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Abstract  
 
Gas turbine materials are designed to work in extreme environments in high temperature with 
an oxidising environment and variable mechanical loading. The study of high temperature 
fatigue properties of these materials is therefore important. Recent evidences show that 
oxidation plays an important role in the crack growth of superalloys at high temperatures. The 
formation and cracking of brittle oxides ahead of the crack tip leads to accelerated crack growth 
under dwell times. Protective surface oxide scales on superalloys prolong their life by 
preventing further oxidation. The cracking and spallation of such scales can lead to further 
oxidation of the material, thus reducing its strength or even lead to crack initiation at the surface. 
This work is aimed at two different aspects of damage in superalloys – high temperature crack 
growth and fracture properties of oxide scales. The long-term goal is to develop an oxidation 
based life assessment model for real microstructures using experimental data.  
 
          The initial part of the study focuses on the influence of dwell times in high temperature 
crack growth in superalloy welds. This work showed that the combination of oxidising 
atmosphere, high temperatures and sustained tensile loads led to accelerated crack growth, and 
that the interaction of the crack with the materials microstructure depends strongly on the 
combination of these parameters. In the second part, methods were developed to test the room 
temperature deformation properties of thermally grown oxides on a superalloy substrate. In-
situ microcantilever bending tests in a scanning electron microscope showed the presence of 
plasticity in the oxides, which is mainly attributed to the size of the scale and lack of internal 
defects. These methods can be extended to high temperature as well, which can aid in giving 
an insight into high temperature properties of surface and grain boundary oxide scales, 
contributing to development of models for oxidation assisted crack growth. 
 
 
 
Keywords: Nickel superalloys; crack growth; scanning electron microscopy; focused ion beam 
microscopy; micromechanical testing. 
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1. Introduction 
 
1.1 Background  
 
Gas turbines have been an integral part of the aviation industry over a long period of time. Since 
their introduction in the 1900s, they have dominated the aero engine and power generation 
industries. Gas turbine is a type of heat engine and therefore, one of the ways to increase its 
efficiency is to increase the working temperature. But this demands for the development of 
materials that can withstand higher temperatures, without any loss of properties. This was 
possible through the development of superalloys, a class of alloys that can maintain their 
mechanical properties above 0.6 Tm, where Tm is the melting point of the material. They started 
out as improvements to stainless steels, but soon became nickel or cobalt based. There was 
widespread research in developing new chemistries of alloys with superior properties which 
was primarily propelled by the need for efficient gas turbines through increase of operating 
temperatures. The amount of investment in the complex composition and processing techniques 
make the cost for superalloys 30 to 200 times costlier than stainless steel [1].  
 
 Superalloys in service are exposed to extreme conditions with metal temperatures as 
high as 1000 °C in the hot zones and a highly corrosive atmosphere. This has been achieved 
through years of intense research in the field of chemistry and processing of superalloys. The 
loading experienced by the gas turbine components are a combination of mechanical and 
thermal loading. Through the course of a flight there are periods of sustained mechanical 
loading and large variation in temperatures. The nature of fatigue experienced by these 
materials have a time component to it, which is not the case for most structural components and 
this makes the life assessment study complex [2]. Due to the thermal loading cycles, the 
environment plays a critical role in determining the service life. Even though multiple 
mechanisms have been proposed to explain role of the oxidizing environment, the microscopic 
details of material degradation are still unclear and need to be studied. The alloys are generally 
protected by the formation of slow growing oxide scales, which is the reasoning behind addition 
of adequate amounts of Al and Cr in the alloys. These scales also experience the loading and 
temperature effects. The durability and service lifetime of the material underneath depends also 
on the life of these oxide scales as their cracking and/or spallation can lead to accelerated 
oxidation and damage. Therefore, it is imperative to understand the mechanical properties of 
the oxide scales as well. The current work is aimed at addressing these issues. 
 
1.2 Motivation 
 
Gas turbine materials are used in extreme environments in which they experience high 
temperatures, mechanical loading and a corrosive environment. They experience thermo-
mechanical fatigue (TMF) which is a result of the thermal cycling that the engines undergo. 
There are long periods of steady loads, as well as rapid changes in temperature and loading, 
depending on the stage of flight they are in. The environment plays a significant role in 
determining the service life in TMF. There are two aspects of it: One is the deformation and 
fracture of protective surface oxide scales during thermal cycling which can lead to fatigue 
crack initiation at the surface and another is crack tip oxidation and consequent fracture of the 
brittle crack tip oxides leading to accelerated crack propagation. There have been various 
studies in high temperature fatigue of superalloys in order to calculate their service life. Due to 
the nature of loading undergone by superalloys in gas turbines, simple cycles are not enough to 
simulate the service conditions.  It has been shown that the crack growth rate during constant 
load periods (dwell time) is much higher than pure cycling [3–7]. Dwell fatigue studies 
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highlight the role of the environment in the accelerated crack growth rate. Several mechanisms 
have been proposed to explain the influence of environment (namely oxygen) in the crack 
growth, of which two are the most discussed; Dynamic embrittlement (DE) [3,4] and stress 
assisted grain boundary oxidation (SAGBO) [8,9]. Recent evidences point towards SAGBO as 
the dominating mechanism of oxidation assisted crack growth [10,11]. A model has been 
proposed by Chan et al [12] to predict the threshold stress intensity factor for SAGBO. The 
principal unknown quantity in this equation is the fracture strain of the oxide. The fracture 
properties of such crack tip oxides need to be measured in order to provide a reliable model to 
predict oxidation assisted crack growth. But it is also essential to study the aspect of fatigue 
crack initiation due to cracking or spallation of surface oxide scales. Superalloys form a thin 
layer of protective oxide (usually Cr2O3 or Al2O3) that enhances their corrosion resistance. The 
sudden variations in temperature and loading can lead to the fracture and/or of the protective 
scales which will lead to further oxidation of the material, weakening it. This is the case during 
out of phase TMF where the thermal and mechanical loading are out of phase. Due to the 
differences in thermal expansion coefficient of the oxide and the alloy and the brittleness of 
oxides at room temperature, fracture and spallation can take place during the cold cycles.  

 
In both of the aspects of oxidation assisted damage discussed above, the fracture properties 

of the oxide determine the life of the gas turbine component. It is therefore important to study 
the mechanical properties of such oxides. Mechanical properties of oxides have been mostly 
studied through indirect methods such as acoustic microscopic and other vibration methods 
[13–15]. The accuracy of direct methods such as nanoindentation depends on the thickness of 
the oxide studied due to substrate influence. There is a strong need for advance methods for 
testing of oxides in order to understand their properties, as highlighted by Schütze and 
Quaddakers [16]. Micromechanical testing has proven to be efficient in the measurement of 
mechanical properties at the micro scale. Methods such as microcantilever bending, micropillar 
compression, etc have been used to measure the mechanical properties of micro features such 
as coatings [17,18], oxides [19,20], grain boundaries [21,22] etc.  
   
1.3 Aim of the study 
 
This research is aimed understanding the deformation and fracture of oxides in superalloys, 
which play a critical role in fatigue crack initiation and propagation. The following research 
questions have been addressed in this thesis:  

• How is fatigue crack propagation in superalloys affected by the environment in the case 
of a real and complex microstructure such as welds?  

• Is it possible to develop methods to measure deformation and fracture properties of 
oxides directly without any influence from substrate or residual stresses?  

 
In the long term, it is expected that the experimental data from the measurement of fracture 

properties of oxides can be used to develop life assessment models for real microstructures.  
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Chapter 2 
 
Oxygen assisted damage in superalloys  
 
 
2.1 High temperature fatigue  
 
Gas turbine engines undergo a complex loading cycle during service. It consists of several 
periods of static loading under high temperature conditions and variations in temperature during 
startup and shutdown of the engines. Due to these conditions, the components experience 
mechanical and thermal loading which is generally referred to as thermomechanical fatigue 
(TMF). Fatigue, in general is well established field of study of damage in materials which is 
more than a century old. There are several concrete models recognized in order to study crack 
growth under fatigue conditions, such as the famous Paris’ law which is used to calculate fatigue 
crack growth. It is given by,  
 

𝑑𝑎
𝑑𝑁 = 𝐶	(∆𝐾)+																																																																		(1) 

 
were da/dN is the crack growth per cycle, C and n are material constants and DK is the 
difference between the maximum and minimum stress intensity factor in a fatigue cycle. The 
stress intensity factor is given by, 
 

𝐾 = 𝑓𝜎 𝜋𝑎																																																																						(2) 
 
where s is the applied (far-field) stress, a is the crack length and f is a geometrical factor 
depending on the size and shape of the crack and the cracked body. Equation 1 holds good in 
the subcritical crack growth regime for most materials when the fatigue is independent of time. 
With the development of materials for high temperature use, it became essential to study the 
fatigue properties of materials at high temperatures. High temperature fatigue is a complex 
phenomenon with contributions from creep and/or oxidation [23]. This is evident from studies 
which identify three distinct regimes of high temperature fatigue by testing at different 
frequencies: a cycle dependent/ time independent regime at high frequencies; a mixed regime 
at intermediate frequencies; and a time dependent regime at low frequencies of loading [24,25]. 
Equation 1 is valid only for the time independent regime. In order to model fatigue crack growth 
at high temperature, a time dependent term also need to be added. Many models have been 
developed in order to explain the crack growth in this regime [24,26–28]. The time dependent 
crack growth can be represented as,  
 

