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Summary 
Machining-induced white layer is a critical surface integrity feature that is not tolerable at any thickness 

on a machined gas turbine engine component, due to the detrimental effect it can have on the fatigue 

performance. The assessment of white layers in the aircraft gas turbine industry is currently a destructive 

evaluation process but a non-destructive white layer assessment method would allow for faster inspection 

without the need to sacrifice components. A review of the current state-of-the-art in the characterisation 

of machining-induced white layers identified gaps in the knowledge concerning their properties and 

formation mechanisms in titanium alloys. Although a small number of studies have investigated the non-

destructive detection of white, however, no technique exists that can detect this anomalous feature in all 

aeroengine alloys. This thesis considers the state-of-the-art and improves the fundamental understanding 

of white layer characterisation and detection. 

Quantitative characterisation of the mechanical and metallurgical properties of white layers generated 

in three aircraft gas turbine engine alloys was undertaken. White layer formation was attributed to severe 

plastic deformation and subsequent dynamic recrystallisation in the microstructure of the near-surface 

region.  It was found that white layers in all materials were composed of nanoscale grains having a higher 

hardness relative to the bulk and a large compressive surface residual stress state. White layers in titanium 

were measured to possess a basal crystallographic texture and an increased concentration of alpha-

stabilizing elements.  

Methods for non-destructive detection of white layers were proposed based on the knowledge 

obtained from the characterisation work. A grain size-sensitive x-ray diffraction peak breadth comparison 

method was shown to facilitate white layer detection in all three alloys, to a resolution comparable with 

the existing destructive method. Texture-based x-ray diffraction and surface acoustic wave methods and 

a residual stress-based Barkhausen noise method were also shown to facilitate the detection of a white 

layer, however, they had a lower resolution than the peak breadth method. The newly developed peak 

breadth comparison method for white layer detection could be utilised in industry for the non-destructive 

detection of white layers, thereby adding value to the manufacturing process by improving confidence in 

manufacturing quality, reducing the inspection time and offering a potential reduction in quality control 

costs. 
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1 Introduction  

1.1 Motivation 
Machining is used in the manufacturing of almost all aircraft gas turbine engine (aeroengine) 

components and is critical to finalizing the shape and surface quality of a part before entering service. The 

quality of a machined surface, its so-called surface integrity, has a direct effect on the functional 

capabilities of a component. The safety-critical nature of the aerospace industry, which arises due to the 

immediate catastrophic consequences of failure relative to other industries such as land-based power 

generation, necessitates a thorough inspection of machined components to assess their surface integrity.  

The surface integrity inspection process in industry invariably requires a form of cross-sectional optical 

microscopy as some aspects of the surface integrity, such as white layers and swept grain regions, cannot 

be identified from visual inspection of the machined surface. This microscopy inspection inherently 

requires parts to be destructively sectioned into small (sub 30 mm) samples to permit access to the cross-

section before being mounted in resin, ground, polished and chemically etched. The chemical etching is 

necessary to reveal the microstructure of the sample and hydrofluoric acid, a highly toxic chemical, is 

required for the case of titanium components. The quality and accuracy of the microscopy assessment are 

dependent on the level of grinding and polishing pad wear, the chemical etchant concentration and the 

etching time and this, therefore, gives rise to inherent variability in the inspection process. Due to the 

number of steps involved, this surface integrity assessment process is time-consuming and by necessity 

should take place in a laboratory away from the machine shop floor. However, despite the limitations of 

this method, destructive cross-sectional microscopy is critical to surface integrity assessment as it is 

currently the only way of inspecting for certain anomalous features that can arise during machining 

operations, particularly in aeroengine materials. 

Of all the anomalous surface features that are assessed during surface integrity inspection, machining-

induced white layers are perhaps the least understood. Whilst previous studies investigating the formation 

mechanisms and machining conditions that encourage white layer formation have been undertaken for 

specific alloys, there is a lack of a coherent general review that establishes the state-of-the-art.  

White layers are known to cause a reduction in fatigue life [1] and as such, if any white layer were 

identified on a surface, it would cause the component to fail surface integrity assessment. The drive for 
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increased production rates in industry, to reduce overall costs, has necessitated the adoption of higher 

metal removal rates, which can include the use of higher cutting speeds. White layer formation has been 

shown to increase with cutting speeds as well as tool wear. Therefore, as cutting speeds are pushed higher 

and higher to enhance production rates, it is logical to predict that white layer formation and the ability 

to detect this anomalous feature will become increasingly relevant. 

A non-destructive alternative to the current destructive inspection process would offer several 

improvements. These include the ability to inspect all components before they enter service, rather than 

sacrificing one component from a batch and assuming all other components produced in the same way 

are identical. Additionally, a non-destructive method could eventually offer on-machine surface integrity 

inspection as part of the production line, significantly reducing lead-time for inspection results. This allows 

for advancements in the machining process, such as the development of optimal cutting conditions or 

more effective tool geometry, to be researched and validated at a faster rate. By providing a quantitative 

measure from inspection that is related to an underlying key property of a white layer, a non-destructive 

method could have the additional benefit of removing the variability introduced during sample 

preparation and the subjectivity in the interpretation of an optical micrograph by an inspector. These 

benefits would improve the reliability and reproducibility of the white layer inspection method and offer 

value to the partners supporting this research and the wider industry. 

The manufacturing industry is moving towards automation of operations as part of smart factories 

through the 4th industrial revolution (industry 4.0). One of the key concepts of industry 4.0 is the digital 

twin, whereby every part on the production line will have a digital representation. This digital twin is 

compared to the desired component using data captured from sensors and, from this comparison, 

decisions can be made on actions required to change the real-world component. Cross-sectional 

microscopy is an analogue method for surface inspection that is not compatible with industry 4.0. By 

contrast, a non-destructive inspection method could facilitate the assessment of a surface on-machine, 

from which decisions could be made on the actions required for that component. 

Due to the shortcomings of the current inspection methods, the benefits of a non-destructive 

alternative and the requirement to align surface integrity assessment with the future manufacturing 

operational concepts, the development of a non-destructive method for assessment of machining-induced 
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white layers is highly relevant. To develop such a method, a coherent review of the literature in relation 

to the formation and properties of white layers in a range of different aeroengine materials is required. 

Therefore, this study includes a consolidation and a critical review of the current literature, in addition to 

experimental work filling in the identified gaps, specifically the determination of the key properties of 

white layers in a titanium alloy. This knowledge is used to develop a novel non-destructive testing method 

that can be used to detect machining-induced white layers with improved resolution compared to the 

current optical microscopy process. 

1.2 Aim 
The aim of this study is to develop a technique to detect machining-induced white layers non-

destructively by initially characterizing machining induced white layers in aeroengine alloys and then using 

the acquired knowledge of the measured key properties, to identify the most suitable non-destructive 

testing methods. 

1.3 Objectives 
1. To review previous work and the current state-of-the-art in destructive and non-destructive 

evaluation of machining induced white layers 

2. To characterise the key physical properties of white layers and use this knowledge to propose 

suitable non-destructive testing methods based on the physical phenomena on which these 

methods are based. 

3. To enhance the understanding of the formation of machining induced white layers. 

4. To develop a non-destructive testing method for detecting machining-induced white layers and 

then perform proof-of-concept measurements on machined samples. 

5. To identify the limitations of any successful technique and outline a strategy for implementation 

in industry. 

1.4 Thesis structure 
The thesis has been structured in the following format to introduce the current published knowledge 

in characterisation and non-destructive detection of machining-induced white layers before outlining the 

experimental methodologies employed for generating and characterising surfaces containing a white 

layer. Following this, the results from characterisation work are presented and suitable non-destructive 

testing methods are proposed. Finally, the results from non-destructive measurements on machined 

surfaces containing white layers are presented. The detailed structure of the thesis is as follows: 
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Chapter 1 outlines the motivation for the investigation into the non-destructive detection of machining-

induced white layers. The scope, aims and objectives are stated. 

Chapter 2 introduces the three material groups widely used in aeroengines, titanium, nickel and iron-

based alloys. Their key properties and areas of application are discussed. An overview of turning and 

milling, the machining processes used in this study, is provided. The chapter concludes with a discussion 

on the difficulties faced when machining components made from aeroengine materials and how this can 

affect their resultant surface integrity. An overview of the types of anomalous features incorporated under 

the term surface integrity is provided and selection of the feature of interest in this study is made. 

Chapter 3 introduces the key feature, white layers, in detail before reviewing the state-of-the-art in white 

layer formation mechanisms in machining and identification of the machining conditions that encourage 

white layer formation. The chapter also includes a discussion of the key physical properties of white layers 

identified in the literature. 

Chapter 4 outlines the available non-destructive surface testing methods and reviews the state-of-the-art 

in detecting white layers with these techniques. Due to the limited prior research in this specific 

application, comparisons are drawn between the underlying phenomena of each technique and the key 

physical properties of white layers reported in chapter 3. The chapter concludes with a preliminary 

assessment of the feasibility of using these methods to detect white layers. Each technique is assigned a 

usefulness score and a practicality score, facilitating a ranking of the potential techniques to guide the 

work in later chapters. 

Chapter 5 outlines the experimental methods employed throughout this study to generate and 

characterise white layers. The materials and machining methods are described and then the destructive 

methods used for the quantitative characterisation of white layers are explained.  

Chapter 6 presents the results of the quantitative characterisation of machined surfaces in three 

aeroengine alloys, in particular, the results from nanohardness, microstructure, phase and chemical 

composition, crystallographic texture, residual stress profile and micro-grid strain measurements are 

reported. Following this, the chapter includes a discussion of the key physical properties of white layers in 

relation to the bulk material properties and those reported in the literature. The results, as well as 

previously described mechanisms from chapter 3, are used to infer a mechanism for white layer formation 
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in machined titanium. The key physical properties are used to re-evaluate the proposed non-destructive 

testing methods from chapter 4 and propose methods for detecting white layers in each aeroengine 

material group. 

Chapter 7 defines the methodology of the non-destructive tests used to detect white layers in the 

machined surfaces characterised in the previous chapter. The methods discussed include a grain-size-

sensitive x-ray diffraction (XRD) method, texture-sensitive XRD and surface acoustic wave (SAW) methods 

and a residual stress-sensitive Barkhausen noise (BN) method. 

Chapter 8 presents results from XRD, SAW and BN non-destructive evaluation of machined surfaces. The 

results are discussed in the context of the underpinning physical phenomena of each technique. An 

assessment of each method in relation to their effectiveness for the detection of white layers is provided, 

based on the detection limits and inspection time among other performance indicators. The chapter 

concludes with a comparison between the proposed non-destructive methods and the existing destructive 

cross-sectional microscopy inspection method. 

Chapter 9 summarises the key findings and conclusions from the study. 

Chapter 10 outlines areas for further research based on the findings of this body of work. 

Chapter 11 makes recommendations for the adoption of non-destructive methods for white layer 

detection in industry and discusses the potential to detect other surface integrity features.  
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2 Materials and machining methods in aeroengine manufacturing 

This chapter describes the materials and machining methods used in aeroengine manufacturing. The 

three common material groups are introduced with a focus on a specific alloy of each material. Following 

this, the concept of chip formation, the fundamental theory underpinning conventional machining 

operations, is described before specific operations, turning and milling, are explained. The chapter finishes 

with a discussion around the challenges faced when machining the three common aeroengine alloys and 

how this affects the quality of a component, post-machining. 

2.1 Materials for aeroengines 

Modern aeroengine are composed of three primary alloy groups, titanium-based, nickel-based and 

iron-based (steel) alloys. The need for a range of materials is due to the vastly different thermomechanical 

loads experienced across an engine. For example, the fan blades at the front of the engine, which operate 

at ambient air temperature, require high strength, low weight, high fracture toughness and high fatigue 

strength [2]. By contrast, turbine blades, which are exposed to temperatures above 1000 °C, primarily 

require strength at high temperature and creep resistance [3]. Consequently, a different material is 

selected for the fan blades (titanium alloy) and the turbine blades (nickel-based superalloy) because 

titanium alloys do not maintain their strength at the high temperatures reached in the turbine and 

conversely, the density of nickel superalloys is too high to use as the fan blade material.  

 
Figure 2.1- Schematic highlighting the material usage in a high-bypass ratio aeroengine, after [3]. 

The distribution of materials within an aeroengine is highlighted in Figure 2.1 and can be loosely 

summarised as follows. Titanium-alloys are used in the compression (cold) side of the engine, nickel 
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superalloys are used in the turbine (hot) side, and steels are used as the shaft material as well as for the 

static parts of the combustion end of the compressor. 

2.1.1 Titanium alloys 

Titanium is an allotropic light metal, widely used in aerospace applications [4] due to the high specific 

strength that is achievable when alloyed with elements such as vanadium and aluminium [5]. Alloying can, 

for example, increase the ultimate tensile strength from around 300 MPa in commercially pure titanium, 

up to 1000 MPa in the heat treatable aeroengine titanium-alloys [4]. Titanium exists as one of two phases, 

the low-ǘŜƳǇŜǊŀǘǳǊŜ ʰ-phase, which has a hexagonal close packed (HCP) crystal structure and the high-

ǘŜƳǇŜǊŀǘǳǊŜ ōƻŘȅ ŎŜƴǘǊŜŘ ŎǳōƛŎ ό.//ύ ʲ-phase [6], as shown in Figure 2.2.  

(a) (b) 

 
 

Figure 2.2 ς Schematic outlining the (a) HCP crystal structure and (b) the BCC crystal structure found in  hŀƴŘ ʲ-titanium respectively. 

Alloying additions are used to stabilise one or both of the phases with the classification of the addition 

ŘŜǊƛǾŜŘ ŦǊƻƳ ƛǘǎ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ʲ-ǘǊŀƴǎǳǎ ǘŜƳǇŜǊŀǘǳǊŜΦ !ŘŘƛǘƛƻƴǎ ǎǳŎƘ ŀǎ !ƭΣ hΣ b ŀƴŘ /Σ ƛƴŎǊŜŀǎŜ ǘƘŜ ʲ-

transus temperaǘǳǊŜ ŀƴŘ ǎƻ ŀǊŜ ŎƭŀǎǎƛŦƛŜŘ ŀǎ ʰ-ǎǘŀōƛƭƛȊƛƴƎΣ ōȅ ŎƻƴǘǊŀǎǘΣ ʲ-stabilizing additions such as V, W, 

Mo and Nb suppress the transus [7]. Titanium alloys are grouped into five categories based on their 

ƳƛŎǊƻǎǘǊǳŎǘǳǊŀƭ ŎƻƳǇƻǎƛǘƛƻƴΣ ʰΣ ƴear-ʰΣ ʰκʲΣ ƴŜŀǊ-ʲ ƻǊ ʲ ŀƭƭƻȅǎΦ !ƭƭƻȅǎ ŎƻƳǇƻǎŜŘ ǇǊƛƳŀǊƛƭȅ ƻŦ ǘƘŜ ʰ ǇƘŀǎŜ 

όʰ ŀƴŘ ƴŜŀǊ-ʰ ŀƭƭƻȅǎύ ǊŜǘŀƛƴ ǳǇ ǘƻ ŀǇǇǊƻȄƛƳŀǘŜƭȅ р҈ ƻŦ ǘƘŜ ʲ-phase at room temperature, due to the low 

(1-2%) ̡ -stabilizing alloy addition [8]. Near-ʰ ŀƭƭƻȅǎ ǎǳŎƘ ŀǎ ¢ƛ-6Al-2Sn-4Zr-2Mo are chosen for their high-

temperature strength, which allows them to be used in applications such as in the high pressure 

compressor at temperatures up to 540°C, too hot for alloys containing a higher concentratioƴ ƻŦ ʲ-

stabilizing elements [6]Φ LƴŎǊŜŀǎƛƴƎ ʲ-ǎǘŀōƛƭƛȊƛƴƎ ŀƭƭƻȅƛƴƎ ŀŘŘƛǘƛƻƴ ȅƛŜƭŘǎ ŀƴ ʰκʲ ŀƭƭƻȅΦ ¢ƘŜǎŜ ŀƭƭƻȅǎ ǇǊƛƳŀǊƛƭȅ 

Ŏƻƴǎƛǎǘ ƻŦ ǘƘŜ ʰ-ǇƘŀǎŜ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ƘƻǿŜǾŜǊ ǳǇ ǘƻ пл҈ ƻŦ ǘƘŜ ʲ-phase can be retained [8]. The 

ƛƴŎǊŜŀǎŜ ƛƴ ǊŜǘŀƛƴŜŘ ʲ ƎƛǾŜǎ ƛƳǇǊƻǾŜŘ ǎǘǊŜƴƎǘƘ ŘǳŜ ǘƻ ǘƘŜ ƘŜŀǘ ǘǊŜŀǘƳŜƴǘ ƻǇǘƛƻƴǎ ŀƴŘ ŘŜǎƛǊŀōƭŜ ǇǊƻŎŜǎǎƛƴƎ 

characteristics.  
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-̡ǘƛǘŀƴƛǳƳ ŀƭƭƻȅǎ ǊŜǘŀƛƴ млл҈ ƻŦ ǘƘŜ ʲ ǇƘŀǎŜ ǿƘŜƴ ǉǳŜƴŎƘŜŘ ŦǊƻƳ ŀōƻǾŜ ǘƘŜ ʲ ǘǊŀƴǎǳǎ ǘŜƳǇŜǊŀǘǳǊŜΦ 

These alloys can have tensile strengths as high as 1380 MPa, and therefore offer the highest mechanical 

strength among the titanium-ōŀǎŜŘ ŀƭƭƻȅǎΦ ¢ƘŜ ƎƻƻŘ ǊŜǎǇƻƴǎŜ ǘƻ ƘŜŀǘ ǘǊŜŀǘƳŜƴǘΣ ŘǳŜ ǘƻ ƛƴŎǊŜŀǎŜŘ ʲ-

stabiliser addition, facilitates this high strength [4]Φ ʲ-alloys were used in the Lockheed SR-71 blackbird 

airframe where a high strength to weight ratio and thermal stability were needed due to the high skin 

ǘŜƳǇŜǊŀǘǳǊŜǎ ŀǘ ǎǳǇŜǊǎƻƴƛŎ ǎǇŜŜŘǎΦ ¢ƻŘŀȅΣ ʲ-alloys are used as a spring material and as a material for 

aircraft landing gear [9], however, their poor strength at high temperature compared to near-ʰ ŀƴŘ ʰκʲ 

alloys means they are less suitable for use in aeroengines. 

