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Abstract 

Gas turbines are widely used in e.g., power generation, and aero- industries. Due to 
global warming, the demand for more efficient gas turbines has increased. A way to 
achieve this is by increasing the operating temperature of gas turbines. Therefore, 
nickel-based superalloys have been developed to withstand these extreme 
temperatures and loads, especially in the hot sections. 

Today, the way of operating land-based gas turbines is changing. Instead of running 
for long periods of time, the operation is becoming more flexible, with ever-
increasing cyclic loads and number of start and stop cycles. To handle the increased 
stress and cycles, component resistance to fatigue failure needs to be improved. 

Surface integrity is critical to fatigue performance, since fatigue cracks are normally 
initiated at surfaces. Nickel-based superalloys are difficult-to-machine materials, 
primarily due to their high strength, high tendency for work-hardening, and low 
thermal conductivity. The machining process changes the surface integrity of the 
alloys which can result in worse fatigue resistance. 

The work presented in this Ph.D. thesis was conducted in collaboration with Siemens 
Industrial Turbomachinery AB in Finspång, Sweden. Surface integrity changes which 
are induced during machining and their effects on fatigue performance have been 
studied on alloy Inconel 718. Inconel 718 is a widely-used nickel-based superalloy 
for high temperature applications in modern gas turbines.  

Broaching, milling, and wire electrical discharge machining, related to component 
manufacturing in turbo machinery industries, were included in this study. Surface 
irregularity and defects induced by machining provide preferential sites for fatigue 
crack initiation which influence the fatigue performance of the alloy. If compressive 
residual stresses are induced during machining, they benefit the fatigue life by 
retarding fatigue crack initiation away from surface regions. Shot peening was 
performed on machined Inconel 718, by which high compressive residual stresses 
are deliberately induced. It results in increased fatigue performance. The high 



 

iv 
 

temperatures in gas turbines generally deteriorate the surface integrity. For instance, 
recrystallization often occurs in the highly plastically-deformed surface layer. 
Microstructural degradation, in a form of α-Cr precipitates, have also been observed 
in the deformed surface and sub-surface microstructure when subjected to thermal 
exposure. Oxidation at elevated temperatures was found to degrade the surface 
integrity and thereby also the fatigue performance. Fatigue cracks are preferably 
initiated at oxidized surface carbides, if thermal exposure has been made prior to the 
test, and a reduced fatigue life is often obtained. It is even worse when high 
temperatures relax the beneficial compressive residual stresses induced by shot-
peening and thereby lowering the fatigue resistance. This increases the interest for 
research regarding how to optimize the shot peening process in order to enhance the 
thermal stability of the surface compression.  

Machinability of a newly developed nickel-based superalloy, AD 730TM, and the 
surface integrity induced during turning have also been studied in this thesis project. 
AD 730TM is a candidate for turbine disc applications with an operating temperature 
above 650 °C. At such high temperatures, Inconel 718 is no longer stable and its 
mechanical properties start to degrade. 

To summarize, the results from this thesis work show the importance of 
understanding surface integrity effects for fatigue applications, especially in harsh 
environments. More importantly, the knowledge gained through this work could be 
used for surface enhancement of turbine components which are subjected to a high 
risk of fatigue failure. It is believed that this thesis work will contribute to more 
efficient and flexible power generation by gas turbines. 
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Populärvetenskaplig sammanfattning 

Ytintegritet och utmattningsegenskaper av  
nickelbaserade superlegeringar 

Gasturbiner används i industrier som t.ex. elkraft och flyg. På grund av 
växthuseffekten vill man öka effektiviteten hos gasturbiner. Ett sätt att göra det på 
är att öka operations temperaturen. Därför har nickelbaserade superlegeringar 
utvecklats för att klara av höga temperaturer och laster, speciellt i högtemperatur 
sektionerna i gasturbiner. 

Användandet av gasturbiner ändras ständigt. Istället för att vara i gång konstant över 
längre tider så vill man köra dem mer flexibelt. Helt enkelt fler start och stopp cykler. 
Den ökande flexibiliteten och start och stopp cykler har lett till att man behöver få 
en ökad förståelse av utmattning av utsatta komponenter. 

Ytintegriteten är kritisk när det gäller utmattning och i normala fall initierar 
utmattningssprickor på ytor. Nickelbaserade superlegeringar är svåra att maskinbeta 
p.g.a. deformationshårdnande och låg termisk överföring. Maskinbearbetning ändrar 
ytintegriteten och kan leda till sämre utmattningsegenskaper. 

Arbetet i den här doktorsavhandlingen utfördes i samarbete med Siemens Industrial 
Turbomachinery AB i Finspång, Sverige. Ytintegritets problem som kan uppstå 
under maskinbearbetning av Inconel 718 i produktion och hur dem påverkar 
utmattningsegenskaperna har studerats. Inconel 718 är en vanligt förkommande 
superlegering för högtemperatur applikationer i moderna gasturbiner. 

Brotchning, fräsning och trådgnistning har inkluderats för att de används i 
turbinindustrier. Ytdefekter inducerade p.g.a. maskinbearbetning blir optimala 
initieringspunkter för utmattningssprickor och påverkar utmattningslivslängden av 
Inconel 718. Om man inducerar kompressiva restspänningar i ytan så förbättras 
utmattningsegenskaperna genom att man retarderar sprickiniteringen från ytan.  
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Därför har även kompressiva restspänningar inducerats via kulpening. Vilket 
resulterade i bättre utmattningsmotsånd.  

Dom höga temperaturerna i gasturbinerna försämrar oftast ytintegriteten, via t.ex. 
rekristallisation som vanligen förekommer i ytområdena som plasticerats i hög grad. 
Mikrostrukturel degradering förekommande i form av α-Cr utskiljningar har 
observerats i både dem deformerade yt och underyt regionerna när materialet utsatts 
termiskt. Högtemperatur oxidation visade sig också vara skadligt för ytintegriteten. 
Utmattningsprickorna initierade vanligtvis från oxiderade karbider på ytan. 
Värmebehandling innan provning visade sig också vara sämre för 
utmattningslivslängden. Det vart ännu sämre resultat när den höga temperaturen 
relaxerade dem kompressiva restspänningarna inducerade via kulpening. Det här 
ökar intresset för forskning kring optimering av kulpeningsprocessen för att öka den 
termiska stabiliteten av dem kompressiva restspänningarna i ytan. 

Svarvning av den nyutvecklade superlegeringen AD 730TM och den där av inducerade 
ytintegriteten har också studerats. AD 730TM är en turbinskivsmaterialkandidat som 
ska kunna användas vid temperaturer över 650 °C vid vilken Inconel 718 inte längre 
är stabilt och börjar förlora sina mekaniska egenskaper. 

Sammanfattningsvis visar resultaten i den här doktorsavhandlingen hur viktigt det är 
att förstå hur ytintegriteten påverkar utmattningsegenskaperna i olika applikationer, 
speciellt i krävande miljöer. Kunskapen erhållen från studierna skulle kunna användas 
till att förbättra ytegenskaperna av komponenter som utsätts för utmattning. Slutligen 
kan den här doktorsavhandlingen bidra till en mer effektiv och flexibel 
kraftproduktion av gasturbiner. 
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1 

Introduction 

Due to both environmental and economic concerns, demand for more efficient gas 
turbines has been dramatically increased in power generation and aviation industries. 
Meanwhile, a more flexible way of energy generation by means of wind power, solar 
power and nuclear power is being created. Land-based gas turbines nowadays are 
used in different ways to how it was used previously; instead of running over long 
periods of time, the operation is more flexible with an increased number of start and 
stop cycles.  

One approach to increase turbine efficiency is by increasing operating temperatures 
[1]. Nickel-based superalloys have excellent mechanical properties and good 
oxidation resistance at elevated temperatures. They are used in hot sections e.g., 
combustor nozzles, turbine discs, and blades. Probability of fatigue failure increases 
in gas turbines with increasing stresses and number of cycles. Therefore, fatigue 
resistance of nickel-based superalloys need to be improved. Relevant research, 
particularly those closely connected to turbine industrial applications, is crucial. 

 

1.1 Aims of this work 

The work presented in this Ph.D. thesis has been carried out within the project 
Surface Integrity and Fatigue Performance of Nickel-based Superalloys. It has 
long been recognized that fatigue cracks normally originate at a surface [2]. This is 
due to the fact that surface layers experience the highest load and are exposed to  
environmental effects. The surface quality/integrity, therefore, plays an important 
role on component resistance to cyclic loads. The overall aims of this project are to: 
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i. Investigate a) surface integrity changes that could be created during machining 
of nickel-based superalloys, and b) surface enhancement by post-machining 
surface treatments; 

ii. Study surface integrity changes when subjected to thermal exposure at 
elevated temperatures for high temperature applications; 

iii. Increase knowledge with regard to the fatigue behavior and performance as 
influenced by surface integrity.  

This project involves strong collaboration between academia and industries, e.g., 
Linköping University, Chalmers University of Technology, and Lund University in 
Sweden,  Siemens Industrial Turbomachinery AB in Finspång, Sweden, and 
Ytstruktur Arboga AB in Arboga, Sweden. Broaching, turning, milling, and wire 
electrical discharge machining have been included, since they are commonly used in 
turbo machinery industries. Shot peening is also of great interest since it is a method 
of surface enhancement which can improve fatigue resistance of components [3]. 
Two nickel-based superalloys, Inconel 718 (in the form of forged bulk) and AD 
730TM (bar), were investigated. The major part of the project work has been dedicated 
to the alloy Inconel 718. Inconel 718 is one of the most widely used nickel-based 
superalloys for high temperature applications in gas turbines, for instance, it is 
frequently used as a disc material in the turbine section. AD 730TM is recently been 
developed and it has a good combination of manufacturing cost and mechanical 
property with a temperature capability up to 750 °C [4]. AD 730TM is an attractive 
candidate for turbine disc applications which operate above 650 °C. At such high 
temperatures, Inconel 718 is no longer stable for use as its mechanical properties 
start to degrade. 

With the extensive investigations carried out in this thesis work, we aim to have a 
better understanding of fatigue failure in gas turbine components by taking surface 
effects into consideration. More importantly, the knowledge gained can later be used 
for surface enhancement of turbine components which operate at a high risk of 
fatigue failure, thereby improving the durability, reliability, and flexibility for gas 
turbine applications.  

 

1.2 Outline of the thesis 

This thesis consists of a kappa, Part I, and eight articles, Part II. The kappa is an 
introductory text in which the different parts of the thesis are integrated. It was built 
upon the licentiate thesis Surface Integrity of Broached Inconel 718 and 
Influence of Thermal Exposure [5], which was presented in October, 2014. Since 
then new work has been conducted, which is presented in this Ph.D. thesis.  
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Part I ‒ Background & Methodology 

The kappa consists of ten chapters, giving an introduction to the project that 
underlies this Ph.D. thesis (Chapter 1), the background of research fields related to 
the project (Chapter 2 to 6), and the experimental methods that have been mainly 
used for the investigations (Chapter 7). Chapter 8 reviews the papers appended in 
Part II, and more importantly integrates the papers with the research aims. In 
Chapter 9, the main conclusions from this thesis work are presented and their 
contributions are highlighted from both academic and industrial point of view. In 
Chapter 10, the author describes the outlook of research interest for future 
investigations based on this Ph.D. thesis work. 