𝑑𝑎
𝑑𝑡 = 𝐴𝐾+																																																																							(3) 

 
where da/dt is the crack growth per second, A and n are material constants. At high 
temperatures, many factors such as the loading frequencies, environment, microstructure, etc 
influence the life of the material, which has been revealed through several studies [3,24,29–32]. 
Early studies by Clavel et al [32] showed that at low stress intensity levels, the fatigue crack 
growth rate increases with increase in temperature and at higher stress intensity levels, a 
decrease in frequency causes an increase in fatigue crack growth rate. The increase in crack 
growth rate was much more pronounced in air environment than vacuum [33]. Work by Floreen 
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et al on the influence of different environments on the crack growth rate of alloy 718 showed 
that the presence of oxygen and sulphur bearing species leads to higher crack growth rates than 
other gas environments or vacuum [30]. The crack growth rate was particularly high during the 
application of dwell times [5,6,29,33]. The dwell time effect is more pronounced in the case of 
air environment than vacuum, as shown by Smith et al [33] who suggested that the increase in 
crack growth rate in vacuum with high temperature and a dwell time is due to contribution from 
creep, which is significantly less compared to the contribution of environment. It was seen that 
the application of a dwell time changed the crack propagation mode from transgranular to 
intergranular, particularly at low frequencies of testing [ref].  The nature of interaction of the 
crack with the microstructure is complex with crack deflections and crack bowing. This makes 
the crack front jagged, as reported by several studies [3,34,35]. It was observed that random 
grain boundaries were attacked and fractured more than special grain boundaries [36]. This 
leaves a number of unbroken ligaments in the crack path. Further crack propagation leads to 
the plastic deformation and fracture of these ligaments. Krupp et al [31] observed that 
thermomechanical processing in alloy 718 in order to increase the number of special grain 
boundaries such as S3 boundaries increased the resistance to high temperature fatigue crack 
propagation.  
 
 Thus, it is clear from the aforementioned studies that high temperature fatigue crack 
growth is a complex phenomenon involving the interaction between variables such as 
microstructure, environment, loading frequency, temperature, etc. Oxygen plays a crucial role 
in the acceleration of fatigue crack growth. The precise nature of the action of oxygen is unclear, 
due to the complexity of the interaction with microstructure. A number of mechanisms 
[3,4,35,37,38] have been put forward on how oxygen cause intergranular damage. The 
following section will discuss oxygen enhanced crack growth in detail.  
 
2.2 Oxygen enhanced crack growth  
 
At high temperatures and low frequencies, the effect on environment, mainly oxygen, is the 
principal factor determining the fatigue crack growth rate. Over the past few decades, several 
attempts have been made to determine the nature of interaction of oxygen with the 
microstructure of the material. Early studies by Andreiu et al [8,39] explained the interaction 
of oxygen through formation of oxides of Ni and Fe at the crack tip at higher partial pressures 
of oxygen for alloy 718. It was followed by the formation of a Cr2O3 layer which is dense and 
protective unlike the previously formed oxides. They identified a passivation time required 
during the hold time for the formation of protective Cr2O3 layer. If passivation time is not 
reached during the hold time, oxidation can proceed. Detailed studies on the influence of 
environmental variables were conducted by Ghonem et al [9]. The oxidation can proceed 
through two different diffusions paths: short range diffusion in which only the crack tip gets 
oxidized resulting in the formation of a wedge like oxide whose fracture accelerates fatigue 
crack growth; and long range diffusion through grain boundaries and slip planes. It was also 
noted in this study that the depth of oxygen penetration was controlled by the formation of 
Cr2O3. More studies were conducted by Molins et al [37] in the same material by varying the 
partial pressures of oxygen. It was seen that there is a transition pressure below which the 
environment does not play a role in the crack growth and it was independent of DK. The 
oxidation mechanism was explained as follows: at low partial pressures, anionic diffusion is 
the controlling factor; and at high partial pressures, the cationic diffusion is the controlling 
factor. They suggested that the formation of epitaxial NiO prevented the annihilation of 
vacancies at the crack tip, leading to material damage.  
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Figure 1: (a) TEM bright field image of a closed crack tip oxide at grain boundary. (b) STEM 

EDX of crack tip oxide in Allvac 718plus with Ni+Fe oxide at the center (blue) and 
chromium oxide around it (red). The green region represents a region enriched in Ni (i.e. 

depleted in chromium) [11].  
 

With the use of new techniques such as target specific TEM sample preparation, 
nanoSIMS and APT, clearer evidence were obtained to show the formation of oxides ahead of 
the crack tip. Studies by Kitaguchu et al [10] on RR1000 alloy by studying crack tip oxides for 
dynamic and static cracks revealed the nature of oxidation taking place. TEM results showed 
the presence of a layered oxide with NiO at the center, Cr2O3 and Al2O3 below, which were in 
agreement with the thermodynamic sequence. The partial pressures of oxygen required for the 
formation of each layer of oxide was calculated and it was found that a significant difference 
in pressures occurred over very small distances. It was interesting to see that the length of the 
oxide intrusion in the case of a dynamic crack was much smaller than for a crack held below 
threshold or without applied mechanical load. Also, no protective layers of Cr2O3 or Al2O3 were 
found in the dynamic crack to prevent further oxygen penetration, similar to the observations 
in [8]. So, oxygen can penetrate the porous intrusions formed and the cracking will proceed, 
but the reactive elements present in the grain boundaries such as Ti and Al could form oxide 
nuclei and limit the extent of penetration. Thus, long range embrittlement for a growing crack 
is not possible. Similar studies on Allvac 718plus were conducted by Viskari et al [11] with the 
help of TEM, SIMS and APT. Figure 1 shows the layering of crack tip oxide using STEM EDX. 
The sustained loading of the specimen was performed in an environment of equal ratio mixture 
of 16O and 18O. The SIMS analyses showed the presence of oxygen in the same ratio as the 
environment in the intergranular crack. The TEM and APT analysis showed that the layer of 
oxide followed the thermodynamic sequence, similar to the mentioned studies.  

 
  An alternate explanation to the effect of oxygen is the diffusion of oxygen into grain 
boundaries ahead of the crack tip leading to their decohesion, and subsequent crack growth. 
This is generically termed as dynamic embrittlement (DE). This phenomenon has been studied 
for Ni3Al alloys [40], steel [41], alloy 718 [3,36], etc. McMahon Jr [42] argues that for long 
range diffusion to occur for the formation of oxides, the diffusion coefficients have to be very 
high and unrealistic. This issue is addressed in a model developed for stress assisted grain 
boundary oxidation (SAGBO) by Evans et al [43].  
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Figure 2: Schematic showing crack tip and oxide intrusion ahead (adapted from [43]).  
 
A wedge-shaped oxide intrusion (Figure 2) is considered at the crack tip, which has a 

stress gradient along the intrusion, ranging from being compressive at the crack tip to tensile at 
the intrusion tip. According to this model, the local stresses at the crack tip affects the 
concentration of vacancies. The stress-free oxygen vacancy concentration is inversely related 
to the partial pressure of oxygen. Since there is a huge difference in partial pressures between 
the crack tip and the tip of the intrusion, the difference in oxygen vacancy concentrations will 
also be very large. The stress gradient within the intrusion will lead to the outward flux of 
oxygen vacancies depending on the stress difference. This provides a physical basis for an 
accelerated grain boundary oxidation to occur under the influence of stress. A SAGBO 
parameter is defined in the study to show the ratio of intrusion length under stress and no stress:  

 

𝑆5 = exp
𝜎9:Ω<(𝜙 − 1)

𝑘𝑇 																																																									(4) 
 
where sit is the stress at the tip of the intrusion, Ωm is the volume of the metal atom in the alloy, 
ϕ is the Pilling-Bedworth ratio, k is the Boltzmann constant and T is the temperature. This gives 
an idea as to how much the intrusion length would increase under the influence of a stress. 
According to this model, the intrusion can be expected to be more than an order of magnitude 
longer if the transformation stress from Cr2O3 formation was considered, which was used to 
explain the results from [10].  
 

Another significant contribution to the theoretical treatment of oxidation enhanced 
crack growth was made by Chan [12], who derived a model for the threshold stress intensity 
factor (Kth) based on previous results and DFT computations to explain high temperature crack 
growth through oxidation. The threshold due to the fracture of crack tip oxide is given by,  
 

𝐾:B = 	𝐸DE𝜀G5
𝑡DE

3(1 − 𝜈I) + 2𝑠𝑔𝑛 𝜀:5
𝐸DE𝜎N 𝜀:5 𝑡DE
2 1 − 𝜈I 																										(5) 

 
where Eox and tox are the elastic modulus and thickness of the oxide, sy is the yield stress, n is 
the Poisson’s ratio, etr is the transformation strain of the oxide, the sgn function is used to 
account for the sign of the transformation strain depending on whether the volume of the oxide 
formed is larger or smaller than that of the oxidized metal, and ecr is the fracture strain of the 
oxide layer. In this equation, the fracture strain of the oxide is an unknown quantity, that needs 
to be measured through experiments. Methods need to be developed in order to measure ecr.  
  

