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ABSTRACT 

Manufacturers of aeroengines are currently being confronted with service related 

degradation process such as fatigue, thermal fatigue, creep, hot corrosion, wear, 

corrosion-fatigue and fretting. These degradation modes are causing engine operational 

disruption, unscheduled maintenance burden, and costly components replacement. 

Degradation of components and systems is a continuous process that results in loss of 

function and performance when exposed to fluctuating loads and an adverse operating 

environment. Understanding of factors and drivers influencing premature degradation 

and early damage on critical aeroengine mechanical components is needed. 

As such, the purpose of the present research was to develop an understanding of the 

impact of manufacturing process and parameters used on the corrosion-fatigue life of an 

aeroengine turbine vane based on the past degradation information. Based on the service 

experience data, turbine vane cooling film holes shown to be life limiting feature, which 

are exposed to high cyclic stresses and temperatures in harsh environment. Therefore, 

understanding of fatigue life degradation of turbine vane cooling holes and impact of 

drilling method and environment provides an insight and knowledge for the changes in 

effusion cooling holes design and/or optimisation of drilling parameters. 

The research has been able to establish the effects of key laser drilling process 

parameters, such as the influence of peak power, pulse frequency and trepan speed on 

the recast layer thickness and surface cracks formation in a Ni-base CMSX-4 superalloy 

angled cooling holes. The results indicate that trepan speed and peak power had 

significant influence on the thickness of the recast layer and cracks formation around the 

sidewalls of cooling holes, both statistically and physically. The metallography 

examinations show that the recast layer has an altered morphology. Furthermore, 

elemental analysis and nano indentations measurements on the recast layer show that 

there is change in alloy chemistry and mechanical properties, respectively. Therefore, 

less resistant to fatigue crack initiation and corrosion than base alloy. 

The high temperature corrosion-fatigue of critical components and features such as laser 

drilled cooling holes has received very little attention. The occurrence of high 

temperature corrosion is associated with an accelerated oxidation and sulphidation 

assisted cracking, driven by salt and sulphur concentration. In high temperature 
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corrosion, formation of thick oxide scale and micro pits in the recast and alloy surface 

leads to potential early onset of fatigue crack initiation and accelerated crack advance 

on the pre-existing cracks. Therefore, impacting the life performance of laser drilled 

components. As such, research into interaction between laser drilling, recast layer 

thicknesses and high temperature corrosion-fatigue life has been undertaken. The 

representative laser drilled cooling holes specimens were tested in laboratory with 

different range of recast layer thickness and representative of service conditions. The 

corrosion-fatigue in CMSX-4 bare specimens found to give life debit between 20 to 25% 

from the air fatigue data. Corrosion-fatigue tests result show that laser drilled fatigue 

specimens provide a fatigue life debit between 30 to 40% from un-drilled specimens tested 

under similar conditions. The recast layer thickness had significant influence of the 

corrosion-fatigue strength degradation of cooling holes, particularly in crack nucleation. 

The role of environment was also significantly in both crack nucleation and short crack 

growth. 

The research work developed in this thesis contributes to the understanding of the role of 

laser drilling process parameters and recast layer thickness interaction and their effects 

on the corrosion-fatigue life and surface crack initiation in cooling holes, and how 

empirical methods can be used to extend the lives of turbine vane cooling film holes.  

    

Keywords: Degradation analysis, corrosion-fatigue, turbine vanes, CMSX-4, laser trepan 

drilling, cooling film holes, recast layer, and surface cracks. 
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1 INTRODUCTION 

This chapter introduces to research background and industrial context. It includes the 

importance of through-life engineering services in high-value aerospace mechanical 

components and underlying degradation mechanisms. In addition, the present chapter 

presents and discusses findings of aeroengines past service experience data mining 

conducted with industrial partners to define and postulate scope of the research. The 

chapter finishes with outlining the research aim, objectives and describes the structure of 

the present thesis. 

 

1.1 Background 

The present doctoral research is sponsored by the EPSRC Centre for Innovative 

Manufacturing in Through-Life Engineering Services (TES) at Cranfield University and 

Rolls-Royce Plc1 as an industrial partner. TES Centre focuses in developing engineering 

solutions and technologies to support UK manufacturers of high-value engineering 

products (TES, 2012). TES are "Those technical services that are necessary to guarantee 

the required and predictable performance of a complex engineering system throughout 

its expected life with optimum whole-life cost" (Roy et al., 2013).  

TES activities in aerospace sector are becoming crucial because of the increase in 

popularity of the availability-based contracts for high-value products and systems (such 

as aircraft engines). It addresses the needs of such high-value systems through its entire 

life cycle, from conceptual design all the way to end of life. TES through technologies 

and processes advances the industry capability to deliver high-value products and systems 

having improved design, availability, predictability and reliability with lowest life cycle 

cost.  

The present research is a flagship to the EPSRC TES Project 3 "Characterisation of in-

service component feedback for system design and manufacturing" (TES, 2011). The 

project 3 research covers some of the challenges in through-life engineering services. It 

 

1 Rolls-Royce (R-R) is a global company providing highly efficient integrated power and propulsion 
solutions for use in land, sea and in the air. It is one of the world’s leading producers of aero engines for 
large civil aircraft and corporate jets (Rolls-Royce, 2016). 
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includes the development of a technology demonstrator to semi-automatically capture 

different types of component degradation data from two different advanced inspection 

techniques; development of algorithms for prediction of remaining useful life based on 

past service experience; and to investigate the relationships between in-service 

component degradation and the manufacturing processes used based on past service data. 

Latter is the focus of the present research work. The outcomes from this project will be 

fed in the conceptual design of aeroengine components and are expected to have an 

impact on reducing the maintenance costs and improving the service performance by 

providing the needed information to optimise design and process parameters options to 

improve the integrity of critical mechanical components.  

Knowing the component and their critical design features failure mechanisms based on 

previous service experience and then associate them with respective manufacturing 

process becomes important to minimise the rate of deterioration2 process due to 

manufacturing. 

   

1.2 Research context 

At present, increasing competition from both emerging industrial economies and global 

market manufactures of high-value, products are now looking to build their revenues 

streams through services. Over half of the revenue in the aerospace sector is coming from 

TES related activities such as engineering support and services (Roy et al., 2013; Redding 

et al., 2015). In TES context, "the customer pays for a service or functionality rather than 

an asset, and does not think of products and service as separate" (Tasker, 2016). For 

companies like Rolls-Royce, who offers service contracts "power by the hour" (Smith, 

2013), maximising the services cost through the expected operational life of the engine 

while minimising the maintenance, repair and services cost becomes the main challenge.      

Over the past years, aircraft engine manufacturers are confronted with an increase of 

service costs associated with unexpected engine removals, caused by engine gas 

temperature (EGT) margin deterioration, life limited parts (LLP) replacement and 

component mechanical degradation (Meher-homji, Chaker and Motiwala, 2001). Latter 

 

2 Deterioration can be defined as a gradual decline, as in quality, serviceability, or vigor.   
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being the focus of the present research work. The component degradation typically arises 

from parts after being exposed to adverse operating conditions for a lengthy period, and/or 

in the presence of design errors or manufacturing defects. This could lead to component 

distress and crack in extreme conditions, component failure. Other causes of engine 

removal include high engine vibration, excessive engine oil consumption and foreign 

object damage (Eady, 2000).  

Fatigue, corrosion, wear, erosion and fretting are main contributors of aeroengine 

component degradation (Bagnall, Shaw and Mason-Flucke, 2000; Carter, 2005). These 

degradation mechanisms are causing engine operational disruption, unscheduled 

maintenance burden and costly components repair or replacement (Fernandes et al., 

2011). The chart in Figure 1-1 shows typical expenditure breakdown in percentage for 

aeroengine components maintenance, repair and overhaul (MRO) per operator. It shows 

that the aerofoils related components such as blades and vanes either from the compressor 

or from turbine hot section have significant large proportion of the total maintenance 

burden. Moreover, it has been reported that high cycle fatigue (HCF) is the largest cause 

of aeroengine component failures and have significant economic impact on the 

maintenance operations, after a review (Cowles, 1996).  

 

Figure 1-1. Typical aeroengine repair and overhaul component expenditure breakdown. 

Another study, reviewed the distribution of failure mechanisms in aeroengines 

components of a Dutch airliner. Fatigue, both thermal and mechanical was the most 

prominent damage mechanism by 47 % of total 61 cases reviewed (see Figure 1-2). 

Fatigue related thermal and mechanical degradation is the most significant problem and 

thus affecting the service life cycle of aeroengines. 
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Figure 1-2. Aeroengines damage mechanisms, adopted from (Kool et al., 2008).  

In engineering, degradation is defined as: "a loss of the relevant properties of materials 

which proceeds gradually due to exposure to in-service conditions" (Kurzydłowski et al., 

2007). Degradation also refers "to the process of deterioration of characteristics of an 

object with time, gradual decline in quality and/or breakdown of matter due to the impact 

of external forces in conformity with the laws of nature and time" (Roy et al., 2013). The 

word degradation is derived from Latin "degradatio", meaning reduction; other meaning 

is process of degrading or being degraded. After a thoroughly literature search, the author 

defined the degradation in components and systems as "a continuous process of 

deterioration that results in loss of intended function and desired performance, when 

exposed to in-service fluctuating loads and operating environment." 

The degradation in components and systems could lead to a failure state. In this case, the 

component or system can be considered to have failed if the performance declines to 

below the critical level, as it will no longer be able to perform the intended function. In 

aeroengines, physical hardware damage results in degraded component performance such 

as a change in efficiencies producing an increase in speed, temperatures, pressures, fuel 

consumption and power output. Moreover, the advance state of degradation above the 

critical level in components or systems could lead to catastrophic failure if improved 

inspection techniques and skills are not in place. 

Relevant examples from the aerospace industry have been taken to demonstrate the 

examples of catastrophic failure. The United Flight 232 crash at Sioux City on 1989 took 

more one hundred lives. The accident was caused by fatigue fracture that started on the 
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fan disk and subsequently released from an engine into the fuselage. The root cause was 

attributed to metallurgical defect located in a critical area of the fan disk, induced during 

the manufacture, and subsequently inappropriate inspection at overhaul and 

manufacturing stages (NTSB, 1989). Another example is the accident in Florida, United 

States, Delta Airlines Flight 1288 (NTSB, 1996). The root cause was attributed to 

metallurgical defect located in a critical area of the fan disk, induced during the 

manufacture and subsequently inappropriate inspection at overhaul and manufacturing 

stages. 

Moreover, it should mention that the aging of aeroengine and their components is an 

irreversible process and gradually reduce their performance, reliability and safety over 

the time. However, the rate of degradation can be influenced by intrinsic factors, external 

factors or a combination of both (Eady, 2000). The intrinsic factors are unavoidable and 

outside the control of the engine manufacturers. These factors include engine operational 

cycles and service operating environment. Whilst, the external factors include materials 

and manufacturing anomalies, assembly and maintenance errors, engine usage, and 

design flaws. These external factors are more in the control of the engine manufacturers, 

airline operators, and repair and overhaul service providers, but these factors cannot be 

avoided completely. This suggests that the manufacturing and design related degradation 

information could provide the opportunities for design changes for improving component 

reliability and availability. Geometry change, material changes, part deletion and 

manufacturing improvement are some of the design changes proposed by an aeroengine 

OEM (Jagtap and Johnson, 2011), based on degradation mechanisms. 

Understanding components failure modes while in production and in-service have 

received increasing interest from the aerospace OEM’s in the recent years. There are a 

number of studies available in the literature proposing the use of service data feedback to 

initial design functions (Jagtap and Johnson, 2010; McFarlane and Cuthbert, 2012; Sanya 

and Shehab, 2014; Masood et al., 2015), and in developing Life Cycle Cost (LCC) models 

based on degradation information (Fernandes et al., 2011; Zhao et al., 2011). The 

collected data enables the designers and reliability engineers to use the experience 

information for the decision-making process of a new design or manufacturing process 

generation; and assess better the risks, safety and through-life costs associated with 

critical engine components and systems. In most of the high-value and safety-critical 



Chapter 1. 

 Research context 

6 

aeroengine components, the understanding of degradation mechanisms and the 

consequences and risk of induced anomalies at manufacturing level is required (see 

Figure 1-3). This understanding enables to make effective decisions related to design 

changes and/or manufacturing process improvements that can make components more 

predictable. Therefore, a systematic and structured methodology is required for assessing 

the service and manufacturing process related degradation process of mechanical 

components based on past service historical data, ensuring the optimal levels of 

performance during its service operation and maintenance level. 

 

Figure 1-3: Process for effective systems/components design based on service degradation 

knowledge. 

 

 

1.3 Research Aim 

Based on the research context and industrial requirements, the aim of the research is to 

develop an understanding of the influences of the manufacturing process and 

parameters used on the fatigue life degradation of a critical aeroengine mechanical 

component based on past degradation information using experimental and analytical 

techniques to support the design and manufacturing functions.  

To accomplish the research aim, the following research questions are formulated: 

1. Is it possible to analyse service experience log data and past degradation information 

to improve critical component life cycle?  
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2. How current manufacturing methods and process parameters used influences fatigue 

strength degradation in critical component features? 

3. Is it possible to develop prediction model to correlate processing parameters, surface 

damage and fatigue life of critical component feature? 

 

1.4 Industrial context 

This section presents findings of service experience data mining study conducted within 

the collaborative industry to identify most critical aeroengine mechanical components 

and associated critical features affected by degradation mechanisms that have a direct 

impact on through-life performance and engine service availability. This industrial case 

study attempts to define the path of the research and answer the first research question. 

As such, the case study aimed to data capture and analyse past service experience to 

establish relationships between degradation mechanisms, critical components, critical 

design features and associated causal drivers. For the data capture a semantic data mining 

toolkit3 developed by Roll-Royce was applied to extract terms and concepts related to the 

service events and degradation mechanisms. The technique was used as a method for a 

fast and consistent data capture. Details of the steps carried out for the data capture are 

described and discussed in (Morar et al., 2013)  

The service experience event records captured  were part of a group of logging data, the 

first line of customer services in the collaborating company. These event records are 

known as RCI (Resolve Customer Issues), ERMS (Engine Record Management System) 

and SDM (Service Data Manager). The event records are logged from different areas of 

the business divisions, such as from on-wing support, repair workshops, customer 

services, engine development program, and online engine health monitoring support 

services. The reason for selection of the data sources above mentioned is due to type of 

records that contain mentions of entities such as occurrences of engine component issues, 

underlying component damage or failure information (Okho, C. Roy, R., Mehnen, J. and 

 

3 'Entity Recognition' Patent Application in: http://patents.justia.com/patent/20110320186 (Accessed on 
21/10/2016  
  

http://patents.justia.com/patent/20110320186
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Harrison, 2014). This information collected is based on civil aeroengines partly from a 

period of five years of service experience.  

A total of 23,743 log events were analysed considering the degradation mechanisms and 

underlying information. Figure 1-4 show distribution of events captured from each 

service experience database. In general, the analysis highlighted the aeroengines 

operational problems and a considerable number of degradation mechanisms were found 

on log data. A total of 112 degradation terms are available in the literature and ontology 

R-R database, but only 24% had major impact. These events have been breakdown into 

degradation mechanisms and related components, design features and operational and 

business impact. 

 
Figure 1-4. Breakdown of service experience records used in data analysis. 

In the first analysis, Pareto charts have been put forward and reviewed for top 10: 

degradation mechanisms, components most affected by degradation, life limiting 

component design features and effects of degradation in terms operational disruption and 

business. Figure 1-5 show the cumulative distribution of the degradation mechanisms for 

all the event cases reviewed. Regarding magnitude, crack term received the highest rate 

of hits. Nevertheless, others are known degradation mechanisms such as wear, blade 

release, corrosion, dents and fatigue are most critical symptoms of failure. Remaining 102 

mechanisms had a very low count regarding frequency but highlight the range of 

mechanisms susceptible to cause operational engine disruptions. Moreover, the term 

‘others’ stated in the events logs were broad in the sense that could cause a damage or 

crack. It not well defined in event logs review the exact type of degradation mechanism. 

In addition, seize, shuddering and fretting terms used could also indicate the component 

ERMS, 
30%

RCI, 56%

SDM, 14%

Engine Service Experience
Events DataBase
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is complete degraded or is beyond the allowable damage limits and it needs removal. 

There is a level of uncertainty related to these terms utilised in the service field when 

logging such critical events. 

 

Figure 1-5. Pareto of top 10 degradation mechanisms. 

  

Figure 1-6. Pareto of top 10 aeroengine components affected by degradation. 

Figure 1-6 shows the breakdown of components under the events logged. It indicates that 

top 5 aeroengine components affected by degradation problems are blade related 

components. These findings are similar to reported in TTL newsletter 2009 and (Cowles, 
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1996). This Pareto shows that more than 80 % of all cases concern the front engine fan 

blades are the most affected by the degradation regarding the magnitude of events 

reported. Besides fan blades, the following are 'usual suspects' such as hot section turbine 

components including HPT vanes, HPT blades, HPT discs and IPT blades. These findings 

are very revealing since fan blades are susceptible to damage from bird strikes and solid 

particles. While, hot section components suffer from hot gases contaminants, erosion, hot 

corrosion and thermo-mechanical fatigue, thus, more likely to deteriorate at a rate that is 

not predictable. 

 

Figure 1-7. Pareto of top 10 critical design features. 

Figure 1-7 show Pareto of underlying features of components that are limiting the life in 

service. The term feature used in this thesis describes the key locations in components 

defined by design engineers. For example, airfoil edges, platforms, shroud and cooling 

holes are key locations in a turbine blades and vanes. It can be seen from Figure 1.7 that 

the edges of the blade, platform and holes are the most critical design features influencing 

premature damage. Others including airfoil surfaces, shrouds and blade tips are also 

influencing component deterioration and engine performance. These findings suggest 

these features are susceptible to promote loss in turbine efficiency, increase the rate of 

deterioration in components and maintenance burden. Therefore, there is an essential 

need for understanding and identifying contributing factors that limit the lifetime of such 

critical features, particularly in the initial design stages.  



Chapter 1. 

 Research context 

11 

The second part of the analysis involved combination of critical components to 

degradation mechanisms relationship. It can be seen from Figure 1-8 that crack is most 

common degradation mechanism followed by fatigue in all five components. This 

information indicates that the all blades and vanes from hot-section part of the engine 

experienced thermal cracking and thermal fatigue (Eady, 2000), except for fan blades 

which are from cold section of the engine. Latter, fan blades are more susceptible to 

impact damage causing score, dents and mechanical fatigue (Carter, 2005). Moreover, 

when considering combination of degradation mechanisms to feature relationship under 

hot-section turbine components, it can be seen from Figure 1-9 that blade and vane 

features like airfoil surfaces, platform and holes suffer from cracks, wear and dents. These 

findings confirm the previous studies conducted on aeroengine components (Kool et al., 

2008). Further, it should mention that more than 209 design features were found in logged 

events to have links with degradation mechanisms, and some of these critical features are 

inevitable by design. Moreover, the event records analysed did not contain the root-cause 

analysis information, only provided information related to component symptoms and 

effects. The root cause failure and analysis information is further explored in the open 

literature and available industrial reports.   

 

Figure 1-8. Distribution of Top 5 component to degradation relationship. 
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Figure 1-9. Distribution of turbine features to degradation relationship under turbine 

components. 

The following remarks can be drawn based on the past service experience:   

1. The findings show a considerable number of different types of degradation 

mechanisms and life limiting critical design features associated with early 

component damage. The most common degradation mechanisms were crack, 

dents, fatigue and wear based on the service experience data.  

2. Most the events recorded under degradation information had edge sections of the 

blade, platform and holes as the top most critical and life limiting design features.  

3. The most critical components affected by degradation are airfoil related 

components, such as fan blade, high pressure turbine vanes and blades, not 

ignoring the safety critical HPT disc.  

4. The study also confirms that there is a lack of structured service degradation and 

underlying contributing factors and causal information re-used to initial stages of 

the design.  

1.4.1 Remarks 

Based on the service experience information and Pareto analysis the research focused on 

HPT NGV instead of Fan Blade as a component of interest, since latter has been focus of 

research by Oxford and Swansea University, R-R UTC. The choice of HPT NGVs and 
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cooling film as feature of interest were based on the industrial requirements and driven 

by past service experience information. HPT NGVs are exposed to high cyclic stresses 

and high temperatures in a very adverse environment. As such, cooling film holes are 

highly stressed and susceptible to early cracking under such conditions.  

Past studies have reported early cracking of cooling holes and linked to metallurgical 

residues produced by manufacturing (Neidel et al., 2005) and service induced damaged 

by blockage and leading to thermal cracking and burns(Walsh, Thole and Joe, 2006). 

Moreover, based on the service log data, significant cracking at short lives has been 

reported on HPT NGV cooling holes both at leading and trailing edges location. 

Metallurgical and fractography analysis reports that cracks nucleated from surface drilled 

holes and occasionally from the substrate/coating interfaces around the hole perimeter. In 

addition, in some cases it has shown some traces of corrosive traces, such as sodium 

sulphate, sulphate oxides and oxidised layers suggesting occurrence of oxidation and 

sulphidation assisted cracking. 

Therefore, this research focus in establishing relationship between laser drilling 

parameters, metallurgical residues and corrosion-fatigue life for turbine vane cooling 

holes.  

 

1.5 Research objectives 

Based on the research focus defined in previous section and area of research, following 

objectives are drawn to achieve the research aim: 

1. Characterise metallurgical alterations observed in cooling holes produced by laser 

drilling, and quantify such residues using existing analytical methods. This enables 

better understanding of the nature of metallurgical residues produced by laser drilling 

operations in terms of microstructure, alloy chemistry and properties to the base alloy. 

2. Determine how the current key parameters of pulsed Nd:YAG laser drilling influence 

the metallurgical residues, such as recast layer and surface crack formation.   
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3. Investigate the effects of different recast layer thickness on high temperature fatigue 

life of laser drilled cooling holes. The lifing data generated allows to understand the 

potential impact of such layers on performance of turbine vane cooling holes.  

4. Perform metallography of fractured surfaces to better understand degradation 

behaviour around cooling holes perimeter, and investigate the influence of recast layer 

and environment on the crack nucleation and crack growth.   

5. Develop a general lifing empirical model considering metallurgical damage produced 

by a drilling method. The model enables to provide lifing data and knowledge for the 

optimisation of cooling holes design and manufacturing process parameters. 

 

1.6 Organisation of the thesis  

The thesis consists of nine chapters and four appendices. Figure 1-10 outlines the flow 

chart on the research work to achieve the thesis aim. Chapter 1 introduces the research 

background and through-life engineering service context. The research aim is defined and 

research questions are postulated. The chapter discusses findings of aeroengines past 

service experience data capture to define the research scope. Furthermore, outlines the 

research objectives and thesis structure.  

Chapter 2 provides initially an overview of degradation mechanisms and cause of failures 

in aeroengine components, fatigue life assessment methods, corrosion-fatigue and laser 

drilling methods for aerospace components. Secondly, the state-of-the-art in literature 

review on the following subjects: laser drilling in nickel-based superalloys, fatigue life of 

cooling holes and fatigue life in CMSX-4 superalloys. The chapter ends with outlining 

the knowledge gaps. 

Chapter 3 describes the research methodology, detailing the experiments, testing, 

modelling and sequence of sample preparations. It includes, the analytical methods used 

in the research, such as SEM, TEM, EDS and EBDS. In addition, details of material, 

specimen’s layout, design of experiments, statistical modelling, finite element analysis, 

testing conditions and test matrix are described in this chapter.  

Chapter 4 characterises the surface morphology of laser drilled surfaces using analytical 

microscopy techniques. The microstructure and crystallographic structure of the recast 
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layer are examined. In addition, elemental analysis and nano indentations tests on the 

recast layer to the base alloy are discussed.  

 

Figure 1-10. Organisation of the thesis. 

Chapter 5 discusses the effects of laser trepanning drilling process parameters on the 

recast layer thickness and surface crack formation in CMSX-4 superalloy angled cooling 

holes. The process parameters are characterised using Taguchi method and statistical 
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analysis of variance to determine the significance of key process parameters tested. In 

addition, the chapter discusses the effects of each parameter on the recast layer thickness 

and surface cracks formed during the laser drilling.  

Chapter 6 evaluates the influence of different recast layer thickness and their effects on 

corrosion-fatigue performance at different laser trepan drilling conditions. The chapter 

discusses the tests results and analyse the effect of trepan speeds on the fatigue life 

performance.  

Chapter 7 discusses the results of metallography analysis conducted on the fracture facets. 

Analytical SEM and EDS. The fracture facet surfaces and sites of crack initiation are 

examined. Further, elements maps are presented to provide evidences of corrosion 

compounds and environmental influence on the surface degradation, including: protective 

scale rupture, de-alloying, corrosion compounds around the crack nucleation, crack tip 

and crack growth in failed specimens. 

Chapter 8 proposes an empirical model to predict residual life of a critical machined 

feature based on the experimental and lifing data generated. The chapter closes with 

testing and statistical validation of the model. 

Chapter 9 discusses the thesis concluding remarks, starting with research limitation and 

contribution to knowledge. In addition, the future research work is identified and outlined. 

The appendices A-D are at the end of the thesis, providing the experimental data and 

images used in the research work. 
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2 LITERATURE REVIEW 

This section provides a summary of the reviewed literature and current state-of-the-art 

work for the present research. It is structured in five sections. First, a brief description of 

working principle of aeroengine and its main modules are given, followed by an overview 

of degradation mechanisms experienced by main aeroengine components. Second, a 

literature survey of common causes of aeroengine components failure and damage. Third, 

laser drilling working principles and key process parameters are reviewed. In addition, 

review of past studies in laser drilling of nickel based superalloys. Fourth, reviews the 

fatigue life methods used for aeroengine mechanical components assessment, and 

followed by a current state-of-the-art review of fatigue life in CMSX-4 nickel-based 

superalloys and fatigue life in cooling holes. Finally, the last section discusses the 

knowledge gaps and potential contribution to knowledge. 

 

2.1 Degradation mechanisms in aeroengines 

This section provides an overview of failure/degradation mechanisms in aeroengines, and 

outlines the critical engine sections and components that have the most impact on the 

engine failure, service and maintenance burden.  

2.1.1 Aeroengine  

Sir Frank Whittle introduced the aeroengine, also known as a jet engine and aircraft gas 

turbine engine in 1941. There are several different types of aeroengines and their 

evolution is described in detail, from military to modern civil engines in (Gunston, 2007). 

The main function of an aeroengine is to provide the necessary thrust and electrical power 

to the aircraft. The aeroengine consists of two main sections, namely the cold section and 

the hot section. The former consists of a Fan and Low Pressure Compressor (LPC) 

Module. The Fan/LPC assembly contains rotary blades, a disk, inlet guide vanes and 

compressor casing. The fan blades are generally made of titanium or high strength 

composites, or both depending on the aeroengine model. The LPC module is typically 

made of titanium. 

The hot section of the engine consists of High Pressure Compressor (HPC), the 

Combustor, High Pressure Turbine (HPT) and Low Pressure Turbine (LPT) Modules. 
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The HPC contains series of rotor blades and stator vanes assemblies and is generally made 

of titanium due to resistance to high temperatures up to 650 oC and light-weight 

characteristics. The Combustor assembly consists of multiple annular chambers, fuel 

nozzles, inner and outer casings. The Combustor main function is to create thermal energy 

through adding fuel to the compressed air. The Combustor main components are typically 

made of cast nickel-based superalloys and coated in the ceramic material. The HPT and 

LPT modules consist of rotor blades and nozzle guide vanes assemblies. HPT modules 

due to the exposure of high temperatures are made of nickel-based superalloys coated 

with a ceramic thermal barrier (TBC) coating and internal and external cooling channels. 

Further, it should be mentioned that the Fan, the Compressor and the Turbine along with 

Accessory Gearbox assembly are driven by different shafts, conventional twin spool or 

tripe spool engine design/model. These are generally made of carbon-nitride solution steel 

with anti-corrosion film coating. In Figure 2-1, the Rolls-Royce aeroengine Trent 900 is 

shown, and the working principle of an aeroengine is as follow: 

 

Figure 2-1. Schematic of a cutaway triple-spool aeroengine design model (Rolls-Royce 

courtesy).  

1. Air inlet: The free stream air is extracted by the engine inlet Fan/LPC. One 

fraction of the airflow bypasses around the core engine providing thrust to engine. 

The Fan can generate 50%-90% of the total engine thrust depending on the bypass 
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ratio4 on the engine model. Other fraction of airflow is downstream to the core 

engine. 

2. Compressor: The downstream airflow is introduced to the IPC and HPC where it 

is fully compressed, heated up and directed to the combustor chambers through 

different stages of compressor assemblies. 

3. Combustor: Within the combustor chamber, the hot compressed air is mixed with 

chamber fuel and is ignited, so that the thermal energy generated exits fully 

expanded and with high force to the Turbine section. 

4. Turbine: The HPT, IPT and LPT modules extracts the thermal energy from the 

combustor hot gases into kinetic energy for driving the fan, compressor and 

turbine rotor assemblies and along with accessory gearbox through different 

shafts. Finally, hot gases exit through engine exit nozzle providing also some 

thrust to the engine.  

Moreover, the fan, compressor and turbine rotary assemblies are mounted to different 

shafts, depending on the engine model. In addition, shafts convert the mechanical energy 

from the turbines kinetic into electrical energy through a generator for the aircraft. For 

detailed knowledge, there is a considerable literature available on the fundamentals and 

design of aircraft jet engines (Rolls-Royce, 2005; Boyce, 2012; Soares, 2015) and 

performance (Walsh and Fletcher, 2004; Kurz, 2005). 

2.1.2 Degradation mechanisms  

Aeroengines are considered highly reliable and service failures are low and rare. 

However, during overhaul, there is a high rate of component rejections as these show 

evidence and symptoms of initial stages of failure (Carter, 2005). This is due to the rigid 

inspection regimes used on engines and rigorous criteria applied during component 

inspections (Harper, 2009). At this stage components are sanctioned from services either 

by removal or by repairable, preventing service failures. The most predominant rejected 

components during maintenance are aerofoil-based components, both from the 

compressor and turbine hot sections, as previously mentioned (see Figure 1-2). The most 

 

4 Bypass ratio is the ratio of airflow that travels around the core engine over the airflow that travels through 
the core engine.  
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common degradation and failure mechanisms experienced by aeroengines have been 

presented in this section (see Figure 2-2), and described as follows: 

 

Figure 2-2. Pictorial overview of degradation mechanisms in aeroengine components.  

 

 Fatigue5 failure is a general term given to the sudden and catastrophic separation 

of a machine part into two or more pieces as a result of the application of 

fluctuating loads or deformations over a period of time (Craig, 2005a). Failure 

takes place by the initiation and propagation of a crack until it becomes unstable 

and propagates suddenly to failure. The loads and deformations that typically 

cause failure by fatigue are far below the static failure levels. The key fatigue 

drivers are mean stress, operating speed, temperature, corrosion, metallurgical 

defects and residual stresses (Eady, 2000). 

 

5 As defined by ASTM, fatigue is: 
 "The process of progressive localized permanent structural changes occurring in a material subjected to 
conditions that produce fluctuating stresses at some point or points and that may culminate in cracks or 
complete fracture after a sufficient number of fluctuations." 
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 High cycle fatigue (HCF) results from repetitive loading or fluctuating stresses 

that can result in the formation of cracks and failure. High cycle fatigue in turbine 

engines is typically associated with low amplitude vibratory stresses, and 

aerodynamic excitation or flutter (Meher-Homji and Gabriles, 1998). The 

deformation will occur in elastic mode once the component has undergone to 

many cycles greater than 107 and the stress levels are above the fatigue strength 

of the base metal. Further, the temperature gradients, high operating speeds, 

intrinsic defects, residual stresses, and corrosive environment are among the key 

drivers that strongly affect the fatigue strength reduction (Eady, 2000). The critical 

components affected by HCF includes compressor and hot section turbine blades 

(Carter, 2005).  

 Low cycle fatigue (LCF) is the most significant and critical degradation 

mechanism in materials (metallic or non-metallic), when it superimposes the 

HCF. In LCF, cyclic loads are relatively high, strain cycles are limited to the 

plastic deformation and low numbers of cycles to failure are exhibited, confined 

to 101 to 105 cycles. In aeroengines, the LCF is associated with the engine throttle 

movements (Rao, Kumar and Prasad, 2014) and potential intrinsic metallurgical 

defects (Eady, 2000). Moreover, large number of throttle movement results in 

variation in rotational speed, pressure oscillations, and temperature gradient 

within the components. This, in turn, could limit the life of component by 10,000 

hours or even less (Rao, Kumar and Prasad, 2014). The LCF is predominant in 

rotating blades and disks from the last stages of compressor and turbine sections, 

particularly on the bores, cooling holes, and bolt/pin hole locations, where 

centrifugal and thermal loads are more dominant (Meher-Homji and Gabriles, 

1998). 

 Thermal-mechanical fatigue (TMF) and thermal fatigue (TF) results from 

high transient or steady state temperature gradients induced in the hot section 

components (Eady, 2000). This results in intensive differential thermal expansion 

of the base material. Therefore, the localised high stress-strain levels can cause 

the formation of cracks and propagate under mechanical loads. If the stress in a 

component develops without mechanical load, the term thermal fatigue (TF) is 

then considered.  Both, TMF and TF damages are associated with thermal 
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stresses-strains related to turbine engine start-up and shutdown cycles and rapid 

throttle movements (Meher-Homji and Gabriles, 1998). 

 Creep can be defined as a time-dependent deformation of a material under an 

applied stress at an increasing temperature (Craig, 2005a). Creep damage in 

aeroengine components results from the long-term exposure to high stress bellow 

the yield strength of the base material, and at a temperature above 0.4 of the 

material melting temperature. The deformation is primarily inelastic and rate of 

deformation always increases with stress and temperature combination rise. This 

mechanism affects the hot section blade and vane aerofoil mid span region and 

disk rims of turbine and as well as the final stages of the compressor (Eady, 2000). 

An example of an excessive creep deformation can be found on aerofoil tip surface 

eroding the axial working clearances, resulting in creep cracking or rupture. Creep 

failures are characterised by bulging or blistering in the aerofoil trailing edge of a 

high pressure nozzle guide vane; intergranular voids, grain-boundary sliding and 

cracks in the microstructure of the base alloy (Meher-Homji and Gabriles, 1998). 

 Creep-fatigue is a combination of creep and fatigue damage that can arise from 

thermal transients, extended operating times, residual stresses, or environmental 

attack. These factors contribute rise in accelerated creep deformation in 

combination with the fatigue phenomena (Eady, 2000). 

 Erosion is the cumulative damage that results from airborne solid particles 

ingested into the engine, and removes component surface material from the flow 

path by abrasion. Source of ingested particles vary from small to large solid 

particles, from the ground as well from the environment such as sand, hail, 

volcanic ashes, dust and airborne pollutants (Eady, 2000). This results in slight 

changes in the shape and increase of surface roughness component and will affect 

in loss of performance and mechanical strength of the component. Erosion is most 

frequent on the aerofoil pressure side of the compressor and turbine section, as it 

also reduces the blade tip and leading edge, causing reduction in blade chord 

width. This has an impact on the blade aerodynamics and pressure losses, leading 

to blade stall or engine surge (Meher-Homji and Gabriles, 1998).  
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 Hot Gas Erosion occurs in the hot-end section components, such as in first stage 

nozzle segments, inner platform location. Hot gas erosion results from the hot 

gases and fuel contaminants in the flow path, which in contact with the blade or 

vane surface causes erosion damage. This type of degradation is associated with 

inappropriate cooling or a drop in cooling air film effectiveness (Meher-Homji 

and Gabriles, 1998).   

 Corrosion is the deterioration of a metal surface due to chemical reaction with 

the surrounding environment, typically the metal reacts with oxygen and other 

corrosive products (Craig, 2006). In aeroengines, corrosion mechanism results 

from inlet moist air and airborne contaminants, as well as from the aggressive fuel 

combustion impurities. Corrosion damage can occur in the form of crevice 

corrosion or pitting corrosion. Crevice corrosion occurs when aggressive 

contaminants are deposited on the component surface, mostly in the attachment 

areas acting as abrasives and increasing its clearance. Pitting corrosion is 

frequently developed from airborne salts and surrounding contaminants, which 

act as crack causing a reduction in fatigue strength. Both are irreversible 

degradation process and can lead to a premature LCF failure (Eady, 2000).  

 Sulphidation is another form of corrosion, predominant in the hot section turbine 

blades and vanes (Meher-Homji and Gabriles, 1998).  This type of corrosion 

results from the reaction from the surrounding contaminants such as sulphur, 

sodium chloride, or chlorine with an oxide scale. This causes formation of liquid 

sodium sulphate droplets (Rao, Kumar and Prasad, 2014). It is the main cause of 

deterioration in the protective oxide scale/layer and attacking the base alloy, thus, 

leading to a failure. Sulphidation is critical when is found on the blade root and 

shroud area, or along the leading edge, causing cooling hole blockage and 

changing the surface profile and interfering with the heat transfer leading to 

thermal fatigue (Meher-Homji and Gabriles, 1998).  

 High Temperature Oxidation is also metal surface loss due chemical reaction 

between the metal/alloy surfaces and surrounding oxygen in the environment 

(Kurz, 2005). It occurs when alloys are exposed to temperatures above 538°C, 

resulting in the protective oxide scales. The oxide scale can be detrimental if the 
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oxidation continues at a rate that results in a thicker scale and hence spallation or 

rupture occurs. This consequently leads to reduction of high temperature corrosion 

and fatigue resistance of the base metal. Typical example is the degradation of 

thermal barrier coating6 (TBC) cracking and spalling. High temperature oxidation 

also can occur in the inner surface of the turbine blade cooling channels and result 

in blade fracture. Currently there are coatings available to overcome this effect 

and can be applied both on the blade surface and internal cooling holes (Meher-

Homji and Gabriles, 1998).  

 Hot Corrosion results from a combination of oxidation and sulphidation. It has 

the detrimental effect on the coatings and the base metal deterioration (Eady, 

2000). Two categories of hot corrosion have been identified based on the range of 

temperatures at which they occur. Type I (high temperature) hot corrosion occurs 

at temperatures between 825°C to 950°C and is characterised by a denuded zone 

along with intergranular cracks and sulphide spikes. Type II (low temperature) hot 

corrosion results from 600°C and 750°C and exhibits a layered type corrosion 

scale. Both are detrimental to internal and external surfaces for hot section turbine 

blades and vanes (Meher-Homji and Gabriles, 1998) 

 Fretting and Galling damage results from relative motion between the surfaces 

that are close-fitted in contact. These types of surface damage create small cracks 

due to trapped debris produced between the surfaces, which in turn crack 

propagates under fatigue cyclic loading. This type of damage is known as a 

fretting-fatigue mechanism. Fretting affects blade and disk attachments, joints, 

bolted areas, and riveted or press fitted locations. Galling is frequently found in 

bearings, induces deep grooves, and tends to reduce LCF. While fretting induces 

low grooves and tends to reduce HCF (Eady, 2000)  

 Wear results from the movements of two contacting components due to thermal 

expansion of the base metal, which leads to rubbing contact and then to adhesive 

or abrasive wear (Craig, 2005b). This is typically found in blade tip-shroud region, 

 

6 TBCs are complex, multifunctional insulating thick films typically 100 μm to 2 mm thick of a refractory 
material yttria-stabilized zirconia (YSZ) that protect the metal part from the extreme temperatures in the 
gas temperatures above their melting points (Clarke and Phillpot, 2005). 
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and on abradable seals. Temperature is the main factor for the rate of wear in a 

turbine engine, since the slight increase in operating temperature has negative 

impact on the relative hardness of contacting materials, the contacting force and 

lubrication (Eady, 2000).  

 Fouling occurs due to contaminants adhering to aerofoils and annulus surfaces, 

causing changes in the blade geometry and increase of surface roughness. Fouling 

reduces the mass flow rare, power output, and drop in efficiency, thus increasing 

the fuel consumption and rise in turbine inlet temperature. This type of 

degradation can accelerate both fatigue and creep, and can be found in compressor 

and turbine blades. Example in turbine blade and vanes, contaminants may plug 

into the cooling holes, causing fracture due to overheating. Filtration and regular 

offline washing or in combination with online washing mitigates the effects of 

fouling at some extent (Meher-Homji and Gabriles, 1998) 

 Foreign Object Damage (FOD) results from the ingestion of large solid particles 

into the engine inlet flow path, such as birds, stones, gravels or even broken ice 

formed in the engine inlet (Carter, 2005). FOD is common in fan and compressor 

blades, especially at the sharp leading edges. FOD can induce small dents, nicks 

or v-notch type defects, which in turn, will act as stress risers and susceptible to 

crack initiation. The damage caused by FOD also promotes mechanical 

imbalance, aerodynamic excitation, material loss, and release of small fragments 

into downstream components (Eady, 2000). 

Despite many studies and reports available in the open literature, there is still a lack of 

understanding of compound degradation such as environmentally assisted corrosion-

fatigue and stress corrosion cracking in high-performance materials and design features 

for critical aeroengine components. Moreover, degradation mechanisms above mentioned 

have a detrimental impact on the mechanical integrity of the safety-critical aeroengine 

components leading to a gradual degradation of mechanical properties and loss of 

performance, hence intended functionality. As such, this research has attempted to review 

and identify the degradation mechanisms and related casual links to life limiting features 

of critical components.      
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2.2 Cause of failures in aeroengines 

There has been an increase in a number of occurrences of failures in mechanical 

components, particularly in the aviation industry (ATSB, 2014). Much of the reports 

published by the engine OEM’s and airline operators have only provided the symptoms 

of failure, such as oil leakage, in-flight-shut-down, abnormal engine indications, high 

EGT margin, etc. Therefore, it becomes important to understand the underlying cause of 

failure mechanisms. There are many causes for the occurrence of such failures in 

mechanical components. The most common underlying cause of failures are as follows: 

service operating related damage; design related flaws; manufacturing related anomalies; 

assembly related errors; and improper maintenance and repairs (Shipley R 2002 pp 79-

217). 

The following sub-sections reviews the underlying causes of failures which are mainly 

responsible for the aeroengine compressor and turbine section components. The literature 

survey used the open literature of reported cases that have contributed to the analysis of 

failures of aeroengine blades, vanes and discs. 

 

2.2.1 Service related failures 

Damages arising during service in aeroengines may result from operating engine 

conditions and/or service environment (Carter, 2005), such as aerodynamic excitations, 

combustion instabilities, mechanical vibrations, rotor imbalance (Cowles, 1996), hot 

corrosion (Eliaz, Shemesh and Latanision, 2002a), and foreign object damage (Chen, 

2005). The root cause of failure of an LP turbine blade by thermal-mechanical fatigue in 

a low bypass turbofan engine was analysed (Mishra, Johney, et al., 2014). Forensic and 

metallurgical investigations results revealed that the blade surface experienced heavy 

oxidation, making it weak, more brittle, and prone to crack initiation. High thermal cyclic 

loading and high mechanical stresses due to high throttle excursion contributed to blade 

failure. Furthermore, affected overheating, burns and erosion in HP nozzle guide vanes 

(see Figure 2-3).  
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Figure 2-3. Photograph of thermal cracking and overheating in nozzle guide vanes 

(Mishra, Johney, et al., 2014). 

Another case, on a root cause analysis of fractured J85 aeroengine turbine blades revealed 

that excessive and long term exposure of turbine blade to high temperature could led to 

blade discoloration, intergranular cracking, necking and creep rupture at blade tips (Kim 

et al., 2008), as shown in Figure 2-3. The overheating effect on the blade surface led to 

coating peeled-off and direct exposure of the base alloy to a high temperature creep 

rupture.  

 

Figure 2-4. Photograph displaying discolorations in blades surfaces due to thermal and 

corrosion effect (Kim et al., 2008). 