In aeroengine applications, Ti-6Al-п±Σ ŀƴ ʰκʲ ŀƭƭƻȅΣ ƛǎ ǘƘŜ Ƴƻǎǘ ǿƛŘŜƭȅ ǳǎŜŘΣ ƛǘ ŀŎŎƻǳƴǘǎ ŦƻǊ сл҈ ƻŦ ǘƘŜ 

total alloy production [4] and constitutes approximately 1/3 of the weight of a typical aeroengine [9]. The 

chemical composition limits for this alloy are outlined in Table 2.1, with Al (h -stabilizing) and V (̡-

stabilizing) the largest additions. These alloying additioƴǎ ǊŀƛǎŜ ǘƘŜ ʲ -transus temperature to 

approximately 996 °C [9]. The microstructure consists of primary -hphase grains in addition to residual 

grain boundary ̡, as shown in Figure 2.3. Ti-6Al-4V is used for static and rotating components in the colder 

front section of the aeroengine with typical applications being fan blades as well as disks and blades in the 

compressor [3]. In addition to Ti-6Al-4V, ƻǘƘŜǊ ʰκʲ ŀƭƭƻȅǎ ǎǳŎƘ ŀǎ ¢ƛ-6Al-2Sn-4Zr-6Mo are used in aerospace 

applications [10], however, they possess a lower thermal capability, despite improved mechanical 

properties, so have not replaced Ti-6Al-4V. 

Table 2.1 - Minimum and maximum alloy additions in Ti-6Al-4V [11]. 

 Al V Fe O C H N Y 

Min 5.5 3.5 0.3 0.14 0.08 0.01 0.03 50ppm 
Max 6.75 4.5 - 0.23 - - - - 

 
Figure 2.3 ς The microstructure of Ti-6Al-4V. 
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2.1.2 Nickel-based superalloys 

Nickel-based superalloys (herein termed superalloys) are alloys in which nickel is the most significant 

element by weight percentage. In comparison to titanium alloys, superalloys contain a significant 

proportion of alloying addition, typically 20ς50% [12]. Alloying elements can provide solid-solution 

strengthening, precipitation strengthening or corrosion resistance. Multiple alloy additions are used to 

balance these three beneficial effects to tailor the alloy to the desired application. Although pure nickel is 

ferromagnetic, alloying additions result in superalloys being paramagnetic, similar to titanium-alloys. 

Paramagnetic materials are only weakly attracted to magnets, this is due to unpaired electrons in the outer 

shell of atoms [5], which means, in the absence of a magnetic field, paramagnetic materials lose their 

magnetisation, unlike ferromagnetic materials. 

The aerospace industry accounts for around 80% of superalloy usage, largely due to its adoption in the 

hot end of aero-engines [13]. Up to 50% of the weight of an aero-engine is superalloy, this is due to its 

greater density of 8.2 g/cm3 compared to that of titanium, 4.5 g/cm3 [14]. The use of superalloys in 

aeroengines is primarily due to their high-temperature strength, in particular, their resistance to creep but 

also their corrosion resistance and toughness. Superalloys can operate at temperatures within 10% of their 

melting points [14] and are therefore used for turbine blades and disks, as well as parts of the combustor 

and exhaust system where temperatures as high as 1500 K can be experienced [3, 15]. Operating 

temperatures for uncoated and uncooled superalloy components are only as high as 1150°C [16], 

therefore additional measures are required to facilitate their use at the highest operating temperatures. 

Through intelligent use of ceramic coatings and complex cooling of parts, both internally and externally, 

the operating ceiling can be extended beyond the melting point of the superalloy [17]. 

¢ƘŜ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜ ƻŦ ǎǳǇŜǊŀƭƭƻȅǎ Ŏƻƴǎƛǎǘǎ ƻŦ ǘǿƻ ǇǊƛƳŀǊȅ ǇƘŀǎŜǎΣ ʴ ŀƴŘ ʴΩΦ ¢ƘŜ ŦŀŎŜ-centred cubic (FCC) 

-ɹphase typically contains many of the alloy additions used in superalloys, such as Co, Cr, Mo and Rh [18] 

ŀƴŘ ŀŎǘǎ ŀǎ ǘƘŜ ƳŀǘǊƛȄ ƛƴ ǿƘƛŎƘ ǘƘŜ ƻǘƘŜǊ ǇƘŀǎŜǎ ǊŜǎƛŘŜΦ ¢ƘŜ ʴΩΣ ƛǎ ŀ C// bƛ3(Al,Ti) precipitate phase which 

ƛǎ ŎƻƘŜǊŜƴǘ ǿƛǘƘ ǘƘŜ ʴ ƳŀǘǊƛȄΦ tǊŜŎƛǇƛǘŀǘƛƻƴ ƻŦ ʴΩ ƛǎ ǳǎŜŘ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜ ǎǘǊength of the superalloys through 

precipitation hardening [7]. The precipitate phase can also exist as the body-ŎŜƴǘǊŜŘ ǘŜǘǊŀƎƻƴŀƭ ό./¢ύ ʴΩΩ-

phase in nickel-iron superalloys and superalloys with high Nb alloy addition. Here, the unit cell of the FCC 

crystal structure is stretched along one axis, to form a square-basŜŘ ǊŜŎǘŀƴƎǳƭŀǊ ǇǊƛǎƳΦ ¢ƘŜ ʴΩΩ-phase is 

ŀƭǎƻ ŎƻƘŜǊŜƴǘ ǿƛǘƘ ǘƘŜ C// ʴ ƳŀǘǊƛȄ ŀƴŘΣ ǿƘŜƴ ǇǊŜǎŜƴǘΣ ƛǎ ǳƴƛŦƻǊƳƭȅ ŘƛǎǘǊƛōǳǘŜŘ ǿƛǘƘƛƴ ƳŀǘǊƛȄΦ aŜǘŀƭ 
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carbides, a secondary phase, form at the grain boundaries and are used to pin grain boundaries to reduce 

creep by restricting grain boundary sliding [5]. Solid solution strengthening, in which atoms of elements 

ǎǳŎƘ ŀǎ aƻ ǊŜǇƭŀŎŜ ƻǘƘŜǊ ŀǘƻƳǎ ƛƴ ǘƘŜ ʴ ǇƘŀǎŜΣ ƛǎ ŀƭǎƻ ǳǎŜŘ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜ ƳŜŎƘŀƴƛŎŀƭ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ 

superalloys. The resultant change in the size of the particles in the lattice introduces internal stresses 

which make dislocation movement more difficult [19]. 

IN-718 is one of the most used and studied superalloys [19-22], its approximate chemical composition 

by wt% is 52.50 Niς18.50 Feς19.00 Crς5.10 Nbς3.00 Moς0.50 Alς1.01 Tiς0.08 C [20]. IN-718 is a nickel-

iron superalloy and its strength is achieved throǳƎƘ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ƻŦ ǘƘŜ ʴΩΩ όbƛ3Nb) phase rather than the 

ʴΩ bƛ3(Al,Ti) phase. A secondary, orthorhombic, -ɻphase, which is not coherent in the matrix, precipitates 

at the grain boundaries in this alloy, as shown in Figure 2.4. ThŜ ǊŜƭŀǘƛǾŜ ŀƳƻǳƴǘ ƻŦ ʴΩΩ ŀƴŘ ʴΩ ƛǎ ŀŘƧǳǎǘŜŘ ǘo 

tailor the microstructure to provide properties that meet the thermomechanical requirements for a 

particular application within the aeroengine. In turbine disks, for example, the ideal microstructure of 20% 

ʴΩΩ ŀƴŘ р҈ ʴΩ Ŏŀƴ ōŜ ŀŎƘƛŜǾŜŘ ǘƘǊƻǳƎƘ ŎŀǊŜŦǳƭ ƘŜŀǘ ǘǊŜŀǘƳŜƴǘ [19, 23].  

 
Figure 2.4 ς The microstructure of IN-718. 

2.1.3 Steels 

Steels are ferrous alloys, i.e. iron is the base element, with the distinction for steels being that the 

alloying system is primarily iron-carbon [5]. Steels are the most widely produced alloys for engineering 

applications due to their low production and processing costs compared to materials such as titanium-

alloys [4]. In aerospace applications, stainless steels and ultra-high-strength steels are the most extensively 

used; these are low and high-alloyed materials respectively.  

There are two primary phases present in steels, ferrite (-hFe), the low-temperature BCC iron phase, is 

typically the most machinable [5]. Austenite (ɹ-Fe) is a high-temperature FCC phase formed when ferrite 
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is heated above the austenitisation temperature. Through alloying and heat treatments, the austenite 

phase can be made stable at room temperature. Austenitic steels are paramagnetic, unlike ferritic steels, 

and are typically more ductile creep resistant [24]. Similar to titanium, alloy additions to steel can be 

classified based on their stabilizing influence on the two primary phases. Austenite formers such as Mn 

and C stabilise austenite whereas ferrite formers e.g. Cr, Mo and Si have the opposite effect [25]. 

Heat-treatments are used to modify the microstructure of steels to meet the needs of the application, 

with the cooling rate having a significant impact on the resultant microstructure [5]. A slow cooling rate 

from above the austenitisation temperature allows a proportion of the carbon atoms in the austenitic 

phase to diffuse out and form cementite (Fe3C), with a concurrent transformation of the austenite to the 

low-temperature ferrite phase [26]. This results in an alloy that is more readily formable. In contrast, rapid 

cooling, faster than the critical cooling rate, results in BCT martensite, as shown in the time-temperature-

transformation graph in Figure 2.5.  

 
Figure 2.5 ς A typical time-temperature-transformation graph showing a cooling rate (red line) which results in a fully martensitic 

microstructure. After [5]. 

Martensite is a high strength but brittle phase found in many aerospace steels [6]. Alloying additions to 

the steel can reduce the critical cooling rate, thus facilitating a wider processing window for forming 

martensite without the presence of other phases such as ferrite, pearlite or cementite. Martensite can be 

annealed through heat treatment, to improve ductility and fracture toughness, by allowing carbon atoms 

to diffuse out to form cementite and ferrite [26]. In a typical aerospace steel heat treatment, the alloy is 

solution treated above the austenitisation temperature so that the ferrite phase is taken into solution [27]. 
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The alloy is then rapidly quenched to give a supersaturated solid solution of carbon in martensite. To 

improve the ductility the steel is then tempered below the austenitisation temperature to encourage 

precipitation of cementite, which provides precipitation strengthening. 

In aeroengine applications, steels are used as a shaft material due to the very high strengths achievable 

in these alloys through thermomechanical processing, as well as the high stiffness and good fatigue 

properties [3]. Super chrome-molybdenum-vanadium (SCMV) steel is a tempered, martensitic steel used 

as a low-pressure shaft material in gas turbine engines due to its high strength to volume ratio and its 

strength at high temperatures. SCMV is an evolution of BS 3S 132, created as a result of the desire to 

increase the efficiency of aeroengines [28], the chemical composition is given in Table 2.2. To improve 

efficiency, the weight of the aeroengine must be reduced or the engine bypass ratio, the ratio of air passing 

around the core to the air passing through the core, increased. To achieve a high bypass ratio without 

increasing the size of the outer casing of the engine, which will result in increased momentum drag, the 

size of the engine core must be reduced and this requires more compact shaft design. SCMV was therefore 

designed as a material that facilitates this change by improving the yield and ultimate tensile strength as 

well as fatigue resistance, without significant increases in density over older alloys thus allowing smaller 

shafts of the same strength to be made [29]. 

Table 2.2 ς Composition of SCMV, after [28]. 

Element C Cr Mo Va Si Mg Fe 

wt% 0.35-0.43 3.0-3.35 0.80-1.10 0.15-0.25 0.10-0.35 0.40-0.70 bal 
 

Table 2.3 ς Mechanical properties of SCMV, from MSRR6119 [30]. 

 

 

It should be noted that martensite is not just a term used for a particular steel microstructure, it is also 

a general term used for the microstructure that results from a diffusionless transformation, e.g. the 

martensitic microstructure that can form during quenching of titanium.  

Due to the low carbon content of SCMV, the martensite has a lath structure, which means the 

martensite forms in long thin plates that are grouped into blocks within the prior austenite grains, as 

shown in Figure 2.6. Tempering of a SCMV pre-form results in the precipitation of carbides. It is the further 

UTS (MPa) ⱭȢϷ (MPa) Hardness (HV) Density (g/cm3) 

1470-1670 1220-1370 450-520 7.8 
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growth of these carbides at temperatures above 560°C that results in the deterioration of the mechanical 

properties of the SCMV and sets the limit on its high-temperature capability as a shaft material. 

 
Figure 2.6 ς The microstructure of SCMV. 

2.2 Deformation of materials 

For materials to be processed into useful geometries for aeroengine applications, they must typically 

be deformed, whether this is through forging, forming, machining or other processing methods. Materials 

can deform elastically or plastically. During elastic deformation the shape of the material is recovered 

when the stress is removed, conversely, plastic deformation is irreversible and occurs when the elastic 

limit of the material is exceeded. Plastic deformation can be accommodated by deformation slip or 

twinning. In deformation slip, regions of material move relative to one another along slip planes, as shown 

in Figure 2.7 (a), when the shear stress exceeds a critical value, termed the critically resolved shear stress 

[5]. Slip occurs on close-packed planes (i.e. planes with a greater density of atoms) in close-packed 

directions (i.e. directions with a large number of atoms per unit length) which together comprise a slip 

system. The von Mises criterion states that five independent slip systems are required for deformation to 

occur [31]. This is satisfied in a FCC and BCC crystal, however, in a HCP crystal there are only 4 independent 

slip systems so activation of a twinning mode is required to accommodate deformation [32]. Twinning is 

the movement of atoms within a crystal such that the orientation of atoms in the twinned state is the 

mirror image of the prior orientation, as shown schematically in Figure 2.7 (b). Higher strain rates and 

lower temperatures result in increased frequency of deformation through one or more of the twinning 

modes [33, 34]. 
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(a) (b) 

  
Figure 2.7 ς Schematics outlining the (a) slip and (b) twinning deformation mechanisms. After [5]. 

The resultant crystallographic texture of a material following plastic deformation depends on the slip 

or twinning modes that facilitated the deformation. It has been shown [35, 36], for example, that the HCP 

crystal typically re-orientates under compression to produce a basal πππς texture, due to activation of 

the ρπρς tensile twinning mode and this involves an 85° rotation of the crystal structure. The prior 

crystallographic orientation of the material dictates which specific systems drive the re-orientation of a 

particular grain, as highlighted by Bridier et al. [37] and the resulting texture is a consequence of slip or 

twinning modes that accommodate the deformation. 

In this study, the slip and twinning systems in titanium are referenced when discussing deformation 

during machining. As such, the HCP crystal structure, slip modes and twinning modes are outlined in Figure 

2.8 and Table 2.4. Twinning systems are defined by a plane, which is shared by both the un-twinned and 

twinned region of the crystal lattice, as well as the shear direction. However, to identify a twin, it is also 

necessary to know its relationship to the parent orientation and this is defined by the axis and angle of 

rotation, as outlined in Figure 2.9 for the ρπρς twin. As can be seen from Table 2.4, a number of twins 

can be defined as either compressive or tensile twins. This description refers to the extension or 

compression of the c-axis that is accommodated by the twin, rather than the applied stress state. 
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Figure 2.8 ς HCP crystallographic structure with available slip systems (combinations of slip planes and slip directions) highlighted. After 

[32]. 

Table 2.4 ς Twinning systems in HCP titanium. After [38]. 

Twinning system Rotation axis Rotation angle Twin type 

ρπρςộρπρρỚ ộςρρπỚ 84.78° Tension 
ρπρρộρπρςỚ ộςρρπỚ 57.42° Compression 
ρρςςộρρςσỚ ộρπρπỚ 64.62° Compression 

ρρςρộρρςφỚ ộρπρπỚ 35.1° Tension 

ρρςτộςςτσỚ ộρπρπỚ 76.66° - 

ρρςσộρρςςỚ ộρπρπỚ 86.98° - 

 
Figure 2.9 ς Schematic showing the  twinning system in h -titanium. 

The crystallographic texture of a material can significantly influence its mechanical properties. This is 

readily observable for titanium due to the mechanical anisotropy of the HCP -hphase. It has been shown 

[39] that the elastic modulus and strength are greatest when loading parallel to the HCP c-axis in textured 

titanium sheet. This dependence of elastic modulus on crystal orientation is highlighted in Figure 2.10. It 

can be seen Elastic modulus is nearly 50% greater when loading parallel to the c-axis direction compared 

to perpendicular loading. This highlights that the deformation mechanism and resultant texture are 

important for understanding the mechanical properties of a material, particularly in titanium. 
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Figure 2.10 ς A plot outlining the dependence of elastic modulus on the angle between the loading direction and the c-axis in HCP h-

titanium. After [40]. 

2.3 Machining of aeroengine materials 

Machining is a subtractive manufacturing process wherein a component is produced by the removal of 

material through the interaction of a cutting tool with a workpiece. Mechanical machining uses the 

principles of metal cutting in which work materials are purposefully fractured to produce desired parts 

[41], therefore, plastic deformation is fundamental to machining. The manufacturing of almost all 

components in an aeroengine, from turbine blades to compressor discs, requires a machining step in order 

to achieve the required shape and surface finish. The principle mechanical machining operations include 

turning (used to shape cylindrical billets), milling (used to create surfaces of varying complexity), grinding 

(machining with abrasive grits) and drilling (the primary hole generation operation) [42]. This study focuses 

on turning and milling operations due to their widespread use in aeroengine manufacturing and the 

convenience of the cylindrical and flat surfaces that can be produced via turning and milling, respectively, 

which lend themselves more easily to non-destructive testing compared to holes, due to their easier 

surface access. 

2.3.1 Mechanics of chip formation 

To discuss the mechanics of turning and milling operations, the mechanics of chip formation must first 

be introduced. The basic theory of chip formation states a chip is formed through mechanical shearing of 

the workpiece in a plane that extends from the cutting edge to the surface of the workpiece in front of the 

tool [43]. The angle of this shear plane to the cutting direction is called the shear angle, ה. Merchant [43] 

showed that the shear plane angle could be related to the tool rake angle (‌) and the ratio of the uncut 

chip thickness (ὸ) to the cut chip thickness (ὸ) through Eq. 2.1; 
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Eq. 2.1 

 

The formation of a continuous chip during orthogonal cutting, the simplest form of cutting, in which 

the cutting edge is perpendicular to the direction of cutting, is shown schematically in Figure 2.11. The 

relief angle is that between the flank face of the tool and the machined surface. When this angle is 0°, the 

flank face rubs on the workpiece surface. aŜǊŎƘŀƴǘΩǎ ƳƻŘŜƭ ŀǎǎǳƳŜǎ ƻǊǘƘƻƎƻƴŀƭ ŎǳǘǘƛƴƎ [43], allowing 2-

dimensional analysis [42], which significantly reduces complexity. In practice, however, orthogonal cutting 

is not encountered during typical aeroengine machining operations.  

 
Figure 2.11 - Schematic of chip formation in orthogonal cutting showing the shear plane angle , the rake angle ♪ and the ratio of chip 

thicknesses ► (◄/◄) after [43]. 