Part II ‒ Papers Included 

In this part, eight papers correlated to the main studies that have been performed 
within the frame of the project are collected. In Paper I to III, surface integrity and 
fatigue performance of broached Inconel 718, and the influence of thermal exposure, 
are addressed. From Paper IV to VI, the research focus has been paid on shot 
peening where issues like surface integrity and fatigue performance of shot-peened 
Inconel 718 are investigated in comparison with that in the milled alloy. Meanwhile, 
thermal relaxation of the surface compression induced by shot peening at elevated 
temperatures, and its effect on fatigue are also addressed in details. Paper VII 
presents another investigation with respect to wire electrical discharge machining 
(WEDM) of the Inconel 718. In the last Paper VIII, the machinability of a new alloy 
AD 730TM is evaluated in terms of cutting forces, machining induced plastic 
deformation, and generation of residual stresses during high speed turning with 
uncoated PCBN tools at various cutting speeds and feed rates. These eight papers 
are not arranged in chronological order, but instead, are organized by the content 
associated with the process how the surface is generated, and certainly they are 
closely related to the project aims, as illustrated in Fig. 1.  
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Figure 1. Connections between the project aims and each individual paper. 
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2 

Gas turbine 

2.1 General description 

A Siemens land-based gas turbine, SGT-800 for power generation is schematically 
illustrated in Fig. 2. Fresh atmospheric air is taken in through the air inlet, and then 
compressed by compressor discs and blades when it flows through the compressor. 
In the combustor, the compressed hot air is mixed with fuel, and ignited, generating 
a high-temperature flow. The high-temperature and high-pressure fluid expands 
through the turbine section, and mechanical energy is extracted by the turbine blades 
and discs which start to rotate.  

 

Figure 2. SGT-800 gas turbine (Courtesy of Siemens Industrial Turbomachinery AB). 

The rotating turbine disc is coupled to a shaft which transfers the mechanical energy 
to drive external machinery such as electric generator, cruise ships, or oil and gas 
pipeline pumps, etc. Not all the mechanical energy generated from the turbine stage 
is converted and output for power generation since the shaft also needs to drive the 
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compressor to spin. The remaining heat from the exhaust gas can be used in 
combined cycles to produce steam for steam turbines or heat water for daily use. The 
function of an aero engine is similar to that of the land-based gas turbine. However, 
the burning gases expand and blast out through the nozzle, at the back of the engine, 
generating thrust for aircrafts.  

 

2.2 Turbine efficiency 

Modern gas turbine engines work following the principle based on the Joule-Brayton 
cycle as illustrated in Fig. 3. It consists of one stage of isentropic compression when 
ambient air is compressed in the compressor (between points a and b) and an 
isentropic expansion stage, causing the heated air and combustion products to 
expand through the turbine section (between points c and d). In the combustor, fuel 
is added at constant pressure, i.e. an isobaric process (between points b and c), 
therefore, leading to an increase in temperature and volume expansion. The 
efficiency of an ideal Joule-Brayton cycle can be described as follows: 

 = 1 ‒ (T2/T1)-1 = 1 ‒ (P2/P1)(1 ‒ γ) / γ 

Where  is the thermal efficiency, T2/T1 and P2/P1 are respectively the temperature 
ratio and pressure ratio across the compressor, and γ is the adiabatic index 
respectively. Increasing the compression ratio is the most direct way to increase the 
overall power output of a gas turbine, however, simultaneously it leads to a 
temperature increment of the working fluid passing through the compressor, 
combustor, and turbine sections. The limit strongly depends on the high-temperature 
durability of the materials used in these sections.   

 

Figure 3. Schematic illustration of the open circuit gas turbine system. 



CHAPTER 2.  GAS TURBINE 

9 
 

2.3 Fatigue failure in gas turbines 

Fatigue, including both high (HCF) and low cycle fatigue (LCF), is one of the largest 
cause of component failure in modern gas turbine engines [6-9]. There are several 
different origins, leading to HCF damages in a gas turbine, which can be generally 
classified as follows [7]: 

 Aerodynamic excitations, primarily affecting turbine blades, vanes, and blade-
disc joint parts, caused by engine flow pressure perturbations;  

 Mechanical vibration due to rotor unbalance, mostly taking place on rotating 
apparatus;    

 Airfoil flutter caused by aeromechanical instability, affecting turbine blades; 

 Acoustic fatigue, which is a failure mechanism commonly seen on sheet metal 
components in the combustor and nozzle.  

With such a diversity of HCF drivers, many engine components are susceptible to 
HCF damages. LCF is a different matter and primarily related to the much larger 
stress cycles imposed either by starting and stopping or by over-speeding in 
operation [6]. The source of these cyclic stresses is fairly obvious. For instance, when 
stopped running, the blade-disc joint part is lightly loaded mainly due to self-weight, 
and it is cold at room temperature, while the same part will be subjected to large 
loadings from centrifugal forces imposed by the rotational speed, and also to a much 
higher temperature during the operation. The change between these two states takes 
place rapidly on engine start, which induces high levels of thermal stress, and the 
thermal stress is reduced to a steady value when the engine is running and then re-
appeared, in reverse, during cooling. Plenty of critical components in a gas turbine, 
such as turbine discs, are life limited by the number of start and stop cycles to which 
they are subjected in service, rather than by the total hours of service.   
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3 

Nickel-based superalloys 

The emergence of the nickel-based superalloys can be traced back to the 
development of the modern gas turbines where high-temperature resistant materials 
are greatly demanded to enable a higher power output efficiency by operating the 
turbine at higher temperatures. These alloys have been designed to withstand service 
temperatures beyond 540 °C up to 1000 °C, in particular when resistance to creep 
and fatigue is required. The mechanical properties of ordinary steels and titanium 
alloys degrade remarkably in this temperature range, as illustrated in Fig. 4. The good 
resistance to oxidative and corrosive environments also make nickel-based 
superalloys to be an excellent choice of material for high temperature applications.  

 

Figure 4. Maximum service temperature for different alloy groups [10]. 
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3.1 Composition and microstructure 

The great high temperature performance of the nickel-based superalloys is strongly 
related to the compositions of the alloys and the phases promoted by the presence 
of multiple alloying elements [1]. Nickel is the fifth richest element on earth. The 
melting temperature of the nickel is not particularly high and in fact is lower (1455 °C) 
than that of either iron or titanium. However, it has a stable face-centered cubic (FCC) 
crystal structure from the ambient temperature to its melting point, and as a result 
phase transformations are to a large extent being restricted. There are mostly over 
ten different alloying elements in the Ni matrix, often donated as γ; compositions for 
some common nickel-based superalloys are listed in Table 1. The alloys are 
strengthened by solid solution and precipitation. For instance, oxidation, corrosion, 
and sulphidation are primarily suppressed by Cr and Co. Additions of Al, Ti, and Ta 
could dramatically improve the flow stress and ultimate tensile strength due to the 
formation of a coherent strengthening phase, γ’-Ni3(Al,Ti,Ta), which exhibits the L12 
crystal structure. In many nickel-iron alloys, like Inconel 718, Nb is added to support 
the precipitation of another coherent strengthening phase, γ’’-Ni3Nb with the D022 

structure. However, the alloys which are primarily strengthened by the γ’’ precipitates 
are susceptible to the formation of an orthorhombic phase, δ, with the same 
composition as the γ’’, in the overaged conditions. Since the δ phase is incoherent 
with the γ matrix, it does not contribute to strength even when present in 
considerable quantities. 

Table 1. Chemical composition in wt% of some common nickel-based superalloys [1]. 

Alloy Ni Cr  Co Mo W Nb Al Ti Fe C B Zr 
Hastelloy X Bal. 22.0 1.5 9.0 0.6 - 0.25 - 18.5 0.1 - - 
Haynes 230 Bal. 22.0 - 2.0 14.0 - 0.3 - - 0.1 - - 
Haynes 282 Bal. 19.6 10.3 8.7 0.01 0.1 1.5 2.2 0.5 0.06 0.005 - 
Inconel 706 Bal. 16.0 - - - 2.9 0.2 1.8 40.0 0.03 - - 
Inconel 718 Bal. 19.0 - 3.0 - 5.1 0.5 0.9 18.5 0.04 - - 
Udimet 720 Bal. 17.9 14.7 3.0 1.25 - 2.5 5.0 - 0.03 0.033 0.03
Waspaloy Bal. 19.5 13.5 4.3 - - 1.3 3.0 - 0.08 0.006 - 

 

In addition to the elements mentioned above, Mo, Re and W, together with grain 
boundary strengthening elements C and B, are usually added which confers better 
time-dependent creep performance. However, excessive additions of Cr, Mo, W, and 
Re could promote the precipitation of intermetallic phases, such as α-Cr [11] and 
various topologically close packed (TCP) phases (σ, μ, Laves, etc.) [12], all of which 
can cause a decrease in rupture strength and ductility of the alloys. Carbides and 
borides are formed in the microstructure when carbon and boron are present. Some 
of the types that are commonly seen in nickel-based superalloys include MC, M6C, 
M23C6, and M3B, where M stands for strong carbide/boride formers such as Cr, Mo, 
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Ti, Ta or Hf. The MC carbides normally precipitate at high temperatures from the 
liquid phase, while carbides such as M23C6  is formed at lower temperatures, around 
750 °C, during extended periods of time, and their formation occurs through the 
decomposition of the MC carbides, usually at grain boundaries. It has been widely 
accepted that high-temperature creep properties are enhanced if carbides and borides 
are present at grain boundaries. They have beneficial effects on rupture strength via 
the retardation of grain boundary sliding [13].  

The chemical complexity provides great possibilities for the design of new alloys with 
better high-temperature mechanical properties. Besides, through the process of 
directional solidification and the use of a ‘grain selector’, it has become possible to 
cast the alloys in single crystal form where the grain boundaries, as a source of 
weakness at elevated temperatures, are removed completely,  giving rise to excellent 
creep and fatigue properties. This is particularly important for turbine blades since 
they are located nearest to the hot gases coming from the combustion section and 
experience tremendous thermal and mechanical loads during the turbine operation.  

 

3.11 Inconel 718 

Inconel 718 is one of the most frequently used nickel-based superalloys worldwide 
because it maintains superior strength up to 650 °C, as shown in Fig. 5. It is widely 
used nowadays for high temperature components in gas turbines, particularly when 
there is a risk for creep and fatigue damages, for instance, turbine discs in land-based 
gas turbines.  

The heat treatment that is commonly utilized for polycrystalline Inconel 718 is 
composed of a solution annealing and a two-stage ageing [15]. The solution annealing 
is conducted at 925–1010 °C slightly below the solvus of δ phase, and then quenching 
in air or in water. In such way, the temperature is high enough to dissolve alloying 
elements in the matrix, and at a meantime the residual δ phase at grain boundaries 
can effectively limit the grain growth. The homogenized alloy is subsequently heated 
to a temperature within in the range of 718–760 °C for a certain amount of time in 
order to precipitate a high volume fraction of the γ’’ strengthening phase, and then 
furnace cooled to a lower temperature, held at 620–649 °C to continue the growth 
of the γ’’ precipitates, and finally air cooled to room temperature. 
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Figure 5. Tensile strength of some commercial superalloys as function of temperature [14]. 

 

The strength of the alloy is obtained primarily by the γ’’ precipitation. It is only 
slightly affected by the precipitation of the γ′ [16]. The dominant strengthening 
mechanism has been related to coherency strains and not to ordering effects [17]. 
Non-metallic inclusions, such as NbC and TiN, are often formed during the 
solidification and they are stable in the microstructure even that the alloy has been 
homogenized by subsequent heat treatments. Fig. 6 presents a typical microstructure 
of aged Inconel 718.  

 

Figure 6. Typical microstructure of aged Inconel 718. It consists of the γ matrix, δ platelets, 
and primary carbides NbC. Insert showing dispersed γ′ and γ′′ precipitates in the γ grain. 
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The microstructure rapidly degrades in Inconel 718 when thermally exposed at a 
temperature higher than its ageing temperature. Except for the δ precipitation with 
concurrent dissolution of the γ’’ strengthening phase as mentioned above, α-Cr and 
σ phase have also been found in the alloy after long-term thermal exposure at high 
temperatures above 650 °C [18].  