Thus, it has been described in the above section on how oxygen enhanced crack growth 
takes place. There is an ongoing debate regarding the actual mechanism of cracking. But recent 
evidences from detail work on crack tip oxides point towards to a mechanism similar to 
SAGBO.  
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2.3 Oxide cracking and property measurement 
 
As highlighted by the previous section, the high temperature fatigue properties of superalloys 
depend on the effect of oxygen and the properties of oxides formed. Oxide properties are critical 
for service life of superalloys in at least two situations: Cracking or spallation of a protective 
oxide scale during TMF can lead to accelerated oxidation resulting in strength reduction of the 
component; and accelerated grain boundary crack propagation due to brittle oxides formed. The 
oxides experience not only external stresses due to mechanical loading, but also internal 
stresses. In the case of volumetric expansion during oxidation, the growth of oxides leads to 
formation of compressive stresses within the oxide scale. This can cause deformation and 
fracture of the scale as seen in [44], where the oxide got detached from the substrate to 
accommodate for the strains. Depending on the stress and temperature distribution, the oxide 
scales can undergo fracture or deformation.  
 
 Depending on the external stress, oxide scales can fail in multiple manners. The 
application of a tensile stress leads to scale cracking and a compressive stress leads to spallation 
[45]. Another possibility is deformation of the oxide scale. Plastic deformation through 
dislocation glide requires five independent slips systems. Most oxide scales have less than five 
independent primary slip systems. The stress required to activate the secondary slip systems is 
higher than that for initiation of cracks below a certain temperature [46]. At high temperatures, 
plasticity in oxides can occur by creep, which has been observed for Al2O3 [47,48]. There is 
another possibility where the conditions are such that the oxidation rate is higher than the crack 
rate, leading to healing of the cracked oxides. This phenomenon is referred to as 
pseudoplasticity [46]. This was observed in the case of heat resistant steels at 800 °C under 
tensile strains by Schütze [44]. It was seen that below a critical strain rate, the oxide scale heals 
itself, thus preventing further oxidation. This effect was more pronounced for adherent scales 
than detached ones. The properties of an oxide scale determine the life of the alloy protected 
by it. It is necessary to evaluate the mechanical properties of these scales in order to obtain a 
reliable model for fatigue life of engineering alloys.  
  
 The principles of fracture mechanics can be applied to determine the failure conditions 
of oxide scales. Several studies have attempted to fit fracture mechanics principles for failure 
of oxide scales [49–51]. One of the challenges faced to determine the fracture strains is the 
determination of flaw sizes, since the scales are very thin. Optical methods can be used to 
determine the composite defect size in the oxide scale, as in the case of [49,52]. One of the 
properties of an oxide scale that is critical is the elastic modulus. There are some indirect 
methods for the evaluation of elastic modulus such as the vibration method [15].  Vibration 
method is based on the fact that the resonance frequency of the specimen changes when 
oxidized. This difference in resonance frequency is utilized in the evaluation of the elastic 
modulus of the oxide scale. Nicholls et al [15] used this method to determine the elastic 
modulus of oxide growing on mild steel at 550 °C as 185 GPa. Fracture and spallation of an 
oxide scale can be detected through the use of acoustic emission [14]. This is based on the 
principle that these events produce audible signals. The acoustic emission setup was used 
together with a four-point bending setup in order to determine the fracture strains of oxides in 
mild steel [53]. This showed a similar aforementioned trend where the critical strain decreases 
with increasing oxide thickness. It varied from about 0.5% for 10 µm thick oxide to about 0.2% 
for 40 µm thick oxide. A direct method of determination of the elastic modulus is by using 
nanoindentation, which also suffers from certain disadvantages such as influence from 
substrate. Tortorelli [54] used this technique to evaluate the room temperature elastic properties 
of Cr2O3 scales. For Cr2O3 scale on chromium (oxidized at 850 °C), the elastic modulus was 
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obtained to be 272±62 GPa which was compared with that of bulk sintered Cr2O3 and a similar 
value of 273±17 GPa was obtained. It is mentioned that the surface roughness of the oxide 
scales and influence of substrate limit the accuracy of the measured values.   
 

The aforementioned methods have a basic flaw that they are affected by the influence 
of the substrate at some levels. Since the properties of the isolated oxide cannot be measured 
using these methods, the values are affected by residual stresses in the oxides as well, which is 
critical in determining factors such a fracture strain. There is a need for development of novel 
techniques in order to enable measuring of properties at the micro level [16]. With the use of 
techniques such as micromachining and FIB milling, it is now possible to manufacture 
specimens at the micro scale and probe their properties using nanoindenters and 
micromanipulators. These tools allow mechanical testing of individual grains and probe 
properties of grain boundaries, which are not possible using conventional mechanical testing. 
This novel field of testing, termed as micromechanical testing, enables reliable testing of micro 
features in engineering materials. Within the field of micromechanical testing, several 
techniques are used depending upon the application and nature of specimens. Micropillar 
compression is one of the techniques used in determining the deformation properties of 
individual grains which has been used on a number of materials, as suggested by the review 
article [55]. It has been used to determine the deformation behavior of sapphire at room 
temperature [19]. It was seen that plastic deformation occurs in 1 µm sized pillars even though 
bulk sapphire is brittle at room temperature. This technique is limited by the fact than very thin, 
sub-micron specimens cannot be analyzed due to limitations in specimen preparation.  
 

Microcantilever bending has been used in the measurement of mechanical properties of 
thin films, fracture toughness of grain boundaries, etc. Camposilvan et al used microcantilever 
bending to measure micro scale properties of Zirconia [56]. It was seen that the failure stress 
was about 4 times larger than standard sized specimen. The size effect plays an important role 
in determining the properties, as small sized specimens would have very less or no intrinsic 
defects. Abad et al  [57] used this method to determine fracture toughness of oxide scales and 
the fracture mode in oxide layers, where the whole cantilever was prepared from thick oxides 
grown on steels in liquid metal coolant environment. The versatility of this method can be seen 
in the work by Armstrong et al in the case of bismuth embrittled copper grain boundaries [58]. 
This method enabled the fracture toughness measurement of a single grain boundary with 
known misorientation determined by EBSD. This technique was also used to determine the 
properties of oxidized grain boundaries [22,59]. Stratulat et al [59] determined the fracture 
toughness of oxidized grain boundaries in Alloy 600. In a detailed work by Dugdale et al [22], 
microcantilever bending is used to determine the nature of crack propagation in an oxidized 
grain boundary. This study determined that in the case of stress corrosion cracking of Alloy 
600, the crack progressed through the oxide metal interface and not through the oxide. The 
interaction of grain boundary particles with the crack was also studied using this technique. 
This study was extended in a recent work by Dohr et al [20], which examines the role of surface 
oxide scales on top of oxidized grain boundaries. With the help of microcantilever bending 
experiments, it was shown that the surface scale helps in delaying crack initiation at grain 
boundaries, which is an important result in the field of stress corrosion cracking.  

 
Thus, it can be said that microcantilever bending is an ideal choice for testing of 

mechanical properties of micro sized features. The current work involves testing of sub-micron 
thick oxide scales. It is possible to manufacture and test very thin specimens (< 1 µm) with ease 
using FIB. It also enables the isolation of thin films from the substrate through FIB techniques, 
which is the main reasoning behind using microcantilever bending in the current work.  
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Chapter 3  
 
Materials  
 
3.1 Superalloys  
 
The term superalloy was first used after the times of World war II to describe a class of high 
temperature alloys with exceptional properties used in aircraft turbine engines [60]. They are a 
class of alloys capable of superior performance under high temperature and stress conditions. 
Typically, they consist of an austenitic matrix with a number of alloying elements and 
strengthening phases which can withstand loading at temperatures over 0.6 Tm. They also show 
a substantial resistance to mechanical degradation over long periods of service [61]. In addition 
to that, they are also able to tolerate extreme operating environments. In the case of power 
generating turbines, sulphur is present in the combustion gases. For aero engines, kerosene is 
used as the fuel which can contain salts that accelerate corrosion. This calls for a superior 
corrosion resistance in the materials used for these applications. When temperatures go above 
540 °C, commonly used alloys of titanium and steels lose their strength. Steels are susceptible 
to accelerated corrosion above these temperatures. Nickel based superalloys can be used at a 
higher fraction of their melting points without losing any properties. Although refractory metals 
possess higher melting point than superalloys, their characteristics (such as poor low 
temperature fabricability) make them undesirable for use in loading applications.  

 
Over the past few decades, considerable progress has been made both in the 

development of new superalloys with higher operating temperatures and processing methods to 
improve their properties. For example, casting replaced wrought materials for blading 
applications due to better creep performance. Then it was further refined to directional 
solidification which generates a columnar microstructure, which removed the presence of 
transverse grain boundaries. For further improvement of performance, machined single crystals 
are used for turbine blades which has the best creep properties. The importance of superalloys 
in aviation can be highlighted by the fact that, in 1950s only 10% of the total weight of gas 
turbine engines comprised of superalloys, which rose to about 50% by 1985 [62].  

 
Superalloys are broadly classified into Ni based, Co based and Ni-Fe based in 

accordance with the major alloying element. Ni based superalloys are more common and used 
in aero engines and power generation turbines. Nickel has an FCC structure that is stable from 
room temperature to its melting point, unlike cobalt and iron. In the case of cobalt and iron 
based superalloys, the FCC structure is stabilized through the addition of other alloying 
elements such as nickel. The FCC structure is preferred for these kinds of applications due to 
the combination of toughness and ductility. In addition, FCC metals show low values of 
diffusivity which is essential for high temperature applications [61]. Also, nickel is cheaper 
than cobalt and is the fifth abundant material on earth.  