The interaction of both creep and fatigue mechanisms is the other main cause of failure 

in compressors and turbines blades of aeroengines (Infante et al., 2009). Creep damage 

is a high temperature and time dependent mechanism which results from microstructural 

changes in the alloy leading to a continuous reduction in the strength of the material 
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during service mainly due formation of intergranular voids and subsequent cracking 

(Sklenicka, 1996) and grain boundary sliding (Salam, Tauqir and Khan, 2002).  

The failure by creep-fatigue of HP turbine blade in an aeroengine was investigated by 

metallurgical and stress analysis of the failed blade (Sugianto et al., 2014). The authors 

found that the blades experienced internal cooling hole cracks in different aerofoil 

sections assisted by a coating and base alloy degradation due to operation at high 

temperature. The coating degraded due to high temperature oxidation causing loss of 

aluminium and coating spalling, resulting in alloy exposure to high temperature. Latter 

decreased the alloy ductility and toughness facilitated by grain boundary brittleness 

caused by the formation of a continuous film of carbides on grain boundaries, the 

degradation of gamma prime due to elongation (rafting) and coalescence, and high 

thermo-mechanical stress level.  

During service, the HP turbine blades suffer also from increasing cracks from blade tip-

shroud rub after hundreds of hours of service. This significantly affects the whole engine 

function, it increases EGT and, thus, engine efficiency and the safety of the aircraft. 

Another investigation on a premature HPT blade tip cracking found that a combination 

of mechanical stresses and environmental assisted hot corrosion caused cracking and 

failure of the blade (Xie et al., 2006). Further, lack of coating of both oxidation-resistance 

and abrasion-resistance at blade squealer tip also contributed to the problem. This study 

suggests that having effective coating surrounding critical locations of the blades and re-

applying coating during refurbishment could prevent failures.  

However, coatings do spall during service, when exposed to high thermal stresses and 

vibrations (Nissley, 1997). Spalling of TBC’s in HP turbine blades is also life-limiting 

feature. These coatings are applied to insulate the base alloy of first stage HP turbine 

blades from the hot gas environment (Clarke and Phillpot, 2005). The underlying cause 

of spalling of TBC is also attributed to the formation of a thermal growth oxide layer and 

thermal stresses from engine starts/stops (Lowden et al., 2009).  
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Figure 2-5. Photograph and micrographs displaying the TBC coating degradation 

adjacent to a spalled region (Lowden et al., 2009). 

A case of failure of a platinum aluminide coated LP turbine blade of an aeroengine, 

revealed that excessive vibration in the engine can also cause cracking in the brittle 

platinum aluminide coating layer due to excessive bending of blades (Bhaumik et al., 

2006). The authors found that the cracks acted as stress raisers and subsequently 

propagated to base alloy resulting in failure by HCF. Also, a fractography study revealed 

that the failure of the aeroengine compressor disk was fractured by HCF mechanism due 

to increased stress/vibration on the compressor disk as a result of changes in the engine 

behaviour (Suresh et al., 2013).  

Aeroengines can be subject to ingestion of small or large hard particles, including sand 

particles or birds. Civil and military aircrafts are known to be vulnerable to bird strike 

near to airfields during take-off, approximately 90 % of the bird strikes on civil aircraft 

and 54 % of those to military aircraft (Neubauer, 1990). This is because military jet 

engines are particularly vulnerable during the take-off when the engine is at a very high 

speed and the aircraft is at a low altitude where large group of birds are commonly found 

flying. Another reason is that majority of the military fields are near coastal area where 

there is a natural habitat for some of sea birds. Thus, increasing the higher probability of 

bird-strike impact.  Depending on the severity of the impact and weight of the bird, high 

speed impact can cause considerable damage and even catastrophic failure to the aircraft 

(Mishra, Ahmed and Srinivasan, 2013). 

Compressor blades are also affected by the impact of small debris inducing nicking in 

form of sharp V notches in the leading edges of the blades, which, in turn, will act as 

stress raisers susceptible to crack initiation (Nowell, Dini and Duó, 2003). An example 

of such cases is reported on a fracture analysis of two aeroengine compressor blades, 
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which identified the impact of debris as a source of crack initiation causing pits on the 

blades surface and subsequently propagated under HCF mechanism (Silveira, Atxaga and 

Irisarri, 2008; Infante et al., 2009).  

  

Figure 2-6. Photographs showing a) LP compressor blade distortion due to bird strike, 

and b) LP turbine blades damage due to over-heating and creep effect  (Mishra, Ahmed 

and Srinivasan, 2013). 

On the other hand, turbine blades and vanes experienced domestic object damage (DOD) 

which could lead to the failure or decrease engine performance. This type of damage 

arises from a dislodged debris or component from another location of the engine (Suresh, 

1998). Table 2-1 summarises the service-induced damages on aeroengine blades and 

vanes based on the reviewed literature. Lastly, it should be mentioned that in all service 

related failure cases highlighted the need for an increase in on-wing inspections, periodic 

baroscopic checks and effective coating solutions.  

Table 2-1: Summary of service induced damage drivers. 

Service factors Causal drivers Mechanisms  

Operation 

environment 

High temperature, fuel and air 

contaminants, solid particles  

Thermal fatigue, Creep, Hot 

Corrosion, Oxidation, Erosion, 

FOD 

High 

mechanical 

stresses 

Centrifugal load, vibrational and flexural 

stresses, stall/surge, rotational speed, 

etc. 

Thermal-mechanical Fatigue, 

High Cycle Fatigue, Low Cycle 

Fatigue, Fretting-Fatigue  

High thermal 

stresses 

Thermal gradients, high thermal 

transients load (i.e. trips, start-ups and 

slowing downs), Overheating due to 

high EGT 

Thermal Fatigue, High 

Temperature Creep, Creep-

fatigue 
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2.2.2 Design related failures 

Degradation affects a variety of aeroengine components, but failure in compressors and 

turbines components affects the integrity and performance of the engine. The origin of 

design7 related flaws can be attributed to one or combination of underlying causes such 

as unintended stress raisers due the excessive sharp edges, resulting in an unexpected high 

stress concentration and consequently leading to HCF failure, when exposed to excessive 

vibration and rotational speed. An example of such failure is reported on LP compressor 

blade, at fillet of blade lugs location (Mishra, Thomas, et al., 2014).  

Inadequate geometries could also lead to LCF, as the case of improper tolerance of the 

dovetail-rim area of the turbine disk (Witek, 2006). Using nonlinear FE analysis, the 

author found that the shorter radius of the disk slot could lead to high stress concentration 

and fracture under excessive rotational speed. Other example comes from a design 

shortcoming resulted in fretting and then LCF failure due to abnormal contact between 

the LP compressor blade tenon and the LP compressor disk mortise area (Xi et al., 2000). 

Comprehensive analysis of fracture cause led to inappropriate dimensional tolerance and 

the over-compensation of centrifugal bend moment responsible of fracture at blade/disc 

interface. The problem of improper dimensional tolerance on a failed LP compressor and 

turbine blade due to design is also been discussed in reported cases, respectively (Park et 

al., 2002; Tang et al., 2009; Lee et al., 2011). 

Improper material selection is also considered a design flaw, since it is incapable to 

provide the required mechanical properties for the application such as resistance to creep, 

corrosion, fatigue, etc. The cause of HP turbine blade fractured by corrosion-fatigue was 

investigated by (Xie et al., 2000). The microstructural investigation revealed the presence 

of a poor alloy microstructural stability, weakening the serration area. The inappropriate 

alloy led to crack nucleation caused by excessive bending resonance and propagated 

through intergranular corrosion. FE analysis was used to investigate a fractured HP 

turbine blade by a mixture of LCF/HCF (Hou, Wicks and Antoniou, 2002). The authors 

concluded that the poor creep resistance of the turbine blade material contributed to 

 

7 Design in engineering "is the process of devising a system, component, or process to meet desired needs. 
It is a decision-making process (often iterative), in which the basic science and mathematics and 
engineering sciences are applied to convert resources optimally to meet a stated objective."(ABET, 2016) 
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excessive blade stretch, resulting in the blade tip/shroud rub to fatigue failure. The fretting 

fatigue is the main mechanism of premature failures in compressor blades (Patil and 

Shirsat, 2012) and on the turbine blades tip to shroud locations (Liu et al., 2011). 

Another critical observation is that much of the design related failures by the researchers 

are seen on the blade fir-tree/disc dovetail slot and blade tip/casing shroud locations. This 

suggests that changes in the dimensional tolerances, design of appropriate geometries and 

selection of materials resistance to high temperature, creep and hot corrosion are 

important to prevent failures from such design features/locations, sourcing from service 

conditions such as excessive vibration, pressure dynamics, thermal expansion, and 

centrifugal load during steady or transient state engine operation. Figure 2-3 diagram 

shows an example of how a design deficiency could sustain a premature failure from 

anticipated service condition such as stress level prior to reaching the intended service 

life. 

 

Figure 2-7. Schematic diagram showing an example of life-design flaws plot. It shows the 

effects of design flaws such as bend radius on service life of a component. Adopted from 

(Scutti, 2002). 
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2.2.3 Manufacturing related failures  

A wide variety of manufacturing8 anomalies occurs during materials processing, 

machining and structural assembly, which could lead to premature component failure 

(Grandt Jr, 2003). One common type of defect in turbine components is porosity or 

freckle due to casting defects. From fractography result analysis many researchers have 

confirmed that crack initiation in HP turbine blades originated from the porosity 

cavitation and then leading HCF failure (Kim, 2009; Kianicová and Pokluda, 2014). Also, 

inappropriate columnar grain growth at the blade root during casting could lead to the 

premature stress rupture (Bhaumik et al., 2002). The improper control of casting 

parameters is the underlying cause of such failures. 

Deficient microstructure caused by primary carbides during the solidification of the alloy 

can also contribute to blade premature failure. An examination of a set of HP turbine 

blades found that the fracture of the first blade was initiated at one of the cooling holes, 

where the large size of carbides was present. These carbides contributed to high stress 

concentration and crack initiation (Silveira et al., 2009). This implies that micro-voids 

generation by creep was also easier on this blade and the failure process is accelerated 

further by thermal-mechanical fatigue.  

Machining marks due to abusive drilling are one the main reasons for the surface crack 

initiation in the discs holes (Yan et al., 2000). The authors through mechanical testing 

and metallurgical analysis concluded that cracks found in the holes were mechanical 

driven due to thermal gradients and residual stress produced by abusive machining. 

Moreover, examples of machining anomalies and inspection techniques used for 

aeroengine rotor disks are discussed in (Feist et al., 1994; Mook et al., 2006). Machining 

marks could also cause high stress concentration in tip/shroud location of turbine blades 

(H. Wang et al., 2007). In such cases, high bending-vibration stress can promote 

premature crack initiation, resulting in LCF or creep-fatigue failure. Metallurgical 

analysis of a turbine blade failed by creep has also shown that excessive grinding at blade 

edges can contribute to change in blade geometry (Ejaz, Qureshi and Rizvi, 2011). This 

 

8 Manufacturing refers to the process of creating a product from technical documentation and raw materials, 
generally performed at a factory (Shipley R 2002 pp 79-217). 
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change generates thin sections on the blade, which makes them susceptible to creep-

fatigue at abnormal thermal stress conditions. 

Improper surface treatment can lead to premature microstructural degradation of the alloy 

when exposed to overheating and high thermal stress (Barbosa et al., 2005). During an 

investigation of fractured compressor blades and vanes, it has found that improper shoot 

peening of blade surface led to premature fatigue failure. The hardness tests and 

metallurgical examination showed that high plastic deformation caused by improper shot 

peening led to early crack nucleation (Lv et al., 2009). Similarly, improper heat treatment 

can cause crack nucleation and LCF fracture in turbine blades (Song et al., 2007). The 

metallurgical and chemical analysis of the blades found that improper heat treatment led 

to segregation of Ti and Mo which then caused the crack initiation. Another example is 

reported by (Zhang et al., 2004; He et al., 2011) is the improper solution treatment. The 

authors found that surface recrystallization caused by improper solution treatment led to 

plastic deformation in the blades surface, and consequently to fatigue failure.   

 

Figure 2-8. SEM micrographs showing example of the casting defects including voids and 

cracks at the trailing edge section of a turbine blade (Kim, 2009). 
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The cause of plugging material in cooling holes of a turbine blade was investigated 

(Mustafa, Badairy and Mehta, 2009). The blades experienced thermal fatigue due to 

overheating caused by plugging. A detailed analysis of all elements which had an 

influence on the failure found that the coating material contributed to plugging, 

suggesting improper coating and poor-quality inspection at manufacturing stage. Other 

types of the manufacturing anomalies could originate from hot cracking and residual 

stresses induced by welding (Jahangiri and Fallah, 2011), white layer (Herbert et al., 

2012), embrittlement (Nandi et al., 2012), and many more manufacturing anomalies are 

listed in (Wilby and Neale, 2012) and discussed in (Viswanathan, 1989; Shipley and 

Becker, 2002). These anomalies also affected the performance of the components, making 

it more susceptible to premature fatigue failure. 

More attention to quality and control during the processing of materials and inspection at 

manufacturing stages is needed for safety-critical aeroengine components. Further, 

review of the manufacturing process and stringent quality control practices can eliminate 

defects if any and can improve the quality of components. Therefore, reduce the risks of 

engine component failures.  

 

2.2.4 Remarks 

There are number of degradation mechanisms causing premature fatigue damage in 

aeroengine hot gas path components such as thermal fatigue, creep, low cycle fatigue and 

hot corrosion. These mechanisms are linked to critical design feature of blades, vanes and 

discs, such as aerofoil leading and trailing edges, blade root, fir-tree and dovetail 

interface, blade tip and shroud interface, impingement holes and effusion cooling holes, 

discs slots, holes and mating/joint areas. These were found to be critical and life limiting 

features influencing engine performance, maintenance and failure of components and 

engine damage.  

High cycle fatigue is predominant, both in the compressor and in turbine section 

components based on the literature review. Cracking in hot section turbine components 

in the most of the cases initiates from coating spallation, cracking in cooling holes, 

microstructural anomalies including porosity and carbides.  Crack initiation in hot section 

turbine components in most cases begins from the surface and subsurface anomalies, 
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areas of high stress concentrations and microstructural ageing. Crack propagation is 

driven by mechanical vibration, oxidation and sulphidation attack and transient thermal 

stress due to abnormal rotational speed and stop/start cyclic loadings. 

Overall, the literature survey conducted on the engine failure and analysis reports 

indicates the service related damage was the highest contributor cause of turbine 

components failure followed by manufacturing and design related flaws and improper 

assembly. 

 

2.3 Laser drilling 

Laser beam machining is an advanced manufacturing method for drilling micro holes and 

applies a specific source of energy such as LASER as a material removal mechanism.  

The LASER is the acronym for light amplification by stimulated emission of radiation. 

Laser drilling being a non-contact and thermal-based material removal process. 

Therefore, a relevant drilling technology that is suitable to a wide range of materials such 

as superalloys and ceramics (Beck, 2011). In addition, laser drilling being a single-point 

tool holds several advantages compared to mechanical drilling and electrical discharge 

machining (EDM) such as high processing rate, free-tool wear, manufacture of shapes, 

holes; being capable of drilling at angles of ≤15 degree through ceramics, being flexible 

and easy to employ automation (Dahotre and Harimkar, 2008).   

In recent years, this process has been extensively used for the drilling of micro-holes for 

gas turbine hot-section blades, vanes and combustor rings for cooling purposes, hole 

diameters ranging from 0.3-1.0 mm (van Dijk, 1992). Table 2-2 shows typical whole size 

for different aeroengine components. These components are typically made from nickel 

base superalloys and difficult to machine using traditional drilling processes. It has gained 

much attention in aircraft engine applications owing to the increase towards improving 

the efficiency of the engines and capable of drilling multi-layer materials with high aspect 

ratio (see Table 2-3). However, laser drilling alters the surface microstructure around the 

hole vicinity inducing spatter, heat-affected zone (HAZ) recast layer, burrs and micro-

cracking. These are the metallurgical defects frequently observed after laser processing 

of metals (see Figure 2-9). 
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Table 2-2. Hole dimensions for different aeroengine components (van Dijk, 1992). 

Component  Diameter (mm) Wall thickness (mm) Angle (deg.) No. holes 

Blade 0.3 – 0.5 1.0 – 3.0 15 - 30 25 – 200 

Vane 0.3 – 1.0  1.0 – 4.0 15 – 30 25 - 200 

Afterburner 0.4 2.0 – 2.5 90 40,000 

Base plate 0.5 – 0.7 1.0  30 - 90 10,000 

Seal ring 0.95 – 1.05 1.5 50 180 

Cooling ring 0.78 – 0.84 4.0 79 4,200 

 

 

Figure 2-9. Schematic of the physical damages taking place during the 

nanosecond/millisecond laser drilling process. Adopted from (Dimov et al., 2008). 

 

Table 2-3. Comparison of hole drilling techniques for aeroengine components (Yeo et al., 

1994). 
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2.3.1 Working principle 

The laser drilling works on the principle that when an intensity laser beam is focused on 

the workpiece surface heats and heat diffusion takes place by absorption and conduction, 

transforming the work volume into molten. This phase change causes vaporisation and 

then chemically degrade the irradiated field, making easy to eject away the molten 

material from the hole (Dubey and Yadava, 2008). A typical power density of 106-109 

W/mm2 is used for most metal processing by lasers to generate melting and vaporisation 

(Dutta Majumdar and Manna, 2003). This process happens very fast and usually on time 

scale of nanoseconds to microseconds (Schulz and Eppelt, 2009).  

For generation of laser beam requires: (i) Laser active medium which sends out part of 

the emitted energy in the form a laser radiation. (ii) Source of energy to excite to stimulate 

the lasing medium to create light. Flash lamps and more recently doped fiber optics are 

used as source of energy to excite lasing medium. (iii) Resonator to generate laser 

radiation. The resonator consists of two mirrors between which the laser beam radiation 

is reflects back and forth. The resonating mirrors boost the laser efficiency by stimulated 

emission. One mirror is fully reflective and other partially reflective. (iv) Fiber optics 

delivers the laser beam produced to the focused head.  

 

Figure 2-10. Schematic diagram of Nd:YAG laser beam machining (Rolls-Royce, 2005). 

Moreover, it should be mentioned that only a minor portion of the energy used is 

converted into laser radiation, a cooling unit is used to control the laser medium 
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effectively. Therefore, a power supply unit, water cooling unit and beam shutter system 

is integrated in most laser beam machines (see Figure 2-10).  Power supply unit controls 

the laser output by controlling the intensity of light emitted by the flash lamp. The water 

cooling unit to avoid thermal damage of laser cavity, energy source, and lasing medium. 

Beam shutter is a laser safety switch which allows to control the path (clear or block) for 

the laser beam. 

There two types of laser operating mode, viz. pulse mode and continuous mode. In pulse 

mode, the laser is basically switched on and off very quickly. The pulsing makes it 

possible to reduce average energy input into the workpiece. Moreover, the pulse shaping 

minimise the thermal cycling experienced by the workpiece surface during processing of 

materials that are prone to cracking, it avoids taper in percussion drilling. Whilst, in 

continuous mode a constant level of beam intensity is provided. It means that laser beam 

reflects back and forth between the mirrors is generated continuously and radiation exits 

the resonator continually through the output coupler.    

 

Figure 2-11. Schematic diagram: (a) Nd:YAG laser pump and (b) Yb fiber laser 9.  

The available type of lasers includes solid-state, liquid or gaseous state-based and spectral 

wavelength ranging from ultraviolet to the infrared range (Meijer, 2004). As such, lasers 

have a variety of applications in different materials processing including forming, cutting, 

scribing, drilling, and cleaning among others. As shown in Figure 2-11, the pulsed 

Nd:YAG (neodymium-doped yttrium aluminium garnet) and continuous wave (CW) 

 

9 Retrieved from: https://www.boconline.co.uk/internet.lg.lg.gbr/en/images/laser-basics410_39552.pdf?v=1.0, 
accessed in 12/04/2017.  

 

https://www.boconline.co.uk/internet.lg.lg.gbr/en/images/laser-basics410_39552.pdf?v=1.0
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Ytterbium (Yb) fiber lasers are dominating sources of lasing in the aerospace applications 

for drilling and cutting (Tan, 2013).  

Nd:YAG lasers are optically pumped using flash tube and two reflecting mirrors to 

provide feedback and produced stimulated emission is delivered by fiber optics to focused 

head as mentioned previously. Nd:YAG laser typically emits light with a wavelength of 

1064 nm. It operates in both pulsed and continuous mode.  In fiber lasers, Ytterbium (Yb) 

doped fiber optics is used as laser active medium and are optically pumped using diode 

and special plugs at the fiber ends as reflective mirrors. The pumped diode light is 

delivered by active fibre optics where it produces stimulated emission of laser radiation. 

Ytterbium (Yb) fiber laser typically emits 10.80 nm wavelength of fiber laser. Recent 

work in fiber laser has shown to deliver good beam quality, high stability, low cost of 

ownership and higher rate of repeatability (Marimuthu, Antar and Chantzis, 2015).  

Other type of laser system such  as ultrafast lasers like femtosecond (fs) laser ablation 

have been put forward for the drilling of nickel alloys in order to eliminate the 

delamination crack effect on coated interfaces, and holes with negligible spatter, recast 

layer and HAZ (Das and Pollock, 2009). This only possible due to ultra-short pulses (̴ 100 

fs) in low fluence regime causes direct ablation and vaporisation. Hence, no heating and 

consequent damage zone are induced around the hole vicinity (McDonald J, Ma S, Nees 

J, Pollock T, 2006). However, the technology advancements have not yet allowed the 

femtosecond (Ti: Sapphire) lasers to be transferred to the industry in full scale due to the 

inherent costs and very low material removal rate. Hence, Nd:YAG lasers dominating the 

automotive and aerospace industry for drilling, welding and cutting applications.  

 

2.3.2 Laser drilling mechanism 

The laser drilling and material interaction process have been described in four stages (see 

Figure 2-2): surface heating, melting, vaporising, and melt ejection (Schneider et al., 

2010)  . To understand this process, some researchers have used observation techniques 

such as streak photography (Yilbas, 1985), field emission scanning electron microscope 

(Garofano, Marcus and Aindow, 2010), and high-speed camera approaches (Schneider, 

2007) to explain the material removal mechanism during laser drilling.  
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Figure 2-12. Schematic diagram of physical process during the laser drilling.  

The physics of laser drilling shown in Figure 2-12 could be explained as described in 

following sub-sections.  

 

 Surface heat and absorption 

The first phase of the laser drilling is the surface heating and absorption of laser intensity 

by the workpiece. The irradiated focused laser beam onto workpiece surface interacts 

with heat flow and rapidly converts the laser energy to heat and a portion of that energy 

is absorbed by workpiece surface (Yilbaş, 1993; Shuja, Yilbas and Shazli, 2007). The 

amount of energy absorbed depends on the workpiece material properties (thermal 

conductivity, reflection coefficient and diffusivity), surface temperature, and laser 

wavelength and beam parameters. The heat flow depends on the thermal diffusivity of the 

material and temperature of the surface since the absorptivity increases with increase in 

temperature. The thermal diffusivity (β) can be defined as (Weman, 2003):  

𝛽 =
𝐾

𝜌 𝑐𝑃
   (2-1) 

Where, K is the thermal conductivity (W/m0K) and it is a measure of the rate at which 

heat is transferred through a material (Askeland, Fulay and Wright, 2010), ρ is the 

material density (kg/m3), cp is specific heat capacity (J/kgoK) and it is the energy needed 
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to change the temperature of the material one degree (Askeland, Fulay and Wright, 2010). 

The surface temperature of the material (Ts) is a function of time (t), thermal conductivity 

(β), absorbed intensity (I) and ambient temperature (T0), and can be expressed as 

(Chryssolouris, 1991).  

𝑇𝑠 = 𝑇0 +
2 𝐼

𝐾
 (

𝛽𝑡

𝜋
)

1/2

   (2-2) 

So, the amount of energy absorbed by workpiece is given by (Steen and J., 2010):  

𝐸 = 𝐼 𝑡𝑃 𝐴𝑙   (2-3) 

Where, tP is pulse duration, Al is focal spot area and I is the absorbed laser intensity by 

the workpiece, and is expressed as Equation 2-3. I0 is output beam laser intensity and is 

function of peak power (PP) and focused spot area (Al). The term Ab in Equation 2-4 is 

the absorptivity and is given by Equation 2-5. The Rf is reflection coefficient and is given 

by Equation 2-7. 

𝐼 = 𝐴𝑏 𝐼0 
  (2-4) 

 

𝐴𝑏 = 1 − 𝑅𝑓   (2-5) 

𝐼0 =  
𝑃𝑃

𝐴𝐿
   (2-6) 

𝑅𝑓 =  
(1 − 𝑛𝑓)

2
+  𝐾𝑒

2

(1 + 𝑛𝑓)
2

+  𝐾𝑒
2
   (2-7) 

 

 Surface melting 

The surface becomes molten if the laser intensity and beam interaction exceeds the latent 

heat of the material. The time of heat flow (tm) to attain the melting temperature of the 

material (Tm) can be expressed as in Equation 2-8 (Chryssolouris, 1991) and depth of 

penetration (Z) of heat is given in Equation 2-9 (Weman, 2003). 

𝑡𝑚 =
𝜋

𝛽
 
𝐾 (𝑇𝑚 − 𝑇0)

2𝐼
   (2-8) 
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𝑍 =  (4 𝛽 𝑡)1/2   (2-9) 

The required laser intensity to produce deep penetration melt must attain correspondent 

material threshold of disintegration which is about 105 to 106 W/cm2 for metals [88, 89] 

and ablation threshold fluence is 2100 J/m2 per each single pulse for Ni-base single crystal 

superalloys (X. Wang et al., 2007). The applied laser fluence (FP) is function of absorbed 

laser pulse energy and laser beam radius (rb), and is given by Equation 2-10 (Ng, Crouse 

and Li, 2006): 

𝐹𝑃 =  
2 𝐸

𝜋 𝑟𝑏
2 (2-10) 

 

 Vaporisation 

At this phase the temperature of the irradiated surface is higher than the material boiling 

temperature, thus to vaporise. One fraction of the molten material formed in the cavity is 

vaporised and the corresponding laser intensity threshold for vaporisation is about 108 to 

109 W/cm2 (Koener et al., 1996). The vapour formed on the workpiece surface in form of 

clouds expels into the atmosphere due to induced recoil pressure expelling the melt 

radially from the beam path [ref] The remaining fraction heats the workpiece eroding the 

edges of the cavity to form a hole (Yilbas and Yilbas, 1988; Yilbas and Aleem, 2004). 

The vaporisation time (tv) needed to attain the vaporisation temperature (Tv) is given by 

Equation 2-11 (Luxon and Parker, 1985). 

𝑡𝑣 =
𝜋

4
 
𝐾 𝜌 𝑐𝑃

2

𝐼2
 𝑇𝑣

2     (2-11) 

 
 

 Melt ejection 

The molten material removal occurs in both vapour and liquid form. The fraction of 

molten material which is not vaporised is ejected away due to pressure gradient and recoil 

pressure in case of laser percussion drilling (Yilbas, 1995). Whilst, in case of laser 

trepanning drilling it is flushed away from the hole exit with assistance of process gas. 

The melt ejection is dependent of volume of the melt formed, pulse intensity and pressure 
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generated by recoil effect and the assist gas. So, higher the pulse intensity greater the 

pressure, thus to cause faster flow of molten material. The velocity of melt (Vm) can be 

calculated from Equation 2-12 (Von Allmen, 1976; Ruf et al., 2003)Where, pr is measured 

pressure recoil and po is measured ambient pressure.  

𝑉𝑚 =  (
2(𝑝𝑟 − 𝑝0)

𝜌
)

1/2

 (2-12) 

 

 

2.3.3 Types of laser drilling techniques 

There are currently four techniques in laser drilling, namely single pulse, percussion, 

trepanning, and helical drilling (Walther et al., 2008). In single pulse, drilling the material 

removal or ablation occurs in a single pulse with high laser energy. A detailed description 

of the melt ejection process in single pulse laser drilling is given by (Voisey et al., 2003). 

Percussion and trepanning drilling are the most preferred methods for nickel alloys 

(Naeem, 2008). Figure 2-13 shows typical methods of laser drilling approaches for 

turbines, nozzle guide vanes and combustion components (Beck, 2011). 

 

Figure 2-13. Schematic diagram illustrating the laser trepanning drilling operations. 

Percussion drilling consists of firing a series of consecutive laser pulses at the workpiece 

to create a blind hole. Trepanning laser drilling uses a combination of drilling and contour 

cutting process, in which a blind hole is pierced by percussion drilling and then the 

through hole is widened to its desired diameter in a circular cutting motion. Percussion 

drilling holds an advantage of high processing rate over trepanning in general by a factor 

of four (Sezer et al., 2006) and preferred choice of past research studies. Conversely, 
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trepanning gives a better hole geometry such as hole taper, roundness and desirable 

metallurgical aspects such as thin recast layer and a negligible HAZ (Dhar, Saini and 

Purohit, 2006) .  

 

2.3.4 Metallurgical defects 

The metallography examination of a section of the surface layer produced by laser drilling 

process shows changes to the surface morphology of the sidewalls of the hole (Sezer et 

al., 2006; Chien and Hou, 2007; Leigh et al., 2010). Two to three distinct layers are 

formed above the substrate, as shown in Figure 2-15. In addition, spatter and burrs are 

found adhered on the top surface and hole exit, respectively (see Figure 2-14). Spatter is 

also one of the intrinsic defects in laser drilling, which results when the ejected molten 

material expels upwards, falling onto the workpiece surface, and then solidifying and 

adhering around the periphery of the hole (Low, Li and Byrd, 2003). The characteristics 

of spatter and burrs formation and prevention under different laser drilling parameters on 

nickel alloys are already grounded in the literature by (Low, N. Li and Byrd, 2001) and 

(Duan et al., 2014) respectively.  

 

Figure 2-14. Typical SEM micrographs showing: (a) array holes with spatter formed after 

laser drilling and (b) a cross section micrograph of spatter deposited on the surface 

periphery of the hole (Low, Li and Byrd, 2003). 
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Figure 2-15. SEM micrograph of physical damages taking place during the nanosecond 

and millisecond laser drilling process. 

First layer is the thin oxide layer and it is formed due to exothermic reaction when oxygen 

is used as process gas. This layer is attached to the recast layer and it is brittle, contains 

micro cracks and can easily be removed (Sezer et al., 2006). A research work, found that 

by applying low gas pressure or increasing the nozzle stand-off can reduce the oxide layer 

(Leigh et al., 2009). However, this could reduce the molten ejection rate and potential 

increase in the recast layer thickness. Prevention of oxide layer while maintaining the 

molten ejection efficiency is needed.         

The second layer is the recast layer also known as white layer. The laser drilling process 

alters the metallurgical microstructure and characteristics in the recast layer. It is formed 

by the molten material that was not expelled and rapidly resolidifies by the cooling effect 

of assist gas. In addition, surface cracks can form in this brittle and micro-segregated 

layer. This is highly undesirable particularly the presence of micro-cracks in the recast 

structure since the propagation of the cracks from the recast layer into the parent material 

could occur in service, leading to failure and, thus to compromise the integrity and 

lifetime of the drilled component. 

Limited number of studies have attempted to characterize the recast layer microstructure 

in laser drilling (Wang et al., 2004; Garofano, Marcus and Aindow, 2009, 2010). These 

studies found the recast layer structure to be amorphous and brittle, and in some cases 
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with polycrystalline structure and a columnar structure of dendrites. The presence of thick 

recast layer showed to be detrimental to fatigue failure. 

The last layer is the heat-affected zone (HAZ), which has only been heated but not melted. 

It is being found to be negligible in laser trepanning drilling (Hongyu Zhang et al., 2016). 

The thickness of the oxide layer, recast layer and the heat-affected zone dependents on 

the power density applied and interaction between other laser beam parameters, material 

thickness, and assist gas and optics settings (see Figure 2-16).  

 

Figure 2-16. Schematic of fishbone cause and effect diagram showing the various 

processing parameters affecting the oxide layer, recast layer and micro cracks formation 

in laser-drilled holes. 

 

2.3.5 Process parameters  

 Peak power 

Peak power refers to the output amount of laser beam intensity used in laser drilling 

(Ready, Farson and Feeley, 2001), measured in units of kilowatts. It is the key process 

parameter for heating, melting and vaporisation stages in laser trepanning drilling. During 

each pulse, the power increases until it reaches a defined set level, which is expressed as 

the peak power. Peak power is an output of pulse energy and pulse duration interaction 

and is given by Equation 2-13. In both laser percussion drilling and laser trepanning 

drilling, the amount of pulse energy and pulse energy is dependent of surface area of the 

drill and type of material. Latter, is associated with set material thermal conductivity and 
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diffusivity, enthalpy of vaporisation and melting temperature. This in turn, leads to power 

density and focal beam spot area needed for cut, and can be expressed as Equation 2-14. 

Depending of type of material, higher pulse energy and short pulse duration is used to 

reduce the molten material, thus, less material resolidifies in sidewalls of the hole. Higher 

peak power improves the vaporisation rate, but too excessive peak power leads to large 

variation in the recast layer thickness and oxide layers (Yeo et al., 1994; Bandyopadhyay 

et al., 2002). 

𝑃𝑃 =  
𝑃𝐸

𝑃𝐷
=  

𝐽𝑜𝑢𝑙𝑒𝑠

𝑚𝑖𝑙𝑖𝑠𝑒𝑐𝑜𝑛𝑑𝑠
 (2-13) 

 

Where, PP is peak power (kW), PE is pulse energy (J) and PD is pulse duration (ms). 

The power density is given by: 

  𝐼𝑃 =  
𝑃𝑃

𝐹𝑜𝑐𝑎𝑙 𝑠𝑝𝑜𝑡 𝑎𝑟𝑒𝑎
=  

𝑘𝑖𝑙𝑜𝑤𝑎𝑡𝑡𝑠

𝑚𝑚2
 (2-14) 

 

𝐹𝑜𝑐𝑎𝑙 𝑠𝑝𝑜𝑡 𝑎𝑟𝑒𝑎 =  
𝜋𝑑2

4
 (2-15) 

 

Where, IP is power density and d is the diameter. Power density is also known as intensity 

and radiance.  

 

 Pulse duration 

Pulse duration is temporal distribution of laser beam energy applied at different time 

scales (Rockstroh, Chen and Lotshaw, 1996), and expressed in units of milliseconds. 

Pulse duration is also known as pulse width and pulse length. Since the laser drilling in 

this research work is done in pulsed mode, the pulse duration and repetition rate 

(frequency) per second are important for the amount of energy applied during each pulse 

for metal heating, melting and vaporisation. This energy is controlled by the laser peak 

power and the pulse duration (see Figure 2-17). The longer the pulse duration, more 

molten material will be formed and hence more material resolidifies. The resulting recast 

layer will be thicker than the shorter pulse duration (Goyal and Dubey, 2014). The longer 

pulse duration also allow more heat to diffuse and spread into the material creating more 
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melt in case of material with good thermal conductivity. Whilst, material with low thermal 

conductivity allow less laser energy absorption and spread resulting in localised high heat 

and thermal tensile residual stress into the sidewall of the hole, which could lead to 

formation of surface cracks. On the other hand, if pulse duration is too short, it will affect 

the stability of the cut front in laser trepanning drilling (Duan et al., 2014).  

 

Figure 2-17.  Pulse duration in millisecond pulsed laser drilling. 

The pulse duration can greatly affect the laser energy and material interaction during the 

laser drilling operations, since it allows the molten material to be ejected away by the 

flow of assist-gas pressure and melt will partially be vaporised (Nowakowski, 2005). 

Typical ranges are from 0.2 to 1.2 ms for gas turbine cooling film holes (Beck, 2011b).   

  

 Pulse frequency 

Pulse frequency is the number of pulses per second. It is also known as repetition rate and 

is expressed in Hertz (Hz). Figure 2-18 show a diagram of the pulse frequency when laser 

is used in pulsed mode. Pulse frequency can be calculated by Equation 2-16. Combining 

the pulse energy and pulse frequency defines the average power (see Equation 2-17). It is 

an averaged power per pulse and is associated with beam stability and hole taper (Antar 

et al., 2016).  

𝑃𝐹 =  
1

𝑃𝑢𝑙𝑠𝑒 𝑝𝑒𝑟𝑖𝑜𝑑
 (2-16) 

 

𝐴𝑣𝑔. 𝑃𝑜𝑤𝑒𝑟 =  𝑃𝐸 (𝐽) × 𝑃𝐹 (𝐻𝑧) (2-17) 
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Figure 2-18. Pulse frequency in millisecond pulsed laser drilling. 

 

The relationship between pulse frequency and recast layer thickness was studied in laser 

percussion drilling (Leigh et al., 2009) and laser trepanning drilling (Chien and Hou, 

2007; Duan et al., 2014). The higher the pulse frequency, more energy is absorbed, thus, 

may cause more molten material (Mishra and Yadava, 2013a). Shorter pulse frequencies 

found to improve vaporisation rate and molten material ejection. Typical range between 

10 to 30 Hz produces thinner recast layer with less thermal damage to the workpiece 

(Bandyopadhyay et al., 2002; Chien and Hou, 2007; Leigh et al., 2010).  

 

 Pulse shape 

Pulse shaping is temporal energy distribution profile. It allows for control of hole 

geometry quality, such as hole roundness and taper (P. W. French et al., 2006). There are 

two main types of pulse shaping most frequently used for laser drilling of cooling holes, 

viz. intra-pulse and inter-pulse shaping. The intra-pulse shape includes standard 

rectangular pulse shaping (also, known as normal delivery pattern, NDP), treble pulse 

shaping, and ramp-up and ramp-down modulated pulse shapes. The intra-pulse includes 

sequential pulse delivery pattern control (SPDPC), as shown in Figure 2-19. 

It can be seen from Figure 2-4 shows that the energy delivery pattern in SPDPC the peak 

power of sequential pulses is increased linearly throughout the pulse train needed for hole 

drilling until it reaches pre-set level. Whilst, in NDP the peak power in successive pulses 

remains constant throughout the laser drilling. The standard rectangular pulse has showed 

to improve vaporisation rate and reduce recast layer thickness than SPDPC (Low, L. Li 

and Byrd, 2001).  
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Figure 2-19. Representational diagram of the (a) normal delivery pattern (NDP) and (b) 

sequential pulse delivery pattern control (SPDPC) (Low, L. Li and Byrd, 2001). 

In another study, ramp-up modulated pulse shape found to provide efficient molten 

material ejection than standard rectangular pulse shape in laser percussion drilling (P. M. 

W. French et al., 2006). This is due to initial pre-heat and rapid rise in heating of material 

caused by sharp trail which leads to higher intensity to vaporise and expel the molten 

material faster (Duan et al., 2016). However, ramp-up and ramp-down pulse shape 

showed no influence on the recast layer thickness (Corcoran et al., 2002). It has also 

shown that modulated pulse shaping can reduce recast layer. This is due to increased 

absorptivity of laser caused by the pre-melting and increased in vaporization pressure 

results in more molten material being expelled, thus, less molten material to resolidify as 

recast layer (Duan et al., 2016). 

On the other hand, sequential pulse delivery pattern control (SPDPC) showed to improve 

the hole taper and reduction of spatter due to low beam intensity formed (Low, Li and 

Byrd, 2000). Moreover, it should be mentioned that most of the pulse shapes above 

mentioned are used in laser percussion drilling than laser trepanning drilling. Most 

common pulse shaping used in laser trepanning drilling is standard rectangular pulse 

shape due to provide controlled hole taper and recast layer thickness. 
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 Trepan speed 

Trepan speed is rotating scan speed of laser beam (Grafton-Reed, 2008). It is one of the 

main process variable in laser trepan drilling since it affects the distribution density of 

laser pulse along the scan path and time (Duan et al., 2014). It means that energy absorbed 

during the hole drilling at different trepan speed will vary and this is because that there is 

relationship between the pulse frequency, trepan speed and energy absorbed during laser 

drilling, as given in Equation 2-18: 

𝐸𝑎𝑏𝑠 =  𝜌𝑃𝑙 𝑃𝐸 (2-18) 

  

𝜌𝑃 =  
𝑃𝐹

𝑇𝑆
 (2-19) 

 

Where, Eabs is energy absorbed by the workpiece, l is the scan path, ρP is pulse density, 

PE is the pulse energy and PF is the pulse frequency. As such, increase in trepan speed 

leads to decrease in the pulse density so as less energy is absorbed into the workpiece, 

thus to cause more localised molten material to resolidified on sidewall of the hole. Past 

studies, have reported that high trepan speed leads to thicker recast layer (Chien and Hou, 

2007; Goyal and Dubey, 2014). This is due to poor molten ejection rate when the beam 

interaction time or pulse density is too short. At low trepan speed, energy absorbed may 

cause more heat diffusion and more molten material, however, denser pulse density 

distribution increases the flow of molten material along the sidewall of the hole. 

Therefore, resulting in improved molten ejection, hence less to resolidify. Typical trepan 

speeds ranging between 50 to 75 mm/min reported thinner recast layers in laser trepan 

drilling of nickel-base alloys (Chien and Hou, 2007; Duan et al., 2015; Hongyu Zhang et 

al., 2016). 

 

 Focal length and position 

Refers to the distance between the minimum spot diameter and material surface. FPP has 

significant influence on the hole taper. FPP determine the laser beam energy intensity to 

the workpiece material. The focal position could be zero to the surface, above the surface 

(positive) or below the surface (negative). The former FPP yields minimum focal spot 
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size leads to maximum energy density, hence to improve the depth of cut and reduced 

hole taper (Yilbas, 1997). Figure 2-20 depicts the effects of different FPP on the hole 

quality and past studies has showed that FPP positioned on the surface or just below the 

workpiece surface yields good hole quality (Johnson and Pfledderer, 1989; McNally, 

Folkes and Pashby, 2004). 

 

Figure 2-20. The effect of depth of focus and focal position on the quality of the holes (M. 

Ruselowski, 1987). 

Moreover, there is strong relationship between depth of focus and lens focal length, which 

in turn, is associated with spot diameter and FPP. The depth of focus and lens of focal 

length can be expressed as (McNally, Folkes and Pashby, 2004): 

𝐷𝑂𝐹 =  
2 𝜃 𝑓2

𝐷𝑖
 (2-20) 

 

Where, DOF is depth of focus, f is lens of focal length, θ is focal beam divergent and Di 

is the unfocused beam diameter. The schematic representation of the DOF and lens focal 
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length is shown in Figure 2-21. Larger DOF leads to larger focal spot size resulting in 

low power density and affecting the vaporisation rate and consequently the hole taper.  

 

Figure 2-21. Schematic diagram of converging lens (Johnson and Pfledderer, 1989).   

An ideal laser beam has greatest intensity in the center and tails off at the edges, following 

a Gaussian profile (Ready, Farson and Feeley, 2001), as show in Figure 2-22. This is 

known as the TEMmn or fundamental output mode, which in turn determines how small 

beam waist can be focused. The TEM acronym stands for transverse electromagnetic 

modes and subscripts m and n symbolises the number of nodes in horizontal and vertical 

directions to the beam propagation, respectively. Ideally lower divergence and higher 

radiance will produce good quality holes. The quality of a laser beam is specified using 

the M2 (M squared) factor, and can be estimated as follows (Ready, Farson and Feeley, 

2001): 

𝑀2 =  
𝜋 𝐷 𝜃

4𝜆
 (2-21) 

 

Where, θ is divergence angle (radians), λ is the wavelength, and D is the unfocused beam 

diameter (mm). M2 is a beam propagation ratio that indicates how close a laser is to being 

single mode TEM00. For the perfect Gaussian TEM00 condition has M2 = 1, particularly 

in YAG laser systems. M2 values less than 1.1 are suitable for laser drilling since it 

provides good beam quality and small focal spot size (Steen and J., 2010). 
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              (a)                                                            (b) 

Figure 2-22. Examples of Gaussian mode plots: (a) representation of different types of 

Hermite-Gaussian modes10 in 3D and 2D, (b) beam profile of a JK 704 laser system 

(Naeem, 2008). 