There are 4 main types of chips that can arise from plastic deformation in the shear plane [42]. These 

are continuous chips, continuous chips with a built-up edge, discontinuous chips and segmented (shear-

localised) chips. Aeroengine materials typically form segmented chips due to their low thermal 

conductivity and high strength [44]. A segmented chip from an aeroengine alloy is shown in Figure 2.12. 

Due to the low workpiece thermal conductivity, the heat energy which arises from plastic deformation in 

the primary shear zone does not dissipate quickly into the surrounding material and so is confined to a 

narrow region termed the shear band [45], this leads to thermal softening. As the shear band is softer, a 

larger amount of strain occurs there, leading to further thermomechanical deformation and consequently 

further thermal softening. This cyclic nature of this process as the tool advances across the workpiece, 

leads to the saw-tooth profile of a segmented chip. 
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Figure 2.12 - A SCMV segmented chip with a shear band highlighted. 

2.3.2 Turning 

In turning, a stationary tool is used to remove material from a rotating workpiece [46] as shown in 

Figure 2.13. Material is removed perpendicular to the axis of workpiece rotation so the machined surface 

is concentric with the axis of rotation [47]. Turning is carried on a lathe using a single-point cutting tool, 

with the workpiece held in the chuck at one end and a tailstock at the other, if the part has a large length 

to diameter ratio. In aeroengine manufacturing, turning is used in the production of many parts, including 

turbine disks [13], due to the rotationally symmetric nature of these parts. 

 
Figure 2.13 ς A schematic of a typical turning operation. 

The controllable parameters in turning are, cutting speed (ὠ), depth of cut (ύ) and feed (Ὢ) [42]. The 

cutting speed is the product of the rotational speed of the lathe spindle and the radius of the workpiece. 

Feed is the distance moved by the cutting tool along the axis of the workpiece during one rotation. The 

depth of cut is the thickness of material removed from the workpiece. These parameters are indicated 

schematically in Figure 2.13. 
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To analyse the mechanics of orthogonal cutting, Merchant [43] considered the chip as a separate rigid 

body. The chip is supported under the balance of two primary equal and opposite resultant forces as 

shown in Figure 2.14. These are 

1. The force of the tool on the tool/chip interface side (Ὑᴂ) 

2. The force of the workpiece on the underside of the chip (Ὑ) 

Ὑᴂ can be considered a frictional force along the tool rake face (Ὂ) and a normal force (Ὂ) 

perpendicular to this. Similarly, Ὑ can be decomposed into a shear plane component (Ὂ) and a force 

normal to the shear plane (Ὂ). When recording forces using a dynamometer during orthogonal cutting, it 

is not possible to measure these forces, instead, the cutting Ὂ) and thrust (Ὂ) forces are recorded. The 

geometrical relationship between these forces is visible in Figure 2.14. The fundamental chip formation 

forces can be determined from Ὂ and Ὂ if the shear plane angle and tool rake angle are known. 

 
Figure 2.14 ς Schematic of the forces involved in chip formation, after [43]. 

Since the early pioneers developed the basic theory for the mechanics of metal cutting, many authors 

have covered the topic in their books [41, 42]. However, an in-depth review of more advanced cutting 

models is beyond the scope of this literature review. 

2.3.3 Milling 

Milling is a machining operation that uses single and multi-point tools [47], the main difference to 

turning is that, in milling, it is the tool which rotates. There are two main types of milling, defined by the 

orientation of the tool rotation axis relative to the surface being machined. In horizontal milling, the tool 

rotation axis lies parallel to the work surface, whereas in vertical milling the tool rotation axis is 
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perpendicular [42]. In aerospace applications, milling can be used to form a variety of surfaces, ranging 

from flat shoulders to varying geometry aerofoils [13]. The complex shapes seen in blades and blisks 

(bladed disks) can only be generated through multi-axis milling where, as well as the conventional x, y and 

z movement of the workpiece or tool, the machining centre allows for workpiece rotation in one or more 

axes. 

The controllable parameters during a milling operation are the feed Ὢ, the axial engagement ὥ and 

the radial engagement ὥ [42], as shown schematically in Figure 2.15. The feed in milling is usually given 

in feed per tooth for multi-point cutting or feed per tool revolution for single-point milling.  

 
Figure 2.15 ς A schematic of a vertical milling operation. 

Two tool rotation conventions are used in milling. In climb-milling (also called down-milling), the tool 

rotates so that the cutting edge moves in the same direction to the workpiece feed as the chip is formed, 

as shown in Figure 2.16 (a); conversely, in conventional-milling (also called up-milling), cutting edge motion 

is reversed, as shown in Figure 2.16 (b). Conventional-milling was adopted in the early days of machining, 

to reduce the backlash of the workpiece when climb-milling [47]. Backlash occurs due to play between the 

screw thread and the nut that moves the machine bed or tool, this leads to a delay between turning the 

screw thread and movement of the corresponding axis. Climb-milling is preferred when backlash is not an 

issue as the cutting forces hold the workpiece on the machine bed and thus reduce vibrations resulting in 

an improved surface finish. Additionally, a thick-to-thin chip is formed in climb-milling and this means 

higher feeds can be tolerated. [48].  

 

 



21 
 

(a) (b) 

  
Figure 2.16 - Schematic of the two milling rotation conventions (a) climb milling and (b) conventional milling. The shaded regions show 

the material that is removed with each pass of a cutting edge and it shows the thick-to-thin chip seen in down milling, after [47]. 

Unlike turning, milling typically cannot be represented by an orthogonal cutting model. This is because 

the curved path of the cutting edge over the workpiece means that the chip thickness varies throughout 

tool rotation and the cutting edge is not normal to the chip flow, this is termed oblique cutting. The 

simplest form of milling is orthogonal milling, which utilises a cutting edge that is perpendicular to the chip 

flow and larger than the workpiece thickness. It should be noted that the chip thickness still varies over 

the period of tool engagement during orthogonal milling. As with turning, a review of cutting models for 

milling is beyond the scope of this study however further information can be found from models for 

oblique cutting [49]. 

Similar to turning, it is not possible to measure the forces in the shear zone during chip formation. 

Instead, x, y and z forces can be measured using a machine-bed force dynamometer and these can be 

converted from a workpiece frame-of-reference to a cutting tool frame-of reference using geometrical 

relationships. This conversion allows for a simpler understanding of the cutting forces as they are broken 

down into components parallel to the cutting edge and perpendicular to the cutting edge. These forces 

are dependent only on the instantaneous tool rotation angle and, for small uncut chip thicknesses, the 

ploughing effect [50]. The ploughing effect arises when machining with a tool that has a cutting edge radius 

which is of similar size or larger than the uncut chip thickness, this results in the deformation of the 

workpiece without chip formation.  

2.3.4 Machinability of aeroengine materials 

Machinability is a measure of how easy a metal is to cut; this encompasses the resultant cutting forces 

and tool wear as well as the cutting speeds needed to carry out useful machining [51]. The three common 

aero-engine materials are all considered difficult-to-machine, i.e. they result in high cutting forces when 
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machined, generate high levels of tool wear and necessitate the use of lower cutting speeds compared to 

a more machinable metal such as aluminium [52]. This difficulty, encountered when machining titanium, 

nickel and some steel alloys, is due to their high strength, particularly strength at high temperature, as 

well as low thermal conductivity and a propensity for workpiece-tool adhesion, which leads to built-up 

edge formation. High strength alloys give rise to larger forces when they are machined at the same cutting 

speeds as a more machinable alloy. This is because an increased resistance to deformation dictates that 

more energy is required to form a chip. The low thermal conductivity of difficult-to-machine alloys causes 

localisation of heat in the near-surface of the workpiece, similar to the localisation within the shear band 

of a segmented chip. The high temperatures that result from this heat accumulation at the workpiece 

surface, in addition to the mechanical deformation caused by the tool, can result in widespread surface 

damage [53]. To mitigate this damage, the primary solution is to reduce the cutting speeds, which 

decreases the cutting forces and the rate of heat generation. As a consequence, difficult-to-machine alloys 

are machined at cutting speeds as much as 10 times lower than more machinable alloys [54], as highlighted 

in Figure 2.17. 

 
Figure 2.17 ς A plot of the conventional, intermediate and high-speed machining cutting speeds for difficult-to-machine aeroengine 

alloys compared to aluminium. After [54]. 

In addition to the properties shared by all difficult to machine materials, titanium alloys and nickel 

superalloys suffer from additional complexities. Titanium alloys have a propensity for built-up edge 

formation and are highly reactive with all tool materials [55], which leads to accelerated wear rates 

particularly when oxide ceramics are used [52]. Nickel superalloys suffer from significant work hardening 

of the ɹ -matrix during machining [56]. Work hardening during the first pass of the cutting tool results in a 
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harder material, which is then faced by the cutting tool during successive passes leading to increased notch 

wear rates. Additionally, metal carbides, which form at the grain boundaries in polycrystalline nickel 

superalloys, can result in increased abrasive wear rates [56]. 

2.4 Surface integrity 

The difficult-to-machine nature of aeroengine alloys increases their susceptibility to surface and near-

surface damage under the thermomechanical loads imparted on the workpiece by machining. The altered 

condition of a surface post-machining is defined as its surface integrity (SI) [57] and it is widely 

acknowledged that SI of a machined component has a significant effect on its performance, reliability and 

fatigue life [1, 58]. In this context, the surface inspection of parts used in critical applications is a vital step 

in the validation of the manufacturing process, particularly for aeroengine components, which are more 

susceptible to machining damage due to their material properties.  

A large number of anomalous surface and near-surface features can arise due to machining, these all 

fall within the remit of SI assessment. The scope of anomalous SI features is highlighted in Table 2.5, it can 

be seen that all of the features can be detrimental to component performance in-service. For this reason, 

it is crucial to assess the SI of machined aeroengine components to prevent parts with anomalous features 

above critical size thresholds entering service.  

 

 

 

 

 

 

 

 

Table 2.5 ς Surface integrity features and their characteristics. 
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Anomalous feature Characteristics Example image(s) 

Alpha-case 

Alpha-case is a temperature-dependent oxidation of the 

near-surface seen only in titanium alloys. This feature can 

lead to an embrittled surface that is prone to crack initiation 

and propagation [59]. 
 

After [60]. 

Cracks 

Cracks are fissures in a continuous material that significantly 

reduce the fatigue life [61]. Most features under the remit of 

surface integrity are detrimental to a component as they 

result in, or enhance, crack formation.  

Flaking 

The local separation of a layer of material during machining. 

The surface that is left behind can act as a site for crack 

initiation due to enhanced roughness [62]. 

 

Foreign material 

The deposition of non-parent material into the machined 

surface, this can lead to stress-raising and a reduction in 

fatigue life through enhanced crack initiation [61]. 
 

Laps 

Laps are workpiece material that has been folded back on 

itself during machining without complete separation. A lap 

can act as a site for crack initiation if it enhances the surface 

roughness [62].  

Plucking 

Plucking arises when a section of material is removed from 

the machined surface during cutting. This can occur through 

adhesion of the material to the tool flank face or built-up 

edge. The crater left behind can act as a site for crack 

initiation due to enhanced roughness [62]. 
 

Residual stresses 

Residual stresses arise from the thermomechanical loads 

which are imparted on to a surface and not recovered post-

machining. Tensile residual stresses can reduce the fatigue 

life of a component [63]. 

N/A 
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Redeposited material 

/ Redeposited layer 

Redeposited material is that which has been machined from 

the workpiece but has then been reintroduced to the surface 

by, for example, passing under the tool. The redeposited 

material is liable to separate from the machined surface [11]. 

 

 
Strain/work 

hardening, Re-

hardening, Softening 

A change in workpiece near-surface hardness. Typically 

associated with the presence of other SI features e.g. a white 

layer [64]. 

N/A 

Surface roughness 

The deviation of a surface from flatness including feed 

marks, scores and scratches. High surface roughness can 

decrease the fatigue life of a component [62]. 

 

 

Swept grain 

A layer beneath the machined surface in which the grain 

structure has been distorted in the direction of machining by 

the action of the cutting tool. Swept grain can lead to a 

reduction in fatigue life [1], large residual stresses [65] and 

work hardening [66]. 

 

Twinning 

Re-orientation of the crystal lattice to facilitate deformation 

via slip during machining. Twins have been shown to act as 

sites for fatigue damage [67]. 

 

White layer 

A layer immediately beneath the machined surface in which 

the grain structure cannot be resolved at a magnification 

which facilitates observation of the bulk microstructure. 

White layer formation can reduce fatigue life [58], lead to an 

embrittled surface [68], cause large residual stresses [69] 

and result in surface hardening [70]. 
 

Table 2.5 continued 
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Table 2.6 outlines the ANSI [71] recommended SI assessment methods alongside the SI features that 

are identifiable from each method. It can be seen that features such as white layers and swept grain are 

only identifiable when viewing the machined surface in the cross-section. This is why SI assessment is 

largely a destructive inspection process.  

Table 2.6 ς The recommended surface integrity data set for assessing surface integrity [71] and the anomalous feature or information 
that can be identified or obtained from the data. 

Data acquired Information obtained 

Surface topography ς roughness measurement, 

topographical imaging. 

Surface contacting methods can be used to 

measure roughness (Ra, Rz) but non-contacting 

optical profilometers can also identify surface 

imperfections such as laps, flaking and plucking. 

Macrostructure images on the surface (low 

magnification <10x) ς chemical etching, dye-

penetrant tests. 

Laps, flaking, plucking, redeposited material, 

foreign material, cracks. 

Cross-sectional microstructure images (high 

magnification up to 1000x) ς polished surfaces, 

chemically etched.  

White layer, swept grain, alpha-case, laps, 

flaking, plucking, redeposited material, cracks, 

foreign material. 

Cross-sectional microhardness or nanohardness 

measurements. 

Work-hardening or softening of the near-

surface region. 

Profile of residual stress with depth. Residual stress in the machined surface 

compared to the bulk. 

Fatigue tests of samples. Low and high cycle fatigue life. 

 

Of all the SI features outlined in Table 2.5, it is perhaps the metallurgical anomaly, white layer, which is 

the most feared by materials engineers. This is primarily due to the negative effect its presence can have 

on fatigue life [1, 58, 72]. In addition, there is greater uncertainty, compared to other SI features, around 

the formation mechanisms and imposed machining conditions that generate this anomalous feature in 

different materials. White layers are also one of the most difficult features to inspect, as detection requires 

cut-ups of the machined surface, which is both costly and time-consuming. For these reasons and through 
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communication with the industrial sponsors of this study, white layers were identified as the anomalous 

feature of interest. 

2.5 Summary 

In this chapter, the three key aeroengine material groups have been introduced and the physical 

properties and metallurgy of these alloys have been highlighted. Specific alloy examples were presented 

and the experimental work in this study will focus on these alloys. A portion of this study will concentrate 

on understanding the formation mechanism of a SI feature in titanium, so the deformation mechanics of 

titanium alloys were discussed.  

Also within this section, the mechanics of chip formation were outlined, to aid understanding of 

machining processes. Following this, two of the primary machining methods employed in aeroengine 

manufacturing, turning and milling, were introduced, as these are the operations employed in this study. 

The difficulties faced when machining aeroengine alloys were then highlighted and the concept of surface 

integrity was introduced. The key surface integrity features and the typical methods for their assessment 

were outlined and the importance of machining-induced white layers was highlighted. The next chapter 

will review the current literature in the field of white layer characterisation.   
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3 The key properties and formation mechanisms of machining-induced white 

layers  

A thorough understanding of the key mechanical and metallurgical properties of machining-induced 

white layers is necessary to be able to identify suitable non-destructive methods for detecting this feature. 

Therefore, this chapter reviews the current state-of-the-art and published literature in the field of white 

layer assessment using conventional destructive assessment methods to enable a subsequent assessment 

of viable non-destructive testing methods. The formation mechanisms of white layers are also discussed, 

due to their effect on the resultant properties. 

3.1 The fundamentals of white layers 

White layers in aeroengine materials have typically been characterised as a region of embrittled 

material [68] which possesses an ultra-fine grain size [73], high hardness [64] and extremes of residual 

stress [69]. In industry, the white layer is often defined as a region at the machined surface in which the 

microstructure cannot be distinguished, in a cross-sectional micrograph, at a magnification which allows 

the bulk microstructure to be easily resolved, as demonstrated in Figure 3.1. The white appearance of this 

region has traditionally been attributed to a decreased etching rate, relative to the bulk material [74, 75], 

which means the grain structure is not revealed in the white layer. More recently, it has been proposed 

that the scattering of the incident light used to illuminate the sample during subsequent optical 

microscopy inspection in the cross-section, may result in the appearance of the white layer [70]. Due to 

its comparatively large wavelength, white light is thought to be scattered from the small-diameter grains 

in the white layer, resulting in a featureless layer. White layers are typically 1-мл ˃Ƴ ƛƴ ǘƘƛŎƪƴŜǎǎΣ ŀƭǘƘƻǳƎƘ 

ƭŀȅŜǊǎ ƻǾŜǊ нл ˃Ƴ ǘƘƛŎƪ ƘŀǾŜ ōŜŜƴ ƻōǎŜǊǾŜŘ ƛƴ ŜȄǘǊŜƳŜ ŎŀǎŜǎ [64]. 

 
Figure 3.1 ς A cross-sectional micrograph of a white layer at 500x magnification. The bulk microstructure can be resolved whereas the 

white layer appears amorphous. 

It has been reported [1] that the presence of a 10 µm white layer can reduce the fatigue life of a drilled 

part by as much as 30 times, compared to a surface with no white layer. Even after shot-peening a drilled 
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surface with a white layer, in the same study, the fatigue life was still 10 times lower than the benchmark 

life. Additionally, it has been shown [58, 72] that the rolling contact fatigue life can be reduced by 80% or 

more when white layers between 7 µm and 14 µm in thickness are present in steels. This reduction is 

predicted to be due to reductions in both crack initiation life (75%) and crack propagation life (89 %) [72]. 

Herbert et al. [1] reported that tensile residual stress in the white layer can facilitate the initiation of 

fatigue cracks at the surface of the part during cyclic loading, and crucially the propagation rate is 

accelerated by the nanoscale grains in the white layer. This high propagation rate is a result of fatigue 

cracks at the surface merging with micro-cracks within the white layer. 

White layers have been identified in turned [76], milled [64], drilled [77], broached [78] and wire 

electrical-discharge machined surfaces [79]. Additionally, this SI feature has also been reported outside of 

the field of machining, in worn rail tracks [80, 81], ballistic impacts [82] and high-velocity shaping and 

forming [83]. 

3.2 White layer formation mechanisms 

Three primary mechanisms have been proposed for the formation of white layers, (a) phase 

transformation, (b) grain refinement through plastic deformation and (c) surface reaction [74]. 

Mechanisms (a) and (b) have been associated with machining, whilst mechanism (c) is believed to be 

connected with worn surfaces in oxygen or nitrogen-rich environments.  