 
 The strength of superalloys is derived from various phases precipitated in the alloy 
through heat treatments and also through solid solution strengthening. Superalloys have 
multiple alloying elements in order to cause solid solution and precipitation strengthening. The 
formation of a solid solution with multiple elements leads to a local non-uniformity in the lattice 
and impedes dislocation motion. The precipitates contribute towards strengthening mainly 
through coherency strain hardening and ordering. The major strengthening phases are coherent 
with the matrix and have similar crystal structure. They are also ordered structures which 
implies that the dislocations need a higher energy to pass through them, since an anti-phase 
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boundary needs to be created. Some of the main phases in superalloys are described in the 
section below.  
 
3.2 Superalloy phases  
 
Superalloys have a complex microstructure due to the presence of several alloying elements 
and secondary phases. The superior mechanical properties at high temperature are derived from 
the presence of certain strengthening phases. The following section describes the various phases 
present in superalloys in general, although specific superalloys may have only some of the 
phases mentioned below.  
 

• Gamma – This constitutes the matrix phase in superalloys which has the FCC structure. 
It is a solid solution consisting of mainly nickel (for nickel based superalloys) along 
with some solute elements such as cobalt, iron, chromium, molybdenum, niobium, etc.  

 
• Gamma prime (g’) – This is the principal strengthening phase in many superalloys with 

aluminium and titanium. It has an FCC structure (ordered L12). The ordering is 
maintained up to temperatures close to its melting point of 1375 °C. There is a slight 
composition dependent lattice parameter mismatch between the matrix and this phase 
(about 0 to 0.5%), but it is coherent to the matrix. The coherency is maintained through 
tetragonal distortion of the lattice. The lattice consists of nickel atoms occupying the 
face centres and the corners shared between aluminium and titanium, which gives the 
formula Ni3[Al,Ti]. The shape varies from spherical to cubic depending on the exposure 
time and the lattice parameter mismatch. Changes in the ratio aluminium/titanium also 
influences the morphology of the precipitate. The aluminium atoms can be replaced by 
niobium, tantalum or chromium as well.  

 
• Gamma double prime (g”) – This is another precipitate in superalloys such as Alloy 718 

which aids the strengthening of the alloy. It has a BCT structure (ordered D022) and 
have a disc shaped morphology with a nominal composition of Ni3Nb. This is the 
primary precipitate formed due to the Nb content in Alloy 718, which makes it the 
principal strengthening phase for the alloy. It has higher coherency strain and has a 
limited number of slip systems available, which imparts excellent high temperature 
properties to the alloy. This phase loses its strengthening effect above 650 °C which 
limits the service temperature of g” strengthened alloys. 

 
• Delta (d) – It is a stable precipitate usually found in Alloy 718 with an ordered 

orthorhombic structure. Although it does not contribute much towards strengthening of 
the alloy, it is used to control gran size and can also increase the creep rupture strength. 
It has an acicular morphology.  

 
• Carbides – The carbon content in superalloys ranges from 0.02% to 0.2%. This causes 

the precipitation of primary carbides of MC type. During aging, they can decompose 
and lead to the formation of M6C or M23C6. Fine carbides precipitated in the matrix can 
result in matrix strengthening. Grain boundary carbides of certain morphologies can 
prevent grain boundary sliding and allow relaxation of stress. They can also aid in the 
tying up of elements that may otherwise cause instabilities in the alloy.  

 
• Topologically close packed (TCP) phases – These are some phases such as s ( FeCr, 

CrCo, FeCrMo ), µ (Co2W6) or Laves (Fe2Nb, Fe2Ti) phases which are detrimental to 
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properties of superalloys. They are usually of plate or needle like morphologies and can 
cause decrease in rupture strength and ductility. The formation of these phases is usually 
a result of solute segregation.  

 
 

3.3 Materials in this work 
 
The different alloys used in the work have been described in this section. Alloy 718 was used 
in the high temperature crack growth studies. Laser welded sheets of this alloy were used to 
prepare tensile specimens used in the dwell fatigue testing. The other superalloy used in this 
work is Allvac 718plus which is similar to the previous alloy but capable of higher operating 
temperature. This was used to study the micromechanical properties of thermally grown oxides 
in a superalloy. The nominal compositions of the alloys are given in a table below:  
 

Table 1: Nominal compositions of alloys studied in wt%.  
 Ni Cr Fe Co Nb Mo Ti Al W C 

Alloy 718 52.5 19.0 18.5  5.1 3.0 0.9 0.5  <0.08 
Allvac 718plus 52.0 18.0 9.5 9.1 5.4 2.7 0.75 1.45 1.0 0.02 

 
 
3.3.1 Alloy 718  
 
Alloy 718 is a nickel-iron based superalloy mainly strengthened by g” phase. It is one of most 
commonly used superalloys in gas turbine engines, both as turbine disk material and in 
stationary structures and housings. The high content of iron makes it cheaper than most 
superalloys. It presents excellent weldability among the different superalloys due to sluggish 
precipitation kinetics of g” phase and this makes it ideal to be used in welded assemblies in the 
gas turbine engines. It has excellent hot and cold workability, excellent strength and moderate 
cost. The main limitation of this alloy arises from the instability and loss of strengthening effect 
of the strengthening phase above 650 °C. Prolonged exposure to temperatures above 650 °C 
also lead to g” coarsening and transformation of g” to d which can reduce the strength of the 
alloy. There is a small amount of g’ formed as well, but the strengthening effect of g’ is much 
less in this alloy compared to others. The presence of Nb leads to the formation of g” instead of 
g’. Another phase, d is also precipitated through controlled heat treatments in order to regulate 
the grain size and improved grain boundary properties. Primary carbides in the form of NbC 
and TiC are also generally present in the alloy.  
 
3.3.2 Allvac 718plus  
 
Allvac 718plus is nickel based g’ strengthened alloy developed recently. It is very similar to 
Alloy 718 in composition, but half of the Fe content is replaced with Co and the Al/Ti ratio is 
increased. The advantage with this alloy is that the maximum operating temperature is 704 °C, 
which is 55°C more than that of Alloy 718. This alloy was a result of years of efforts to increase 
the operating temperature of 718 without compromising its properties. Some amounts of 
d (Ni3Nb), h (Ni3Ti), g” and primary carbides are present in this alloy as well. The increased 
Al/Ti ratio aids in the formation of g’, thus increasing the operating temperature of the alloy.  
  
This alloy was used in this work to produce thermally grown oxides and study their mechanical 
properties. Mechanically polished specimens of Allvac 718plus were exposed to an 
environment of pure and dry oxygen at 700 °C for 100 hours to form an oxide layer. The 
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mechanical properties of the oxide layer have been studied using micromechanical testing. 
Additional samples were exposed for a time period of 500 hours, but the work focuses mainly 
of the 100 hours oxide.  
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Chapter 4 
 
Methods 

 
The methods of characterization and analysis form a major part of any research in the field of 
materials science. There are several tools that serve purposes such as crystal structure 
determination, microstructure examination, chemical composition analysis, etc. Some of the 
principal techniques used are described in this chapter.  
 
4.1 Scanning electron microscopy (SEM) 
 
 SEM is one of the most versatile electron microscopy techniques. It enables the 
examination of a wide range of materials from the nanometer to the micrometer scale. It enables 
the analysis of bulk specimens with a high spatial resolution (a few nanometers) [63]. An SEM 
uses a focused electron beam with voltages in the range of 1-30 kV for imaging. The beam is 
scanned over the area of interest which generates a set of signals due to the interaction between 
the electrons and the specimen. The image in an SEM is generated by the use of this signals. 
The main signals generated are the secondary electrons (SE) and backscatter electrons used for 
imaging and characteristic X-rays used for chemical analysis.  
 

• Secondary electrons – They are low energy electrons generated from near the surface 
of the specimen through inelastic scattering. They can be used to generate topographic 
contrast. Secondary electrons are detected using an Everhart-Thornley detector, which 
consists of a scintillator in a faraday cage. A small positive bias is applied to the faraday 
cage in order attract the low energy electrons.  

 
• Backscatter electrons – They are high energy electrons that are elastically scattered. 

Since the primary electrons interact with the nucleus of the specimen, they carry 
information regarding atomic number. They are detected using a solid stated detector 
concentric to the electron column.  

 
• Characteristic X-rays – They are emitted when an electron from outer shell fills a 

vacancy in an inner shell created by interaction with the primary electrons from SEM. 
Such X-rays have a unique energy depending on the atomic number of the element from 
which it is emitted. Thus, it can be used for chemical analysis. 
 