 

 Assist gas 

Assist gas refers to co-axial process gas through the beam nozzle to expel the molten 

material away from the hole and also act as shield to protect the beam nozzle from spatter 

and molten debris (Low, Li and Byrd, 2000; Sezer, Li and Leigh, 2009). The type and 

pressure of assist gas also has strong influence on the hole quality in terms of geometrical 

and metallurgical aspects (D. K. Y. Low, Li and Corfe, 2000). There are three types of 

process gases most frequently investigated, viz. oxygen, argon, and nitrogen (Willach et 

al., 2003).  

Oxygen as an assist gas found to increase the amount of energy absorption, vaporisation 

and improve in melt ejection (Patel and Brewster, 1991). Another study, showed that 

using oxygen assist gas generates oxidise layer on the sidewalls of the hole (Ng, Crouse 

and Li, 2006) and spatter morphology is more viscous than the argon (D. K. Y. Low, Li 

and Corfe, 2000; Willach et al., 2003). This due to exothermic reaction and high peak 

power interaction when oxygen is used as assist gas.  

Studies conducted by (D K Y Low, Li and Corfe, 2000; D. K. Y. Low, Li and Corfe, 

2000) showed that spatter accumulated around the hole entrance was less adhesive and 

slightly thick when applying oxygen assist gas in comparison to argon and nitrogen in 

percussion drilling. In addition, oxygen reduces the cooling rate during the drilling 

 

10 Retrieved from  http://www.optique-
ingenieur.org/en/courses/OPI_ang_M01_C03/co/Grain_OPI_ang_M01_C03_5.html, 
Accessed on 12/01/2017.  

http://www.optique-ingenieur.org/en/courses/OPI_ang_M01_C03/co/Grain_OPI_ang_M01_C03_5.html
http://www.optique-ingenieur.org/en/courses/OPI_ang_M01_C03/co/Grain_OPI_ang_M01_C03_5.html
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process, thus to extent the melt time. Argon cools faster and solidifies the molten material 

rapidly, resulting in multiple recast layers during each sequential pulses. Conversely, 

other studies found that argon found to be the most effective process gas when it comes 

to reducing the thickness of the recast layer (Horn et al., 2000; Lugscheider et al., 2005). 

The presence of cracks and inclusions in the recast layer where prominent when oxygen 

process gas was used. However, use of oxygen found the avoid closures, melt droplets 

and formation of burrs compared to argon (Willach et al., 2003; Kreutz et al., 2007). 

These studies suggest that different solidification rates may generate different recast layer 

characteristics. 

One important consideration for melt expulsion at the hole exit in trepanning drilling is 

the faster flow of molten material at each sequential pulses and downward mechanical 

force to expel away the melt to form the hole (Duan et al., 2014). As such, assist gas 

pressure may create high downward mechanical drag force to eject away molten material 

easily. However, excessive gas pressure may increase the cooling cycle gradually 

preventing the molten material eject away. Therefore, resulting in rapid solidification of 

the molten material on the hole wall and formation of burrs in the hole exit periphery 

(Von Allmen, 1976; Voisey et al., 2003). 

  

2.3.6 Laser drilling of nickel-based superalloys 

The literature review of pulsed Nd:YAG laser drilling for nickel-base superalloys shows 

a considerable number of studies conducted focused on the percussion drilling compared 

to the trepanning method (see Table 2-4). The effect of pulsed Nd:YAG laser percussion 

drilling process parameters on the geometrical and metallurgical quality characteristics 

have been established in previous studies by (Bandyopadhyay et al., 2002; Pandey, Shan 

and Mohandas, 2006; Mishra and Yadava, 2013a) and (Corcoran et al., 2002; Leigh et 

al., 2009; Bathe and Padmanabham, 2014), respectively.  

On the other hand, pulsed Nd:YAG laser trepanning drilling of nickel-base super alloys 

has received little attention. This is mainly due to drilling speed. Horn examined the 

effects of three assist gases nitrogen, argon, and oxygen on the recast layer thickness 

(RLT) and cracking in coated CMSX-4 laser trepanned drill holes at an acute angle up to 

60 degrees to the surface (Horn et al., 2000). The results showed that the RLT was at least 
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two to three times less when using argon assist gas in comparison to oxygen and nitrogen 

during trepanning laser drilling. The presence of cracks and bubbles in the recast layer 

were observed when using oxygen, and argon found to be the most effective process gas 

when it comes to reducing the thickness of the recast layer. However, argon gas produces 

difficult to remove burrs.  

  Table 2-4. Research in pulsed Nd:YAG laser drilling of Ni-base superalloys. 

Drilling 

Method 

Workpiece 

*Coated References 

Percussion 

 

Inconel 718  (Yilbas, 1985, 1997); (Tam et al., 1993); (Bandyopadhyay 

et al., 2002, 2005);(Mishra and Yadava, 2013b)  

CMSX-4 (Trippe et al., 2004); (Leigh et al., 2009, 2010); (Sezer et 

al., 2006)  

Nimonic 263 (Low, Li and Byrd, 2000); (D. K. Y. Low, Li and Corfe, 

2000); (Petronić et al., 2010) 

C263 (French, Naeem and Watkins, 2003; P. W. French et al., 

2006); (Naeem, 2008); (Pandey, Shan and Mohandas, 

2005, 2006)  

IN1000 (Garofano, Marcus and Aindow, 2009, 2010)  

*Various (Voisey K, Thompson J, 2001; Voisey and Clyne, 2004)  

*Nimonic 263 (Kamalu, Byrd and Pitman, 2002); (Sezer et al., 2005, 

2006; Sezer, Li and Leigh, 2009)  

*Rene 80 (Corcoran and Sexton, 2000; Corcoran et al., 2002)  

Haynes 188 (Guinard et al., 2012) 

Inconel 718 (Bathe and Padmanabham, 2014)  

Trepanning Inconel 718 

 

(Rockstroh, Chen and Lotshaw, 1996); (Rockstroh X, 

1996); (Chien and Hou, 2007); (Wang et al., 2012); 

(Kumar, Dubey and Pandey, 2013); (Goyal and Dubey, 

2014)  

CMSX-4 (Willach et al., 2003) Willach et al., 2003 

CMSX-4 

Coated 

(Horn et al., 2000); (Lugscheider et al., 2005); (Kreutz et 

al., 2007); (Walther et al., 2008) 

Miscellaneous (H. Zhang et al., 2016)  

 

Willach examined the effects of assist gas pressure, nozzle diameters and nozzle distance 

on trepanning kerf and the recast layer thickness during laser trepanning drilling of 

CMSX-4 (Willach et al., 2003). The results revealed that the high assist gas pressure, 

larger nozzle diameter improves the melt expulsion and reduces the RLT. Further, an 

increase of nozzle distance to the workpiece surface leads to a thicker recast layer. 

Lugscheider and other authors applied finite volume method to investigate the gas jet of 
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the conical nozzle positioned above the workpiece surface and found that lateral offset of 

the nozzle yields a smaller recast layer at the trepan kerf surface during angle drilling 

(Lugscheider et al., 2005). Kreutz presented 5-axis trepanning drilling process for low-

angled and fan shaped holes with minimum damage to the coated CMSX-4 substrate 

(Kreutz et al., 2007). They found that 5-axis trepanning of shaped holes yields high 

reproducibility and thin recast layer thickness. They also suggested that the use of oxygen 

assist gas prevents closures, melt droplets, and formation of burrs compared to process 

argon. However, the choice of gas does not reflect the current industrial practice across 

the number of applications (Grafton-Reed, 2008). 

Chien and Hou applied Taguchi method to investigate the parameters that exert more 

influence on the recast layer formation during laser trepanning drilling of Inconel 718 

(Chien and Hou, 2007). The experimental results showed that gas pressure, peak power, 

and focal length are significant factors affecting the RLT. Further experiments and 

analysis concluded that the minimum recast layer thickness could be obtained by 

adjusting the values of the assist gas pressure and the trepanning speed. Wang used the 

Taguchi method to examine the influence of laser trepanning drilling parameters (peak 

power, pulse width, and pulse frequency) on a Ni-base superalloy (Wang et al., 2012). 

They found that the pulse width (duration) had a significant effect on the RLT. In addition, 

laser post-processing by chemical etching can remove the residual recast layer 

completely.  

More recently, Kumar et al., 2013 developed a computer-aided hybrid methodology of 

multi-variable regression and genetic algorithm for multi-objective optimisation 

(CGAMO) to predict the recast layer at the entrance and exit of Inconel 718 laser 

trepanned drill holes. They used the published experimental data (Chien and Hou, 2007) 

for training, testing and for validating the software toolset. The CGAMO toolset 

suggested that based on the range of values used the low RLT at entrance hole could be 

achieved at lower values of peak power and higher values of assisting gas pressure, and 

low recast layer at the exit hole could be obtained at lower values of nozzle diameter as 

well as low values of peak power.  

Goyal and Dubey adopted artificial neural network and genetic algorithm to obtain 

optimal laser drilling parameters for better hole circularity and reduced taper on the 
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Inconel 718 alloy (Goyal and Dubey, 2014). They found that the higher values of pulse 

frequency and trepanning speed resulted in better hole taper and circularity. Also, in 

previous studies (P. W. French et al., 2006) found that the pulse shaping improves hole 

taper and improve metallurgy. Lately, Zhang and Zhou developed a quantitate method to 

characterise hole geometry such as conicity and circularity, and surface quality such  as 

the recast layer, spatter, and micro cracks (H. Zhang et al., 2016). They found that 

developed method aids to optimise parameters such as laser power and beam expanding 

ratio.  

 

2.3.7 Remarks 

The current research work on laser trepan drilling in different nickel-based materials 

based on Table 2-1 can be summarised as follows: 

1. Much work has been focused to the laser percussion drilling process in terms of 

recast layer thickness, taper ratio and material removal rate (see references on 

Table 2-3). 

2. A number of investigations have been conducted on the modelling and 

optimisation of the recast layer thickness (Chien and Hou, 2007; Kumar, Dubey 

and Pandey, 2013), development of automated five axis laser trepan drilling 

process in CMSX-4 (Horn et al., 2000; Willach et al., 2003; Kreutz et al., 2007; 

Walther et al., 2008).  

3. Others have investigated the impact on hole geometry (Goyal and Dubey, 2014), 

dimensional deviation (H. Zhang et al., 2016), and drilling speed (Marimuthu, 

Antar and Chantzis, 2015; Antar et al., 2016). 

4. There is still very limited work on the understanding of influences of laser trepan 

key process parameters to minimise the surface crack formation in the recast layer 

and how it impacts on the performance of laser drilled components. 

 

2.4 Fatigue life assessment methods: an overview 

High cycle fatigue, thermal-mechanical fatigue, corrosion-fatigue and creep-fatigue are 

among the most critical forms of fatigue failure potentially occurring in cast nickel-based 
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turbine blades and vanes (Seerangan, Walunj and Kumar, 2012). The existing fatigue life 

assessment approaches and predictive damage models are still challenging considering 

the accuracy and environmental effect such as from oxidation and corrosion challenging 

(Bagnall, Shaw and Mason-Flucke, 2000). There have been numerous investigations on 

the fatigue life assessment and life prediction of cast nickel-base alloys for aeroengine 

applications published in International Journal of Fatigue, Journal of Materials at High 

temperature, Superalloys 2012 Proceedings, etc., by use of deterministic or probabilistic 

methods. The purpose of this review is focused on presenting a summary of the 

mechanisms of fatigue failure, fatigue life methods, and status of high temperature fatigue 

life of single crystal (SC) nickel-base CMXS-4 alloy. 

 

2.4.1 Mechanism of fatigue failure 

Fatigue also refers to the progressive accumulation of damage in a material under a 

repeated cycling of stress11 and strain12 at constant or variable temperature. There are 

three distinct stages of fatigue failure (see Figure 2-23). The first stage is the crack 

initiation nucleation (stage I), which it is at the microscopic level in the component or 

material. Second, the crack propagation (stage II) characterised by the short crack growth 

and long crack growth. Finally, the last stage is the material failure by fast fracture or 

tensile overloading.  

Crack initiation in materials usually occurs from (Gell and Leverent, 1973):  

 Microstructural defects, from casting porosity, white layer, carbide inclusions, 

segregation, etc. 

 Stress raisers including holes, radii, and discontinuities. 

 Environmental assisted cracking, such as hot corrosion and oxidation. 

 Surface flaws such as scratches, machining marks.  

 

11 Stress (S or σ, sigma) is the load per unit area or the force (F) applied per cross-sectional area (A) 
perpendicular to the force (ASTM E6, 2000). 
12 Strain is elongation change in dimension per unit area (ASTM E6, 2000). 
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Figure 2-23. Schematic diagram showing different stages of fatigue crack mechanism to 

failure.  

The crack nucleation (stage I) usually starts with a faceted surface and then follows 

through striation type pattern (river lines, beach marks, etc.) at different stages of the 

crack growth (stage II). The crack growth at elevated temperatures is ductile and is 

controlled by the stress intensity factor (Kic) at crack tip (Duquette and Gell, 1971). The 

final stage of failure by fast fracture will occur when the remaining cross-section of the 

material after a continuous cyclic load is insufficient to carry more load/stress. The final 

fracture morphology is characterised by cleavage, ductile shear or brittle fracture (Brooks 

and Choudhury, 2002).  

Also, it should be mentioned that fatigue crack initiation and growth could be 

characterised by intergranular fracture mode or transgranular fracture mode (Shipley and 

Becker, 2002). 

 Intergranular fracture: The crack propagation of travels along the boundaries 

of the metal or alloy, typically due to elemental depletion at the grain boundaries 

or weakening of grain boundary due to chemical, corrosion and oxidation attack. 

 Transgranular fracture:  The crack propagation results from the repeated 

breaking of atomic bonds along specific planes and the crack travels through the 

actual grains (see Figure 2-24). 
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Moreover, there is a comprehensive literature available on the basics of fracture 

mechanisms of metals and alloys (Gayda and Miner, 1983; Antolovich, 1996; Liu, 2005; 

Campbell, 2012). 

 

Figure 2-24. Schematic of mechanisms of fracture in polycrystalline alloys: (a) 

intergranular fracture and (b) Transgranular fracture. Modified from (Campbell, 2012). 

 

2.4.2 Fatigue life methods 

This section briefly introduces three fatigue analysis methods including stress-life 

approach, strain-life approach and the fracture mechanics approach. These methods have 

their own area of application with some degree of similarities among them, the stress-life 

and strain-life approaches that are also considered to be the total-life approach. 

 

 Stress-life approach 

Stress-life (S-N) approach was one of the first analytical methods developed to determine 

the fatigue life. It was developed in the 19th century using standard laboratory tests 

(Wöhler, 1867). The tests were cyclic based such as rotating and cantilever bends, axial 

pull-up tests and torsion tests. The experimental data analysed the applied stress (S) to 

the number of load cycles to failure (N); hence known as S-N curve (Wöhler, 1870). This 

enabled the design engineers to accurately predict fatigue life and derive material’s 
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fatigue limit13 from this curve. Later, the finite life region of the Wöhler’s S-N curve was 

represented by Basquin Function (Basquin, 1910). Basquin Function was also later 

modified by introducing an extra parameter, the fatigue limit (Stromeyer, 1914).  

 

Figure 2-25. Schematic diagram of S-N curve showing the HCF and LCF life cycles to 

failure regions. Adopted from (Suresh, 1998).  

To demonstrate the effect of stress ratio (σmin/σmax) on the fatigue life, the equivalent stress 

model was proposed (K. Walker, 1970). This model considers the mean stress effect on 

the stress cycle, as shown in Figure 2-25. Moreover, Basquin Function is limited to zero 

mean stress conditions, not representing the real-life loading conditions. For non-zero 

mean stress conditions, different combinations of the stress amplitude and mean stress is 

plotted through Morrow relation (Morrow, 1968), Söderberg relation (Soderberg, 1939), 

Goodman relation (Goodman, 1899) and Gerber relation. Among these models, Gerber 

gives better life prediction for tensile mean stresses. Söderberg gives a conservative 

prediction of the fatigue life. Further detailed discussion of these models is available in 

the open literature (Suresh, 1998; Campbell, 2008).  

There are also other factors that affect S-N fatigue curves such as stress concentration; 

surface finish; surface treatments; load types; shape and distribution of inclusions; grain 

 

13 Fatigue limit or endurance is maximum fluctuating stress a material can endure for an infinite number of 
cycles (ASTM E6, 2000) 
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size and direction; frequency; temperature and environment. These factors have been 

considered and discussed in (Cui, 2002). These factors have a detrimental impact on the 

fatigue life of cast and machined components by a debit of approximately 35-50% (Fuchs, 

Stephens and Saunders, 1981; Milella, 2013). 

 

Figure 2-26. Schematic diagram of cyclic loading parameters and variation of stress vs. 

time (t). Adopted from (Suresh, 1998), page 225. 

The S-N approach is widely used for high cycle fatigue tests. Where, in most of the cases 

a low amplitude cyclic stress is applied to induce mainly elastic deformation in a cross-

section of a specimen or component (Suresh, 1998). The test methods for determining the 

Stress-life (S-N) response and fatigue testing are outlined in detail in ASTM standards 

E466-E468 and STP 91-A (American Society for Testing Materials, Philadelphia). 

 

 Strain-life approach  

Strain-life (E-N) approach, also known as local strain method or low cycle fatigue 

approach (Fuchs, Stephens and Saunders, 1981). It is applicable for situations involving 

primarily plastic stress where high stress, high temperatures or stress concentrations (i.e. 

notches) are involved (Suresh, 1998). The E-N approach is widespread use in the 

automotive industry, and more recently in aerospace and power generation industries. A 

typical strain-life diagram is shown in Figure 2-27. 

The strain-life method developed in the 1960s through Coffin-Manson expression 

(Coffin, 1954; Manson, 1954) which was mainly concerned with the thermal fatigue 

problems, and later with the crack initiation stage. Mean stress effects have also been 
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incorporated into the E-N (Strain-life) approach for prediction of fatigue life by Morrow 

relationship (Morrow, 1968), Walker strain relation (K. Walker, 1970) and Smith Watson 

Topper relation (Smith, Watson and Topper, 1970).  

The prediction of fatigue lives for notch members has also found increasing usage in E-

N approach. (Suresh, 1998), since it is more convenient to relate the notch tip field to 

crack initiation phase. The theoretical stress and strain concentration factors under plastic 

deformation are given by Neuber’s criterion (Neuber, 1961) to fatigue loading conditions. 

Based on this criterion, models developed by some researchers provided acceptable 

predictions of the fatigue behaviour of notch members (Topper, Sandor and Morrow, 

1969; Dowling, Brose and Wilson, 1977). Moreover, multi-axial fatigue variable 

amplitude cyclic strains and cycle counting related to theoretical strain-life approach has 

also been discussed in detail in (Cui, 2002). Further, a comprehensive discussion and 

applications of Strain-life approach have been provided in chapter 8 of (Suresh, 1998) 

and other authors (Fuchs, Stephens and Saunders, 1981; Fang and Berkkovits, 1994; 

Dowling, Calhoun and Arcari, 2009; Ince and Glinka, 2011). 

 

Figure 2-27. Schematic diagram of strain-life curves. Adopted from (Nanocrystalline 

Materials: Fatigue Part 1 (Nanotechnology), 2016).  

The E-N tests are mostly carried out in strain control than control load. Strain control 

testing uses the output from the strain gauge to provide the feedback to the typical servo-

controlled test rig. Whilst, load control is carried out with cycling applied load without 

strain gauges and it is a simplest and quickest test procedure. In aerospace and power 
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generation industries, theoretical strain-life approach and thermal-mechanical fatigue 

(TMF) tests are mostly used for representing features in turbine components such as 

complex radii, slots and holes (Harrison and Winstone, 1996; Cai et al., 1999; Bagnall, 

2008; Blanchard, 2011). TMF failure occurs when plastic strains cannot be 

accommodated at low temperatures and creep and oxidation deformation occurs at high 

temperatures (Moverare, Johansson and Reed, 2009).   

Thermal-mechanical fatigue tests are conducted according to ASTM Standards (ASTM 

E2368-10, 2010). The testing encompasses cycling of the temperature and mechanical 

strain with different phase shifts, viz. out-of-phase (OP) or in-phase (IP). A diagram of 

the stress–strain behaviour corresponding to OP-TMF is given in Figure 2-28. The E-N 

test is typically performed on polished cylindrical specimens. In some cases, tests are 

performed on machined notches in rectangular cross-section specimens to simulate 

cracks. Further detailed test procedures are described in  ASTM Standards E606/E606M 

(ASTM E606, 2012). 

 

Figure 2-28. Schematic diagram of TMF curves (Moverare, Johansson and Reed, 2009). 

 

 Fracture mechanics approach 

The fracture mechanics approach finds its application to predicting the propagation life 

from an initial crack or surface flaw in a material. Basics of fracture mechanics started 

with experimental studies by Griffith criterion in 1920’s (Griffith, 1920) and have since 
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then developed in various directions (Irwin, 1948; Orowan, 1949). Later, Irwin developed 

the method of linear elastic mechanics (LEFM) which relates the growth of an initial 

crack of size to the number of cycles to failure. Irwin also described the systematic 

assessment of the toughness of a material and demonstrated the relationship between the 

crack shape and stress intensity concept (Irwin, 1960).  

Fracture toughness is an indication of the amount of stress required to propagate a pre-

existing flaw and stress intensity factor is used to determine the fracture toughness 

(N.E.R, 2011). The stress intensity factor is a function of loading, crack size and structural 

geometry. Fracture toughness is a very significant material property since the occurrence 

of defects is not entirely avoidable in the processing, manufacture, assembly or service of 

a material/component (N.E.R, 2011). Moreover, the strength of a material is typically 

dependent on the initial crack size that in turn is limited to the size of defects. These 

defects may appear in the form of cracks, voids, inclusions, weld defects, machining 

marks or design discontinuities. Therefore, application of fracture mechanics principles 

is essential to aerospace and power generation components, particularly in the 

development of novel materials and failures analysis related to critical design features or 

manufacturing related defects (Farahmand, 2001). 

In the linear elastic fracture mechanics (LEFM) approach, the number of fatigue cycles 

or time to propagate the crack from initial size to some critical dimension is considered 

the useful fatigue life. The critical defect size is that dimension above which unstable fast 

fracture occurs (Holdsworth, 1980). The choice of critical defect size for fatigue crack 

may be based on the fracture toughness of the material (see Figure 2-29), loading 

geometry and permissible strain or change in the compliance of the material/component 

(Suresh, 1998). The critical value of fracture toughness is determined directly by 

laboratory pre-crack specimens with length and thickness of sufficient size to satisfy the 

linear elastic requirements of ASTM E399.  
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Figure 2-29: Typical fatigue crack growth versus life curve and crack growth behaviour. 

Modified from (Motarjemi, A. and Shirzadi, 2006). 

The prediction of crack propagation life using fracture mechanics approach involves the 

use of crack growth empirical laws. Paris’s law (Paris and Erdogan, 1963) has been 

widely used for the estimation of fatigue crack growth applications where catastrophic 

failures may occur. Further, the range of stress intensity factor present in the Paris 

empirical expression can be determined by Broek criterion (Broek, 1986). There is a 

considerable number of literature available on the state-of-the-art review of fracture 

mechanics principles (Anthony, 2007; Broek, 2012; Zhu and Joyce, 2012; Ransom, 

Glaessgen and Ratcliffe, 2013). The fatigue crack growth tests are generally carried out 

on standard compact tension (CT) specimen, according to ASTM standards (ASTM 

E399-12, 2013; ASTM E1820-15a, 2015; ASTM E647 − 15e, 2015). 

 

2.5 CMSX-4 superalloy 

CMSX-4 is trademark name of Cannon-Muskegon and a second-generation rhenium 

containing single crystal (SC or SX) nickel-based superalloy. It is widely used in the hot 

gas path of aeroengines and industrial gas turbines components, in particular, turbine 

blades and vanes (Stekovic, 2005). The CMSX-4 provides superior creep performance, 

stress rupture, fatigue, oxidation and high temperature corrosion resistance at elevated 
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temperatures, typically of at least 1150°C (Sengupta, A., Putatunda, S. K., Bartosiewicz, 

L., Hangas, J., Nailos, P. J., Peputapeck, M., Alberts, 1994). 

The superalloy may be categorised as either chromia or alumina former, depending the 

alloy composition and application. CMSX-4 is an alumina former. The chromia and 

alumina improves resistance to hot corrosion and high temperature oxidation resistance, 

respectively. Therefore, including these element into the alloy chemistry with purpose of 

growing either chromia protective layer or alumina protective scale. One reason use of 

alumina formers is that less proactive layers are formed below 900oC, thus, ideal for high 

temperature applications greater than 900oC. But this at the expense of reduction of 

chromium content into the alloy, reducing the hot corrosion and corrosion-fatigue 

resistance. Chromia former tend to the used at temperatures below 900 oC due to chromia 

forming is volatile above 900 oC (Goebel, Pettit and Goward, 1973).   

The microstructure of CMSX-4 superalloy consists of two-phase (γ + γ′). In the as-cast 

condition, the superalloy is characterized by gamma γ matrix, gamma-prime γ′ phase 

precipitates, and (γ + γ′) eutectic regions (Szczotok and Chmiela, 2014). A detailed 

description of CMSX-4 metallurgy and microstructure is available in (R.C. Reed, 2006).  

 

Figure 2-30. Schematic diagram of crystal structure of gamma-prime14.  

The gamma phase work as a matrix and is a continuous matrix faced centric cubic (FCC) 

crystal structure Ni-based austenitic phase that usually contains high percentage of solid 

solution element such as chromium, cobalt, molybdenum and tungsten (R.C. Reed, 2006). 

 

14 Retrieved from: http://www.phase-trans.msm.cam.ac.uk/2003/Superalloys/superalloys.html, accessed in 
12/03/2016. 

http://www.phase-trans.msm.cam.ac.uk/2003/Superalloys/superalloys.html
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Gamma prime is ordered L12 FCC crystal structure with nickel atoms as face of the cube 

and aluminium and titanium as the corners of the cube (see Figure 2-30) Gamma-prime 

precipitate is intermetallic compound with volume fraction of 77% and cube length of 0.5 

µm and size of gamma channels surrounding gamma-prime is about 0.1 µm (R.C. Reed, 

2006). 

CMSX-4 is a vacuum-melted cast superalloy and the chemical composition of the 

superalloy (in wt.%) is 9.0 Co, 6.5 Cr, 6.0 W, 5.6 Al, 1.0 Ti, 6.5 Ta, 0.6 Mo, 3.0 Re, 0.1 

Hf, and a Ni balance. Rhenium (Re) in CMSX-4 improves the creep life by a factor of at 

least two, with further benefits for fatigue performance at high temperature (Mottura and 

Reed, 2014). Other alloying elements such as cobalt (Co) increases the gamma prime (γ′) 

phase solution temperature, providing resistance to high temperatures; Chromium (Cr) is 

aiming to improve their oxidation resistance; and Molybdenum (Mo) increases 

mechanical strength entering into solid solution in the matrix or forming carbides (R.C. 

Reed, 2006). 

Moreover, crystal orientation also influence on the mechanical properties, such as fatigue 

and creep since are strongly crystal orientation dependent. Ni-base single crystal 

superalloys are highly anisotropic materials. It means that they have different properties 

in different crystallographic directions. Figure 2-31 shows a stereographic triangular 

indicating a crystal planes of a CMSX-4 sample analysed on the EBSD. In [001] direction, 

tensile yield strength is greater than [011] and [111] directions. Thus, better creep 

properties and preferred upward direction for gas turbine blade applications. 

 

Figure 2-31. Example of an EBSD stereographic triangle showing the different [001], [101] 

and [111] crystal orientations.  

Microstructural degradation in CMSX-4 superalloy at high temperature generally occurs 

through creep deformation (i.e. rafting of the γ′ structure, twining, etc.), recrystallization, 
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oxidation diffusion, microstructure defects (i.e. porosity, segregation, recast, etc.) and hot 

corrosion attack (Fullagar et al., 1996; Cox et al., 2003; Carter, 2005; Neidel et al., 2005; 

Sidhu, Prakash and Agrawal, 2006). Typical microstructure of aged CMSX-4 is shown 

in Figure 2-32. It can be seen that there is deterioration of gamma-prime due to rafting. 

Rafting is a directional coarsening degradation of gamma-prime precipitates due to 

exposure to high temperature and high centrifugal load, thus to reduce creep resistance 

(Reed et al., 1999). Two types of rafting exists, first the P-type which rafts lies parallel to 

the load direction and second lies transverse to the load direction (Fedelich et al., 2012). 

   

Figure 2-32. Example of secondary electron image showing single crystal Ni-base 

microstructure: (a) before the test and (b) after creep exposure at high temperature. 

adopted from (Giorgetti, 2017). 

 

2.6 Review of fatigue life in CMSX-4 superalloy 

This section presents the state-the-art review on fatigue life of CMSX-4 nickel-based 

superalloy for high temperature applications. The review covers most of the research 

work conducted on thermo-mechanical fatigue, creep, low cycle fatigue, stress rupture 

and hot corrosion fatigue. Further, a brief introduction to nickel-based CMSX-4 

superalloy is given below. 

2.6.1 Thermo-mechanical and low cycle fatigue  

There have been a lot of investigations on thermo-mechanical fatigue damage evaluation 

of CMSX-4 material using the traditional strain-life method or the low cycle fatigue 

approach for optimising the design procedure (Marchionni, 2002a). Some researchers 

adopt the out-of-phase (OP) conditions to guide the crystal orientation on deformation 

behaviour and fracture life for turbine component design. In TMF, microstructural 

stability plays an important role since there are a strong correlation and interactions 
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between the degradation mechanisms occurring at high and low temperatures. Recently, 

a study in OP TMF found that inelastic strains clearly occurred in gamma (γ) phase 

microscopically and asymmetric deformation causes ratcheting deformation in γ and 

gamma prime (γ') phases of CMSX-4 tested at 200 to 800°C (Mukai Y, Kagawa H, 2015).  

Another study revealed that the material degradation (i.e. rafting) during OP TMF with a 

maximum temperature of 1000 °C led to different mechanical behaviour when the 

minimum temperature was reduced from 400 to 100 °C (Arrell et al., 2004). This change 

in temperature resulted in crack initiation life reduction by a factor of 3. It is also found 

that highly localized twinning can cause deformation during OP TMF cycling (Moverare, 

2007; Moverare, Johansson and Reed, 2009). 

A comparative study on OP TMF (400 to 950oC) and isothermal LCF (950oC) behaviour 

of CMSX-4 alloy have been investigated through triangular and trapezoidal waveform, 

respectively (Hong et al., 2011). OP TMF life exhibited less than a half of LCF life. The 

localized twins provided a preferential crack path and accelerated surface crack 

propagation through OP TMF cycling. LCF deformation was largely dependent on the 

oxide diffusion. Whilst, OP TMF deformation was dominated by partial dislocation 

movement of [111], [112] slip system. Similar results were also reported in (Kang et al., 

2011).  

In-phase (IP) TMF behaviour of CMSX-4 is also being investigated. Seo and Kim studied 

the IP TMF behaviour in the temperature range of 500 to 1000oC in the air. The authors 

found that IP TMF loading resulted in formation of creep cavities adjacent to internal 

interdendritic pores which eventually coalesced to nucleate subsurface fatigue cracks 

(Seo, Yandt and Kim, 2013).  

The influence of crystal orientations also has an impact on the alloy deformation and 

fracture. There are a number of isothermal low cycle fatigue assessments reported on 

CMSX-4 considering various crystal orientations (Arakere N, 2002; Hou et al., 2008; Xu, 

Reuter and Rothkegel, 2008; Scholz et al., 2009). A study investigating uni-axial strain 

controlled loading configurations at 750°C and 950°C in CMSX-4 specimens found that 

the specimens can experience hardening or softening cycling depending on the 

temperature and loading configuration (Barnard et al., 2012). Through an examination of 

fatigue fracture surfaces, it was found that the fracture surfaces at 750°C were highly 
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faceted and cracks highly inclined to [111] orientations. Whilst, fractures at 950oC in 

[001] specimens demonstrated to remain perpendicular to the applied tensile stress.  

A new micromechanics model has also been proposed to predict the TMF and LCF lives 

(Okazaki and Sakaguchi, 2008), applying the Eshelby's theory (Eshelby, 1961) and the 

Mori-Tanaka's averaging approximation (Mori and Tanaka, 1973). The model enabled to 

successfully estimate not only the unique characteristics in the TMF and LCF failures but 

also the effect of γ' geometry on the LCF lives. Coppola aiming to simulate the real high-

power transient conditions in aeroengines investigated clockwise and counter-clockwise 

diamond cyclic loading on bare and coated CMSX-4 specimens to investigate their 

influence on the TMF, creep and LCF in the range of 750oC to 1050oC (Coppola et al., 

2008). The findings found to be in agreement with open literature data (Strangman, 1992; 

Thomas, 1994; Fullagar and et Al., 1996). 

The effect of different γ/γ′-morphologies on the LCF behaviour, namely cuboidal γ′-

particles, γ/γ′-rafts perpendicular and γ/γ′-rafts parallel to the stress axis have been studied 

in the past (Ott and Mughrabi, 1999). The LCF tests under strain-controlled and high 

temperature (950oC and 1050oC) showed that the fatigue lives were reduced for 

specimens with γ/γ′-rafts perpendicular to the stress axis and extended for specimens with 

γ/γ′-rafts parallel to the stress axis. Specimens with cuboidal γ/γ′-particles exhibited 

intermediate fatigue lives.  

Cyclic dwell LCF behaviour of CMSX-4 under strain-controlled at 1100oC has been 

studied (Yandt et al., 2012). Microstructural analysis revealed that no-dwell fatigue 

induced isotropic coarsening of the γ′ precipitates, while compressive dwell loading led 

to the formation of discontinuous γ′ rafting parallel to the loading direction. The localised 

oxide attack from the specimen surface promoted the fatigue crack nucleation. Further, 

compressive dwell fatigue lives were four to fifteen times shorter than no-dwell loading.  

Stekovic presented a study on the low cycle fatigue (LCF) properties and degradation 

mechanisms of uncoated and coated CMSX-4 tested at two temperatures, 500°C and 

900°C (Stekovic, 2005). Results have shown that at 500°C the coating had a detrimental 

effect on the fatigue life while at 900°C the coating improves the fatigue life of the 

superalloy. The ductile to brittle transition temperature contributed to early cracking of 
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the coating hence reducing the fatigue life, while the positive effect of the coating at 

900°C resulted in a slower propagation of cracks. 

2.6.2 Creep and low cycle fatigue  

Creep is known to deteriorate the mechanical properties such as yield stress and reduce  

LCF life nearly by a factor of 10 (Epishin et al., 2010). The high temperature creep-

fatigue behaviour on CMSX-4 has been studied by many researchers such as effects of 

rafting at 1150oC (Reed et al., 1999; Epishin et al., 2005; Klingelhöffer, Epishin and Link, 

2009). The authors found that the decrease of LCF life correlates with the formation of 

rafted γ/γ′ microstructure. 

Other researchers have investigated the fatigue damage related to the growth of micro 

cracks originating from initial casting defects such as porosity. A damage model has been 

developed for predicting the creep-fatigue life of CMSX4 specimens at 950°C under LCF 

conditions and of 450-950°C for TMF conditions (Koster, Alam and Rémy, 2002). The 

model considered the distribution of the pore size and their propagation due to fatigue 

and creep loading. The results suggest that large near surface pore may develop into a 

surface crack and the weakening of material through oxidation embrittlement could 

accelerate its propagation. Another study found that fracture surfaces induced by creep 

damage is internal and cracks nucleates from the pores and in the fatigue damage typically 

initiates from the external surface and propagates inward in stages I, II and III 

(Marchionni, Goldschmidt and Maldini, 1993). These findings were based on the tests 

performed in the range of 500 to 1100 °C under creep, low-cycle, and thermo-mechanical 

fatigue conditions.  

Similarly, TMF (at 250 to 750 °C, 450-950 °C and 550-1050 °C), LCF and creep life (at 

750, 950 and 1050 °C) of CMSX-4 specimen at [0 0 1], [0 1 1] and [1 1 1] were assessed 

through four-point bending tests (Scholz et al., 2008). Later, developed a predictive 

model for creep deformation based on Garofalo equation and a Larson–Miller approach 

has developed (Scholz et al., 2009). The model considered cyclic elastic-plastic 

deformation and fatigue behaviour. The tests were conducted on CMSX-4 samples at 

different temperatures (850-1050oC) and at the typical crystallographic orientations 

[0 0 1] and [1 1 1].  
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The stress-rupture behaviour of CMSX-4 has been modelled using a damage-mechanics 

technique (MacLachlan and Knowles, 2000). The model considers the level of damage 

required to cause failure is delineated by the effective stress reaching the materials 

ultimate tensile strength (UTS). The authors found this technique reliable to ensure the 

short-term rupture data extrapolate back to the UTS.  

A finite element model based on the slip system approach is used to demonstrate the 

effects of rotation and bending on specimens (Gunturi, MacLachlan and Knowles, 2000; 

MacLachlan et al., 2001). For validity of these simulations, authors compared with the 

results of creep tests performed on CMSX-4 specimens in several different orientations 

at 950°C. Also, a viscoelastic constitutive model has been developed to predict the 

degradation effect of rafting on the mechanical behaviour of CMSX-4 in the temperature 

range of 850-1100°C and its kinetics during complex loadings (Fedelich et al., 2012). The 

microstructure analysis revealed that the rafting kinetics is driven by the reduction of the 

internal stresses.  

2.6.3 Fatigue lifetime based on notches 

A deterministic fracture mechanics approaches are applied to the analysis of the fatigue 

behaviour of CMSX-4 notched specimens (Wu et al., 2005). The effect of pore shape, 

size and position on the residual life of notch CMSX4 specimens at 650 °C and 725 °C 

in air and vacuum have been investigated (Reed and Miller, 2008). The initial results 

show the role of interdendritic porosity in initiating fatigue in both alloys, and the number 

of initiation sites is found to directly impact on the fatigue life debt. In the air in CMSX-

4, the cracks do initiate at subsurface pores, whilst, tests under vacuum conditions 

demonstrates that cracks initiate at surface porosity. The model also explains the observed 

scatter in notch fatigue lifetimes.   

Strain control fatigue response and notch fatigue behaviour of three alloys including 

CMSX-4 at 800 oC were explored (Marchionni, 2002b). The authors through measured 

crack growth data and pore sizes, it was found that fracture mechanics approach was more 

appropriate for predicting the residual lives at 650oC. Further, Walker strain predictions 

of notch lives at 800oC were more meaningful because it considered the stress relaxation 

effect at the casting pores (Evans et al., 2009). Moreover, non-linear FEM modelling has 

also been used to identify fatigue damage parameters at 950oC on the notch LCF 
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behaviour (Filippini, 2011b) and creep-fatigue behaviour (Filippini, 2011a) for the 

application of turbine engine components.  

2.6.4 Hot Corrosion and corrosion fatigue 

A significant number of investigations on hot corrosion assessment of CMSX-4 have been 

conducted by use of isothermal cyclic tests (Nicholls, Simms and Encinas-Oropesa, 2007; 

Orosz et al., 2007; Matsumoto et al., 2011; Lortrakul et al., 2014; Sumner et al., 2014). 

Based on the mass change data and metal loss data from CMSX-4 hot corrosion tests, a 

simple furnace-based approach has been developed to map the temperature dependence 

of hot corrosion for alloys in the temperature range 600–1000 °C (Haight et al., 2015). A 

probabilistic assessment based on Weibull statistics has been proposed considering the 

transition from incubation lifetime to propagation rates of CMSX-4 and IN738LC 

samples, which assists in the development of quantitative hot corrosion damage models 

(Sumner et al., 2014).   

An investigation on the effects of fuel gases contaminants on bare and in the platinum 

aluminised (Pt-Al) coated CMSX-4 samples was conducted using traditional mass change 

method (Encinas-Oropesa et al., 2014). The authors carried out type II hot corrosion tests 

as per reported procedure (Simms et al., 2001). Results indicated that the uncoated 

CMSX-4 was more sensitive to damage by alkali sulphates than Pt-Al coated CMSX-4 

samples at 700 oC, in combustion environment with sulphur and chloride deposits. The 

sulphur and chlorine gaseous contaminants are extremely corrosive, forming deposits of 

sulphates, which in turn can form in a molten state on the surface of the components. 

These molten deposits can promote accelerated corrosion and degradation, known as hot 

corrosion (Sumner et al., 2013). This phenomenon can cause a gradual loss in turbine 

efficiency and reliability of hot gas path turbine blades and vanes (Encinas-Oropesa et 

al., 2014).   

A systematic study of the effects of various salt deposits, salt concentration, and sulphur 

level on the cyclic oxidation of CMSX-4 in the air at temperatures above 1000°C has 

been presented by (Pahlavanyali et al., 2014). The alloy was tested both in the bare and 

in the Pt-Al coated conditions. It was found that cyclic oxidation with the addition of salt 

offers an accurate, flexible, reproducible and above all realistic method of assessing the 

life of turbine components.  
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A dimensional metrology approach in a probabilistic content to predict hot corrosion 

damage in terms of metal loss was proposed (Simms, Encinas-Oropesa and Nicholls, 

2008). The authors used pre-exposure contact measurements and post-exposure 

measurements of features on CMSX-4 polished cross-sections. These measurement 

methods permitted distributions of damage data to be determined and allowed different 

approaches to corrosion modelling to be explored and their practicality to be assessed. 

A considerable literature on fundamentals of hot corrosion in nickel-based alloys been 

published in the open literature (Pettit et al., 1984; Tatlock, Hurd and Punni, J, 1987; 

Eliaz, Shemesh and Latanision, 2002b; Sidhu, Prakash and Agrawal, 2006; Deodeshmukh 

and Gleeson, 2008; Nicholls and Simms, 2010; Sumner et al., 2013). However, there is a 

scarce number of publications in the high temperature corrosion-fatigue behaviour of 

nickel-base alloys for gas turbine blades and vanes applications, particular in the CMSX-

4 alloy (Sato et al., 1995).  

Most of the available publications relate to hot section nickel-based disc alloys (Gabb et 

al., 2010; Rosier et al., 2014; Child, Meldrum and Onwuarolu, 2016; G. J. Gibson et al., 

2016). Others on hot corrosion and low cycle fatigue behaviour of IN718 (Mahobia et al., 

2014), Nimonic-263 (Sahu et al., 2015), DZ125 (Yang, Li and Qi, 2015), Rene 80 

(Rahmani and Nategh, 2010), Udimet 500 (Pieraggi, 1987) and IN738LC (Jianting et al., 

1984). 

 

2.6.5 Remarks 

The CMSX-4 nickel-base superalloy was developed initially for the use as a structural 

material in blades and vanes of aircraft gas turbine engines for the aerospace industry. 

Later, used in the industrial gas turbine industry due to its superior mechanical properties, 

good corrosion resistance, oxidation, creep resistance at high temperature (Fullagar et al., 

1996; Ford et al., 1999). In past, considerable number of publications have reported 

improved characteristics of CMSX-4 superalloy focusing on the thermal-mechanical 

fatigue, creep-fatigue interaction, hot corrosion, and fatigue crack growth behaviour 

under different temperatures and crystal orientations. These studies have demonstrated 

that a variation in the microstructure, metallurgical defects, different environments and 
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variable loading can impact on the lifing performance and rate of degradation of CMSX-

4 nickel-based components.  

A significant number of investigations on fatigue assessment of turbines materials 

including nickel-based CMSX-4 superalloy has been conducted by use of the strain-life 

and fracture mechanics approach, such as Larson-Miller Parameter, Cofin-Manson and 

Paris law. Finite element modelling (FEM) has also been in used for assisting in the 

development of predictive fatigue and damage modelling for turbine components design. 

It has the advantage of providing the exact sites, directions, and magnitudes of high 

stresses concentration and the map of stress distribution in the entire region of the specific 

feature being considered. 