High temperatures and rapid cooling rates during machining can result in a phase transformation of the 

near-surface region of metallics [76]. Heat is generated during mechanical cutting operations due to severe 

plastic deformation (SPD) of the workpiece during chip formation and frictional contact conditions 

underneath the tool due to cutting tool-workpiece interaction. SPD occurs in the primary, secondary and 

tertiary deformation zones, as outlined in Figure 3.2, with the direct effect of the tertiary deformation 

zone on the machined surface immediately apparent. Guo et al. [84] showed, using particle image 

velocimetry, that the deformation effect of the primary shear zone extends into the workpiece such that 

material that does not form part of the chip is still deformed in a fan-shaped deformation zone in front of 

the tool. This has also been observed, using micro-grid methods whereby a proportion of the material that 

passed through the deformation zone ahead of the chip was still compressed underneath the cutting edge 
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[85]. It is, therefore, appropriate to consider that the primary shear zone, in addition to the tertiary shear 

zone situated at the tool and workpiece surface interface, may affect the workpiece surface integrity. 

 
Figure 3.2. Schematic highlighting the primary, secondary and tertiary shear zones during cutting, after [86]. 

Heat is removed from the shear deformation zones via evacuation of the chip, through the application 

of coolant, via conduction into the tool and by conduction into the workpiece bulk [87]. The low thermal 

conductivity of aeroengine alloys such as titanium alloys, nickel superalloys and high strength steels, 

results in localisation of the heat in the near-surface of the workpiece. By extension, this leads to high 

temperatures and steep temperature gradients when machining these materials [88].  

It has been reported [76, 89] that white layers can form as the result of a phase transformation 

mechanism in steel components. This indicates that the temperature at the machined surface can rise 

beyond the austenitic transformation point and a fully martensitic microstructure can be created by the 

imposed rapid cooling [89]. By contrast, when temperatures do not reach the austenitic transformation 

temperature, a white layer is formed via the SPD mechanism, as shown by Hosseini et al. [90]. In steels, 

researchers [70, 91] have identified a thermally softened layer, often termed a dark layer, beneath the 

hardened white layer. Dark layers have only been found beneath white layers formed from the phase 

transformation mechanism [92]. 

White layers formed via phase transformation possess a fine-grained microstructure that arises due to 

the rapid heating and quenching of material in the near-surface region [74]. Phase transformation occurs 

in two steps, initially, nucleation of the new phase occurs in the region of material undergoing 

transformation [93]. The nuclei of the new phases then grow, at the expense of the old phase until the 

microstructure is completely transformed. Following this, grains will continue to grow if held at sufficient 

temperatures. Due to the rapid heating and cooling under the high strain rates, short contact time and 
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coolant application experienced in machining, the new grains have limited time to grow after the phase 

transformation. This is in contrast to austenitisation heat treatment in steels, for example, where the 

material can be held for several hours at high temperatures [94], resulting in a large-grained 

microstructure. The reduced time for grain growth in the white layer results in a large number of small 

grains. 

In the SPD mechanism, Griffiths [74] suggests that a shear deformation within the material adjacent to 

the machined surface occurs due to the action of the cutting tool. This action leads to fragmentation of 

the grains in the near-surface, which gives rise to the refined grain structure present in the white layer. 

CǳǊǘƘŜǊ ǘƻ DǊƛŦŦƛǘƘǎΩ ƘȅǇƻǘƘŜǎƛǎΣ tƻǳƭŀŎƘƻƴ Ŝǘ ŀƭΦ [89] proposed that white layer formation through grain 

refinement is a two-step process. Initially, dislocations pile-up within grains due to SPD, resulting in regions 

of high dislocation density. In turn, this facilitates the formation of new grain boundaries within the original 

grains. Several studies [64, 73] refer to this white layer formation mechanism as SPD with dynamic 

recovery and it has been observed in the machining of steels [76], nickel superalloys [77] and titanium 

alloys [95].  

Recent research from Xu et al. [96] reports that the formation of a nano-grained structure in the surface 

of high-speed machined titanium occurs through both SPD and phase transformation. This suggests that 

the two mechanisms are not mutually exclusive and are simply two ends of a spectrum of white layer 

formation. At high temperatures phase transformation appears to dominate whilst at low temperatures 

SPD appears dominant. Under thermomechanical conditions in between, both mechanisms can 

contribute. Xu et al. [96] proposed that the grain-refined surface region formed due to continuous dynamic 

recrystallisation under high strain rate. Dislocation slip alongside ρπρρ and ρπρς twinning were 

thought to facilitate the deformation in the surface layer. Xu et al. [96] ŀƭǎƻ ƛŘŜƴǘƛŦƛŜŘ ʲ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ǳƴŘŜǊ 

the strain and high temperatures experienced during high speed milling. It was proposed that these 

precipitates prevented grain growth in the recrystallised white layer grains by pinning them. The formation 

mechanism proposed by Xu et al. [96] is, therefore, a mixture of SPD and phase transformation, with the 

ŀǇǇŜŀǊŀƴŎŜ ʲ ǇǊŜŎƛǇƛǘŀǘŜǎ ƛƴŘƛŎŀǘƛƴƎ ǘƘŀǘ ƻƴŜ ƳŜŎƘŀƴƛǎƳ ƛǎ ƴƻǘ ŀƭǿŀȅǎ ǎƻƭŜƭȅ ǊŜǎǇƻƴǎƛble for white layer 

formation. In the adiabatic shear band of a titanium chip, which can be considered to be a form of a white 

layer due to the physical similarities, Wan et al. [97] measured through x-ray diffraction ǘƘŀǘ ǘƘŜ ʰΩΩ-phase 
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was present in the white layer, in contrast to the as-received material. This indicates that the temperatures 

ŘǳǊƛƴƎ ŎǳǘǘƛƴƎ ǿŜǊŜ ǎǳŦŦƛŎƛŜƴǘ ŦƻǊ ŀƴ ʰҦʲ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ŦƻƭƭƻǿŜŘ ōȅ ŀ ʲҦʰΩΩ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ǳƴŘŜǊ 

cooling. Thus if a white layŜǊ ŦƻǊƳŜŘ Ǿƛŀ ǇƘŀǎŜ ǘǊŀƴǎŦƻǊƳŀǘƛƻƴ ƛƴ ǘƛǘŀƴƛǳƳ ǘƘŜǊŜ ǎƘƻǳƭŘ ōŜ ŜǾƛŘŜƴŎŜ ƻŦ ʰΩΩ 

ŦƻǊƳŀǘƛƻƴ ƻǊ ŀƴ ƛƴŎǊŜŀǎŜŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ǊŜǘŀƛƴŜŘ ʲ-phase. 

3.2.1 Grain recrystallisation 

It is apparent from the reduced grain size of white layers relative to the bulk that recrystallisation is a 

key mechanism in their formation when phase transformations are not involved. Recrystallisation is the 

formation of new dislocation-free grains within a deformed grain [98]. If recrystallisation occurs during 

deformation then it is termed dynamic recrystallisation (DR), if it occurs after deformation, it is defined as 

static recrystallisation. As white layers are formed during machining rather than subsequent heat 

treatment, any grain refinement must be a consequence of DR.  

Studies have shown there are two forms of DR, continuous (CDR) sometimes called in-situ or rotational 

DR and discontinuous (DDR) which is also called migrational DR. In DDR, the recrystallisation process 

occurs in distinct stages of nucleation and growth at prior grain boundaries [98] whereas, in CDR, the 

recrystallisation is thought to occur in a single step over the entire volume [99]. Derby [100] reported that 

both DDR and CDR can occur under conditions of large strain and high temperature, which are the 

conditions faced by the workpiece during machining. Meyers et al. [101] additionally showed that, at high 

strain rates, which are common in machining operations at high cutting speeds [102], CDR prevails over 

DDR due to the short time at high temperature. 

The resulting texture from CDR is typically representative of the deformation i.e. the recrystallisation 

itself has little effect on the texture, whereas in DDR the deformation texture is weakened and so it could 

be said the texture is more representative of the recrystallisation [99]. Thus, the resultant crystallographic 

texture following SPD could be used to infer whether CDR or DDR took place. A deformation texture 

following grain refinement is evidence of CDR, whereas a recrystallisation texture is evidence of DDR.  

3.3 The influence of machining parameters on white layer formation in aeroengine alloys 

White layer formation is fundamentally dependent on the thermal and mechanical effects of machining 

on the workpiece material. These effects are governed by the interaction of the cutting tool and the 

workpiece material, which, in turn, is strongly influenced by the imposed cutting parameters. Early surface 
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integrity research [103] found that abusive cutting conditions, particularly the use of tools with high wear 

levels, results in the formation of a white layer during milling of AISI 4340 steel and Ti-6Al-6V-2Sn. It has 

since been shown that the tendency for the formation of a white layer when machining is also increased 

significantly by raising the cutting speed, using improper cooling strategies and through under-lubrication 

of the cutting operation [104, 105].  

The friction between the cutting tool and the workpiece increases when machining with improper 

lubrication and a worn cutting edge, thereby increasing heat generation and shear deformation of the 

surface [106]. Increased cutting forces, in particular the thrust (compressive) force, have been associated 

with increasing white layer thickness when high levels of tool wear are present [75, 107]. Improper cooling 

can result in higher cutting temperatures as the rate of heat removal is lower than can be achieved with 

effective cooling [108]. High cutting speeds typically result in a higher rate of deformation in the machining 

shear zones [109] and hence a higher rate of mechanical work input to the workpiece. Consequently, there 

is a greater overall heat input to the machined surface [110]. This is more pronounced for materials with 

higher strain hardening exponents such as nickel superalloys, which have to be machined using low cutting 

speeds to prevent tool failure and workpiece damage [56]. Thus, during machining, there is a balance 

between thermal softening and strain hardening, which is material dependent [111]. 

In Ti-6Al-4V, it has been shown [112] that white layers are formed at the end of tool life, during turning, 

when the average flank wear is 0.2 mm or greater, due to enhanced plastic deformation of the workpiece. 

Puerta Velásquez et al. [65] reported the presence of a layer in turned Ti-6Al-4V, which was likened to 

white layers observed in other studies. However, from the evidence provided it appears that the layer, 

which formed at a low cutting speed (20 m/min), was simply a region of high grain distortion. This is 

because the microstructure is resolvable at all locations in the images provided, by contrast, the layer 

which formed at 260 m/min could be a white layer as the structure is more difficult to resolve, as shown 

in Figure 3.3. This uncertainty in the identification of white layers from microscopy is common, possibly 

due to a lack of a unified definition as well as the inherent variability in the chemical etch response 

between different materials. Another factor that indicates that this layer formed at 20 m/min was not a 

white layer, is that it was generated at low cutting speeds. This is a trend contrary to the majority of 

research carried out on white layers, but one that is often indicative of swept grains [113].  
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Figure 3.3 ς SEM micrographs of the machined surface cross-section at 20 m/min and 260 m/min. After [65]. 

For nickel superalloys, specifically RR1000, it has been reported [77] that white layers can be generated 

using abusive drilling conditions i.e. a high metal removal rate and large average flank wear. A similar 

observation has been made when turning Inconel-718 [105] where it was reported that a white layer was 

only formed once tool wear reached levels greater than 0.15 mm and cutting speeds were high (300-400 

m/min). 

In addition to cutting speed and tool wear, it has been shown, through finite element simulations [114] 

and experiments [115], that cutting edge radius affects the SI, due to the increased level of plastic strain 

imparted on the machined surface when forming a chip. A larger ratio of the uncut chip thickness ὸ , 

with respect to the cutting edge radius ὶ, can result in ploughing. This is because, for small ὸȾὶ, the 

workpiece material experiences a negative tool rake angle and the resultant force vector deforms the 

material underneath the cutting edge rather than forming a chip [116]. Crawforth et al. [117] reported 

that machining with inserts that have a larger cutting edge radius resulted in a surface with a greater depth 

of deformation in titanium alloys. This was attributed to a larger contact area for the inserts, which 

resulted in a deeper distribution of stress in the workpiece. It has been predicted [118] that as the ὸȾὶ 

ratio decreases, white layer formation will be enhanced. Herbert et al. [115] observed 15 µm of swept 

material due to SPD when plunge milling with a 25 µm depth of cut using a tool with a 30 µm cutting edge 

(ὸȾὶ ratio of 0.833). By contrast, when machining with a 50 µm depth of cut (ὸȾὶ ratio of 1.667), there 

was only 3 µm of swept material. SPD is one of the two mechanisms for white layer formation in machining 

so it is conceivable that the combination of low ὸȾὶ ratio in addition to high tool wear and cutting speeds 

could exacerbate the problem of white layer generation. 

White layers can form during machining of steels and it has been reported [118, 119] that, once again, 

white layer thickness increases with cutting speed and tool wear. However, Hosseini et al. [92] measured 
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that the effect of flank wear, on white layer formation, was greater than cutting speed over the full range 

of speeds investigated (30-260 m/min). The temperatures reached during the machining of steels are 

critical to the surface integrity, considering the temperature-dependent phase transformation mechanism 

of white layer formation. This is evidenced by the tendency to produce white layers through phase 

transformation when high-speed machining is used [119]. Cryogenic cooling during machining has been 

shown to reduce the thickness of any resultant white layer [108] and it has been proposed that this is due 

to a significant reduction in the microstructural transformation as a consequence of the lower 

temperatures experienced during cutting [120]. Despite the reduction in white layers formed by phase 

transformation, the formation due to SPD was still observed at different cutting parameters. When 

machining at high speeds, the temperatures reached in the workpiece near-surface region can be 

sufficient for austenitisation [76, 92] with the martensitic transformation under subsequent cooling 

causing white layer formation. By contrast, during cutting at lower speeds the temperatures are not high 

enough for austenitisation, so SPD is the dominant white layer formation mechanism. In both SPD and 

phase transformation layers in steels, it has been suggested [121] that carbide dissolution does not occur. 

This is due to the small amount of time that the workpiece material is at high temperatures. 

The effect of cryogenic cooling on white layer formation in titanium alloys and nickel superalloys is less 

well documented but it is predicted that the impact may be less significant than in steels. This is due to 

the lack of evidence of white layers formed via phase transformation in these alloys, even when cutting at 

high speeds [65, 77], except in the instance reported in titanium where both formation mechanisms 

contributed [96]. However, cryogenic cooling may still reduce white layer formation due to the SPD 

mechanism, because of reduced thermal softening. It has been shown [122], for example, that in Ti-6Al-

4V the work hardening coefficient is larger at a lower temperature. Thus, when machining with cryogenic 

cooling, the lower local temperature in the deformation zones compared to conventional cooling means 

that the workpiece material can be expected to undergo reduced thermal softening and, consequently, 

provide greater resistance to plastic deformation. This may reduce white layer formation through the SPD 

mechanism, compared to machining at the same speeds using conventional cooling. 

It should be noted that with the move to high metal removal rate strategies within industry [123], the 

occurrence of white layers can be expected to increase due to the higher cutting speeds employed. The 
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correct identification of this anomalous surface feature during an inspection is therefore critical for 

optimizing and validating modern machining methods. 

3.4 Mechanical and microstructural characterisation of the white layer 

3.4.1 Microscopy observations 

Optical microscopy studies have often incorrectly characterised the white layer as being amorphous, as 

outlined earlier. However, higher-resolution analysis using transmission electron microscopy (TEM) [77] 

and electron back-scatter diffraction (EBSD) [124] has shown that white layers are not amorphous, they 

are composed of nanoscale grains. In TEM, very thin samples are examined by firing electrons through the 

sample to a detector, the interaction of the transmitted electrons with the sample yields information on 

the microstructure. T9a Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ǊŜǎƻƭǾŜ ƎǊŀƛƴ ǎǘǊǳŎǘǳǊŜ Řƻǿƴ ǘƻ млΩǎ ƻŦ ƴƳ [73], which is 100-1000 

times greater resolution than can be achieved with conventional optical microscopy. EBSD is a grain-

orientation measurement technique used in a scanning electron microscope (SEM) or TEM. EBSD analysis 

of a white layer is more difficult than as-received material, as high levels of lattice strain can lead to issues 

indexing the grains [125]. 

Ultrafine grains (< 200 nm) have been measured within the white layer in Nickel superalloys using TEM 

[77], an observation mirrored in hard turned steel [73]. EBSD analysis of the white layer in several nickel 

superalloys also revealed a fine equiaxed grain structure, as shown in Figure 3.4, that is indistinguishable 

under optical light microscopy [124]. At the point of writing, there has been no detailed TEM or EBSD 

investigation into white layers in titanium alloys. 

 
Figure 3.4 ς A high-resolution cross-sectional EBSD image showing the ultra-fine grain structure (approximately 100 nm) in the white 

layer of drilled RR1000 nickel superalloy, after [124]. 

In one study, the automated measurement of the white layer thickness from cross-sectional 

micrographs was developed to reduce the inspection time [126]. The technique, whilst effective for the 
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cases presented in the study, relies on the assumption that all white layers have a dark layer beneath, 

which is not always the case. Consequently, the technique would fail to characterise a white layer formed 

from the SPD mechanism with no dark layer. 

3.4.2 Nanoindentation measurements 

Nanoindentation is the only hardness testing technique that facilitates indentation within the white 

layer, in the cross-section, whilst still adhering to widely adopted standards for hardness testing such as 

ASTM E384 [127]Φ ¢ȅǇƛŎŀƭ ƛƴŘŜƴǘ ǎƛȊŜǎ ǊŀƴƎŜ ŦǊƻƳ ǎŜǾŜǊŀƭ ƳƛŎǊƻƳŜǘǊŜǎ Řƻǿƴ ǘƻ мллΩǎ ƻŦ ƴŀƴƻƳŜǘǊŜǎ ŀƴŘ 

these are obtained through loads that are of the order of 10 mN or smaller [91, 128]. 

One aspect of nanoindentation that must be considered during measurements is the small size of the 

indent compared to the size of the grains in aeroengine alloys [129]. Thus for an array of indents (typically 

млΩǎ ƻŦ ˃Ƴ in size [130]), individual hardness measurements could be occurring within different grains. It 

has been identified [131] ǘƘŀǘ ƘŀǊŘƴŜǎǎ ǾŀǊƛŀǘƛƻƴ ōŜǘǿŜŜƴ ʰ ŀƴŘ ʲ ƎǊŀƛƴǎ ƛƴ ǘƛǘŀƴƛǳƳ Ŏŀƴ ŎŀǳǎŜ ǳǇ ǘƻ ŀ 

30% difference in measured values. Hardness can also vary within different crystallographic orientations 

of the same phase, for example, a 30-40% variation in hardness between two differently orientated HCP 

-hphase grains has been reported [132].  