In addition to the above signals, other signals can be used for imaging and analysis such low 
loss electrons, diffracted backscatter electrons, etc. Even though TEM has the best resolution 
among all microscopes, there are some advantages to the use of SEM. A wide range of samples 
can be analyzed with SEM which is not possible using TEM (due to preparation difficulties). 
The area that is analyzed is much larger when compared to TEM. The sample preparation 
procedure is simpler in the case of SEM. But one of the requirement of SEM is that the sample 
needs to be conductive. Non-conducting samples are usually sputter coated with a conductive 
layer before imaging. They can also be analyzed in an environmental SEM which enables the 
imaging of non-conductors under low vacuum conditions. Some specific aspects of SEM used 
in this work has been described below.  
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4.1.1 Electron channeling contrast imaging (ECCI)  
 
 ECCI is a mode of imaging which utilizes the channeling effect of electrons through a 
crystalline material to produce crystallographic contrast. This mode of imaging uses the 
backscattered electrons to produce channeling contrast. The degree of backscatter for an 
electron depends on the proximity to the nucleus of the atom scattering it. Thus, the number of 
backscattered electrons depends on the orientation of the lattice with respect to the incident 
beam. If the low index planes of the crystal are parallel to the incident beam (Figure 3(a)), the 
electrons penetrate deep before scattering and fewer of the backscattered electrons reach the 
surface and can be detected. The electrons in this case channel through the crystal planes. If the 
planes are inclined to the beam direction at a certain angle (Figure 3(b)), the number of 
backscatter electrons generated will be higher. Imaging using this technique will show 
crystallographic contrast where the orientations are comparatives of neighboring grains. If the 
area is scanned by a rocking beam with sufficient variation in incident angle, electron 
channeling patterns (ECP) can be obtained which are Kikuchi like lines containing 
crystallographic information. They can be used to obtain crystal orientation information and 
detection of crystal defects on the surface such as stacking faults and dislocations. This section 
will focus on the imaging and not on channeling patterns.  
 
 

 
Figure 3: Schematic showing contrast mechanism in ECCI. (a) incident beam parallel to 

lattice plane of specimen, (b) lattice planes at an angle to incident beam.  
 
There are certain requirements of the beam in order to obtain optimal channeling contrast [64]:  
 

• The beam needs to be collimated and not convergent.  
 

• The beam current needs to be high in order to get a higher signal to noise ratio.  
 

• Channeling contrast is obtained at the expense of spatial resolution. The beam diameter 
needs to be broad in order to obtain sufficient signal.  

 
In addition, the sample has to be prepared according to some conditions in order to obtain the 
required contrast:  
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• The surface of the specimen needs to be clean and devoid of oxides in order to prevent 
the degradation of contrast. Hydrocarbon contamination needs to be avoided, which 
implies the specimen cannot be scanned for a longer time.  

 
• No plastic deformation should be induced by sample preparation methods. It is essential 

to obtain a damage layer thinner than the interaction volume for the backscattered 
electrons.  

 
• The surface to be scanned needs to be smooth without any significant topographic 

contrast. Topographical features on the surface of the specimen can mask/distort the 
channeling contrast.  

 
Some of the advantages of using this technique of imaging is listed below:  
 

• This technique eliminates the need for chemical etching in order to view the 
microstructure and precipitates in a material in the SEM (Figure 4(a) and (b)).  
 

• A preliminary idea regarding the orientation (Figure 4(a)) of grains can be obtained, 
even though it is only relative.  

 
• Some features such as plastic deformation is discernible due to a local lattice rotation 

and can be utilized in situations such as detection of plasticity around cracks (Figure 
4(b)).  

 
• Using cECCI [65], which is ECCI under controlled conditions, individual defects such 

as dislocations and stacking faults can be imaged in an SEM, which was previously 
possible only using a TEM.  

 
Zaeferrer et al [65] commented that mechanical polishing followed by oxide suspension 

polishing as the final step gives a higher surface quality than electropolishing and ion-milling. 
Electropolishing led to the formation of an oxide layer and Ga ion milling lead to the formation 
of an amorphous damage layer on the surface. This is consistent with our observations that 
oxide polishing gives a superior surface finish. 
 

 
Figure 4: (a) Orientation contrast in Allvac 718plus, (b) Plastic deformation visible around a 

crack in Alloy 718 (dotted line) and secondary phases visible clearly without etching.  
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4.1.2 Electron backscatter diffraction (EBSD) 
 
EBSD is a microanalysis technique used in the SEM in order to obtain crystallographic 
information from crystalline materials. It can be used to deduce the crystal structure, identify 
phases, reveal texture, etc. When high energy electrons strike a specimen surface, back scattered 
electrons are generated which undergo Bragg diffraction. The intersection of the diffraction 
cone and a phosphor screen placed near the specimen produces a pattern of Kikuchi lines called 
as electron backscatter patterns (EBSP). This is used as the basis for identification of the 
orientation of the crystal and the phase. The EBSD detector consists of a phosphor screen that 
can be moved inside the SEM chamber towards the sample which is place at a steep angle (70°) 
to the normal plane of the beam (Figure 5). Typically, a voltage of 20 kV is used under high 
current conditions in order to generate a high number of backscatter electrons.  
 

 
Figure 5: Schematic of EBSD setup inside the SEM. 

 
The analysis of EBSD patterns is done in different ways according to the purpose. In 

this work, EBSD has been mainly used for analyzing crack propagation behavior. The presence 
of texture in the material can be visualized with the help of inverse pole figure (IPF) maps [66]. 
These maps show the sample directions (eg: the loading axis) in terms of major crystallographic 
directions of the material. A fixed color scheme based on orientations is used for the 
construction of the maps. It is also possible to find the local misorientation using kernel average 
misorientation (KAM) mapping [66]. KAM mapping is used to qualitative determine the 
amount of plasticity in a material as a local misorientation is created due to plastic deformation. 
This is done by comparing the misorientation of a pixel with its neighboring pixels and 
assigning the average value of misorientation to it. The quality of the EBSD data generated 
depends on the quality of the specimen surface, which makes sample preparation a critical step 
for EBSD. The lateral resolution of this technique is limited by the backscatter resolution of the 
microscope due to the larger interaction volume.  
 
4.2 Focused ion-beam (FIB) microscopy 
 
The FIB is an instrument similar to the SEM in setup, but uses ions instead of electrons as the 
imaging source. This class of instruments have revolutionized the semiconductor industry with 
respect to nanomachining, enhanced etching etc. In the 1980s they were used mostly in 
semiconductor industries for masking and circuit repair [67]. They found their way into 
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research laboratories only in the 1990s. One of the most important contributions of FIB to 
research is the means for target specific TEM lamella preparation. This instrument allows TEM 
sample preparation with a greater degree of precision than conventional methods at specific 
microscopic sites. Today, the most common form of FIB microscopes comes with a dual 
column; an electron column that is vertical and an ion column inclined at an angle to the electron 
column (angle depends on manufacturers). The main application of FIB is for imaging and 
sputtering. 
 

Unlike broad ion-beams used for TEM lamella preparation or preparing cross sections, 
FIB uses a highly focused ion beam. It uses a field ionization source with a size of about 5 nm 
in order to generate a very fine beam. The source used is usually a liquid metal ion source 
(LMIS) which can produce bright and focused beams. The source used in most of the cases is 
gallium due to its low melting temperature and low volatility. Recently there are some FIBs 
using xenon plasma as source in order to generate higher currents for sputtering of larger areas, 
but at the expense of the resolution. Since it is impractical to build huge electromagnetic lenses 
to focus ions, electrostatic lenses are used instead. Although the resolution depends on the beam 
shape and intensity, the sputtering resolution is material dependent. The stage for this 
instrument is designed to have a eucentric point, which aids in maintaining the field of view 
when the specimen is tilted towards the ion column. Imaging in a FIB can be performed 
thorough the usual detectors in SEM, SE and BSE detectors. In addition to that, ion-induced 
secondary electrons (ISE) can also be detected. The advantage of using ISE for imaging is a 
strong channeling effect created by these electrons, enabling a grain structure view in case of 
crystalline materials. In addition to the imaging and sputtering capabilities, FIBs are also used 
for target specific CVD. Secondary electrons generated by ion beams or electron beams can be 
used to crack hydrocarbon precursor gases in order to deposit materials such as platinum, 
tungsten, carbon or SiO2 films. This can be used as support structures or protective films for 
materials science applications.  
 

When an ion hits the surface of a solid, more than one type of interaction can take place. 
Namely, ion reflection, electron emission, electromagnetic radiation, sample damage and 
heating. The interaction can be either inelastic or elastic. Elastic (nuclear) interactions result in 
sample displacement and forms the reason for sputtering of material. The generally accepted 
model for ion-sample interaction is the collision cascade model [68], which determines whether 
sputtering occurs or emission of secondary electrons. These interactions lead to the implantation 
of Ga ions in the material. The depth up to which the implantation takes place can be calculated 
using molecular dynamic or Monte-Carlo simulations. Typically, a Monte-Carlo simulation 
software called SRIM [69] is used to calculate the implantation depth according to the angle of 
incidence and energy of ions.  
  
There are some aspects of FIB milling that one should consider in order to ensure optimal 
results:  
 

• Damage layer – The sputtering of material using Ga ions causes ion implantation as 
discussed previously. This results in a damage layer of certain thickness which is 
amorphised. It also can lead to creation of point defects and dislocations. This is 
especially important in the case of TEM foils, atom probe tips and micro-mechanical 
test specimens. The preparation needs to be done carefully in order to minimize the 
damage as much as possible.  
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• Curtaining – In crystalline materials, the sputtering creates a surface roughness due to 
several factors such as surface diffusion, channeling effect etc. In order to obtain a 
cleaner surface, low currents for milling or a rocking stage can be utilized.  