Another critical observation is that there is very limited work on the corrosion-fatigue 

behaviour of CMSX-4 superalloy. The next section describes the corrosion-fatigue 

process in alloys and a state-of-the-art literature review of fatigue life studies in cooling 

film holes.   

 

2.7 Corrosion-fatigue 

The corrosion-fatigue is an emerging degradation mechanism experienced by aeroengine 

hot-section components, such as turbine blades, vanes and discs. The current demands of 

high efficiency led to an increase in turbine inlet temperatures (TIT). In past, TIT’s were 

low and ranging between 650 to 900 degrees Celsius, so there has no or little mechanical 

interaction. In recent years, TIT’s have gone up to 1200 degrees Celsius and mechanical 

interaction has increased since, thus to rise in corrosion-fatigue cracking. To sustain high 

temperatures, materials have been developed to have high temperature resistance and 

creep strength. However, at expense of reducing chromium content in superalloys, thus 

to decrease in hot corrosion resistance. One example is nickel-base CMSX-4 superalloy, 

an alumina former. In addition, impurities in fuel and air-intake has increased over the 

years. Increase in the heat and airborne salt flux also causes rate of deposition of corrosion 

elements in the superalloy (Leyens, Wright and Pint, 2001).  

The nickel-based superalloys when exposed to salts and sulfur compounds at elevated 

temperatures can lead to hot corrosion fatigue crack growth in aeroengine hot-section 

components. Once micro pits are formed under hot corrosion environment, these serve as 
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stress concentration sites where cracks can initiate and propagate to failure under 

subsequent cyclic loading (Chan et al., 2016). As such, corrosion-fatigue has been defined 

by National Association of Corrosion Engineers (NACE) as “a result of the combined 

interaction between alternating or cyclic stresses and corrosive environment”.15 The 

corrosion-fatigue mechanism can be characterised in three stages (see Figure 2-33).  

 

Figure 2-33. Schematic diagram of corrosion-fatigue stages in gaseous environment. 

Modified from (Chan, Enright and P. Moody, 2013) and (Qining et al., 2015). 

The stage I – incubation and nucleation, before crack initiation a protective scale is 

formed which changes with exposure time and the formation and growth of pits on the 

alloy surface (Chiang, Pettit and Meier, 1983). The protective layer is mostly consisted 

of oxide rich in aluminium, chromium and nickel (Al2O3, Cr2O3 and Ni2O3). The 

dissolution of protective oxide is caused by molten sulphates followed by fatigue crack 

nucleation at corrosion pits. Multiple cracks initiates at the surface of protective scale 

through stress-assisted corrosion. The cracks remain small, less than 100 microns, or 

taken by corrosion front forming pit like features with increasing exposure time. In 

 

15 https://www.nace.org/Corrosion-Central/Corrosion-101/Corrosion-Fatigue/, accessed in 20/01/2015. 
 

https://www.nace.org/Corrosion-Central/Corrosion-101/Corrosion-Fatigue/
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presence of high cyclic stresses triggers a transition from pitting to corrosion-fatigue 

crack growth. The incubation and nucleation process is similar to static hot corrosion and 

stress corrosion cracking mechanism, (Pettit et al., 1984) and (Gangloff, 2005), 

respectively. Figure 2-34 illustrates initial oxidation of chromium and aluminium formers 

in nickel-base superalloys.  

 

Figure 2-34. Schematic diagram to illustrate oxide scale formation in nickel-based 

superalloys. Modified from (Pettit and Meier, 1984). Used with permission of The 

Minerals, Metals & Materials Society. 

Existing literature suggests that more than one driver exists causing breakdown of the 

protective scale at the end of incubation stage. These includes as follows (Pettit, 2011) 

 Heat flux and temperature influences the rate of deposition of salts and corrosive 

species, such as sodium, sulphur and vanadium. 

 Acidic and salt fluxing of the scale, plays important role in depletion of protective 

scale, such as nickel oxide and alumina scale. 

 Thermal gradients between metal surface and gas flow. 

 Salt chemistry and rate of deposition which could be dependent of pressure. 

 Mechanical cracking of protective scale due to thermal cycling. 

 Impurities in the fuel and intake air, as well as fuel/air ratio. 
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The impurities in the atmosphere including sea air leads to formation of deposits rich in 

sodium sulphate/vanadium in surface of the engine components. The deposits are in liquid 

or semi-liquid at temperatures ranging between 550oC-900oC, causing enhance 

metal/alloy deterioration due to oxidation and sulphidation reaction.  

Corrosion-fatigue stage II, propagation is characterised by sulphur/oxidation 

embrittlement. It is linearly proportional to exposure time and sulphate concentration. 

Internal sulphidation beneath protective scale forms sulphide oxides (Cr2O3 and Ti2O3) 

which leads to depleting of the surroundings alloy elements. The sodium sulphate, 

sulphide oxides and oxygen absorption across the crack tip act as stress raiser, enhancing 

the rate of corrosion-fatigue crack growth.  

The stage III of corrosion-fatigue is the transition mechanical fatigue, one crack reaches 

a critical threshold. The transition is gradual with a mix of corrosion-fatigue and 

mechanical fatigue being relatively small cracks. The mechanical fatigue dominates at 

larger cracks size and crack growth behaves more cyclic driven than exposure time-based. 

The final fracture mode occurs in tensile mode.  

 

2.8 Fatigue life of cooling holes 

Laser drilling process is known to induce localised stress concentrations, thermal damage, 

microstructure alterations around the hole surrounding area (Beck, 2011). Therefore, 

decreasing the operating life of laser drilled components in service owing to their brittle 

recast layer and susceptibility to hot cracking (Neidel et al., 2005). Interestingly, past 

studies related to nickel-base cooling film holes for turbine blades and vanes applications 

have focused on the hole geometry, film-cooling effectiveness and effects of holes shape 

on thermal fatigue and creep life. For example, more recently comparative analysis of 

different laser drilling process including picosecond and nanosecond process were used 

to assess the fatigue life of DZ2125 superalloy cooling holes (Liang et al., 2016). The 

fatigue tests were conducted at 900oC and on single and multiple hole. The picosecond 

laser drilling has shown to provide better life performance than nanosecond. This is due 

to high quality holes produced by picosecond process. In addition, the authors found that 

different laser drilling process leads to slightly different fracture morphologies. This 

result found to be similar to fatigue lives of EDM specimens and high-speed EDM 
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specimens, where EDM specimens found to have better fatigue life characteristics (Wen 

et al., 2017). These findings suggest that the drilling methods that produce better surface 

quality holes in terms of geometry and metallurgy will certainly have improve fatigue 

resistance.      

The creep damage evolution models have been reported on nickel-based DD6 superalloy 

cooling holes (Jianwei and Zhixun, 2015). The models are based on finite element 

simulation and crystal plasticity theory. The authors (Jianwei and Zhixun, 2015) found 

that creep damage and resolved shear stresses were more pronounced in specimens with 

holes at 0, 15 and 45 degrees to surface than 30 degrees to surface. The study concludes 

that the 30 degrees angled cooling film hole has the longest creep failure life. Another 

study (Ai et al., 2014), shown at 950oC that there is nearly 50% creep life debit of 

specimens with cooling holes than specimens without cooling holes when the stress was 

kept at 377 MPa. Creep performance can also be influence by cooling holes arrangement, 

where by decreasing the horizontal distance of the holes results in poor performance, 

whilst, increasing the vertical distance of the holes improves the creep performance (Li 

et al., 2013).  

A study on the creep behaviour of a nickel-based single crystal has been investigated at 

980 °C with two different crystallographic orientations (Yu, Yue and Wen, 2008). The 

authors in this study found that crystallographic orientations and cooling holes have 

significant influence on the stress rupture behaviour. In addition, FEM results reveal that 

stress and strain concentration near the holes edges are high, which indicates the crack 

nucleation and crack advance path in elliptical cooling holes (Wang et al., 2013). 

Effect of electro-chemically machined (ECM) acute angled cooling holes on tensile 

behaviour was also been investigated (Zhou et al., 2015, 2017). The authors found that 

the maximum strain concentration was shown at the acute side of specimens drilled at 30 

degrees angle than of 90 degrees to surface. These findings suggest that acute corners of 

the holes are sites of high stress/strain concentrations, hence potential sites of fracture in 

turbine blades and vanes. 

The effects of roundness error on the cooling film holes through the experimental and 

finite element modelling have been also investigated (Chen et al., 2014). The results 

shown that irregularities on the contour profile of the laser drilled hole caused by recast 
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layers could significantly decrease the life of the drilled holes. Moreover, the larger the 

roundness error, the shorter the low cycle fatigue life.  

Another study used a damage model to characterise the fatigue lifetime (Degeilh, 

Bonnand and Pacou, 2013). The authors investigated laser drilling effects on three 

different hole diameters. The model consisted of a 3D averaging method that considers 

the material microstructure and hole shape. The results showed that small holes diameter 

under 0.4 mm had a better performance less than compared to large holes diameter under 

0.8 mm and EDM holes of a diameter of 1.0 and 2.0 mm. The difference between the 

laser and EDM drilling fatigue life was caused by the difference in the microstructure, 

the thickness of the heat affected zone, and surface roughness of the specimens. Further 

studies were conducted to assess thermal-mechanical properties of thin-walled cylindrical 

specimens with laser-drilled holes. One study, shown that the TMF lives under similar 

conditions the laser drilled specimens were four times shorter than the smooth plain 

specimens (Kersey et al., 2013). Whilst, another study (Pan, Bischoff-Beiermann and 

Schulenberg, 1999) used a local stress approach for assessing the fatigue life of laser 

drilled holes at high temperatures ranging between 700oC and 900oC. The metallographic 

analysis suggested that the micro cracks induced by laser drilling had no significant 

influence on the total live of the specimen under low cycle fatigue regime (105 cycles).  

Moreover, in the late seventies used fracture mechanics to predict the life of different 

cooling hole configurations formed by laser drilling, EDM, and ECM under thermal-

mechanical fatigue conditions (Gemma and Phillips, 1977). They found that the defects 

introduced by the different drilling techniques generate different initial defect sizes and 

that this knowledge could be used to estimate the life of cooling holes for each drilling 

technique. However, no details were reported on the different methods of drilling 

conditions and potential initial defect sizes produced. 

 

2.9 Knowledge gaps 

The following gaps from the literature review are summarised as follows: 

1. There is a need for developing an understanding of laser drilling process 

parameters influence on the recast layer thickness and how to minimise the 

surface cracks formation in nickel-base effusion shaped cooling holes. 
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2. The effects of recast layer thickness on high temperature fatigue produced by 

laser drilling process is very limited. The existing literature does not fully detail 

the influence of process parameters on the fatigue life.     

3. There is a scarce research related to corrosion-fatigue of nickel-base CMSX-4 

superalloy using stress-life (S/N) approach, when considering the application for 

gas turbine blades and vanes design. Majority of related fatigue life assessment 

on CMSX-4 superalloy are limited to TMF, LCF, creep-fatigue interaction and 

mass loss due to hot corrosion. 

4. The corrosion-fatigue behaviour in nickel-base superalloys has received very 

little attention, particularly in a gaseous environment. The need for investigating 

the effects different load cycles, effects of salt chemistry and different gases 

(NaCl, SO2, etc.). In addition, influence of pressure on corrosion-fatigue crack 

growth (CFCG). 

5. Existing fatigue empirical and damage models do not capture the influence of 

key process variables and fatigue life interaction at initial stages of product 

design. 

In view of the gaps found in the literature, this research attempts to investigate the 

correlation between laser drilling process parameters, recast layer thickness and 

corrosion-fatigue behaviour of CMSX-4 effusion cooling holes in a simulated laboratory 

environment. In addition, there is an attempt to develop an empirical model considering 

the effects of surface defects and applied stress for estimating the residual life of cooling 

holes at the initial design and manufacturing stages. 
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3 RESEARCH METHODOLOGY 

This chapter presents research methodology used for this thesis. The chapter details the 

experimental procedures, techniques and equipment used throughout the research. It 

includes laser drilling experiment details, metallography sample preparation and 

analytical microscopy used for the characterisation, corrosion-fatigue testing details, 

statistical techniques and modelling approaches employed. 

 

3.1 Experimental details  

3.1.1 Workpiece 

The base material used as the workpiece is a single-crystal CMSX-4 nickel-base 

superalloy, which is used in the gas turbine blades and vanes due to its high temperature 

fatigue and corrosion resilience characteristics. Table 3-1 provides the nominal 

composition of the CMSX-4 superalloy. The plates of about 65 mm x 8.0 mm x 2.0 mm 

in size were used for the entire experimental trials, as displayed in Figure 3-1. The 

thickness of 2.0 mm used is approximately the leading edge wall thickness that used for 

turbine vane and used in previous studies (Leigh et al., 2009).  

Table 3-1. Nominal composition (wt %) of the CMSX-4 superalloy (Sengupta et al., 1994).  

Element Nomenclature Composition 

Chromium  Cr 6.5 

Cobalt Co 9.6 

Tungsten W 6.4 

Rhenium Re 3.0 

Molybdenum  Mo 0.6 

Aluminium Al 5.6 

Titanium Ti 1.0 

Tantalum Ta 6.5 

Hafnium Hf 0.1 

Nickel Ni Balance 

 

Before laser drilling, an anti-spatter silicon-based coating (Silkolene®) was applied on the 

top and bottom surface of the samples, creating a protective layer against spatter/debris. 

The coating requires a curing time of a minimum of 12 hours at room temperature, and it 

can be easily removed by a hot water wash. Figure 3-2 shows the coated flat plate samples 

before and after laser drilling. 
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Figure 3-1. Schematic layout of the Ni-base CMSX-4 specimen’s arrangement for laser 

drilling (dimensions not to scale). 

 

Figure 3-2. Example of a section of CMSX-4 sample (a) before laser drilling; after laser 

drilling: (b) with anti-spatter coating and (c) with anti-spatter coating removed. 

 

3.1.2 Laser system 

A 5-axis LASERTEC 80 PowerDrill machine (see Figure 3-3), fitted with a 300 Watts 

millisecond pulsed Nd: YAG laser source at a wavelength of 1.064 μm was used for the 

experiments. All experiments performed on a laser beam angled at 30o to the workpiece 

surface. Typical beam profile characteristics in DMG machine is shown in Figure 3-4. A 

beam profiler measures the beam spatial energy density distribution. It provides an 

understanding of the beam spatial characteristics such as beam focus spot size, peak 
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position, peak power, beam divergence, beam propagation (M2), mode structure, and 

stability and wavefront analysis16. 

 

Figure 3-3. Laser machine used for the drilling of the samples. 

 

 

Figure 3-4. Typical beam profile of DMG laser system used (Antar et al., 2016). 

 

3.1.3 Design of experiments 

The effect of input parameters on any performance characteristics can be analysed by (i) 

traditionally varying one factor at the time while keeping others factors constant; (ii) 

 

16 http://www.laserfocusworld.com/articles/2010/02/beam-characterization.html, accessed on 28/01/2018.   

http://www.laserfocusworld.com/articles/2010/02/beam-characterization.html
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design of experiments techniques such as full factorial, central composite design and 

Taguchi orthogonal array based. Taguchi method design of experiments L9 orthogonal 

array (OA) was employed and found to be suitable for the selected three main control 

factors and their ranges based on the available literature (Ross, 1998; Roy, 2010). This 

method allowed the number of trials required to be minimised compared to the classical 

combination method with the full factorial experiment, which would have required 36 

experimental runs to capture the influencing parameters.  

The L9 OA had 3 columns and 9 rows providing 8 degrees of freedom to manipulate three 

control parameters with three levels, see Table 3-2. The control factors and their levels 

are presented in Table 3-3, which includes peak power, pulse frequency and trepanning 

speed. The input parameters and their values were selected based on the industrial 

consultation and literature review. It enabled to decide the range of values for each input 

parameters would achieve similar range of recast layer thickness and extent of cracks 

observed in actual laser drilling operations. The remaining laser drilling processing 

parameters held constant are presented in Table 3-4.  

Table 3-2. L9 Orthogonal array design of experiments. 

Trial 

No. 

Control Parameters 

Responses 

RLTmax (µm) CND 

Peak 

power 

(Level) 

Pulse 

freq. 

(Level) 

Trepan 

speed 

(Level) R1 R2 R3 R4 R1 R2 R3 R4 

1 1 1 1 - - - - - - - - 

2 1 2 2 - - - - - - - - 

3 1 3 3 - - - - - - - - 

4 2 1 2 - - - - - - - - 

5 2 2 3 - - - - - -- - - 

6 2 3 1 - - - - - - - - 

7 3 1 3 - - - - - - - - 

8 3 2 1 - - - - - - - - 

9 3 3 2 - - - - - - - - 

 

Table 3-3. Control factors and their levels. 

Symbol Control parameters Level 1 Level 2 Level 3 

A Peak power (kW) 8.3 10 12.5 

B Pulse frequency (Hz) 20 22.5 25 

C Trepanning speed (mm/min) 75 100 125 
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Table 3-4. Laser beam parameters. 

Constant parameters Output 

Laser Nd:YAG 

Mode Trepanning 

Operating mode Pulsed 

Wavelength 1064 µm 

Beam angle 30 degrees 

Lens focal length 170 mm 

Stand-off distance 10 mm 

Nozzle type conical 

Nozzle exit diameter ~2.5 mm 

Spot diameter 0.190 mm 

Assist gas type Oxygen 

Gas pressure 100 psi/0.68 MPa 

No. of orbits 2 

Maximum average power 130 watts 

Pulse energy  5 Joules 

 

The minimum and maximum value of power density (defined as the laser power per unit 

area) for the present range of peak power has found to be 2.9 x 1011 W/m2 and 4.1 x 1011 

W/m2, respectively using below equation: 

𝑷𝒐𝒘𝒆𝒓 𝒅𝒆𝒏𝒔𝒊𝒕𝒚 =  
𝑷𝒆𝒂𝒌 𝒑𝒐𝒘𝒆𝒓 

𝝅𝒅𝟐

𝟒

=
𝑾𝒂𝒕𝒕𝒔

𝒎𝟐
 

 

                            

(3-1) 

 

 

3.2 Microscopy 

3.2.1 Sample preparation 

After laser drilling, the laser-drilled samples were cleaned in hot running water and 

vapour blasted to remove the anti-spatter coating and excess of debris, respectively. The 

laser drilled plate, containing nine trials with four holes replication was cross-sectioned 

on a cutting machine with coolant to a single trial sample, as shown in Figure 3-5. 

Each sectioned trial sample was cleaned with isopropanol and firmly clamped with laser-

drilled holes facing outside. This position enables the cross-section view of drilled holes 

in an optical microscope. Then, each sectioned sample were clamped and mounted in a 

Bakelite material using an automatic hydraulic hot compression mounting press machine 
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(ATA® Opal 410), as displayed in Figure 3-6a. The procedure followed is outlined in the 

machine manual, and the mounting parameters used are listed in Table 3-5.  

 
Figure 3-5: Schematic illustration of sectioning operations carried out on the laser-drilled 

samples. A Wire EDM machine was used to cut samples in two parts, section A-A, and 

then to section B-B, and lastly to section C-C. 

The grinding and polishing was performed on an automatic Beuhler Metaserv Motopol 

12 machine (Figure 3-6b). The sequence followed for the grinding and polishing 

operations are outlined in Table 3-6. The polished samples were rinsed with isopropanol 

and blown dry. This cleaning process removes any impurities that can cause scratches. 

The mounted samples were then etched through a suggested electrolytic etching 

technique procedure (Sezer et al., 2006), as outlined in Table 3-7. The final mounted resin 

sample is shown in Figure 3-7. Finally, the samples were ready for detail observation of 

cross sections of angled drilled holes on SEM. 

Table 3-5. Compression mounting operation procedure for 30 mm mould. 

 Moulding Parameters  

Type of Resin/Form Phenolic/Granular 

Colour Black 

Moulding powder 3 – 4 scoops 

Moulding temperature 185oC 

Holding time at temperature 4 minutes 

Curing time  8 minutes 
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Table 3-6. Procedure for grinding and polishing the mounted resin samples. 

Step Operation Grit paper Time Speed Load Lubricant 

1 Grinding Silicon carbide 1200 grade 2 min 

150 

rpm 

5 lb/per 

sample 

Water 

 2 Silicon carbide 2500 grade 3 min 

3 Polishing 6 µm Microcloth®   2 min 

4 lb/per 

sample 

Colloidal 

silica 

solution, 

0.05 µm 

4 3 µm Microcloth® disc  4 min 

 

Table 3-7. Etching procedure for the mounted acrylic resin samples. 

Technique Composition Conditions 

Electrolytic 

etching 

30 ml Deionised water Etch the solution with 2.5 Volts DC for 

approximately 20-25 seconds in order to reveal 

the recast layer microstructure  

10 ml Phosphoric acid 

15 ml Sulphuric acid 

 

 
Figure 3-6. Digital images of (a) Opal 410 automatic hot mounting press and (b) Beuhler 

Metaserv Motopol 12 machine for grinding and polishing. 

 

 

Figure 3-7. Resin mounted laser drilled sample for metallography examination. 
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3.2.2 Recast layer and surface cracks measurements 

The experimental responses such as the recast layer thickness and crack number density 

on the laser drilled surfaces were initially imaged by Nikon Eclipse ME600 confocal 

optical microscope micrographs of various samples at different magnifications (from 5x 

to 10x). Later, the examination and measurements were conducted by SEM. Four laser-

drilled holes were analysed for each drilling trials to minimise the measurement errors. 

The quantification of the recast layer was performed through measurement of the 

thickness at sixteen equally spaced points along the leading and trailing edges of the holes 

(see Figure 3-8). The recorded values of the recast layer thicknesses are presented in 

Appendix B. Only an averaged of maximum thickness values of the recast layer were 

analysed (see equation 3-2) and these values are presented in Chapter 5.  

 

Figure 3-8. Optical micrograph showing the recast layer thickness measurement at 

different points on the cross-section of a laser drilled hole. 

 

𝑨𝒗𝒆. 𝑹𝑳𝑻𝒎𝒂𝒙  =  
𝑹𝑳𝑻𝒎𝒂𝒙𝑯𝒐𝒍𝒆𝟏

+ 𝑹𝑳𝑻𝒎𝒂𝒙𝑯𝒐𝒍𝒆𝟐
+ 𝑹𝑳𝑻𝒎𝒂𝒙𝑯𝒐𝒍𝒆𝟑

+ 𝑹𝑳𝑻𝒎𝒂𝒙𝑯𝒐𝒍𝒆𝟒

𝟒
 

 

                                  

(3-2) 

 

 
 

Further, the micro cracks examination was performed through cross-sectioned profile by 

SEM with backscattered electron detector. Each cross-sectioned profile of the hole was 

divided into eight sections, resulting in 8x4 SEM micrographs per sample trial. The 

SEM/BSE magnifications varied from 100x to 2000x. The number of micro cracks, length 
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and their orientation found on each trial sample were recorded. Two types of crack 

orientation were observed, viz. transverse and longitudinal (see details in chapter 4).  

To evaluate the severity of cracks, only maximum transverse crack numerical density was 

used for the analysis. In this work, crack numerical density is defined as the number of 

micro-cracks in a unit area (µm2), as shown in Equation 3-3 (Crack number density 

calculation). The unit area for SEM/BSE micrographs was fixed and it will consider 4000 

µm2, which is the depth of the hole times the long axis of the hole (see Figure 3-9). 

CNDi = NCi/Ai    

 

(3-3) 

 

Where CNDi is number density of cracks, NCi is number of cracks from cross-sectioned 

hole profile and Ai is the defined unit area from cross-sectioned hole profile (see Figure 

3-9). 

 

Figure 3-9. Schematic of cross-sectioned profile showing the examined area of unit for 

crack number of density. 

 

3.2.3  Scanning electron microscopy 

Scanning electron microscopy (SEM) is a microscopy technique in which a beam of 

electrons in a vacuum scan across the surface of the sample in a straight line to deliver 

images with information. At this stage, electron beam has an energy ranging from 100 eV 

to 30 keV. The signals emitted from the sample irradiated by electrons are secondary 

electrons (SE), backscattered (BSE) and X-rays. SE are used for topographical images 

and have the small sampling volume which gives the best spatial resolution (Gabriel, 

1985). BSE are mostly used for elemental compositional and diffraction (i.e. electron 
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backscatter diffraction, EBSD). X-rays signals are produced to determine chemical 

compositions in the form of elemental maps or spot chemical analysis, using an integrated 

energy dispersive detector (EDS). 

 SEM typically operates at voltage ranging from 5 to 30 kV (Hafner, 2007). At this lower 

voltage electrons accelerated have a short wavelength. Therefore, increases topographic 

contrast and reduce sample charging and beam damage. The SEM enables magnifications 

ranging from 20 times to approximately 100,000 times to be made, and resolution about 

10 nm. SEM detailed fundamentals and working principles are available in (Gabriel, 

1985; Brandon and Kaplan, 2008a). Figure 3-10 illustrates a layout of internal diagram 

in a SEM.  

 

Figure 3-10. Schematic diagram of the SEM components17.  

 

17 Retrieved from http://www.nanoimages.com/sem-technology-overview/, accessed on 25/01/2018. 

http://www.nanoimages.com/sem-technology-overview/
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 Equipment and examination approach 

The recast layer and surface cracks on the laser drilled samples were examined using 

Oxford FG-16 scanning electron microscopy. The cross-sections of the laser drilled holes 

were acquired by backscatter electron detector using accelerated voltages of 20.0 kV with 

a 20-60 µm aperture and 5-10 mm working distance. The BSE was selected due to higher 

atomic mass elements show sharper so it is visually easier to differentiate between the 

substrate and the recast layer. 

   

3.2.4 Energy dispersive x-ray spectroscopy 

Energy dispersive x-rays spectroscopy (EDS) is a quantifiable technique used to measure 

chemical elements present within the sample to be examined. EDS system is commonly 

coupled with SEM and TEM systems. EDS use X-rays generated from sample atoms 

exited by electrons to identify the elemental composition in the sample. By determining 

the energy rates of X-ray characteristics emitted, elements present in the sample can 

quantified (D, 2008). In SEM, EDS sampling depth images ranges from 0.1-3 µm, and 

lateral resolution of 0.1 µm. EDS data collected are displayed as histograms of counts 

versus X-ray energy. 

 

 Equipment  

 In this research, EDS was used to establish which elements were present within the recast 

layer and oxide layer produced by laser drilling. In addition, was to state the chemistry 

and traces of corrosion in specific areas of fracture facets of fatigued specimens. Points 

spectra’s and elemental maps were collected using beam energy of 20-30 keV with 40-

60 µm and working distance of 5.0 mm. An Oxford Inca EDS system analysis software 

was used in this research.  

 

3.2.5 Electron backscattered diffraction  

Electron backscattered diffraction (EBSD) is a crystallographic characterisation 

technique used for analysing the crystalline structure of materials, such as crystal 

orientation and phase identification of material. EBSD can also be used to quantify the 

features within a microstructure such texture analysis and grain size (Goodhew, 
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Humphreys and Beanland, 2001). EBSD detector is coupled in SEM on millimetre to a 

nanoscale.  

EBSD signals originates from the inelastic scattering of the returning electrons emitted 

from the sample. Such interactions cause the formation of kikuchi bands or lines, which 

are the basis of crystallographic orientation identification (Williams, David B., Carter, 

2009). Example of how Kikuchi bands are formed is depicted in Figure 3-11. As an 

electron beam hits crystallographic planes in the sample, it is scattered in all directions, 

radiating in conical shape. This gives rise to scattered paths, A and B, which both satisfies 

the Bragg equation for diffraction (Williams and Carter, 2009a) on each of the nearest 

planes. This is seen on the display as two parallel lines, and is repeated for different 

crystallographic planes at different positions on the display. An image of typical Kikuchi 

pattern is shown in Figure 3-12. 

 

Figure 3-11. Schematic diagram of the formation of Kikuchi lines where θ is the Bragg’s 

angle18. 

 

 Figure 3-12. Example of Kikuchi pattern extracted from a single crystal Ni-based CMSX-

4 superalloy by EBSD. 

 

18 Retrieved from: http://www.globalsino.com/EM/page4130.html, accessed on 27/01/2018. 

http://www.globalsino.com/EM/page4130.html
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 Sample preparation and equipment 

In this research programme the EBSD coupled in SEM was only used to determine the 

state of the crystal orientation of the fatigue specimen. This enabled to crystal orientation 

in relation to the load direction. For EBSD analysis, prepared sample was cut from a 

section of the supplied bar of CMSX-4. The sample preparation is similar to sequence 

described in section 3.2.1.2 with an additional fine polishing up to 25 minutes using a 

colloidal silica solution. EBSD data was collected and manipulated with same Oxford 

Instruments19 software used for the EDS analysis. 

 

3.2.6 Transmission electron microscopy 

Transmission electron microscopy (TEM) is another analytical tool allowing 

characterisation and visualisation in realms of microscale (1 µm) to nanoscale (1 nm). 

This technique uses a beam of electrons which is transmitted through an ultra-thin section 

of the sample within a high vacuum to form an image. This image is magnified and 

focused by the electromagnetic fields. The focused and magnified image is displayed onto 

fluorescent or phosphorescent screen or CCD camera by electromagnetic lenses (Brandon 

and Kaplan, 2008b). Figure 3-13 shows a general layout of a TEM describing the path of 

electron beam in a TEM system.  

TEM typically operates at a voltage up to 80-200 kV to illuminate an area of 5-70 µm at 

which electrons are accelerated two thirds of the speed of light and electrons travel under 

the short wavelength. The wave nature of electron in TEM can be viewed in a similar way 

to how light travels through a lens or slide projector. The short wavelength enables 

imaging in TEM to resolve in nanoscale. TEM provides atomic resolution imaging and 

chemical analysis, revealing atom columns and crystalline structure of materials 

(Williams and Carter, 2009b). Overall, there are three main applications of TEM: (i) 

imaging, internal microstructure; (ii) diffraction, identifies crystalline orientation and 

phases; (iii) spectroscopy, gives the chemical analysis. 

 

19 Retrieved from: http://www.ebsd.com/solving-problems-with-ebsd/ebsd-advancement, accessed on 

27/01/2018. 

http://www.ebsd.com/solving-problems-with-ebsd/ebsd-advancement
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 Sample preparation and equipment 

In order to get a better deeper understanding of the recast layer microstructure in the laser 

drilled surfaces, a JEOL 2000FX transmission electron microscopy (TEM) was used. 

TEM samples were prepared using FEI Nova Nanolab 600 Dual Beam Focus Ion Beam 

system. A focused ion beam (FIB) system is nearly identical to a SEM, but has an extra 

ion column mounted and instead of beam of electrons uses beam of gallium ions. These 

ions at higher beam current can sputter or mill the sample surface under examination with 

high precision (in nanometers). In addition, can be used for imaging using secondary ions 

emitted from the sample surface at low beam current. 

 

Figure 3-13. A generalised layout diagram of the internal structure of a TEM20. 

 

 

20 Adopted from https://www.britannica.com/technology/transmission-electron-microscope, accessed on 25/01/2018 

and https://study.com/academy/lesson/transmission-electron-microscopy-theory-applications.html, accessed on 

25/01/2018.  

  
 

https://www.britannica.com/technology/transmission-electron-microscope
https://study.com/academy/lesson/transmission-electron-microscopy-theory-applications.html
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 Sample preparation and equipment 

In order to get a better deeper understanding of the recast layer microstructure in the laser 

drilled surfaces, a JEOL 2000FX transmission electron microscopy (TEM) was used. 

TEM samples were prepared using FEI Nova Nanolab 600 Dual Beam Focus Ion Beam 

system. A focused ion beam (FIB) system is nearly identical to a SEM, but has an extra 

ion column mounted and instead of beam of electrons uses beam of gallium ions. These 

ions at higher beam current can sputter or mill the sample surface under examination with 

high precision (in nanometers). In addition, can be used for imaging using secondary ions 

emitted from the sample surface at low beam current. 

 

Figure 3-14. TEM sample process flow illustrating FIB milling to final grid attachment21. 

The sequence for TEM sample preparation is illustrated in Figure 3-14, and summarised 

as follows: 

1. First, after defining the area to be examined a protective layer of platinum or 

tungsten is deposited on the top of the defined area to highlight the underlying 

surface to be milled.  

2. Next, a peripheral milling using ion beam to mill trenches on the both sides of the 

area of interest to the appropriate depth. Typical micro samples have a depth of 5-

 

21 Retrieved from https://www.hitachi-hightech.com/global/about/news/2015/nr20151105.html, accessed on 
25/01/2018. 

https://www.hitachi-hightech.com/global/about/news/2015/nr20151105.html
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10 µm. The remaining material is removed using low ion beam currents at 53 

degrees tilt until both sides of the deposited layer is clean and sample is 

approximately 1-2 µm thick, leaving also a small ligament to the bulk sample.  

3. Then, bottom cutting of the micro sample at 7 degrees tilt using the ion beam.  

4. After cutting, a micro manipulator Omniprobe (tungsten extraction needle) is 

inserted in the chamber with caution until it touches the micro sample. Then, a 

protective layer is deposited (welded) to fix the probe to the micro sample corner.  

5. Once the probe is welded, the ion beam is then used to mill away the final attached 

section of the micro sample to be examined to the bulk sample.  

6. Next, micro sample is lift-out from the bulk sample using 1 µm stage movements, 

and then aligned with sample carrier (prong of a cooper grid for TEM).  

7. The micro sample is welded to sample carrier by depositing layer of tungsten or 

platinum.  

8. Again, ion beam is used to detach the probe by milling away the deposited joins, 

followed by thinning of each sides of the micro sample to electron transparency 

(100-200 nm) using lower ion beam currents. 

9.  The milling parameters to generate the sample after lift-out are as follow: i) initial 

thinning at beam current of 1nA, sample up to 800-750 nm; ii) polishing at beam 

current of 0.5 nA, sample reduced to a thickness up to 500 nm; iii) final polishing 

at beam current of 0.1 nA, sample reduced to thickness to 100-200 nm.  

The final prepared micro sample for TEM analysis is depicted in Figure 3-15c. Moreover, 

it should mention that before starting, the bulk sample requires a holder to be fixed on the 

base of the mounted resin. Then, followed by a cleaning of the surface of the sample by 

rinsing with ethanol to remove any unwanted deposits, dirt or dust. In this work, milling 

of the sample to examine was at operating voltage of 10kV and aperture between 19-25 

µm. A platinum layer of 1.5 µm was deposited on the top surface at 52 degrees tilt and at 

a final stage attached to a probe like a ‘needle’ to enable the prepared sample to be 

removed. See Figure 3-15a for cutting direction details. Sections of 22 µm x 10 µm were 

used for TEM analysis as well as diffraction patterns to specify the structure of the recast 

layer and bulk material.  
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Figure 3-15. Schematic view of cross-sectioned of laser drilled hole:(a) bulk sample, (b) 

FIB lift-out of the micro section, and (c) final micro sample for TEM analysis. 

 

 Diffraction pattern 

In this research, two diffraction patterns were collected at two different by TEM, viz 

recast layer and base CMSX-4. Diffraction pattern was carried out to compare the state 

of the crystal orientation and phases of recast layer produced by laser drilling to base 

CMSX-4 FCC structure. In TEM, diffraction patterns indexing is carried out by 

measuring the two different spots on a pattern Rhkl (R1-R2 and then R1-R3) which is related 

to the spacing dhkl for the plane of Braggs indexes hkl (θ12 and θ1-3), see diagram in Figure 

3-16.  Then, by using equation 3-4 (Shongwe et al., 2012) diffraction pattern index values 

can be determined or by matching to a crystal structure database (Williams, David B., 

Carter, 2009) to index each pattern.  

𝑹𝒉𝒌𝒍𝒅𝒉𝒌𝒍 = 𝑳𝝀 
 

(3-4) 

Where, L is the camera length and λ is the beam wavelength. R is the radius of spot and 

d is spacing for the planes of Bragg’s indices hkl. The calculations are most typically 

processed using available analytical software’s or matching with available diffraction 

patterns database (Williams and Carter, 2009b). 
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Figure 3-16. Schematic diagram showing the measurement of spot distances and angles. 

Adopted from (Shongwe et al., 2012). 

 

3.3  Corrosion-fatigue testing 

3.3.1 Fatigue specimens 

The single crystal CMSX-4 was used for this study in the form of cylindrical bars of 9.0 

mm diameter with the [001] orientation along the long axis. The bars were from a solution 

heat treatment, precipitation hardened and hot isostatic pressing (HIP) batch in 

accordance with company internal practices. Solution heat treatment is carried out to 

achieve balanced chemical composition and dissolve potential eutectic regions formed 

during casting process. Precipitation hardened provides the material with desired 

mechanical properties (i.e. resistance to creep and corrosion). HIP is typically used for 

supressing the porosity formed during the casting. After machining and laser drilling the 

fatigue specimens were subjected to diffusion treatment for stress relieve and as this latter 

heat treatment improves the coating diffusion. The mechanical properties of the alloy are 

given in Table 3-8.  

Table 3-8. Mechanical properties of CMSX-4 (Sengupta et al., 1994). 

Properties   At 20oC  At 800oC     

Tensile strength  1150 MPa 1050 MPa 

Elasticity of modulus 123,286 MPa  92,326 MPa 

Poison’s ratio 0.35 0.37 
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The drilling was performed at an angle of 30 degrees to the fatigue specimen’s surface by 

laser trepanning drilling and electrical discharge machining (EDM). The laser drilling 

was conducted on a PowerDrill 80 CNC Nd:YAG laser drilling machine at facilities of 

Manufacturing Technology Centre (MTC), Ansty. The Die-sink EDM drilling was 

performed on an HAULT® machine at Cranfield University. 

Before laser drilling fatigue specimens, some trials were conducted on 2.0 mm thick 

plates of CMSX-4. The laser drilling parameters employed were selected based on results 

reported in chapter 5. The three trepanning speed settings were used for the assessment 

since it had the most significant effect on the RLT response. Remaining process 

parameters were kept constant. This ensured that the recast layer thickness after LTD set’s 

A, B, and C achieves a maximum average values of ≤50 µm; between >50 µm and ≤65 

µm; and ≥75 microns, respectively. Post drilling operations including ultrasonic cleaning, 

grit blasting and heat-treatment were conducted per the company standard procedures, as 

this would reflect the current practices in the manufacture of cooling holes of HPT NGV. 

The details of the post-drilling processes are company proprietary data.  

The drilling parameters used and the results of the trials in terms of average values of 

RLTmax at each condition are provided in Table 3-9 and Table 3-10, both for laser drilling 

and Die-sink EDM, respectively. A total of five groups of specimens were investigated. 

The non-drilled CMSX-4 and Die–sink EDM specimens were used for benchmark 

purpose.  

Table 3-9. Laser parameters used for the drilling of fatigue specimens. 

Input Parameters 

Laser drilling conditions 

LTD set A LTD set B LTD set C 

Trepanning speed 125 mm/min 75 mm/min 150 mm/min 

Peak power 10 kW 10 kW 10 kW 

Pulse frequency 25 Hz 25 Hz 25 Hz 

No orbits 2 2 2 

Nozzle distance 10 mm 10 mm 10 mm 

Focal position 0 0 0 

Assist gas Oxygen Oxygen Oxygen 

Gas pressure 100 psi 100 psi 100 psi 

Ave. RLTmax, Predicted 50 < RLT ≤ 65 µm ≤ 50 microns ≥ 75 microns 

Ave. RLTmax, Trials 63.2 µm 49.2 µm 76.8 µm 
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Table 3-10. Die-sink EDM parameters used for the drilling of fatigue specimens. 

 Input Parameters 

EDM conditions 

EDM set D 

Pulse on-time 7 seconds 

Pulse off-time 4 seconds 

Pulse current 0.5 Amps 

Dielectric fluid Kerosene 

Output response EDM set D 

Ave. RLTmax, Predicted ≤ 25 microns 

Ave. RLTmax, Trials 24.2 µm 

 

Hollow cylindrical shape LCF fatigue specimens were used for the tests, see Figure 3.17. 

The specimens and fatigue tests did not follow any national or international standard 

procedure. The tests were at the request of the OEM, thus not subjected to an international 

standard. However, the test methodology was consistent for each specimen. Each fatigue 

specimen had a gauge section of 20.0 mm length and 6.0 mm diameter. The three holes 

were drilled at an acute angled of 30 degrees in gauge section with a diameter of 0.75 

mm, and a depth of 4.0 mm, as shown in Figure 3.17. The spacing between drilled holes 

is similar that found on the cooling holes of HPT NGV leading edge section.  

 

Figure 3-17. Schematic of fatigue specimen simulating acute and angled holes used for the 

HT LCCF tests (all dimensions are in mm). 
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Figure 3-18. EBSD micrograph of Kikuchi pattern obtained at 20 keV for the supplied 

CMSX-4. 

Figure 3-18 shows kikuchi patterns with crystallographic orientations in single crystal 

CMSX-4 superalloy sample prepared (cut, ground and polished) from a top section of the 

cylindrical bars supplied by the industrial partner. EBSD analysis confirms that is the case 

of all fatigue specimen’s crystallographic orientation is at [001] in the applied load 

direction for corrosion-fatigue testing (see Figure 3-18). 

 

3.1.1 Environmental fatigue rig 

A servo-hydraulic environmental fatigue rig was used to perform HT CF tests at 850 oC, 

under low cycle fatigue regime, see Figure 3-19. The environmental rig in Figure 3-19 

has a capacity of 100 kN load in mechanical tension and compression. The rig has a 

capability of testing specimens up to 1100oC by means of thermocouples wires attached 

inside the environment gas chamber. The temperature control and settings inside the 

chamber is conducted through an external thermal control unit linked to main pc 

controller/software. In the specimen is gripped inside the chamber on both sides of the 

rod, where the bottom rod is fixed and linked to a load cell. Whilst, top rod coupled with 

piston rod is free to pull the specimen in tension and compression.  

The air+SO2 is delivered to the environmental chamber by a system of pipes link to the 

main gas supplies outside the corrosion lab. The chamber enables to mimic hot corrosion 

environment. The rig has a cooling system which is delivered through a continuous flow 
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of coolant water at the top and bottom load cells and through internal walls of the rods by 

a series of pipes to keep it below 60o C. The cooling system avoids the rig’s internal 

components to overheat and damage. The external furnace insulates the environmental 

gas chamber along with the specimen inside it. The furnace ensures full insulation to keep 

the inside chamber temperature meets the testing conditions. EFR rig can run fatigue tests 

up to a frequency of 10Hz in LCF regime. 

 

Figure 3-19. Image of a servo-hydraulic environmental fatigue test rig used in this study 

(a) and (b) annotation of main parts of the test rig. 

 

3.1.2 Testing conditions 

High temperature corrosion-fatigue tests were carried out at 850 oC, under low cycle 

fatigue regime. The rig provided a continuous flow of pre-mixed Air+SO2 with 

concentration of 300 vppm (volume parts per million) at flow rate of 80 cm3/min, pre-

heated to test temperature. Before testing, the specimens were sprayed evenly around the 

gauge length with 0.2 mg/cm2 with a mix of salt solution consisting of a fully saturated 

98% Na2S04 + 2% NaCl mixture (Haight et al., 2015). The purpose of coating the 

specimen with the salt is to mimic the sea air ingested by the engine which is partially 

downstream for cooling hot section components. Figure 3-20 illustrates the apparatus for 

the salting process and Figure 3-21 depicts the fatigue specimen in bare and salted coated 

condition. 
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Figure 3-20. Schematic illustration of salting apparatus for fatigue specimens. 

 

Figure 3-21. Images of (a) bare CMSX-4 fatigue specimen, (b) laser drilled section and (c) 

after post-processing and then coated with salt mixture. 