Nanoindentation within the white layer of steel alloys [70] and nickel superalloys [64] has been used to 

show that the feature is typically harder than the bulk material, as shown in Figure 3.5. It has, however, 

been recorded [133] that for IN-718, hardness can be lower in the white layer than the swept grain region 

beneath. This is due to the dissolution of the ɹΩΩ that is precipitated, which offsets the hardness increase 

that encompasses a reduced grain size. Nanoindentation, in combination with TEM [134], has been used 

to show that the Hall-Petch grain size relationship, which can be used to describe the hardness increase in 

the white layer, is opposite for high and low cutting speeds, due to the difference in the formation 

mechanisms. At low cutting speeds, dislocation hardening was found to be dominant, whereas for higher 

cutting speeds in steels, phase transformation influenced the hardness and grain diameter relationship. 
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Figure 3.5 ς Nanoindentation measurements with increasing depth in a steel sample. The white layer and bulk regions are highlighted. 

After [70]. 

Wusatowska-Sarnek et al. [64] observed that the depth of the hardened region corresponded to the 

width of the white layer measured from optical microscopy in IN-100 nickel superalloy. In titanium, a 

similar hardened surface region has been recorded [128, 130] and although there is no specific mention 

of a white layer, the optical micrographs presented suggest a white layer may have formed. Li et al. [128] 

measured a hardened region, despite indenting too close to the surface compared to the recommended 

procedure outlined in ASTM E384 [127]. This would typically result in lower hardness measurements. 

Further evidence is required to establish whether white layer formation leads to a hardened surface in 

titanium, due to the limited number of studies. 

White layers can be confused with the chemical SI feature, alpha-case which forms in titanium and also 

results in increased hardness and has a white appearance [59]. Alpha-case formation is typically 

considered a time and temperature-dependent anomalous feature with prolonged heating necessary for 

formation [135]. During machining, where parts are heated for a matter of seconds rather than hours, the 

time at temperature would appear insufficient for alpha-case formation. However, diffusion rates in 

nanocrystalline material are typically greater than in the same material with a large-grained 

microstructure [136], due to enhanced grain boundary diffusion, particularly when the nanostructure is 

formed through plastic deformation [137]. Therefore, the presence of a nano-grained white layer may 

increase the diffusion of elements into the workpiece. 



39 
 

3.4.3 Energy-dispersive X-ray spectroscopy measurements 

In energy-dispersive X-ray spectroscopy (EDXS), samples are illuminated by an electron beam and the 

emitted characteristic x-rays are used to determine the chemical composition of the material. The 

technique is typically destructive due to the analysis of specimens in the cross-section within a vacuum 

chamber. EDXS has been used to show that there had been a chaƴƎŜ ƛƴ ǘƘŜ ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ǘƘŜ ʰ ŀƴŘ ʲ 

phases in milled Ti-6Al-4V at the machined surface compared to the bulk [131]. In the near-surface 

material (up to 7-у ҡƳ ƛƴ ŘŜǇǘƘύΣ ŀŦǘŜǊ ƳŀŎƘƛƴƛƴƎΣ ǘƘŜ ǇǊƻǇƻǊǘƛƻƴ ƻŦ ±ŀƴŀŘƛǳƳ ƛƴ ǘƘŜ ʲ ǇƘŀǎŜ ǿŀǎ ǊŜŘǳŎŜŘ 

to 3.7 % from a value of 11.6 % in the bulk. Although not explicitly identified by Moussaoui et al. [131], 

this ̡ -depletion and the lack of a visible white layer in the optical micrographs presented is indicative of 

alpha-case formation rather than a white layer formed through phase transformation. However, due to 

the lack of prolonged heating of the material during drilling, further investigation would be required to 

determine which SI feature is present. In steels, no change in chemical composition, even for thermally 

driven white layer formation, was reported after EDXS analysis of surfaces with and without white layers 

[138]. By contrast, in the white layer of a nickel superalloy, an increase in the concentration of Al and Ti 

was recorded alongside a decrease in Cr, relative to the bulk material [64]. This change was attributed to 

the dissolution of the primary precipitate phase into the matrix under the temperatures experienced 

during cutting. One key limitation of EDXS for white layer characterisation is that the technique is not 

suited to the detection of elements with low atomic numbers, e.g. C, N and O, all of which are h-Ti 

stabilisers. 

3.4.4 X-ray diffraction phase analysis  

In x-ray diffraction (XRD) phase analysis, x-rays are guided onto the surface of a sample and are reflected 

into a detector by the crystal lattice due to Bragg diffraction [139]. The angles at which peaks in reflected 

intensity are observed are used to determine the phases present. In electro-discharge machined Ti-6Al-4V 

[140], white layers have been found, via XRD phase analysis, to be formed due to a microstructural 

transformation during cooling from a molten state. By contrast, In chip forming machining operations in 

titanium alloys, apart from a recent study that identified  ̡precipitation in the nano-grained surface layer 

formed during high-speed machining [96], there have been no observations of phase change in the white 

layer [65]. There have, however, been contrasting reports of phase transformations in the adiabatic shear 

band of titanium chips, one study [97] identified phase transformation through the appearance of the ΩhΩ 
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phase, whereas another study [141] reported that only bulk phase composition was observed in the chips. 

Re-orientation of the grain structure in the machined surface of Ti-6Al-4V, evidenced by a change in XRD 

peak height, has been reported [142] however this phenomenon was not explored further aside from 

attributing it to machining damage. 

In the machining of steel alloys, the temperature of the workpiece at the tool contact point can raise 

as high as the austenitic phase transformation limit [73]. XRD studies [92, 143] have shown that austenitic 

transformation of the machined surface at high temperature followed by rapid cooling results in a higher 

retained austenite concentration, as shown in Figure 3.6. The resulting microstructure with ultra-fine 

grains, in this instance, is a white layer. In nickel superalloys, a method of melting followed by rapid cooling 

has been proposed for white layer formation in ground surfaces [144]. This mechanism should be 

identifiable by the formation of metastable phases, such as the HCP ‒ Ni3Nb phase in superalloys with high 

Nb content [145], however, these phases have not been recorded in white layers at the time of writing 

[105]. 

 
Figure 3.6 ς Retained austenite content measured through XRD for hard-turned steel. Refined subsurface microstructures were present 

in the first 500 nm of each sample. After [143]. 

In situations where the white layer is formed by the SPD mechanism, it has been demonstrated that 

there is no appearance of different phases in an XRD pattern for nickel superalloys [77] or high strength 

steel alloys [92]. This same result would be expected for a white layer in titanium formed via the SPD 

mechanism. 
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3.4.5 Residual stress measurements 

Residual stress measurements can be obtained with XRD using the ÓÉÎ‪  method [146], in which the 

changes in the angular position of peaks in intensity from high-angle diffractions, due to lattice strains 

[147], are measured. In an alternative technique, blind-hole drilling, a hole is drilled in the sample and 

strain gauges or optical techniques are used to measure the resultant strain of the material after the drill 

is removed [148]. In both techniques, the residual stress is calculated from the measured strains. 

Tensile residual stresses as large as 2000 MPa have been measured in the white layer after drilling of 

RR1000 superalloy [69], as shown in Figure 3.7. Whilst these residual stresses exceed the yield strength of 

the bulk material, the white layer is hardened [69] and so the tensile strength of this region is high enough 

to accommodate such extreme residual stresses. In titanium alloys, it has also been reported that tensile 

residual stresses can be present in the white layer of a machined surface [65]. In the same study [65], it 

was reported that when using a lower cutting speed, a severely deformed surface region is formed, with 

compressive near-surface residual stresses. This agrees with the theory that tensile residual stresses are 

typically produced when temperature effects during cutting have been dominant [149], i.e. the phase 

transformation at high cutting speeds. Compressive residual stresses, by contrast, can be used to imply 

that plastic deformation was overriding [14], indicating the occurrence of the SPD mechanism [150].  

 
Figure 3.7 ς Residual stresses profiles with increasing depth for the hoop direction in drilled RR1000 nickel superalloy, after [69]. 

Compressive residual stresses have typically been measured in the white layer in hardened steel [108, 

151], with the maximum compressive stress located beneath the machined surface rather than adjacent 

to it due to the greater thermal effects at the surface, which tend to encourage a more tensile residual 

stress. This observation was also recorded in another study into white layers in steel [104] where it was 
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shown that the compressive residual stress was greatest at the interface between the white layer and the 

dark layer when it is present.  

3.4.6 Crystallographic texture measurements 

Crystallographic texture can be measured through XRD or EBSD using the principles of x-ray and 

electron diffraction respectively [139]. Transmission EBSD has been used to show that the white layer 

formed when turning steels at high cutting speeds [143] has a strong recrystallised texture indicative of 

DDR. This contrasts with the shear texture seen for white layer formation at lower cutting speeds in steels 

[143] and when turning [124] and broaching [78] nickel superalloys, which is indicative of CDR, as outlined 

previously. No study investigating the crystallographic texture of white layers formed in titanium exists at 

the point of writing. 

3.4.7 Strain measurement 

It is not possible to measure the plastic strain in the white layer from optical micrographs of the etched 

surface due to the ultra-fine grain size, which prevents grain distortion from being visualised. By contrast, 

the strain in the swept grain is more easily identified by measuring the angle of grain distortion in the 

cross-section [152]. To improve the understanding of the mechanisms for white layer formation, 

knowledge of the strain imparted during machining would be beneficial.  

In addition to microstructural observations of machined surfaces, non-contact full-field and local 

deformation characterisation techniques such as Digital Image Correlation (DIC) and micro-grid 

techniques, respectively, have been used to determine localised strain in deformed materials [153, 154]. 

Finite strain plasticity principles are implemented in both techniques to determine local strain distributions 

from local displacement fields. In the DIC technique, the plastic deformation is measured by monitoring 

the evolution of the displacement field which is made visible by tracking a speckle pattern on the surface 

[155]. The incremental displacement field from one image frame to the next is typically used to build up a 

picture of the overall deformation as tracking the speckle pattern increases in difficulty as the particles 

move further from their previous position.  

In the micro-grid method, a fine grid, such as that presented in Figure 3.8, is printed or carved onto the 

polished surface of the workpiece using a technique such as electron beam lithography [154], electro-

polishing [156], or focused-ion beam etching [153] and then under loading, this grid deforms with the 
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material. To calculate the strain, an image of the grid structure after deformation is compared to the 

undeformed grid structure and the evolution grid intersection displacement is used to calculate the level 

of imparted strain, using deformation mechanics [157]. The DIC method can only be used when machining 

dry, due to the need to be able to image the workpiece at all times and additionally the method is less 

suited to strain measurement in the workpiece region immediately adjacent to the tool, i.e. at the 

machined surface [155] due to fuzzy delimitation of the cutting tool in the image. Micro-grids require only 

an image pre and post deformation and therefore avoid the need for constant imaging the part, meaning 

the grids can be sandwiched between workpieces, thereby restricting out-of-plane deformation. However, 

the grid patterns are complex and time-consuming to produce, particularly when aiming for sub-micron 

sized grids [154]. Ghadbeigi et al [154] directly compared both DIC and micro-grid methods for strain 

measurement in an in-situ tensile test. Reasonable agreement (16% error) was found between both 

methods, with the micro-grid method being judged more appropriate for the quantitative measurement 

of plastic strain. 

 
Figure 3.8 ς A 5 µm pitch, gold grid printed onto a polished titanium surface using electron beam lithography. 

Attempts have already been made to measure the plastic deformation during machining when a white 

layer is formed [153] or not formed [85, 158, 159]. Early work by Childs [159] measured flow patterns 

during orthogonal cutting using grids with a 25 µm pitch and a 5 µm line width, however, these grids were 

inscribed into the surface and therefore may have influenced subsequent deformation due to changes in 

local stress concentration near grids. The strain imparted in the machined surface during orthogonal 

cutting of aluminium alloy AA 5182 using 10 µm pitch micro-grids with a 5 µm line width has also been 

measured [85]. These grids were produced by EBL and were capable of measuring the strain even in 

regions of large strain gradient in the grids adjacent to the machined surface. In a recent study [158], the 

surface drag in machined Ti-6Al-4V was quantified using a grid produced by micro-milling, with a pitch of 

40 µm. It was measured that the depth of deformation observable with the micro-grid method exceeds 

that indicated during conventional optical microscopy surface integrity inspection.  
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Only one study has investigated the experimental measurement of strain within the white layer [153], 

the micro-grid was produced through FIB etching and had a 10 µm pitch and 3 µm line width and depth. It 

was measured that a plastic strain threshold of 0.65 was required for white layer formation in the 

AISI52100 material under investigation. Considering the 10 µm pitch of the grids, a white layer thicker than 

the 1.82 µm layer presented would be required for higher resolution strain measurement from such 

comparatively large grids, in addition to the effects of stress concentrations introduced by machining the 

grids into the workpiece. Strain prediction in the white layers of other materials that are prone to white 

layer formation has only been undertaken using modelling. One study [114], investigating white layer 

formation in nickel superalloys predicted a strain of up to 1.2 in the swept grain material, with greater 

strain at lower speeds and larger cutting edge radii. There has been no quantitative experimental or 

theoretical investigation into the plastic strains associated with white layer formation in a titanium alloys. 

As such, measurement of strain in the machined surface of a titanium aeroengine material during white 

layer formation, using micro-grids with a range of pitches, which are printed onto rather than etched into 

the material, is worthy of further investigation. 

3.5 Summary of machining-induced white layers 

It is apparent that the white layers formed in titanium and nickel superalloys can arise due to different 

mechanisms to those in some steels. Analysis of the physical properties, however, shows a considerable 

similarity between white layers in different materials regardless of the formation mechanism. All white 

layers are reported to be hardened, possess large residual stresses and contain small grain sizes, although 

they differ in chemical and phase composition depending on the formation mechanism. It is evident from 

the literature surveyed that there is still limited knowledge on the formation of white layers in titanium, 

particularly concerning the mechanisms involved and the resulting mechanical and metallurgical 

properties. Published research has not looked closely at a number of properties, such as elastic modulus 

and texture, which are fundamental to several non-destructive testing methods. An understanding of 

elastic modulus changes and the crystallographic texture in the white layer would certainly enhance the 

state-of-the-art and aid development of a suitable non-destructive inspection method. Additionally, 

quantifying the plastic strains involved in white layer formation, using the micro-grid method, will aid 

understanding of the formation mechanisms. This will contribute to the future development of machining 

tools or cutting strategies that may help reduce the likelihood of generating this anomalous feature.  
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4 Non-destructive methods for surface inspection 

In this section, the published research in the field of non-destructive testing (NDT) of white layers will 

be discussed. However, NDT of white layers has been subjected to limited research, despite the 

considerable weight of research into machined surface integrity and the potentially catastrophic effect of 

the presence of white layer in a critical aeroengine component. This is possibly due to a lack of knowledge 

surrounding the properties of white layers. Due to the limited number of studies focusing on white layer 

detection, this chapter will also discuss other relevant NDT methods for surface inspection. For each 

technique, a description of the physical principles will be presented before discussing the literature. To 

conclude the chapter, an assessment of each NDT technique is made concerning its potential for detecting 

white layers. 

4.1 The drive for NDT 

In industry, white layers are currently identified through cross-sectional microscopy of cut-ups from a 

machined surface [160]. Typically, if optical microscopy inspection indicates a white layer thinner than 5 

µm is present, then higher resolution SEM imaging is undertaken to verify this observation. This is because 

the detection of a white layer using optical microscopy is affected by the quality of the etching process 

used to reveal the microstructure. Edge rounding during cross-sectional sample-preparation can reduce 

the effectiveness of the etching process near the machined surface, therefore, higher resolution SEM 

imaging is typically used to verify the presence of thin white layers. However, the edge-effect in SEM 

imaging, wherein the brightness of the SEM image increases at the edge of the sample, due to the 

additional electrons released from the material around the edge, limits the thickness of white layers that 

can be identified from SEM to those greater than around 1 µm. 

Microscopy, as a method for identifying white layers, is inherently costly, in terms of parts sacrificed, 

and time-consuming, due to the numerous process steps involved in preparing metallographic samples. 

At present, there is no widely researched and truly non-destructive method for reliably detecting the 

presence of a white layer in different alloys. Therefore, there is a high demand to be able to detect any 

white layer formed during machining using NDT techniques.  

The advantages of white layer detection through NDT can be summarised as 
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¶ Enabling inspection of all components entering service, this contrasts the microscopy approach 

wherein a part must be sacrificed to validate the manufacturing route and it is then assumed all 

parts manufactured in the same way possess the same surface integrity. 

¶ Significantly decreasing the time between machining and obtaining inspection results. NDT could 

give results within minutes rather than weeks. This allows for faster product development for 

tooling manufacturers and quicker process validation for aeroengine manufacturers. 

¶ Allows inspection to be carried out in-process, either within the machining centre or in a purpose-

built cell. In turn, this would allow for a traffic light system for machined parts, whereby parts that 

fail surface integrity inspection can be stopped before further manufacturing occurs, this saves 

machining and material costs. 

¶ Enables data from surface integrity assessment to be added to the digital twin of a component in 

a smart factory, enabling more informed decisions to be made on the required actions for the 

component. 

¶ Reduces the need to etch samples for microscopy using extremely harmful chemicals such as 

hydrofluoric acid. 

4.2 Acoustic emission testing 

Acoustic emission testing (AET) is based upon the physical principle that elastic (acoustic) waves are 

generated within a material when there is a re-distribution of stress fields. A schematic outlining acoustic 

emission monitoring during machining is shown in Figure 4.1. Due to the need for stress re-distribution, 

AET is inherently an in-process method. Signals in AET are generated over a wide range of frequencies 

from several kHz up to MHz frequencies, [68]. Typical features of AET signals used for condition monitoring 

include time-domain features such as the root mean square (RMS) of the signal and the count rate, as well 

as frequency-domain features such as the peak frequency and peak amplitude. Documentation on the 

standards for AET can be found from the International Standards Organisation (ISO) [161]. 
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Figure 4.1 - Acoustic emission generation from the deformation zones during machining and the detection of elastic waves with an AE 

sensor. 

AET is commonly used within the field of machining for tool condition monitoring [162]. This is because 

acoustic signals are generated through changes to the condition of the tool, such as rake face pitting and 

flank face abrasion [163]. Research has also been undertaken to investigate combined workpiece and tool 

condition monitoring [164]. It was shown that AET could be used to both monitor the condition of a tool 

and simultaneously detect when anomalous surface features were generated on the workpiece surface. 

This holistic condition monitoring approach is possible because acoustic emission (AE) energy can increase 

when workpiece surface anomalies such as laps and smeared material are generated during machining. 

This is due to the large redistribution of stress fields associated with these examples of severe plastic 

deformation.  