 

3.12 AD 730TM 

The demand for more efficient gas turbines requires the development of new 
superalloys that are capable of withstanding higher temperatures. One objective for 
the global leading engine manufacturers is to reach an operating temperature above 
700 °C in the rim sections of the high pressure turbine discs. At this temperature 
range, Inconel 718 alloy cannot be used anymore due to the rapid γ’’ coarsening. AD 
730TM is a new nickel-based superalloy, developed by Aubert&Duval for high 
temperature turbine disc applications, with terrific combination between cost and 
mechanical properties. Moreover, the good workability enables it to be manufactured 
through the cast and wrought (C&W) route [19-21]. Typical microstructure of aged 
AD 730TM is given in Fig. 7.    

 

Figure 7. Typical microstructure of aged AD 730TM. 

Compared with Inconel 718, AD 730TM exhibits better mechanical performance 
beyond 650 °C thanks to the precipitation of the γ’ as the primary strengthening 
phase, instead of the γ’’. UdimetTM 720Li (U720Li) is a great challenger to AD 730TM 

which is also strengthened by γ’ phase. However, the alloy is preferably fabricated 
through the expensive powder metallurgy (P/M) route due to its low C&W process 
capability caused the high γ’ volume content. 718Plus was innovated by ATI 
ALLVAC and it exceeds the operating temperature capability by 55 °C compared to 
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the conventional Inconel 718 alloy. This modified alloy has a higher content of Al+Ti 
as well as a higher ration of Al/Ti, which gives rise to a higher volume fraction of 
the γ’ phase. Meanwhile, the alloy was manufactured with additions of W and Co 
instead of Fe and small additions of P and B, see Table 2, in order to optimize its 
mechanical properties such as stress rupture and creep resistance. Despite that 
718Plus inherits the good workability from the alloy Inconel 718 and presents a 
moderate raw material cost due to a reasonable cobalt content, its high temperature 
fatigue and creep resistance is significantly lower than that of U720Li and AD 730TM 

alloys [4]. 

Table 2. Chemical composition (wt%) of some turbine disc alloys (* ug/g) [4,20]. 

Alloy Ni Fe Cr Co Mo W Al Ti Nb C B Zr 
Inconel 718 Bal. 18 18 - 3 - 0.5 1 5.4 250* 40* - 
718Plus Bal. 10 18 9 2.8 1 1.5 0.7 5.5 250* 40* - 
U720Li Bal. - 16 14.5 3 1.25 2.5 5 - 250* 200* 300*
AD 730TM Bal. 4 15.7 8.5 3.1 2.7 2.25 3.4 1.1 0.015 0.01 0.03

 

3.2 Machinability  

Machinability is a term refers to the ease with which a component can be machined 
to the desired shape with acceptable surface finishing, dimension tolerance, and 
surface/sub-surface quality [22]. It has always been a challenge when machining 
nickel-based superalloys [23-26] because: 

 These alloys can maintain high strength during machining due to their high 
temperature properties, with a result that high cutting forces are required; 

 The poor thermal conductivity gives rise to a high cutting temperature in the 
cutting zone; 

 The high tendency to rapid work hardening  at high strain rates leads to great 
tool wear; 

 Abrasive non-metallic inclusions such as carbides contained in the 
microstructure cause abrasive tool wear; 

 Diffusion wear frequently takes place as a consequence of the high chemical 
affinity of nickel-based superalloys for many types of cutting tools; 

 Welding and adhesion of the workpiece onto the cutting tool often occurs, 
resulting in deep notches on the machined surface as well as alterations of the 
tool rake face; 

 The high cutting forces could generate vibrations which deteriorate the 
surface quality. 
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The poor machinability generates two basic problems: short tool life and deteriorated 
surface quality.  The surface quality/integrity will in turn determines the performance, 
reliability, and service-life of the machined workpiece, see Chapter 5. Extreme 
attentions, therefore, have to be paid to enhance the surface integrity when 
machining the nickel-based superalloys.  
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4 

Machining & Shot peening 

Machining is a broad term which covers any of various processes in which a piece of 
raw material is cut into a designed shape and size using a controlled material removal 
process [27]. It differs from those processes based on controlled material addition, 
well known today as additive manufacturing. In general, machining can be divided 
into the following categories: 

 Cutting, in which materials are removed by mechanically forcing a single or 
multiple cutting edges through the workpiece, such as turning and broaching; 

 Abrasive machining, such as grinding; 

 Nontraditional machining processes, utilizing electrical, chemical, or other 
sources of energy. 

 

4.1 Cutting processes 

4.1.1 Deformation and heat in cutting 

All cutting processes remove materials from a workpiece by establishing a shear zone 
(the primary shear zone) extended from the cutting edge to the workpiece surface 
ahead of the cutting tool, as illustrated in Fig. 8. The sharp wedge-shaped cutting tool 
moves in the direction perpendicular to this cutting edge with a preset depth and 
speed. The shear plane is orientated at an angle ϕ (shear angle) with the newly 
generated surface, which can be derived from the following expression [28]: 
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tan 	 	
	cos

1 	sin
																																																																																											Eq. 1 

where 	represents the un-deformed chip thickness,  represents the deformed 
chip thickness, and  represents the fixed rake angle. 

The deformation behavior in the primary shear zone is dominated by complex 
coupling of the two processes, strain hardening and thermal softening. When strain 
hardening predominates, uniform plastic deformation occurs in the shear plane, 
which results in continuous chip formation. Once the material hardening is 
overtaken by thermal softening due to the great local heat accumulation in the shear 
zone, localized shear deformation will take place in a narrow band where the material 
has been softened. The shear band will be further localized by the continued 
deformation heating, and ever higher strains and temperatures will be attained in this 
narrowing band, which is often referred to as “adiabatic shear band” [29]. Such 
localization of plastic flow in the primary shear zone often takes place when 
machining materials with limited slip systems, low conductivity, and superior 
strength, such as titanium alloys and nickel-based superalloys. This is particularly the 
case in the high-speed cutting. Both experimental observations and analytical 
modelling have shown that when cutting aged Inconel 718 at relatively low speeds, 
continuous chips were formed, whereas the chips became serrated with localized 
shear bands between the segments with increasing cutting speed [30,31].   

 

Figure 8. Schematic illustration showing the shear deformation during orthogonal cutting. 
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The heat generated during a cutting process is to a large extent originated from the 
plastic work done in the primary shear zone [32]. The local heating in this zone results 
in a high temperature gradient, which allows adiabatic shear deformation, as 
mentioned above. Moreover, heat is created due to the energy input at the tool-chip 
interface in terms of deforming the chip and overcoming the sliding friction. At the 
tool-workpiece interface, the rubbing contact (friction) between the tool flank face 
and the newly developed surface of the workpiece also generates substantial heat 
during the cutting.   

 

4.1.2 Broaching 

Broaching is regarded as a machining method of choice when manufacturing 
components with complex features at tight dimensional specifications. It is also a 
highly productive machining process since the broach performs a sequence of 
roughing, semi-finishing, and finishing cutting in one pass. There are two main types 
of broaching that are widely used nowadays: linear and rotary. Linear broaching is a 
more common process in which the cutting tool, i.e. the broach, moves linearly 
against a surface of the workpiece to be manufactured, while in rotary broaching, the 
broach is rotated and pressed into the workpiece to form an axis-symmetric shape. 
In turbo machinery industries, broaching has been successfully applied for decades. 
The most important application is to machine those fir-tree root fixings on gas 
turbine discs for blade mounting. A schematic illustration is presented in Fig. 9.  

 

Figure 9. Broaching of fir-tree root fixings on the rim of a turbine disc for blade mounting. 



Part I.  BACKGROUND & METHODOLOGY 

22 
 

The process starts by clamping the disc to the work-holder placed on the work-table. 
The broach initially stays at the start position above the work-holder, and then the 
elevator lowers the broach through the edge of the disc with a controlled cutting 
speed. The disc is held stationary, and the broach strikes linearly against it without 
any rotations. Once the broach goes through completely, the disc is withdrawn from 
the cutting position and the broach is raised up back to its start position. The cutting 
tool material that is commonly used for broaching is high speed steel (HSS), which 
provides great wear resistance and can be easily manufactured to obtain the required 
cutting edge profile. However, when broaching gas turbine discs made of difficult-
to-cut materials such as Inconel 718, The cutting speeds are limited in a range of Vc 

= 2–8 m/min to guarantee a good surface quality and tight geometric tolerance. 

The most critical characteristic of a broach is the rise per tooth (RPT), see Fig. 10. A 
broach has many teeth and the height of the teeth increases over the length of the 
tool. The feed/depth of cut, therefore, is built into the broach, distinguished from 
all other machining processes. A broach is usually comprised of a set of several 
segments mounted in a specifically designed holder, while the RPT varies for each 
segment of the broach. One broach is specially designed to cut just one profile; the 
peripheral shape of the last segment of the broach is the inverse of the final shape of 
the feature to be machined. 

 

Figure 10. Basic design of a broach in the case of linear broaching. 

 

4.1.3 Turning and milling 

In addition to broaching, another two cutting methods, turning and milling, are also 
widely used in the manufacturing of turbine components. Turning is a cutting 
process that produces cylindrical parts, such as turbine shafts. It cuts an external 
surface by rotating the workpiece, using a single-point cutting edge, and feeding the 
cutting tool in parallel to the longitudinal axis of the workpiece, as illustrated in Fig. 
11. 
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Figure 11. Cutting conditions for a turning operation. 

In recent years, milling and wire electrical discharge machining (WEDM), as more 
flexible machining techniques, have been intensively discussed in turbo machinery 
industries as alternatives other than broaching for the production of complex slots 
on turbine engine components [33,34]. More introduction with respect to the process 
of WEDM will be given in the next Section 4.2. 

Milling is a process of cutting away materials by feeding a rotary cutter with multiple 
cutting edges past the target surface. It comprises of three basic types, face milling, 
peripheral milling, and end milling, as illustrated in Fig. 12.  

In the face milling, the cutter is mounted on a spindle which has its axis of rotation 
perpendicular to the surface to be machined. The cutting edges are mostly located 
on the face of the cutter. Face milling is usually used to cut flat surfaces or flat-
bottomed cavities. As a comparison, the spindle axis of rotation is generally in a plane 
parallel to the workpiece surface in the peripheral milling, and the cutting teeth are 
located on the periphery of the cutter body. Peripheral milling is well suitable to cut 
a part with a more complex geometry such as deep slots, threads, and gear teeth. In 
the end milling, the cutter generally spins with an axis perpendicular to the workpiece 
surface, but it can be tilted to cut tampered or wedge-shaped surfaces. The cutting 
edges are located both on the end face and the periphery of the cutter body.   

With the development of high performance cutting tools, the cutting speed in turning 
and milling has been greatly increased. Ceramic and cubic boron nitride (CBN) tools 
are adequate for high speed machining of nickel-based superalloys due to their 
superior hot hardness and good wear resistance [26]. In addition, protective coatings 
are also developed and applied on the cutting tools to provide better performance 
and durability in high speed machining. 
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Figure 12. Basic types of milling cutters and operations: (a) face milling, (b) peripheral 
milling, and (c) end milling [35].  

 

4.2 Wire electrical discharge machining 

Wire electrical discharge machining (WEDM), as illustrated in Fig. 13, is a 
competitive alternative to cut high strength materials such as nickel-based superalloys 
as it is based on thermal-electric energies between an electrode (a brass wire) and the 
workpiece, regardless of the hardness or the strength of the material to be machined 
[36]. In addition, WEDM also allows machining of components with a complex 
geometry. A further advantage of the WEDM is that little plastic deformation is 
induced beneath the WEDM cut surface since there is no contact between the 
electrode and the component during machining.  

