation showed that 
the ceramic tool generated high tensile residual stresses in the surface region. It 
was further suggested that a round CBN insert at rather low cutting speed (150 
m/min) and a small depth of cut (0.05 mm) in wet condition was the best 
setting to perform facing of age hardened Inconel 718. The surface integrity 
after milling is less explored in the literature; this is most likely because it is 
easier to isolate the influence from the insert tool when a turning test is 
performed while milling generates a much more complex wear mechanism by 
continuously changing cutting conditions. However, the research performed by 
Cai et al. investigated the surface integrity after end milling using an AlTiN-
TiCN-TiN coated solid cemented carbide cutter [16]. The results showed that 
the surface topography was greatly influenced by the cutting speed and feed rate 
and that the machining had generated quite high tensile residual stresses in the 
surface region. 

In respect to tool wear, Zhang et al. investigated the wear of a cemented carbide 
insert with an inner TiAlN coating and an outer TiN coating which was 
influenced by dry respectively minimum quantity of lubrication during cutting 
[17]. The results showed that the lubrication improved the machinability both in 
terms of prolonging the tool life but also by reducing the cutting forces.  
Further tool life investigation was presented by Costes et al. for turning tests 
using different CBN content in order to find the best suited tool material for 
finishing operation of Inconel 718 [18]. The results showed that a higher CBN 
content resulted in less wear for a cutting speed of 200-300 m/min. Tool life 
testing concerning end milling has also been a major subject in the literature and 
Alauddin et al. published results from dry end milling tests using an uncoated 
WC insert [19]. The results showed that full-immersion, complete tool engaged 
in the cutting, increased the tool life compared to half-immersion. It was further 
shown that the cutting speed greatly influences the tool life. The surface 
characteristics after machining were further investigated in a separate 
publication [20]. 

Another important development to increase the machinability of superalloys is 
with clever design of the insert tool geometry. One example of this was 
presented by Tamilan Alagan et al. and Jäger et al. who investigated how the 
modification of an existing cemented carbide turning tool of H13 steel grade 
affect the machining performance [21, 22]. The aim of the development was to 
improve heat dissipation in the cutting zone using a manufactured dimpled 



 

11 
 

pattern on either the rake face, flank face or both rake and flank face. The 
results showed that a dimpled tool improved surface roughness and decreased 
the tool wear by 44% compared to a regular insert.  

Another alternative for improving the machinability and MRR for machining of 
aero engine superalloys is with the aid of assisted high pressure cooling. This 
concept has been developed during the past two decades and it has been an 
object for extensive research investigations [5]. The main reason for the high 
pressure cooling is that it enables control of the chip breaking during machining. 
This will decrease the insert tool wear and prolong the tool life a lot. This was 
investigated e.g. by Ezugwu et al. who reported an increased tool life with 740% 
using assisted high pressure cooling when turning Inconel 718 using a triple 
PVD coated (TiCN/Al2O3/TiN) carbide tool [23]. The reason for this drastic 
increase was claimed to be the improved access of coolant to the actual cutting 
zone. Further research performed by Ezugwu explored the influence of 
different levels of the high pressurised cooling when performing turning tests 
using a SiC whisker reinforced alumina ceramic tool [24]. The result showed an 
increased tool life for pressures up to 15 MPa. 

An additional alternative is to heat the machined part locally in order to make 
the material easier to cut. This could be realised either by induction heating or 
by laser assisted machining, LAM. Anderson et al. explored LAM adapted for 
turning of Inconel 718 from a thermal impact perspective [25]. The results 
showed that local heating using LAM, from room temperature to 620°C, lowers 
the cutting energy 25% and additionally would result in an improved surface 
roughness as well as a 200-300% increase of the ceramic tool life. Experimental 
verifications were also reported by Attia et al. who showed an eight fold increase 
of the MRR and an improved surface finish when performing turning tests 
using a ceramic, SiAlON, insert tool under dry conditions [26]. A similar 
approach was suggested by Sun et al. for milling, who considered that the laser 
beam only has a limited area for heating and that several laser sources might 
need to be considered in order to heat the complete area to be cut [27]. The 
usage of the laser beam as an ablation source to partly heat and remove material 
from the surface was also further discussed. 

In relation to fatigue strength, Bhowal et al. investigated the fatigue strength of 
turned Inconel 718 in relation to as received state. The investigation concluded 
that the topography had great influence on the low cycle fatigue strength, LCF, 
[28]. The main impact was damaged of the surface by the hard carbides. This 
resulted in crack initiation in the surface that lowered the LCF fatigue strength 
by 3-15 times, depending on the machining parameters used. However, this 
could be improved by polishing the surface which then resulted in complete 
LCF life. 
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2.3 Non-conventional high energy machining 
2.3.1 Electrical Discharge Machining  
Electrical Discharge Machining, EDM, is a machining method that sometimes 
can be very competitive when it comes to increasing the productivity, as it 
allows for removal of large amounts of material in a fast manner.  

The method utilizes heat to erode the work piece material which is generated by 
the discharges between two electrodes, of which one is the part to be machined. 
The other electrode could either be a so called die sink, which is a single tool 
that can generate holes and engravings or a wire that can cut larger sections of 
the material. This electrode is immersed in a dielectric liquid and separated from 
the work piece by a small gap. Residues of work piece material from previous 
discharges are present in the dielectric fluid that will be aligned to form a bridge 
by a magnetic field. This bridge, with conducting work piece material, will 
reduce the isolating capability of the dielectric, allowing a current to flow 
through the dielectric fluid in a channel. Heat will be generated, which in turn 
will create plasma in the channel. This will also initiate an ionization process that 
generates plasma, where ions are created which bombard the work piece 
material to be cut while an electron current runs in the opposite direction, the 
tool electrode. This bombardment causes the generation of dimples from the 
imploded ions in the machine surface. When the current is switched off, the 
plasma channel implodes and thereby melted material will be ejected into the 
dielectric fluid. This primary erosion mechanism, provided by the discrete 
discharges between the electrode and work piece, transforms the kinetic 
energies of the electron into heat and pressure in the cutting zone of the work 
piece [29].  

Early descriptions of the physical models of this process was described by 
McGeough et al. who reported on heat fluxes up to 1017 W/m2, corresponding 
to local electrode temperatures up to 20 000 K for short pulses [30]. The local 
melting is then followed by a subsequent rapid solidification which creates a 
recast layer on the surface. The typical cooling rates involved are in the interval 
104-105 °C/s, similar to results reported for white layer formation during hard 
turning of an ASIS 52100 steel [31]. Figure 4 illustrates a schematic illustration 
of the initiation of the sparks.  

 



 

 

 

 
In Figure 5, a schematic overview of a Wire EDM system, W-EDM, is 
illustrated. The system consists of a wire guide section (2) that controls the wire 
speed and the tension of the wire, which depends on the material and geometry 
of the work piece to be cut. The relation between the wire speed and machining 
time is exponential, where a higher speed results in a lower machining time. In 
the wire guiding section (3) the wire is energized by two conductivity pieces. The 
upper and lower guide units also consist of flushing units that remove melted 
material from the cut zone. The wire ejection unit (7) makes sure that the 
consumed wire is transported to the wire scrap bin. The cutting is performed by 
moving the work piece relative to the static wire setup by moving an XY table 
equipped with mounting fixtures. The work piece and the electrodes are 
immersed in a dielectric fluid during the cutting. The purpose of the dielectric 
fluid is electric insulation until sufficient potential is reached, but the medium 
also decreases the impact of the heat exchange between the electrodes and the 
work piece and flushes away eroded particles [33]. 

  



 

 

 

 
The heat generated from the discharge melts the material and creates a layer of 
recast working material, i.e. recast layer, RCL. The composition and extension of 
RCL is highly dependent upon work material and EDM processing parameters. 
According to Kumar et al. and Kruth et al. this recast layer could further be 
divided into four sub layers. These are defined as a spattered surface layer, a 
recast layer and a heat affected zone [32, 34] illustrated schematically in Figure 6. 
The recast layer is generated by the melting and fast quenching of the material 
which alters the metallurgical state and becomes hard and brittle. The underlying 
heat affected layer has not been subjected to melting, only heating and the heat 
impact decay gradually with distance from the surface. The extension of the heat 
affected zone is determined by the working material’s possibility to act as a heat 
sink and the EDM power used during machining.  

  



 

 

 

 
The work piece material does however have a great influence on the creation 
and properties of the RCL during EDM processing. For steel, this layer 
becomes hard and brittle which causes micro cracking of the surface layer which 
was shown by Lee et al. [35, 36]. The generated RCL had a typical thickness of 
10-20 µm. However, regarding EDM of Inconel 718 reports indicate much 
lower influence from the EDM processing compared to steel. An example of 
this was shown by Li et al. who performed EDM trim cuts in Inconel 718 [37]. 
The microstructure showed that micro cracks was confined within the RCL, 
appearing as voids and hollow bubble channels instead of extended into the 
subsurface which is the case for steels. The difference in appearance compared 
to an EDMed steel surface is the low carbon content of Inconel 718 which 
instead creates a soft white layer during quenching. The thickness of the RCL 
for Inconel was also much thinner; approximately 10 µm for the main cut, 
where the highest discharge energy was used, but only a few microns for the last 
two trim cuts. It could further be observed that the RCL in Inconel 718 
predominantly discontinuous. 

The surface integrity aspect is critical for EDM and has been thoroughly studied 
by means of micro hardness, residual stress, measurements of the amount of 
micro cracks and how the surface chemistry has been affected by the process. 
However, most of these papers concern conventional tool steels and only a few 
reports on surface integrity for more advanced materials, such as the iron-nickel 
based Alloy 718. Newton et al. showed an investigation of how the main W-
EDM parameters affect the characteristics of the recast layer formation when 
machining Inconel 718 [38]. It was shown that the RCL was typically 5-9 µm 
thick and that the surface roughness mainly was affected by the EDM energy 
per spark. It was further shown that both Copper and Zink from the wire 
migrated from the wire electrode to the work piece.  
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In another study by Li et al. the surface integrity of the RCL was further 
investigated where a W-EDM surface of Inconel 718 was evaluated in terms of 
surface roughness, micro hardness and chemical composition by Energy 
Dispersive Spectroscopy, EDS, analysis [39]. The results showed a strong 
influence on the surface structure and roughness depending on discharge 
energy. It was also shown that the RCL had a much lower micro hardness 
compared to the bulk indicating a thermal degradation regardless of discharge 
energy.  

Additional investigations of the surface integrity after multiple trim cuts of the 
EDM process, in order to minimize the RCL, have been published by Li et al. 
[39] and Aspinwall et al. [40]. Those investigations showed that the RCL could 
be controlled, and instead of a discontinuous RCL, from a rough EDM cut, a 
thinner and continuous RCL could be achieved by performing a so called EDM 
trim cut.   

One of the important aspects to be considered for the EDM method is how 
much the machining will affect the fatigue life of the machined component. This 
was investigated by Jeelani et al. who performed W-EDM on 3.2 mm thick 
Inconel 718 specimens, using cutting speeds from 0.5 – 2 mm/min [41]. The 
fatigue life of these samples showed a slight decreased fatigue for the EDM 
samples compared to the original material. The results further showed that the 
fatigue life was not affected by the cutting speed which is surprising since it 
could be expected that the cutting speed will influence both the extension of 
RCL as well and the residual stresses.     

The usability of EDM method from an industrialisation perspective, and 
especially for the aero engine industry, indicate that the EDM has been used to 
some extent. It may become an important operation in the future for machining 
of large and complex parts, due to its capability to remove large parts and with 
the aid of a die sink also difficult geometries can be machined. 

2.3.2 Laser Beam Machining  
Laser Beam Machining, LBM, is a process that also utilizes heat to melt and cut 
the material. Normally LBM is performed for sheet metals but thicker work 
pieces are also possible to machine. The limitation regarding the thickness of the 
cut is essentially limited by the power of the laser. There are two types of lasers 
used today, the traditional CO2, laser that is mainly used for welding and cutting, 
and the pulsed Nd:Y3Al5O12 Garnet (Nd:YAG) laser which is used more for 
precision cutting. The Nd:YAG has become the dominant laser type for LBM 
since it uses a shorter wavelength, 1.064 µm, compared to CO2, of 
approximately 10 µm, which is advantageous since is reflects much less and with 
a higher absorption of the laser light the laser enables to machine even high 



 

 

reflective material with less laser power [42]. Additionally, the Nd:YAG laser 
could operate as one source or together with several laser sources if it is 
connected via optical fibre which would increase the possibility to either cut 
thicker material or to increase the cutting speed. Figure 7 illustrates a schematic 
overview of the LBM system consisting of a Nd:YAG laser source, an optical 
fibre that guides the laser light to a focusing lens system (3) and a positioning 
system. The machining is performed by focusing the high energy laser beam 
onto the surface which melts it in the cut zone. The melted material is removed 
by blowing a gas jet into the cutting zone. Depending on process parameters 
such as focus position, pulse time, laser pulse energy, cutting speed etc., the 
generated cut properties will differ in terms of extension of the heat affected 
zone as well as influence on the surface integrity.  