There have been attempts [68] to monitor white layer formation during the turning of hard steels using 

AET. It was proposed that the RMS and frequency of the AE signal could be used as key indicators for the 

onset of white layer generation in the machined surface. It was reported that, due to the brittleness of the 

white layer compared with the bulk material, the RMS of the AET signal detected when generating a white 

layer was as much as 100% greater. The increased brittleness leads to reduced damping and consequently 

larger amplitude vibrations. Through the use of feedback loops, AET could in theory be used to monitor 

for white layer formation in-process and intelligently adjust the machining conditions to eliminate the 

generation of the anomalous surface. 

It should be noted that surface roughness, tool edge sharpness and white layer formation are all 

reported to affect the AE signal but these effects are not trivial to isolate for every AE signal feature, as 

shown by Guo and Ammula [68]. Additionally, AE is generated from several sources, including the primary, 

secondary and tertiary shear zones, as shown in Figure 4.1. It has been reported [165] that deformation in 
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the primary and secondary shear zones contribute a greater proportion to total acoustic wave emission 

than the tertiary shear zone, however, the tertiary shear is critical in the formation of a white layer with 

worn inserts. Therefore future work should aim to decompose the AE signal so that only tertiary shear 

zone AE is monitored. This will greatly aid the development of AET for white layer detection. 

AET is a mature in-process NDT method that would be comparatively cheap to conduct further research 

into, because of the accessibility of the technique. It is apparent from the research from Guo and Ammula 

[68] that there is merit for further work into the use of AET for white layer detection. 

4.3 Eddy current testing 

In eddy current testing (ECT), electromagnetic induction is used to detect anomalous features in a 

conducting material by measuring changes in electrical impedance. Eddy currents are induced in the near-

surface of a test piece by a primary alternating magnetic field generated by the test probe, as shown in 

Figure 4.2. The opposing secondary magnetic field, which arises due to the induced eddy currents in the 

test piece, then interacts with the primary magnetic field, resulting in a change in test probe electrical 

impedance. Any change in the measured impedance can then be correlated to changes in one of three 

main factors, electrical permeability, electrical conductivity and lift-off. Lift-off in ECT refers to the change 

in the impedance signal when the distance between the test probe coil and the surface of the test piece 

changes. It is an undesirable effect that reduces the sensitivity of ECT for detecting changes in permeability 

or conductivity [166].  

 
Figure 4.2 ς A schematic showing eddy current induction from a probe coil. 

The skin depth (‏) in ECT is the depth at which the strength of the induced eddy currents decay to 36.8% 

of their strength at the surface and is defined by Eq. 4.1, re-arranged from [167]. 
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Eq. 4.1 

Here, ‏ is the skin depth in mm, ” is the resistivity in ‘ohm/cm, Ὢ is the test coil alternating current 

frequency in Hz and ‘ is the magnetic permeability in the test material, relative to a vacuum. At a test 

coil frequency of 10 MHz, the high-end of most commercial high-frequency ECT systems [168], the skin 

depth in Ti-6Al-4V would be 200 µm [169]. Thus, the white layer would fill only a small proportion of the 

interaction volume and so the signal to noise ratio would be reduced, compared to inspection at higher 

frequencies. A test coil frequency greater than 100 MHz would be required to restrict the skin depth to 

the typical thickness of a white layer (10µm or smaller). It should also be noted that the penetration depth 

in ECT is usually considered to be 3‏, as the material beneath the inspection depth can still have significant 

effects on results [167]. 

ECT is typically used to detect cracks in metallic components [170] and extensive standards for this 

application can be found from the ISO [171]. Due to the large number of microstructural features that can 

influence the measured impedance, ECT can also be used for macroscopic grain texture measurements 

[172] and to obtain residual stress profiles [173]. This may be useful for white layer detection because 

white layers have already been associated with extreme surface residual stresses and a different 

crystallographic texture to the bulk material. 

Researchers [173] have investigated the application of ECT for determining residual stress profiles in 

shot-peened nickel superalloys. This was achieved through the measurement of the change in conductivity 

at different inspection frequencies. The residual stress profiles in machined surfaces with white layers 

have been measured, via XRD and hole drilling, to occur over a smaller depth than those from shot-peened 

ǎŀƳǇƭŜǎ όǎŜǾŜǊŀƭ ƘǳƴŘǊŜŘ ˃Ƴ ǊŀǘƘŜǊ ǘƘŀƴ ƳƳ [174]). Despite this, it is conceivable that the ECT residual 

stress-profiling technique may be transferable to machined surfaces.  

There have been attempts [175] to carry out a similar ECT residual stress profiling technique in titanium 

but the change in impedance due to residual stresses was of the order of 10-5 to 10-4 ʍΦ LƳǇŜŘŀƴŎŜ 

variation due to temperature was 10 times greater than this. It is, therefore, apparent that this technique 

is not suitable for application to titanium alloys due to the low signal-to-noise ratio. This poor signal-to-

noise ratio is primarily due to the less favourable electro-elastic behaviour of titanium-alloys compared to 
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nickel superalloys, which results in only small conductivity changes for different stress states [176]. 

Additionally, it has been shown [176] that there is variation in conductivity caused by the orientation of 

the HCP crystal structure in titanium h  grains which would increase the noise in the signal when attempting 

to measure residual stress. In one study [172], this orientation phenomenon was used advantageously to 

characterise macroscopic grain texture in Ti-6Al-4V after different heat treatments. However, it should be 

noted that the grains could only be distinguished when larger than 1 mm in diameter, such as in a beta-

annealed microstructure. This is significantly larger than the grains found in many polycrystalline 

aeroengine titanium alloys, which often have small grains to provide increased strength [177], and is over 

1000 times larger than the nano-scale grains found in white layers. Characterisation of grains smaller than 

1 mm is limited by the achievable diameters of the current class of probes [172]. 

More advanced forms of ECT including pulsed, swept-frequency and multi-frequency ECT have been 

trialled in a study [142] into the non-destructive detection of metallurgical machining features. In the tests, 

various probes were trialled, including a flexible magnetic carpet probe that facilitated better contact by 

allowing the probe coils to follow the contours of the test piece surface, thereby reducing lift-off effects. 

Results showed that pulsed, swept and multifrequency ECT were not appropriate methods for the 

detection of metallurgical machining damage, this was largely due to the effect of surface topography 

features such as feed marks left by the passage of the cutting tool as it advances across the workpiece. 

The effect of topography features on ECT is to mask any metallurgical changes within the machined 

surface. However, these advanced ECT techniques were sensitive to topological features such as lapped 

material on the workpiece surface which resulted in probe lift -off changes [142]. 

The detrimental effect of surface roughness on impedance measurements has been reported in other 

studies and is a major barrier in adapting ECT for inspection of the white layer. In one study [178] a 30% 

reduction in conductivity was measured for a surface with 13 µm RMS roughness compared to 1.5 µm 

RMS. In addition to roughness, there is also a detrimental compounding effect due to the similarity of the 

lift -off and conductivity curves in low conductivity aeroengine alloys such as Ti-6Al-4V, as illustrated in 

Figure 4.3. These curves are the trace formed on the impedance plane for changes in each variable. It can 

be seen from Figure 4.3 that a change in lift-off can appear as an apparent reduction in conductivity for an 

alloy such as Ti-6Al-4V, thus increasing the chances of a false positive indication, i.e. detecting an 

anomalous feature in a surface with none present. Another key issue with ECT is electrical noise during 
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the inspection. At high frequencies, the capacitance of the cable connecting the ECT probe to the electrical 

circuitry can be affected by interaction with the surroundings and this can result in additional noise in the 

impedance measurement. An ECT system has been developed [179] which mounts the electrical circuitry 

in the test probe and this equipment has been shown to facilitate the detection of smaller artificial defects 

in a test piece than a conventional system, due to an improved signal to noise ratio. Currently, the only 

solution to the issue of surface roughness is to polish the surface being inspected to produce an ideal, flat 

surface. 

 
Figure 4.3. Conductivity and lift of curves on the impedance plane, after [180]. 

Eddy current inspection is a mature technology that would have a low cost to implement in its basic 

form due to the prevalence of equipment and knowledge in industry. It should be noted that high-

frequency methods, which are more relevant to white layer detection, are at lower technological maturity 

and would have a higher cost to implement. Detection of white layers in nickel superalloys using ECT 

residual stress profiling should be the subject of future study due to the success of the technique for 

inspecting shot-peened surfaces 

4.4 Ultrasonic techniques 

In ultrasonic inspection techniques, the propagation of elastic waves is typically used to detect and size 

anomalous features such as cracks, but the phenomenon can also be utilised to determine underlying 

microstructural features [170]. The technique is readily accessible and is widely documented in industrial 

standards [181]. Concerning the detection of a white layer, surface acoustic wave (SAW) techniques are 

more suitable than conventional bulk ultrasonic testing wherein un-guided waves are used [182].  

SAWs are elastic perturbations that propagate across the surface of a material but are confined to the 

near-surface region due to their rapidly decaying amplitude with depth [183]. Particles disturbed by a SAW 

oscillate in an ellipse in a plane perpendicular to the free surface of the material and parallel to the 



52 
 

propagation direction as shown in Figure 4.4. The penetration depth is typically considered as one 

wavelength beneath the surface, as here the energy of the wave is 1/e (36.8%) of that at the surface [184]. 

SAWs consist of a transverse wave and a longitudinal wave with identical propagation velocities. This SAW 

velocity, ὺ , is defined by Eq. 4.2, for an isotropic medium [183], where ‡ ƛǎ ǘƘŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŀƴŘ ὺ 

is the velocity of a bulk transverse wave, which increases with elastic modulus. Aeroengine materials are 

anisotropic so the SAW velocity depends on crystal orientation due to the consequent variation in elastic 

constants. 

 
Figure 4.4 ς A schematic of a surface acoustic wave and the decaying amplitude of particle motion with depth 
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Eq. 4.2 

In anisotropic materials, the wave velocity depends on the specific crystallographic plane parallel to the 

free surface on which the wave propagates and additionally the direction in which the wave propagates 

on this plane [185]. The underlying mathematical relationships are complex and beyond the scope of this 

study but in brief, involve solving the wave equation with a specific set of boundary conditions [185]. These 

conditions include the elastic constants for a particular crystal orientation and consideration of the 

traction-free surface on which the wave propagates. A traction-free surface cannot support stress 

perpendicular to the plane of the surface [186]. Essentially, through using known material elastic constants 

the SAW velocity on a particular crystallographic plane in a specific direction can be calculated.  

HCP materialsΣ ǎǳŎƘ ŀǎ ʰ-titanium, show significant variation in elastic modulus with respect to the c-

axis and this causes a variation in SAW velocity. For a SAW propagating on the basal plane of a HCP titanium 

crystal, the velocity is higher relative to propagation on other crystallographic planes and is directionally 

independent. Therefore, the velocity surface, which describes the angular dependence of velocity on 

propagation direction for a particular plane, is circular and has a large diameter [187], as shown in Figure 

4.5 (a). By contrast, for other HCP planes, the velocity surface is elliptical i.e. the velocity changes with 

direction, as shown in Figure 4.5 (b), or can change rapidly for a small range propagation direction, leading 
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to velocity surfaces that are more complex than a simple ellipse in which the fastest and slowest directions 

are perpendicular. For the HCP prismatic planes, the velocity surfaces are identical as, acoustically, the 

HCP crystal behaves like a cylinder. This similarity between the two planes means the exact orientation of 

a HCP crystal cannot be determined in certain situations using SAWs, an issue not encountered for cubic 

crystals. 

(a) 

 

(b) 

 
Figure 4.5 - Schematics showing (a) the basal plane and corresponding velocity surface and (b) the prismatic planes and their 

corresponding velocity surface, after [187]. 

In SAW techniques a surface wave is introduced on the surface of a test piece by a piezoelectric device 

[142] or a laser [188]. The propagation speed of the SAWs depends on the density and elastic stiffness 

constants of the local region of material [185], which are related to the elastic modulus and crystal 

structure orientation. Any change in these properties within a material can be detected by measuring a 

change in the velocity of the SAW [189]. 

Ultrasound is attenuated, even in ideal (anomaly free) materials, due to the spreading out of the wave. 

In non-ideal materials, there is also additional attenuation due to scattering and absorption [190] and it is 

these two attenuation mechanisms that are fundamental to SAW NDT methods. Scattering is the reflection 

of a wave in directions other than the original direction of propagation, whereas absorption is the 

conversion from sound to another form of energy. At material grain boundaries, ultrasound is always 

scattered to some degree due to changes in acoustic impedance [191]. Ultrasound attenuation can, 

therefore, be used as the basis of a technique for evaluating the grain size in polycrystalline materials, as 

shown by Li et al. [190] in AISI 304 steel. It was suggested [190] that the degree of attenuation is greater 

for smaller grain sizes as there are a higher number of grain boundaries to scatter the waves. 

The backscatter of SAWs in machined Ti-6Al-4V has been investigated [142] for the detection of 

machining-induced damage. In this case, damage referred only to a workpiece with poor SI and so may 

have contained a white layer and a swept grain region. An angled probe (~30°) was used to introduce 
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surface waves on the titanium part submerged in a water tank and the ultrasonic signal from the 

backscattered waves was measured. It was found that the incident probe angle at which the backscattered 

signal is maximum, was as much as 1° lower for a damaged surface. This was attributed to the dependence 

of peak SAW generation angle on SAW velocity, as highlighted by Eq. 4.3 [142] and shown schematically 

in Figure 4.6. 

 — ÓÉÎ
ὺȟ
ὺ

   Eq. 4.3 

 

 
Figure 4.6. A schematic showing the dependence of the incident beam angle on SAW speed. 

In Eq. 4.3, —  is the incident ultrasound wave angle required to generate a SAW, ὺȟ  and ὺ  

are the velocity of longitudinal ultrasound wave in water and the velocity of a surface wave in the test 

piece respectively. Patton et al. [142] proposed that this technique could detect damage due to changes 

in the elastic modulus of the surface region. Further investigation at higher frequencies, where penetration 

depth is smaller, could improve the capability to specifically detect a white layer rather than simply 

identifying broader machining damage. Due to the findings of Patton et al. [142], an investigation into the 

elastic modulus changes in the white layer and swept grain regions of titanium could reveal key differences 

between these features and aid the development of an NDT method to specifically target white layer. 

In the same study [142], the use of ultrasonic microscopy for the detection of general machining 

damage was also investigated. As a SAW wave propagates it loses energy into the surroundings and a 

portion of this acoustic energy propagates through the water surrounding the submerged test piece and 

can be detected by a transducer. The amplitude of the radiation from the so-called leaky SAW was found 

to have no correlation with the presence of metallurgical anomalies such as a white layer or swept grain, 

as the effect of surface topology was overriding [142]. The technique was instead found to be sensitive to 

SI topology features such as redeposited material. 
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In addition to attenuation, the non-linearity (distortion) of waves can be used for NDT. In one study 

[192], non-linear ultrasound was utilised to characterise the hardness of heat-treated steel. Here the 

change in the density of dislocations and precipitates present in the material, due to ageing heat 

treatments, were found to directly impact the non-linearity parameter of the SAW, a common measure of 

wave distortion. It is predicted that, based on results presented here, both non-linear ultrasound and 

attenuation of ultrasound have the potential for use as a technique for white layer detection. This is due 

to the ultra-fine grain structure, in addition to SPD, associated with the anomalous surface feature. It is 

important to consider that the technical maturity and accessibility of these methods is lower than a 

method such as conventional ECT, partly due to the greater complexity of these ultrasonic techniques. 

 
Figure 4.7 ς The SRAS set-up with SAW generation and detection laser paths highlighted. 

Spatially resolved acoustic spectroscopy (SRAS) is an ultrasonic inspection technique in which laser-

generated SAWs are used to determine the grain orientation in a material through measurement of 

acoustic velocity. The laser-generated SAWs propagate across a small region of the sample and are 

detected by a continuous detection laser as shown in Figure 4.7. By determining the velocity of the surface 

waves in multiple directions and comparing these measurements to known relationships between crystal 

orientation and the wave propagation speed, a map can be produced showing the grain structure and 

orientation of the crystal lattice [193]. Further information on these crystal relationships can be found 

from Farnell [185].  

SRAS scans in multiple orientations, when combined, can give comparable information to EBSD scans. 

This is at high scan rates of 1000 points per second and without the need to destructively section all 

samples in SRAS due to more generous size constraints. HoweǾŜǊΣ ǘƘŜ ǎǇŀǘƛŀƭ ǊŜǎƻƭǳǘƛƻƴ ƛƴ {w!{ όмлл ˃Ƴύ 
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is inferior to EBSD (several nm) and currently, SRAS samples must be polished smooth [194], which means 

the technique is not truly non-destructive. Although the capability of the current class of equipment is 

limited by sample roughness [193], techniques to circumvent this issue are under investigation [195], so 

SRAS may soon offer a lower resolution, truly non-destructive alternative to EBSD. The lower spatial 

resolution of SRAS is due to restrictions on the size of the generation patch that can be used, a smaller 

patch gives improved resolution but results in greater laser intensity which can lead to the burning of the 

sample [196]. However, the white layer is generally a continuous surface layer so a large spatial resolution 

is not critical and SRAS may still be able to detect a general change between the anomalous material and 

conventional material.  

It is more appropriate to consider the depth resolution of SRAS when considering white layer detection 

because decreasing the wavelength of the laser-induced surface waves will allow smaller thicknesses of 

material to be examined. The depth resolution could, therefore, be tailored to increase the signal-to-noise 

ratio of any measurable difference associated with the white layer. The size of the detection laser spot in 

{w!{ ƛǎ у ˃Ƴ ǿƘƛŎƘΣ ŘǳŜ ǘƻ how the waveform is measured, dictates that detection of wavelengths smaller 

than 16 µm is not feasible [196]Φ ¢Ƙǳǎ ǘƘŜ ŎǳǊǊŜƴǘ ŘŜǇǘƘ ǊŜǎƻƭǳǘƛƻƴ ƭƛƳƛǘ ƛǎ мс ˃ƳΣ ǿƘƛŎƘ ƛǎ ǎƳŀƭƭ ŜƴƻǳƎƘ 

that white layers may still form a significant portion of the interaction volume. 

Early SRAS research focused on orientation measurements in cubic, single-crystal materials [188] but 

has since been expanded to show that the technique is capable of evaluating grain orientation in 

polycrystalline materials [193]. One study [196] has shown that crystallographic texture misorientation 

angles within coarse-grained Ti-6Al-4V and Aluminium could be evaluated to a standard deviation of less 

than 1.5°. Misorientation angles describe the difference in crystallographic orientation between two 

crystals. Whilst this small misorientation is comparable to the capability of XRD, Smith et al. [196] noted 

that this is still 3 times greater than for EBSD. There has been no study into the use of SRAS for evaluation 

of machined surfaces, however, based on the theory behind the technique and results summarised here, 

there is scope to trial this technique for white layer detection. The cost to implement SRAS, compared to 

a more established technique like ECT, would be higher due to the low technical maturity. The technique, 

at this stage, is still laboratory-based. 
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4.5 Barkhausen noise inspection 

Below their Curie temperature, all ferromagnetic materials, are composed of magnetic domains in 

which the magnetic moment vectors of all atoms are aligned [197], as illustrated in Figure 4.8 (a). The 

orientation of these magnetic domains within a material is random when in an unmagnetised state. 