However, the giant heat generated in EDM causes melting and even evaporation of 
the workpiece material on the machined surface. As a consequence, a surface recast 
layer or a surface white layer accompanied with tensile residual stresses is frequently 
formed during the subsequent rapid cooling [37-40]. The structure and hardness of 
this layer differs from that of the bulk material. It commonly consists of micro-voids 
and micro-cracks due to either the enormous thermal stress or the tensile stress 
during the cooling process. These surface integrity issues existing on a WEDM cut 
surface inevitably have a detrimental effect on the fatigue resistance of the workpiece 
[41,42]. However, studies also pointed out that a better fatigue life could be obtained 
by optimizing the input energy of the process (working voltage, current, pulse-on 
duration, etc.) [43], which could be even close to the lifetime obtained from the 
broached case [44].  
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Figure 13. A schematic illustration of the wire electrical discharge machining process. 

 

4.3 Shot peening  

In turbo machinery industries, post-machining surface treatments, such as shot 
peening, have become a critical step at the final stage of the production. Shot peening 
is a cold work process by which the surface texture induced by machining, the 
machining marks, for example, can be annihilated, and more importantly 
compressive residual stresses are induced on the treated surface. The impingement 
of a stream of shots, directly at the surface with high velocity and under controlled 
conditions, causes local yielding of the surface material, and compressive residual 
stresses are generated due to the constraint of the material underneath, as illustrated 
in Fig. 14. Various intensities of surface compression could be created on the shot-
peened product, depending on the component material and geometry, shot media 
and quality, impact angle, and peening intensity, coverage, and duration [45]. 

Shot peening confers high resistance to fatigue failure [46-49] and to some forms of 
stress corrosion [50,51]. This contributes to its wide applications on the key 
components used in turbine engines in order to ensure the safety when the engine is 
under operation and also to increase the engine life. The benefits of shot peening are 
primarily originated from the compressive residual stresses induced in the shot-
peened layer. These beneficial effects could be retained only if the surface 
compression remains stable during service at the engine temperature. Thus, great 
insights to the stress relaxation behavior and mechanism in shot-peened alloys under 
thermal, mechanical or a combined impact is of significance. The use of laser to 
induce compressive residual stresses on the surface of a component, i.e., laser shock 
peening, is becoming a competitor to shot peening since it can produce a deeper 
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compressive zone with higher thermal stability. Although the laser peening is already 
an engineering production process rather than a laboratory test nowadays, however, 
due to its high cost and complicated setups, it is only being used for surface 
enhancement of the core parts served in aero engines. 

 

 

Figure 14. Mechanism of compressive residual stresses induced by shot peening. 
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5 

Surface Integrity 

The concept of surface integrity was first defined in a technical sense by Field and 
Kahles [52] as the inherent or enhanced condition of a surface produced by 
machining processes or other surface generation operations. With this concept, not 
only machining, all processes which introduce changes to a surface can affect the 
surface integrity, e.g., surface treatments such as shot peening and heat treatments at 
elevated temperatures. Surface integrity includes various aspects which can be 
generally classified into the following three categories [24]: 

1. Surface topography, including surface texture, roughness, and formation of 
surface defects;  

2. Surface metallurgy, such as plastic deformation, recrystallization, and 
precipitation; 

3. Mechanical characteristics, typically in the form of micro-hardness and 
residual stresses.  

The quality and performance of an engineering product can be greatly influenced by 
its surface integrity. This is particularly the case when fatigue properties, stress 
corrosion resistance, tribological behavior (e.g. friction and surface wear), as well as 
dimensional accuracy are of great importance for component applications [53].   

 

5.1 Surface topography 

Surface roughness has been considered to be the primary indicator of the surface 
integrity of a workpiece, and in most cases, is widely used as a quality specification 
for manufacturers. Surface roughness is normally characterized by central line 
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average (Ra), maximum profile height (Rt), and ten-point average (Rz). The 
achievement of desired surface roughness is not only essential to the subsequent 
assembly, but also plays a pivotal role in determining the fatigue life and strength of 
the workpiece [54]. It has been shown that fatigue cracks are usually initiated from 
persistent slip bands or at grain boundaries if the specimen has low surface roughness, 
for instance, a specimen with a polished surface [54,55]. However, the micro-notch 
effect on a rougher surface will lead to a local plastic strain field when an external 
load is applied due to stress concentration. This zone of plasticity in which fatigue 
cracks are preferable to be initiated endangers the fatigue life of the specimen. 

During machining, various forms of surface defects could be created. Feed marks, 
chip re-deposition, and grain deformation are normally the ones in the largest scale 
on a machined surface, and therefore are considered to be the major surface defects. 
In addition, most nickel-based superalloys consist of non-metallic inclusions. 
Cracking and plucking of these hard particles and their re-deposition on the surface 
can lead to surface cavities and subsequent smearing, dragging, and even tearing 
during the next pass from the surface. As shown in Fig. 15, carbide cracking 
commonly takes place when machining the alloy Inconel 718 [11,56], and it produces 
multiple cavities on the machined surface which favors the formation of fatigue 
cracks. The presence of surface defects leads to high surface roughness, even though 
they can be reduced by selecting suitable cutting parameters based on the properties 
of the material to be machined [57,58], however, complete elimination of such 
negative effects on surface integrity is not possible.   

 

Figure 15. (a) Surface cavity and debris dragging on milled surface of Inconel 718 associated 
with carbide cracking. (b) An example showing crack initiation at the surface cavity when 
subjected to fatigue loads. 
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5.2 Surface Metallurgy 

Traditional cutting processes cause plastic deformation with gradually reduced 
intensity from surface to sub-surface regions. Work hardening of the surface and 
sub-surface microstructure occurs as the response to the excessive plastic strains. 
The work-hardened layer increases the difficulty of the subsequent cuts, and 
therefore is detrimental to the surface integrity of the final product. Such work-
hardening phenomenon can be successfully captured by progressively measuring in-
depth micro-hardness beneath the machined surface. An increase from the lower 
bulk hardness to a higher surface hardness has been observed on plenty of machined 
titanium alloys and nickel-based superalloys [59-61], while the increment becomes 
more evident in nickel-based superalloys since they usually exhibit higher work-
hardening tendency.   

The severity of the plastic deformation on a machined component is influenced by 
many factors such as 1) cutting parameters, cutting speed, feed rate, and depth of cut, 
for instance, 2) tool parameters including tool material, rake/clearance angle, tool 
geometry, and tool wear, etc., and  3) material properties, e.g., microstructure, grain 
size, and mechanical strength. Among these factors, the tool wear has been found to 
be a dominant cause which results in severe plastic deformation [62]. When 
machining Inconel 718 at cutting speeds, Vc =32–56 m/min with a feed rate, f =0.13–
0.25 mm/rev, no significant plastic deformation was observed after 1 min of turning, 
whereas prolonged turning of 15 min resulted in remarkable plastic deformation as 
the tool wears.  

During plastic deformation, a fraction of the mechanical energy is stored in the 
deformed microstructure, in the form of dislocations, twins, stacking fault, etc., while 
the rest is converted into heat. Hence, in metal cutting, the surface material is not 
only subjected to mechanical stress/strain, but also simultaneously to thermal 
impacts, and under some circumstances even subjected to chemical energies. These 
effects may lead to further microstructural alterations, such as thermal deformation, 
phase transformation, and white layer formation.   

The white layer was first reported in steel wire ropes [63]. This layer resists against 
standard etchants and appears white and metallurgically featureless under optical 
microscope and scanning electron microscope. Using transmission electron 
microscope and X-ray diffraction, it has shown that this layer is frequently comprised 
of a ultra-fine grain structure [29,64,65], see for example in Fig. 16. Three dominant 
contributory mechanisms have been suggested for the formation of white layers [23]:  

 Rapid heating and quenching which leads to phase transformation; 

 Surface reaction with the environment; 
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 Plastic flow which generates a homogeneous structure or one with a fine grain 
structure. 

Surface white layers are mostly harder than the bulk material, but at a meantime they 
are brittle and normally accompanied with tensile residual stresses. As a consequence, 
the formation of a white layer is undesirable since it eases crack initiation and 
propagation especially when subjected to fatigue loads [66,67].  Many studies have 
shown that high cutting temperatures facilitate the white layer formation, e.g., when 
cutting at high speeds, without external cooling, or using worn tools [64,65,68,69]. 
Under such aggressive cutting conditions, an increased temperature gradient is 
created on the machined surface due to the large plastic work, high strain rate, and 
intense friction [32].  

The formation of white layers have also been widely observed on the components 
produced by electrical discharge machining. The giant heat generation, as the nature 
of the process, causes melting and even evaporation of the surface material, and the 
white layer is formed during subsequent rapid cooling [37,41,70]. 

 

Figure 16. White layer (WL) formation on broached surface of Inconel 718. The 
microstructure is irresolvable under scanning electron microscope (a). Using transmission 
electron microscope, it confirms that this layer is comprised of nano-sized grains (b).   

Dependent on the material to be machined and the machining process specifically 
employed, the underlying mechanism for white layer formation changes. In turning 
of hardened steels, the quenching mechanism of rapid heating and cooling was found 
to be of predominance in which the surface material was transformed from austenitic 
to martensitic structures [71-73]. Instead of the quenching effect, it has also been 
suggested that the white layer is formed by adiabatic shear localization when turning 
AISI 4340 [64] or broaching Inconel 718 (see Paper III) as the similarity of the 
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structure and crystallography characterized in the white layer in comparison with that 
observed in the adiabatic shear bands formed during high strain rate deformation. 
Given its detrimental effects on fatigue properties, studies on the mechanism for 
white layer formation and how to minimize the thickness of this brittle layer is of 
utmost significance.  

 

5.3 Residual stresses 

Residual stresses are stresses that remain in a solid material after the original loading 
has been removed. They originate from elastic response to inhomogeneous 
distribution of non-elastic strains, i.e. misfits between different regions, different 
parts, or different phases [74,75]. These misfits are mostly caused by non-uniform 
plastic deformation, phase incompatibility, and thermal gradients. Component failure 
can take place by the combined effect of applied and residual stresses. Compressive 
residual stresses are generally beneficial, while tensile residual stresses should be 
avoided since they are superimposed with the applied stress, raising the risk of 
catastrophic failure. For instance, a shorter fatigue life is commonly obtained when 
tensile residual stresses are present because the mean stress and stress amplitude 
which drive the initiation and propagation of fatigue cracks have been increased. 
Compressive residual stresses are sometimes introduced deliberately to enhance the 
surface integrity, as in shot-peening, laser peening, roller burnishing, etc.   

The residual stress formation in machining processes is considered to arise from a 
competing mechanism of mechanically and thermally induced deformation. 
Mechanically induced deformation could give rise to either tensile or compressive 
residual stresses, depending on the deformation behavior that occurs at the 
tool/workpiece contact surface. If the compressive plastic deformation ahead of the 
tool tip is lower than the tensile one behind it, as illustrated in Fig. 17, the surface 
material consequently will undergo overall tensile plastic deformation, thereby 
resulting in compressive residual stresses, and vice versa. If the thermal stress 
generated due to cutting heat causes plastic deformation of a surface layer, tensile 
residual stresses will be induced in the layer after cooling. The mechanically and 
thermally induced residual stresses always exist simultaneously where the relative 
significance varies from one process to another [76].  

When machining titanium and nickel-based alloys, residual stresses are often more 
tensile at the surface of the workpiece, and gradually change to be compressive as 
the depth increases [23,24,77,78]. However, like other aspects of surface integrity, 
the residual stress induced by machining also depends on the cutting and tool 
parameters. Fig. 18 shows a variation of the residual stresses in a broached fir-tree 
slot from tension on the flank surface of the second tooth to compression at the flat 
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bottom. It is important to remove tensile residual stresses either by preventing them 
from occurring during machining, or by post-machining surface treatments during 
which compressive residual stresses are induced. 

 

Figure 17. Origin of mechanically induced residual stresses. 
 

 

 

Figure 18. Residual stress distribution 
at different regions of a broached fir-
tree slot of Inconel 718.  