 

 
Hasçalık et al. compared the heat impact from both a CO2 and Nd:YAG laser 
source [43]. Those results clearly showed the detrimental impact from the CO2 
laser cutting compared to the YAG laser. For this reason, only the fibre optic 
Nd:YAG laser was considered in this thesis work.   

There are several reports investigating the influence of process parameter 
settings for the Nd:YAG laser. The work performed by Ahmed et al. showed 
the influence of different machining parameters, such as laser intensity, pulse 
frequency and scanning speed, for Nd:YAG laser machining to machine micro 
channels in Inconel 718 [44]. The results indicated presence of a recast layer 
close to the machined surface where the grains were longitudinally stretched. 
Hardness testing further showed that the heat affected zone extended to an area 
150 µm close to the machined channels. It was further realised that in order to 
achieve good geometrical results, the laser intensity should be kept at 88.5-
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92.5% (30 kW laser power), pulse frequency within 30-35 kHz, and scanning 
speed at 275-400 mm/s.  

The process parameters, laser power and cutting speed was further investigated 
for Nd:YAG laser by Ahn et al. [45]. The cutting of Inconel 718 sheet was 
performed in continuous wave mode, constant wave mode and steady power 
mode, for sheet thicknesses of 1-2 mm. The investigation considered the 
geometrical aspects, as well as the surface roughness and appearance, of the 
machined surface, in terms of aspect ratio between the machined and break-area 
of the machined surface. The study showed that the roughness was mainly 
affected by the cutting speed. Furthermore, the results also observed a delayed 
cutting phenomenon. This is due to the fact that the cutting only cuts a part of 
the thickness while the separation of the surface are delayed causing a break 
zone of the other part of the cut section. This creates a break surface zone 
which also results in micro cracks that could be avoided if maximum machining 
speeds were used.  

Using LBM to drill holes was investigated by Bandyopadhyay et al. who 
compared hole making in Inconel 718 and Ti6Al4V for 4 and 8 mm sheet 
thicknesses [46]. The geometrical aspect of the hole and the metallurgical 
aspects of recast layer, surface splatter and heat-affected zone was analysed for 
Nd:YAG machining. It was concluded that both material and sheet thickness 
had great impact on the result. It was observed that the hole had a taper that 
varied with the depth of the hole. Furthermore, the recast layer formation and 
splatter increased with sheet thickness which was believed to be due to the 
evaporating during the material removal. These results clearly showed the 
negative influence of the LBM which could be controlled to a certain extent, but 
at the expense of detrimental surface characteristics and geometrical 
discrepancy.  

In order to decrease the influence of the generated heat from LBM the 
machining could be performed in wet condition. This could be realised by 
letting the laser beam pass through a water jet beam. This kind of equipment is 
also referred to as liquid-guided laser beam or micro machining where the laser 
beam passes through a water jet beam with a diameter of approximately 20-100 
µm [47–49]. This type of equipment was tested by Porter et al. who performed 
an investigation of the effects of cutting distance and angle of incidence for thin 
sheet metals [50]. The results showed that a 50 mm working distance was the 
best setting. However, the results also showed some weaknesses of the method, 
including the fact that the laser light is partially absorbed by the water jet as well 
as issues regarding the machine set up stability causing vibrations in the sample 
which might influence the kerf. However, further development of this method 
has been done and separate reports of the system have been made available 
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online by the tool manufacture Synova [47, 51, 52]. This method was further 
evaluated for machining of stainless steel stents for the medical industry and has 
shown to produce parts with virtually no thermal and mechanical impact 
according to Levesqure et al. [53].  

Darwish et al. also presented an investigation with focus on lowering the impact 
from the heat generated by the laser with aid of water immersion [54]. He 
conducted a test of micro channel processing of Inconel 718 in dry and wet 
LBM by Nd:YAG with focus on high geometrical accuracy. This was realised by 
letting the beam pass either in air or in dielectric water. The results showed that 
the wet condition allows better control of the manufactured holes and greater 
possibilities of generating holes without burrs or recast layers. It was further 
shown for this application that a comparatively low cutting speed, 300-400 
mm/s, was required in order to allow good dimensional stability of the process. 
Further investigations of wet LBM of channels was conducted by Alahmari et al. 
who also showed that micro channels could be produced where the channel 
geometry and appearance could be controlled by the process parameters [55]. It 
was concluded that laser scanning speed governs the geometrical characteristics.  

There are also other interesting investigations reporting on the influence of the 
process parameters. To summarise, all of those investigations mainly concern 
only the geometrical aspect of the machining and only to a very limited degree 
the surface integrity, such as residual stresses and impact on the microstructure 
of the machined surface has been explored. The main motive of using LBM is 
the high cutting speed, that could be attained but it is at the expense of 
generating deep and detrimental surface integrity characteristics. However, for 
thinner material thickness LBM could still be an alternative, especially if a liquid-
guided alternative is considered. Therefore, it is of great interest to further 
explore this machining method’s ability as an alternative for non-conventional 
machining. 

2.3.3 Abrasive Water Jet Machining  
Abrasive water jet machining, AWJM, utilises a high pressurised water jet beam 
that carries the abrasive media and creates an abrasive beam which then erodes 
the work piece. The abrasive water jet beam could either cut through the work 
piece material or erode to a specific depth by altering the process parameters. 
The basic setup of an AWJM system was described in a thesis work performed 
by Ohlsson [56]. This system generates a water jet of very high pressure, up to 
4000 bar, produced by an external intensifier pump. The AWJ system further 
consists of a valve that controls when the water jet beam is active. The beam 
passes through a jewel orifice and enters into a mixing chamber and thereby 
creating a partial vacuum. An abrasive medium feeder dispends the medium into 
a feed channel from which the abrasive is drawn into the mixing chamber by the 



 

 

vacuum. The abrasive is carried at the periphery of the water jet beam and exits 
through a focusing nozzle. The abrasive particles strike the work piece material 
and interact by erosion and shearing. The cutting is performed either by motion 
of the focused water jet beam or by manipulating the work piece on a movable 
X/Y table. A schematic overview of an AWJ system is presented in Figure 8. 

 

 
The water jet cutting technology has been developed during the past 20 years 
and a lot of attention has been paid to investigating the water jet beam by 
simulations [57, 58]. The cutting rate is often of great interest for this method 
which is determined by process parameters such as water jet pressure, water 
flow rate, abrasive size, abrasive mass flow, stand-off distance and properties of 
the work piece material. Escobar-Palafox et al. showed the influence of different 
cutting parameters and how to set the machining parameters in order to create a 
straight cut and diminish the kerf that is created at the AWJM inlet for 
machining Inconel 718 [59].  

One important area where research is carried out is regarding modelling for the 
depth of cut. This has attracted great interest since this knowledge would allow 
for the possibility to use AWJM as a milling operation instead of solely cutting 
through a material. Modelling of the depth of cut was presented by Aydin et al. 
using a Taguchi model for machining in granite [60]. The results showed that 
the cut depths decreased with increasing traverse speed. It was further shown 
that an increase of the abrasive mass flow rate and water pressure resulted in 
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increased depths. From this perspective it was also concluded that the distance 
to the work piece, stand-off distance, did not have any effects on the cut depth. 

In order to generate difficult and complex geometries, AWJM milling is 
required. Milling using AWJM is quite difficult and not that much explored in 
the literature. However, two studies have been presented by Fowler et al. 
regarding controlled depth of milling using AWJM for Ti6Al4V [61, 62]. In the 
first study, the grit embedment was investigated showing that traverse speed, jet 
impingement angle, milling direction and grit size had great impact upon the 
level of embedment. It was realised that up to 40% of the milled surface 
consisted of embedded grit particles but it could be minimized either by milling 
with a high jet traverse speed at low impingement angles or by low speed milling 
at jet impingement angles up to 45° in the backward direction only [61]. In the 
second investigation, different abrasives were compared and evaluated [62]. 
These results showed that the material removal rate and surface roughness 
increased when particle hardness is increased. However, the surface waviness 
could be reduced for increased traverse speed. It was further shown that 
traverse speed govern the operative mechanism of material removal and the 
material removal rate. As mentioned before, Escobar-Palaflox et al. investigated 
pocket milling using AWJM to produce 3D features in Inconel 718 [59]. The 
results showed that the critical parameter to control the beam was water 
pressure, which has a non-linear behaviour. Additionally, the nozzle diameter 
and the interaction between feed rate and abrasive mass flow are critical factors 
affecting the depth of cut. 

The review performed by Korat et al. concluded that the current research 
activities for AWJM are showing an increasing interest especially for difficult to 
machine materials [63]. This is mainly because this machining method is 
independent of the work piece material. Other identified areas of interest are 
using AWJM for precise machining such as polishing, drilling, turning or milling. 
It was also concluded that most research was focusing on investigating 
machining parameters such as traverse speed, water jet pressure, stand-off 
distance, abrasive grit size and flow rate with respect to cutting speed. There is 
much less information regarding surface integrity aspect of the cut surface.  

2.4 Post processing 
Post processing is important and in some cases a requirement to ensure specific 
properties of a functional surface. For a manufactured component, in addition 
of being within the geometrical specifications, the attained surface is often 
required to have certain properties in relation to i.e. corrosion resistance, surface 
deformation, residual stresses or good wear resistance. Even though some 
manufacturing processes solely are able to produce a surface that meet these 



 

 

requirements it is not all; a post process is therefore often required. Generally, 
post processing could be divided into cold working methods, heat treatment 
methods, polishing methods or chemical methods. In this thesis only cold 
working methods have been considered because these methods are mature and 
frequently used within industry today.   

Shot peening is a commonly employed post process which is categorised as a 
cold working process. The process is often used to introduce compressive 
residual stresses in the surface. This is attained by bombarding the surface with 
spherical media which strikes the surface and thereby creats a dimple from the 
“shot” which deforms the surface zone. The actual impact from the shot 
concentrates the impact energy to a very small area which is causing a plastic 
flow in the impact position [64, 65]. This deformation or plastic flow generates a 
compressive zone in the surface according to Figure 9. 

 

 
The deformation is governed by two elementary processes: Plastic stretching of 
the surface as mentioned in Figure 9 and the other process is the Hertz’s 
compression. The stretching will generate a tensile residual stress gradient 
directed into the sample. The impact from the Hertz compression is instead 
defined by a maximal plastic deformation located just below the surface. This 
will cause an impact of compressive residual stresses both in the surface XY-
plane and in the normal direction of the surface [64].  

The results of shot peening is governed by the process parameters which affects 
the magnitude and penetration depth of the generated compressive stresses in 
the surface. It could be observed that the velocity of shot (v), shot size (d) and 
hardness of shot (Hs) have great influence, but it should also be mentioned that 
the shot peening medium, media angle of incident, temperature of the media, 
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hardness of substrate material, Hm, and the substrate material also influence the 
residual stresses [64].  

The type of media could either be glass, steel or ceramic balls and the size of the 
shot, diameter of the media, could also be selected as desired. Both the material 
of the shots and size of the shots are of great importance since they affects the 
saturation intensity, coverage rate and the penetration depth [67]. This was 
investigated by Tosha who has examined the effect of the shot size influence on 
the residual stresses for medium carbon steel [68]. The results showed that an 
increase of the shot size results in an increase of the penetration depth of the 
residual stresses. Regarding the maximum compressive stress it was shown that 
the medium sized shot creates the highest stress. This implies that selection of 
shot size may be crucial if the maximum stresses are to be optimized.  

The main reason to generate compressive residual stresses is the effect of 
improving the fatigue strength of the component in service under load. Typical 
fatigue failures initiate from the surface since the surface exhibit the highest 
tensional loads. Therefore it is important to balance this with a compressive 
stress instead. The lowering of the effective tensile strain will allow the 
component to accept higher loads. Tekeli reported an increase of 30% of the 
fatigue life from shot peening of SAE 9245 spring steel [69]. 

Koster et al. also reported the beneficial effects with shot peening resulting in a 
threefold increase in fatigue life for electrical discharged machined Inconel 718 
[70]. It was further shown that the material properties at elevated temperatures, 
up to 537 °C, were increased due to the shot peening operation. However, the 
investigation did not describe any details regarding the initial state of the 
material which also may have great influence on the result. Further investigation 
of the beneficial influence of shot peening of Inconel 718 was reported by 
Bhowal et al. who showed that the low cycle fatigue properties could increase 5-
10 times compared to the “as received” state [28].   