 
• Redeposition – The sputtered material can get redeposited in the nearby regions which 

decreases the sputter yield and require sputtering a second time.  
 
Some of the major applications of FIB in the field of materials science is mentioned below:  
 

• TEM lamella preparation – This is one of the most common application of FIB in 
multiple disciplines of research. TEM lamellae can be prepared from specific sites of 
interest using a widely known lift out method.  

 
• Atom probe tips – Tips used for Atom Probe Tomography (APT) can be prepared from 

specific sites using FIB.  
 

• Micromechanical test specimens – Specimens for micro-mechanical testing can be 
milled using FIB with a high degree of accuracy. Preparation of micro-cantilevers, 
micropillars, microbeam specimens etc has been made simple through the use of FIB.  

 
 
4.3 Microcantilever bending 
 
A cantilever is a type of beam which is fixed at one end and is free at the other. It can be used 
in mechanical testing for measurement of material properties.  If the geometric parameters, the 
load and displacement are known, it can be used to calculate the stresses experienced by the 
material and the elastic modulus. Micromechanics has gained a significant position in the 
probing of mechanical properties of micro sized structures. Microcantilever bending is one of 
the most common methods used in micromechanical testing [22,56–58]. The beam bending 
theory can be used to derive equations for the displacement of the beam.  
 

 
Figure 6: A simple cantilever beam of length L with a load F. 

 
Consider a cantilever beam of rectangular cross section which has been loaded at the free end 
by applying a force F (Figure 6). The displacement of the beam at a distance x from the fixed 
end can be calculated using,  
 

𝑦 = 	
𝐹𝑥I

6𝐸𝐼 3𝐿 − 𝑥 																																																														(6) 
 
where E is the elastic modulus, I is the area moment of inertia, which is bh3/12 for a rectangular 
cross section of width b and height h, and L is the length of the cantilever. The maximum 
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displacement will be experienced at the free end, which can be obtained from the above 
equation.  
 

𝑦<VE =
𝐹𝐿W

3𝐸𝐼 																																																																			(7) 
 

The bending stress experienced by the beam can be obtained from the flexural formula,  
 

𝜎 =
𝑀
𝐼 𝑧																																																																							(8) 

 
where M is the bending moment and z is the distance from the neutral plane of the beam. Neutral 
plane is a plane in the beam where only bending is experience without any tensile or 
compressive stresses.  
 

The measurement of mechanical properties of thermally grown oxide layers has been 
achieved in this project through micromechanical testing. This method allows directing testing 
of micro sized specimens using a manipulator setup. A Kleindiek micromanipulator setup was 
used for the micro-cantilever bending of oxide scales. A brief description of the different 
components is given below.  
 
4.3.1 Kleindiek micromanipulator setup 
 
It consists of a micromanipulator capable of precise movement along the 3 axes (two axes of 
rotation, and linear extentions/retraction) and a force measuring setup. Forces can be measured 
either through a force measurement sensor (FMS) for small forces or a spring table for larger 
forces. Figure 7 shows the setup placed in an SEM chamber.  
 

 
Figure 7: Kleindiek micromanipulator setup showing different components. The rotational 

and translational axes are shown with white arrows.  
 

• MM3A micromanipulator – It is a precision robotic arm that is capable of moving along 
the three different axes and aid in manipulation of micro sized specimens. Different tips 
can be attached to the arm depending on the application. It can be controlled using a 
three-knob system, a joystick or a command based scripting system.  
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• Force measurement sensor (FMS) – It consists of a piezo silicon cantilever which 
generates a voltage signal during bending. This voltage signal can be converted to a 
force signal by calibration it against a spring of known force constant. The calibration 
and recording of force can be performed through a software interface. It can be used to 
measure forces below 360 µN. Above this value the calibration of the silicon cantilever 
fails. The displacement in measured from a series of SEM images taken at a regular rate 
of 1Hz. Figure 8 shows the image of FMS and the SEM image of the actual Si cantilever 
that measures forces.  

 
Figure 8: (a) Picture of FMS highlighting the sensor region; (b) Top view of the Si 

cantilever (dotted circle) with the side view of the cantilever shown inset.  
 

• Spring table – For forces larger than the aforementioned value, a spring table is used. It 
consists of a spring of known spring constant and the specimen can be mounted on the 
edge of the spring (Figure 9). The deflection is measured through SEM images and a 
software is used to perform image analysis and extract the force values based on the 
spring constant. The force is measured from a fixed point in the images and the 
displacement is measured from the point of application of load. The advantage is that 
spring tables of a range of values of spring constant can be manufactured depending on 
the need.  

 

 
Figure 9: Spring table setup with position of specimen shown.  

 
4.3.2 Microcantilevers  
 
The major part of FIB milling in this project has been for the preparation of micro-cantilevers. 
Various methods were developed in order to prepare specimens of different geometries. The 
descriptions of the different types of cantilevers, their application, merits and demerits are given 
in this subsection. 
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1. Type 1 – Composite cantilever with metal and oxide.  

 
Figure 10: Type 1 cantilever with oxide supported by metal substrate.  

 
This was the first type of cantilever developed for the purpose of testing of oxides. It consists 
of a composite cantilever with an oxide layer on top and a metal substrate supporting the oxide 
layer. The ratio of thickness of oxide to substrate was about 1:4. During the bending of the 
cantilever, the upper layers experience tensile force which can cause the oxide layer to fracture. 
This would be seen in the force displacement curve as a sudden drop in force. Further bending 
would lead to a change in slope as the stiffness of the oxide layer and the substrate are different 
(Figure 11). 
 

 
Figure 11: Schematic force-displacement curve for type 1 cantilever.  

 
The advantage of this method is that the entire oxide layer will be in tension. But the residual 

stresses in the oxide layer are not relived and it will influence the measured properties of the 
oxide. The force resolution of this type of experiment was checked using FEM simulations and 
it was concluded that the fracture of the oxide should be visible in the force curve with the 
proportions used (typically a force drop of around 10% is expected, which would be readily 
observable at the applied load levels). A set of two experiments were conducted using this 
method, but no force drop was visible. It is not clear whether this was because cracking did not 
occur or because it was not detectable with the experimental setup. The failure to detect the 
fracture event could be due to the movement of the force measuring tip during large 
displacements (see discussion section of paper II) or the effect of residual stresses. The substrate 
has to be removed in order to relieve the residual stresses in the oxide layer.  
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2. Type 2 – Oxide cantilever with substrate removed 
 
In order to relieve the residual stresses in the oxide cantilever, the substrate was completely 
removed through stepwise milling in FIB. The residual stress in oxides consists of two 
components; mean stress and gradient stress. Mean stress is caused due to the mismatch in co-
efficient of thermal expansion of the oxide layer and the metal beneath. Gradient stress is caused 
by localised effects such as atomic diffusion and the different in boundary conditions between 
the bottom and top layer of the oxide [70]. 
 

 
Figure 12: Type 2 cantilever with the metal substrate removed completely.  

 
The advantage of this type of cantilever is that it is possible to obtain the fracture properties of 
oxide without the influence of residual stress or the substrate properties. But in practice, the 
removal of the substrate results in a curvature of the cantilever which makes it difficult to 
achieve sufficient accuracy in the geometry and to apply the load with enough precision to 
conduct a bending test, as seen in Figure 13.  
 

 
Figure 13: Actual geometry of type 2 cantilever after milling. Arrows point to geometric 

defects.   
 

3. Type 3 – oxide cantilever from spalled oxide scales 
 
Another method to isolate the oxide from the substrate is to physically remove it. In the case of 
oxide scales that are not very adherent to the surface, one can use this property to remove the 
scale from the specimen surface using the Omniprobe micromanipulator in the FIB. The spalled 
scales are soldered to the tip of Omniprobe using organometallic platinum and the manipulator 
is withdrawn to separate the oxide scale from the substrate (Figure 14).  
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Figure 14: Schematic of oxidised surface. The spalled oxide scales can be picked up using the 

Omniprobe micromanipulators inside FIB. 
 

The isolated scale is then deposited on a substrate which can be either a TEM half grid 
or a used atom probe needle. The scale is then milled using FIB in order to obtain the required 
geometry of the cantilever. Figure 15 demonstrates the steps involved in preparing type 3 
microcantilevers (top-view).  
 

  
Figure 15: Steps for preparation of type 3 micro-cantilevers. (a) spalled oxide scale removed 
form metal substrate using Omniprobe needle, (b) Scale is soldered to a substrate with Pt, (c) 

FIB milling on the scale to prepare microcantilever. 
 

 
Figure 16: Type 3 cantilever soldered to a TEM half grid.  

 
The advantage of using this method is that the oxide layer is free of residual stresses. 

However, there are some concerns regarding this method. The stability of the soldered joint is 
unknown and needs further analysis. Even if a large amount of Pt is used in the soldering, 
discontinuities within can act as stress concentrations. Also, the solder material is not stable at 
high temperatures, which renders this method unsuitable for high temperature testing. Even if 
a thermally stable solder such as tungsten is used, the thermal mismatch between the solder, 
specimen and the support would lead to instabilities in the mechanical test. 