Region 1: flank surface of the second 
tooth; Region 2: flat bottom. 
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High residual stresses produced by machining may also cause dimensional instability 
of the workpiece. The dimensional instability is basically a change in dimension with 
respect to time without any work being done on the part. This phenomenon brings 
problems in structural assembly, as it destroys the structural integrity. Inconel 718 
has revealed the dimensional instability after machining, and it is more prone to 
dimensional changes in comparison with both titanium alloys and mild steels [79,80]. 

 

5.4 Effect of thermal exposure 

Most of the engine components made of nickel-based superalloys are exposed to 
elevated temperatures during service. Due to the mechanical energy stored in the 
highly deformed surface microstructure, machined components with or without 
post-machining surface treatment are prone to microstructural changes when 
subjected to thermal impacts. Two thermally activated processes are frequently 
observed in deformed metals: thermal recovery at relatively low temperatures during 
which annihilation of metastable lattice defects as well as dislocation rearrangement 
and annihilation usually take place, and recrystallization at higher temperatures [81]. 
As shown in Fig. 19, in some cases undesirable precipitation can also take place, 
which is facilitated by the substantial defects in the deformed microstructure [11].  

 

Figure 19. Surface recrystallization and α-Cr precipitation on shot-peened surface of 
Inconel 718 after 3000 h thermal exposure at 600 °C. As illustrated, α-Cr precipitates mostly 
in the vicinity of the δ phase.  

The microstructural alterations will inevitably result in changes in surface mechanical 
properties as well as residual stress state. Complete relaxation of the beneficial 
compressive residual stresses induced by shot peening can be expected once the 
temperature is high enough to trigger the occurrence of surface recrystallization, see 



Part I.  BACKGROUND & METHODOLOGY 

34 
 

Paper IV included in this thesis. In addition, a hardness reduction within the surface 
work-hardened layer has been commonly observed after thermal exposure as a 
consequence of the annihilation of dislocations [55,82]. These thermal effects on 
surface integrity are extremely important when high fatigue resistance and tight 
tolerance of component dimensions are strongly required for high temperature 
applications.   
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6 

Fatigue 

6.1 Introduction 

Fatigue of materials refers to the changes in material properties which can occur as 
a result of the repeated application of stresses or strains [83], especially to those 
changes which lead to cracking or fracture failure. Fatigue failure consists of many 
different forms: 

 Mechanical fatigue caused by external stresses or strains; 

 Creep-fatigue when cyclic loads applied in association with high temperatures, 
especially when there exists a long dwell time; 

 Thermomechanical fatigue, taking place if the temperature of the cyclically 
loaded component also varies; 

 Sliding or rolling contact fatigue caused by cyclic loads which originate from 
sliding or rolling contact between two materials; 

 Fretting fatigue which occurs as a result of the cyclic shear stress produced by 
friction due to relative small oscillatory motion on two surfaces in intimate 
contact with each other. 

In addition, based on the number of load cycles, there exists another conventional 
distinction of fatigue failure, i.e., low cycle fatigue (LCF)‒up to 105 cycles to failure, 
high cycle fatigue (HCF)‒between 105 and 108 cycles to failure, and very high cycle 
fatigue (VHCF)‒over 108 cycles to failure. The physical rationale behind this 
distinction is the region of the stress-strain curve where the repetitive load and 
resultant strains are taking place. In the case of LCF, the applied stress exceeds the 
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yield strength of the material, and plastic deformation normally occurs. In this 
circumstance, the accounting of the strains in the material offers more accurate 
description. In HCF and VHCF, the stress is low where the stress-strain relation can 
be considered to be elastic. The fatigue failure, therefore, is commonly stress 
controlled. 

Fatigue failure is normally unexpected and could cause catastrophic consequence 
since it generally takes place as influenced by cyclic loads whose peak values are much 
smaller than the “safe” load level estimated based on static fracture analyses.   

 

6.2 Crack initiation  

The origin of fatigue cracks in metals and alloys as ductile solids of high purity is 
frequently rationalized by the classic mechanism based on cyclic deformation 
induced surface roughening, first proposed by Wood [83]. The surface roughening 
is visualized by microscopic hills and valleys, commonly referred to as extrusions and 
intrusions, at the sites where slip bands appear at the surface. These slip bands are 
formed due to the accumulation of cyclic slip irreversibilities and well known as 
persistent slip bands (PSBs). Fatigue cracks are preferably developed from the 
roughened surface, in particular at the root of the valley due to stress concentration. 
Direct microscopic observations also revealed that the PSB-matrix interface is also a 
preferential site where fatigue cracks may initiate. It is due to the fact that the strains 
in PSBs are highly inhomogeneous and localized at the PSB-matrix interface [84,85]. 
In some cases, fatigue cracks can also start at grain boundaries, twin boundaries, or 
inclusions which impinge on the PSBs because of the local plastic incompatibility 
and stress concentration [86-88].  

As for the materials which contain substantial surface and internal inclusions, fatigue 
crack initiation at these particles is often observed mostly due to their low toughness 
compared with the matrix [89-95]. The inclusions are more easily broken than the 
bulk material, and present as stress concentration. However, when fatigue cracks are 
initiated at inclusions, whether the formed crack may grow and lead to a short fatigue 
life depends on the inclusion type, size, and distribution, as well as the residual 
stresses in the particles and matrix. Fractographic observations have revealed the 
crack initiation at surface and sub-surface non-metallic inclusions such as carbides, 
nitrides, and carbonitrides, when the alloy Inconel 718 is subjected to low-cycle 
fatigue with low-strain amplitude at intermediate temperatures [96]. Instead of 
inclusions, fatigue crack initiation at other metallurgical weak sites like porosities is 
also fairly common in cast alloys and powder-metallurgy alloys [97-101]. Such 
phenomena are most evident in VHCF. A transition of the crack initiation site from 
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specimen surface to sub-surface/internal pores and inclusions takes place as 
decreasing the load level [89,102].  

Crystallographic anisotropy, i.e., material texture, is another factor which could 
strongly affect the initiation of fatigue cracks. It has been found in nickel-based 
superalloys and titanium alloys that fatigue crack initiation takes place at both slip 
bands and grain boundaries in a cluster of grains which have similar crystallographic 
orientations [103-106]. This local texture enables easy slip transmission across low-
angle grain boundaries such that the grain cluster acts like a single grain, giving rise 
to a larger slip distance, more dislocation pile-up, and larger stress concentration at 
grain boundaries. 

As described at the beginning of this section, fatigue crack formation mostly takes 
place on the surface of a component, especially at the sites where stress concentration 
is present. Machined surfaces are normally rough, and the micro-notches given by 
the high roughness could generate localized plastic strains, and thereby facilitate the 
fatigue crack initiation. Some empirical and analytical models evaluate the effect of 
machined surface roughness on the fatigue life of the component by using 
conventional notch fatigue analyses [54,107,108]. They estimate the stress 
concentration factor and notch sensitivity factor based on the characteristic width, 
depth, and root radius at the surface micro-notch. When machining under aggressive 
conditions or machining high strength materials, like nickel-based superalloys, more 
surface integrity issues, such as cavities, micro-cracks, tensile residual stresses, and 
white layer formation, could be created on the machined surface. The pre-existing 
surface cavities and micro-cracks provide multiple preferential sites where fatigue 
cracks may initiate, or could even start to grow without an incubation of nucleation, 
thereby commonly resulting in a short fatigue life, see Paper V and VII for example. 
Tensile residual stresses also facilitate fatigue crack initiation as they are 
superimposed on the external stress, and thereby lead to an increased driving force. 
White layer formation normally takes place accompanied with exhaustion of surface 
ductility, generation of tensile residual stresses, and presence of cavities and micro-
cracks. Therefore, great efforts have been dedicated to annihilate white layers in 
order to obtain a high resistance to fatigue crack initiation. This is particularly the 
case on the machined surface produced by EDM [36,38,39,109-111].  

It is common to enhance the surface integrity of machined components by shot 
peening for the purpose of retarding surface crack initiation during fatigue. As seen 
in Paper V of this thesis and [47,48], sub-surface crack initiation corresponding to 
the depth of the compressive layer is widely observed on various shot-peened 
materials when subjected to fatigue loads. This leads to an increased fatigue life of 
the material. The beneficial effects of shot-peening are considered to primarily arise 
from the compressive residual stresses induced in the shot-peened layer. However, 



Part I.  BACKGROUND & METHODOLOGY 

38 
 

it is believed that the elimination of surface marks and defects, modification of 
surface roughness, and introduction of surface work-hardening by the process could 
also partly contribute to the retardation of surface crack initiation during fatigue. 
Given the importance of the surface compressive residual stresses, thermal exposure 
or cyclic plastic-strains can reduce or even completely remove the benefit of shot 
peening if it causes significant stress relaxation. The studies on shot-peened Inconel 
718 in this thesis project have shown that once the surface compression has been 
largely relaxed by thermal exposure, sub-surface crack initiation vanished and fatigue 
cracks were created at the shot-peened surface, leading to a reduction of the fatigue 
life, see Paper VI,.  

When a cyclically loaded component is exposed to elevated temperature and 
aggressive medium, the environmental attack at selective surface locations may 
provide preferential nucleation sites for fatigue cracks, e.g., oxidation eruption, 
corrosion pits, and debonded grain boundaries. In most cases, the environmentally 
assisted crack initiation causes a rapid fatigue failure of the material [112-114].      

 

6.3 Crack propagation 

Once a crack is formed under cyclic loading conditions, the fatigue failure is preceded 
by a substantial amount of crack propagation, initially within a few grains (short crack 
growth), and then into a stable stage where the rate of growth of the fatigue crack 
can be expressed in terms of the crack length increment per cycle, da/dN. Based on 
linear elastic fracture mechanics, Paris, Gomez & Anderson [115] and Paris & 
Erdogan [116] suggested that the fatigue crack increment da/dN in ductile materials 
is related to the stress intensity factor range ΔK by the power law relationship, which 
is well known as the Paris’s law: 

	 																																																																																																																Eq. 2 

The Paris power law relationship proposes a linear variation of log da/dN against log 
ΔK, which pertains to a portion of the total fatigue crack growth curve commonly 
seen for most metallic alloys, see Fig. 20. At values of ΔK, both below and above 
that of the Paris regime, one can see a steep rise in crack propagation rate with 
increasing ΔK. In regime A, when the stress intensity factor range is below the 
threshold value ΔKth , fatigue cracks either keep dormant or grow at undetectable 
rates, while above the threshold it shows a sharp increase of the da/dN with the 
increased ΔK. At the final step of the propagation, i.e., in regime C, crack growth 
rate increases sharply due to high ΔK values, finally leading to catastrophic material 
failure at ΔKc. 
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Figure 20. Fatigue crack propagation as commonly seen for most metallic materials. 

 

The growth of short cracks is strongly influenced by local metallurgical features [117]. 
The short crack propagates until it is decelerated by microstructural barriers like grain 
boundaries and inclusions which cannot accommodate the initial direction of the 
crack growth. Hence, surface grain refinement is capable of retarding crack advance 
at the incipient stage of the fatigue crack propagation. Surface mechanical treatments 
such as shot peening and deep rolling also contribute to an increased number of 
microstructural barriers per unit of length as the grains are stretched and elongated 
by plastic deformation. The compressive residual stresses induced by these processes 
could further retard and even stop the short crack propagation, thereby resulting in 
a longer fatigue life.    