In addition to generating compressive stresses, shot peening also has the effect 
of improving the surface topography since it deforms sharp peaks of the surface 
topography. The influence on the topography for different impact energy and 
shot size was investigated by Zaleski et al who performed a test on Inconel 718 
[71]. The results showed that the surface roughness and other functional 
parameters could be improved by selecting appropriate process parameters.  

Measurements performed within this thesis work are presented in the 3D 
representations of the topography in Figure 10 below. They clearly show how 
the sharp peaks of the EDM surface in the left image have been flattened out 
and deformed by the shot peening operation, shown in the right image. 



 

 

 

 

 
Other related work done on shot peening of Inconel 718 has been reported by  
Khadhraoui et al. and Chen et al. but these are mainly focusing on the relaxation 
of the compressive residual stresses at elevated temperatures which has not been 
considered in this thesis work [73, 74]. 

Grit blasting is also called abrasive blast cleaning which is a method with great 
similarities to the shot peening process as being a cold working process. The 
blasting process differentiate between the type of media used; where shot 
blasting often uses steel balls while grit blasting uses abrasives that are much 
rougher and could consist of a great variety of materials. Commonly for the two 
blasting methods is that they are used in order to alter the surface where grit 
blasting will removing the outer layer and shot peening instead will deform the 
outer layer. This is achieved by abrasive particles that bombard the surface to be 
processed. The abrasive particles could either be fed in an air stream of 
compressed air or in a water jet beam. The particles strike the surface at high 
velocities which cleans and roughens the surface. Similar to shot peening, the 
choice of media, hardness of abrasive media, substrate material, media velocity 
and time of shot blasting exposure will have great impact on the final result. The 
particle shape also plays an important role whereas sharper particles provide a 
more aggressive removal to greater depth compared to particles that are more 
round in shape, which instead creates a more shallow effect. The grit blasting 
process is illustrated in Figure 11 which shows how sharp abrasive particles 
strike the surface resulting in spalling off surface materials. The abrasive media 
is often used several times before it is exchanged [75]. 



 

 

 

 
Besides the removal of substrate material the blasting process also generates a 
topography that in some cases could be designed to a specific surface roughness 
or texture. This could be realized by alternating different process parameters. 
The process parameters that have the greatest impact on the surface roughness 
are: Type of abrasive shots in terms of geometry, size and material 
(hardness/density/toughness), the angle of impact, particle velocity and 
exposure time [64, 75].  

The influence of particle velocity, or rather the air pressure, was explored by 
Khan et al. who investigated the resin adhesion properties to a titanium sheet of 
the blasted surface exposed to long time water ageing [76]. It was found that the 
highest air pressure resulted in the highest surface roughness and thereby 
promoted the adhesion strength in long term water ageing.  

In addition to the cleaning ability, grit blasting generates quite high compressive 
residual stresses in the substrate material. In some applications this may not be 
important, for example in the application of pre-treatment of thermal spraying. 
However, in other applications this might be very desirable for a final surface.  

On this subject, an investigation presented by Lieblich et al. al compared the 
fatigue strength after post processing of Ti6Al4V using grit blasting and high 
pressure water jet cleaning [77]. These results showed that blasting with alumina 
oxide particles was less harmful for fatigue resistance than water jet processing, 
even though there is a risk of embedded Al2O3 particles acting as nucleation 
points for cracks. The reason for the increased fatigue strength was believed to 
be due to a combination of the higher compressive residual stresses and lower 
surface roughness achieved for the grit blasting compared to the high pressure 
water jet cleaning.   



 

 

The influence of grit blasting exposure time was further investigated by the 
author [72]. Figure 12 illustrates the impact of increased exposure time on both 
the surface residual stresses as well as the surface roughness from tests 
performed on a forged shaft of Inconel 718. It was shown that the blasting 
initially has great impact on the residual stresses but this effect decreases as the 
exposure time increases. The general result shows that quite high residual 
stresses could be attained. The surface roughness show that the initial blasting 
results in roughening of the surface. Increasing the exposure time will however 
decrease the surface roughness but not to the same level as the original surface. 

 

 
One major drawback with grit blasting is that during the processing some 
amount of abrasive media will be embedded into the surface. This is almost 
unavoidable and for some applications it cannot be accepted. This can typically 
appear as in Figure 13 where the darker abrasive Al2O3 particles could be 
observed in the surface of grit blasted Inconel 718 material. 
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The two cold working post processes of grit blasting and shot peening are well 
established within industry. Even though there is a lot of industrial information 
available concerning grit blasting there is not much scientific information on 
how the process influences the surface. The only available results have been 
reported by the author, Holmberg et al., concerning tests performed using grit 
blasting on an EDM shaft of forged Inconel 718 [72]. These results showed the 
influence of stand-off distance and exposure time on the surface integrity; the 
erosion increased with exposure time resulting in an increased removal of RCL. 

The abrasive water jet process have been developed during the last decades and 
lately attract more industrial attention, especially the methods capability of 
cleaning surfaces [78, 79]. High Pressure Water Jet Cleaning, HPWJC, is a 
method where a conventional water jet cutting beam is used to clean the surface 
but without any abrasive particles; similarly this method could be used to peen 
the surface in order to generate compressive residual stresses. When the water 
jet strikes the surface, an erosion process takes place which results in both a 
material removal and roughening.  

The theoretical aspects of the water jet cleaning process was described by Guha 
et al., who presented an experimental and numerical study of the built up 
pressure from the water jet beam which shows the importance of assessing the 
pressure distribution on the surface to be cleaned, in order to optimize the 
removal rates for cleaning [78]. That investigation included an evaluation of the 
water jet beam, with different beam diameters and water jet pressures. The 
results showed that there is no cleaning of the surface at positions located 1.68x 
beam diameter, D, in the test equal to approximately 12.1 mm diameter, from 
the centre line of the water jet beam. Furthermore, it was shown that the stand-
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off distance between the nozzle and surface to be processed should be kept 
between 5-26xD in order to clean the surface.  

The industrial aspect of using the water jet method has historically mainly been 
within the medical industry for titanium alloy processing. The main object of 
that research has been to investigate the method's ability to clean the surface, 
and to generate a roughening of the surface that is needed for medical implants 
to improve the implant's ability to adhere to human bone. On this subject, 
Barriuso et al. considered water jet as a cleaning method for medical implants 
and studied the roughening effect for titanium alloys [80]. As mentioned before, 
the influence on the fatigue strength after post processing of Ti6Al4V samples 
was reported by Lieblich et al. [77]. These results showed that grit blasting had 
higher fatigue resistance compared to high pressure water jet cleaning. That 
investigation further showed that the water jet pressure had a strong influence 
on the fatigue limit of the material where a lower pressure was preferable. The 
reason was believed to be related to the surface roughness that increases with 
increased water jet pressure. Similar results was observed for multi pass water jet 
peening of a AISI 304 steel [81]. Further work within this field has been 
performed by Sadasivam et al., who investigated the abrasive water jet peening 
concept to be used as an approach to develop a rough surface with beneficial 
compressive residual stresses for Ti6Al4V [82]. In that study, the abrasive 
alumina oxide particles were used to peen the surface and in order to increase 
the compressive stresses, a pre-strain was used. This pre-strain was obtained by 
bending the samples in a four point bending fixture. It was shown that the 
surface residual stresses increased with increased pre-stress level.  

An interesting possibility with the abrasive water jet method is that it could be 
used both as a machining method and also as a post process to clean or to 
generate a desired surface texture. This means that the machining and post 
processing could be done in one and the same machine in a sequence. This type 
of hybrid concept was evaluated by Huang et al. who showed that abrasive 
water jet machining could be performed to a near desired depth followed by the 
cleaning in a second step without the abrasives [83]. The concept showed great 
potential to be used to clean quite thick layers of alpha cases for Ti6Al4V. It was 
further shown that the parameters of the water jet cleaning played an important 
role in removing the abrasive grit from the previous water jet cutting process. 



 

29 
 

3 Surface integrity 
There are many definitions of surface integrity and the concept was first 
introduced by Field and Kahles [84, 85] and further specified by Arunachalam 
[86] who defined it in a technical context as: 

The inherent or enhanced condition of a surface produced in a machining or other surface 
generated operation and is quantified by the mechanical, metallurgical, chemical and topological 
state of the surface which could be measured by:  
• Hardness variations 
• Residual stress 
• Surface roughness 
• Structural changes 
• Corrosion resistance 

 
In other words, if the surface integrity is known, it is possible to control and 
optimize the surface properties in order to avoid failures by improving the 
integrity of the part and thereby also reducing the cost [86].  
In this thesis work, the surface integrity has been considered in terms of surface 
topography, microstructure, chemical surface alterations and, importantly, the 
residual stresses of the mechanically affected surface. These properties have 
been evaluated for the different specimens investigated in this research by the 
techniques described in the following sub chapters. 

3.1 Residual stresses, X-ray diffraction 
Residual stress measurement using X-ray diffraction, XRD, is a well established 
technique within industry today and is used in order to characterise and verify 
the residual stress state from different manufacturing processes such as heat 
treatment, machining, forging or sheet metal forming. The measurement 
systems could further be divided into a traditional stationary XRD system, 
which has a lot of different measurement possibilities in addition to measuring 
the residual stresses, such as phase determination, texture analysis etc. The other 
type of system is called laboratory XRD system, lab-XRD, which is designed 
primarily to measure the residual stresses and retained austenite. These systems 
are often portable, and instead of scanning the complete 2Θ interval, these 
systems only measure a specific window of Θ, typically 15-30°. However, the 
basic limitations with the technique are that it can only measure crystalline 
materials. Additionally, it is rather sensitive to large grains in relation to the 
measurement spot, typically, a grain size of <50 µm is preferable, or texture in 
the microstructure even though there are possible measurement strategies that 
lower this influence. The system can measure the residual stresses non-
destructively on the surface. More often, a residual stress profile is measured 



 

 

which is done in combination with destructive material removal by electro 
polishing. Figure 14 illustrates two typical lab-XRD systems used for residual 
stress measurements by x-ray diffraction. Both systems are from the company 
Stresstech OY and could be equipped with different x-ray tubes depending on 
what material is to be measured. 

 

 
The principle of measuring the residual stresses using X-ray diffraction is well 
described by Noyan and Cohen [87]. The X-rays are generated in a vacuum 
tube, the x-rays are then directed towards the object to be measured. Depending 
on system, the size of the X-ray beam is controlled by a collimator that 
determines the size of the beam. For the portable lab-XRD system shown in 
Figure 14, has a cone shaped collimator generating a circular measurement spot 
with a diameter that could be altered in the interval 0.5-5 mm. For stationary 
XRD systems, the beam is often instead rectangular or quadratic. The sample to 
be measured is irradiated by the x-rays interacts with the atomic lattice as 
illustrated in Figure 15. The interaction causes an electron from the outer shell 
to leave which in turn causes the generation of a scattered x-ray beam. The 
scattered x-rays that fulfil Bragg’s law, equation 1, will be recorded as a 
diffraction peak from a specific lattice plane by the detectors. 

   (1) 

The detector is a CCD device consisting of Metal Oxide Semiconductor (MOS) 
capacitors that has a 512 channel to register the photon activities from the 
scattered x-rays. When a photon activity is detected in a channel an intensity 
count is registered to the diffraction peak. Since the lab-XRD system only has a 
15-30° window, most often only one or a few peaks are registered. However, the 
positioning of the detectors need to match the diffraction peak that is intended 
to be studied.  



 

 

 

 

 
Depending on whether the crystalline lattice of the material is in compression or 
in tension, the measured diffraction peak will shift accordingly which 
corresponds to a measurement of the lattice distance. In Figure 16 a typical 
diffraction peak for hardened steel can be observed and how the shift from 
different stress states affects the shift. 

 

 
The most commonly employed measurement strategy for these systems are the 
modified sin2ψ method. The principle is well described both by Noyan and 
Cohen and in the European standard [87], [88]. This method is based on 
calculating the lattice spacing which is done by determine the position of the 
diffraction peak and calculating the lattices spacing using Bragg’s law. Once this 
is obtained from the XRD measurements for a certain lattice plane, defined by 
the Miller indices (hkl), the strain can be determined according to equation 2. 