The problem of high temperature corrosion on the aeroengine hot section components 

arises from the presence of salts such as Na2S04, NaCl and S02 discharge from the 

combustion chamber (Eliaz, Shemesh and Latanision, 2002a). These compounds deposit 

on the surface of engine components and accelerating degradation, known as high 

temperature hot corrosion (Nicholls and Simms, 2010). Therefore, specimens were 

sprayed with salt mixture (NaCl) prior to the test and a continuous flow Air+S02 at 850oC 

conditions during the tests in the laboratory. These tests were used to mimic the bleed air 

form the compressor to internal walls of cooling holes with corrosive environment 

experienced by internal walls of HPT NGV’s.    
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High temperature hot corrosion (HTHC) occurs in the temperature range of 750 0C to 950 

0C (Nicholls and Simms, 2010). In film cooling holes, cool stream of air is bled from the 

compressor stages through combustor bypass. The bypass air is directed to the internal 

passages of the turbine vanes and discharged along the external surface of the turbine 

vanes (Walsh, Thole and Joe, 2006). This air provides a thin layer of downstream coolant 

and insulating blanket against the hot gas stream, at a temperature range from 725 0C to 

1025 0C (Rolls-Royce, 2005). Based on the technical specialist expert advice and 

guidance, a temperature of 850 0C was used in all tests, as this would simulate nearly the 

temperature experienced by the top surface of the side wall of the cooling film holes 

during the engine in operation.  

Twenty-four high temperature LCCF tests with three to four levels of stress were chosen 

to assess the fatigue lives in the range between 100 and 110,000 cycles, or a history of 

110,000-120,000 cycles at which point the testing was stopped and considered to be run-

out. The level of stresses was applied by varying the increments in decreasing order of a 

50 MPa with lowest stress of 290 MPa to evaluate the HT LCCF performance of laser 

drilled holes at three different laser processing conditions along with associate recast layer 

thickness. The tests were started at 550 MPa because it is the approximately 50 % of the 

UTS of the CMSX-4 superalloy at 800 oC (Sengupta et al., 1994).  

In view of the actual cooling film holes service environment conditions exposed and 

levels of stresses experienced, the tests were conducted under LCF load control at 850oC, 

a stress ratio (R) of 0 was set for all the tests with a 1-1-1-1 second standard trapezoidal 

waveform at a frequency of 0.25 Hz applied at each stress level. Load control was used 

since the strain control tests were not possible due to the test environment, specimens are 

enclosed in the chamber and its containment not being conductive for suitable strain 

measurement. The stress loading ratio applied in the tests is sufficiently representative of 

the loading experienced by the critical geometrical features of the static HPT nozzle guide 

vanes, i.e. platform, shroud, internal walls of aerofoils and inner walls of cooling holes. 

The stress concentrations generated by such geometrical features such as inner walls of 

cooling film holes cause the material behaviour to be controlled by the tensile deformation 

in the main engine cycles. Therefore, performing stress load controlled tests with stress 

ratio R = 0 reproduces the actual component behaviour.  
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Table 3-11. Summary of the corrosion-fatigue test matrix. 
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Trapezoidal waveform was selected due to flexibility in controlling the various periods 

of applied load at 1-1-1-1 second (see Figure 3-22). More, it is the preferred waveform 

used by the OEM and previous investigators (Barnard et al., 2012; Sun, Heffernan and 

Helmink, 2012; G. Gibson et al., 2016) instead of sinusoidal waveform to have small 

amount of dwell. 

 

 

Figure 3-22. Typical 1-1-1-1 second trapezoidal waveform. 

As it can be seen from Figure 3-22, the 1-1-1-1 second trapezoidal waveform describes a 

1 second load increasing period with 1 second at maximum load hold, followed by 1 

second load decreasing and finally 1 second at the minimum load hold period. 

 

3.1.3 Sample preparation for fracture analysis  

After testing, all failed specimens were inspected via Philips XL30 SEM equipped with 

electron dispersive x-ray spectroscopy (EDX) to confirm the crack initiation site, fracture 

morphology, and to identify the corrosion compounds on the fracture surface. 

Furthermore, fractured specimens were cross-sectioned for measuring the actual recast 

layer thicknesses. The metallographic preparation procedure is identical described in 

section 3.2.1.2, with attention to sectioning, grinding and polishing with an oil-base 

lubricant to minimise the loss of the main corrosion elements for the chemical analysis.  
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3.1.4 Nano hardness 

Nano-indentations measurements were taken using MicroMaterials Nano-test machine 

system. The indentations were aligned 30 degrees and 90 degrees perpendicular to the 

surface in a grid of 3x7 indents with a spacing of 10 microns each indent up to indentation 

depth of 90 microns, and then 1x4 with the spacing of 30 microns up to remaining 

indentation depth. The total indentation depth was of 190 microns. The indentations range 

from the surface over the main re-cast layer to the bulk material. The indentations were 

performed on cut sections of a laser drilled sample, under LTD parameters set B. The 

sample prior to indentation was cross-sectioned, grinded, polished and mounted on a hard 

resin block according to the standard metallographic procedures. The continuous load 

applied during the indentation was of 100mN. The hardness and Young’s modulus is 

evaluated by using following functions (Oliver and Pharr, 1992): 

𝑯 =  
𝑷

𝑨
 

                                  
(3-4) 
 

Where, H is the Hardness; P is the applied load; and A is the projected contact area. For 

Berkovich indenter is about 24.5hc
2, obtained from (Fischer-Cripps, 2011): 

𝐴 = 3√3ℎ𝑝
2𝑡𝑎𝑛2𝜃 = 24.5ℎ𝑐

2  (3-5) 

Where, hc is contact depth and θ is 65.3o, thus,  

𝑯 =
𝑷

𝟐𝟒. 𝟓𝒉𝒄
𝟐
 

(3-6) 

The reduced modulus can be calculated as (Oliver and Pharr, 2004): 

𝐸𝑟 =  [
1 − 𝑣𝑠

2

𝐸𝑠
+

1 − 𝑣𝑖
2

𝐸𝑖
]

−1

 
(3-7) 

𝑜𝑟  𝐸𝑟 =  
𝑑𝑃

𝑑ℎ

√𝜋

2√𝐴𝑐

 
(3-8) 

Where, 𝐸𝑟 is reduced modulus; 𝐸𝑠 is modulus of substrate; 𝐸𝑖 is modulus of the indenter 

(1141 GPa); 𝑣𝑠 is poison’s ratio of the substrate (0.3); 𝑣𝑖 is the poison’s ratio of the 

indenter (0.001); Ac is the contact area; dP is change in the load and dh is the change in 

depth of penetration (see Figure 3-23 for guidance). These values are computed by the 

system and nano-indentation results are presented in Chapter 4, section 4.2.5. 
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Figure 3-23. Schematic illustration of nano indentation: (a) illustration of working 

principle, (b) detailing the displacement curve (He et al., 2015).  

 

3.4 Modelling  

In this research the modelling divides in two subject areas. First, finite element modelling 

to investigate the local stress field and potential sites of crack initiation around the vicinity 

of angled cooling holes. Second, to determine the fitting parameters for the stress-life 

fatigue prediction model. Both approaches are commonly used in the scientific research 

for simulating local stress concentrations and developing empirical models, respectively. 

3.4.1 Finite element modelling 

 Geometry and meshing 

In this research the purpose of the finite element (FE) is to determine the areas of high 

stress concentration and crack initiation in CMSX-4 fatigue cylindrical specimens with 

angled holes. A linear elastic FE analysis using the software Abaqus® was carried out to 

determine the stress regions under uniaxial tension loading, at 350 MPa. The mechanical 

properties of CMSX-4 at 820 °C were considered (Białas, 2008). The Young’s modulus 

(E) of 92,326 MPa, the Poisson’s ratio (ν) of 0.37, and density of 8.90 g/cm3. A default 

automatic Abaqus linear tetrahedral mesh generator C3D4 is used as shown in Figure 3-

24. The mesh contained 4691 total number of nodes and 20679 total numbers of 

elements22. 

 

22 Getting Started with Abaqus: Interactive Edition, accessed on 02/02/2018.   

http://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwjg14-A34fZAhXKL8AKHanwC18QFgg8MAI&url=http%3A%2F%2Fabaqus.software.polimi.it%2Fv6.12%2Fpdf_books%2FGET_STARTED.pdf&usg=AOvVaw3__Vlp_UH_06mES3TFkJVD
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Figure 3-24. 3D CAD images: (a) geometry of the fatigue specimen CAD model showing 

the applied load direction at the top of the specimen face and bottom face constrained, and 

(b) CAD model with meshed geometry. 

3.4.2 Statistical modelling 

 Regression analysis 

As mentioned previously regression technique is used for determining the fitting 

parameters for the developed stress-life fatigue prediction model. Furthermore, it is first 

used for prediction model of recast layer thickness response by multiple regression 

analysis approach.  Regression analysis is a well-established approach to develop 

complex linear and non-linear mathematical models to predict the performance 

characteristics (Freedman, 2005). It models a relationship between a response variable 

and one or multiple predictor variables.  
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There two types of regression viz. simple regression and multiple regression (see Figure 

3-25). The simple regression considers only two variables at time, one independent and 

one dependent. Whilst, multiple regression considers more than two variables at time. In 

the present research, multiple regression analysis (MRA) is used both for prediction 

modelling of recast layer thickness and determining the fitting coefficients for the stress-

life prediction model. 

 

Figure 3-25. Types of regression models. 

There are two variants of multiple regression analysis, namely linear or non-linear 

(Montgomery and Runger, 2012). The regression is linear between variables when the 

fitting curve is a straight line. Whilst, regression is non-linear between the variable when 

the fitting curve is not straight line. The liner MRA general equation is as follows:  

𝑦𝑖 =  𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2+. . . 𝛽𝑖𝑥𝑖 + 𝜀 (3-9) 

 

Where, 𝑦𝑖 is the response/dependent variable term for the i th case;  𝛽0 is the intercept, 

the independent term; 𝛽1, 𝛽2 and 𝛽𝑖 are the fitting coefficients for the explanatory 

variables; x1, x2, and xi are the independent terms for the i th case; and 𝜀 is the random 

error term. The error term denotes the amount of variations not estimated by the slope 

and coefficient terms. The non-linear MRA can be represented by the following equation: 

𝑦𝑖 =  𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2
2 + 𝜀𝑖 (3-10) 

Other forms of non-linear models are presented in the Table 3-10. Detailed understanding 

and application of MRA is available in the open literature (Levine, Szabat and Stephan, 

2008). 
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Table 3-12. Other MRA functional forms (Montgomery and Runger, 2012). 

Double-log 𝑙𝑜𝑔𝑦𝑖 =  𝛽0 + 𝛽1𝑙𝑜𝑔𝑥1 + 𝛽2 𝑙𝑜𝑔𝑥2 + 𝜀𝑖 

Semi-log (ln x) 𝑦𝑖 =  𝛽0 + 𝛽1𝑙𝑛𝑥1 + 𝛽2 𝑙𝑛𝑥2 + 𝜀𝑖 

Semi-log (ln y) 𝑙𝑛𝑦𝑖 =  𝛽0 + 𝛽1𝑥1 + 𝛽2 𝑥2 + 𝜀𝑖 

Polynomial 𝑦𝑖 =  𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2
2+𝛽2𝑥3

3 + +𝜀𝑖 

Exponential 𝑦𝑖 =  𝑒𝛽0 + 𝑥1
𝛽1 + 𝑥2

𝛽2 + 𝜀𝑖 

 

The validity and adequacy of the regression model is commonly checked by regression 

coefficient root squared statistics (R2), ANOVA parameters and normal probability plot 

of residuals. ANOVA is the statistical technique applied to determine the significance of 

the regression model and also provides an indication of which process parameters are 

statistically significant (Roy, 1990; Bower, 2000). According to this technique, F-ratio 

and P-value are vital for testing the adequacies of the models. If the calculated value of 

the F-ratio of the model exceeds standard tabulated value of F-ratio for the desired level 

of confidence (95 per cent), then the model can be considered adequate within confidence 

limit (Ramesh, 2009). In addition, when the calculated P-value is less than 0.05 for the 

desired level of probability (95 per cent), the regression model becomes adequate within 

the confidence levels.  

R2 statistics is a measure of the amount of reduction in variability of the response obtained 

by using the regression variables in the model (Frost, 2013). It also measures the goodness 

of the fit of the model (Mason, Gunst and Hess, 2003), in other words how well the values 

fit the data. The R2 values closer to 1.0, better is goodness of the fit of the model (i.e. 

values ≥ 0.9). 

Normal probability plot of residuals indicates how the error terms are distributed. It is a 

graphical representation to identify outliers, normality, skewness, etc. The data is 

normally distributed when the data points are closer to the linear straight line. The data is 

typically plotted against the theoretical normal distribution. Examples of normal 

probability plot of residuals are shown in Figure 3-27. In this research, regression 

analysis, ANOVA and normal probability of residuals are computed from Microsoft 

Excel Analysis Toolkit.  



Chapter 3. 
 Methodology 

116 

 

Figure 3-26. Examples of normal probability of residuals plot23. 

 

23 Modified from: https://onlinecourses.science.psu.edu/stat501/node/281, accessed on 2/02/2018. 

Normally distributed residuals 

Normal residuals but with one outlier 

Skewed residuals 

Heavy-tailed residuals 

https://onlinecourses.science.psu.edu/stat501/node/281
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3.5 Summary 

This chapter presented details of the experiments, analytical microscopy techniques, 

testing details and modelling approaches applied in this research. The laser drilling 

experimental trials were based on statistical design of experiments. All metallography 

analysis was carried out by SEM for surface characterisation and measurement, and EDS 

for elemental analysis. Further, transmission electron microscopy (TEM) was used to 

characterise the grain structure and phases present in the recast layer and base alloy. Later, 

fractography and corrosion mapping by means of SEM and EDS to determine the site of 

crack nucleation and presence of corrosion species around the crack tip region. Nano-

hardness tests was carried out to compare the properties recast layer to base alloy. Finite 

element modelling to determine the region of high stress concentration and site of 

potential crack nucleation in angled holes. Statistical techniques approach to determine 

the significant process parameters affecting the recast and cracks formation. Furthermore, 

multiple regression analysis approach for prediction model of surface recast layer 

thickness, and to determine the fitting parameters for stress-life prediction model. 

The next chapter discusses the surface alterations produced by laser drilling processing 

using analytical SEM, EDS and TEM metallography techniques. 
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4 METALLURGICAL ALTERATIONS PRODUCED BY LASER 

DRILLING IN A CMSX-4 ANGLED COOLING HOLES 

 

4.1 Introduction 

The laser drilling being thermal-based material removal process generates metallurgical, 

mechanical and chemical alterations on the sidewalls of laser drilled surfaces. Past studies 

(Sezer et al., 2006; Leigh et al., 2010), characterised the laser drilled surfaces by presence 

of recast layers, oxide layers, spatter, dross, surface cracks and heat-affected zone. 

Metallurgical alterations such as recast layers and surface cracks induced by laser drilling 

have been known to reduce both fatigue strength and corrosion resistance in laser drilled 

components in service (Neidel et al., 2005). The understanding of these metallurgical 

anomalies and surface morphologies obtained after laser drilling becomes crucial to 

assess the potential impact of recast layers on the fatigue life performance of angled 

cooling holes.  

The metallurgy of laser drilling surfaces have been investigated by limited number of 

researchers (Schneider, 2007; Garofano, Marcus and Aindow, 2009, 2010; Schneider et 

al., 2010). In view of that, the purpose of this chapter is to characterise and discuss 

metallurgical changes on the drilled surface, focusing on the recast layers generated by 

process of laser trepanning drilling (LTD) of a Ni-base CMSX-4 superalloy. The 

evaluation of such metallurgical alterations was conducted through analytical SEM, EDS, 

EBSD, TEM and Nano-indentations measurements.  

 

4.2 Results and discussion 

4.2.1 Surface morphology 

Metallography of all laser drilled samples was performed by using initially SEM and 

afterwards TEM for in-depth characterisation of the recast microstructure. An example 

of a typical laser drilled hole cross-sectioned is shown in Figure 4-1. There are two main 

distinct layers along with substrate alloy, depending on the laser drilling settings 

employed. First, oxide layer the upper darkest layer which is heavily oxidase during the 

drilling process. The formation of the oxide layer above the recast layer is due to 
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exothermic reaction and rapid cooling effect, when oxygen is used as assist gas (Leigh et 

al., 2010). The oxide layer poorly adheres around the recast layer periphery as displayed 

in Figure 4-1. 

The oxide layer is highly brittle, flaky and with a high percentage of carbon, increasing 

the tendency for cracking during the laser drilling operations. Thus, oxidised layer on the 

laser drilled CMSX-4 surface of effusion cooling holes may be highly detrimental to 

fatigue strength. However, industrial practice is to remove the oxide layer after the laser 

drilling process by grit blasting process. This type of post-processing enables not only to 

remove the oxidised layer as well as trim some of the recast layer thickness. In the present 

study, oxide layer was found to be patchy and in some cases stratified layers with average 

less than 15 µm. Second, the recast layer which is formed on the sidewalls of the hole due 

to re-deposition and re-solidification of the molten material which is not vaporised and 

ejected away by the combined action of recoil pressure and assist gas pressure at the hole 

exit, during each pulse. Moreover, a continuous heating and cooling cycles during the 

laser drilling could lead to the microstructure segregation and brittle phases in the recast 

layer, thus to increase the probability of micro cracks formation in the recast. 

 

Figure 4-1. Example of a cross-sectioned sample showing typical defects associated with 

laser drilling of acute angled holes, sample TM 7. 
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The recast layer is known to contain metallurgical residues such as oxide inclusions, 

globules and micro cracks (Garofano, Marcus and Aindow, 2009; Leigh et al., 2010). The 

presence of oxide inclusions, micro-voids, droplets and globules in the recast are caused 

by low re-solidification rate as the power density increases results in the entrapment of 

assist gas oxygen in the molten pool during the laser drilling process. Degree of 

concentration of such metallurgical residues and recast layer thickness varies as the set of 

processing parameters levels changes, such as laser beam parameters (pulse energy, pulse 

duration, pulse frequency, trepan speed) , focal parameters, assist gas type and pressure, 

material properties, hole shape and depth of the drill interaction. Past studies, have 

characterised the recast layer microstructure as porous, viscous, amorphous or with a 

dendrite microstructure (Garofano, Marcus and Aindow, 2009, 2010). In the present 

study, the recast layer thickness found to be unevenly distributed and varied depending 

on the different laser drilling settings tested (see Figures 4-2 and 4-3). 

 

Figure 4-2. SEM micrographs showing surface morphologies of cross-sectioned CMSX-4 

laser trepanned drilled samples at: (a-b) Trial TM7, leading-edge and trailing edge 

sidewalls, respectively; (c-d) Trial TM8, leading-edge and trailing edge sidewalls.  
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The recast layer of a laser drilled surface becomes more detrimental in the presence of 

cracks. These cracks are susceptible to reduce the fatigue strength under service. The 

cracks annotated in the Figure 4-2 are formed due to thermal mismatch between the high 

laser beam energy, cold workpiece and subsequent rapid cooling effect induced by an 

assist gas flow during the laser drilling. The high intensity energy and cold gas flow 

causes more contraction in the molten material than on the unaffected substrate, resulting 

in an increase of localised thermal tensile stress. This leads to microstructure segregation 

and brittle phases as aforementioned. It means that when the thermal tensile stresses 

inflicted by the laser beam energy exceeds the ultimate tensile strength of the material in 

these phases, results in crack formation. In the present study, two types of micro cracks 

were observed viz. transverse and longitudinal. The transverse cracks were perpendicular 

to the recast layer making them vulnerable to extend towards the base material, hence, 

detrimental to fatigue resistance. Whilst, longitudinal cracks were parallel to the laser 

drilling angle direction, thus, less detrimental than the former crack type.  

Figure 4-2(a) to (d) shows evidence of heavily oxidise layers above the recast layer. The 

oxide layer found to be patchy and randomly distributed across the sidewalls of the hole, 

and in some cases with sub-layers. The presence of cracks and voids within the oxide 

layer was mostly observed on trials with higher peak power. The mount of oxide layer 

was reduced by lower trepan speed and lower peak power levels, as shown in Figure 4-

3(a-b). Another observation from Figure 4-3(a) is that there was also cracking in the 

thinner oxide layers, as was the case in trials tested at lower peak power (8.3 kW and 10 

kW). It can be assumed that the cracking initiate from the oxide layer and depending on 

the thermal damage inflicted, the cracking extends to the recast layer.  The thicker oxide 

layers produced in trials 7 and 8 as shown in Figures 4-2(a) to (d) are directly linked with 

higher peak power setting used and oxygen assist gas interaction which in turn burns and 

oxidises the outer layer of re-solidified material. Moreover, oxide inclusions within the 

recast layer were observed in majority of samples, as it can be seen Figures 4-3(d). These 

inclusions are mainly caused by the diffusion of oxide particles into the recast during the 

re-solidification process as aforementioned. 

Figure 4-2(a-d) and Figure 4-3(a-d) shows evidence of micro cracks within the recast 

layer. The magnitude of such cracks was dependent of processing parameters such as 

pulse energy and pulse duration interaction which yields the output beam peak power. 
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The micro cracks were observed when the laser peak power levels of 10kW and 8.3 kW 

were used. At these settings, the pulse durations were longer, thus, increasing the thermal 

cycling and the tensile stresses inflicted on the recast layer rises, resulting in crack 

formation. Past studies, have reported that shorter pulse duration minimises the thermal 

damage and crack formation in laser drilled nickel-based holes (Goyal and Dubey, 2014), 

and that was the case of trials tested at 12.5 kW where the pulse length was shorter. In 

present work, majority of these cracks were longitudinal and not much detrimental as the 

transverse (radial) cracks which could advance towards the base alloy. The maximum 

length of transverse crack observed was up to 60-75 % thickness of the recast layer and 

no micro cracks were observed in the recast layer. 

 

Figure 4-3. SEM micrographs showing surface morphologies of cross-sectioned CMSX-4 

laser trepanned drilled samples at: (a) Trial TM4, trailing-edge sidewall; (b) Trial TM6, 

trailing-edge sidewall. 
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Another critical observation in all samples was that at the leading-edge side of the holes 

the recast layer was in average thicker compared to counterpart side wall (trailing-edge 

side). This could be explained as follows: in the laser trepanning drilling mode, the molten 

material is typically ejected away from the hole exit. Therefore, the downward force 

exerted by assist gas pressure to eject away the molten material is more effective at the 

trailing-edge side of the hole when it comes to angled holes. This phenomenon in laser 

percussion has been observed and reported in previous studies (Sezer et al., 2005). There 

is still a need of understanding of the dynamics of melt ejection mechanism on laser trepan 

drilling of acute angled holes, at 10 to 15 degrees to the workpiece surface. 

The recast layer thickness (RLT) and cracks were measured according to details described 

in Chapter 3 using SEM. Figure 4-4 shows measured recast layer thickness for CMSX-4 

laser trepan drilled holes. It can be seen from Figure 4-4 that the laser trepan drilling 

generated a highest value of average of RLTmax of 78 µm and the lowest of 49 µm, based 

on the process parameters used and range of values tested. The variation observed in the 

recast layer is caused by the laser beam energy instability, which directly linked to power 

density and pulse density applied, and in turn, these parameters are linked to the amount 

of molten pool formed, vaporised, ejected away and re-solidified during the laser trepan 

drilling (Walther et al., 2008).  

 

Figure 4-4. Recast layer thickness of laser drilled samples. 
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Figure 4-5. Surface cracks in the recast layer thickness. 

It can be seen from Figure 4-5 that in most the cases, the longitudinal cracks had the 

longest lengths compared to the transverse cracks. However, transverse cracks had an 

average length of 36 µm, which is greater than 60 % of the recast layer thickness in most 

of the cases. This is undesirable since these type cracks could propagate under the adverse 

loads, either mechanical or thermal load. Therefore, limiting the life of laser drilled 

components. No cracks have been detected in the base alloy in this study. The maximum 

number of cracks was higher from trials 1-6. This could be due to increase in selected 

input parameters, as previously discussed.  

Moreover, in spite of heat-affected zone (HAZ) not being detected in the samples 

analysed, it has been reported by some researchers that HAZ may present in nickel-based 

laser drilled surface and in the range of 5-10 µm (Sezer et al., 2006). HAZ is found below 

the recast layer and is defined as the microstructural altered region but not melted on the 

sidewalls of the hole and adjacent to base alloy. In this research work, HAZ was not in 

the scope of this research work. 

 

4.2.2 Recast layer microstructure 

To further understand the recast layer microstructure, analytical SEM, TEM and 

elemental analysis was conducted to characterise the recast microstructure. In addition, 

nano indentations tests were performed to determine the change in mechanical properties. 
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 Scanning electron microscopy 

SEM observations show that the recast layer on laser drilled surface has multiple layers 

under high laser peak power. These multilayers are result of molten material build-up and 

rapid solidification associated with high laser intensity and laser beam interaction time 

which results in accumulation and re-solidification of molten material on the existing 

recast layer. The cross-sectioned of the recast layer of sample TM2 (PP = 12.5 kW, PF = 

22.5 Hz, TS = 100 mm/min) are shown in Figure 4.6a-d. Four distinct sub-layers along 

with oxide layer and base alloy are observed in the Figure 4-6a. The upmost layer is thin, 

patchy and largely oxidise due to exposed high laser intensity inflicted on the surface 

continuously at each pulse. It is typically dense oxidise and amorphous layer with micro 

cracks extending to recast sub-layers. The up-most recast sub-layer is thin ranging 

between 3 to 5 µm with mix of fine and coarse dendrites (see Figure 4-6, annotation A 

and B). This type of sub-layer is likely associated with solidification of molten material 

in an undistorted form during laser trepanning drilling. 

 

Figure 4-6. Cross-sectioned SEM micrograph showing recast layer microstructure of Ni-

base CMSX-4 laser drilled hole (sample TM2). 

The second recast sub-layer consist of large and coarse dendrites in different orientations. 

This type of sub-layer found to have maximum thickness between 10-12 µm. This type 

of sub-layer likely to undergone to segregation and rapid cooling during solidification, 

resulting in rapid dendrite growth (see Figure 4-6, annotation C). Third recast sub-layer 

ranging thickness from 5-10 µm consist of thin columnar dendrite structure (see Figure 
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4-6, annotation D). Forth and inner-most sub-layer found to be relatively fine cellular 

dendrite type structure (see Figure 4-6, annotation E). Latter, sub-layer varied thickness 

ranging from 10-15 µm. Moreover, these observations were consistent with samples at 

high peak power. However, the thickness of recast sub-layers varied slightly with change 

in pulse frequency and trepan speed. Interestingly, samples with intermediate peak power 

shown to have similar recast microstructure, but only consisted of two sub-layers. First, 

coarse dendrite structure with thickness ranging from 25-45 µm. whilst, second has a thin 

and fine dendrite structure with sub-layer ranging from 5-10 µm. 

Another critical feature in the recast layer is the presence of oxide inclusions (globules) 

as previously stated. The abundance of oxide inclusions is more evident on the samples 

laser drilled at high peak power than counterpart samples. These globules are formed by 

oxidise molten droplets which are diffused randomly during the solidification and then 

re-solidifies on the recast layers (see Figure 4-7). Figure 4-8a show the microstructure of 

base alloy with typical dendrite structure at low magnification and Figure 4-8b showing 

the FCC crystallographic structure with clear gamma matrix and gamma-prime 

precipitates. 

 

Figure 4-7. SEM micrograph showing an example of oxide inclusions in the recast layer. 

Microstructural examinations of the recast layer formed in Ni-base CMSX-4 angled holes 

under different laser trepan drilling conditions have shown that the recast microstructure 

depends on the recast layer thickness formed. The laser drilling parameters such as peak 

power and trepan speed enables to control the recast layer thickness but it is the variation 

in the thickness that determines the formation of the recast sub-layers at different laser 

drilling conditions. 
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Figure 4-8. SEM micrograph showing CMSX-4 microstructure: (a) dendrite structure at 

high magnification and (b) gamma matrix (in black) and gamma prime precipitates 

(bright cuboids) at a lower magnification. 

Microstructural examinations of the recast layer formed in Ni-base CMSX-4 angled holes 

under different laser trepan drilling conditions have shown that the recast microstructure 

depends on the recast layer thickness formed. The laser drilling parameters such as peak 

power and trepan speed enables to control the recast layer thickness but it is the variation 

in the thickness that determines the formation of the recast sub-layers at different laser 

drilling conditions. 

 Transmission electron microscopy 

TEM analysis was conducted to further determine crystallographic microstructure of the 

recast layer. The bright-field (BF) TEM micrograph of the recast layer morphology is 

shown in Figure- 4-9. Again, it clearly shows that the morphology of the recast layer is 

very different from the base alloy. The recast layer morphology consists of nano-

crystalline structure with random discrete regions of γ' phase and γ matrix. The γ' phase 

appear dark and the γ matrix are the lighter lines under the acquired BF TEM imaging 

(see Figures 4-9 and 4-10). The size of precipitates formed within the recast layer is 

between 25-50 nm, under electron backscattered diffraction (EBSD) examination.  

Figure 4-11 shows EBSD image of recast layer and base alloy cross-sectioned view where 

it can be seen distinct grains orientation and size. One reason for reduction of the grain 

size in the recast layer is due to continuous impingement of high laser intensity leads to 

re-crystallisation state where re-precipitation occurs, forming precipitated grains in nano 

scale size. Figure 4-9 also shows presence of particles located almost at the γ' phases, 

under bright white circles (highlighted in yellow triangles). EDS data obtained from such 
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particles/oxide inclusions revealed that they are Al-rich, formed during the melting and 

solidification process.  

Selected electron diffraction patterns (SADP’s) were also obtained from the analytical 

TEM as shown in Figure 4-9b and 4-10b. Indexing show that both SADP’s corresponds 

to a FCC crystal structure of [112] planes, suggesting the diffraction pattern (DP) of the 

recast is of similar to the base alloy on the selected γ' phases.  

 

Figure 4-9. TEM data obtained from: (a) BF TEM image of the lamella extracted from the 

recast layer, (b) Diffraction pattern showing FCC crystal [112] plane. The yellow arrow 

points out the select region for diffraction pattern analysis.  

 

    
Figure 4-10. TEM data obtained from: (a) BF TEM image of the lamella extracted from 

the base alloy, (b) Diffraction pattern showing FCC crystal [112] plane. The yellow arrow 

points out the select region for diffraction pattern analysis. 
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The DP’s obtained were indexed by comparing the pre-existing database of FCC crystal 

planes (Williams and Carter, 2009a). In addition, diffraction patterns taken from different 

location from the same sample in the γ' phase which not depicted here were identical. 

These DP’s suggests the nano crystalline nature of the recast layer. The results from the 

TEM analysis suggests that despite morphological changes in the laser drilled surface 

there is no alterations to the crystalline phase of recast layer to the base alloy. This is 

because in laser drilling process the melting and solidification of the molten alloy occurs 

under the protection of the inert gas such as oxygen prevents foreign elements to diffuse 

into recast layer, thus, preventing formation of new phases (Fu et al., 2016). 

 

Figure 4-11. EBSD imaging of inverse pole figures (IPF) in laser drilling extracted hybrid 

sample, showing the recast/base alloy interface at cross-section of laser drilled hole 

entrance. Precipitated grains larger than 150-250 nm are evident within the recast layer.   

 

 Energy-dispersive X-rays spectroscopy  

Energy dispersive X-ray spectroscopy was used to analyse elemental composition of the 

recast layer and the base alloy CMSX-4. Spot scan was used to acquire the elemental data 

shown in Figure 4-12 and elemental plot is given in Figure 4-13. The concentration 

profiles of oxygen and carbon show high in the oxide layer and then completely falloffs 

in the recast layer, as expected. This is associated with use of oxygen as an assist-gas 

during the laser drilling process which greatly diffuses into the top layers and oxidising 

them to an uncertain thickness. Furthermore, concentration profiles of aluminium (Al) 

and nickel (Ni) show also variation in the oxide layer, recast layer and base alloy. The 
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concentration profile of Al is enriched in the oxide layer and drops in the recast layer. 

The concentration profile of Ni shows inverse variation when compared to that of Al. The 

concentration profile of chromium (Cr) in the oxide layer is slightly high to recast layer 

and base alloy. The dissolution of Ni and enrichment of Al and Cr is caused by high laser 

beam energy and molten material interaction on the upper layers during solidification 

process. These observations are similar to reported elsewhere (Sezer et al., 2006; Hongyu 

Zhang et al., 2016). The concentration profiles of other key elements such as cobalt (Co), 

and titanium (Ti) show little variation in the recast layer and base alloy region. The 

dissolution or micro segregation of key elements such as Ni, Al, Ti and Cr inside the 

recast layer may be the root cause of the reduced fatigue strength and corrosion resistance 

in the recast layer produced by laser trepan drilling. 

 

Figure 4-12. SEM micrograph showing spot scan selected for acquiring elemental data 

(un-etched TM2 sample). 

 

Figure 4-13. Elemental profile of laser drilled layers in CMSX-4 superalloy. 



Chapter 4. Surface morphology characterisation 

132 

In addition, Figures 4-14 shows the micrograph of sample TM5 and selected elemental 

spots for the elemental analysis, respectively. EDS elemental results in the Table 4-1, 

spectrums 2, 3 and 4 show similar elemental trend to TM2 sample in Figures 4-15. The 

elemental analysis indicate change in alloy chemistry, particularly in Ni, Al, Cr, Co and 

Ti, hence to potential change in mechanical properties.  

 

Figure 4-14. SEM micrograph showing selected spot areas including oxide layer, recast 

layer and base alloy (un-etched TM5 sample). 

 

Table 4-1. Weight % elements in different zones of laser trepan drilled CMSX-4.  

Zone Ni Al Cr Co Ti Mo Ta W Re Hf O 

Oxide layer  14.8 26 6.0 2.8 3.2 0.2 7.8 2.9 0.0 0.1 30.6 

Recast layer 61.1 4.8 6.5 10.2 0.9 0.5 6.7 6.3 3.0 0.0 0.0 

Base Alloy 67.7 6.8 2.5 7.7 1.5 0.3 8.2 5.2 0.0 0.0 0.0 

 

 Nano-hardness 

To further understand the mechanical properties of the recast layers, nano-hardness of a 

laser drilled sample was measured by nano-indentation using MicroMaterials nano-test 

system. Three indentations were performed at same depth and equally 10 µm spacing 

between two indentations around the recast zone and 30 µm around the base alloy zone 

to minimise the measurement errors. A maximum load of 100mN was used for each 

indentation. Figure 4-15 show the hardness of laser drilled sub-surface layers. The 

measured nano-indentations of the recast layer found to be between 6 to 7 GPa which is 

slightly higher than of measured nano-hardness of the base alloy (CMSX-4) of 5 GPa and 
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4 to 5 GPa measured elsewhere (J. Gibson et al., 2016). The metallurgical transformations 

such as re-crystallisation and phase transitions taking place during rapid heating and faster 

cooling are likely to be the potential reasons of the higher hardness of the recast layer as 

compared to the base alloy CMSX-4. As result, this could induce fatigue debit associated 

with alterations in the microstructure produced by laser drilling process. Further hardness 

tests are required to confirm this trend since the sample population was limited to one 

laser drilling conditions and only one load was used for this analysis. 

 

Figure 4-15. Variation in the nano-hardness measured between the recast layer zone and 

bulk material. 

 

Table 4-2. Hardness results. 

Zone Average, Hardness (GPa) Average, Young Modulus  

Recast layer 6.7 ± 0.34 248.1 ± 12.4 

Base alloy, CMSX-4  4.8 ± 0.28 218.7 ± 9.6 

 

 

4.3 Summary 

This chapter characterised and discussed metallurgical alterations produced by LTD, 

focusing on the recast layer structure. The evaluation of the RL was conducted through 

analytical SEM, EDS, EBSD, TEM and nano-hardness measurements. The results of this 

analytical identified critical metallurgical features such surface cracks within the recast, 
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change in the chemistry and re-precipitated grain size, variations in the hardness and 

thickness of the recast layer.  

The main findings from this chapter are as follows: 

1. SEM examination has shown that indeed the laser drilling can produced undesired 

metallurgical defects on cooling holes such as recast layers, oxide inclusion and 

even micro cracks within the recast layer. Such metallurgical defects are 

detrimental for fatigue strength and service life of laser drilled components. 

2. The variation in the recast layer morphology was linked to laser beam parameters 

and oxygen process assist-gas employed and range of levels tested. The SEM 

observation has shown that higher the peak power greater is the thickness of the 

recast layer and formation of an oxide layer on the upper layer of the recast.  

3. Two types of micro cracks were found in the study, viz. longitudinal and 

transverse. The transverse (radial) cracks were found to be more detrimental than 

longitudinal. These cracks were formed due to thermal mismatched during the 

laser drilling melting and rapid cooling stages. SEM observation show that 

majority of transverse crack lengths formed were 60 to 75% of its recast layer 

thickness. 

4. EDX spectroscopy examination has shown that concentration of profile of nickel 

is low in the oxide and recast layer. The concentration profiles of aluminium and 

chromium were relatively higher than the base alloy. Oxygen has shown to be 

higher within the oxide layer and then declining towards the recast layer. The EDS 

analysis suggests that the dissolution and micro segregation of key elements in the 

recast layer is the root cause of reduced fatigue resistance.     

5. TEM and EBSD analysis has shown that the recast layer is of nano-crystalline 

structure with re-precipitated grains of 150 to 250 nm. This re-precipitation is 

caused by recrystallization during the laser drilling melting and re-solidification 

stages where at the molten state there is dissolution and segregation and then 

afterwards during the rapid re-solidification re-precipitation occurs and small 

grains are formed in the recast layer.       
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6. DP’s analysis show that both base alloy and recast layer have similar FCC crystal 

structure. Based on the existing databases the corresponding indexed FCC 

structure is of 111 plane. Therefore, it can be concluded that the recast layer does 

result in change in microstructure but not in end phase of the base alloy. 

7. Changes in the grain size has an impact on the hardness variation and hence 

fatigue strength, making the recast layer brittle and vulnerable to early cracking. 

The nano indentation measurements in the recast layer found to be about 1.4 

higher than the base alloy CMSX-4.  

The results of this chapter provide an understanding of the recast layer morphology and 

surface cracks formation in laser trepan drilling of cooling holes and how altered 

properties may influence the fatigue life performance in service. The next chapter 

investigates the effects of laser trepan drilling parameters such as peak power, pulse 

frequency and trepan speed on the recast layer thickness and crack number density by 

Taguchi method.  

 





Chapter 5.  
Relationship between laser trepan drilling parameters, recast layer and cracks  

137 

5 EFFECTS OF LASER TREPANNING DRILLING 

PARAMETERS ON THE RECAST LAYER AND SURFACE 

CRACKS FORMATION IN CMSX-4 ANGLED HOLES 

 

5.1 Introduction 

The laser trepanning drilling (LTD) process plays a key role in the manufacturing of 

cooling film holes for aerospace industry. However, service life of laser drilled 

components is highly influenced by the surface integrity generated during melting, 

vaporisation, and molten ejection stages (Voisey et al., 2003). The laser trepan drilled 

surfaces has many metallurgical defects such as oxide layer, recast layer, oxides, and 

micro cracks. These metallurgical defects have been characterised and discussed in 

Chapter 4.  

In this research, recast layer and surface cracks formed during the LTD process are 

evaluated. Much of past studies have focused on the hole taper, drilling speed, 

optimisation and modelling of surface integrity. A limited number of studies have 

reported detailed investigation of process parameters and surface crack interactions in 

laser trepan drilling of angled micro holes (see Chapter 2, see 2.3.6).  

In view of that, the novelty of the present work is to further extend the understanding the 

of influence of pulsed Nd:YAG laser trepanning drilling key process parameters on the 

recast layer thickness and surface cracks formation on nickel base effusion cooling angled 

holes. There are number of key process variables in LTD that influence the recast layer 

thickness and crack formation within the recast layer. In this research, three of these 

parameters such as peak power, pulse frequency and trepan speed were selected based on 

the literature review and industrial consultation as aforementioned (section 3.1).  

Taguchi method was used to evaluate the key process parameters influencing the 

thickness of the recast layer and cracks formation of laser drilled surfaces. The sample 

configuration, experimental setup and design of experiments matrix are detailed in section 

3.1 of this thesis. Statistical techniques such as signal-to-noise (S/N) ratios and analysis 

of variance were employed to determine the main influencing process parameter(s).   

Overall, the aim of this chapter is to understand the processing parameters, recast layer 

and surface cracks formation relationships in laser drilling of CMSX-4 angled cooling 
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holes so that effort is made to minimise such defects and improve life expectancy of laser 

drilled components. 

 

5.2 Results and discussion 

5.2.1 Analysis of recast layer thickness 

 S/N ratios 

Table 5-1 shows the S/N responses obtained for the average of maximum recast layer 

thickness (RLTmax). Based on L9 OA, nine different experimental combinations of input 

parameters were tested four times on the workpiece. The recast layer thickness was 

measured as per method described in Chapter 3 (section 3.2.2) and provided in Appendix 

B. the S/N ratios in Taguchi analysis are commonly used to evaluate the variability in a 

product or process by minimising the effects of uncontrollable factors (Ross, 1998). It 

also provides a measure of the impact of control factors on the performance or 

experimental objective. Since the recast layer thickness and cracks formed within the 

recast layer have great influence on the mechanical properties and service life of laser 

drilled components, therefore, the smaller is the better (SB) quality objective 

characteristic was employed for the present analysis. The equation for SB calculation is 

given by (Roy, 2010): 

𝜂 =  −10 log [
1

𝑛
∑ 𝑦𝑖

2
𝑛

𝑖=1
] ∴ −10 𝑙𝑜𝑔 (

1

𝑛
(𝑦1

2 + 𝑦2
2 + 𝑦3

2 + 𝑦4
2)) (5-1) 

Where, η is signal to noise ratio (S/N ratio), yi is the ith response of the experiment, n is 

the repeated number of the ith experimental trial. For example, S/N for trial no.1 of 

column of Table 5-1 is as follows: 

𝜂1 = −10 𝑙𝑜𝑔 (
1

4
(442 + 482 + 532 + 48.22)) = -33.67 (5-2) 

 The S/N ratios of trial no. 2 to 9 are similarly calculated using equation 5-1 and shown 

in last column of Table 5-1. 

Furthermore, the mean S/N ratio effects plot displays the means response for each input 

parameter. The opportunities for minimising the recast layer thickness can be easily 

determined from these plots based on the small is better criteria, see Figure 5-1. The 
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findings suggest that the intermediate level of peak power (10 kW, A2), higher level of 

pulse frequency (25 Hz, B3) and a lower level of trepanning speed (75 mm/min, C1) can 

achieve an average RLTmax less than 50 µm. The peak power of 10 kW with set constant 

pulse energy provides enough laser power for effective processing rate. A pulse frequency 

at 25 Hz provides enough input average power for efficient melting. Moreover, 

trepanning speed at 75 mm/min can deliver a more robust process at cut front. However, 

manufacturing demand the highest trepanning speed which can be achieved at an 

acceptable RLT (Grafton-Reed, 2008). The influences of each process parameter tested 

on the recast layer thickness is discussed in section 5.2.1.3.  

Table 5-1. The results of the recast layer thickness values with related S/N ratios. 

Trial 

No. 

Control Parameters RLTmax (µm) 

Mean MSD 

S/N 

ratio 

(db) 

PP 

(kW) 

PF 

(Hz) 

TS 

(mm/min) 1 2 3 4 

1 8.3 20.0 75 44 48 53 48.2 48.3 3.7 -33.67 

2 8.3 22.5 100 61.6 48.2 49.8 53.6 55.3 6.0 -34.85 

3 8.3 25.0 125 69.2 79 78.1 82.3 77.1 5.6 -37.74 

4 10 20.0 100 53.0 52.8 42.8 51.2 53.0 4.8 -34.48 

5 10 22.5 125 83.0 62.0 60.0 53.0 64.5 12.9 -36.19 

6 10 25.0 75 55.6 43.5 48.2 49.5 50.0 5.0 -33.97 

7 12.5 20.0 125 73.0 71.0 62.0 * 68.7 5.9 -36.73 

8 12.5 22.5 75 76.7 71.5 46.6 52.3 61.8 14.6 -35.81 

9 12.5 25.0 100 63.8 69.6 55.6 64.7 63.4 5.8 -36.04 

Peak Power (PP); Pulse Frequency (PF); Trepan Speed (TS); Mean Standard Deviation 

(MSD) 

 

 

Figure 5-1. Effects of process parameters on S/N ratio (SNRA) for mean RLTmax. 
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Table 5-2. Mean response table for RLTmax. 