 
 A type 3 cantilever was manufactured from spalled scales in additional samples of exposed 

Allvac 718plus. It can be seen from figure 16 that there is a taper in thickness of the cantilever. 
This would lead to errors evaluation of properties such as fracture toughness and elastic 
modulus. The bottom layer needs to be milled carefully in order to make the geometry uniform. 
The TEM grid also needs to be modified in such a way that the FMS tip can access the 
microcantilever.  
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4. Type 4 – Alternate geometry for isolated oxide 

 
It was seen from type 2 microcantilevers that it is not possible to produce long cantilevers with 
isolated oxide scale due to the internal stresses present. So, an alternate geometry was designed 
by combining the type 1 and 2 microcantilevers. The oxide layer was isolated for a short 
distance near the fixed end (about 2.5 µm), while keeping the rest of the length of the cantilever 
attached to the substrate.  
 

 
Figure 17: Steps involved in making type 4 microcantilevers. (a) area around the cantilever is 
milled, (b) the oxide layer is isolated through successive milling of the metal substrate, (c) the 

cantilever is freed from the support as the final step.  
 

 
Figure 18: SEM image of a type 4 microcantilever with isolated oxide layer marked. Note that 
the oxide layer is not visible in the image due to the use of secondary electrons for imaging. 

  
Figure 17 shows the different steps involved in the making of type 4 micro-cantilevers.  

After milling a region similar to that for type 1, the metal is milled away step by step, until the 
oxide layer is reached (Figure 17(b)). The microcantilever is detached from the support as the 
last step (Figure 17(c)) so that it is stable for the whole of the previous milling steps. The result 
is a combination of advantages of two different types of cantilevers. The isolated part is the 
region of interest where the maximum bending takes place (Figure 18). This region is devoid 
of any residual stresses and free from substrate influence. The rest of the cantilever acts as a 
support to the oxide scale which would curl up without a substrate due to the residual stress. 
This method is easily extendable to high temperature tests as well. One drawback of this 
method, and indeed all methods with isolated oxide scales, is that only the topmost part of the 
oxide layer is in tension due to a steep stress gradient. Due to the advantages presented above, 
this type was chosen for the experiments conducted in this study. Since it is not a standard 
geometry, formula for displacement was derived by combining two standard cases (cantilever 
with point load, and moment). The detailed derivation is presented in the supplementary 
material of paper II.  
 
The total free end displacement is given by,  

𝛿] =
𝐹]^𝑔
𝐸_𝐼_

																																																																				(9) 

 
where Feq is the equivalent force (the force applied at free end which gives the same bending 
moment as an actual force applied away from the free end, see paper II for further details), E1 
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and I1 are the elastic modulus and area moment of inertia of the oxide layer, and g is the 
geometric factor given by the formula,  
 

𝑔 = 𝐿I𝜒 − 𝐿𝜒I +
𝜒W

3 																																																										(10) 
 
where L is the total length of the cantilever and c is the length of the isolated oxide layer. Since 
the displacement and the dimensions of the cantilever can be measured using SEM, this formula 
can be used for the calculation of elastic modulus. 

 
4.3.3 Testing procedure 
 
The different steps involved in the method have been described below:  
 

1. Sample preparation – The testing method entirely depends on the perfection of the 
specimens. The microcantilevers are prepared using focused ion-beam (FIB) milling 
which is described in detail in the FIB section. Once the sample preparation is done, it 
is mounted on an aluminum stub in such a way that the bending plane of the micro-
cantilever is horizontal. This is in order to enable a proper view of the micro-cantilever 
while bending through the SEM.  

 
2. Micromanipulator setup –  The previously described Kleindiek micromanipulator setup 

is used for the bending tests here. This is mounted on the SEM stage with the help of an 
adaptation plate which holds the specimen and the manipulator. This is in order to 
ensure that while the stage moves, the sample and the manipulator move together. The 
first step is to mount the setup with a calibration spring supplied by Kleindiek in order 
to find the force constant for the FMS. Then the spring is replaced by the sample. A 
schematic of the test setup is shown in Figure 21. 

 
3. Drift tests – Drift tests are conducted in order to measure the thermal drift in the SEM 

with the setup inside. A series of images are recorded at a frequency of 1 Hz and the 
image is focused on a unique mark in the field of view in order to measure the drift 
through image analysis. The images are recorded for a time period of 5 minutes and the 
drift rate is calculated after image processing. This test is performed again after a 
number of experiments in order to ensure that there is no rapid variation in the drift. 

 
4. Manipulator alignment – The microcantilever of interest is brought within the field of 

view and the micromanipulator is slowly brought near the cantilever. The loading point 
needs to be at the center of the width of the beam in order to ensure pure bending. 
Loading away from the center point can lead to twisting of the beam. In order to guide 
us to place the FMS tip at the required loading point, a line of platinum is deposited 
using FIB at the free end of the cantilever during preparation (Figure 19).  

 

 
Figure 19: Top and side views of the cantilever with Pt solder deposited at width center for 

guiding alignment.  



 26 

 
5. Elastic bending – A set of small displacement bending tests are performed so that the 

bending is within the elastic region of the oxide. This is to calculate the stiffness of the 
oxide layer. This is done both before and after large displacement tests as a way to 
ensure that there is no significant change in the stiffness. A change in stiffness indicate 
the presence of microcracks. As it is difficult to detect microcracks using SEM, this 
method is used instead. The force is recorded using a FMS software provided by 
Kleindiek. The displacement is measured with the help of SEM images recorded at the 
rate of 1 Hz.  

 
6. Large displacement tests – The elastic bending tests are followed by large displacement 

tests in which the micro-cantilever is bent as much as possible. In this case, the micro-
cantilever can either fracture or deform plastically. In the case of fracture, the loading 
is stopped at the point of fracture. In the case of plastic deformation, a set of large 
displacement tests are conducted at a slow loading and unloading rate.  

 
7. Post processing – In this step, the SEM images are used for extracting the displacement 

data. A MATLAB script is used to calculate the displacement from the images. This is 
then put together with the force data from FMS in order to obtain a force-displacement 
curve. To facilitate easy fit between the force and the displacement data, the data from 
FMS and the SEM is recorded over the same time.  

 
The whole process can be represented in the form a flowchart shown below:  
 

 
Figure 20: Flowchart chowing experimental procedure for micro-cantilever bending. 

 
 

 
Figure 21: Schematic of micromechanical test setup.  
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4.3.4 Sources of error 
 
There are a number of factors to take into account that can cause errors in the measurements 
due to the setup, the microscope or the specimen. Following is a list of the different sources of 
error possible with the current micromechanical setup.  
 

• Drift in SEM – It can occur due to various reasons such as contamination, grounding 
problems, loose specimens, etc. Since the displacement in this setup is measured with 
the help of SEM images, it is essential to take drift into account. This is especially 
important for the spring table setup. It can lead to wrong values of displacement (or 
force) if not accounted for. Therefore, the drift is checked in the SEM before and after 
the experiments in order to quantify and correct for it.  

 
• FMS calibration – As it has been mentioned before, the FMS is calibrated against a 

spring of known spring constant, by moving the spring to a distance of 1 µm using the 
FMS tip. The spring constant has an uncertainty of 10%, as reported by Kleindiek. The 
positioning of the tip at the end of the spring can affect the value of the voltage constant 
obtained. Therefore, the calibration was done multiple times to determine the spread in 
the values and it was found that there is about a 5% variation in the voltage constant 
obtained through the calibration.  

 
• Misalignment -  During the bending test, the FMS tip should be at the width center of 

the cantilever. If the tip is away from the center, it can lead to twisting of the cantilever 
in addition to bending. This results in error in force values and displacement as well. In 
order to aid the alignment of the tip, a fine line of Pt solder is deposited at the width 
center of the cantilever and the tip is placed on top of the line.  

 
• Geometrical uncertainties – The geometry of the cantilever is prepared using FIB, 

which can lead to uncertainties in dimensions, especially at the oxide-metal interface. 
In the calculation of the elastic modulus, it can be seen that the thickness of the oxide is 
present as a power of three. So, the milling as well as the measurement should be done 
accurately in order to prevent large errors in the calculations. 

 
• Horizontal force component - A point load applied to generate a large displacement will 

generate a force component in the x direction in addition to the applied force in y 
direction. This will affect the bending of the beam, for which a correction factor is 
required to correct the stress [71] given by,  

 

𝜎GD55 =
tan 𝜃
𝜃 𝜎																																																								(11) 

 
q is the deflection angle at the loading point and s is the uncorrected stress. In addition 
to this, another related effect was observed in the present case when the displacement 
became large, in particular during unloading. The sliding of the FMS tip along the top 
surface of the oxide during unloading induced what is thought to be a non-ideal bending 
of the FMS silicon cantilever. Consequently, the forces measured during unloading 
were lower than those measured during loading. This effect is a particular feature of the 
micromanipulator setup used. It occurs only at large displacements, and therefore does 
not affect the stiffness measurements. 
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• Compliance error - The model for the cantilever assumes fixed support. But in reality, 

the material near the fixed end of the cantilever is free to deform, leading to an error 
referred to as compliance error. This error is complex and cannot be handled 
analytically. So, the results are compared to FEM simulations and the correction factors 
are deduced. In the current study, FEM simulations were performed to compare the 
results in elastic modulus, showing that in the case of an idealized geometry the 
compliance error is around 6%, which is small compared to the expected uncertainties 
in geometry (see supplementary material in paper II for more details).   