    (2) 

Where ψ is the strain, ψ the inter planar distance and d0 is the strain free 
lattice spacing. However, the low penetration depth of the lab-XRD, typically 5-
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7 µm, is considered and a linear elastic distortion of the lattice is assumed, 
therefore the problem becomes a bi-axial stress state.  The stress distribution is 
then described by the principal stresses σ11 and σ22. The normal component and 
shear stresses out of the surface is zero. The strain in the sample at an angle ϕ 
from principal stresses σ11 and σ22 is described by equation 3.  
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Where d0 is the stress free lattice spacing. Substituting into equation 2 and 
solving for dФψ yields equation 4. 
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This is the fundamental relationship between the lattices spacing and biaxial 
stresses in the surface of the sample where dФψ is a linear function of sin2ψ. For 
lab-XRD’s normally the sin2ψ is plotted as a function of dФψ where the intercept 
sin2ψ=0 equals to equation 5. 
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Then the slope of the plot, differentiating the equation 4, results in equation 6. 
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Finally, solving equation 5 for the stress gives equation 7. 
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The intercept where sin2ψ=0 gives the unstressed lattice spacing d0 since 
E>>(σ11+ σ22) and hence dψ0 does only differ with approx. 0,1% to the true d0.  

3.2 Residual stresses, hole drilling 
Hole drilling is often considered as an alternative or complementary measuring 
method to X-ray diffraction. This method has the advantage of being able to 
measure the residual stress profile to a greater depth than using layer removal 
and X-ray diffraction. The basic system consists of an air turbine equipped with 
either a carbide cutter or a droplet shaped drill with diamond coating. A rosette 
strain gauge is fixated to the sample with adhesives and the drill stand is fixated 
to the sample. The alignment of the drill stand is carried out using an optical 
device in the stand and then adjusting the stand relative to the gauge by 



 

 

adjusting the X-Y screws and height of the drill stand, see Figure 17. A good 
alignment is essential for centring the drill hole in the strain gauge and incorrect 
alignment may result in errors during measurements. The resulting hole width is 
therefore always registered after the measurement.  

The strain gauge consists of a metallic resistive foil that is elongated or 
contracted when the drilling is done due to the strains released from the 
measurement object. The measurement is actually the resistance change in the 
foil, which is proportional to the strain with a certain constant. The 
measurements are further performed by incrementally drilling and measuring the 
strains that are released from the hole. The strains are recorded using a data 
logger and the measured strains are converted into a residual stress using Hook’s 
law, see equation 8. 

    (8) 

 

 
The calculations of the strains are done under the following conditions: The 
specimen width needs to be greater than 3 times the rosette mean diameter and 
the thickness needs to be greater than 1.2 times the rosette mean diameter. 
Further, the measured residual stresses need to be lower than 50% of the 
material yield stress, due to the localised yielding in the material that could occur 
around the drilled hole. Values greater than 50% of the yield stress, could only 
be considered as indicative according to the ATSM standard E837-99 [89].  

Surface topography measurements are an essential part of the surface integrity 
aspect and for understanding how the surface has been affected by e.g. a 
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machining operation. One frequently used optical measurement method is by 
means of interferometric microscopy. An interference microscope is quite 
similar to a traditional microscope except that the objective has a beam splitter 
and a reference mirror that is used during the measurement [90].  

Interferometric measurements have several measurement modes for 
topographical measurements but the most commonly employed are phase shift 
interferometry, PSI, or white light Vertical Scanning Interferometry, VSI [90]. 
However, the VSI mode was adopted for all measurement in this thesis, hence 
only this method will be described. In VSI mode white light is utilized to 
determine the surface topography. Since white light is a mixture of all 
wavelength between blue and red light the white light has a short coherence 
length. The coherence length is the length where the light itself is in phase. 
Interferometry makes use of superposition between waves. In order for 
interferes to be created a difference in wavelength that is less than the coherence 
length, between two waves of the same frequency is required. If the distance 
difference between the objective lens and reference mirror is equal to the 
distance between the objective lens and the measured surface is very small, or 
equal, an interference pattern will be created but if the difference is too large the 
interference pattern will be erased resulting in a grey intensity. The intensity in 
one position will have an appearance as in Figure 18 (A) if the objective is 
scanned vertically. Then the intensity signal is squared and the envelope is 
calculated according to Figure 18 (B) which is used to interpolate the actual 
height position for the maximal intensity equal to the height in that position.   

The measurements performance of a white light VSI system typically has a 
vertical resolution of 1 nm and lateral resolution that could be as low as 0.2 µm, 
depending on the magnification of the objective. The size of the measured 
surface is also depending on the objective but newer systems have the ability to 
measure several positions with overlaps and then stitch the result into larger 
areas. 

  



 

 

 

 

Characterising the microstructure is an important part of describing the surface 
integrity. However, it is often a time consuming and almost an art itself 
preparing the samples in best possible manners [91]. It is of great importance to 
select appropriate positions to study the cross sections; furthermore great care 
needs to be taken when cutting the sample cross section in order to eliminate 
the influence from cutting. In these investigations, the microstructures of the 
polished cross sections of the samples have been investigated using different 
types of microscopy.  

Scanning Electron Microscopy is a frequently used technique to image surfaces 
and objects ranging from 10 – 100 000 times magnification. The SEM utilizes an 
electron beam that is generated in an electron gun equipped either with a 
tungsten filament cathode or a single crystal emitter of tungsten or zirconium 
oxide called a field emission gun, FEG. The generated electrons are focused 
using magnetic condenser lenses into a small beam of approximately 10 Å 
width. The scanning is done with the aid of a scanning coil which deflects the 
beam and generates the scanning over a rectangular area across the surface.   

The electron beam interacts with the sample in something called an interaction 
volume, shaped like a drop, see Figure 19. This interaction volume extends 
below the surface with an extension in the interval 100 nm – 5 µm depending 
on the electron energy and properties of the specimen, atomic number and 
density. Closest to the surface the so called secondary electrons, SE, are 



 

 

generated and below the back scattered electrons, BSE, are generated. The 
characteristic X-rays used for chemical analysis are generated at a depth below 
the back scattered electrons. In this thesis work both the SE and BSE electrons 
have been used for imaging while the characteristic X-rays have been used for 
chemical information of the surface. For further information regarding SEM 
microscopy, Goldstein et al. has published a detailed book on the topic [92].    

 

Energy Dispersive analysis is a frequently used technique, used foremost to 
retrieve qualitative or quantitative chemical information from a surface in high 
magnification. This is realised by focusing the electron beam onto the sample 
which excite the atoms electrons from an inner shell. When this void is filled 
with an electron from an outer shell, energy is released in the form of 
characteristic X-rays. The X-ray spectrum for the sample is recorded, which is 
measured by counting the number of photons and their energy in the detector. 
The energies of the X-rays are characteristic for the atomic structure and hence 
allows for determination of the elementary composition of the sample. For a 
more detailed description of the EDS technique the reader is referred to the 
insightful book by Goldstein et al. [92].     

Electron Back Scatter Diffraction is a method for characterisation of the 
material which is based on mapping the crystallography of the sample. This 
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technique utilises crystal orientation of a specific Kikuchi patterns of the crystal 
structure in order to identify the specific area. This is realised by tilting the 
sample 70° relative to the incident beam. The sample preparation is of great 
importance and a completely flat, well polished sample is required. Typically, the 
sample is polished using polishing cloth in different steps down to levels using a 
diamond suspension of 1 µm followed by chemical polishing using Standard 
colloidal silica suspension, OPS, solution for final polishing.   

As the beam is scanned across the surface the Kikuchi patterns are recorded. 
The results are then indexed using a Hough transformation [93], and for each 
point of the map the best possible solution in respect to phase and 
crystallographic orientation is calculated for the Kikuchi data. For a more 
detailed description of the EBSD technique, the reader is referred to the 
informative book by Schwartz et al. [93].     

 





 

The test samples for the investigations in paper A concerning the non-
conventional machining concepts were taken from a standard Alloy 718 
wrought sheet with 8 mm thickness in ”as received” condition. An overview of 
the sheet is presented in Figure 20, showing a top view of the test specimens 
from which the non-conventional machining tests were performed. The samples 
investigated in paper B were also from a standard wrought sheet of Alloy 718 in 
“as received” condition but heat treated instead, which is further described in 
chapter 4.2.5. The sheet thickness for those samples was 6.35 mm.  

 

 
All test samples in paper C and D concerning investigations of post processing 
were taken from a shaft of Inconel 718, with the chemical specification shown 
in Table 1. The shaft was produced in an open die forging followed by heat 
treatment. The material was solution annealed at 975°C for 60 min followed by 
quenching in a polymer. The aging was done in two temperature steps followed 
by cooling in air. The resulting hardness of the shaft was 261 HB after forging 
and 432 HB on the final heat treated part. Figure 21 illustrates an overview of 
the shaft. 

 



 

 

 

 

The test samples for these investigations were taken from a shaft that has been 
manufactured using industrial best practice machining parameters. The 
machining steps for this component involve wire-EDM processing to a near net 
shape with the parameters shown in Table 2. After EDM, the surface had a 
typical appearance according to Figure 22, showing the relatively discontinuous 
recast layer. 

 

  



 

 

 

 

 

The water jet cutting was performed with a FineCut FAW400 machine as seen 
in Figure 23. This machine is designed to create a small abrasive beam, down to 
0.4 mm. The abrasive medium used was hard rock garnet abrasives with the 
major constituents of Fe3Al2(SiO4)3 and Mg3Al2(SiO4)3 from Barton. The 
cutting was performed using best practice setting according to Table 3. 

 

 



 

 

 

The laser cutting experiments were performed with a Bystronic BySprint Fibre 
3015 laser machine, a fibre optic laser machine as shown in Figure 24. The 
cutting operations were performed using best practice parameters according to 
Table 4. These parameters were determined from a screening test of different 
machining speeds and focus positions. The final surface was inspected visually 
and a selection was done based on straightness of the waviness of the cut 
surface.   

 

 



 

 

 

Ball nose end milling was selected as the reference operation since the aim was 
to machine a geometrically complex surface in order to create features of sheet 
metal such as holes and flanges. The machining parameters were selected based 
on the recommended settings from the tool manufacturer which included a tilt 
angle of 15°. The milling test was performed by milling across the sample with a 
0.08 mm/tooth feed, a cutting speed of 30 m/min and a 0.4 mm radial depth of 
cut. Further, the milling was performed using a new non worn tool with the 
machining settings according to table 5. 

 

The fatigue samples were produced from a 6.35 mm thick Inconel 718 wrought 
sheet. The sheet was full-precipitation hardened using the heat treatment recipe:  
• Solution annealing at 954 °C for 1 hour followed by water quenching. 
• Precipitation hardening in two stages:  



 

 

o First stage at 718 °C for 8 hours followed by furnace cooling 
at 11 °C/hour. 

o Followed by second stage held at 621 °C for 18 hours 

Finally, the sheet was face milled to a thickness of 6 mm, the different non-
conventional machining test samples were produced from subplates.  

The conventional milling was carried out using a Ceratizit WC insert tool using 
the machining parameters according to Table 6. 

 

In these tests ultrasonic milling, US milling, was evaluated where an end milling 
tool was used to machine the samples. The parameters for the production of the 
US milling samples are presented in table 7. 

 



 

 

The AWJ samples were produced according to the parameter settings according 
to Table 8. 

 

The EDM samples were produced with the parameter settings according to 
Table 9. 

 

The fatigue testing was performed by the Spanish research institute Tecnalia. 
The fatigue mechanical testing was carried out in a closed loop servo-hydraulic 
Instron testing machine (model number 8516, Load =± 100 kN dynamic) with a 
man-machine interface. Fatigue testing consists of a four-point bending fatigue 
life analysis. 

  



 

 

The investigated samples in this thesis work were generated from the Inconel 
718 shaft mentioned in chapter 4.1. A parametric test of different grit blasting 
settings, in terms of nozzle distance and exposure time was performed by grit 
blasting the shaft at different locations using a robot cell according to Figure 25. 
In this robot cell, the EDM machined shaft was mounted on a turntable and the 
blast nozzle held by the robot in order to achieve a fully repeatable set up. The 
robot motion during the blast operation was single axis only, parallel to the shaft 
whereas the attack of the stream of blast media was perpendicular to the shaft 
during all of the tests. The exposure time was varied between 2-40 seconds 
exposure, exp, and the nozzle distance between 25-100 mm. The grit blasting 
was performed using aluminium oxide particles with a grit size of 60 µm. The 
pressure of the grit blasting media was 4 bar. 

 

 

The test samples investigated in this thesis work were produced using the cut 
out samples of the Inconel 718 shaft, according to Figure 26. The shot peening 
was performed in a CNC operated shot peening cell, using a perpendicular 
attack angle of the medium and a nozzle distance of 100 mm. The shot peening 
intensity was 0.165 A. The letter A refers to the Almen test strip shape which is 
a standard method for evaluation the settings for shot peening [94]. The shot 
peening media was Cutwire 14 and the pressure during the test was 3 bar. The 
selected shot peening parameters are considered as best practice parameters for 



 

 

this application and were derived from an Almen stripe testing for this type of 
material and geometry in order to attain complete shot peening coverage. 