As a consequence of the crack growth, the stress intensity factor increases and 
dislocation slips start to take place in different planes in front of the crack tip, which 
initiates the so-called fatigue striations as a consequence of the blunting and re-
sharpening of the crack tip. Once the fatigue crack propagates into the interior bulk 
material, surface integrity has less influence, while the propagation behavior and rate 
are dominated by different combinations of the stress waveform, load frequency, and 
environment. An increased crack growth rate has been observed for many different 
materials when fatigued at elevated temperatures, in particular when a dwell time in 
tension is added [118-122]. This is normally due to either grain boundary 
embrittlement caused by the environmental attack or fatigue-creep interactions. 
When the former mechanism is dominant, it is often accompanied by a transition of 
the failure mode from trans-granular to inter-granular fracture.  
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7 

Experimental methods 

In this chapter, the author addresses the experimental work that has been performed 
in this thesis project. The broaching of Inconel 718 was conducted at Siemens 
Industrial Turbomachinery AB in Finspång, Sweden. The shot peeing work on the 
same alloy was performed at Ytstruktur Arboga AB in Arboga, Sweden, but the 
samples to be shot-peened have been pre-milled in the workshop at Linköping 
University. Regarding to another alloy, AD 730TM, it was machined by turning at 
Lund University. All other sample preparations, thermal exposure, surface integrity 
characterization (microstructure, residual stress, micro-hardness, etc.), and fatigue 
tests were carried out at Linköping University, except for a part of the 
characterization work using the special methods. For instance, the transmission 
electron microscopic (TEM) studies, chemical and crystallographic analyses using 
atom probe tomography (APT) and transmission Kikuchi diffraction (TKD), and 
the corresponding sample preparations presented in Paper III were performed at 
Chalmers University of Technology. In addition, the nano-indentation tests 
presented in Paper I and Paper III were conducted at Lund University. The 
experimental procedures for the TEM, APT, and TKD work are not described in 
this chapter, but details can be found in Paper III.    

 

7.1 Materials 

Inconel 718 alloy used in this work was taken from disc forgings via Siemens 
Industrial Turbomachinery AB. The chemical composition is given in Table 3 in 
weight percent. The alloy was solution annealed by the material supplier at 970 °C 
for 3.5 h, followed by a two-stage ageing first at 720 °C for 8 h, further at 620 °C for 
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another 8 h, and then air cooled to room temperature. The 0.2% yield strength and 
ultimate strength of the aged forging are 1034 MPa and 1241 MPa at room 
temperature. AD 730TM bars, 75 mm in diameter and 500 mm in length, were 
supplied by Aubert&Duval. The chemical composition is given in Table 4. The alloy 
was solution heat-treated at 1080 °C for 4 h, and then air cooled to room temperature, 
followed by an ageing treatment at 730 °C for 8 h, finally air cooled to room 
temperature. The heat treatment results in a fine microstructure with a grain size in 
the range of ~10 µm. The 0.2% yield strength and ultimate strength of the aged alloy 
are 1137 MPa and 1547 MPa at room temperature according to the mechanical tests 
performed by the material supplier. 

Table 3. Chemical composition in wt% of Inconel 718 disc forging. 

 Fe Ni Cr Mo Nb Ti Al C
Min. (%) Bal. 50 17 2.8 4.75 0.65 0.2  
Max. (%)  55 21 3.3 5.5 1.15 0.8 0.08 

 

Table 4. Chemical composition in wt% of the aged AD 730TM. 

Ni Fe Cr Co Mo W Al Ti Nb B C Zr 
Bal. 3.91-3.96 15.53-15.57 8.42 3.02 2.59 2.32 3.51 1.12 0.01 0.01 0.034

 
7.2 Surface generation & treatment 

7.2.1 Broaching 

One of the big interest in this thesis is the broaching of the alloy Inconel 718. A 
couple of slots were produced by using the linear surface broaching on a vertical 
broach machine. The broaching process used in the present project is similar to that 
typically used for manufacturing fir-tree root fixings in the turbine disc production 
at Siemens Industrial Turbomachinery AB. The broach is made of PM-T15 high 
speed steel (65–67 HRC) under semi-worn conditions with a rake angle of 12°, 
clearance angle of 3°, and rise-per-tooth of 0.066 mm, 0.054 to 0.038 mm, and 0.013 
mm for roughing, semi-finishing, and finishing sections. The semi-worn condition is 
defined from the industrial point of view as that the broach has been used for several 
broaching of discs, while it can still keep the required dimension tolerance. The 
cutting speed was constant at 3 m/min, and the broaching oil as cooling lubricant 
was applied throughout the entire broaching operations. 
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7.2.2 Shot peening 

Shot peening of Inconel 718 is another subject of interest in this thesis.  A set of 
rectangular bars were cut out, and the surface that is to be shot-peened was pre-
machined by face milling using a 20 mm diameter cutter with two uncoated cemented 
carbide inserts. The cutting speed was fixed at 30 m/min (corresponding spindle 
speed was 382 rpm) and the depth of cut was 0.5 mm. The feed direction was along 
the longitudinal direction of the bars with a feed rate of 76 mm/min, while no 
coolant was applied. The shot peening was carried out on the pre-milled surfaces 
using spherical S170 H cast steel shots with 150 to 200% surface coverage. The shot-
peening intensity was varied in the range of 0.2 to 0.3 mmA (Almen intensity). Some 
of the shot-peened bars were heat treated in a furnace with atmospheric environment 
in order to produce thermally-exposed specimens for studies of thermal stress 
relaxation and also for four-point bending fatigue tests.   

 

7.2.3 Wire electrical discharge machining.  

Wire electrical discharge machining was performed on the aged Inconel 718 using a 
commercial FANUC wire EDM cutting machine with a brass electrode that has a 
diameter of 0.25 mm under a dielectric fluid. The cutting process was conducted at 
a working voltage of 43‒46 V, a working current of 6.5‒6.6 A, a pulse-on duration 
of 10 µs, and a feed speed of 3.32‒3.35 mm/min. 

 

7.2.4 Turning 

Continuous longitudinal turning was conducted on the aged bars of AD 730TM with 
uncoated PCBN inserts SECOMAXTM CBN 170 (65% cBN by volume, 2 µm grain 
size, and TiCN binder), reinforced by SiC whisker fibers. The inserts were 
manufactured with a honed cutting edge and an edge radius of 25 µm. The turning 
operations were performed on a SMT500 CNC turning center. The insert was 
mounted in the tool holder PCLNL2525M12 JETL with a rake angle of ‒6° and 
clearance angle of ‒6°. A series of cutting speeds, Vc =150, 200, 250, and 300 m/min, 
and feed rate, f =0.1, 0.15, and 0.2 mm/rev was applied. The depth of cut was 
constant, ap =0.25 mm, and coolant was applied at 18 bar. 
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7.3 Surface integrity characterization 

7.3.1 Scanning electron microscopy 

Substantial microstructural characterization has been carried out on the basis of 
scanning electron microscope (SEM) in this thesis. In some cases, a target surface 
was directly inserted into the SEM in order to characterize the surface morphology. 
However, it is more common that the surface was cross-sectioned, ground, and 
mechanically polished for cross-sectional observation by using a Struer grinding and 
polishing machine. SiC grinding papers were used from #500 with a particle size of 
30 μm down to #4000 with a particle size of 5 μm before the mechanical polishing 
with diamond suspensions from 3 μm to 1/4 μm. Chemical polishing was performed 
as the last step for good contrast SEM images. After each step, specimens were 
cleaned by water and ethanol, and ultrasonic cleaning was also conducted to remove 
contaminations from either the grinding paper or the polishing agent. Three SEM 
related techniques were used for the microstructural studies: these are electron 
channeling imaging (ECCI), electron backscatter diffraction (EBSD), and energy 
dispersive spectroscopy (EDS).  

In 1967, Coates [123] observed strong crystallographic orientation dependence of 
the intensity of the primary backscattered electrons (BSEs). Immediately following 
this, Booker et al. [124] confirmed Coates’ findings and put forward a theoretical 
interpretation of this phenomenon: the intensity of the BSEs changes rapidly with 
orientations when the incident beam is close to the Bragg condition for a given set 
of lattice planes. In this paper, they also suggested a basic idea of using the electron 
channeling phenomenon to image dislocations or other metallurgical defects near the 
surface of a bulk material. When the incident beam is oriented at the Bragg positon 
(θB) for the given set of crystal planes, the local distortion of the lattice planes when 
dislocations exist will provide a sufficient contrast in the SEM image, as illustrated in 
Fig. 21. The ECCI technique has been successfully used to capture plastic 
deformation, twin structures, and even dislocations in highly deformed materials 
[125-128]. Fig. 22 shows the observations beneath the surface of broached Inconel 
718, using the ECCI technique, where sheared and plastically deformed grains can 
be clearly identified.  

EBSD is a microstructural-crystallographic technique that can be used to identify the 
crystal structure of a material, and to index its crystallographic orientation, by using 
Kikuchi patterns [129]. EBSD mapping provides an efficient approach to view plastic 
deformation at both macrostructural and microstructural levels by monitoring the 
extent to which the quality of the Kikuchi patterns has been changed [130] or by 
calculating intra-granular crystal misorientations [131,132]. EDS is an analytical 
technique widely used for the element analysis and chemical composition 
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quantification of a material [133]. When combined with EBSD, it can be used to 
identify the precipitates formed in alloys [11,134]. 

In this thesis, a majority of the microstructural investigations were performed with a 
Hitachi SU-70 field emission gun (FEG)-scanning electron microscope which is 
equipped with a 4-quadrant solid state BSE detector, an OXFORD EBSD detector, 
and an energy-dispersive detector. The EBSD data analysis, for instance, the intra-
granular crystal misorientation calculation, was done by using the HKL software 
CHANEL 5 combined with MATLAB®. 

 

 

Figure 21. Schematic illustration showing how the local distortion near a dislocation gives 
rise to an alteration of the BSE intensity which allows the dislocation to be imaged. 

 
 

 
Figure 22. ECCI micrographs clearly showing the deformation features beneath the surface 
of broached Inconel 718: (a) shearing deformation and (b) slip bands. 
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7.3.2 Micro-hardness tests & Nano-indentation  

Work hardening in relation to the intensive plastic deformation occurring during 
machining or surface treatments like shot peening is an aspect of importance when 
evaluating the surface integrity. Meanwhile, the surface work hardening could be 
released at high temperatures because of the thermal softening effect. In order to 
obtain the distribution of hardness against depth for a target surface, Vickers micro-
hardness tests were carried out on the polished cross-section of the specimen at 
varying depths from the surface. The load that used for the tests was 100 g with a 
holding time of 10 s, and most of the measurements started at 20‒30 μm away from 
the edge of the cross section, i.e., the top surface, in order to minimize the edge effect.   

Nano-indentation was developed in the early 1970s [135,136], and has become an 
increasingly popular test method for mechanical properties of small volumes of a 
material, particularly in the area of thin films [137-139]. It is different from a micro-
hardness measurement as small loads and tip size are used, resulting in an indent with 
only a few square micrometers or even nanometers. An indenter with a geometry 
known to high precision is employed in nano-indentation. When the indenter is 
pressed into a specimen with a given maximum load, a record of the penetration 
depth during loading and un-loading is made synchronously. The area of the indent 
then can be calculated by using the known geometry of the indenter, and the hardness 
and Young’s modulus of the specimen can be analyzed form the load-displacement 
curve based on the Oliver and Pharr method [140].  

Nano-indentation had wide applications in this thesis work, in particular when 
measuring the hardness of a superficial layer. For instance, in Paper I, the in-depth 
hardness as close as 5 μm away from the broached surface was successfully measured 
on the cross-section by nano-indentation. Another successful example was to 
measure the hardness and Young’s modulus of the broached white layer from the 
top of the broached surface, see Paper III. All nano-indentation tests were conducted 
under load control mode on the NanoTest Vantage system with a loading range of 
0.01 to 500 mN. A Berkovich diamond indenter with a tip radius of 120 nm was used 
in the tests. The load level was set to be 20‒50 mN depending on the specific case 
with a loading rate of 5 mN/s and a hold time of 30 s. 