Adjacent magnetic domains are separated by a domain wall over which the magnetisation direction is 

rotated from one domain to the other. Domain walls are typically classed as 180° or 90° (non-180°) domain 

walls, according to the angular difference between the magnetic moments in each domain. Under the 

application of an external magnetic field (Ὄ), the magnetic domain walls within the material will move and 

rotate such that the overall effect is magnetisation (ὄ) in the direction of the applied magnetic field. 

Favourably orientated domains grow at the expense of other domains, as illustrated in Figure 4.8 (b). 

(a) (b) 

  
Figure 4.8 ς Schematics of (a) the domain structure in a ferromagnetic material in the absence of an external magnetic field and (b) a ║-
╗ curve highlighting the discontinuous change in magnetisation with variation in magnetic field strength in addition to the domain wall 

motion during magnetisation. 

Domain and domain wall structure is fundamentally the result of the minimisation of the sum of five 

energies outlined in Eq. 4.4 [198]. Consider a material composed of a single domain, as shown in Figure 

4.9 (a), there is an energy associated with maintaining the magnetic field with a large distance between 

north and south poles. If the material was to split into two domains with opposing orientation, the energy 

associated with the magnetic field would decrease due to the reduced spatial extent of the magnetic fields 

as a result of the pole proximities [199]. This energy is the magnetostatic energy and it drives the presence 

of magnetic domains in a material. However, there is competing energy, the wall energy, associated with 

the surface energy of the domains. Smaller domains result in a larger domain wall surface energy and as 

such, an equilibrium state is reached between the reduction of magnetostatic energy and an increase in 

wall energy with an increasing number of domains [200]. 



58 
 

 Ὁ Ὁ Ὁ Ὁ Ὁ Ὁ  

 
Eq. 4.4 

(a) (b) 

  
Figure 4.9 ς Schematics illustrating (a) the reduction of magnetostatic energy through increasing the number of domains and (b) the 

rotation of magnetic moments for an infinitely small domain wall and a domain wall several atoms thick, after [199].  

Domain walls are typically several tens or hundreds of atoms thick due to the balancing of exchange 

energy and magnetoelastic energies. Exchange energy is associated with the interaction between a pair of 

adjacent atoms with a different spin and therefore different magnetic moments. This energy increases 

with the square of the angle between the atomic spins, consequently, the energy associated with a 180° 

rotation between adjacent atoms is greater than the sum of energies associated with a large number of 

small rotations totalling 180° [200]. Thus, domain walls contain a large number of atoms over which the 

magnetic moment rotates, as shown in Figure 4.9 (b). However, there is also energy associated with the 

orientation of magnetic moments relative to the easy axis of the crystal. It has been shown [199] that there 

is a crystallographic direction along which magnetisation occurs for smaller changes in magnetic field 

strength and this direction is termed the easy axis of the crystal. Maintaining magnetisation away from 

the easy axis requires energy, termed the anisotropic energy. The rotation of magnetic moments over a 

domain wall involves orientations away from the easy axis, therefore anisotropic energy drives a reduction 

in domain wall thickness. 

The final energy, critical to domain structure, is magnetoelastic energy which arises due to inverse 

magnetostriction. In a magnetic field, ferromagnetic materials change their dimensions due to 

magnetically induced strain. In the reverse effect, the application of stress to a material will cause a change 

in its magnetisation [199]. The sign of the magnetostriction parameter dictates the sign of the 

magnetisation change. For example, with positive magnetostriction, magnetisation increases under the 
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application of tensile stress, due to the growth of favourably orientated domains parallel to the applied 

stress. It can be seen, therefore that domain and domain wall structure is an equilibrium between these 

five competing effects. Changes in domain structure arise from the minimisation of the sum of these five 

energies as a direct consequence of an unbalancing caused by, for example, the application of an external 

magnetic field or the application of stress. 

Changes in domain structure are achieved through domain wall motion and rotation. Rotation typically 

occurs closer to magnetic saturation and often requires greater energy input for a smaller return in 

magnetisation. The greatest barriers to rotation are typically the forces arising from magnetic moments 

non-parallel to the easy direction. Wall motion, by contrast, is often associated with the high gradient 

portion of the ὄ-Ὄ curve [199] and is influenced by inclusions and residual stress.  

When a domain wall encounters a large inclusion, domain structures called spike domains are formed 

which increase the surface area of domain walls but reduce the magnetostatic energy, resulting in a 

minimum in the energy of the system, as shown in Figure 4.10 (a). When the domains are in this minimum 

energy state they are said to be pinned. As the domain wall continues to move past the inclusion, it 

stretches these spike domains in the direction of motion, increasing their wall energy (Figure 4.10 (a)). This 

increase in energy continues until the wall energy becomes too large and the moving domain wall snaps 

from the spike domains wall resulting in a jump in magnetisation (Figure 4.10 (c)). For inclusions smaller 

than the domain wall thickness, the magnetostatic energy is small and so wall energy effects dominate. If 

the domain wall contains an inclusion, its wall energy is reduced, therefore additional energy is required 

to continue the motion of the wall and this energy is greater for a compressive residual stress. 

(a) (b) (c) 

   
Figure 4.10 ς Schematics of the motion of a domain wall away from an inclusion. (a) A domain wall bisected by an inclusion, (b) 

extension of the spike domains, increasing wall energy and (c) snapping of the spike domains causing a jump in magnetisation as the 
domain wall moves to the right. 
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Residual stress at the micro-scale, due to dislocations, and at the macro-scale affects domain wall 

motion due to magnetostriction and wall energy effects. When a 90° domain wall moves, the direction of 

magnetisation in the material encompassed by the motion is changed and this results in distortion of the 

material due to magnetostriction [199]. The interaction of the magnetostriction distortion with the local 

stress distribution typically counteracts domain wall motion. In materials such as iron-carbon alloys i.e. 

steels, the magnetostrictive constant is positive, so additional energy is required for domain wall motion 

under a compressive residual stress state [201]. 

For 180° domain walls, there are no magnetostriction effects as the magnetic moments are parallel yet 

opposite, however, stress anisotropy is introduced which changes the wall energy. For compressive 

residual stresses, additional energy is required to overcome this stress anisotropy for domain wall motion, 

whereas for tensile residual stress, stress anisotropy reduces the energy required. 

There is a time-lag between an increase in the magnetic field applied to a ferromagnetic material and 

the material response in the form of increased magnetisation [202]. This is because domain walls lose 

energy when they become pinned, due to their adaptation to the strain field surrounding the pinning 

feature [203], as is illustrated in Figure 4.11 and pinning necessitates the input of additional energy for the 

domain wall to move. It has been shown [204] that overcoming this pinning is time-dependent as indicated 

by the relationship described in Eq. 4.5, describing the mean waiting time (†), which is the average time 

for domain walls to overcome de-pinning. 

 †θ Ὡ ϳ  Eq. 4.5 

Here, Ὁ  is the activation energy for domain wall motion, Ὧ  is the Boltzmann constant and Ὕ is the 

temperature. It can be seen that the time for which domain walls are pinned increases with the activation 

energy, and thus the residual stress state. There is therefore a greater lag between application of a 

magnetic field and domain wall motion if this activation energy increases. 
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Figure 4.11 ς A schematic of the energy well created around a pinning site and its change with residual stress state for a material with a 

positive magnetostrictive constant. 

The Barkhausen effect is the discontinuous change in magnetisation of ferromagnetic material in a 

varying magnetic field due to sudden, finite changes in the size of ferromagnetic domains through the 

irreversible movement of magnetic domain walls [205] caused by the factors outlined above. Domain wall 

motion is detected as a change in current or voltage in a pick-up coil, in the case of magnetic Barkhausen 

emission (MBE), due to changes in magnetic field strength [206]. Alternatively, in magneto-acoustic 

emission (MAE) testing an acoustic emission sensor is used to detect elastic waves caused by stress 

generation during domain wall motion [197].  

In Barkhausen noise (BN) testing, an alternating magnetic field is applied to the sample and as the 

magnetic field varies, the magnetic moments within the sample attempt to align with the field but, due to 

domain wall movement restrictions (e.g. dislocations), the magnetisation occurs in a step-wise manner. 

This magnetisation άƴƻƛǎŜέ ƛǎ ƳŜŀǎǳǊŜŘ ōȅ ŀ ǇƛŎƪ-up coil through spikes in induced current or voltage [206]. 

A typical BN testing probe is shown schematically in Figure 4.12. Only ferromagnetic materials, such as 

some steel alloys, can be tested with BN equipment; nickel superalloys and titanium alloys are 

paramagnetic and therefore not applicable to BN testing. Standards for the BN inspection technique can 

be found from SAE-International [207]. 
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Figure 4.12 - A schematic of a typical Barkhausen noise inspection probe. 

The volume of material that can be examined using BN testing methods is limited by the penetration 

depth ‏ of the electromagnetic waves, similar to eddy current inspection [199] and is also described by 

Eq. 4.1. The skin depth in BN is considered as the depth at which the eddy currents decay to 1/e of their 

surface strength. 

Due to the dependence of penetration depth on frequency, BN inspection can be tailored to near-

surface inspection using high frequencies. In MBE, the penetration depth can be further restricted using 

high-frequency filters, which limits the BN that can be detected to that generated close to the surface. 

This is because high-frequency BN that is generated at greater depths is attenuated through eddy current 

damping before reaching the surface. By contrast, the depth of inspection of MAE is much greater, 

hΨ{ǳƭƭƛǾŀƴ Ŝǘ ŀƭΦ [208] estimated that MAE could be used to a depth of 7-8 mm in ferritic stainless steel 

compared to just 0.1 mm for MBE. This is because acoustic emissions, which are only released from the 

motion of non-180° domain walls, are not restricted by eddy current damping and so may propagate freely 

through much larger volumes of material. In this study, MBE was chosen due to its greater sensitivity to 

surface defects, which makes it inherently more suited to the detection of a white layer.  

The most widely researched application of BN inspection is in the verification of case-hardening depth 

in steels [209], however the technique has also been used for the detection of grinding burn, a thermal 

defect introduced through grinding [210], as well as for the determination of residual stresses [211]. More 

recently the technique has been specifically applied to the detection of a white layer formed in milled steel 

[212], wherein increased tool wear during machining resulted in the appearance of a second peak in the 

BN envelope measured at different magnetic field strengths, as shown in Figure 4.13. Higher tool wear 

promotes white layer formation so this observation was attributed to increasing white layer thickness. 
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Stupakov et al. [213] developed a BN sensor in-house and investigated the use of different magnetisation 

waveforms for surfaces machined using tools with different levels of wear. They were able to rank samples, 

using BN, in terms of the associated level of tool wear and consequently the white layer thickness. 

 
Figure 4.13 - Plots of the BN envelopes for surfaces with a white layer and the as-received material, after [195]. 

The ability to rank samples by increasing tool wear was attributed to a number of factors [213]: a harder 

white layer than the softer dark layer beneath, a favourable orientation of the martensitic matrix in the 

white layer and an increasing volume of retained austenite with a thicker white layer. It is worth 

considering that although Stupakov et al. [213] measured residual stress profiles for each surface, the 

effect of the residual stresses on the measurement was dismissed as inconspicuous. This was due to the 

hardened material being studied, a reduced inspection depth and compensation of the compressive sub-

surface by a tensile spike at the near-surface. However, the maximum filter frequency used (120-200 kHz) 

would not usually restrict the BN to within the white layer, as suggested by Stupakov et al. [213], this is 

because BN is subject to the same skin depth restrictions experienced in ECT. A high-frequency filter 

restricts the depth from which BN can be detected by the pick-up coil. The effect of residual stress and the 

restriction of the inspection depth to within the white layer is therefore worthy of further investigation. It 

is apparent that significant progress has been made towards the reliable detection of machining-induced 

white layers using Barkhausen noise. However, a more thorough study to determine how the physical 

properties of the machined surface are facilitating this detection is required to enhance the overall 

understanding of this inspection technique. Additionally, the white layers studied by Stupakov et al. [213] 

were formed by the thermal mechanism, evidenced by the dark layers present beneath them, so it would 

also be appropriate to investigate the technique on a white layer formed by the SPD mechanism. 
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The application of BN for evaluating the case depth of case-hardened steels [209] is possible due to the 

difference in magnetic properties of a magnetically soft phase such as cementite (the core) and a 

magnetically hard phase such as martensite (the case). The measured BN is therefore affected by the 

difference in phase composition between the case hardened layer and the core material. Early research in 

this area focused on simple BN measures, such as the RMS of the BN signal, using purpose-built equipment 

[209]. More recently [214], magnetic voltage sweeps have been utilised on a commercially available BN 

analyser, such as the one shown in Figure 4.14, to successfully order a set of case-hardened axles based 

on the depth of the hardened region, showing that custom, laboratory level equipment is not always 

necessary for highly specific applications. BN has also been used for evaluating hardened layer thickness 

in grind-hardened surfaces using RMS measurements based on the same underlying microstructural 

changes [215]. In this grind-hardening study, it was found that the RMS of the BN signal decreased with 

increasing hardening depth, as would be expected due to the larger percentage of magnetically hard 

material in the inspection volume. Similarly, Liu et al [216] and Wilson et al. [217] were able to successfully 

distinguish between different heat treatments in grade 91 steel tubes and pipes using BN and coercivity 

measurements. In this case, the microstructure of the steel, both in terms of the phases present and the 

precipitate density, influenced the NDT measurement. 

 
Figure 4.14 - A commercial Rollscan 350 Barkhausen noise analyzer 

Quantification of residual stresses in structural steel to within ±25 MPa has been achieved using BN 

inspection [206]. It is important to note that this technique was only effective within a narrow calibration 

region of -300 MPa to 150 MPa. The potential for measuring large tensile residual stresses was limited by 

a plateau in Barkhausen noise energy above 150 MPa, whereas for compressive stress the Barkhausen 

noise showed a linear relationship up to the calibration limit. The technique may, therefore, be suitable 

for measuring larger compressive stresses with appropriate calibration. Due to the large compressive 
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stresses that have been associated with white layer formation via the SPD mechanism, it may be possible 

to use BN for their detection. 

Magnetizing voltage sweeps have also been used for residual stress evaluation [211]. For these sweeps, 

the maximum slope of the magnetizing voltage sweep divided by the magnetizing voltage was reported to 

correlate linearly with tensile stress, a closer relationship than that which has been measured for the RMS 

of the BN signal [218]. The detection of tensile stresses using sweep measurements may allow 

identification of machining-induced white layers formed via phase transformation. 

It has been demonstrated [219] that qualitative evaluation of grain size using BN testing is achievable. 

Larger measured peak values in pick-up coil voltage have been attributed to smaller grain sizes. This is 

because a larger total grain boundary area, as found with smaller grains, restricts domain wall motion and 

ŎƻƴǎŜǉǳŜƴǘƭȅ ǊŜǎǳƭǘǎ ƛƴ ƎǊŜŀǘŜǊ άƴƻƛǎŜέ ǿƘŜƴ ŘƻƳŀƛƴǎ ƻǾŜǊŎƻƳŜ ǇƛƴƴƛƴƎΦ Lǘ ƳŀȅΣ ǘƘŜǊŜŦƻǊŜΣ ōŜ ǇƻǎǎƛōƭŜ ǘƻ 

use this technique to distinguish between the nanoscale grains in the white layer and the larger grains in 

a machined surface with good SI.  

On-line measurements of elongation in skin passed steel samples have been carried out using BN [220]. 

Both the BN signal and hysteresis loop properties, such as the coercive field and the differential 

permeability, were found to change with percentage elongation. These changes in measured values were 

attributed to an increase in damage to the microstructure at greater elongation. Based on this research 

into in-process inspection, the adoption of BN within a machining centre may be achievable. 

BN is a mature technique that would have a low cost to implement compared to other NDT techniques 

that are less established. The specific research into the application of BN for white layer detection by a 

handful of authors means that there are already excellent foundations for further work in developing this 

technique. However, the major restriction on the adoption of BN for inspection of white layers is the 

limitation of the technique to steel alloys within aeroengine materials. 

4.6 X-ray diffraction methods 

X-rays are a high-energy and thus small wavelength region of electromagnetic radiation. 

Electromagnetic waves with a frequency of 3x1016 Hz to 3x1019 Hz and a wavelength of 10 nm to 0.1 nm 

are classified as x-rays [146]. To generate x-rays, electrons are accelerated towards a target metal in an x-
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ray tǳōŜ ǳǎƛƴƎ ŀ ƘƛƎƘ ǾƻƭǘŀƎŜΣ ǘȅǇƛŎŀƭƭȅ ƻŦ ǘƘŜ ƻǊŘŜǊ ƻŦ млΩǎ ƻŦ ǘƘƻǳǎŀƴŘǎ ƻŦ ±ƻƭǘǎΦ ²ƘŜƴ ǘƘŜ ŜƭŜŎǘǊƻƴǎ 

impact the target metal cathode they decelerate rapidly, releasing x-ray radiation and heat energy in all 

directions. This x-ray radiation is composed of continuous (broadband) x-ray radiation and characteristic 

(monochromatic) x-rays. Characteristic x-rays are generated when incident electrons excite an electron in 

an atom of the target metal to a higher energy shell. An electron in one of these outer shells of electrons 

then immediately falls to the lower energy level to fill the vacancy left by the excited electron. Energy is 

released during the transition in the form of an x-ray with energy and wavelength corresponding to the 

energy difference between the shells [146]. Characteristic radiation, therefore, possesses a specific 

wavelength and is the most useful in conventional x-ray diffraction methods. To reduce the intensity of 

the continuous radiation and the characteristic radiation associated with unwanted electron transitions, a 

metallic filter is placed in the path of the x-ray beam to absorb a significant proportion of these x-rays. The 

material used depends on the target metal as well as the characteristic radiation selected. 

X-rays penetrate only a limited depth into a material due to energy loss through collisions with atoms 

in the material [146]. The intensity of x-rays at a particular depth, Ὅὼ, relative to that at the surface, Ὅ, 

can be described by Eq. 4.6. 

 Ὅὼ

Ὅ
Ὡ  

Eq. 4.6 

Here, ‘ is the linear attenuation coefficient, which is related to the number of atoms per unit area and 

the probability of an x-ray being scattered by them and is calculated from tables of mass attenuation 

coefficients by multiplying by the material density [221]. For the three aeroengine alloy groups, 

penetration depths for 90% attenuation of x-rays are less than 25 µm, hence, XRD is inherently a surface 

inspection method, ideal for white layer inspection. The actual penetration depth for XRD is smaller than 

the penetration of x-rays as the incident beam is not typically orthogonal to the surface and x-rays must 

leave the material on the diffracted leg to be detected. 