 

 

The test samples investigated in this thesis work was cut out pieces from the 
Inconel 718 shaft, according to Figure 27. The samples were produced in a 
CNC operated water jet cutting machine using 360 MPa in water pressure. The 
stand-off distance, distance between the nozzle and surface, was 10 mm and a 
500 mm/min feed was used. This parameter setting was selected as best practise 
parameter from process tests performed prior to this investigation. 

 

 

The measurements performed in this thesis were carried out using a Stresstech 
XStress 3000 G2R equipment. All samples were handled with great care in order 
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to minimize the risk of any impact from handling upon the residual stress state 
in the sample surfaces.  

The general measurement settings for the X-ray diffraction measurements were 
performed using a manganese X-ray tube, with a wave length of λ: 0.21031nm. 
The lattice plane (311) was measured which has a 2Θ position at 151.88°.  The 
measurement strategy of modified sin2ψ method was adopted using 5 tilt (psi) 
angles in the interval 45°- (-)45°. The residual stresses were calculated using 
Hook’s law, assuming elastic strain theory, with a Young’s modulus of 199.9 
GPa and 0.29 Poisson’s ratio. All residual stress measurements performed using 
x-ray diffraction fulfil the requirements specified in EN-15305:2008 [88] and are 
included as an accredited testing method at Swerea IVF. 

The residual stresses determined by means of hole-drilling were performed with 
RS-200 equipment. The measurement was performed with a 1.6 mm diameter 
drill and a rosette strain gauge, CEA-06-062UL-120, with a 120 Ω resistance. 
The drilling was performed in the centre of the strain gauge down to a depth 
equivalent to the diameter of the drill. The evaluation was done using the 
software H-drill, where the integral method was adopted for calculation of the 
stress. The calculations of the stresses by Hook’s law were done using 199.9 
GPa Young’s modulus and 0.29 in Poisson’s ratio. However, the evaluation was 
based only on the first 0.8 mm as the resolution decreases significantly when the 
depth exceeds 0.8 mm. The measurements were performed according to the 
ASTM E 837-01 standard, in which the procedure is described in detail [89].  

4.3.2 Topography 
All the measurements in this thesis work were done using white light VSI mode 
and with the same measurement strategy. This was realised using a Sensofar S 
Neox instrument. The roughness measurements were performed over an 
878x659 µm surface in the centre of the sample at three different positions with 
a lateral resolution of 0.258 µm. The measured data was filtered using a 5x5 
spatial median denoise filter for the short wavelengths and a robust Gaussian 
filter for the long wavelengths with nesting index 250 µm to create S-L datasets 
for analysis. The investigated surface properties were characterised by the 
surface roughness parameters described by the ISO 25178 standard [21].  

4.3.3 Microstructure 
All samples in this thesis have been cold mounted using Struers epoxy. The 
polishing was performed using low polishing force, and the ground polishing 
was done with a 220 grit. The samples were polished in several steps including 
diamond paste-suspension and cloth in the following steps: 9 µm/MD Largo, 3 
µm/MD DAC, 1 µm/MD Nap and for the EBSD sample the finishing 
polishing was OPS/MD Nap.   
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The microstructure was evaluated on polished and etched samples. The etching 
was performed with Kalling’s solution (2g Copper Chloride, 40 ml HCl and 60 
ml Ethanol) in 30-60 seconds. 

Light Optical Microscopy (LOM) was used in order to evaluate how the 
microstructure has been influenced by the machining or post processing. All 
samples were analysed using a Leitz Aristomet microscope.  

The surfaces were analysed using a Jeol 6610LV SEM equipped with a Bruker 
XFlash 5010 EDS detector for chemical analysis of the surfaces. The chemical 
analysis of the surfaces was performed by EDS mapping, in order to isolate 
features in the subsurface such as abrasive particles or embedment of oxides.  

The microstructure was further investigated using EBSD which was done using 
a Jeol 7800 SEM equipped with a high definition e-FlashHD EBDS detector. 
The Kikuchi patterns were recorded for every point using a pixel size of 0.19 
µm and a total map size of 800x600 pixels. The measurements settings 
according to Table 10 were further employed. 

Table 10: EBSD settings used for the measurements. 

 

4.3.4 Chemical analysis 
The chemical content on the post processed surfaces were measured with a 
handheld Thermo Scientific Niton XL3t GOLDD+ X-ray florescence, XRF, 
equipment. This equipment utilises the characteristic secondary X-rays that 
emits from a sample surface that is exposed to high energy X-rays in order to 
determine the chemical content. This specific version of the equipment has an 
expanded range for detecting elements which include Mg, Al, Si, P and S. The 
presented results from the chemical analysis with XRF were taken as the average 
values from three measurements at different locations for each of the individual 
specimens.  
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5 Results 
The overarching results presented in this chapter are extracted from the most 
important findings in the appended papers A-D.  

All of the results presented in chapter 5.1-5.1.4 are from paper A related to the 
investigations of non-conventional machining. These results address research 
question RQ1-RQ2.  

The results in chapter 5.1.5 are results from paper B related to the investigations 
of the fatigue properties of the non-conventionally machined surfaces. These 
results address research questions RQ1-RQ2. 

The results presented in chapter 5.2 are from paper C and paper D and are related 
to post processing of EDM surfaces. These results address research question 
RQ3.   

5.1 Non-conventional machining (Papers A and B) 
In this study an 8 mm wrought sheet of Alloy 718 was used. The intention was 
to study the influence from different machining operations on the surface 
integrity as well as the resulting fatigue properties. However, the material state, 
aged or not aged, had great influence on the selected measurements strategy for 
the residual stresses measurements performed with X-ray diffraction as well as 
retrieving reliable result from fatigue testing. To study the residual stresses a non 
aged material is preferable while in order to get failure from fatigue testing the 
material state needs to be in an aged condition. 

This investigation set the background for this thesis work where three 
alternative machining concepts were compared for machining of complex 
geometries. For these investigations a wrought Inconel sheet material in as 
received and aged condition was selected. This material was used in order to be 
able to get a good comparison between the different machining methods by 
giving them similar conditions. Furthermore, the main reason for the selection 
was to be able to compare the result both in terms of surface integrity as well as 
how the fatigue strength was affected by the machining operation. The fatigue 
testing employed in these investigations was four point bending and a suitable 
specimen thickness was approximately 8 mm.  

The results from the non-conventional machining were compared to a ball nose 
end milled surface. The reason for this specific tool was that this kind of 
machining tool would have been the production choice when a final surface are 
to be machined, especially for more difficult to access position of a component. 



 

 

The different surfaces show entirely different topographical characteristics in 
terms of surface roughness as well as texture. The milled surface shows a texture 
from the milled tracks with a specific repeatable pattern in both directions, 
along and across the feed. The LBM and AWJM surface instead show only one 
directional feature in the texture directed along with the cut. The EDM surface 
shows an isotropic surface texture instead, as shown in the 3D illustrations in 
Figure 28 and in result Table 11.  

The surface roughness for the different surfaces shows that the LBM surface is 
the roughest, followed by the EDM surface. Both the AWJM and the milled 
surface show relatively high surface finish with a low surface roughness 
according to Table 11. This table represents selected ISO25178-2 parameters 
including Sq-root mean square height, Ssk-Skewness, Sku-Kurtosis, Sp-
Maximum peak, Sv-Maximum valley depth, Sa-Arithmetic mean height and 
S10z-Ten point height. The S10z differentiates the AWJM surface and the 
milled surface even further, showing a higher value for the AWJM sample. This 
implies that the AWJM surface has a higher amount of peaks than the milled 
surface. The surface that was ball nose end milled with an tilt angle of 15° 
showed the lowest surface roughness of all tested machining methods. 
However, both the AWJM and EDM surface showed relative low surface 
roughness. It is worth noticing that milling, AWJM and LBM all generate a 
specific texture to the cut surface where the two later generate machining marks 
across the surface. However, the EDM on the other hand showed a completely 
isotropic surface.  

 

 



 

 

 

 

Another important aspect to evaluate and compare between the machining 
methods is the geometry of the cut. This was measured on the polished cross 
sections of the different samples, examples of the AWJM and LBM are 
presented in Figure 29-30. The geometry of the cut was measured at the inlet 
and outlet position of the sample where the inlet refers to the laser beam 
entrance, the AWJM beam entrance and the top side of the EDM cut of the 
sample. The outlet refers respectively to the exit position of the laser beam, 
AWJ beam and the bottom side of the EDM cut. The summarised results are 
presented in Table 12 which shows that the EDM generates an almost straight 
cut which is comparable to the milled surface. However, both LBM and AWJM 
show obvious deviations at the inlet and outlet positions of the cut.  

 



 

 

 

 

 

The residual stress profile measurements show great influence of the different 
machining methods, presented in Figure 31. The residual stress state of the 
Inconel 718 sheet in as received condition was determined by hole drilling 
measurements performed on a polished cross section of the sheet. The result 
showed an averaged residual stress state in the bulk of 18 MPa with a standard 
deviation of ±33 MPa for the measurements performed over the depth interval 
of 0.5 mm below the surface. This result and the deviation have been plotted as 
dotted reference lines in Figure 31. The AWJM show that the surface is in 
compressive residual stress to a depth of 50 µm and for greater depth the 
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residual stresses levels out towards a stress free state. The LBM and EDM 
surfaces instead show tensile residual stresses. The heat impact from both of 
these methods differs and hence both surface state and the penetration depth 
differ.  

Similar to AWJM the EDM sample show only an impact to a depth of 50 µm 
and for greater depths the stresses are close to a stress free state. However, the 
first measurements in the profile, at the surface, showed a 200 MPa lower tensile 
residual stress compared to the measurements at 5 µm, which instead had a 
tensile stress of approximately 500 MPa. This difference is most likely due to the 
fact that the surface measurement measures a contribution from the stresses in 
the recast layer.  

The laser machined sample shows a much deeper impact and even at depths 
below 300 µm the tensile residual stresses were above 200 MPa. Finally, it could 
be observed that the milled surface has a low tensile residual stress state at the 
surface which gradually changes into a rather high compressive residual stress 
with a maximal compressive residual stress of -700 MPa at a depth of 70 µm. It 
was further observed that the milling operation has a great impact and even at a 
depth of 500 µm below the surface where the stress state is compressive with a 
magnitude of -116 MPa, which is however not shown in Figure 31. 

 
Figure 31: Residual stress profiles for non-conventional machine1d samples. 
 

5.1.4 Deformation and microstructure 
The Full Width Half Maximum, FWHM, profiles from the diffraction peaks are 
frequently used as a measurement of the work hardening properties [95, 96].  
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These results indicate a fairly shallow impact for the alternative techniques but 
rather deep regarding the milling, as presented in Figure 32. Milling also shows 
the highest FWHM surface value followed by AWJM, which is much lower. 
Further AWJM show the highest value of the alternative techniques but the 
shallowest impact. The LBM surface shows a minimum value just below the 
surface and at a depth of 30 µm the FWHM value levels out towards a bulk 
value for this sample, seen in Figure 32. However, the bulk value for the laser 
machined sample is higher than the EDM and AWJM sample. 

 
Figure 32: Full width half maximum, FWHM, profiles on non-conventional machined 

samples. Note that the FWHM axis has been limited, starts at 1. 
 
The microstructure was evaluated on polished and etched cross sections of the 
machined surface, seen in Figure 33. The results show distinct differences 
between the different machining methods and how the microstructure at the 
surface has been altered.  

The milled surface has a smooth topography but the surface is deformed, shown 
by deformed grain boundaries. The deformation is localised to the top 10-20 
µm. Regarding the AWJM sample no modification of the surface could be 
observed but a rather uneven topography where the grains at the surface have 
been cut right through by the water jet beam. The EDM surface shows a 
discontinuous layer of recast layer appearing as a bright top layer. The surface 
further shows a grain growth of the grains close to the surface to a depth of 10-
50 µm. For the LBM surface a rather thick continuous, 30-50 µm, melted layer 
could be seen on the surface and underneath the microstructure show a rather 
large grain growth which extends to depths below 1 mm from the surface.  
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Figure 33: Micrographs of the microstructure after machining from LOM in x1250 

magnification. 
 
Further investigations of the microstructure at the surface were analysed using 
high resolution FEG-SEM and EBSD. Figure 34 illustrates the surfaces in back 
scatter mode for the different machining methods in x2000 magnification. In 
this magnification the actual affected surface zone could be measured. Similar to 
the Figure 33 AWJ show no impact in the microstructure while for EDM a 
recast layer with an extension of 10-20 µm could be observed. For LBM the re-
melted surface, which has a porous structure and an extension in the interval 10-
30 µm and for the milled surface an outer layer of a few micrometer of highly 
deformed material, could be observed. 
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Figure 34: Micrographs of the microstructure after machining from SEM back scatter 

detection in x2000 magnification. 
 