Levels 

RLTmax (dB) 

[A] 

PP 

 (kW) 

[B] 

PF 

 (Hz) 

[C] 

TS 

(mm/min) 

1 -35.42 -34.97 -34.49 

2 -34.89 -35.62 -35.14 

3 -36.20 -35.92 -36.89 

Delta 1.31 0.96 2.40 

Rank 2 3 1 

 

 ANOVA 

Analysis of variance (ANOVA) is a statistical method to determine the individual 

interactions of all the control parameters in the experimental design (Ross, 1998). In this 

work, ANOVA was used to analyse the influences of peak power, pulse frequency, and 

trepanning speed. ANOVA results for the experimental responses are shown in Tables 5-

3, under 95 % confidence limits. The significance of control parameters in ANOVA is 

determined by comparing the statistic F-values of each control parameter (Roy, 1990). In 

addition, percentage contributions of each control parameters were computed and are 

provided in the last column of the Table 5-3.  

Table 5-3. ANOVA response for the average RLTmax. 

Variance 

Source DF Adj SS Adj MS F-Value % Contribution 

[A] 2 116.16 58.08 1.83 16.34 

[B] 2 70.45 35.22 1.11 9.81 

[C] 2 460.51 230.25 7.25 64.80 

Error 2 63.53 31.76 - 8.93 

Total 8 710.64 - - 100 

 

As per the Table 5-3, ANOVA results indicates that the trepanning speed is the most 

statistically significant input parameter influencing the RLTmax response with a higher F-

value than other input parameters. Based on the degrees of contribution and mean S/N 

ratios results (see Table 5-2), it was found that the trepan speed (factor C) has the largest 

degree of contribution, followed by peak power (factor A) and pulse frequency (factor 

B). 
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 Regression analysis 

In this research work, non-linear regression was used for obtaining the empirical model 

for RLTmax. The relationship between the RLTmax response and laser drilling parameters 

has been determined based on the full quadratic with two-way interaction log-level 

regression model of second order. The insignificant terms have been removed by 

backward elimination of terms method, removing P-values less 0.05. The regression 

analysis was conducted using both Microsoft Excel analysis toolkit and Minitab 16 to 

determine the regression coefficient and residual plots. The obtained coefficients to 

correlate the recast layer thickness with respect to laser drilling process parameters are 

tabulated in Table 5-5. The data used for obtaining regression coefficients for formulating 

the relationship is shown in Table 5-4. 

 Table 5-4. Laser drilling data used for RLTmax regression analysis. 

 

 

 

 

 

 

 

 

 

 

 

Table 5-5. Coefficients for RLTmax regression model. 

Terms Coefficients Standard Error t Stat P-value 

Intercept 3.62 0.06 50.6 0.000 

PP2 0.01 0.00 5.42 0.003 

TS2 0.44 0.07 6.23 0.002 

PF*TS -0.11 0.02 -4.88 0.004 

 
The regression equation for RLTmax is given below: 

ln 𝑆𝐷𝑅𝐿𝑇 =  3.62 + 0.01𝑃𝑃2 − 0.04𝑇𝑆2 − 0.002 𝑃𝑃𝑇𝑆 (5-3) 

Trial 

Input parameters Response 

PP 

(kW) 

PF 

(Hz) 

TS 

(mm/s) 

RLTmax 

(µm) 

ln 

RLTmax 

1 8.3 20 1.25 48.3 3.88 

2 8.3 22.5 1.67 55.3 4.01 

3 8.3 25 2.08 77.1 4.35 

4 10 20 1.67 53.0 3.97 

5 10 22.5 2.08 64.5 4.17 

6 10 25 1.25 50.0 3.91 

7 12.5 20 2.08 68.7 4.22 

8 12.5 22.5 1.25 61.8 4.12 

9 12.5 25 1.67 63.4 4.15 
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The estimates performed according to regression Equation 5-3 are shown in Table 5-6. 

R2 statistic and R2 adjusted values of 0.95 and 0.92 obtained for the RLTmax regression 

model shows that data fits well the observed data under 95% confidence intervals. The 

analysis of variance results for regression equation is shown in Table 5-7. The P-value 

for the regression model is less than 0.05, indicating that model is statistically significant. 

Furthermore, the residual plots in Figure 5-2 confirm that the model fit well the 

experimental data. It can be observed from the normal probability plots that the 

experimental points are close to the straight reference line, which means that the data 

follows a normal distribution. Hence, the residuals of RLTmax regression model follow the 

normality assumption. The calculated root mean square error (RMSE) of 0.003 indicate 

that prediction accuracy is adequate, thus, acceptable for determining coefficient 

parameters for estimating life of cooling holes considering surface flaw produced by laser 

drilling (i.e. recast layer).  

Table 5-6. Prediction confidence limits responses for transformed ln RLTmax. 

 

 

 

 

 

 

 

 

 

 

Table 5-7. Analysis of variance for the RLTmax regression. 

Source DF SS MS F-Value P-Value 

Regression 3 0.182 0.061 30.4 0.001 

Error 5 0.01 0.002 -   - 

Total 8 0.192 - - - 

S = 0.044                    R2 = 0.95              R2 adjusted = 0.92 

 

Trial 

No. 

Predicted, 

ln RLTmax Residuals 

Standard   

Residuals 

95% CL 

Lower 

95% CL 

Upper 

1 3.85 0.02 0.84 3.78 3.93 

2 4.00 0.00 0.05 3.95 4.06 

3 4.31 0.03 1.7 4.21 4.41 

4 4.00 -0.03 -0.80 3.95 4.05 

5 4.22 -0.06 -1.54 4.16 4.29 

6 3.92 -0.02 -0.44 3.87 3.98 

7 4.21 0.01 0.35 4.12 4.30 

8 4.14 -0.02 -1.21 4.03 4.25 

9 4.09 0.05 1.37 4.03 4.17 
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Figure 5-2. Residual plots for the RLTmax predicted responses. 

 

 Effects of process parameters 

5.2.1.4.1 Peak power 

Peak power had a moderate effect on the recast layer thickness within the range of values 

tested. In general, peak power and power density have major role in the recast layer 

thickness (Yeo et al., 1994). The peak power corresponds to amount of laser beam 

intensity delivered into the surface workpiece on a single pulse during the laser 

processing, in units of joules per milliseconds (Tam et al., 1990). The influence of peak 

power on the average RLTmax is shown in Figures 5-3. It shows that the average RLTmax 

increases as the peak power increase.  
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Figure 5-3. Effects of peak power on mean RLTmax. 

In the present study, a pulse energy of 5 Joules was kept constant through entire 

experiments and the pulse duration varied from 0.4 to 0.6 milliseconds. As previously 

mentioned, peak power is output of pulse energy per pulse duration. Therefore, the 

amount of laser intensity increases as the pulse duration decreases. In general, higher the 

peak power, higher will be melting or vaporisation rate. In this work, high peak power 

resulted high molten pool than vaporisation. This is because the thermal conductive in 

nickel-based alloys is low and thus less heat is diffused through the workpiece, resulting 

in more heat and melting around sidewalls of the hole. An example of this case is when a 

setting of 12.5 kW (5 J/ 0.4 ms) is tested, resulting in a thicker recast layer in overall. On 

the other hand, if the peak power is too low, it will cause the molten pool to accumulate 

on the sidewalls of the hole due to the low vaporisation rate. As this was the case when 

tested at a lower setting of 8.3 kW (5 J/ 0.6 ms) yielding also thicker recast layer (see 

Figure 5-3). This study shows that the better peak power setting for producing high quality 

angled cooling holes with a diameter of 0.75 mm and depth of 4.0 mm on a CMSX-4 

workpiece should be at a moderate laser beam intensity setting of 10 kW (5 J/ 0.5 ms). 

This setting can be characterised by a vaporisation dominated process and generating less 

molten pool, thus, thinner recast layer.  

Moreover, it should be mentioned that pulse duration had a direct influence on the applied 

peak power (Leigh et al., 2009). The pulse duration is the amount of time allowed to 

deliver laser energy in laser drilling, on a single pulse (Duan et al., 2015). A typical a 

range between 0.2 to 1.0 ms is practised in the aerospace industry depending on the hole 
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diameter and depth, as well as the type of material for optimising the hole quality in 

aeroengine components (Beck et al., 1997). The present study confirms that the shorter 

pulse duration has also a major role in the reduction of the recast layers, as reported 

studies elsewhere (Sezer et al., 2006; Chien and Hou, 2007; Goyal and Dubey, 2014). 

The selected input values for the pulse duration varied from 0.4 ms to 0.6 ms in this study, 

as previously mentioned to yield range of peak power values 8.3 to 12.5 kW. The range 

of values tested were based on the existing constraints experience during the manufacture 

of film cooling holes due to back-wall damage problem in the airfoil section of turbine 

vanes.  

Overall, in pulsed Nd:YAG laser drilling suitable pulse duration and pulse energy along 

with efficient pulse frequency deliver an optimal peak power per pulse (McNally, Folkes 

and Pashby, 2004; Grafton-Reed, 2008; Marimuthu, Antar and Chantzis, 2015).The 

optimal peak power enables enough temporal distribution for efficient heat absorption in 

the workpiece, thus, vaporises more molten material without inflicting thermal damage 

to the surface workpiece, resulting in less molten material in sidewalls of the hole. 

 

5.2.1.4.2 Pulse frequency 

The influence of pulse frequency on the mean RLTmax is shown in Figure 5-4. There is a 

slight decay in the mean RLTmax response as the pulse frequency increases. In pulsed laser 

drilling, pulse frequency determines the laser off-time between the pulses and energy 

consumed by the material per unit time (Leigh et al., 2009). The maximum value of pulse 

frequency in this experiment was limited to 25 Hz. This setting ensured the output average 

power remained below 130 Watts. The output average power value is a function of the 

pulse energy and pulse frequency (Leigh et al., 2009). As the matter of fact, a suitable 

pulse frequency will provide enough melt off-time for efficient material removal and the 

rapid evaporation of the melt, resulting in a thin recast layer. The results obtained from 

the experiment show that an increase of output average power from 100 to 125 W, 

improved melting and vaporisation rate, resulting in a slight decrease in the mean RLTmax. 

A study elsewhere (Duan et al., 2014), demonstrated that a higher pulse frequency greater 

than 30 Hz produces thicker recast layer. This is because an increase in the pulse 

frequency increases the laser average power being transferred to the substrate material, 
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and the time between successive pulses becoming too short to allow the molten material 

to be completely removed before the start of the subsequent pulse. Therefore, this could 

result in a poor vaporisation rate and, consequently causing a thicker recast layer. In this 

study, the highest setting of pulse frequency (25 Hz) provided an overall thin recast layer 

under the range of values tested. 

 

Figure 5-4. Effects of pulse frequency on mean RLTmax. 

 

5.2.1.4.3 Trepan speed  

The trepan speed is the rotational beam scan speed or the beam motion of the laser beam 

that enables to cut or pierce the targeted material, making it an important parameter in the 

laser trepanning drilling. For this study, three trepan speed settings were investigated with 

an increment of 25 mm/min, starting with 75 mm/min. The effects of laser drilling 

parameters on the RLT responses are shown in Figure 5-5 and show that the recast layer 

thickness increases with increasing trepanning speed. This trend is also observed 

elsewhere (Chien and Hou, 2007; Goyal and Dubey, 2014). A higher trepanning speed 

shortens the amount of interaction time at the cut front, reducing the molten material 

ejection rate and vaporisation rate. Therefore, a large portion of the molten material re-

solidified remains on the sidewalls of the hole, forming thicker recast layer.  

On the other hand, lower trepanning speed generally results in more interaction time 

between peak power and scan speed, thus, effective energy absorption and heat 

dissipation of the laser beam intensity into the workpiece (Chien and Hou, 2007) and 
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slower beam motion generates better hole geometry (Antar et al., 2016). Hence, lower 

trepanning speed promotes effective pulse density. The pulse density is pulse frequency 

over the trepanning speed (Duan et al., 2014). For example, a high pulse density, a 

combination of low trepanning speed and high pulse frequency yields vaporisation 

dominated process. Therefore, less molten material on sidewalls of the holes, resulting in 

a thinner recast layer. In the present study, lowest trepanning value tested of 75 mm/min 

yielded a thinner recast layer in overall. Past studies have also observed similar results 

when laser trepan speed ≤ 75 mm/min was used for drilling cooling holes (Goyal and 

Dubey, 2014; Antar et al., 2016). 

 

Figure 5-5. Effects of trepan speed on mean RLTmax. 

Pulsed Nd:YAG laser drilling is a complex process and the recast layer thickness 

responses obtained in this work suggests that the trepan speed and peak power interaction 

played an important role in the recast layer thickness. Figure 5-5 show the interaction 

effects between the peak power and trepan speed on the recast layer thickness. According 

to trends in the Figure 5-4, it is clear that the increase in peak power in combination with 

an increase of trepan speed leads to thicker recast layer thickness. This is because when 

the trepan speed is faster and high peak power is high result in short interaction time and 

more molten material on the sidewalls of the hole. This shorter interaction time result in 

poor molten material removal, thus, increase in the recast layer thickness. However, 

interesting observation when high peak power in combination with high trepan speed 

(12.5 kW, 125 mm/min) yields less thick recast layer than peak power levels at 10 kW 

and 8.3 kW. This is because at high trepan speed the interaction time also restricts the 
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excessive heat and thermal damage on sidewalls of the hole and its periphery (Goyal and 

Dubey, 2014). Furthermore, laser trepanning drilling with a lower level of peak power is 

shown to be less stable (Grafton-Reed, 2008; Antar et al., 2016). That was indeed the 

case, when peak power of 8.3 kW was tested. 

 

Figure 5-6. Effects of trepan speed and peak power interaction on RLTmax. 

 

5.2.1.4.4 Number of trepanning speed 

One more parameter involved in the laser trepanning drilling is the number of trepan 

orbits, also known as beam rotation or motion. In this post-experiment, the effects of one 

to four rotations were tested. The remaining parameters were held constant including the 

pulse duration (0.5 ms), pulse frequency (25 Hz), trepanning speed (75 mm/min), and 

remaining parameters held constant. Figure 5-7 show that the no. of trepan orbits had no 

influence on the recast layer thickness. This can be explained by the fact that most of the 

molten material in the hole has been ejected during the first rotation, and the subsequent 

rotation will only trim slightly the molten material on the sidewall of the hole. Therefore, 

the molten material after third and subsequent rotations will mainly flow along the 

sidewalls, increasing the probability of the multi-layered re-solidified material, resulting 

in the thicker recast layer. The current experimental results confirm that this is indeed, 

the case. Moreover, multiple orbits also result in the increase of drilling time (Antar et 

al., 2016), thus, making them undesirable for drilling hundreds of cooling holes in turbine 

vanes. 
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Figure 5-7: Influence of number of trepanning orbits on the average RLTmax. 

 

5.2.1.4.5 Assist gas  

Assist gas pressure is the main element of the ejection of molten material through the exit 

hole during the laser processing. The assist gas pressure act as a rigid downward 

mechanical force, which works in synergy with the sequential melting and vaporisation 

during the impingement of continuous laser pulses to form a hole (D. K. Y. Low, Li and 

Corfe, 2000). The flow of assist gas also acts as a protective shield for the nozzle exit 

diameter of the laser beam against debris and spatter (Low, Li and Byrd, 2000). Moreover, 

the types of assist gas also have an impact on the surface morphology of the laser drilled 

surface as previously mentioned. Most common assist gas used for laser trepanning 

drilling of nickel-base alloys is oxygen, among the argon and nitrogen. The previous 

studies have shown that the argon is the most effective when it comes to reducing the 

thickness of the recast layer (Horn et al., 2000). Whilst, others (Kreutz et al., 2007; 

Walther et al., 2008) indicated that the use of oxygen as an assist gas yields in generally 

better surface morphology. Overall, these studies indicate that the different type of assist 

gas and pressure values can generate different solidification rates and hence different 

surface recast morphology.  

The range of assist gas pressure employed by previous studies above cited ranged from 

72 psi to 145 psi, independent of the type of assist gas. It should be mentioned that the 

assist gas pressure effectiveness depends on the material thickness and depth of the drill. 

Furthermore, it is being established that higher assist gas pressure may lead to an effective 
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downward force, resulting in the molten material to eject out more easily (Palumbo, De 

Chiara and Marrone, 2009). However, excessive gas pressure gradually prevents molten 

material from ejecting outside due to increasing cooling rate, which rapidly re-solidifies 

the melt on the sidewalls of the hole by means of forced convection (Tam et al., 1993), 

resulting in a thicker recast layer thickness.  

In the present experiments, the pressure of 100 psi was used through entire experiments. 

The decision was based on the literature and the range of values used in the industrial 

practice, for laser drilling of turbine engine components. In current manufacturing, 

oxygen and air are the two main gases used as this gives an acceptable balance of process 

speed and the metallurgical result (Grafton-Reed, 2008). 

 

5.2.2 Analysis of surface cracks 

SEM observation of the laser drilled cross-sectioned samples reveals that the surface 

cracks were longitudinal and transverse type micro-cracks. In the present study, only 

transverse cracks were used for the analysis. As previously, stated, transverse cracks are 

perpendicular to the recast layer making them vulnerable to advance towards the base 

alloy, hence, detrimental to fatigue life. Since transverse cracks act as the initiation point 

of failure, it is essential to quantify the degree of cracking in terms of standard measure. 

In this study, crack number density (CNDi) is applied to evaluate the severity of cracking 

(see Equation 3-9).  

 S/N ratios 

The S/N ratios of trials 1 to 9 were calculated using the Equation 5-1, as described in 

Section 5.2.1.1., and S/N ratio results for transverse CNDmax is given in Table 5-8. Figure 

5-8 show the mean effects plot for transverse CNDmax, for each input parameter tested. It 

can be seen from Figure 5-6 that the peak power appears to have significant effect on the 

transverse crack density. This mainly associated with input laser intensity to thermal 

gradients and tensile residual stress caused by cold assist gas pressure and work surface 

at room temperature. In this research, the high peak power tested inflicted less thermal 

damage to the sidewalls of the hole, thus, less cracks formed within the recast layer. This 

mainly due to short pulse duration setting at that high peak power level.  
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Table 5-8. The results of the transverse crack number density values with S/N ratios. 

Trial 

No. 

Control parameters CNDmax (no./mm2) 

PP 

(kW) 

PF 

(Hz) 

TS 

(mm/min) 

Hole 

1 

Hole 

2 

Hole 

3 

Hole 

4 Mean 

S/N 

ratio 

(db) 

1 8 20 75 0.25 0.25 1.25 0.75 1.25 0 

2 8 22.5 100 0.5 1 2.25 0.75 2.25 -6.02 

3 8 25 125 1.5 0.5 - 1 1.5 -1.938 

4 10 20 100 1.5 0.5 0.25 0.5 1.5 -3.521 

5 10 22.5 125 2.25 2 2.75 2 2.75 -8.786 

6 10 25 75 2.25 0.25 2.5 2.5 2.5 -7.958 

7 12.5 20 125 1.25 0.5 0.75 0.5 1.25 -1.938 

8 12.5 22.5 75 0.5 - 0.25 0.5 0.5 12.041 

9 12.5 25 100 0.5 - 0.5 0.75 0.75 6.02 

 

 

Figure 5-8. Effects of process parameters on mean S/N ratio (SNRA) for transverse 

CNDmax. 

Plots in Figure 5-6 suggest that the high level of peak power (12.5 kW, A1), intermediate 

level of pulse frequency (22.5 Hz, B2) and a lower level of trepanning speed (75 mm/min, 

C1) could minimise the transverse cracks within the recast layer. The influences of 

process parameters on the crack formation are discussed in the next section. 
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  ANOVA 

ANOVA results from Table 5-9 confirms that peak power is the most statistically 

significant factor affecting the transverse CNDmax with highest percentage contribution of 

79 %, followed by pulse frequency (12.4 %) and trepan speed 0.6 %, latter being 

insignificant factor under the range of values tested. The percentage error was 

significantly low at 8.93 % and 7.72 % for both average RLTmax and CNDmax respectively.  

Table 5-9. ANOVA response for the transverse CNDmax. 

Variance 

Source DF Adj SS Adj MS F-Value % Contribution 

[A] 2 5.54 2.77 10.23 79.1 

[B] 2 0.87 0.43 1.62 12.4 

[C] 2 0.041 0.020 0.08 0.58 

Error 2 0.541 0.270 - 7.72 

Total 8 7.0 - - 100 

 

 

 Effects of process parameters 

5.2.2.3.1 Peak power 

Figures 5-9 show how CNDmax varies with changes in the peak power, pulse frequency 

and the trepanning speed. The mean effects plots and ANOVA shows that the peak power 

has a major effect on the transverse CNDmax response. It shows that the transverse CNDmax 

tends to be insignificant when laser drilling with a high peak power of 12kW (5 J/ 0.4 

ms). This is opposite to mean RLTmax responses. This is because shorter pulse duration 

generates less thermal damage to the sidewalls, hence, less cracking. On the other hand, 

the pulse frequency and the trepanning speed had very little statistical significance in the 

formation of transverse CNDmax. 

The peak power is the function of pulse energy and pulse duration, as previously stated. 

From the mean plot, as shown in Figure 5-9, the transverse CNDmax increases significantly 

as the peak power decreases. This is because the pulse duration varies in the increasing 

order as the peak power decreases, when the pulse energy is held to 5 joules throughout 

the entire tests. The results show that an increase of pulse duration to 0.5 ms and 0.6 ms 

had significant influence on the cracks within the recast layer. It means that shorter the 

pulse duration, less thermal stress is inflicted on the workpiece surface and thus cracks 
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tend to not appear when laser drilling with high peak power, based on the range of values 

tested. However, there are two constraints using high peak power setting. First, the back-

wall damage on the blade and vane airfoil. Second, thermal conductivity of the material 

and the recast layer thickness correlation. The material with thermal conductivity tends 

to diffuse heat away from the localised heat region faster to the material surroundings. 

Therefore, resulting in less localised molten pool and hence thinner recast layer, as well 

as less tendency for cracking. Since nickel base superalloys have lower thermal 

conductivity, peak power will have significant influence on the surface crack formation. 

 

Figure 5-9. Variation of transverse CNDmax with peak power. 

 

Figure 5-10. Contour graph shows the effect of peak power, pulse duration and trepanning 

speed on the transverse CNDmax. 
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Figure 5-10 show a contour map of the transverse CNDmax based on the experimental 

responses. It shows how the variation in laser beam parameters such as pulse energy and 

pulse duration interaction affect the output peak power and in turn in the variation in the 

crack formation. The contour map can be used for controlling the surface damage and 

optimisation of processing parameters. However, this map is constrained by the range of 

values tested, diameter of the hole and drill depth. Therefore, an investigation into the 

surface crack formation is needed if a further understanding is to be obtained to control 

cracking during laser drilling of acute and angled effusion cooling holes. 

 

5.2.2.3.2 Pulse frequency 

Although pulse frequency had small influence on the transverse CNDmax under the range 

of values tested, as shown in Figure 5-11. In general, higher the pulse frequency, greater 

is the thermal damage to the workpiece surface that can be obtained in pulsed laser 

drilling. This is because at higher pulse frequency the time between two successive pulses 

is not long enough for heat to dissipate to the workpiece surroundings and leads to high 

localised residual heat and greater thermal gradient. Therefore, resulting in crack 

formation. 

The increase in pulse frequency has shown to slight influence the RLTmax as well 

transverse CNDmax response when increasing from 20 Hz to 22.5 Hz. This is because a 

slight rise in the pulse frequency stabilises the laser energy and output average power 

inflicted on the workpiece, thus, reducing the localised residual heat. However, an 

increase in the pulse frequency to a higher levels greater than 30 Hz could cause an 

increase in the recast layer thickness, based on the work reported elsewhere (Chien and 

Hou, 2007; Duan et al., 2014). Therefore, a range between 15 to 26 Hz can be used 

depending on the thickness of the material and type of material and their properties such 

as thermal diffusion and absorptivity.  
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Figure 5-11. Variation of transverse CNDmax with pulse frequency. 

 

5.2.2.3.3 Trepan speed 

Figure 5-12 show that the increase in trepan speed slightly increases transverse CNDmax. 

This is due to interaction between the peak power and laser beam scanning speed. The 

lowest values of transverse CNDmax were at 75 mm/min for all trepan speed values tested. 

One reason is the high residual stresses and adverse heat transfer behaviour. In general, 

high trepan speeds can lead to an increase of thermal residual stresses on the sidewalls of 

the hole due to reduce time available for effectively disperse the residual heat to the 

workpiece surroundings to avoid the localised thermal cracking during the re-

solidification. Although increasing peak power has been shown to reduce the cracks, 

increasing pulse duration increases the amount of residual heat on sidewalls of the hole 

during laser drilling. This may also explain why cracks were found in the oxide layers. In 

this study, surface cracks are significantly reduced at low trepan speed and peak power 

interaction at short pulse duration. Moreover, the low trepan speed increases the laser 

beam interaction time for effective heat dissipation, vaporisation and molten ejection rate, 

thus, reducing the recast layer thickness and potential cracking.  



Chapter 5.  
Relationship between laser trepan drilling parameters, recast layer and cracks  

156 

 

Figure 5-12. Variation in CNDmax with trepan speed. 

  

5.2.2.3.4 Assists gas 

Based on previous studies elsewhere (Horn et al., 2000; Lugscheider et al., 2005), authors 

reported that each type of assist gas influences the surface crack formation, such as argon, 

nitrogen and oxygen. Latter, avoid closures, melt droplets, and formation of burrs 

compared to the argon (Kreutz et al., 2007; Walther et al., 2008). Although, this study 

and the discussion presented attempted to provide an understanding of this phenomenon 

by considering the characteristics of the pulsed Nd:YAG LTD process along with key 

process parameters such as peak power, pulse duration, pulse frequency and the 

trepanning speed, but there is still a need for better understanding of the effects of oxygen 

assist gas pressure and mass flow rate on the surface cracks.  

 

5.3 Summary 

The following key observations could be drawn from this experimental investigation 

based on the input parameters and range of values investigated: 

1. The SEM examination has shown that there is variation in the recast layer and 

surface cracks depending on the peak power and trepan speed levels tested. 

Increase in peak power found to be influent on the formation of oxide layer and 

recast layer thickness.   
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2. The formation of the recast layer is mostly influenced by the trepanning speed and 

followed by peak power. An increment of 60 % was observed from an increase of 

75 to 125 mm/min. An intermediate level of peak power showed to be the most 

effective for reducing the RLTmax. The pulse frequency has been found to be less 

significant. For the entire experiments, average RLTmax observed varied from 48 

µm to 77 µm. 

3. The crack number density is most influenced by the peak power. Pulse frequency 

and trepanning speed were found to be insignificant. In comparison to crack 

orientation, the transverse cracks in the recast layer are found to be highly 

detrimental compared to longitudinal, as the foremost cracks could penetrate to 

the substrate, consequently reducing the resistance to fatigue crack mechanism.  

4. The number density of transverse crack was found to decrease from 2.75 no./mm2 

to 0.25 no./mm2, when incrementing the peak power from 8.3 to 12.5 kW. This is 

due to by rapid heating and cooling cycles causing distress in the molten area and 

tensile residual stress during the re-solidification. 

5. Majority of the cases, transverse maximum crack length values had exceeded 40 

to 60 per cent of its recast layer thickness. This is detrimental, since it may limit 

the life of laser drilled components during in-service.    

6. Based on the ANOVA results, the percentage contribution of key process 

parameters on the recast layer thickness has found to be higher for trepanning 

speed (65%), followed by peak power (16.3%) and pulse frequency (10%). 

Whereas, the percentage contribution of key process parameters on the transverse 

CNDmax has found to be higher peak power (79%), followed by pulse frequency 

(12%) and trepan speed (0.6%). 

7. The optimum settings for minimum surface damage including the recast layer 

thickness and the transverse crack number density could be obtained at 

intermediate pulse duration and pulse energy combination, a higher level of pulse 

frequency, and low level of trepanning speed. 

8. Overall, long pulse duration and thick recast layer are two main factors that lead 

to more crack formation, hence, the transverse CNDmax response in this study. 
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9. The knowledge gained in this experiment enables to determine the range of the 

recast layer thickness and crack number density formed during a commercial laser 

drilling of nickel-base angled holes, leaving for potential opportunities for review 

of the current parameters settings, allowable recast layer thicknesses tolerances 

and parameters optimisation.  

The next chapter uses present chapter knowledge and data to evaluate the effects of 

different recast layer thicknesses on high temperature corrosion-fatigue of nickel-based 

angled cooling holes, yielded on at different laser drilling settings.  
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6 EFFECTS OF RECAST LAYER THICKNESS ON HIGH 

TEMPERATURE LOW CYCLE CORROSION FATIGUE LIFE 

OF LASER DRILLED CMSX-4 ANGLED COOLING HOLES 

 

6.1 Introduction 

This chapter presents research work related to investigation of effects of different recast 

layer thickness on high temperature (HT) corrosion-fatigue (CF) of angled cooling holes 

produced by laser drilling. Through a series of mechanical tests in simulated environment, 

this chapter discusses the potential fatigue life debit due different recast layer thickness 

produced. This study makes use of previous chapter results for selection of most 

significant laser drilling parameter influencing the recast layer, so that it can be used to 

yield the range of recast layer thickness for this study. Fatigue specimen’s preparation 

and laser drilling settings for initial trial plates and fatigue specimens are described in 

chapter 3.  

Nevertheless, studies reported in the existing literature and discussed in chapter 2 (section 

2.8) have not fully detailed the laser drilling conditions and their influence on corrosion-

fatigue life. More, the past research studies have focused on thermal mechanical fatigue 

and creep behaviour of cooling film holes, given that the cooling holes are not only 

exposed to high temperature but also to hot gases and sea air ingested from inlet engine. 

As such, this chapter attempts to fill the gap in the literature related to the effects of recast 

layer thicknesses on the HT CF life of laser drilled CMSX-4 angled holes. 

 

6.2 Results and discussion 

6.2.1 S-N Corrosion-fatigue data  

For the first time, HT CF tests under low cycle fatigue regime have been carried out to 

analyse the influence of laser drilling process and the different recast layer thickness 

produced interaction. Three different laser trepanning drilling conditions were used for 

this study (see Table 3-9). Table 6-1 to Table 6-4 shows the results obtained from the 

corrosion-fatigue tests and the S-N plot is depicted in Figure 6-1. 
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Table 6-1. Results of HT LCCF tests performed on the LTD set A specimens. 

Specimen Code Specimen No. Stress (MPa), S Cycles to failure, Nf Observations 

FAT233 LTD 01 550 6,353 Fail 

FAT239 LTD 02 450 50,089 Fail 

FAT245 LTD 03 450 58,891 Fail 

FAT293 LTD 04 350 97,247 Fail 

FAT241 LTD 05 350 110,000 Unbroken 

 

Table 6-2. Results of HT LCCF tests performed on the LTD set B specimens. 

Specimen Code Specimen No. Stress (MPa), S Cycles to failure, Nf Observations 

FAT246 LTD 06 550 19,604 Fail 

FAT236 LTD 07 550 17,716 Fail 

FAT307 LTD 08 450 80,768 Fail 

FAT299 LTD 09 400 110,000 Unbroken 

FAT270 LTD 10 350 110,000 Unbroken 

FAT09 LTD 11 350 120,000 Unbroken 

FAT253 LTD 12 290 110,000 Unbroken 

FAT258 LTD 13 290 120,000 Unbroken 

 

Table 6-3. Results of HT LCCF tests performed on the LTD set C specimens. 

Specimen Code Specimen No. Stress (MPa), S Cycles to failure, Nf Observations 

FAT247 LTD 14 550 4,333 Fail 

FAT264 LTD 15 450 36,694 Fail 

FAT290 LTD 16 450 39,978 Fail 

FAT250 LTD 17 350 89,076 Fail 

FAT257 LTD 18 290 110,000 Unbroken 

 

Table 6-4. Results of HT LCCF tests performed on the plain CMSX-4 and EDMed 

specimens. 

Specimen 

Code 

Specimen 

No. 

Stress 

(MPa), S 

Cycles 

to failure, Nf Observations 

FAT309 Bare 01 1000 110 Plain (not drilled), Fail 

FAT311 Bare 02 600 131,304 Plain (not drilled), Fail 

FAT313 Bare 03 700 5,626 Plain (not drilled), Fail 

FAT315 EDM 01 550 15,690 EDM Die-sink, Fail 

FAT316 EDM 02 450 45,021 EDM Die-sink, Fail 

FAT317 EDM 03 350 110,000 EDM Die-sink, Unbroken 
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Figure 6-1. Corrosion-fatigue S-N curves of CMSX-4 drilled and undrilled specimens 

tested.  
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The corrosion-fatigue S-N data of specimens tested at three different laser drilling 

conditions, one Die-sink EDM condition, and in non-drilled conditions both in the air/SO2 

simulated lab environment is shown in Figure 6-1. Five sets of experimental data include: 

LTD set A (blue circle); LTD set B (green square), LTD set C (red triangle) and Die-sink 

EDM (orange diamond). Last one, trend-line for non-drilled tested specimens is depicted 

in black line and has been tested at three different stress levels (1000 MPa, 750 MPa and 

650 MPa) under 850 oC similar testing conditions. In addition, a set of data tested in air 

at 850oC was used for comparison and it was supplied collaborative company. The air 

data is represented as doted lines with blue cross marks.  

Examining the S-N data in Figure 6-1, in general, all laser drilled fatigue specimens have 

experienced a reduction in life compared to un-drilled specimens, under similar test 

conditions. The data suggest that the corrosive environment had an impact on the fatigue 

life debit about 15% on CMSX-4 un-drilled (bare) specimens when comparing to bare 

data tested in air at same temperature. Moreover, it can be seen from S-N curves of laser 

drilled specimens were significantly influenced by the recast layer thickness. The shorter 

lives between laser drilling tested specimens at each stresses level were associated with a 

thicker recast layer. The measured mean recast layer thickness varied up to a maximum 

of 63.2 µm for LTD set A, 47.8 µm for LTD set B and 77.9 µm for LTD set C. Therefore, 

in overall, LTD set B tested specimen had better life performance compared to 

counterpart LTD set A and C.   

Another critical observation was that the specimens of LTD set B tested at lower stress 

levels (i.e. 350 MPa and 290 MPa) were unbroken at 120,000 cycles, thus, re-tested again 

to verify the fatigue strength up 107 cycles. The re-tested specimens tested at 400 MPa 

and 350 MPa did not fail again at 120,000 cycles. As such, strongly suggests that 

corrosion-fatigue strength up to 107 cycles is closer at 350 MPa, which about 60-90 MPa 

higher than the counterpart laser is drilling conditions A and C, also re-tested at 290 MPa. 

However, more tests are required to confirm these trends.  

Although the number of EDMed drilled tested specimens used for the comparison was 

very limited, the test results show a life that is similar to the LTDed tested specimens 

LTD set A and C. EDMed drilled specimens had measured mean RLTmax of 25.5 µm. In 

general, EDM drilling produces an average of recast layer thickness ranging between 10-
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15 µm for holes with a diameter range between 0.5-1.0 mm (Degeilh, Bonnand and Pacou, 

2013). Therefore, better corrosion fatigue life characteristics than the laser-drilled 

specimens would be expected. This is because the metallurgical residues and 

microstructural alterations induced on the drilled surface by EDM may be detrimental 

than the laser drilling. In addition, electrode tube material such as brass or cooper used as 

drilling tool and type of dielectric fluid employed (deionised water or kerosene) can 

migrate on the recast layer, thus, reducing the fatigue resistance under hot corrosion 

environment. Additional tests are required to understand the metallurgical alterations 

produced by EDM on mechanical properties of cooling holes, such as corrosion-fatigue 

strength. 

 

6.2.2 Effects of trepan speed on corrosion-fatigue 

Furthermore, the S-N data was used to analyse the lives of laser drilled tested specimens 

in terms of different trepanning speed and applied stress levels interactions, as shown in 

Figures 6-2(a-b) and 6-3(a-b). It can be seen from the plots the low trepanning speed had 

a beneficial effect on the HT CF performance. On the other hand, life becomes more 

pronounced as the value of the trepanning speed increases from 75 mm/min to 150 

mm/min, adversely affecting the HT CF performance. This is directly related to pulse 

density and peak power interaction at each trepanning speed settings tested. The variation 

of recast layer thickness with respect to change in trepan speed is discussed in Chapter 5 

(Section 5.2.3.3).   

Figure 6-2a show that the laser drilled specimens tested at 550 MPa had shorter lives, 

below 20,000 cycles. This suggests that the applied cyclic stress was dominant, 

independent of the recast layer thickness and hence levels of trepan speed employed. This 

also suggests that at applied stress levels above 550 MPa, the mechanical fatigue is main 

driver for crack advance and failure. Variation in HT CF life begins to be more prominent 

at intermediate applied stress tested, 450 MPa (see Figure 6-2b). At this stress level, 

corrosion-fatigue and recast layer thickness interaction influenced the live performance 

of tested specimen’s. The specimen’s laser drilled at low trepan speed (75 mm/min) had 

better life performance compared to counterpart specimen’s laser drilled at 125 mm/min 

and 150 mm/min by approximately 70%. 

https://www.theseus.fi/bitstream/handle/10024/59698/ABASS_ADEYINKA.pdf#page=31
https://www.theseus.fi/bitstream/handle/10024/59698/ABASS_ADEYINKA.pdf#page=31
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Figure 6-2. Effect of trepanning speed on the HT LCCF life of CMSX-4 laser drilled acute 

angled holes at (a) 550 MPa and (b) 450 MPa. 

As can be seen from Figure 6-3a-b, at stresses below 350 MPa the laser drilled specimens 

had significantly longer lives. These results point out the importance of both thinner recast 

layer generated by low trepan speed and environmental effect on crack initiation time and 

growth rate at low stress levels. Moreover, it should be mentioned that presence of pre-

existing cracks generated during the laser drilling may have influenced the lives of 

specimens drilled with LTD set A and C. Another critical observation was the corrosion-

fatigue life of all specimens tested improved as the stress reduced to 290 MPa, suggesting 

endurance limit bellow 300 MPa for laser drilled and EDMed specimens independent of 

recast layer thicknesses. Overall, the results suggest that the higher drilling speed may be 

compromised over the hole quality and precision, based on the fatigue performance data. 
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Figure 6-3. Effect of trepanning speed on the HT LCCF life of CMSX-4 laser drilled acute 

angled holes at (a) 350 MPa and (b) 290 MPa. 

 

6.3  Summary 

The effects of recast layer thickness on corrosion-fatigue lives of nickel base CMSX-4 

angled holes at 850 oC were investigated in this chapter. In addition, relationship between 

trepan speed, recast layer thickness and corrosion-fatigue life was established. The key 

observations in this chapter are as follow: 
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1. The fatigue life of CMSX-4 un-drilled specimens at 850oC is significantly greater 

in air than in hot corrosion environment, there is a life debit of approximate 15-

20% associated with corrosion-fatigue interaction. Moreover, when comparing 

drilled specimens there is a fatigue life debit of 30-50%, suggesting greater impact 

of surface damage induced by laser and EDM process.   

2. RLT produced by die-sink EDM was up to a maximum of 25 µm, not typical of 

normal production (10-15 µm) had similar corrosion fatigue lives as of tested LTD 

set A and C specimens. This could be due to the high thermal tensile residual 

stresses induced by dielectric sparks on the hole surface, resulting in brittle recast 

microstructure and decrease in fatigue strength. 

3. The effect of cyclic stress was more prominent at 550 MPa where all the laser 

drilled specimens failed below 10,000-20,000 cycles. This strongly suggests that 

cyclic stresses above 550 MPa, mechanical fatigue is the main driver for crack 

initiation and crack growth rate. At intermediate and low cyclic stresses, the 

corrosion-fatigue was dominant in both stages of crack initiation and short crack 

growth. Metallography analysis of fracture surfaces are discussed in Chapter 7. 

4. The corrosion-fatigue life of all specimens tested improved as the stress reduced 

to 290 MPa, suggesting endurance limit bellow 300 MPa for all laser drilled and 

EDMed specimens independent of recast layer thicknesses generated (48-79 µm).      

5. The effect of trepan speed at the lower level at 75 mm/min proved to be beneficial 

for corrosion-fatigue lives of laser drilled tested specimens (i.e. LTD set B). 

Implying the use of low trepan speed results in thinner recast layer and better 

geometry accuracy. Therefore, improves the fatigue and corrosion resistance of 

laser drilled cooling holes.  

It has been shown that the presence of a recast layer associated with high thermal 

tensile residual stress produced by laser drilling process is very detrimental for turbine 

cooling film holes corrosion-fatigue performance. Next chapter will discuss the 

metallography analysis of fractured specimens to better understand the extent of 

recast layer thickness and environment influence on the crack initiation and crack 

growth.  
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7 METALLOGRAPHY ANALYSIS OF FRACTURE SURFACES 

 

7.1 Introduction  

The metallography analysis was conducted for better understanding of mechanisms of 

crack initiation and growth in laser drilled angle cooling film holes, under different 

fatigued specimen sets. The fracture surface of CF tested specimens were examined under 

an analytical optical microscope and scanning electron microscope (SEM) and presented 

in sections 7.2. The corrosion compounds on the fractured surfaces and in the nucleation 

site were analysed under energy dispersive X-rays spectroscopy (EDS). The recast layer 

thickness measurements were similar to the outlined in Chapter 3, in order to confirm the 

obtained average RLTmax on three different laser drilled specimens group and EDM 

specimens. In addition, finite element analysis was conducted to assess sites of stress 

concentration and potential sites of crack nucleation around the cooling holes. 

Moreover, prior to the fracture analysis, a background literature (Colangelo, 1978; 

Mogul, 1978; Russo, 1978) was performed on the fatigue of metals, particularly fracture 

surfaces in the nickel superalloys at high temperature in order to understand the failure 

mechanisms and fracture morphology in single crystal superalloys  (Duquette and Gell, 

1971; Crompton and Martin, 1984; Okazaki, Imai and Nohmi, 1992).  

 

7.2 Results and discussion 

7.2.1 Fractography 

Figures 7-1 and 7-2 show images of fractured corrosion-fatigue specimen’s laser drilled 

at LTD set A and LTD set C. The observations show that most of the holes failed from 

the end holes. The summary of the failed holes observed in all the fracture specimens are 

provided in Table 7-1. Figure 7-3 show images of representative fracture path observed 

in angled holes of a fatigued specimen. In all cases, cracks were found to start at acute 

corners and grew perpendicular to the direction of applied load until the final fracture. 

This location found to be similar to that reported by (Sun, Heffernan and Helmink, 2011) 

and more recently (J. Liang et al., 2016; Zhou et al., 2017). 
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Figure 7-1. Digital image of CMSX-4 fatigued specimens with angled cooling holes in LTD 

set A. 

 

Figure 7-2. Digital image of CMSX-4 fatigued specimens with angled cooling holes in LTD 

set C. 

Figure 7-4 show SEM micrographs of an unbroken fatigued specimen detailing multiple 

micro cracks around the holes. The micrographs depicted in Figure 7-4b to 7-4d are higher 

magnifications of Figure 7-4a. The red arrows indicate the recast layer; the yellow arrows 

point out the micro cracks; white arrows show the direction of the cracks, and the black 
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arrow is the load direction. There is a clear evidence of crack initiation from the recast 

layer and propagating into the parent material. These cracks are perpendicular applied 

load direction, along [111] slip planes. The presence of secondary cracks is due to the 

local stresses acting near the holes. Further, there is a similarity to damage observed at 

remaining holes that did not fail from fractured fatigued specimens. The environmental 

influence from the hot corrosion on the crack nucleation and crack growth are discussed 

in sections 7.2.2 and 7.2.3. 