 
• Manual errors – There is a possibility of manual errors in the case of image analysis 

where a MATLAB script is used to calculate displacement by selecting different points 
in the images. It is essential to quantify the variation in displacement/force values 
calculated through image analysis.  

 
 
 
4.4 Sample preparation  
 
Sample preparation is critical for any characterization method. In order to obtain results that 
are of good quality, it is essential to prepare the sample carefully. There is no general formula 
for sample preparation as it depends on the kind of analysis and the type of specimen. A recipe 
for a specific material is prepared through repeated trials. The different methods of sample 
preparation used in this work for various purposes have been listed below.  
 

• For SEM imaging and EBSD a metallographic preparation method was used. The 
specimens were mounted on a conductive thermosetting resin and polished in a 
metallographic polishing machine. The initial steps consist of grinding using silicon 
carbide papers with grit sizes from 400 to 4000 for two minutes in each step. This 
produces a mirror finish on the surface, but it consists of a damage layer of significant 
thickness. This is followed by polishing using diamond suspensions of 3, 1 and 0.25 
µm particles sizes for 15-20 minutes at each step. This reduces the thickness of the 
damage layer. As the final step, oxide suspension polishing is done using alumina or 
silica particles of 0.05 µm size. This step has a combined mechanical and chemical 
effect and aids in the removal of the plasticized damage layer. The result is an excellent 
surface which can be used for ECCI, EBSD and EDS without any modification.  

 
• For TEM, standard method for thin foil preparation in FIB was used [72].  

 
• For microcantilevers, the rough FIB milling was performed at 30 nA and the current 

was reduced in steps to a final polishing current of 100 pA in order to obtain a surface 
with minimum gallium damage. 

 
• For creating flat edges for preparation of microcantilevers, broad ion-beam (BIB) 

polishing was used at a voltage of 6.5 kV and 2.4 mA current for 6 hours.  
 
 
 
 
 



 29 

4.5 Furnace exposures 
 
Box shaped specimens of Allvac 718plus with approximate dimensions 15´15´4 mm was 
metallographically prepared up to 1 µm diamond suspension polishing. This ensures that the 
oxide scale thickness does not vary much due to surface roughness. The exposure was 
performed in an alumina tube furnace at a temperature of 700 °C for 100 hours. Dry oxygen 
was circulated through the tube at the rate of 250 ml/min. The uncertainty of temperature in the 
hot zone of the furnace was ±5 °C. The exposure generated an oxide layer of about 200 nm 
thickness. These thermally grown oxide layers are used in the micromechanical testing to 
analyze their fracture properties.  
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Chapter 5  
 
Results and outlook  
 
5.1 Summary of results  
 
Issues relating to oxidation induced failure have been studied in this work. The influence of 
dwell time in the high temperature crack growth of Alloy 718 welds was studied with the help 
of microscopy in the initial part of the work. This work (paper I in the thesis) was recently 
published in Materials Science and Engineering A. The latter part was focused on developing 
testing methods for measuring mechanical properties of surface oxide thin films. This part 
(paper II in the thesis) has been submitted to Scripta Materialia. The following sections will 
briefly describe the important results from both the parts. The reader is requested to refer to the 
appended papers for detailed results.  
 
5.1.1 Environmental influence in high temperature crack growth  
 
High temperature fatigue testing with pure cyclic and dwell times were performed on laser 
welded Alloy 718 sheets. Surface flaw type specimens were used for the testing. Two different 
temperatures of 550 and 650 °C were selected for the fatigue testing. The fatigue testing was 
performed at Swerea Kimab AB. The crack cross sections were analyzed with the help of SEM 
imaging and EBSD. ECCI was used for imaging of cracks in order to visualize the secondary 
phases and plastic deformation. The sample preparation was done through a modified 
metallographic preparation scheme by optimizing the parameters.  
  
 In the case of both cyclic and dwell fatigue, an increase in temperature from 550 to 650 
°C caused an increase in the crack growth rates. Another effect of temperature was that an 
increase in temperature led to an increased interaction of the crack with the microstructure. The 
crack growth mode changed from transgranular for 550 °C to mixed transgranular and 
intergranular for 650 °C, in the case of cyclic tests. A 15 minute dwell time caused the crack 
the grow in a mixed mode for both temperatures. In the case of dwell fatigue at 650 °C, it was 
noted from EBSD maps that the transgranular parts of the dwell crack followed he direction of 
growth of secondary dendrite arms. This implies that the combined effect of temperature and 
dwell time led to the environmental embrittlement of the intradendritic interfaces as well.  
  
 The examination of fracture surfaces of the dwell fatigue specimens revealed that the 
crack shape was not semi-circular and had different shapes for both 550 °C and 650 °C. This 
implies that the assumption of a semi-circular crack growth front is invalid for the calculation 
of stress intensity factor. Due to this, the crack growth data was only used for qualitative 
comparison in this work. Another interesting aspect of the crack growth was that, at higher 
temperature and with the application of a dwell time, the interaction of the crack with secondary 
phases (such as d) increased. This implies that post weld heat treatment to generate grain 
boundary precipitates might offer a possibility to increase the crack growth resistance of the 
material.  
 

This work provides an insight into how the environment influences the high temperature 
fatigue crack growth when a dwell time is applied in the case of a complex microstructure such 
as welds.  
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5.1.2 Measuring mechanical properties of oxide scales 
 
The second part of the work was focused on developing direct testing methods to measure the 
mechanical properties of thin and protective oxide films formed on superalloys. A 
microcantilever bending method was developed to measure the deformation and fracture of thin 
oxide films thermally grown on Allvac 718plus superalloy. A significant time was dedicated to 
the development of microcantilever geometry suitable for testing of very thin oxide films. A 
total of four types of cantilevers were proposed of which type 4 was chosen as the best for the 
purpose. Details on the different types of cantilevers and their merits and demerits has been 
explained in chapter 4. A Kleindiek micromanipulator setup placed in an SEM was used for the 
microcantilever bending experiments. The following results have been obtained based on the 
bending experiments conducted.  
 

• Thermal exposure of Allvac 718plus specimens at 700 °C for 100 hours in a dry oxygen 
environmental resulted in a composite oxide with an average thickness of 200 nm. The 
top layer consisted of a spinel followed by a Cr2O3 layer with small amounts of internal 
Al2O3 extending into the base material.  

 
• It is possible to test the deformation properties of thin oxides using a type 4 micro-

cantilever without the influence of substrate or residual stresses. Large displacement 
bending tests on the oxide layer confirmed the presence of room temperature plasticity. 
Due to the size of the scale, the probability of defects is less and therefore, permanent 
deformation without fracture is possible. Stiffness measurements from small 
displacement tests conducted before and after the main experiments confirm the absence 
of microcracks in the oxide layer.  

 
• An analytical model was developed for the type 4 cantilever based on a combination of 

standard cantilever models. The displacement formula enables the calculation of elastic 
modulus of the oxide, which was calculated as, Eeff=194–206 GPa. This value is close 
to the literature data for spinels.    

 
It has been shown through this work that direct measurement of mechanical properties of thin 
films such as protective oxide layers are possible and also that plastic deformation is possible 
at small scale in otherwise brittle oxide scales.  
 
5.2 Outlook  
 
The current work is aimed at understanding the deformation of oxides in superalloys. The initial 
part of the work provided an insight into how dwell time influences material degradation of 
superalloys at service temperatures. The method developed for testing of thin films has been 
shown to be effective in determining the fracture/deformation properties at small scales. Further 
examination is required in order to determine the behavior of the oxide scales under service 
conditions. This can be done through performing corresponding high temperature tests, which 
is possible with the use of the currently developed method. The future course that will be taken 
in the current work is mentioned below.  
 

• Extension of the current results to high temperature through performing high 
temperature bending tests for oxide scales on Allvac 718plus. The service behavior of 
these protective oxide scales is of interest, as they have been shown to influence the 
thermo-mechanical fatigue life of superalloys. 
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• The demerit of the micro-cantilever method, as pointed out in paper II was that only the 

top layer of the oxide is in tension. A tensile test method can be used to overcome the 
demerit. A preliminary geometry for a micro-cantilever has been developed in which 
the whole isolated oxide layer will be in tension. Experiments will be conducted to 
check the viability of the geometry and to measure tensile property of the oxide layer in 
Allvac 718plus.   

 
• Due to the complex nature of oxidation in superalloys, it is difficult to isolate the 

property of a specific oxide through the current testing method. Therefore, a simple 
system such as Cr2O3 grown on pure chromium will be tested for two aspects: Size 
dependent transition from brittle to ductile behavior; and fracture toughness of Cr2O3. 
The first part will involve bending tests of micro-cantilevers of type 4 geometry with 
various thicknesses of oxide. Both room temperature and high temperature behavior 
will be tested for comparison. The latter part involves notched bending tests of thick 
oxides in order to calculate fracture toughness.  

 
• Once an insight into the deformation behavior of surface oxide scales is obtained, the 

focus will be shifted towards the behavior of grain boundary oxides, which play a 
significant role in oxygen assisted fatigue crack propagation in superalloys. Micro-
cantilever testing can be applied to the testing of oxidized grain boundaries. This can 
provide details regarding their nature of cracking through in-situ SEM examination of 
fracture, and influence of misorientation of the grains of crack propagation through pre-
determination of the grain orientations through EBSD. 
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