The impact from the machining on grains could be observed in Figure 35 which 
shows the grain maps for the different samples derived from analyses using 
EBSD. The different colouring only separates different grains in the 
microstructure. The AWJM and Milled samples show similar results where only 
a shallow layer at the very outer surface is affected. A white reference line was 
added to the images illustrating the outer surface. It could further be observed a 
thin black layer for the AWJM, milled and especially the LBM samples 
indicating low or no diffraction. Low diffraction or no diffraction results in lack 
of indexing the selected phase when measuring with EBSD. This could either be 
due to grain refinement if the grains are too small for EBSD, typically less than 
approximately 20 nm from plastic deformation. This is most likely the case 
observed as a very thin black layer for the milled and AWJM samples. In the 
case of LBM the lack of indexing could instead be the result of the thermal 
impact in combination with reaction to the atmosphere that creates new phases 
that are not indexed as nickel. The LBM shows grain refinement and non index 
material of the outer most 10-15 µm. Below this depth the grain growth is 
abnormal with grain sizes of 50-80 µm. The EDM surface instead shows a 
splattered recast layer with a rather discontinuous and rough surface 
topography. 
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Figure 35: EBSD grain maps in x800 magnification showing the different grains in 

different colours from the different machining operations. 
 
In Figure 36 the misorientation maps from the EBSD results are presented. The 
misorientation illustrates how much individual grains are reoriented relative to 
one and other. These images can be interpreted as the strains within and 
between the grains. The blue coloured areas show low degree of misorientation 
while the red areas show highly misorented and strained areas.  

The EDM surface shows the lowest degree of impact while the LBM, as 
expected, shows the highest degree of impact extended far into the surface. 
Even at depths of several hundreds of microns the misorientation is quite high. 
The milled surface shows an impact in the surface region of 10 µm. It could 
further be observed a thin layer of a few micrometers with non index material 
which indicates highly plastically deformed material. The grains in the surface 
region for the AWJM surface show individual grains with rather high 
misorientaion, typically to a depth of 30-40 µm. Both the AWJM and the milled 
samples show an increased impact at greater depths than 100 µm compared to 
the EDM surface. The LBM surface, as expected, shows highest degree of 
impact which extends deep in the sample surface. 
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Figure 36: EBSD Misorientation maps in x800 magnification illustrates the built up 

strains in the microstructure from the different machining operations. 
 

5.1.5 Fatigue testing (Paper B) 
Fatigue testing is an important result parameter when evaluating the different 
methods since it represents the functional performance. Initial tests were 
performed for the developed samples that were in a non aged material state. 
This did not generate results from the fatigue testing due to the ductile 
behaviour of the non aged material. However, in a normal manufacturing chain, 
the material will be in an aged condition. Hence, it would be of great interest to 
fatigue test the material in that state. The only drawback is that the ageing causes 
a change of the microstructure which has negative influence on the lab-XRD 
measurements since it introduces a distortion of the measured diffraction peaks 
which results in greater uncertainties in the measurements.  

New samples of Alloy 718 sheet were produced for fatigue testing. These 
samples had the same geometries as the non aged samples for surface integrity 
investigations. The residual stress state was determined and is presented in 
Figure 37. The influence from the microstructure has been observed for all 
samples and especially for the AWJM and EDM samples for greater depth than 
50 µm. The results show a distinct difference between the AWJM, EDM and the 
two milled surfaces, conventional WC milling and Ultra sonic WC milling, US 
mill. The EDM sample shows a rather high tensile stress state at the surface 
which only slightly decreases at a depth of 90 µm. This indicates that the EDM 



 

 

process has a great influence of the stress state and with a rather large 
penetration depth. The AWJM sample shows a compressive residual stress state 
in the surface region and only shows influence of the machining operation to a 
depth of 50 µm. Below this depth the sample has a stress free state. The 
conventionally milled and US milled samples show quite similar residual stress 
profiles; they are illustrated by a rather high compressive residual stress state in 
the surface region with a steep decrease of compressive stress the first 30 µm 
and the almost a linear decay until a stress free state at a depth of 165 µm.      

 

 
Combining the residual stress result with the surface fatigue results it becomes 
clear that the residual stress state in the samples have strong influence on the 
fatigue, as seen in Figure 38. The EDM surface was expected to have the worst 
preconditions which also could be seen in the outcome from the fatigue testing. 
The AWJ sample indicates a somewhat better surface fatigue strength which 
could be expected due to the compressive residual stress state in the surface 
region. The milled and US milled samples did have similar residual stress 
conditions but the surface fatigue for the US milled sample was somewhat 
better. The reason could be that the two surfaces have different surface 
roughness which might influence the fatigue testing and the contact to the 
support bars. 



 

 

 

 
These results further showed good correlation to the FWHM, see Figure 39. 

 

 



 

 

Post processing with grit blasting was investigated in paper C. This investigation 
generated the input data for selecting the best practices parameters with regards 
to the process' ability to remove recast layer after EDM processing. 
Additionally, the results disclosed an efficient and non destructive method for 
evaluating the presence of recast layer on the surface using X-ray Fluorescence, 
XRF, equipment.  

The results from the surface profile measurements show that the erosion from 
grit blasting increases with increasing exposure time, with exp as abbreviation. It 
could also be observed that the blasting position with the largest nozzle distance 
and the longest exposure time has resulted in the highest amount of erosion, as 
seen in Figure 40.  

The surface residual stress measurements show that the grit blasting operation 
has a strong influence on the residual stresses, Figure 40. The stress state is 
predominantly compressive to a magnitude of (-)500 – (-)800 MPa which is a 
great difference from the tensile stresses of approximately 200 MPa which was 
measured for the reference EDM surfaces.  

 

 



 

 

The residual stress profiles for the grit blasted surfaces with the same nozzle 
distance of 100 mm show high compressive stresses in the surface and a 
maximal compressive stress located 5 – 20 µm below the surface according to 
Figure 41. The surface stresses, the maximal compressive stress and the 
penetration depth increase with increasing exposure time for most of the 
samples, except for the 40 exp sample which does not follow this trend. Even 
the short 2 seconds grit blasting exposure has resulted in a rather deep residual 
stress profile. A further increase in exposure time, comparing the 2 and 4 exp 
samples, shows further increase of 200 MPa of the compressive stresses to a 
depth of 100 µm. The residual stress profiles for grit blasting more than 4 
seconds are quite similar even though 10 seconds and 20 seconds exposure 
seem to have higher compressive stresses close to the surface compared to the 
other positions. The profile for 20 seconds exposure has the deepest impact.  

 

 
The residual stress profiles with the same exposure times but different nozzle 
distances show that the shortest ND, 25 mm, generates the highest compressive 
stress, both in terms of magnitude of the stresses and affected depth below the 
surface, see Figure 42. Even at depths below 300 µm, this profile shows a 
compressive stress of -400 MPa. The profiles for ND 50 and 100 mm are quite 
similar to a depth of 100 µm. Below this depth ND 100 mm approaches a 
tensile stress while the residual stress profile for ND 50 mm instead approaches 
a compressive stress of -200 MPa even at depths below 300 µm.    



 

 

 

 

The XRF results show that both the Zn and Cu content decrease with 
increasing blasting exposure time and increased erosion depth according to 
Figure 43. It can further be seen that the standard deviation, indicated by the 
error bars, in the measurements of the EDM surface is large compared to the 
grit blasted positions. Independently of the nozzle distance, long exposure times 
results in low contents of Zn and Cu, shown in Figure 43 when comparing 
sample 4:1, 4:2 and 1:1.  



 

 

 

 
Evaluation of the surface microstructures of the samples showed that the EDM 
resulted in a discontinuous material of recast layer with a typical extension of 5 
µm. RCL was only be observed for the lowest exposure times, 1:2 and 3:2, 
where a minor amount of RCL was embedded into the surface as a consequence 
of the grit blasting, see Figure 44. All other samples show no traces of the RCL 
but differ instead regarding different amounts of deformation of the outer 
surface. Some of the samples show relatively deep erosion pits from the grit 
blasting. 
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Figure 44: Illustrative micrographs at x1250 magnification showing the microstructure 

of the grit blasted surface for different grit blasting parameters. 
 

5.2.2 Comparison of different post processing methods 
(Paper D) 

5.2.2.1 Topography 
The surface roughness has been strongly influenced by the different post 
processes. The results show that the original EDM surface, the HPWJ surface 
and the grit blasted surface are quite rough with many small sharp peaks 
distributed all over the surface, as shown in Figure 45. The shot peening process 
and combinations of shot peening and the two other post processes show a 
reduced surface roughness compared to the EDM surface. Shot peening further 
showed that the surface roughness was lowered with more than 1/3. The 
combination of the processes GB+SP and HPWJ+SP showed that the shot 
peening determines the final surface roughness. In Table 12, the results are 
expressed in ISO 25178-2 height parameters, which indicate that shot peening 
generated the smoothest surfaces. The standard deviation, st. dev, was calculated 
for each of the processed surfaces on the three measurements that were 
measured. The evaluated ISO 25178-2 parameters all show a similar trend where 
the HPWJ has the highest roughness and the shot peened samples show the 
smoothest surface. The skewness, Ssk, show a negative value for both the 



 

 

HPWJ and the grit blasting, which indicates that this surface is composed of 
plateaus with deep and fine valleys while a positive Ssk value indicates a lot of 
peaks on a plane which is the case for the shot peened surfaces. 

 

 

 

The shot peening operation generated a residual stress profile with the highest 
compressive residual stresses both in magnitude and penetration depth, which is 
more than 300 µm, see Figure 46. Both the grit blasting and high pressure water 
jet cleaning also generated fairly high compressive residual stress profiles with an 
affected depth of approximately 200 µm for grit blasting and 150 µm for the 
HPWJ. It was further observed that the combined post processes of GB+SP 
and HPWJ+SP show almost identical profiles as the shot peened sample, which 
indicates that the final SP operation determines the residual stress state.   

The Full Width Half Maximum, FWHM, profiles derived from the diffraction 
data are illustrated in Figure 47. These profiles show similar trends as the 
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residual stress profile, where the shot peened samples had high surface FWHM 
and the greatest affected depth. The grit blasted sample shows the highest 
surface FWHM but the affected depth is less than half of the shot peened 
samples. Finally, the EDM and HPWJ samples show much lower impact on the 
FWHM with fairly low FWHM values at the surfaces as well as a low, shallow, 
depth of impact. 

 
Figure 46: Residual stress profiles for the different surfaces, the error bars represent 

the calculated error for the peak fitting of the diffraction data. 

 
Figure 47: Full width half maximum, FWHM, profiles derived from the XRD data of the 

different post processed surfaces. 
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5.2.2.3 Deformation/Microstructure 
The microstructure was analysed using scanning electron microscopy, Figure 48. 
The microstructure of the surface was analysed in x2000 magnification in order 
to investigate the both the impact on the microstructure and presence of the 
recast layer. The result indicated a great difference in how the surface was 
affected by the different post processes. 

The EDM surface shows clear traces of discontinuous recast layer, as a zone of 
darker discontinuous layer containing a mix of the base material with spherically 
shaped pores. The recast layer was rather uneven and an extension into the 
material in the interval 1-20 µm was measured.  

The HPWJ surface shows no traces of RCL on the surface and the uneven 
surface does not seem to be deformed. However, the post processed surface 
contains quite rough peaks and valleys. The surface also contains smaller 
column shaped holes.  

The grit blasted, GB, surfaces indicate quite high amounts of residues from the 
grit blasting medium in the very outer surface. The uneven surface indicates a 
quite high degree of deformation. Chemical analysis using EDS of the grit 
blasted surface confirmed that the black spots in the outer surface are 
aluminium oxide particles from the grit blasting medium.  

The shot peened, SP, surfaces show a quite high presence of RCL and also a 
high degree of deformation where the outer surface is rather flat and deformed 
by the shot peening media. Moreover, these surfaces show lamellar surface 
cracks located along the surface to a depth of less than 5 µm. The cracks appear 
only in the RCL layer and predominantly located along the surface.  

The surface generated by the combined post processes GB + SP shows residues 
of the grit blasting media in the outer surface region and a much flatter surface 
compared to the solely grit blasted sample.  

The HPWJ + SP surface shows that the HWPJ process removed the RCL and 
that the SP operation flattened the surface. However, these surfaces show rather 
large cracks initiated along the surface, which are extended in a direction across 
the surface. This pattern across the surface is a significant difference compared 
to the cracks detected in the shot peened samples that appeared as lamellar 
cracks only along the surface.  

The cracks found in the surface generated by the combined processes HPWJ + 
SP are extended quite far into the material. The example in Figure 48 exhibited 
the deepest observed crack with an extension of roughly 25-30 µm into the 
surface.   
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D. CONCLUSIVE CHAPTERS 

6 Analysis of results 
6.1 Non-conventional machining 
The results from these investigations were predominately presented in Paper A 
except for the part related to the fatigue testing which was a part of the results 
in Paper B. 