 

Figure 7-3. SEM micrograph of a fractured fatigue specimen FAT250 (hole 1) showing an 

example of observed sites of crack initiation sites and crack growth direction in laser 

drilled elliptical holes. 

 

Figure 7-4. Scanning electron microscopy images showing an example of multiple cracks 

observed on an unbroken specimen. 
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Table 7-1. Summary of the fractured holes in all fatigue specimens tested. 

Group Specimen No. 

Hole 

1 2 3 

LTD Set A 

LTD 01 Fractured - - 

LTD 02 - Fractured - 

LTD 03 Fractured - - 

LTD 04 - - Fractured 

LTD 05 Unbroken Unbroken Unbroken 

LTD Set B 

LTD 06 Fractured - - 

LTD 07 Fractured - - 

LTD 08 Fractured - - 

LTD 09 Unbroken Unbroken Unbroken 

LTD 10 Unbroken Unbroken Unbroken 

LTD 11 Unbroken Unbroken Unbroken 

LTD 12 Unbroken Unbroken Unbroken 

LTD 13 Unbroken Unbroken Unbroken 

LTD Set C 

LTD 14 - - Fractured 

LTD 15 - - Fractured 

LTD 16 Fractured - - 

LTD 17 Fractured - - 

LTD 18 Unbroken Unbroken Unbroken 

EDM Set D 

EDM 01 Fractured - - 

EDM 02 - - Fractured 

EDM 03 Unbroken Unbroken Unbroken 

 

The metallography analysis, revealed in all likelihood fatigued specimens with acute 

angled laser drilled holes, cracks were found to initiate within the recast layer, mostly 

located where the angled holes overlap with the thin-wall specimen surface. The surface 

cracks propagated internally through stage I in form of thumbnail and stage II crack 

growth, perpendicular to the applied load direction. The fracture morphology of tested 

specimens shows that all specimens that failed had a crystallographic fracture facets along 

[111] plane. The specimens tested at higher stress level suggest the fatigue crack Stages 

I and II were primarily dominated by the mechanical fatigue. Whilst, the specimens tested 

at an intermediate and low stress levels the corrosion-fatigue dominated the crack stage I 

and II after a brittle rupture within the recast layer (see Figure 7-5).  
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Figure 7-5. Example of a fracture surface of a tested fatigue specimen (LD 17). 

 

 

Figure 7-6. Examples of SEM micrographs of LTD C drilled specimen (LTD 17), tested in 

LCF at 350 MPa and 850oC at hot corrosion environment.  
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The annotations in Figure 7-6 micrographs show: (a) typical appearance of the fracture 

surface and the site of crack initiation, (b) crack initiation site from the acute corner 

section of the hole in a higher magnification, (c-d) surface morphology near crack 

initiation site (stage I), (e) flat facets and fatigue striations (stage III), and (f) cleavage 

and flat facets in the final fracture site (tensile overload). The examination of the final 

fracture zone suggests that fracture morphology resembling tensile and brittle overloading 

with visible planar and cleavage facets. This is indeed the case for all the specimens tested 

in this research work. Secondary cracks were also observed at multiple sites of the 

fatigued specimens, mainly located at the periphery of the holes (see Figures 7-3 and 7-

4). This is likely attributed to the combination of local thermal stress/strain gradients and 

environmental effect either from oxidation or sulphidation.  

The presence of existing micro-cracks generated during the laser drilling process may 

also lead to premature crack propagation, leaving out the crack initiation stage of fatigue 

failure mechanism. Figure 7-7 confirms the presence of surface cracks induced by laser 

drilling process, inside the recast zone and within the areas of high stress concentration. 

Moreover, it should be emphasized that these surface cracks will grow faster in areas of 

high stress concentration compared to other pre-existing cracks or even formed during 

the testing. Fractography examinations, also suggest that the crack growth at base 

substrate was mostly dependent on the mechanical stresses and severity of the corrosive 

species diffused into the crack tip. 

 

Figure 7-7. SEM micrographs show an example of micro cracks observed on the top 

surface of a LTD set A sample after drilling. 
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For further understanding the fracture faces of specimens at high and low cyclic stresses 

and how environmental interaction influenced the crack growth and final fracture, 

specimens in the highest to lowest stress levels in the range tested were analysed and 

shown in Figures 7-8 to 7-11. Figure 7-7 shows two examples of fracture surfaces tested 

at high stress level, 550 MPa. SEM examination of fractured features was more consistent 

with a tensile dominated fracture mode due to applied cyclic stress applied. The 

mechanical fatigue was dominant in crack initiation and crack advance up to tensile 

overload. The observed fracture facets are typical of stage I short crack growth (Duquette 

and Gell, 1971; Seo, Yandt and Kim, 2013).  

The stage II crack propagation was dominated by the shear fracture mode towards final 

fracture (stage III), a mix of brittle and ductile overstress (Barnard et al., 2012). The 

micrograph examination also shows that the period of crack initiation was short in LTD 

set A specimen (see Figure 7-5b) relative to LTD set B specimen tested at same stress 

level. This suggests that the tested fatigue specimens with a laser drilled holes with thicker 

recast layer has influenced the early crack initiation and further short crack advance 

driven by corrosion-fatigue. Both specimens exhibit crack growth direction at 

approximately 45-55 degrees downwards from the crack initiation site and crack growth 

zone (stage II) resembling river line patterns. For all the specimens tested at 550 MPa, 

the final fracture can be characterised by mechanical fatigue and tensile overload with an 

evidence of rough fracture features including cleavages and large slip bands. 

Figure 7-8 shows an example of the fracture features of two specimens tested at a low 

stress level, 350 MPa. The examination shows that the stage I crack zone at 350 MPa was 

longer compared to counterpart specimens tested at 550 MPa and 450 MPa. The fractured 

facets show evidence of some resistance to short crack growth. However, once crack open 

there is a gradual crack propagation (stage II), extending in the form of thumbnail-shaped, 

followed by a flat fracture mode until a rough type surface with slip bands and river lines 

is observed. Majority of specimens tested at 350 MPa did not fail, except from LTD set 

A and C specimens.  
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Figure 7-8. SEM micrographs showing two examples of fractured surfaces in specimens 

tested at 550 MPa: (a) LTD set A specimen 01 (6,353 cycles) and (b) LTD set B specimen 

07 (17,716 cycles). 

The numbered arrows in the Figure 7-5 indicate fracture features as follow: (1) stage I crack zone; 

(2) stage II crack zone; (3) crack initiation site; (4) resolidified layer; (5) river lines fracture; (6) 

ductile fracture (short); (7) striations; (8) direction of crack growth; (9) dross (re-solidified 

debris); (10a) cleavage fracture; (10b) slip bands (11) brittle overload; (12) stage III crack zone 

(final fracture); (13) secondary fracture; and (14) micro-cracks. 
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Figure 7-9. SEM micrographs showing two examples of fracture surfaces in specimens 

tested at 350 MPa: (a-b) LTD set C specimen 17 (89,076 cycles) and (c-d) LTD set A 

specimen 04 (97,247 cycles). 

The numbered arrows in the Figure 7-6 indicate fracture features as follow: (1) stage I crack zone; 

(2) stage II crack zone; (3) crack initiation site; (4) ductile fracture; (5) thumbnail-like fracture; 

(6) cleavage; (7) slips; (8) dross (re-solidified debris); (9) dimples; (10) facet fracture mode; (11) 

direction of crack growth; (12) flat facet/shear fracture mode; (13) environmental effect; (14) slip 

bands; (15) stage III final fracture. 
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Evidence of environmental effects, such as hot corrosion and oxidation were in all specimens 

tested at lower stresses. These are shown as dark patches (see Figure 7-9), within the Stage I crack 

zone, suggesting the surface being heavily oxidised and signs of hot corrosion process. The 

presence of corrosive particles such as NaCl and SO3 in the fracture surface and diffused in the 

crack initiation site suggests degradation due to hot corrosion (Nicholls and Simms, 2010). The 

presence of corrosive compounds enhances the crack growth after a crack is opened (Colangelo, 

1978), thus, allowing diffusion of sulphides into the material down the crack faces, which then 

advancing through the remaining section of the material until it cannot longer bear the load, 

resulting in fast overload fracture. Further discussion on the elemental analysis and corrosion 

mapping of fracture facets and on crack tip opening facets are discussed in the next section. In 

this research, fatigue specimens tested at low cyclic stress levels (290, 350 and 400 MPa) and not 

failed suggests that initially they have undergone to corrosion-assisted cracking which is exposure 

time dependent. Therefore, these specimens had incubation phase and short crack growth stages 

of corrosion fatigue. Small cracks ranging between 100-300 µm were observed on the specimens 

tested at lower stress as above mentioned. 

Figure 7-10 shows an example of high magnification crack initiation site, seen in Figure 

7-8b. It can be observed that the crack initiation started within the surface recast layer 

adjacent to the edge of the hole, particularly at the leading-edge side of the hole. In all 

fatigued test specimens, the crack initiation site had a similar appearance as depicted in 

Figure 7-3, which implies that the initiation mechanisms are similar under each of the 

different fatigue specimen conditions. The SEM microscopy examination revealed the 

presence of micro cracks in the recast layer, as would be expected (see Figure 7-7). These 

multiple cracks inside the wall and edges of the hole could have formed due to high 

thermal cycling experienced by the work surface during the laser drilling process, or 

developed during the cyclic stress experienced during the test from the brittle recast layer.  

 

Figure 7-10. Micrograph showing fracture surface of LTD set B specimen 07. 
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The arrows with numbers in the Figure 7-10 indicate fracture features of an area of crack 

initiation. These are: (1) recast layer thickness; (2) likely oxides; (3) micro cracks in the recast 

layer and propagating into substrate; (4) salts particles (NaCl); (5) light cleavage/river lines; (6) 

slips; (7) secondary crack/fracture initiation; (8) crack growth direction; and (9) rough surface 

(stage II crack).  

Overall, the presence of thick recast layers and the severity of pre-cracks were detrimental 

on stage I cracking for all tested specimens, except for the bare tested specimens. The 

fracture morphology of non-drilled fatigue specimens had matted appearance with few 

fracture steps and few river lines type facets (see Figure 7-11).  

 

Figure 7-11. SEM micrograph showing an example of fracture surface in specimen tested 

at 700 MPa (Bare 03). 

Figure 7-11 shows an example of fractured surface of a non-drilled specimen, bare 

CMSX-4 at 700 MPa. For this group of specimens, surface of gauge section of the 

specimens was examined by SEM. It was found that the cracks began on the gauge mid-

section of the tested specimens, where the stress is expected to be higher. The cyclic stress 

was the dominant factor for the crack growth, and the final overload was dominated by 

ductile type fracture. There is limited evidence of any environmental effect, such as hot 

corrosion, as the main driver for the crack initiation on the surface of these specimens. 

Nevertheless, there are some signs of oxidation in the surface breaking site, but not 

enough to cause significant damage. In addition, it should be mentioned that these 

specimens were only tested at a higher stress levels, where the time is too short for surface 

to degrade by hot corrosion and corrosion to fully develop. Despite recent research work 
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(Chapman et al., 2017), there still a need for understanding of corrosion-fatigue of bare 

CMSX-4 superalloy in gaseous environment at low cyclic stresses to assess the impact of 

salt and sulphur flux influence on crack nucleation, crack tip and crack growth.  

 

7.2.2 FEM of stress concentrations in angled elliptical cooling holes 

For further understanding of site of crack nucleation and regions of high stress 

concentration around angled and elliptical holes, a finite element (FE) analysis was 

conducted on the 3D CAD model of fatigue cylindrical specimen with three cooling holes 

configuration.  

 

Figure 7-12. (a) Resultant stress distribution in fatigue specimen; (b) stress distribution 

around the cooling holes’ region with highest stress concentration at the leading-edge 

corners of top of the elliptical holes; (c) fractography of fatigued specimens. 

Figure 7-12a illustrates the 3D CAD geometry used for the FE analysis and details of 

boundary conditions, load, meshing and material properties are detailed in Chapter 3 

(section 3.4.1). It can be seen from Figure 7-12b that the regions of high stress 

concentration were found along the upper lateral side part of the elliptical holes, as shown 

in Figure 7-12b. This location is consistent with the crack initiation site observed in all 

fractured laser drilled and EDMed specimens, as shown in Figure 7-12c and Figure 7-

13a-b. The FE analysis indicates that the end holes in the direction of the applied load 

will be at high tensile stress due to local plastic deformation. Therefore, higher probability 
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of fatigue cracks to initiate and grow from high stress concentration fields. Whilst, low 

stress field found in the remaining holes is because the first hole in the row and closed 

position in the direction of the applied load will absorb most of the strain energy sheltering 

the remaining holes. This explains the surface breaking holes position observed in the 

fracture specimens (see Table 7-1). Past studies, reported that features such as acute 

corners with thin-wall sections are generally likely to act as stress raisers. 

 

Figure 7-13. Micrographs of an unbroken non-polished fatigued specimen LTD 05. 

 

7.2.3 Energy dispersive x-rays spectroscopy analysis 

Energy dispersive X-ray spectroscopy (EDS) has been conducted on selected fracture 

surfaces and in the crack initiation sites to examine the presence of corrosive compounds 

such as oxides, chlorides, sodium, and sulphides. Figure 7-14 show an SEM micrograph 

and Table 7-2 related quantitate elemental by atomic weight percentage. All spectrums 

covered in the analysis show an evidence of surface crack initiation and surrounding crack 

propagation zone rich in oxygen. This is expected for specimens tested at a higher 

temperature. The oxygen diffusion into the surface and internal fracture surface results in 

the formation of protective oxide layers and diffusion of oxygen and sulphur into the 
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crack tips, respectively. The protective layer consist of alumina, chromium and nickel 

rich layer and its degradation and rupture is highly dependent upon temperature, sulphur 

concentration, cyclic stress and the alloying dynamics.  

 

Figure 7-14. SEM micrograph showing various spectrums of EDS analysis performed on a 

fracture surface of a LTD set B specimen 07. 

 
Table 7-2. Results of the EDS analysis on the selected fracture surface of specimen 07. 

Elements 

Atomic weight % 

Spectrum 

1 2 3 4 

O 24.1 15.5 19.9 17.8 

Al 2.6 2.4 1.6 1.1 

Ti 1.8 0.9 0.9 2.4 

Cr 11.8 6.2 5.8 17.2 

Co 8.4 11.4 11.1 10.1 

Ni 39.6 57.8 59.3 48.5 

Ta 7.5 2.8 0.5 1.6 

W 3.8 3.0 - - 

S 0.5 0.9 0.6 0.5 

Total 100 100 100 100 

 

It can be seen from Table 7-2 that there is a little of sulphur found near and bottom of 

fractured surface on tested specimens at a high stress level. Therefore, it is unclear 

whether the sulphur flow rate used during the fatigue testing was low or if it was the low 

cycle fatigue regime that did not allowed the sulphidation fully take place. However, first 

and fourth spectrums show evidence of nickel and aluminium depletion and increase in 
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the chromium atomic percentage suggesting presence of chromium oxides. The presence 

of sulphur in the corrosion environment contributes substantially to depletion of nickel, 

titanium and later chromium and titanium, hence, metal loss through formation of 

sulphides or synergistically in combination with chlorides (Pettit et al., 1984). Implying 

the vulnerability of recast layer to corrosion resistance to substrate alloy. 

Figure 7-15a-b show SEM micrographs of fractured facets of specimens tested at low 

stress level highlights the spectrums selected covering the areas of elemental analysis. 

Table 7-3 show the atomic percentage of selected spectrums in Figure 7-13a-b. EDS 

analysis indicates the presence of Na, Cl, and S diffused near the crack initiation site. 

According to the previous publications (Sumner et al., 2013; Haight et al., 2015), authors 

reported that NaCl prevents the formation of protective scale in the initial stage and 

subsequently induces internal crack by allowing other corrosive compounds such as 

sulphur. It was also reported that Na2SO4 in presence of gaseous mixture leads to the 

formation of sulphides (SO3), causing internal sulphidation below the oxide scale (Birks, 

Meier and Pettit, 2006). The sulphur slowly penetrates beneath the protective scale and 

forming sulphide oxides (rich in Cr and Ti). These oxides deplete the Cr on the Cr2O3 and 

at the substrate interface inducing stress and causing breakdown of protective scales 

(Ni2O3 and Al2O3). Further, sulphur concentration at the crack tip act as a stress raiser 

enhancing the corrosion-fatigue crack growth.  

 

Figure 7-15. SEM images showing various spectrums of EDS analysis performed on a 

fracture surface of a LTD set C specimen 04. 
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Table 7-3. Results of the EDS analysis on the selected fracture surface of specimen 04. 

Elements 

Atomic weight % 

Spectrum 

1 2 3 

O 16.1 22.3 21.5 

Na - - 1.1 

Al - 11.0 10.2 

S - 0.4 - 

Cl 0.5 0.4 - 

Ti - 1.8 1.9 

Cr 1.7 10.6 11.5 

Co 9.2 12.2 12.6 

Ni 74.5 41.2 40.9 

Total 100 100 100 

 

 

Figure 7-16. SEM micrograph showing selected areas for EDS analysis of fracture facet of 

a specimen EDM 01. 

Figure 7-16 show SEM micrograph of a fracture surface from an EDMed specimen with 

spectrums covering selected areas, as highlighted and numbered. The spectrum 2, 3 and 

4 covers the crack initiation site. The EDS analysis show evidence and traces of Na and 

Cl residues (see Table 7-4). There is also the presence of oxides rich in Al, Ni and Cr in 

the crack initiation site in spectrum compared to remaining fracture surfaces. There is 

some level of uncertainty regards to corrosive elements being part of initial crack 

initiation as opposed to recast layer thickness or even pre-existing cracks.  
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Table 7-4. Results of the EDS analysis on the selected fracture surface of EDM 01. 

Element 

Atomic weight % 

Spectrum 

1 2 3 4 

O 11.1 16.8 15.3 19.7 

Na 1.3 - 4.5 1.9 

Al 2.1 3.5 11.2 3.9 

Cl - - 2.8 - 

Ti 1.1 0.7 - 1.3 

Cr 17.4 4.3 6.0 11.4 

Ni 47.4 63.5 44.4 45.0 

Co 7.2 11.4 12.4 8.6 

Co 7.3 11. 6 12.2 8.7 

Ta 6.4 - - 8.1 

Total 100 100 100 100 

 

7.2.4 Corrosion mapping 

EDS examination of fractured fatigue specimens confirms the presence of a significant 

oxidise scale near the recast zone and surrounding the surface breaking holes, as shown 

in Figure 7-17. Previous section showed that the oxidised scale is rich in Al, Ni and Cr. 

These elements are easily oxidised at high temperature, particularly at the edges of recast 

surface boundaries. The increase of Al2O3 content weakens the recast microstructure, 

becoming more brittle, and thus, the reason for the rapid crack initiation and growth 

between the oxide and recast layer interface. The formation of the oxide scale above the 

recast layer and at the specimen surface act as outer protective layer until is depleted by 

the oxidation and sulphur (S) attack (see Figure 7-17). Thus, decreases Ni and Co content 

around the recast layer. The dissolution of Ni leads to the formation of chromium 

sulphides and depletion of surrounding alloys. The sulphide particles are known to 

enhance the crack growth (Carter, 2005), preferably form at adjacent to crack opening 

and at the crack tip and can deplete the alloy chemistry and enhance crack advance from 

the open cracks within the recast layer and surrounding surface. 

In the case of single crystal CMSX-4, either gamma matrix or precipitated gamma prime 

is attacked first by oxidation until it weakens and degrades, and thus, leading to de-

alloying process. This is a time-dependent process and it is typical until a crack is open 

under a cyclic load. Often, under the high temperature corrosion-fatigue, crack nucleation 
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is driven by the level of corrosive contaminants (i.e. gas flux and chemical compounds) 

and mechanical load. The open cracks allow the diffusion of sulphur and oxygen into the 

base alloy down the crack tip accelerating the corrosion and further degrading alloy 

properties. As consequence, leads to a faster crack growth rate and sudden fracture.  

Hot corrosion at high temperature occurs in the temperature range of 750 oC to 950 oC, 

as previously stated. The surface degradation due to HCHT starts from sodium sulphate 

(Na2SO4) and sodium chloride (NaCl) attacking the protective oxide scale and 

continuously reaching the base metal, depleting alumina and chromium (Birks, Meier and 

Pettit, 2006). This causes accelerated oxidation of the base metal and sulphidation 

underneath the protective oxide scale. The EDS was used for corrosion mapping and 

identify corrosion compounds formed at the surface of the HT CF tested specimens at 

different stress levels.  

 

 

Figure 7-17. Example of SEM micrographs showing elemental analysis along the fracture 

surface near the crack initiation site indicating diffused corrosive compounds. 
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Figure 7-18. SEM micrograph and EDS mapping around the section of the hole edge of 

laser drilled specimen 04, tested at 350 MPa, 850 oC under HTHC environment. 

Figure 7-18 show an example of EDS mapping of a crack initiation site around the edge 

of a hole surface of a specimen tested at a lower cyclic stress (specimen LTD 04). The 

EDS analysis confirms the presence of high concentration of mixed oxides, rich in Al and 

Cr around the open cracks. It is likely that oxygen diffused through the cracks, forming 
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an outer protective oxide scale. There is also evidence of nickel depletion allowing 

internal sulphidation to take place below the Cr and Al oxide scale. During this process, 

sulphides diffuse deeper into the base substrate as it depletes the surrounding alloying 

elements, accelerating the internal attack and increasing the crack growth rate. The 

sulphur map in Figure 7-18 clearly indicates a high concentration of sulphur underneath 

the oxide scale. Therefore, it can be understood from the SE/EDS examination confirms 

that at low cyclic stresses where specimens have longer life cycles, the incubation and 

growth phases of the HTHC fully takes place.  

 

 

Figure 7-19. SEM micrograph and EDS mapping around the section of the hole edge of a 

laser drilled specimen 02, tested 450 MPa, 850 oC under HTHC environment.  
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Figure 7-20: Microstructure and EDS corrosion mapping of cross-section of a CMSX-4 

laser drilled specimen 14 tested at 550 MPa, 850 oC under HTHC environment. 

Figure 7-19 show a SE/EDS mapping of a cross-sectioned surface near the edge of the 

hole. It highlights the susceptibility of the material to oxidation and sulphidation in the 

recast layer zone compared to the base metal. The recast layer being brittle causes early 

crack initiation under thermal and mechanical load. The open cracks form a path for 

oxygen and sulphur to diffuse into the recast zone and subsequently to the base metal 

zone. The maps in Figure 7-19 confirms the presence of alumina and chromium scale 

around the crack opening area. Further, presence of decorated sulphide particles 
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surrounding the recast zone clearly indicate that the recast zone with open cracks when 

exposed to a hot corrosion environment becomes vulnerable to internal oxidation and 

sulphur diffusion into the cracks and continuing the attack to the base metal.  

Figure 7-20 shows SE/EDS mapping of a cross-sectioned of a laser drilled hole surface 

of a specimen tested under high cyclic stress. The maps in Figure 7-20 highlight the 

protective oxide scale rich in Ni, Al and Cr formed around the recast zone and open crack. 

For the specimen tested at higher stress level, there is little or no traces of sulphides below 

the oxide scale or in the open crack. This could be due to (i) SO2 flux is lower inside of 

the hole compared to the external surface as expected; or (ii) the time of exposure (6353 

cycles) was too short to incubation steps of HTHC fully take place. 

 

Figure 7-21. Examples of cross-section micrographs of specimen 01 and 08 near gauge 

mid-section surface tested at 550 MPa and 450 MPa, respectively, under 850 oC HTHC 

environment. 
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Figure 7-21a-b show SEM micrographs of polished and etched cross-section of specimen 

gauge mid-section after CF tests. It is evident from the micrographs shown in Figure 7-

21a-b that the cracking did not occur in gauge region away from the holes. This may be 

due to low magnitude of stress concentration. However, formation of oxide scale rich in 

Al, Ni and Cr did occur across the surface of the specimen. Figure 7.21b show indications 

of sulphide particles below the oxidise layer. This suggests that environment had some 

influence on the base alloy, however, recast layer thickness and cyclic load were dominant 

drivers. Moreover, it should be mentioned that these specimens had less exposure time to 

hot corrosion, under 5,000 to 55,000 cycles, thus, only limiting to the incubation phase. 

A summary of elemental analysis of fracture facets depicted in Figure 7-21a-b are 

provided in Table 7-5. 

Table 7-5. EDS spectrum analysis of specimens depicted on Figure 7-15. 

Elements 

Specimen LTD 01 (a) Specimen LTD 08 (b) 

1 2 3 1 2 3 

O 39.5 7.2 6.0 54.2 2.2 7.9 

Al 29.7 11.6 12.0 39.2 5.0 12.9 

S 0 0.4 0.0 0.2 0.0 0 

Ti 0.3 1.6 0.1 0.4 0.6 1.4 

Cr 3.9 4.0 3.6 2.6 5.8 4.6 

Co 4.5 8.0 7.1 0.5 10.7 8.0 

Ni 19.5 61.2 64.2 2.4 70.0 60.3 

Mo 0.4 1.7 1.4 0.0 0.4 0.7 

Ta 0.9 2.2 1.5 0.3 2.1 1.9 

W 0.8 1.8 1.8 0.2 2.2 2.4 

Re 0.3 0.8 0.1 0 1.0 0 

Total 100 100 100 100 100 100 

 

Figure 7-22(a) SE micrograph show depletion of the outer protective oxide scale, which 

leads to cracking of the base metal under HTHC and cyclic mechanical load. The maps 

depicted in the Figure 7-22(b) shows depletion of the Ni and Al in the subsurface and in 

the crack surroundings. It also shows a high concentration of sulphate below the oxide 

scale, which diffused deeper into the base metal, depleting surrounding alloying elements. 

The severity of surface degradation due to HTHC was more prominent in the specimens 

tested at lower cyclic stress compared to specimens tested at high cyclic stresses as 

depicted in Figure 7-21a-b. One reason, the exposure time has shown to have an influence 

on the surface degradation and crack initiation under HTHC environment. However, this 
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could be superimposed in the case of pre-existing crack, resulting in an accelerated 

corrosion and faster crack growth rate.  

 
(a) 

 

(b) 

Figure 7-22. SE/EDS mapping on a cross-sectioned specimen 05, gauge mid-section 

surface, tested at 350 MPa, 850 oC under HTHC environment. 
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7.2.5 Recast layer thickness measurements 

The recast layer thickness measurements were performed to confirm that the down 

selected laser drilling conditions obtained values closer to the estimated average of 

RLTmax. The fractured fatigue specimens were examined by metallography, in which, 

specimens of each of the four sets including EDM were sectioned perpendicular to the 

axes of the holes and ground back such as that the plane section was midway through the 

test piece. Measurements were made using SEM and measuring points across the 

sectioned hole were similar to the described in previously (see Chapter 3). Examples of 

cross-sectioned of fatigue test specimens are shown in Figure 7-23. SEM examination of 

cross-sectioned fatigue specimen’s shows that the actual average of RLTmax were close to 

the estimated values, assumed for each laser trepanning drilling parameters set (see Figure 

7-24). The measured values fall under 95 % prediction confidence intervals. 

 

Figure 7-23. Examples of SEM micrographs showing the recast layer morphology under 

different drilling conditions tested: (a) LTD set A; (b) LTD set B; (c) LTD set C; and (d) 

Die-Sink EDM set D. 
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Figure 7-24. Mean of maximum recast layer thickness distribution in all cross-sectioned 

fatigue drilled specimens. 

Figure 7-24 show the measured values of the recast layer thickness performed on the 

cross-sectioned of fatigue specimens, as it shows the recast layer thickness data versus 

laser peak power of the specimens tested. Metallographic measurements confirm that the 

recast layer thickness was variable up to a maximum average of ≤ 26 µm for the EDM 

set D, ≤ 50 µm for the LTD set B, ~ 65 µm for the LTD set A, and ≥ 75 µm for the LTD 

set C specimens. 

 

7.3 Summary 

The main output of this chapter can be summarised as follows: 

1 SEM observation of fractured specimens show that the recast layer is the main site 

for the crack initiation, and the acute corners of the elliptical hole are regions of high 

stress concentration. Therefore, recast layer zone becomes more susceptible to 

cracking under hot corrosion type environment. 

2 Cyclic load had a significant influence on the fatigue crack stages of specimens tested 

at 550 MPa. Corrosion-fatigue type fracture facets was evident on specimens tested 

at low cyclic stresses (450 and 350 MPa), but the severity of corrosion damage was 

relatively up incubation phase and short crack growth for specimens that not failed 

(350 and 290 MPa), under LCF regime.  

3 The fracture morphology of tested specimens shows that all specimens that failed 

had a crystallographic fracture facets along [111] plane. The specimens tested at 
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higher stress level suggest the fatigue crack Stages I and II were primarily dominated 

by the mechanical fatigue. Whilst, the specimens tested at an intermediate and low 

stress levels the corrosion-fatigue dominated the crack stage I and II after a brittle 

rupture within the recast layer 

4 EDS analysis confirms the presence of corrosion species and formation of oxide 

layers rich in Ni, Al and Cr for all the specimens examined. However, the severity of 

sulphidation and oxidation attack was dependent on the exposure time. The sulphides 

were found mostly surrounding the recast layer zone and surface breaking cracks. 

5 Another critical observation is that the EDS analysis indicates that corrosion-fatigue 

had more influence on the crack growth than nucleation. This is due to the dominant 

effect of the recast layer has on the crack nucleation on the fatigue life when pre-

cracking is already present. The findings, also suggest that further study is required 

to investigate corrosion-fatigue behaviour of CMSX-4 laser drilled angled holes, 

under a high cycle fatigue regime.      

6 Corrosion mapping shows that the open cracks lead to diffusion of oxygen and 

sulphur through the crack tips, depleting surrounding alloy elements such as nickel, 

aluminium and chromium. This has led a further diffusion of sulphides into the 

substrate, resulting in an accelerated crack propagation and faster degradation of the 

specimen surfaces.  

Overall, metallography examination with aid of FE analysis confirms that the surface 

crack initiation on cooling holes is facilitated by the brittle recast layer along with acute 

corner regions where the stress concentration is high. The SEM observation of fracture 

facets and EDS elemental analysis suggest corrosion-fatigue crack growth was mostly 

dependent on cyclic load applied and severity of the corrosive species diffused into the 

crack tip, most likely gaseous sulphur and oxygen. From this understanding, surface crack 

initiation is strongly related to the recast layer produced by laser drilling process and 

growth is dependent on the corrosion–fatigue up to short crack growth and mechanical 

fatigue for large crack growth up to final fracture. Therefore, laser drilled holes with high 

surface quality is required. Smoother surfaces lead to lower local stress concentration, 

resulting in a longer initiation time to crack nucleation and critical crack size to propagate. 

As consequence, resulting in an increase of life expectancy of laser drilled components. 
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8 STRESS-LIFE PREDICTION MODEL CONSIDERING 

SURFACE FLAW SIZE EFFECTS 

   

8.1 Introduction 

The surface flaws produced by machining operations can significantly affect the fatigue 

performance of a component during service life. These surface flaws act as localised 

stress raisers similar to notches and can become potential sites of fatigue crack nucleation 

and subsequent crack advance may result in premature failure or replacement of a 

component.  

Existing stress-life prediction models such as Basquin law, Walker model(E. K. Walker, 

1970), Smith, Watson and Topper (SWT) equation (Smith, Watson and Topper, 1970) 

consider mean stress effects, stress ratios, stress concentration factor and notch sensitivity 

(Basquin, 1910; K. Walker, 1970; Smith, Watson and Topper, 1970). Therefore, fatigue 

life prediction models considering the mean stress, stress ratios and notched sensitivity 

has been extensively reported for different types of metals (Fang and Berkkovits, 1994; 

Qylafku et al., 1999; Dowling, 2004; Liu and Mahadevan, 2005; Al-Rubaie, 2008; 

McEvily et al., 2008; Filippini, 2011b; Ince, 2017). However, there still remains a limited 

amount of work related to fatigue prediction models considering surface flaw size effects 

(Guu and Hocheng, 2001; Fleury and Nowell, 2017; Shen et al., 2017). 

The purpose of this paper is to propose a general stress-life model incorporating surface 

flaw size effects produced by a machining process on fatigue performance. The proposed 

model is tested on CMSX-4 laser drilled fatigue data and may extrapolate fatigue lives of 

different surface flaw size values that were not considered in the data. Therefore, reducing 

the number of fatigue tests at various sizes of surface flaw. 

 

8.2 Model 

The proposed model is based on Basquin’s law (Basquin, 1910), which is mostly used for 

fitting the observed stress-life data (Dowling, Calhoun and Arcari, 2009) within the finite 

life region of S-N curve (Suresh, 1998). Basquin’s equation describes the linear 
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relationship between the log cyclic applied stress ( 𝑆𝑎) in the y-axis and the log number 

of cycles to failure (𝑁𝑓 ) in the x-axis plotted, see Figure 8-1. 

 

Figure 8-1. Log-log stress-life S-N curves showing Basquin fitting and effects of surface 

flaw size on fatigue life. 

Basquin law can be found in the form as: 

 𝑆𝑎 = 𝐴𝑁𝑓
𝐵  (8-1) 

The parameters A and B are fitting parameters of the log-log scale S-N curve. In this work, 

to incorporate the effects of surface flaw size (𝑆𝑓𝑙𝑎𝑤) on fatigue life, Basquin equation (1) 

is modified by adding an extra input parameter 𝑆𝑓𝑙𝑎𝑤 and related coefficient parameter 𝜑, 

as follows: 

𝑆𝑎 = 𝐴𝑁𝑓
𝐵 =  𝑆𝑎  (𝑆𝑓𝑙𝑎𝑤) 𝜑  (8-2) 

The general stress-life prediction model considering the surface flaw effects may be re-

written as: 

𝑁𝑓 =  [𝑆𝑎(𝑆𝑓𝑙𝑎𝑤)𝜑
1

𝐴
]

1
𝐵

  (8-3) 

The logarithmic form of equation (3) may be written as: 

𝑙𝑜𝑔 𝑁𝑓 =
1

𝐵
 𝑙𝑜𝑔 𝑆𝑛 +

𝜑

𝐵
 𝑙𝑜𝑔 𝑆𝑓𝑙𝑎𝑤 −

1

𝐵
 𝑙𝑜𝑔 𝐴  (8-4) 
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The next section presents a detailed methodology to determine the model parameters 𝐴, 

𝐵 and 𝜑. The 𝑆𝑓𝑙𝑎𝑤 value may be obtained by applying the method of least squares to the 

observed data or using a specific value of interest under the range of values tested. 

 

8.3 Discussion 

8.3.1 Testing and validation 

In the present work, laser drilled CMSX-4 fatigue data was used to test the proposed 

model. The detailed test conditions are reported in previous Chapter 6. Moreover, it 

should be mentioned that the environmental effects on fatigue life were not considered 

for the present modelling. This is because environmental factors such as temperature and 

gaseous flux were held constant through the entire tests. The fatigue specimens were split 

in three groups based on laser drilling conditions and related recast layer thickness range. 

Thus, 𝑆𝑓𝑙𝑎𝑤 is assumed as the recast layer thickness (RLT) for testing the proposed model, 

which is a typical metallurgical anomaly produced during the laser drilling process.  

As previously mentioned, 𝑆𝑓𝑙𝑎𝑤 value may be obtained by applying a method of least 

squares to experimental laser drilling data for estimating fatigue lives of untested 

specimens with desired RLT up to a maximum of 90-100 µm. The average RLTmax 

ranging from 45-80 µm were observed and tested, and 15-110 µm reported elsewhere 

(Sezer et al., 2006; Leigh et al., 2010), during the laser drilling of nickel-base angled 

micro holes. Therefore, 𝑆𝑓𝑙𝑎𝑤 values from 15-100 µm may be applicable for testing the 

model and prediction of untested data.  

The best fit of the laser drilling parameters-recast layer thickness data by multiple 

regression analysis yielded the following semi-natural log function (see Section 5.2.3): 

𝑆𝑓𝑙𝑎𝑤 = 𝑙𝑛 𝑅𝐿𝑇𝑚𝑎𝑥 =  3.62 + 0.01𝑃𝑃2 − 0.04𝑇𝑆2 − 0.002 (𝑃𝑃 × 𝑇𝑆)  (8-5) 

Where 𝑃𝑃 is the peak power (Joules per second) and 𝑇𝑆 is trepanning speed (mm/sec) as 

the laser drilling input parameters. The obtained R2 statistics and adjusted R2 are 0.98 and 

0.92, respectively. Hence, adequate for prediction of the recast layer thickness based on 

the range of values of input parameters tested. Statistical modelling of the recast layer 

thickness is detailed in Chapter 5 (Section 5.2.3). Table 8-1 presents a small sample of 
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fatigue data of laser drilled CMSX-4 specimens used for stress-life fitting incorporating 

the surface flaw size effect. The data covers 𝑆𝑎 levels of 550, 450 and 350 MPa for 𝑆𝑓𝑙𝑎𝑤 

mean values of 63.2, 47.8 and 7.79 µm. Moreover, the fatigue data in which fatigue lives 

exceeded more than 105 cycles were considered run-out and excluded. Thus, enabling to 

fit the Basquin’s suggested log-log straight line S-N relationship. 

Table 8-1. Fatigue data used for proposed model. 

Fatigue data log transformed data for fitting 

Data  

No. 

Maximum, 

(MPa) 

Mean, 

Observed 

(m) 

Mean, Life 

(Cycles) 𝒙𝟏 𝒙𝟐 𝒚 

𝑺𝒂 𝑺𝒇𝒍𝒂𝒘 𝑵𝒇 𝒍𝒐𝒈 𝑺𝒂 𝒍𝒐𝒈 𝑺𝒇𝒍𝒂𝒘 𝒍𝒐𝒈 𝑵𝒇 

1 550 6.32E-05 6,353 2.74 -4.20 3.80 

2 450 6.32E-05 54,490 2.65 -4.20 4.74 

3 350 6.32E-05 108,624 2.54 -4.20 5.04 

4 550 4.78E-05 18,660 2.74 -4.32 4.27 

5 450 4.78E-05 80,768 2.65 -4.32 4.91 

6 350 4.78E-05 240,000 2.54 -4.32 5.38 

7 550 7.79E-05 4,333 2.74 -4.11 3.64 

8 450 7.79E-05 38,336 2.65 -4.11 4.58 

9 350 7.79E-05 89,076 2.54 -4.11 4.95 

 

The multiple linear regression analysis can be found in the form of Equation (8-5), and 

detailed methodology for determining the fitting parameters is given by (Dowling, 

Calhoun and Arcari, 2009): 

𝑦 =  𝑚1𝑥1 + 𝑚2𝑥2 + 𝑐   (8-6) 

Where, 

𝑦 = log 𝑁𝑓 𝑥1 = log 𝑆𝑎 𝑥2 = log 𝑆𝑓𝑙𝑎𝑤 (8-7) 

𝑚1 =
1

𝐵
   𝑚2 =

𝜑

𝐵
 𝑐 =  −

1

𝐵
𝑙𝑜𝑔 𝐴     (8-8) 

The computed parameters for the proposed model are presented in Table 8-2. The 

obtained coefficients are statistically significant since their P-values are smaller than 0.05 

levels of confidence limit (CL). 
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Table 8-2. Estimated coefficients of the proposed model. 

Parameter Coefficients Std Error t Stat P-value 

Lower 

CL 

95% 

Upper 

CL 

95% 

c 11.4113 3.717039 3.069998 0.021942 2.316035 20.50657 

𝑚1 -6.09414 0.789928 -7.7148 0.000249 -8.02703 -4.16126 

𝑚2 -2.20989 0.730053 -3.02702 0.023187 -3.99626 -0.42351 

 

Once the fitting coefficients 𝑚1, 𝑚2 and c are determined, the main parameters of 

Equation (8-3) are easily calculated, as: 

𝐵 =  
1

𝑚1
=  −0.1641, 𝜑 = 𝐵𝑚2 =

𝑚2

𝑚1
= 0.3626, 𝐴 =  10−𝑐/𝑚1 = 74.56       (8-9) 

Finally, applying the obtained values of A, B and 𝜑 parameters into Equation (8-3) 

provides the predicted lifing data considering surface flaw size effects, i.e. recast layer 

thickness. Or alternatively, using Equation (8-5) and then applying the Equation (8-3) 

fatigue lives of laser drilled specimens with angled holes may be estimated based on the 

laser process parameters used. The latter approach enables one to optimise the laser 

drilling parameters based on the desired fatigue life performance. 

There are many statistical techniques to validate the adequacy and the goodness of fit of 

a model (Montgomery and Runger, 2012). The most widespread is the evaluation of 

residuals, differences between the actual and model predicted values, and statistical 

analysis of variance (Bower, 2000). Figure 8-2 illustrates that the relationship between 

the residuals and the normal scores is almost linear. Data points are close to the straight 

reference line and are randomly distributed on both sides of 0. Therefore, suggesting that 

the data points appears to be normally distributed. This type of plot indicates that the 

vertical deviations from the straight reference line are the actual residuals of the fit.  A 

residual is positive if the corresponding data point is above the straight line and negative 

if the data point is below the straight line. 
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Figure 8-2. Normal probability plot of residuals. 

 

Figure 8-3. Observed log cycles to failure (Nf) versus predicted log cycles to failure (Nf), 

based on the small sample fatigue data. 

Figure 8-33 illustrates a comparison between observed and predicted corrosion-fatigue 

lives for laser drilled CMSX-4 fatigued specimens. It can be seen from Figure 8-3 that 

there is a good correlation between the observed Nf and predicted log Nf values. It can be 

concluded that for a small sample of nine mean data points, the proposed model estimates 

fatigue lives very close with those observed, under 95% confidence limits. The statistical 

analysis of variance results presented in Table 8-3 confirms that is the case, where the 

obtained standard error of the estimate (S) of 0.19 is a small value, thus, observation data 

points are closer to the fitted line. Furthermore, the F-value is larger than the standard 

tabulated critical F-value (F0.05, 2, 6) (Roy, 2010), implying that the model is adequate 
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within 95% confidence limits. Therefore, the general stress-life model incorporating 

surface flaw size may be applied to interpolate fatigue lives of laser drilled specimens. 

Moreover, the proposed model (Equation 8-3) can be applied to interpolate fatigue lives 

based on small sample data of other types of surface flaws produced by other machining 

methods with minimum number of testing effort. 

Table 8-3. Results of statistical analysis of variance. 

 
Df,  

Degree  

of freedom 

SS,  

Sum of 

Squares 

MS, 

Mean of 

Squares 

F-Ratio P-value 

Regression 2 2.487334 1.243667 34.34054 0.000519 

Residual 6 0.217294 0.036216 - - 

Total 8 2.704629 - - - 

S = 0.19                        R2 = 0.92                            Adjusted R2 = 0.89 

 

 

Figure 8-4. Stress-life of CMSX-4 laser drilled specimens at different surface flaw sizes, 

RLTmax from 25, 50, 75 and 100 µm. 

Figure 8-4 illustrates the stress-life plot considering the effect of surface flaw size (Sf) on 

fatigue life performance under simulated Air+SO2 environment. Most of the observed 

data points lie close to the prediction line, hence suggests that the proposed model is 

adequate. The obtained R2 statistic of 0.92 and adjusted R2 statistic of 0.89 are closer to 



Chapter 8.  
 Empirical modelling 

202 

1.0, confirming that the proposed model is satisfactory and capable of estimating fatigue 

life values within 95% confidence limits. Moreover, the proposed model may offer a good 

approximation for untested data. For example, that is the case of fatigue specimens with 

surface flaw recast layer thickness of 25 and 100 µm as shown in Figure 8-4. However, 

it may require a small number of tests to confirm the untested data trend.  