 

7.3.3 Residual stress measurements  

Residual stresses in a component are commonly measured by either monitoring 
component distortions when deliberately removing material to allow the stresses to 
relax, or by diffraction methods. Laboratory X-ray diffraction, synchrotron (hard X-
ray) diffraction and neutron diffraction as the most widely used diffraction methods 
for residual stress measurement are based on the same principle and they are 
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complementary to each other [74,75]. Laboratory X-rays can only be used for the 
measurement of surface residual stresses since most X-rays are absorbed after 
penetrating less than 100 μm in materials owing to the electromagnetic interaction 
with orbiting electrons. In contrast, the weak interaction of the uncharged neutrons 
with electrons allows the neutron beam to penetrate even a few hundred millimeters 
into some light metals, the penetration depth approaches 200 mm in the case of Al, 
for instance, with a result that bulk residual stresses can be measured. Synchrotron 
X-rays whose intensity can be as much as a million times of that of the laboratory X-
rays also provide over a thousand times more penetration depth in metals. However, 
the disadvantages of the neutron and synchrotron diffraction are the high cost and 
the low lateral spatial resolution.  

The residual stress measurements in this thesis were made by using X-ray diffraction 
in a four-circle Seifert X-ray diffractometer. Cr-Kα radiation was chosen, giving a 
high diffraction peak at 2θ~128° for the {220} family of lattice planes of the nickel-
based matrix. Peaks were measured at nine ψ-angles between ψ =+55° and ψ = ‒55° 
(or between ψ =+45° and ψ =‒45° depending on the sample geometry). Pseudo 
Voigt function was used for peak fitting in order to determine the diffraction peak 
position and the Full Width at Half Maximum (FWHM, i.e. peak broadening). 
Residual stresses were calculated based on the “sin2 ψ” method with an X-ray elastic 
constant of 4.65 × 10-6 MPa-1 for Inconel 718 and 5.59 × 10-6 MPa-1 for AD 730TM. 
Details with respect to the principle of the “sin2 ψ” method has been addressed both 
in the previous Licentiate thesis [5] and in [141].  The in-depth profiles of residual 
stresses were obtained by layer removal using electrolytic polishing with Struers 
LectroPol-5. The deviation of the measured values due to stress relaxation of the 
layer removal were corrected in the case that the measured component is assumed 
to be a flat plate.  

 

7.4 Four-point bending fatigue 

Four-point bending is a surface sensitive test method of fatigue since the specimen 
has a flat surface of interest on which a uniform tensile stress is applied and 
meanwhile a stress gradient is created in depth. The specimens were tested at room 
temperature under load control using a sinusoidal waveform at a load ratio of R =0.1 
and a frequency of 20 Hz. Two different types of sample geometry were used: 
rectangular bars with a sharp edge, e.g., in Paper II and VII, and rectangular bars 
with a chamfered corner on the tensile side, e.g., in Paper V and VI; they are also 
illustrated in Fig. 23. The test bars were prepared with a general dimension of 
10×10×80 mm3, while the distance between the two loading and two supporting 
rollers was 12 mm and 60 mm, respectively. This sample size and test apparatus can 
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provide uniform stress distribution on the tensile surface between the two loading 
rollers [142]. When testing the bars with a sharp edge, fatigue cracks may initiate 
from the corner on the tensile side, whereas this risk is annihilated if the corner has 
been chamfered; which one to use depends on the purpose of the specific study. 

As reviewed in Chapter 6, a major effect of surface integrity on fatigue is to alter the 
crack initiation behavior as fatigue cracks are normally formed at a surface. All 
specimens were fatigued until rupture or run out at 107 cycles. The specimen 
deflection at the maximum and minimum load versus the number of cycles was 
recorded, and a line was fitted to the initial linear part of the deflection rang-number 
of cycles curve and extrapolated into the larger cycle region. The fatigue life was 
defined as the number of cycles corresponding to 1% increase of the deflection range 
from the fitted line, instead of the number of cycles to rupture. With such failure 
criteria, the effect of surface integrity was highlighted as the specimen lifetime was 
largely dominated by the fatigue cycles spent on crack initiation. The failed specimens 
were examined under SEM in order to identify the preferential sites where fatigue 
cracks may initiate. 

 

 

Figure 23. Four-point bending fatigue setup and test bars with two different geometries.
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Review of papers included 

Broaching related 

Paper I 

Surface integrity and structural stability of broached Inconel 718 at high 
temperatures 

As described in Section 4.1.2, broaching is one of the last manufacturing steps in 
turbine disc production which generates profiled slots on the rim of the disc for blade 
mounting. These broached blade root fixings normally represent the most critical 
regions from the point of view of fatigue failure. Accordingly, in this first paper, 
the surface integrity changes in Inconel 718 associated with the broaching 
process were systematically examined, and the surface structural stability of 
the broached alloy at elevated temperatures, in terms of microstructural 
evolution and residual stress relaxation, has also been addressed. All surface 
integrity studies, for both as-broached and thermally-exposed samples, were 
performed on the flank surface of the second tooth of the broached fir-tree slots, on 
which turbine blades are in intimate contact with the disc due to large centripetal 
forces. The typical service temperature for an Inconel 718 turbine disc is covered in 
the chosen temperature range of this study (450‒650 °C). 

Surface cavities and debris dragging, sub-surface cracks, high intensity of plastic 
deformation, and generation of tensile residual stresses were identified as the main 
surface integrity issues in broached Inconel 718.  Most of the surface cavities and 
sub-surface cracks were found to be associated with the cracking and breakage of 
carbide particles in the surface and sub-surface microstructure. The plucking of the 
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cracked carbides and their re-deposition on the machined surface caused surface 
dragging during the next pass of the cutting edge.  

There is a significant thermal impact during broaching as evident by the white layer 
formation and surface tension despite the low cutting speed of 3 m/min as well as 
the use of coolant. At the relatively high temperatures of 550 °C and 650 °C, the 
surface white layer underwent recrystallization, and therefore the surface tensile 
residual stresses were completely relaxed in a short time. However, great relaxation 
of the sub-surface tensile layer was only observed at 650 °C, whereas at such high 
temperature, coarsening of the γ’’ occurred. Our findings suggest that for Inconel 
718, if tensile residual stresses are induced during machining, they are difficult to be 
removed by subsequent stress relief annealing, or during the service at elevated 
temperatures which do not induce extensive surface recrystallization. Surface 
treatment, such as shot peening, which can introduce beneficial compressive residual 
stresses, might be necessary if a high fatigue resistance is required.  

Another primary finding of this study is the α-Cr precipitation, as a form of 
microstructural degradation in Inconel 718, took place beneath the broached surface 
for all temperatures investigated, 450 °C, 550 °C, and 650 °C. This was facilitated by 
the plastic deformation induced by broaching which contributes to faster Cr 
diffusion in the matrix and an enhanced tendency of the δ precipitation.  

 

Paper II 

On the conjoint influence of broaching and heat treatment on bending 
fatigue behavior of Inconel 718 

As a continuation to the work presented in Paper I, the fatigue life and 
corresponding crack initiation behavior of broached Inconel 718, both as-
manufactured and thermally-exposed samples (550 °C and 650 °C), have been 
investigated and correlated with the effect of their surface integrity. The fatigue 
test bars were taken from the flat bottom of the broached fir-tree slots, not the 
contact surface of the second tooth where the characterization was carried out in 
Paper I, due to the large sample geometry. At the part where the fatigue samples 
were extracted, compressive residual stresses were generated instead of the surface 
tension as observed previously on the contact surface in Paper I. This is an interesting 
finding showing that the broaching process produced an anisotropic residual stress 
distribution over the surface of the broached slot. In order to make a comparison, 
fatigue samples with a polished surface were also prepared and subjected to the same 
thermal exposure as that performed on the broached ones. 
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The broaching process increased the fatigue life of the alloy compared with the 
samples prepared by polishing. Two distinctly different crack initiation mechanisms 
were observed. The development of fatigue damage in the as-polished samples was 
dominated by surface crack initiation associated with local slip activities. In the as-
broached samples, sub-surface crack initiation occurred even that a large number of 
defects were created on the broached surface. The fatigue crack initiation from these 
flaws was retarded by the surface compression, which resulted in a longer lifetime.  

Generally, a detrimental effect concerning the fatigue life of the alloy was found 
when a heat treatment was introduced prior to the fatigue test. The polished samples 
with 300 h heat treatment at 650 °C was an exception where an increased fatigue life 
was obtained, most likely owing to the increased ductility of the alloy. Instead of the 
local deformation, oxidized surface carbides turned out to be the preferential sites 
where fatigue cracks may initiate for the heat-treated samples with a polished surface. 
The detrimental effect of heat treatment on the fatigue life was more predominant 
for the broached samples, especially at 650 °C. This is due to the great thermal 
relaxation of the compressive residual stresses on the broached surface. Fatigue 
cracks were initiated at the surface from the defects produced by broaching, oxidized 
carbides, and those micro-notches formed due to the inter-granular oxidation during 
heat treatment. The inter-granular weakening took place due to the large amount of 
grain boundaries in the recrystallized surface layer acting as fast diffusion channels, 
and therefore the oxidation could proceed downwards inter-granularly. 

 

Paper III 

Nano-scale characterization of white layer in broached Inconel 718  

In Paper I, it was clear that a surface white layer was formed during the broaching of 
Inconel 718 even if coolant was applied and the broaching was performed under a 
relatively low strain rate at a cutting speed as low as 3 m/min. The presence of a 
white layer is certainly unfavorable, as described in Section 5.2, because it eases 
fatigue crack initiation and therefore impairs the resistance of the disc to fatigue 
failure. Greater insights to the microstructural characteristics and mechanical 
properties of broached white layers are of significance if lifetime estimation is to be 
accurate for broached components. More importantly, a deep understanding is 
needed of the mechanism controlling the white layer formation during broaching in 
order to annihilate it on the broached parts. In Paper III, examinations using 
multiple advanced characterization techniques with nano-scale resolution 
were performed on the surface white layer formed when broaching the alloy 
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Inconel 718, by which the microstructural evolution within the white layer and 
the mechanical properties of this layer have been comprehensively studied.   

The observations under transmission electron microscope (TEM) showed that the 
broached white layer consists of nano-sized grains, mostly in the range of 20 nm to 
50 nm. The crystallographic texture detected by transmission Kikuchi diffraction 
(TKD) further suggested that strong shear deformation is the main cause of the 
refined microstructure of this surface layer. By using atom probe tomography (APT), 
co-located Al-rich and Nb-rich fine clusters were identified, which are most likely to 
be γ′ and γ′′ clusters in a form of co-precipitates. The clusters showed elongated and 
aligned appearance in relation to the severe shearing history of the surface 
microstructure. With these microstructural and crystallographic features, it can be 
concluded that the formation of the surface white layer was essentially caused by 
adiabatic shear localization in which the dominant metallurgical process is rotational 
dynamic recrystallization based on mechanically-driven subgrain rotations.  

The distinct mechanical properties of the broached white layer from that of the bulk 
material was successfully captured by nano-indentation. The grain refinement within 
the white layer enhanced the surface nano-hardness by 14%, but caused a reduction 
almost up to 10% in elastic modulus, compared to that of the bulk material. This can 
be rationalized by the greatly increased volume fraction of grain boundaries when 
the grain size was reduced down to the nanoscale.  
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Shot-peening related 

Paper IV 

Residual stress and thermal relaxation of shot-peened Inconel 718  
nickel-based superalloys 

As evident from Paper II, if compressive residual stresses are present on a machined 
surface, it benefits fatigue performance. Although surface compression is 
occasionally formed when machining nickel-based superalloys, as the case shown in 
Paper II for example, the generation of tensile residual stresses is more often taking 
place due to the poor machinability of these alloys. Shot peening has beneficial 
effects on fatigue resistance by introducing compressive residual stresses in the shot-
peened layer. However, these benefits are retained in service only if the surface 
compression remains stable during mechanical loading or at elevated temperatures.  