6.1.1 Machining performance 
The investigated machining methods offer great differences in processing time 
as well as how the surface integrity of the cut surface is affected. The results 
indicate that each technique is suitable for machining different work piece 
thickness. Generally, the laser beam machining offers the greatest cutting speed, 
which in this investigation reached up to 1290 mm/min during screening tests. 
LBM is obviously not suitable for an 8 mm thick sheet, as used in this 
investigation, since the impact is too detrimental both in terms of 
microstructure, topography and residual stresses. Further, the depth impact is 
really deep due to the amount of power that is required to cut through such 
thick material.  

The thickness limit of the work piece for AWJM according to literature is 
almost unlimited but in reality the thickness limit of steel for example is up to 
100 mm [56, 63]. However, in practice and for Alloy 718 the thickness 
limitations are rather in the interval 0-30 mm, e.g. in a summary by Fenoughty et 
al. reported work piece thicknesses of 25.4 mm machined at a cutting speed of 
50.8 mm/min [97]. However, there is a trade off between thickness, cutting 
speed and the surface finish for AWJ that needs to be kept in mind. For the 8 
mm work piece in this investigation, the resulting surface finish had high quality 
where a cutting speed of 11 mm/min was used, this is rather low in comparison 
to the LBM.  

EDM have similar cutting speed and surface finish as AWJM and the thickness 
limitation is even more generous compared to AWJM. The exact limit is defined 
by the machine geometry and wire diameter but machining is typically 
performed in the thickness interval 0-500 mm. To exemplify this, the 
production of the shaft used in the investigations for the different post 
processes a cast billet, had an initial thickness of 600 mm which was EDMed 
into a shaft with a thickness of 100 mm. 
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6.1.2 Geometry of the cut 
Both milling and EDM show an almost straight cut when observing a cross 
section of the edge of the machined surface. Even though that this result was 
expected it is important to highlight this and investigate any boarder effects that 
might appear at the edges of the machined surface. When it comes to AWJM, 
and especially LBM the deviation from a straight cut is obvious since it deviates 
with 25-95 µm for AWJ and more than 100 µm for LBM. The investigation of 
the AWJ cross section show geometrical imperfection that deviate 95 µm at inlet 
and 25 µm outlet. This deviation is due to the kerf created by the erosion 
mechanism when machining which had more effect at the inlet positions 
compared to outlet side. LBM show a four times higher geometrical deviation at 
both the inlet and outlet which is due to the material evaporation of the melted 
material in the cut zone. 

6.1.3 Topography 
The milled surface showed the lowest surface roughness of all machining 
methods. However, both the AWJM and EDM surface showed relatively low 
surface roughness. It is worth noticing that milling, AWJM and LBM, all 
generate a specific texture to the cut surface where the two later generate 
machining marks across the surface. However, EDM on the other hand showed 
a completely isotropic surface which would be preferable since less care need to 
be considered when post processing the surface in terms of verifying that prior 
texture has been removed.      

6.1.4 Residual stress 
AWJM show the most preferable residual stress state even though the milled 
surface has a much higher and deeper compressive residuals stress state for 
depths greater than 10 µm. The AWJM surface is in compression to a depth of 
200 µm while the milled surface is affected to a greater depth. Measurements on 
the milled sample at greater depth, not presented in the results, showed a 
compressive stress of -100 MPa at a depth of 0.5 mm.  

The residual stresses for the EDM surface are in compression and show an 
impact to a depth of 43 µm, this tensile residual stress needs to be handled by a 
post process, typically shot peening. 

The detrimental behaviour of LBM is clearly visible in the residual stress profile 
showing a rather high tensile residual stress that increases below the surface. 
Hole drilling was performed in an attempt to investigate how deep penetration 
the LBM has on the residual stresses. Even at a depth of 0.8 mm below the 
surface the residual stress state is tensile. 
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6.1.5 Deformation and microstructure 
The alteration and deformation of the surface microstructure showed great 
influences from the different machining methods. The AWJM surface showed 
the least impact of all four techniques in terms of deformation and surface 
alteration. However, the cut surface of AWJM showed embedment of abrasive 
media which has to be removed by a post process. An alternative for handling 
this kind of residue abrasive was proposed by Huang et al. who used the AWJ 
method both to cut and clean the surface of Ti6Al4V [83].  

The milling resulted in a high degree of mechanical deformation to a depth of 
100-150 µm. A thin white etching layer was further observed at the surface. This 
layer is most likely smeared material from the milling operation, which consists 
of highly deformed material. This was further shown in the EBSD data as lack 
of diffraction data. It was further shown in the misorientation maps that both 
the milled and AWJ sample had a generally higher misorientation below the 
surface.  

The microstructure of the EDM surface showed a discontinuous RCL of 
remelted material and oxides generated during the machining with an extension 
in the interval 5-15 µm. This recast layer needs to be removed by a post 
processing operation. The EBSD data further revealed a grain refinement at the 
surface and also generation of strains between the grains from the machining 
which had a typical extension of 10-20 µm, somewhat deeper than the observed 
recast layer. 

The microstructure of the LBM sample also show remelted material but to a 
greater extent, approximately 20 µm. The remelted layer showed a porous 
structure that most likely is the results from the built up heat and pressure that 
interaction with the material in the cutting. However, this remelted material 
appears to be more homogenous and continuous compared to the EDM RCL. 
Furthermore, it could be observed in the EBSD data that the impact from LBM 
has generated rather high strains in the microstructure to depths of several 
hundreds of micrometers. In contrast to the EDM microstructure the LBM has 
generated grain growth to abnormal size in with grains larger than 100 µm. 

6.1.6 Fatigue 
The fatigue testing showed distinct differences between the milled surface and 
the non-conventionally machined surfaces. Generally, the fatigue strength 
correlated well with the surface residual stress. However, despite the relatively 
high compressive surface residual stress of the AWJM samples, the fatigue life 
was much lower than the milled samples. The fatigue result for the AWJ 
samples is very similar to the results presented by Boud et al. who evaluated the 
influence of AWJ machining parameters stand of distance and feed rate for 
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AWJM of aluminium 7475 which showed a fatigue life of 39 000 – 40 000 cycles 
[98]. In addition, the EDM samples resulted in the lowest fatigue strength as 
expected. However, the fatigue life was not that much lower than the AWJM 
sample which was not expected since the EDM surface had quite high tensile 
residual stresses. This implies that the embedment of abrasive particles from 
AWJ has a strong negative influence on the surface integrity shown by Huang et 
al. and Kong et al. [83, 99] and consequently the fatigue properties. The relative 
shallow compressive residual stress profile, in comparison to the milled samples, 
could also be a reason that contributes to the relative low fatigue strength.  

The fatigue testing results could also be influenced by the specimen thickness as 
well as the depth of the residual stresses. 

The conclusion to be drawn from this is that the surface integrity has to be 
improved for the non-conventional machining methods, AWJM and EDM, by a 
post process in order to improve the surface fatigue properties to similar levels 
as for a milled sample. It could further be concluded that both machining 
alternatives generate similar fatigue properties which implies that a selection 
could not really be made based on this criterion alone. 

An interesting observation from these results was the strong correlation 
between the FWHM and fatigue strength of the samples. This correlation will 
be further explored and investigated in future work when performing fatigue 
testing of post processed surfaces. If a good correlation can be found and 
explained between FWHM and fatigue strength the possibility of estimating the 
fatigue strength by a non destructive XRD measurement might lower the need 
for time consuming fatigue testing. 

6.1.7 Summary – Non-conventional machining 
Summarising all results show that EDM and AWJ are both possible candidates 
that would improve the processing time. Due to the EDM method's ability to 
machine complex geometries as well as EDM is used in some extent in today’s 
aero engine manufacturing, this method was selected for further investigations 
and is consequently answering RQ1 and RQ2.   

RQ1 and RQ2 have in detail been addressed in previous analysis chapters and it 
can be summarised as follows: EDM and AWJM require similar post processing 
including cleaning the surface from either recast layer or residual abrasives as 
well and improving the topography. Further, for EDM, introducing compressive 
residual stresses is required.  
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6.2 Post processing 
EDM surfaces were selected for further investigations based on the prior work; 
hence the treatment of surface alterations from such a process is addressed. The 
results discussed in this chapter are extracted from Papers C and D. 

The EDM process generates a relatively smooth surface that contains 
discontinuous islands of RCL. The initial residual stress state of the EDMed 
shaft showed quite high tensile residual stresses surprisingly deep below the 
surface. Results for the forged shaft show that even at the depth of 200 µm the 
stresses are tensile. Even though this result is unexpectedly high, similar results 
were reported by Chen et al. who performed fatigue testing on forged and heat 
treated EDMed coupons of Inconel 718 [100]. The result from the EDMed 
wrought sheet material in as received condition did however show a much lower 
impact which was limited only to the outer 50 µm indication that EDM has 
quite shallow impact.  In that study the residual stresses after EDM were at 
levels around 400 MPa and the fatigue testing showed a decreased fatigue life 
with 30% compared to polished samples. However, the influence of the EDM 
process is only limited to a thin layer of approximately 50 µm while casting or 
forging of the shaft most likely generated the high tensile stress state that was 
measured at greater depths. This rather high tensile residual stress state is to be 
avoided but in this investigation the RCL removal capabilities were of interest, 
as well as how the surface state was affected by the post processing.  

In order to improve the surface integrity after an EDM process the issues 
regarding the RCL content as well as the tensile residual stress state and surface 
roughness need to be addressed. 

6.2.1 Ability to remove recast layer (RCL) 
The results from the initial grit blasting screening test, reported in Paper C, 
showed that this method efficiently could remove RCL. It was shown that a 
long exposure time almost completely removes the EDM wire residues on the 
surface and at the same time generates the highest residual stress impact. 
However, a long exposure time will also increase the risk that a larger amount of 
the blasting medium will get stuck into the blasted surface. 

It was further concluded from these initial investigations that chemical analysis 
using XRF of the residuals from the EDM wire in the surface could be used to 
investigate the presence of RCL. This method has been shown to describe the 
amount of residue in the surface from the EDM process very accurately which 
was further explored in paper D [72]. This was further explored in Paper D which 
showed that the HPWJ process was the best process capable to almost 
completely remove the RCL. Grit blasting also showed quite good capabilities 
for removing the RCL but not to the same extent as HPWJ. In this evaluation it 
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was further observed that shot peening only had a very limited ability to remove 
RCL. 

The reason for the difference in RCL removal for the three investgated post 
processes is that HPWJ and grit blasting, GB, utilize erosion rather than just 
deforming the surface which is the case regarding shot peening. The influence 
of the erosion could be observed in the topography data where the HPWJ 
showed increased roughness compared to the original EDM surface. This 
hydrodynamic erosion that occurs when the high pressure water jet beam strikes 
the surface is greatly dependent on the water pressure. This was further 
described by Taylor [79] who showed that the erosion and surface roughness 
depends on the water jet pressure where an increased pressure resulted in higher 
erosion and surface roughness.  

Another type of erosion occurs for grit blasting, which takes advantage of the 
rough abrasive grit particles that strike the surface and spall of material from the 
exposed surface layer. The amount of erosion that occurs is influenced by type 
of media and exposure time. Prior work performed on the same sample 
evaluated the influence of exposure time, and is presented in Paper C. This 
showed an almost linear increase of the erosion with exposure time. However, 
the erosion that the processes in this investigation generated showed that the 
step height between the reference EDM surface and the HPWJ surface amount 
to almost four times the volumetric erosion compared to grit blasting and six 
times greater than the shot peened surface. 

6.2.2 Topography 
The topography comparisons presented in Paper D demonstrated that shot 
peening, SP, cannot be considered as an alternative to remove RCL. The results 
clearly showed that shot peening only removes a very limited amount of RCL, 
but manages to create a smoothening of the surface. The topography 
measurements show that shot peening lowered the surface roughness by more 
than 35%, resulting in a surface roughness of about 1.5 µm. These results are in 
parity with the results reported by Zaleski et al. who investigated the influence 
of impact energy and shot size [71]. Further improvements of the surface 
roughness could probably be achieved if an even smaller diameter of the shot 
peening media was to be selected.  

The samples that were post processed using a combined process of a cleaning 
operation as well as a shot peening operation showed that the surface was free 
from RCL and that the surface roughness was governed by the subsequent shot 
peening operation. However, the sample with the combined grit and shot 
blasting showed traces of embedded grit blasting medium in the outer surface, 
which is unwanted. The combined HPWJ and shot peened sample on the other 
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hand showed cracks in the surface which is most likely because of a combined 
impact from the transformation from high tensile stresses into high compressive 
stresses generated by two different cold working methods. This could also be 
due to the relative rough surface created by EDM which would fold when it is 
deformed flat. This could then be interpreted as a crack. It should however be 
mentioned that this rough surface from EDM would not have been accepted 
for a shot peening operation in production.  