Another critical observation from Figure 8-4 is that the fatigue life debit of laser drilled 

specimens is less for 𝑆𝑓𝑙𝑎𝑤 of 25 µm prediction line than of 𝑆𝑓𝑙𝑎𝑤 of 50 µm prediction 

line, when comparing to CMSX-4 base line at similar conditions. One reason is that the 

magnitude of thermally induced tensile stress is dependent of the power density inflicted 

on the targeted area, which in turn, affects the number formation of accumulated recast 

layers and thickness (Sezer et al., 2006; Morar et al., 2018). Therefore, different 

thicknesses of the recast layer may yield dissimilar morphology and altered strength 

properties. As this could be the case of thin recast layers less than 25 µm yielding fine 

microstructure, thereby giving high strength and limiting the crack advance in case of 

existing short cracks. Further tests may be required to confirm this trend since no crack 

growth measurements during the tests were performed in this research work. 

 

8.4 Summary 

This chapter introduced a novel modified stress-life prediction model which extends on 

the best existing best practice models such as the Basquin equation. The modified stress-

life model gives a unique versatility compared to other stress-life methods when 

considering surface flaw effects. The proposed model is particularly suited for prediction 

of fatigue life of critical machined features and associated surface defects. The model has 

been thoroughly tested on fatigue data from laser drilled CMSX-4 samples experiencing 

a high temperature hot corrosion environment. The material has been chose due to its high 

relevance for the aerospace industry. To consider the surface flaw size effects, the recast 

layer thickness produced by laser drilling of effusion cooling holes has been used as an 

additional parameter for modelling. The ANOVA results show that the proposed model 

is accurate. The results feature the model ability to estimate the life of untested specimens 

even when only small fatigue data samples are available. 
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9 CONCLUSIONS 

This chapter outlines the limitations and challenges encountered in the present research 

work. In addition, reflects the main research contributions by remarking the gaps found 

in the literature. Finally, the concluding remarks of the thesis including key findings and 

directions for the future work. 

 

9.1 Limitations of the research 

Although this research has achieved its aim and objectives, this section outlines three 

limitations found in this research that requires discussion. First, difficulties in accessing 

the relevant service experience information and manufacturing procedures for critical 

mechanical components within sponsor organisation (i.e. laser drilling parameters). This 

created difficulty in the initial stages of the research, particularly in the design of the 

research and initial industrial case study. This has delayed the entire research programme. 

Nevertheless, data capture of in-service experience information of critical mechanical 

components was conducted with limited information. The remaining causal information 

was gathered from the published peer reviewed papers and reports. These papers reported 

failure and root cause analysis of critical aeroengine mechanical components from 

different organisations around the world. It would be better if all the relevant information 

were captured from one organisation and then compared with information from other 

organisations in order to make the degradation analysis more broad, sensible and robust.  

Second, the range of parameters and values investigated in the preliminary experiments 

were limited. This is because the experimental trials and laser drilled fatigue specimens 

to generate lifing data were conducted in two stages, which only lasted for four continuous 

weeks, two days each week. Therefore, eight working days are not enough to investigate 

a broad range of parameters. Therefore, Taguchi orthogonal array (OA) L9 with three 

input factors and additional confirmation trials was a feasible option. It would be better 

if it was performed through a full factorial analysis or L16 OA design considering other 

input factors such as pulse duration, pulse energy, pulse frequency, gas pressure, focal 

position and trepan speed. 

Third, because of the time limit and inherent costs, the corrosion-fatigue testing was 

conducted on a small size of samples for each laser drilling group, limited to 120,000 
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cycles. Five fatigue specimens for each group might not represent full S-N diagram. The 

research should have involved more fatigue specimens for each laser drilling group, base 

line, and EDMed specimens. This would have generated A or B class lifing data 

applicable for process optimisation.  

Nevertheless, the correlation between the laser drilling parameters, recast layer thickness 

and corrosion-fatigue life has established in this research. Moreover, the lifing data 

generated in thesis provides reasonable trends for lifing of cooling holes geometry. In 

addition, information for laser drilling parameters optimisation to minimise the recast and 

cracks formation in cooling holes at manufacturing stages. 

 

9.2 Research contribution 

The research main contributions, in summary, are as follows: 

1. The effects of laser trepanning drilling parameters such as peak power, pulse 

frequency and trepan speed on the recast layer thickness and surface crack 

formation in CMSX-4 angled holes have been established (Chapters 4 and 5).  

The research work presented in Chapter 5 is unique and fills the knowledge gap regarding 

understanding of surface cracks formation in laser trepan drilled angled holes, and adds 

further knowledge to previous investigations conducted elsewhere regarding laser drilling 

of micro-holes for cooling film holes application in the aerospace industry. To address 

this, surfaces cracks in the recast layer were analysed by crack number density, which is 

a new approach for quantifying the surface cracks produced by laser drilling. 

Furthermore, recast layer morphology and hardness in acute angled holes is analysed and 

discussed (Chapter 4).  

To the author’s knowledge, much of the work published on laser drilling of Ni-based 

superalloys were focused on the hole geometry (i.e. taper ratio, roundness), drilling time 

and recast layer formation in non-angled holes. Also, studies on the optimisation and 

modelling of laser drilling process were conducted in the last decade, mostly on the pulsed 

Nd:YAG percussion laser drilling method. There is limited and detailed research work 

published on the pulsed Nd:YAG laser trepan drilling. Moreover, analysis presented in 

this research is of key importance for selecting processing parameters for eliminating or 
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minimising the surface cracks inside the recast layers and understand the potential impact 

of such metallurgical anomalies on the fatigue crack initiation and consequent in through-

life performance of laser drilling holes in service. 

2. The relationship between laser trepan drilling, recast layer thickness and 

corrosion-fatigue life has been established for Ni-based CMSX-4 angled cooling 

holes (Chapters 6 and 7). 

Past and recant studies have reported the effects of cooling holes geometry on the thermal 

mechanical fatigue and creep behaviour. There are no studies published in the open 

literature reporting the high temperature corrosion-fatigue behaviour of cooling holes due 

to presence of different recast layer thickness produced by laser trepan drilling. The 

research work presented in Chapters 6 and 7 fills the knowledge gap in this subject area 

and the thesis main contributions to the knowledge.    

3. A general stress-life empirical model considering initial surface flaw size effects 

has been proposed. The empirical model is based on the Basquin’s stress-life 

relationship (Chapter 8).   

The proposed model is unique since it correlates laser drilling process parameters, surface 

defects, and fatigue life performance. Based on the results, proposed model may well be 

adequate to estimate the life of untested specimens based on the small sample of fatigue 

data. Moreover, the proposed model can be extended to other manufacturing methods. 

Past studies have only developed empirical models on either machining data or simulation 

data for optimisation purpose. In summary, the present research work fills the existing 

knowledge gaps in areas of laser drilling, corrosion-fatigue and lifing of cooling film 

holes for aeroengine blades and vanes. In addition, adds further knowledge to existing 

investigations elsewhere on laser drilling where none of author’s reported the process 

parameters contribution to surface micro cracks formation in the recast layer (Sezer et al., 

2006; Chien and Hou, 2007; Leigh et al., 2010; Antar et al., 2016). 

 

9.3 Thesis concluding remarks 

The present research involved collaboration between the EPSRC Centre for Innovative 

Manufacturing in Through-life Engineering Services at Cranfield University and Rolls-
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Royce Aeroengines, in support of flagship the Project 3 "Characterisation of in-service 

component feedback for system design and manufacturing". This research established the 

dependencies between laser drilling process parameters, recast layer thickness and 

corrosion-fatigue life for turbine vane cooling holes. The delineated research objectives 

were achieved and the postulated influences of manufacturing process and parameters on 

the fatigue life of a critical aerospace component feature has been answered.  

From this research, following conclusions can be drawn: 

1. There is a strong correlation between the laser drilling process parameters and 

recast layer thickness. The trepan speed and peak power had significant influence 

on the thickness of the recast layer and surface cracks formation respectively, both 

statistically and physically under the range of values tested. 

2. The recast layer produced by laser drilling process on the sidewalls of angled 

cooling holes found to be detrimental to fatigue strength and corrosion resistance. 

Nano indentions tests shown that the recast layer hardness values were higher than 

the base alloy, suggesting the brittle nature of the recast layer may have influence 

the early crack initiation. In case of pre-existing cracks, less resistant to crack 

growth than the base alloy. 

3. Metallography observations show that the recast layer microstructure is of nano- 

crystalline structure with grains ranging between 50-250 nm. This due to re-

crystallisation occurring during the laser drilling process leads to re-precipitation, 

mostly at solidification stage of molten material. Thus, resultant re-precipitation 

leads to nano size grains. The selected diffraction patterns show that both recast 

layer and CMSX-4 corresponds to similar FCC crystallographic structure of [112] 

planes. 

4. Elemental analysis on the recast layer show significant alterations in alloy 

chemistry in the recast layer, thus, potential alterations in mechanical properties 

and high temperature resistance. Understanding of the microstructure and 

chemistry of the recast layers obtained after laser drilling enables to recognise the 

potential impact of this layer on the performance of laser drilled components.  

5. The effects of different recast layer thicknesses on high temperature corrosion-

fatigue life of CMSX-4 angled cooling holes have been investigated. For the first-
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time fatigue specimens with laser drilled holes were tested on an environmental 

fatigue rig simulating hot corrosion environment. There is a fatigue life debit of 

40 % compared to bare specimens tested. The specimens with recast layer 

thickness under 50 µm had better performance than counter specimens with 65 

and 77 µm. The results suggest that thin recast layers less than 45 µm could 

significantly improve life of laser drilled components. More tests are needed to 

confirm this trend. 

6. The S-N curves obtained suggest that the corrosion-fatigue limit for laser drilled 

specimens produced in this research for cooling holes is below 350-290 MPa, 

independent of recast layer thickness obtained.  

7. Metallography of fracture specimens indicate that cracks nucleated from the recast 

layer and extending to base alloy. The crack nucleation sites found to be at acute 

corners where high stress concentrations are typically predominant. The recast 

layer along with environmental influence act as stress raiser accelerating the 

nucleation. The elemental analysis has shown that the hot corrosion environment 

had influence on the fatigue strength degradation of cooling holes. The crack 

growth was typical of crystallographic fracture and along [111] planes. 

8. The corrosion maps of fracture surface show formation of oxide scale rich in 

aluminium and depletion of nickel alloy on the top surface of the specimens. 

Beneath the alumina layer, another oxide layer rich in chromium was formed as 

well as presence of diffused sulphides around the open cracks. The elements maps 

produced in this research provides evidence of corrosion-fatigue assisted cracking 

experienced by fatigued specimens tested. 

9. The research establishes that corrosion-fatigue in cooling holes is influenced by 

combined interaction of recast layer thickness, cyclic load and hot corrosion 

chemistry (i.e. oxidation and sulphidation). Although, recast layer facilitates the 

crack nucleation the cyclic load and sulphur concentration promotes accelerated 

crack growth. That was indeed the case for fatigue specimens that did not fail had 

experienced the incubation phase and short crack growth under low cyclic load.  

10. Stress-life model considering surface flaw is proposed based on the Basquin’s 

equation. The proposed model uses both laser drilling experiments and lifing data 
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to determine the model parameters, making this model robust to extrapolate S-N 

curves with minimal testing effort. The estimated lifing data could be reused for 

design and process parameters improvement. 

11. Lastly, the main contribution of this research falls under subject areas of materials 

processing and lifing of turbine components, particularly in laser drilled cooling 

holes where there is lack of understanding and knowledge of high temperature 

corrosion-fatigue behaviour, recast layer thickness and pre-existing surface cracks 

impact. 

 

9.4 Future work 

The scopes for future research work based on the present thesis are as follows:   

1. To further understand the mechanics of fatigue crack growth on effusion cooling 

holes in single crystal and polycrystalline Ni-base superalloys. The study should 

use compact test fatigue coupons to generate FCG data, at different crack lengths 

observed in the laser drilled holes. In addition, detailed metallography analysis to 

understand the crystallography fracture in cooling hole configurations  

2. To extend the study to other emerging drilling methods for cooling holes such as 

water jet drilling (WJD) and fiber laser drilling impact on the corrosion-fatigue 

life. The number of fatigue specimens should be larger than the present research 

to make the lifing data more meaningful and statistically significant. 

3. To investigate the influences of low temperature hot corrosion in both 

impingement and film cooling holes. This could provide a full insight on the 

degradation of corrosion-fatigue strength of turbine blades and vanes cooling 

system. 

4. The present research did not investigate the influence of assist gas pressure on the 

recast layer and surface crack formation. Past studies have reported the effects of 

processing gas types on recast layer and cracks, but no studies have reported the 

effects of mass flow rate in laser trepan drilling of cooling holes. Therefore, mass 

flow rate could be thoroughly investigated within a range of 10 to 20 Nm3/hour. 
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Appendix A - HPT NGV 

The first stage HPT NGV is a static component that is fixed and does not rotate, located 

right after the combustor section and before the HPT rotor blades, see Figure A-1a. The 

main function of the HPT NGV is to direct the hot gases from the combustor to stage one 

HPT rotor blades, where it extracts the energy from the hot exhaust gas stream to convert 

into kinetic energy to drive the rotating compressor stages and the fan via rotating shafts. 

The HPT NGV consist of two airfoil joined through an upper and lower platform sections 

(see Figure A-1b). These aerofoils are coated with ceramic thermal barrier coating (TBC) 

and film cooling holes to protect the base material, shielding from the hot gasses and 

providing circulation of cooling air externally and internally, respectively. The ceramic 

coating and film cooling holes provides longer life while operating at aggressive 

environment (i.e. hot corrosion type environment), without affecting the integrity of the 

vane. The cooling air is taken from the compressor stages and fed into vanes to cool the 

airfoils (see Figure A-2).  

Typical base material used in the HPT NGV are cast nickel-based superalloys such as 

CMSX-4 and/or René 80, providing high resistance to stress-rupture, creep, hot corrosion 

and thermal fatigue. Most of the HPT NGV are turbine vanes are manufacture through in 

the investment casting in vacuum and casted in the single-crystal form. In Figure A-3, the 

various stages in the manufacture of HPT NGV, from casting to final assembly is given. 

Figure A-4 shows a service exposed HPT NGV. The airfoils and inner platform sections 

have been seen to undergo severe thermal distress, burn and oxidation. The leading-edge 

section showed evidence of heavy burns, oxidation and thermal cracking (or spalling) in 

the thermal barrier coating near the film cooling holes. Multiple cracking branching 

within film cooling holes was also observed. Thermal cracking is also seen in the trailing-

edge section of the airfoil and near the cooling holes. This is because of trailing edge 

section has a thinner wall than the leading-edge and thus thermal strains are higher than 

the rest of the vane. Figure A-5 shows typical damage and degradation mechanisms 

reported in the company service experience data and some from the open literature.           
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Figure A-1: Illustration of (a) general arrangement of HPT NGV location and (b) show 

key design features (courtesy of Rolls-Royce). 

 

Figure A-2: circuit diagram showing how cooling air is delivered to vane and blade airfoils 

(courtesy of Rolls-Royce). 
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Figure A-3: Illustration of the various processes of the manufacture of cast single crystal 

HPT Nozzle Guide Vanes. 



Appendices 

250 

 

Figure A-4: Examples of service exposed HPT NGV’s (courtesy of Rolls-Royce). 

 

 

Figure A-5: Typical locations of degradation mechanisms in HPT NGV’s. 
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Appendix B – Laser drilling trials data 

Table B-1: RLT measurements from OA L9 trials 1-3. 

Recast  
points 

measurements 

Experimental trials no.  

1 2 3 

Hole 
1 

Hole 
2 

Hole 
3 

Hole 
4 

Hole 
1 

Hole 
2 

Hole 
3 

Hole 
4 

Hole 
1 

Hole 
2 

Hole 
3 

Hole 
4 

1 10.2 11.2 12.5 16.2 17.2 16.1 15.3 21 45 10 73.1 34.5 

2 34 48 39 36.8 32 32.6 47.9 53.6 59 47 78.1 61.5 

3 19 40 34 42.1 23.4 27.5 31.5 41.2 64.5 52 72.5 62.1 

4 29 23 46 39.5 17.6 25.2 32.6 25.1 42.5 55.2 33.1 27.2 

5 29 44 25 26.5 38.2 19.2 29.6 36.2 35 49.5 41.5 59.2 

6 44 29 18 22.8 25.1 36.4 18.6 24.9 49 59.5 40.5 72.4 

7 23 20 45 23.5 46.3 27.3 25.2 40.2 52.5 54.2 34.5 81.6 

8 29 45 38 45.6 44.5 48.2 49.2 23.6 65.2 43.2 62.1 40.2 

9 15 6.5 21 36.9 21.2 28.7 12.6 17.2 58.6 53.5 67.2 67.6 

10 36 11 37 38.2 32.6 40.2 38 38.2 61.8 66.1 28.1 82.3 

11 39 40 42 36 42.7 29.5 49.8 37.6 66.2 64.7 72.3 56.4 

12 44 21 49 32.5 38.2 45 43.2 32.5 69.2 79 56.2 57.8 

13 44 38 46 39.2 61.6 34.2 42 49.2 56.2 65.5 44.1 65.1 

14 32 29 51 46.2 35 29.7 38.2 61.4 58.5 45.2 52 77.3 

15 36 36 34 48.2 38.2 40.5 48.6 28.4 67.2 23.5 51.7 78.6 

16 44 25 53 26.5 17.6 16.5 15.9 21.5 15 12.5 74.2 45.2 

Mean  31.7 29.2 36.9 34.8 33.2 31.1 33.6 33.9 54.1 48.8 53.9 60.6 

Min 10.2 6.5 12.5 16.2 17.2 16.1 12.6 17.2 15 10 28.1 27.2 

Max 44 48 53 48.2 61.6 48.2 49.8 53.6 69.2 79 78.1 82.3 

Mean p/trial 33.1       33.0       54.3       

Mean, Max 48.3       53.4       77.1       

Reading points 1-8 is left side of hole (see Figure 5-10) 

Reading points 9-16 is right side of hole (see Figure 5-10) 

*= Damaged during cutting operations. 
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Table B-2: RLT measurements from OA L9 trials 4-6. 

Recast  
points 

measurements 

Experimental trials no.  

4 5 6 

Hole 
1 

Hole 
2 

Hole 
3 

Hole 
4 

Hole 
1 

Hole 
2 

Hole 
3 

Hole 
4 

Hole 
1 

Hole 
2 

Hole 
3 

Hole 
4 

1 32 25 41 21.2 13 11 * 8 12 18.3 15 * 

2 37 42.5 33.2 33.2 32 60 * 50 27 12.1 48.2 * 

3 41 17 28.5 38.6 19 36 21 23 37 43.1 27 * 

4 27 32 23.5 16.5 24 17 22 29 31 19.5 32.1 * 

5 23 40.2 42.1 21.2 27 17 23 34 23 17.2 28 25.2 

6 25 17.2 33.2 51.2 23 25 12.5 31 20 29.5 29 49.5 

7 29 24.1 26.5 31.2 33 31 29 34 27 34.5 33 29.2 

8 33 52.8 14 26.2 35 62 42 25 42 19.5 29 36.1 

9 53 23 16.2 35.6 34 8 21 8 54 43.5 12.5 38.2 

10 38 42 29.5 36.5 38 33 44 32 55.6 25.6 33 26.1 

11 36 29 37.5 42.2 29 42 33 29 34 21 29 21.2 

12 27 23 40.2 22.5 36 44 39 48 36 26 41.2 26.5 

13 42 40 35.4 28.5 32 36 40 53 24.5 21.2 22.3 32.1 

14 44 48 19.5 29.5 34 48 42 42.5 19 41.2 29 35.6 

15 37 36 22.5 25.6 24 29 21 27 38 28.2 14 30.2 

16 19 44 42.8 43.2 83 50 60 48 41 23 12 45.2 

Mean  33.9 33.5 30.4 31.4 32.3 34.3 32.1 32.6 32.6 26.5 27.1 32.9 

Min 19.0 17.0 14.0 16.5 13.0 8.0 12.5 8.0 12.0 12.1 12.0 21.2 

Max 53.0 52.8 42.8 51.2 83.0 62.0 60.0 53.0 55.6 43.5 48.2 49.5 

Mean p/trial 32.3 - - - 32.8 - - - 29.8 - - - 

Mean, Max 53.0 - - - 64.5 - - - 49.2 - - - 

Reading points 1-8 is left side of hole (see Figure 5-10) 

Reading points 9-16 is right side of hole (see Figure 5-10) 

*= Damaged during cutting operations. 
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Table B-3: RLT measurements from OA L9 trials 7-9. 

Recast points 
measurements 

Experimental trials no.  

7 8 9 

Hole 
1 

Hole 
2 

Hole 
3 

Hole 
4 

Hole 
1 

Hole 
2 

Hole 
3 

Hole 
4 

Hole 
1 

Hole 
2 

Hole 
3 

Hole 
4 

1 32.5 44.2 12 * - 31.9 46.6 18.6 26.5 23 27.8 20 

2 48 32.6 42 * 50.7 34.4 33 29.4 32 32 34 33 

3 38 54.2 36 * 27.8 52.3 42 44.2 60 57 42.5 56.2 

4 55 62.5 55.3 * 21.2 58.2 29 24.4 59 24 49 48 

5 60.2 43.8 59.8 * 17.2 36.5 13 27.8 42 42.5 36 32 

6 52.3 49.5 45.8 * 54.4 33.6 41.3 12.5 53 33.6 27 27.8 

7 42.5 42.3 57.2 * 36.4 32 43.5 14.7 26 34.4 53 62.3 

8 55 51.2 42.3 * 68.4 40.1 42.1 34 41 32 46 56.6 

9 27.2 23.8 27.2 * 76.7 34.4 32.9 36 42 24 31.7 41.2 

10 73 44 44.1 * 63.4 43.5 36 48 63.8 66 45 64.7 

11 45.6 60 53 * 52.2 53.1 45 42.5 46.6 46.6 53.2 38.4 

12 69 32 62 * 25.3 60.9 38.4 42 27.8 59.7 46.6 56.7 

13 61 34 56.3 * 58.4 39.5 45 52.3 35.6 34.4 55.6 63.4 

14 49.2 44 54 * 72.5 56.3 21.2 51.6 40 40.1 29.4 61.2 

15 53 31 36.5 * 36 60.2 32 49.9 27.8 27.2 46.6 59.4 

16 17 71 33.6 * 44.7 71.5 44 50.7 54.3 69.6 42 58.5 

Mean  48.7 45.0 44.8 * 47.0 46.2 36.6 36.2 42.3 40.4 41.6 48.7 

Min 17.0 23.8 12.0 * 17.2 31.9 13.0 12.5 26.0 23.0 27.0 20.0 

Max 73.0 71.0 62.0 * 76.7 71.5 46.6 52.3 63.8 69.6 55.6 64.7 

Mean p/trial 46.2 - - - 41.5 - - - 43.3 - - - 

Mean, Max 68.7 - - * 61.8 - - - 63.4 - - - 

Reading points 1-8 is left side of hole (see Figure 5-10) 

Reading points 9-16 is right side of hole (see Figure 5-10) 

*= Damaged during cutting operations. 
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Table B-4: Cracks measurements from OA L9 trials 1-3. 

Trial  
no. Cracks 

Crack length (µm) 

Max.no. 
CNDmax  

(no./mm^2) Hole 1  Hole 2 Hole 3 Hole 4 

1 Transverse 
29.6 19.6 23.3 15.7 4 1 

- - 20.8 11.5     

- - 19.9 19.7     

- - 30.1 -     

Longitudinal 18.9 18.9 - 20.2     

9.49 9.49 - 51.2     

13.3 13.3 - -     

15.4 15.4 - -     

27.5 27.5 - -     

2 Transverse 22.2 28.9 28.4 30.7 5 2 

25.8 7.8 22.3 10.3     

- 11.9 8.35 30.2     

- 12.4 24.6 -     

- - 41.1 -     

- - 30.3 -     

- - 39.1 -     

- - 10.1 -     

Longitudinal 
21.7 41.4 12.6 -     

- 20.2 36.2 -     

- 16.7 29.5 -     

3 Transverse 26.9 12.9 - 21.4 5 1.25 

14.3 22.2 - 15.3     

19.4 - - 21.2     

25.1 - - 14.8     

28.6 - - -     

Longitudinal 
- 143 22.5 20.9     

- 25.8 - 12.2     
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Table B-5: Cracks measurements from OA L9 trials 4-5. 

Trial 
 no. Cracks 

Crack length (µm) 

Max.no. 
CNDmax  

(no./mm^2) Hole 1  Hole 2 Hole 3 Hole 4 

4 Transverse  
30.8 32.5 26.8 12.5 6 1.5 

20.9 24.1 - 15.5     

21.6 - - -     

26.4 - - -     

34.6 - - -     

15.1 - - -     

Longitudinal 
- 58.8 - 15.2     

- 11.4 - -     

5 Transverse 10.4 15.3 18.7 15.3, 11 2.75 

9.8 35.2 19.4 35.2     

9.7 18.7 16.5 18.7     

22.9 23.3 7.9 23.3     

29.7 16.8 16.5 16.8     

23.2 9.7 20.1 9.7     

27.4 18.6 19.1 18.6     

16.2 8.3 15.5 8.3     

15.1 - 13.9 -     

- - 13.2 -     

- - 12.5 -     

Longitudinal 13.2 29.9 39.5 24,1     

21.8 25.7 33.2 35.3     

- - 41.5 45.1     

- - 33.6 76.9     

- - - 31.4     

- - - 63.1     

  



Appendices 

256 

Table B-6: Cracks measurements from OA L9 trials 6-9. 

Trial  
no. Cracks 

Crack length (µm) 

Max.no. 
CNDmax 

 (no./mm^2) Hole 1  Hole 2 Hole 3 Hole 4 

6 Transverse 20.6 26.9 14.1 20.1 10 2.5 

16.3 11.8 13.9 7.5     

18.4 20.8 12.5 12.1     

9.2 9.46 25.7 12.3     

15.7 10.6 9.5 5.3     

18.3 18.3 17.8 5.6     

11.8 14.1 - 14.5     

14,2 21.7 - 15.1     

39.2 15.5 - 24.3     

- 12.4 - 10.2     

Longitudinal 24.1 11.3 71.9 17.5     

35.3 - - 26.4     

45.1 - - -     

76.9 - - -     

31.4 - - -     

63.1 - - -     

7 Transverse 11.2 20.5 10.6 
12.5 5 1.25 

  15.4 28.2 22.5 
16.5     

  10.5 - 9.5 
-     

  12.6 - - 
-     

  18.2 -   
-     

Longitudinal 
19.5 31.5 - -     

  27.5         

8 
Transverse - 19.6 - - 1 0.25 

Longitudinal 
  81.6         

  29.5         

9 Transverse 32.9 - 54.6 40.8 2 0.5 

12.6 - - 22.5     

Longitudinal   141 36.2 -     
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Micrographs of laser drilled cross-sectioned samples 

 

Figure B-1: SEM micrographs showing trial 8, hole no. 2 trailing edge entrance section 

side (PP = 12.5 kW; PF = 22.5 Hz; TS = 75 mm/min). 

 

Figure B-2: SEM micrographs showing trial 8, hole no. 2 right mid-section side (PP= 12.5 

kW; PF = 22.5 Hz; TS = 75 mm/min). 
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Figure B-3: SEM micrographs illustrating trial 5, hole no. 3 trailing edge entrance side 

(PP = 10 kW; PF = 22.5 Hz; TS = 125 mm/min). 

 

 

Figure B-4: SEM micrographs showing trial 5, hole no. 4 leading edge mid-section side 

(PP = 10 kW; PF = 22.5 Hz; TS = 125 mm/min). 



Appendices 

259 

 

Figure B-5: SEM micrographs illustrating trial 6, hole no. 4 trailing edge mid-section side 

(PP = 10 kW; PF = 25.0 Hz; TS = 75 mm/min). 

 

Figure B-6: SEM micrographs showing trial 1, hole no. 3 trailing edge mid-section end 

side (PP = 8.3 kW; PF = 20.0 Hz; TS = 75 mm/min). 
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Figure B-7: SEM micrographs showing trial 1, hole no. 4 leading edge mid-section side 

(PP = 8.3 kW; PF = 22.5 Hz; TS = 75 mm/min). 
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Appendix C - Fractography of fatigued specimens 

 

Figure C-1: Micrographs of fractured surfaces of specimens: (a-b) LTD 01 (FAT233), (c-

d) LTD 02 (FAT239) and (e-f) LTD 17 (FAT250). 
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Figure C-2: Example of micrographs of fractured faces of fatigued specimen LTD 07 

(FAT236): (a) right side and (b) left side. 
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Figure C-3: Example of micrographs of fractured faces of fatigued specimen LTD 06 

(FAT246): (a) right side and (b) left side. 
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Figure C-4: Example of micrographs of fractured faces of fatigued specimen (04) FAT293: 

(a) right side and (b) left side. 
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Figure C-5: Example of micrographs of fractured faces of bare CMSX-4 fatigued 

specimen LTD 14 (FAT311). 

 



Appendices 

266 

 

Figure C-6: Examples of surface cracks initiation from the recast in the fatigue tested 

specimen LTD 05 (FAT241). 
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Figure C-7: Example of surface cracks formed outside the recast periphery (base alloy) in 

the fatigued specimen LTD 14 (FAT247). 
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RLT measurements on the fatigue specimens 

Table C-1: RLT measurements of cross-sectioned fractured specimens, LTD set A. 

RP 

LTD set A 

LTD 01  LTD 02 

H1 H2 H3* H1 H2 H3 

1 14.43 63.3 - 22.5 27 21.6 

2 51.2 35.2 - 44.4 32.4 35.2 

3 53.2 32.4 - 36.9 29.8 53.24 

4 45.9 43.4 - 18.9 32.4 41.8 

5 43.2 37.8 - 48.5 35.3 40.5 

6 29.7 51.35 - 27.3 37.8 45.9 

7 40.5 48.6 - 32.4 48.6 34.5 

8 81.1 42.3 - 37.8 40.5 27.1 

9 37.8 51.4 - 29.7 43.3 25.2 

10 27.02 35.2 - 40.5 24.3 38.7 

11 51.4 48.6 - 48.6 36.5 29.735 

12 72.9 62.2 - 54.5 48.6 - 

13 24.3 59.5 - 13.5 40.5 - 

14 32.4 78.4 - 32.4 29.7 - 

15 41.5 54.05 - - - - 

16 63.1 67.56 - - - - 

RP = Reading points 

Reading points 1-8 is left side of hole (see Figure 5-10) 

Reading points 9-16 is right side of hole (see Figure 5-10) 

*= Fractured 
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Table C-2: RLT measurements of cross-sectioned fractured specimens, LTD set B. 

RP 

LTD set B 

LTD 08 LTD 12 LTD 11 

H1 H2 H3* H1 H2 H3 H4 H5 H6 

1 15.9 36.1 20.7 8.1 8.3 - 10.8 40.5 8.1 

2 22.7 30.5 31 13.5 16.2 - 16.2 29.7 43.5 

3 28.3 36.4 26.1 16.5 17.5 - 18.9 42.4 21.6 

4 29.9 40.5 48.6 19.7 21.6 - 32.4 39.2 45.9 

5 40.2 31.2 46.7 32.4 18.9 - 27 37.2 40.5 

6 45.3 34.3 48.6 40.5 29.7 - 45.9 41.8 45.6 

7 53.7 21.6 40.5 21.6 32.4 - 51.3 48.6 29.7 

8 50.3 43.2 32.4 32.4 40.5 - 21.6 32.43 48.9 

9 42.3 40.5 35.3 24.3 48.2 - 35.1 * 40.5 

10 45.6 27.2 40.5 27 24.3 - 22.9 * 27.02 

11 32.4 43.2 44.6 14.1 16.3 - 43.2 * 49.5 

12 45.9 29.7 27.1 29.7 28.6 - 21.6 * 25.6 

13 37.8 19.2 43.2 21.6 43.3 - 27.1 * 22.9 

14 43.5 33.9 14.4 27 - - 40.4 * - 

15 27.1 27.6 - 24.5 - - - * - 

16 46.1 43.4 - 34.2 - - - * - 

17 51.4 29.7 - 28.4 - - - * - 

18 48.6 - - 37.8 - - - * - 

RP = Reading points 

Reading points 1-8 is left side of hole (see Figure 5-10) 

Reading points 9-16 is right side of hole (see Figure 5-10) 

*= Fractured 
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Table C-3: RLT measurements of cross-sectioned fractured specimens, LTD set C. 

RP 

LTD set C specimens 

LTD 18 LTD 15 

H1 H2 H3* H1 H2 H3 

1 13.5 46.5 20.3 43.9 42.2 44.6 

2 35.1 49.2 29.7 35.8 51.4 45.9 

3 37.8 38.6 41.9 35.5 42.7 62.2 

4 39.2 40.5 43.2 31.1 64.9 17.4 

5 45.9 41.9 56.8 51.4 44.6 41.7 

6 38.4 37.3 44.6 50.3 62.2 61.6 

7 40.5 50.0 56.8 54.1 69.2 65.2 

8 24.3 48.6 51.4 45.9 56.8 50.0 

9 20.3 39.2 56.8 51.4 63.5 39.2 

10 39.2 47.3 59.5 39.2 50.0 62.2 

11 35.1 50.0 55.4 50.0 48.6 58.1 

12 39.9 59.5 44.6 41.9 33.8 51.4 

13 54.1 33.8 50.0 31.1 36.5 66.2 

14 81.1 27.0 45.9 35.1 29.7 33.8 

15 - 31.1 42.2 64.5 56.8 39.2 

16 - 33.8 39.2 -  39.2 78.4 

17 - 24.3 31.1 - 41.1 - 

18 - 32.4 33.8 - 51.4 - 

19 - 35.1 75.3 - 44.6 - 

20 - 56.8 82.5 - -  - 

21 - 65.7 - - - - 

RP = Reading points 

1/2 Reading points is the left side of hole (see Figure 5-10) 

1/2 Reading points is the right side of hole (see Figure 5-10) 

*= Fractured 
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Appendix D Empirical model data  

Table D-1: Predicted mean responses for ln transformed SDRLTmax. 

No. 

Equation 7 

Predicted SE fit 

95% CI 95% PI 

Lower  

bound 

Upper  

bound 

Lower  

bound 

Upper  

bound 

1 3.87457 0.0343311 3.72685 4.02228 3.66426 4.08487 

2 3.98772 0.0227333 3.88991 4.08554 3.80890 4.16654 

3 4.35600 0.0338987 4.21015 4.50185 4.14700 4.56500 

4 4.00445 0.0246507 3.89839 4.11052 3.82099 4.18792 

5 4.15321 0.0225238 4.05630 4.25012 3.97488 4.33154 

6 3.92165 0.0332854 3.77844 4.06487 3.71448 4.12883 

7 4.22418 0.0342946 4.07662 4.37173 4.01398 4.43437 

8 4.11096 0.0335258 3.96671 4.25521 3.90308 4.31885 

9 4.15466 0.0332517 4.01159 4.29773 3.94759 4.36173 

 

Table D-2: Predicted mean responses for SDRLTmax. 

No. 

Equation 8 

Predicted 

(µm) SE fit 

95% CI 95% PI 

Lower 

 bound  

(µm) 

Upper 

 bound 

(µm) 

Lower  

bound 

(µm) 

Upper  

bound 

(µm) 

1 48.1988 1.56339 41.4721 54.9255 38.5748 57.8228 

2 53.9413 1.00269 49.627 58.2555 45.8181 62.0645 

3 77.5409 1.56339 70.814 84.2676 67.9168 87.1649 

4 54.4813 1.12396 49.6453 59.3173 46.0694 62.8932 

5 64.1600 1.12396 59.3240 68.9960 55.7481 72.5719 

6 50.5707 1.51159 44.0668 57.0745 41.1011 60.0402 

7 68.4690 1.58557 61.6468 75.2912 58.7780 78.1600 

8 61.2004 1.53189 54.6093 67.7916 51.6706 70.7302 

9 63.5376 1.53189 56.9464 70.1288 54.0078 73.0674 
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Table D-3: Predicted mean responses for ln transformed CF850C. 

No. Batch 

Equation 9  

Predicted SE Fit 

95% CI 95% PI 

Lower 

bound 

Upper 

bound 

Lower 

bound 

Upper 

bound 

1 LD set A 12.0106 0.285667 11.2762 12.7449 10.5320 13.4891 

2 LD set A 10.3435 0.178683 9.88416 10.8028 8.98045 11.7065 

3 LD set A 9.00981 0.274719 8.30362 9.71600 7.54503 10.4746 

4 LD set B 13.6430 0.453940 12.4761 14.8099 11.9085 15.3775 

5 LD set B 11.4790 0.283937 10.7491 12.2089 10.0026 12.9553 

6 LD set B 9.74775 0.436543 8.62558 10.8699 8.04300 11.4525 

7 LD set C 11.4411 0.375732 10.4753 12.4070 9.83497 13.0473 

8 LD set C 9.94738 0.235019 9.34325 10.5515 8.52898 11.3658 

9 LD set C 8.75239 0.361333 7.82355 9.68122 7.16821 10.3366 

 

Table D-4: Predicted mean responses for CF850C. 

No. Batch 

Equation 11 

Predicted SE Fit 

95% CI 95% PI 

Lower 

bound 

Upper 

bound 

Lower 

bound 

Upper 

bound 

1 LD set A 170671 73424 78920.79 342799.2 37496.39 721508.9 

2 LD set A 32055 22435 19617.16 49158.25 7946.207 121358 

3 LD set A 8433 2080 4038.465 16580.79 1891.319 35404.71 

4 LD set B 880273 119727 262000.1 2703073 148523.7 4768298 

5 LD set B 100632 19864 46588.08 200566.3 22083.81 423073 

6 LD set B 17810 850 5572.394 52569.95 3111.935 94136.39 

7 LD set C 95032 5956 35429.5 244507.2 18675.54 463842.3 

8 LD set C 21310 17026 11421.47 38234.75 5059.283 86318.57 

9 LD set C 6458 2125 2498.76 16014.02 1297.52 30840.99 
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Table D-5: Predicted mean responses for CF850C at RLTmax = 25 µm. 

SDRLTmax 

(µm) 

Stress 

(MPa) 

Ln transformed Equation 9 

SDRLTmax Stress 

Predicted 

CF850C SE Fit 

95 %CI 

Lower 

95% 

CI 

Upper 

Predicted  

CF850C 

25 1050 3.22 6.96 11.60 4.122 1.006 22.197 96853.6 

25 950 3.22 6.86 11.67 3.679 2.217 21.133 105178.2 

25 850 3.22 6.75 11.70 3.227 3.496 20.088 115271.6 

25 750 3.22 6.62 11.82 2.602 5.128 18.506 127792.7 

25 650 3.22 6.48 11.97 2.056 6.687 17.259 143783.1 

25 550 3.22 6.31 12.08 1.377 8.542 15.62 164998.5 

25 450 3.22 6.11 12.27 0.8702 10.0357 10.0357 194661.6 

25 350 3.22 5.86 12.46 1.238 9.275 15.639 239442.4 

 

Table D-6: Predicted mean responses for CF850C at RLTmax = 35 µm. 

SDRLTmax 

(µm) 

Stress 

(MPa) 

Ln transformed Equation 9 

SDRLTmax Stress 

Predicted 

CF850C SE Fit 

95 %CI 

Lower 

95% CI 

Upper 

Predicted  

CF850C 

35 1050 3.56 6.96 9.832 2.983 2.164 17.5 15057.7 

35 950 3.56 6.86 10.038 2.656 3.21 16.867 18977.5 

35 850 3.56 6.75 10.333 2.357 4.274 16.39 24541.9 

35 750 3.56 6.62 10.534 1.883 5.694 15.373 32777.0 

35 650 3.56 6.48 10.911 1.518 7.01 14.812 45628.9 

35 550 3.56 6.31 11.284 1.033 8.628 13.941 67136.5 

35 450 3.56 6.11 11.7415 0.6245 10.1362 13.3468 106764.8 

35 350 3.56 5.86 12.3239 0.8017 10.2632 14.3847 190872.3 

 

Table D-7: Predicted mean responses for CF850C at RLTmax = 50 µm. 

SDRLTmax 

(µm) 

Stress 

(MPa) 

Ln transformed Equation 9 

SDRLTmax Stress 

Predicted 

CF850C SE Fit 

95 %CI 

Lower 

95% CI 

Upper 

Predicted  

CF850C 

50 1050 3.91 6.96 7.696 1..605 3.57 11.822 2093.5 

50 950 3.91 6.86 8.079 1.427 4.411 11.747 3089.6 

50 850 3.91 6.75 8.505 1.236 5.329 11.682 4761.6 

50 750 3.91 6.62 8.9284 0.9533 6.4778 11.379 7747.3 

50 650 3.91 6.48 9.527 0.7619 7.5684 11.4855 13515.8 

50 550 3.91 6.31 10.1654 0.4919 8.9009 11.4298 25881.5 

50 450 3.91 6.11 10.9321 0.3271 10.0912 11.7729 56482.5 

50 350 3.91 5.86 11.9125 0.5453 10.5108 13.3142 150097.3 

 

Table D-8: Predicted mean responses for CF850C at RLTmax = 65 µm. 

SDRLTmax 

(µm) 

Stress 

(MPa) 

Ln transformed Equation 9 

SDRLTmax Stress 

Predicted 

CF850C SE Fit 

95 %CI 

Lower 

95% CI 

Upper 

Predicted  

CF850C 

65 1050 4.17 6.96 6.1632 0.8917 3.8711 8.4554 490.4 

65 950 4.17 6.86 6.6793 0.7942 4.6378 8.7207 812.9 

65 850 4.17 6.75 7.238 0.685 5.4772 8.9989 1425.3 

65 750 4.17 6.62 7.8381 0.5435 6.441 9.2351 2681.4 

65 650 4.17 6.48 8.5694 0.4173 7.4966 9.6421 5522.8 

65 550 4.17 6.31 9.3847 0.28 8.665 10.1043 12837.5 

65 450 4.17 6.11 10.4167 0.2151 9.8636 10.9697 35360.2 

65 350 4.17 5.86 11.7067 0.3447 10.8207 12.5927 125776.7 
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Table D-9: Predicted mean responses for CF850C at RLTmax = 75 µm. 

SDRLTmax 

(µm) 

Stress 

(MPa) 

Ln transformed Equation 9 

SDRLTmax Stress 

Predicted 

CF850C SE Fit 

95 %CI 

Lower 

95% CI 

Upper 

Predicted  

CF850C 

75 1050 4.32 6.96 5.5699 0.8376 3.4168 7.7231 222.2 

75 950 4.32 6.86 6.1302 0.7456 4.2137 8.4067 392.4 

75 850 4.32 6.75 6.7774 0.6453 5.1186 8.4362 738.2 

75 750 4.32 6.62 7.4217 0.5309 6.057 8.7864 1503.3 

75 650 4.32 6.48 8.2856 0.4081 7.2365 9.3347 3389.7 

75 550 4.32 6.31 9.1894 0.2724 8.4893 9.8895 8757.8 

75 450 4.32 6.11 10.3099 0.1814 9.8434 10.7763 27388.9 

75 350 4.32 5.86 11.7768 0.3004 11.0046 12.549 114215.8 

 

Table D-10: Predicted mean responses for CF850C at RLTmax = 85 µm. 

SDRLTmax 

(µm) 

Stress 

(MPa) 

Ln transformed Equation 9 

SDRLTmax Stress 

Predicted 

CF850C SE Fit 

95 %CI 

Lower 

95% CI 

Upper 

Predicted  

CF850C 

85 1050 4.44 6.96 4.706 1.07 1.956 7.456 111.2 

85 950 4.44 6.86 5.3548 0.9437 2.929 7.7806 207.5 

85 850 4.44 6.75 6.0463 0.8182 3.9431 8.1494 415.2 

85 750 4.44 6.62 6.779 0.7205 4.9269 8.6311 906.2 

85 650 4.44 6.48 7.7314 0.5256 6.3802 9.0826 2211.8 

85 550 4.44 6.31 8.7236 0.3964 7.7046 9.7426 6267.9 

85 450 4.44 6.11 9.9767 0.2535 9.3251 10.6284 21904.9 

85 350 4.44 5.86 11.5764 0.3261 10.738 12.4147 104978.6 
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