In Paper IV, the surface residual stress generated by shot peening and the 
thermal relaxation behavior have been investigated in Inconel 718. The 
underlying mechanism of the stress relaxation was further interpreted by both 
analytical model and surface microstructural studies.  

Shot peening was carried out on a set of pre-milled samples with surface tensile 
residual stresses. After the shot peening, the surface tension induced by machining 
was annihilated, while a high compressive residual stress was created on the shot-
peened surface. The fatigue performance of these two groups of samples with 
different surface integrity was tested and the results are shown in Paper V.  

When exposed at elevated temperatures, both the surface residual stress and work-
hardening induced by shot peening was reduced. The relaxation behavior and 
corresponding mechanism showed strong temperature dependence. The relaxation 
of the surface work-hardening turned out to be primarily a thermally activated 
process that can be described by the Zener-Wert-Avrami function, however, there 
existed a transition of the dominant mechanism from thermal recovery to 
recrystallization as the temperature was increased to 550 °C and above. At the 
relatively low temperature of 450 °C, the stress relaxation on the shot-peened surface 
was dominated by thermal recovery. However, the surface compression was 
completely relaxed at 500 °C, 550 °C, and 600 °C within a short period of time, and 
the Zener-Wert-Avrami function was found not to be adoptable. It suggests that the 
stress relaxation on the shot-peened surface appears to be a complex process, which 
is not simply controlled by the thermally activated mechanisms. It could also be 
influenced by other mechanisms, such as α-Cr precipitation and material yielding. 
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Paper V 

Effect of cooling and shot peening on residual stresses and fatigue 
performance of milled Inconel 718 

The use of coolant is normally an effective way of reducing the tensile residual 
stresses generated on a machined surface, and meanwhile, as shown in Paper IV, 
high compressive residual stresses can be further induced despite the machining 
history by using post-machining surface treatment of shot peening. The 
corresponding fatigue life as influenced by these changes of surface integrity 
remains to be a research question which has been addressed in Paper V.  

It was found that tensile residual stresses were created on the milled surface, 
regardless of the use of coolant, however, it is clear that the wet milling operation led 
to a lower surface tension and a reduced thickness of the tensile layer. The shot 
peening performed on the dry-milled specimens completely annihilated the surface 
tensile residual tresses and introduced a high level of surface compression. A 
comparable fatigue life was obtained for the milled specimens with or without the 
use of coolant. This is very likely attributed to that the milling-induced surface 
damage with respect to cracked carbides and nitrides is the predominant cause of the 
fatigue failure. The presence of the compressive layer induced by shot peening 
resulted in a significant increase of the fatigue life and strength as it retarded surface 
cracking from the pre-existing cracked non-metallic inclusions and shifted the crack 
initiation sites to sub-surface regions. However, the extent to which the lifetime was 
prolonged was decreased as the applied load was increased due to the residual stress 
relaxation in low cycle fatigue resulting from significant cycling strains.  

 

Paper VI 

Effect of thermal exposure on fatigue performance of shot-peened  
Inconel 718 

The beneficial effects of shot peening may diminish for high temperature 
applications since the thermal impact causes relaxation of the compressive residual 
stresses, as seen in Paper IV. It is a significant concern for shot-peened turbine 
components as they mostly operate at elevated temperatures.  

In Paper VI, the effect of thermal exposure on the fatigue performance of shot-
peened Inconel 718 was assessed. The thermal exposure was performed at two 
temperatures, 450 °C and 600 °C, which covers the typical temperature range 
for turbine disc applications.  
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It was found that the beneficial effect of shot peening in fatigue life extension still 
remained in the thermally-exposed specimens, but was reduced by thermal exposure 
as it led to relaxation of the compressive residual stresses in the shot-peened layer. 
The extent to which the fatigue life was decreased showed good correspondence 
with the amplitude of the stress relaxation in the thermally-exposed specimens 
depending on the temperature and exposure time. As a consequence of the stress 
relaxation on the shot-peened surface, the fatigue failure of the thermally-exposed 
specimens was dominated by surface crack initiation. The oxidized niobium carbides 
and delaminated surface structure associated with shot indentations have been 
identified as the preferential sites where fatigue cracks may initiate. The oxidized 
surface carbides were further found to become the dominant initiation sites for 
fatigue cracks in the specimens exposed at 600 °C.  

 

Other subjects 

Paper VII 

Surface integrity and fatigue performance of Inconel 718 in wire electrical 
discharge machining 

Wire electrical discharge machining (WEDM) has been considered to be a good 
candidate of manufacturing technology to the traditional broaching operation for the 
production of fir-tree slots on turbine discs. As introduced in Section 4.2, it cuts 
materials regardless of their hardness or strength, and little plastic deformation is 
induced beneath the machined surface. However, the giant heat generated during the 
process usually causes the generation of a surface recast layer or a surface white layer.  
In Paper VII, the characteristic features of the surface recast layer formed in 
wire electrical discharge machining of Inconel 718 were examined, and the 
effect of this layer on the fatigue performance of the alloy, in particular its 
effect on fatigue crack initiation, was also investigated.          

The specimens machined by WEDM showed a noticeable decrease, approximately 
by 25%, in fatigue life compared to those specimens with a polished surface. 
Examinations of the fracture surface indicated that the presence of the surface recast 
layer facilitated the crack initiation when subjected to fatigue. Instead of one primary 
crack initiation site in the case of the polished specimens, there are multiple crack 
origins at the EDM cut surface. The reason is that the surface recast layer consists 
of vast potential sites for fatigue crack formation. It was found that the fatigue cracks 
were initiated at surface craters or the pre-existing defects in the recast layer, such as 
micro-cracks and micro-voids. The surface irregularities, high propensity of the 
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recast layer to cracking, together with the large surface tensile residual stresses are 
proposed to be responsible for the loss in fatigue life in the EDM cut specimens. 

 

Paper VIII 

Effect of cutting conditions on machinability of AD 730TM during high 
speed turning with PCBN tools    

AD 730TM is a novel wrought nickel-based superalloy for high-temperature turbine 
disc applications. Studies on the machinability of the alloy and suitable machining 
parameters are of great importance for cost effective machining and desired service 
performance. In Paper VIII, the machinability of the new alloy AD 730TM was 
evaluated in terms of cutting force and surface integrity at different cutting 
speeds and feed rates during high speed turning with uncoated polycrystalline 
cubic boron nitride (PCBN) tools. Four cutting speeds, Vc =150, 200, 250, and 
300 m/min, were selected with a constant feed rate of f =0.2 mm/rev, while for the 
highest cutting speed of 300 m/min, two additional feed rates, 0.1 and 0.15 mm/rev, 
were also applied. The depth of cut was constant at ap =0.25 mm. The PCBN tools 
were used in new conditions. 

The results showed that increasing the cutting speed from 150 m/min to 200 m/min 
benefits the machining of the alloy as all cutting force components decrease due to 
the increased cutting temperature. At both two cutting speeds, the turning operations 
resulted in little plastic deformation in the surface and sub-surface microstructure. 
However, as a further increase of the cutting speed to 250 m/min and above, it 
showed an increase of the cutting force and feed force which is most likely due to 
rapid tool wear. The plastic deformation beneath the machined surface became much 
stronger and more adiabatic at such high cutting speeds. This is in particular the case 
at 300 m/min, where a continuous white layer was formed on the machined surface. 
As for the effect of feed rate, increasing the feed rate resulted in higher cutting forces, 
and thereby led to greater plastic deformation and stronger thermal impacts.  

The surface residual stresses induced during turning of AD 730TM have been found 
to be tensile regardless of the cutting conditions applied. Either increasing the cutting 
speed or feed rate increases the surface tension as they can exacerbate the thermally 
induced deformation on the machined surface. However, it seems that the feed rate 
has a slightly less effect as compared to the cutting speed.  
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Conclusions 

Due to increased demand for more efficient and flexible land-based gas turbines, 
fatigue resistance of turbine components needs to be improved. The focus of this 
thesis work is on the effect of surface integrity on fatigue behavior and performance 
of nickel-based superalloys. The ultimate goal is to improve the fatigue properties by 
surface enhancement through process optimization of machining or post-machining 
surface treatments such as shot peening.    

To reach this goal, a number of studies have been carried out. The results show that 
machining processes can cause changes of surface integrity, particularly when 
machining nickel-based superalloys due to their poor machinability. Surface 
irregularity and defects, in the form of e.g., micro-voids, micro-cracks, or cracked 
non-metallic inclusions, induced by machining provide weak sites where fatigue 
cracks are preferably initiated, and, therefore, are in general detrimental to the fatigue 
performance. This effect can be further facilitated if tensile residual stresses are 
present on the machined surface. On a contrary, if compressive residual stresses are 
induced during machining, the surface crack initiation is retarded, which can lead to 
an enhanced fatigue life.   

Shot peening is found to be an effective post-machining surface treatment, by which 
the fatigue performance of a machined component can be greatly improved since 
high compressive residual stresses are induced on the shot-peened surface, regardless 
of the machining history.   

For high temperature applications, the thermal impacts generally deteriorate the 
surface integrity and therefore also the fatigue performance. A reduced fatigue life is 
often obtained if thermal exposure has been made prior to the test. Oxidation is 
inevitable at elevated temperatures. A high tendency of fatigue crack initiation at 
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surface oxidized particles, e.g., the oxidized carbides in the case of the Inconel 718, 
has been observed. Moreover, either machining or shot peening cause great plastic 
deformation in the surface and sub-surface microstructure. The deformed 
microstructure is not stable when subjected to thermal exposure. Recrystallization, 
precipitation of undesired particles, and oxidation along grain boundaries of the 
recrystallized grains can take place depending on the temperature and exposure time 
applied. The high temperatures even cause thermal relaxation of the beneficial 
compressive residual stresses. This is particularly a concern for high temperature 
applications of shot-peened components.  

The findings from this thesis work showed the importance of understanding surface 
integrity effects for fatigue applications, especially in harsh environments. This 
benefits fatigue failure analyses of gas turbine components. More importantly, the 
knowledge gained in the work could be used for surface enhancement of those 
turbine components which are subjected to a high risk of fatigue failure, and 
therefore contributes to more efficient and flexible power generation by gas turbines.  
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Outlook 

This thesis work increases a number of interest for further research in the future:  

1. Some aspects of surface integrity has been found to be critical for component 
resistance to fatigue, such as surface defect and residual stress. How to 
optimize these surface integrity changes in machining by applying suitable 
cutting parameters is of great interest for industrial production processes.  

2. Surface microstructural changes associated with the plastic deformation 
induced by machining are commonly observed at elevated temperatures, such 
as recrystallization and precipitation. Although some work has been 
performed in this Ph.D. thesis, more investigations are needed to better 
interpret these surface microstructural evolution, their mechanisms, and the 
effect on surface mechanical properties. This is particularly important for high 
temperature applications. 

3. Another interesting topic is how to stabilize the surface compressive residual 
stresses induced by shot peening at elevated temperatures, and thereby 
maintain their beneficial effects on retardation of surface crack initiation for 
high temperature fatigue applications. One way is to optimize the shot peening 
process with an overall aim of reducing the amount of plastic deformation in 
the shot-peened layer, but still keeping the surface compression strong enough 
to retard the surface crack initiation during fatigue. 

4. Laser peening is an advanced technique for post-machining surface treatment. 
Studies with regard to its effect on fatigue properties of nickel-based 
superalloys, in particular at elevated temperatures, are of interest as well.    
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5. Continuous investigations on the machinability, surface integrity, and fatigue 
performance of the new alloy AD 730TM will provide more knowledge that 
benefits its application in high-efficient gas turbines. 

6. As always, it would be extremely interesting to compare the findings presented 
in this Ph.D. thesis based on the experimental work in the laboratory with the 
observations in those service-exposed turbine components. Where fatigue 
cracks are preferably initiated in real life? 
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