6.2.3 Residual stress 
The grit blasting investigations in Paper C concluded that the exposure time has 
great influence but for exposure times longer than 4 seconds further impact only 
results in a moderate increase of the compressive stresses. Surprisingly though, 
for the shortest exposure time, 2 seconds, a relatively high compressive stress 
was generated. Further, the results showed an irregular trend to for the samples 
with 10 and 20 seconds exposure which showed a much higher compressive 
residual stress just below the surface compared to 40 seconds exposure. 
Furthermore, the nozzle distance proved to have a strong influence on both the 
maximal compressive stress and the penetration depth.  

The results from Paper D showed that all three post processes had the ability to 
generate quite high compressive residual stresses with relatively large penetration 
depths. Shot peening proved to be superior of generating high compressive 
residual stresses of almost -1400 MPa at a depth of 50 µm. This is similar to 
results reported by others showing a high compressive stress level. For example, 
Bhowal et al. reported of compressive stresses after shot peening of Inconel 718 
of approximately -1200 MPa, which improved the fatigue strength 5-10 times 
compared to a machined surface with tensile residual stresses [28].  

Further, it could be observed that the impact from the shot peening also 
governs the residual stress state for the two combined post processes. The 
difference between the FWHM profiles shows very interesting results. 
According to literature [95, 96] FWHM can be used as an assessment of the 
amount of cold working. The results from this investigation show that the 
amount of cold working differs a lot between the different post processes.  This 
shows a similar trend as for the residual stress profiles where the shot peened 
samples generated the greatest amount of cold work on the surface. It could 
also be seen that, actually, the grit blasting has generated the highest amount of 
cold work but to a lower penetration depth compared to the shot peened 
samples. Finally, the FWHM profiles for the HPWJ and EDM surface show the 
least amount of cold work and to a fairly low penetration depth of only 30 µm. 
This result indicates that the deformations from the HPWJ processes are 
superficial while the residual stress is affected at greater depths. 
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6.2.4 Deformation and microstructure 
The grit blasting results from Paper C revealed that the degree of deformation 
also increased with decreased nozzle distance. This result might also be used as 
an argument for usage of shorter nozzle distance in order to retain maximal 
compressive stress in the surface. These analyses show how important it is to 
evaluate the surface characteristics when optimizing a RCL removal process. 
Both the residual stress state and the degree of deformation will have great 
influence on mechanical properties of the final surface. On one hand a high and 
rather deep compressive residual stress is preferable from a fatigue life 
perspective but on the other hand a short nozzle distance will increase the 
deformation and risk of embedding unwanted grit blasting medium particles in 
the surface. The investigation of the microstructure conclude that a rather short 
exposure time, 4 seconds, generates a surface that appears to be free from RCL 
in light optical microscopy.   

The results presented in Paper D further revealed information on how the 
different post processes have affected the surface integrity. Most importantly, it 
was observed that the shot peened surface showed lamellar cracks oriented 
along the surface at a depth of 20-30 µm. As mentioned in 6.2.2 this could either 
be the result of folded material or cracks initiated from the built up pressure 
from the shot peening, the Hertzian pressure, was too high for this material and 
resulted in cracking, especially when considering the relatively high tensile 
residual stress state that the shaft had before post processing.  

Investigation of the cross sections also showed a potential risk that the EDM 
process creates a relatively rough surface with discontinuous peaks of both the 
core material and RCL. Depending on the height of these peaks and how they 
deform, there is a risk that this material folds onto the surface without any 
bonding and appears as cracks, also known as tears and laps. This will also result 
in a risk that possible particles or unwanted residues will be embedded into the 
surface by the following deformation caused by shot peening that makes the 
surface flat. Comparing the grit blasted surface microstructure to the HPJW 
surface clearly shows that the HPWJ surface is totally free of RCL while the grit 
blasted surface shows minor traces of RCL and abrasive particles embedded 
into the rough surface peaks. 

Further analysis of the cracks showed that all of them are initiated only in the 
outer RCL layer, implying that the brittle RCL layer has cracked due to the 
pressure overload from the shot peening process. It seems that even though the 
cracks have initiated in the outer layer, they could eventually propagate into the 
material as in the case for the combined post processes surface of HPWJ + SP. 
These results imply that non destructive testing using dye penetrant testing 
would be important to consider for future work. 



 

 

In summary, post processing of an EDM surface requires removal of recast 
layer, improving topography and generation of compressive residual stresses. 
This could be realised by a combined post process including cleaning and cold 
working. In regard to RQ3, these investigations showed that a cleaning 
operation using HPWJC will completely remove recast material while shot 
peening will generate both high compressive residual stress as well as an 
improved topography. An overview of the pros and cons from these 
investigations are presented in Table 14. However, great care needs to be taken 
to improve the topography before shot peening in order to avoid phenomenon 
like tear and laps. 

 

The reference surface, ball nosed end mill using a 15° tilt angle, generates a 
surface with low surface roughness, a tensile surface residual stress that becomes 
compressive below the surface and a plastically deformed surface layer. 

The non-conventional machining alternatives generate entirely different surface 
characteristics where abrasive water jet machining results in a highly desirable 
surface with a slightly rougher surface than milling, a compressive residual stress 
state and moderate alteration of the surface microstructure but with embedment 
of abrasive particles in the surface. Despite this, these results indicate that 
AWJM the best alternative of the evaluated machining methods in this 
investigation from a surface integrity perspective. 

EDM generates a surface with isotropic texture and a coarser surface roughness 
compared to the AWJM surface, a tensile residual stress state in the surface 
region and a surface with minor influence in the microstructure but a surface 
layer of discontinuous recast material.  
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Both AWJM and EDM are attractive alternatives for machining of 8 mm thick 
Inconel 718 material but both methods may require post processing to handle 
undesirable effects from the machining especially when machining thicker and 
more complex geometries. From a machining perspective, EDM would offer 
greater possibilities to machine complex geometries where AWJM is relatively 
limited for machining straight cuts. Further, it could be concluded that EDM is 
already used today, to a certain extent, in aero engine production. Based on this, 
EDM has been selected for further investigations. 

From the results derived in this thesis, laser beam machining could not be 
considered as alternative suitable machining method for the application of 
machining 8 mm thick Inconel 718 sheets due to its negative impact resulting in 
high tensile residual stresses, high surface roughness and deep alterations of the 
microstructure for the machined work piece. 

7.2 Post processing 
The results from the investigations of post processing a EDM surface implies 
the importance of performing a thorough surface integrity evaluation, both 
before and after processing the material. With such information, it is possible to 
understand the outcome from machining and how to select an appropriate post 
process, or processes, to alter the surface integrity. Especially, the total energy 
impact onto the surface from the different process steps needs to be evaluated 
in order to avoid initiation of defects such as cracks.  

It was further concluded that a combination of two post processes is required in 
order to achieve an acceptable level of surface integrity in terms of generating a 
surface free from RCL, a compressive residual stress state and obtaining low 
surface roughness after EDM processing of Alloy 718. 

The method of high pressure water jet cleaning was the most effective method 
for removing the EDM wire residuals. HPWJC also has the ability of generating 
compressive residual stresses in the surface region. However, the resulting 
surface will have an increased surface roughness and abrasive particle 
embedment in the processed surface.  

Grit blasting is also a very promising post process to clean the EDM surface. 
Grit blasting will further generate an even higher compressive residual stress 
state in the surface as HPWJC and in a similar manner result in a roughening of 
the surface topography and embedment of grit blasting abrasive into the surface.   

Post processing using shot peening has the highest potential for generating 
highest amounts of compressive residual stresses in the surface region for the 
three investigated post processing methods. Further, the surface topography is 
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also improved by shot peening due to the smoothening effect from the plastic 
deformation. However, shot peening has a very limited capability for removing 
RCL.  

To summarise: To address machining of complex geometries non-conventional  
machining using EDM is the most promising production alternative 
subsequently followed by post processing using HPWJC and shot peening. The 
main gain with this concept is the possibility to drastically reduce the machining 
times since EDM could be used to machine the component into near net shape 
in a fast manner. This in turn will further allow for cutting the productions cost. 

8 Discussion and Further work 
During the selection of the most promising non-conventional machining 
method stated in RQ1 one need to consider several aspects of the different 
machining methods. This includes aspects such as the investment costs, utilities 
required for the equipment, floor space for equipment and compatibility for 
transferring CAD into the machining program code etc. However, this thesis 
research has only considered the different machining methods' ability from a 
surface integrity aspect. Based on the results presented in Paper A it could be 
concluded that both EDM and AWJM are possible candidates that could offer 
great possibilities for drastically increasing the MRR and that the resulting 
surfaces from both processes need to be post processed. Even though the 
results in Paper B showing an improved fatigue life for the AWJM method 
further selection was based on which is the most likely process to be accepted 
by the aero engine industry. In this perspective EDM has the advantage since it 
is frequently used today in order to cut large sections of raw material. 
Summarising this answer to RQ1 is that EDM would be the most efficient 
machining alternative. 

The second and third research question has clearly been scrutinised in Paper A 
showing that the three non-conventional machining concepts creates entirely 
different alterations of the surface which was basically used as input for RQ1 
and RQ2. If EDM is to be considered the aspects of RCL removal and 
generation of compressive residual stresses and improvements of the surface 
topography need to be considered. 

Addressing RQ4 shows that the most promising recipe for tackling an EDM 
surface in order to improve the surface integrity seems to be with aid of high 
pressure HPWJC in combination with shot peening where the first method will 
clean the surface from RCL while the second method will secure both the 
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residual stress state and the topography. However, it was clear that all these post 
processes had great impact on the surface and the energy input to the surface 
resulted in cracking of the surface in some cases. Therefore a suggested 
approach to further investigate and clarify this is to measure the actual energy 
impact that these different methods have on the material. This could be realised 
by measuring the energy input to the surface by adhering Kistler sensors to a 
plate that then is exposed to the different post processes. Initially the same 
settings as in the presented results of this thesis will be verified. Then a 
parametric study of different post processing parameters will be evaluated in 
order to develop a suitable process window for the selected method.  

In respect to the methodology and strategy to evaluate the surface integrity a 
need for effective evaluation of the residual stresses has been identified. Today 
this is basically done by comparing different residual stress profiles but in order 
to compare several profiles and when investigating the influence from the 
process setting used the results need to be parameterized. This will further be 
developed in the future work as well as investigating other information that the 
diffraction data contains that could be correlated back to the process.   

Further work will also be performed regarding fatigue testing of the different 
surfaces. It will be of great interest to evaluate the actual impact from the high 
compressive residual stresses from shot peening. In parallel to this further 
exploration of the usage of the FWHM parameter from residual stress 
measurement and its relationship to the fatigue properties is of great interest. 
For this purpose hardness will be measured in order to study the influence of 
deformation in the surface region and correlate to the measured FWHM. The 
hardness could further be correlated to material properties such as the 
mechanical strength of the material. Even if the FWHM only could offer 
indicative values of the fatigue properties it would be of great importance since 
fatigue testing is often very time consuming and difficult to perform. The 
FWHM measurement could further offer a simplified characterization of a 
machined surface. 
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Surface integrity on post processed alloy 718 
after non-conventional machining
Alternative production technologies emerges on the market that may contribute of making 
the production of aero engine components of superalloys even more efficient than it is today. 
Introducing new and non-conventional machining technologies allows taking a giant leap to 
increase the material removal rate and thereby drastically increase the productivity. However, 
the end result is to meet the requirements set for today’s machined surfaces. 

The present work has been dedicated to improving the knowledge of how the non-convention-
al machining methods Abrasive Water Jet Machining, AWJM, Laser Beam Machining, LBM, 
and Electrical Discharge Machining, EDM, affect the surface integrity. The aim has been to 
understand how the surface integrity could be altered to an acceptable level. The results of this 
work have shown that both EDM and AWJM are two possible candidates but EDM is the better 
alternative; mainly due to the method’s ability to machine complex geometries. It has further 
been shown that both methods require post processing in order to clean the surface and to 
improve the topography and for the case of EDM a generation of compressive residual stresses 
are also needed.    

Three cold working post processes have been evaluated in order to attain this: shot peening, 
grit blasting and high pressure water jet cleaning, HPWJC. The results showed that a combi-
nation of two post processes is required in order to reach the specified level of surface integrity 
in terms of cleaning and generating compressive residual stresses and low surface roughness. 
The method of high pressure water jet cleaning was the most effective method for removing 
the EDM wire residuals, and shot peening generated the highest compressive residual stresses 
as well as improved the surface topography. 
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