X-rays incident on a sample under inspection result in the radiation of additional x-rays as well as 

scattering the original beam. Tightly bound electrons are oscillated by the incident x-rays and the 

acceleration and deceleration of these electrons produces x-ray emission at the same wavelength as the 

incident x-rays, this is called coherent scattering. In incoherent scattering, outer electrons scatter the 

incident x-ray beam, causing a reduction in wavelength due to the transfer of energy. If an x-ray quantum 
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was guided onto a singular atom, there would be a scattering of the x-ray in a random direction. However, 

when a beam of x-rays produced in an x-ray tube is guided onto the surface of a material with a regular 

crystal lattice, the x-rays are scattered only in particular directions due to constructive and destructive 

interference, related to the crystal lattice dimensions. This constructive coherent scattering forms the 

basis of all XRD methods [146]. 

Consider a parallel beam of monochromatic x-rays (A and B) incident on a crystal lattice as shown in 

Figure 4.15 (a). If ray A, with incidence angle —, is scattered by the top plane of atoms AP1 through an 

angle 2— and ray B, with the same angle of incidence and angle of scattering is scattered by a lower plane 

of atoms AP2, then there will be a difference in the distance travelled by those waves. In the example in 

Figure 4.15 (a), ray B has travelled a distance of ςὨίὭὲ— further than ray A to get to the same point X2. 

If ςὨίὭὲ— was equal to an integer multiple of the x-ray wavelength (ὲ‗), then ray A and ray B would be 

in-phase and would constructively interfere, as highlighted in Figure 4.15 (b), resulting in a wave with a 

larger amplitude. This relationship is the basis of .ǊŀƎƎΩǎ ƭŀǿ [222]. By contrast, if the two x-rays were out-

of-phase by exactly half a wavelength then they would destructively interfere and cancel each other out. 

In a large crystal lattice with many atomic planes, for every scattered x-ray, there will typically be another 

x-ray scattered from an atomic plane at a greater depth which will provide destructive interference, except 

for the instance when ςὨίὭὲ— ὲ‗.  Thus x-Ǌŀȅǎ ŀǊŜ ƻƴƭȅ ŘƛŦŦǊŀŎǘŜŘ ǿƘŜƴ .ǊŀƎƎΩǎ ƭŀǿ ƛǎ ƳŜǘ ŀƴŘ ŀǎ 

such, if the interatomic spacing or angle of incidence changes, there is no diffraction. From these examples, 

we can see the key principles of XRD. 

¶ Diffraction occurs due to the interaction of x-rays with a regular crystal lattice 

¶ Diffraction only occurs when ςὨίὭὲ— ὲ‗Σ ǘƘƛǎ ƛǎ .ǊŀƎƎΩǎ ƭŀǿΦ 

¶ ²ƘŜƴ .ǊŀƎƎΩǎ ƭŀǿ ƛǎ ƳŜǘΣ ŎƻƴǎǘǊǳŎǘƛǾŜ ǿŀǾŜ ƛƴǘŜǊŦŜǊŜƴŎŜ ƻŎŎǳǊǎ 

¶ ²ƘŜƴ .ǊŀƎƎΩǎ ƭŀǿ ƛǎ ƴƻǘ ƳŜǘΣ ŘŜǎǘǊǳŎǘƛǾŜ ƛƴǘŜǊŦŜǊŜƴŎŜ ƻŎŎǳǊǎ 
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(a)      (b) 

 

 

Figure 4.15 ς Schematic of (a) x-ray diffraction from a regular array of atoms and (b) the difference in distance travelled for two parallel 
waves diffracting from two adjacent atomic planes is highlighted. 

If the intensity of diffracted x-rays were plotted against the diffraction angle ς— then peaks in intensity 

ǿƻǳƭŘ ōŜ ŜȄǇŜŎǘŜŘ ŀǘ ŀƴƎƭŜǎ ǘƘŀǘ ǎŀǘƛǎŦȅ .ǊŀƎƎΩǎ ƭŀǿ ŀƴŘ ƴƻ ƛƴǘŜƴǎƛǘȅ ŜȄǇŜŎǘŜŘ ŜƭǎŜǿƘŜǊŜΣ ŀǎ ǎƘƻǿƴ ƛƴ 

Figure 4.16 (a). However, in real-world XRD, peak broadening occurs such that diffracted x-rays are 

measured at angles close to the theoretical diffraction angle and there is background radiation which gives 

rise to a low level of diffracted x-rays measured at all angles, as shown in Figure 4.16 (b). This is due to 

both instrument and sample peak broadening effects. 

(a) (b) 

  
Figure 4.16 - (a) A theoretical XRD pattern and (b) an experimental XRD pattern 

Instrument peak broadening arises due to the non-parallel, non-monochromatic nature of a real x-ray 

beam, the finite size of the x-ray source, the diffracting volume in a sample and the arrangement of slits 

in the beam path. A real x-ray beam contains x-rays that are converging and diverging as well as those 

which are parallel, this means that at a particular diffractometer angle of incidence there are always x-rays 
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at angles slightly above and below this angle. These x-rays may be at the Bragg angle for diffraction and so 

can lead to a measured intensity at diffractometer angles away from the theoretical diffraction angle. As 

outlined previously, an x-ray beam is composed of desirable characteristic radiation, which possesses 

specific wavelength, however, continuous radiation is present at a reduced level even after filtering. An x-

ray beam, therefore, contains radiation at a continuous range of wavelengths so for any instrumental angle 

ƻŦ ƛƴŎƛŘŜƴŎŜ ǘƘŜǊŜ ǿƛƭƭ ōŜ ŀ ǇƻǊǘƛƻƴ ƻŦ ǘƘŜ ǊŀŘƛŀǘƛƻƴ ǘƘŀǘ Ƙŀǎ ŀ ǿŀǾŜƭŜƴƎǘƘ ǘƘŀǘ ǎŀǘƛǎŦƛŜǎ .ǊŀƎƎΩǎ ƭŀǿΦ ¢ƘŜ 

slits, x-ray source and diffracting volume result in geometrical variances between x-rays and the crystal 

lattice such that diffraction occurs slightly away from the theoretical angle. 

The effect of sample peak broadening arises due to the finite size of a crystal lattice, which extends only 

as far as material grain boundaries, as well as distortion of this lattice. When a grain, and thus the extent 

ƻŦ ǘƘŜ ŎǊȅǎǘŀƭ ƭŀǘǘƛŎŜΣ ƛǎ ƻŦ ǘƘŜ ƻǊŘŜǊ ƻŦ млΩǎ ƻǊ мллΩǎ ƻŦ ƴƳΣ ǘƘŜǊŜ ŀǊŜ ƻƴƭȅ ŀ ƭƛƳƛǘŜŘ ƴǳƳōŜǊ ƻŦ ŀǘƻƳƛŎ ǇƭŀƴŜǎ 

to provide destructive interference. For example, in titanium, which has a HCP structure, the lattice 

dimension for the c-axis is 0.469 nm [223]. This means, in a 50 nm grain, for example, there are 

approximately 213 atomic basal planes as there is a plane of atoms at the mid-point of the c-axis i.e. 2 

planes per unit cell.  

If the diffraction angle ς— ǎŀǘƛǎŦƛŜǎ .ǊŀƎƎΩǎ ƭŀǿΣ ǘƘŜƴ ŦƻǊ Ȅ-rays at a small angle away from this e.g. ς—

Ў— there is only partial destructive interference for small-grained material. This is because for a small 

change in angle, and therefore a small change in the path length of x-rays diffracting off different planes, 

there are not a sufficient number of atomic planes in a small grain for every x-ray to be cancelled by 

another, resulting in a diffraction pattern similar to that shown in Figure 4.16 (b). Consider now that Ў— is 

such that the x-ray (Z) scattered by the last atomic plane in the grain is n+1 wavelengths out of phase with 

the wave incident on the first atomic plane (A). At the mid-point in the lattice, there would be a plane that 

scatters an x-ray (M) n/2 + 0.5 wavelengths out of phase, i.e. half a wavelength out of phase, so destructive 

interference occurs. In this case, diffraction from all atomic planes in the top half of the grain cancels with 

those in the bottom half, as illustrated in Figure 4.17 (a) and (b). However, if Ў— was such that x-ray Z, 

scattered by the last atomic plane, was between n and n+1 wavelengths out of phase with x-ray A, then 

the plane that results in scattering exactly half a wavelength out of phase would lie past the mid-point of 

the grain. Consequently, there would not be total destructive interference for all scattered rays, as shown 

in Figure 4.17 (c) and (d), so peak broadening would be observed.  
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(a) (b) 

 

 

(c) (d) 

 

 

Figure 4.17 ς Illustrations of (a) the case of atomic plane pairs resulting in total destructive interference and (b) the phase difference 
between particular rays. A comparable illustration (c) of the case of incomplete destructive interference and (d) the new phase 

differences for the same rays. 

The relationship between crystal size and peak broadening (ὖὄ) is described by the Scherrer equation 

(Eq. 4.7) [224] where — is the Bragg angle, Ὀ is the diffraction domain size, ‗ is the x-ray wavelength and 

Ὧ is a constant typically taken as 0.9. The Scherrer equation is only applicable if there are no strain 

broadening effects arising from inhomogeneous lattice strain. 

 
ὖὄ

Ὧ‗

Ὀὧέί—
 

 

Eq. 4.7 

The diffracting domain size Ὀ is often equivalent to the grain size in polycrystalline materials, however, 

for SPD material produced by processes such as equal channel angular compression and high pressure 

torsion it has been shown Ὀ can be six times smaller than the grain size measured by TEM [225]. The 

reason for this discrepancy is the presence of dislocation cells within grains [226]. As a solid material is 

deformed and dislocation density increases, dislocations arrange into cell boundaries to minimise their 

energy [227]. These cells have low angle grain boundaries so there can be insufficient contrast to resolve 

them through TEM or SEM, however, their misorientation is sufficient that it causes XRD peaks broadening 

and it is the cell size which is measured by the Scherrer equation in this case [226]. 
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Uniform strain in a lattice changes the interatomic spacing for all planes, thus shifting the associated 

XRD peak to a different angle, as outlined previously when describing XRD residual stress measurements. 

However, for non-uniform lattice strain, the change in interatomic spacing with depth beneath the surface 

results in diffraction away from the theoretical value for a uniform crystal. Peak broadening due to lattice 

strain, ‐, is proportional to ÔÁÎ— as described in Eq. 4.8, and so is greater at high angles of diffraction. 

The relative effects of strain and crystallite size broadening, ÔÁÎ— and ρȾÃÏÓ— respectively, at different 

Bragg angles are highlighted in Figure 4.18. It can be seen that for low angles, the relative effect of 

crystallite size broadening is more dominant than inhomogeneous lattice strain effects.  

 ὖὄ τ‐ÔÁÎ— Eq. 4.8 

 
Figure 4.18 ς The relative effect of crystallite size and lattice strain effects highlighting illustrating the more dominant effect of crystallite 

size at low Bragg angles. 

Despite the interaction of x-rays with the near-surface (typically less than 10 µm [146]) of a metallic 

sample being non-destructive, the XRD measurements process is often destructive due to the sectioning 

required to fit the sample within the constraints of the diffractometer, as highlighted in Figure 4.19. It has 

already been identified that XRD phase analysis can distinguish between a steel surface with a thermally 

formed white layer and a good machined surface and additionally, machined titanium can exhibit a change 

in XRD peak height. The broadening of XRD peaks has been identified in rail steel when a white layer was 

present on the surface [228]. This was attributed to a smaller grain size within the white layer as it has 

been established that XRD peaks broaden when diffracting domain size is small (<200 nm) and there is 

inhomogeneous lattice strain [146]. It is worth noting that in the investigation of rail steel, the XRD method 

was merely used a way of measuring grain size rather than for non-destructive assessment. There is 

therefore a need for further investigation into using XRD as a method for the detection of white layers, as 

the technique is sensitive to small grain size, crystallographic texture and residual stress. 
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Figure 4.19 ς A typical powder diffractometer for laboratory-based XRD highlighting the small sample size restriction. 

XRD equipment which can facilitate larger samples, and thus negate the requirement for destructive 

sectioning, already exists [229], however, such equipment is typically high-cost and would require 

removing the part from the machining centre and mounting in the diffractometer. Considering aeroengine 

parts, such as discs, are often large and heavy, moving them between machines is not a desirable solution. 

Portable XRD equipment has been developed in recent years, particularly for the application of in-situ 

measurement of historical objects [230]. These systems, such as that shown in Figure 4.20, often overcome 

the usual complexity of incorporating a goniometer to facilitate measurement at a range of diffraction 

angles, by employing a fixed x-ray transmitter and a plate detector, which allow for x-ray detection over a 

wide range of angles without a goniometer [230]. Alternatively, a different form of XRD, energy-dispersive 

XRD (EDXRD) can be used [231] to improve the transferability of the technique. In EDXRD, as opposed to 

conventional angle-dispersive XRD, the diffraction angle is kept constant and broadband x-rays are used 

[232], so in this method, the x-ray wavelength is changed to identify different crystallographic planes. 

EDXRD has been shown to exhibit insensitivity to sample morphology when back-reflected (high diffraction 

angle) geometry is used [231], this property is favourable for inspecting a wide range of component shapes 

with minimal set-up change. 

 
Figure 4.20 ς Portable XRD equipment with a plate detector, after [230] 
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It is important to note that XRD comes with additional health and safety constraints compared to 

traditional NDT methods like ultrasonic testing, due to the ionizing radiation used. X-rays can cause 

significant harm to humans if dosage limits are exceeded. For this reason, XRD machines are typically highly 

shielded to prevent x-rays leaving the confines of the machine. Consequently, to use XRD within a 

machining centre would require the implementation of shielding into the machine, increasing the costs 

for the technique above the basic equipment costs. Standards for various applications of XRD can be found 

from the ISO [233], with regulations for x-ray health and safety set by governments [234]. 

4.7 Optical scattering 

The phenomenon of the reflection of light waves from a surface forms the basis of optical scattering 

NDT. Incident light waves on the surface of a perfectly flat material are reflected at an angle equal to the 

incidence angle. By contrast, for a rough surface, the beam is scattered over a range of angles [235], as 

outlined in Figure 4.21. Optical scattering techniques are typically used for surface roughness 

measurements and it has been shown [236] that an optical system can be used for in-process monitoring 

of surface roughness during machining. The use of optical scattering methods for detecting surface 

roughness is covered in a series of standards [237]. 

 
Figure 4.21 ς Reflection of light from a smooth surface (left) and scattering of light from a rough surface (right) 

In one study [238], an attempt was made to utilise optical scattering for the detection of a white layer 

on the surface of a hard turned steel. It was measured that the degree of optical scattering was greater 

from a surface machined with a worn tool compared to a new tool, particularly at high cutting speeds. It 

is claimed [238] that the increase in scattering is due to the presence of a white layer rather than an 

increase in surface roughness, which was similar across all the samples tested. This indicates that optical 

scattering may be appropriate as a test for white layers, however, only 4 samples and one type of alloy 

were investigated so further study is necessary to instil greater confidence in the presented results. Similar 

to AET, optical scattering would have a low cost to implement, due to the high technical maturity and 
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availability of equipment. However, the link between the physical properties of the white layer and the 

physical phenomenon behind the technique is not clear and requires further study. 

4.8 Positron annihilation spectroscopy 

Positron annihilation spectroscopy (PAS) is a technique in which positron-electron annihilation events 

within a test piece are used to determine the proportion of crystallographic defects, such as dislocations, 

that are present within the material. Due to their positive charge, positrons are repelled to the regions 

within a material which are furthest from atomic nuclei, such as vacancy sites and dislocations in the crystal 

lattice [142]. In these regions positrons annihilate with valence (outer shell) electrons, which have much 

lower momentum than inner shell electrons. This annihilation event produces two gamma-ray photons, 

as shown in Figure 4.22, which exit the material and can then be detected. Thus, in a test piece with a large 

number of vacancies and dislocations, positrons will tend to annihilate with valence electrons, whereas 

for a test piece with a more ideal crystalline structure, the annihilation of positrons will be with a greater 

proportion of higher energy, inner shell electrons. The spectrum of gamma-rays produced in the 

annihilation event is used to determine the nature of the collision [239].  

 
Figure 4.22 ς Schematic of positron annihilation during PAS, resulting in the emission of two gamma-ray photons. 

It has been shown that PAS can be used for the detection of general machining damage in Ti-6Al-4V 

[142] and stainless steel [239]. The ability to distinguish between damaged and undamaged samples was 

attributed to the increased number of dislocations in the near-surface, caused by deformation during 

machining. A higher number of dislocations changed the nature of positron annihilation events and 

broadened the gamma-ray spectrum. No attempt has been made to separate machining damage into 
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individual SI features such as a white layer and swept grain. It is also worth noting that PAS has been used 

to identify damage in a worn track [240], one of the common situations to find a white layer outside of 

machining. It should be noted that the implantation depth of positrons (the average depth to which they 

reach) in metals, varies significantly for different positron sources. For example, implantation depth is only 

29 µm in steel for a 22Na positron source [239] whereas it is 159 µm for a 68Ge/68Ga source, as such, 

appropriate choice of the positron source is necessary to tailor the inspection depth to the desired level. 

It is clear from the results presented in the literature, that PAS is inherently a surface inspection technique 

which may be suitable for white layer detection if the effect of other SI features can be removed and an 

appropriate positron source can be chosen which results in a small implantation depth in the workpiece 

material.  

It is worth considering that in a white layer where SPD plus dynamic recrystallisation has occurred, there 

may be a lower concentration of crystallographic defects in the white layer due to recovery. As such further 

study is necessary to distinguish the effects of the white layer and the swept grain region. A major barrier 

to any implementation of PAS is the extra precautions that must be in place to protect the operator due 

to the ionizing gamma-radiation released during positron annihilation. Due to the lower technical maturity 

of PAS, compared to more established methods such as ECT, and the lack of industry standards, this 

technique is less accessible and would have an increased cost to implement. 

4.9 Dye-penetrant inspection 

In dye-penetrant inspection (DPI), a dye-penetrant, usually fluorescent in colour, is applied to the 

material and, through capillary action, is drawn into cracks in the test piece due to a combination of wall 

adhesion and surface tension [241]. After a dwell time, the excess penetrant on the surface is removed, 

leaving only the penetrant in the cracks. Using a developer, the penetrant is then drawn out of the cracks 

allowing the locations of the defect to be identified by the re-appearance of the penetrant. DPI is already 

widely used in aeroengine manufacturing to check for cracks in a broad range of components, however, 

the technique is not sensitive to any physical property of white layers. 

4.10 Magnetic particle inspection 

Magnetic particle inspection (MPI) is based on the phenomenon of magnetic flux leakage around a 

discontinuity, such as a crack, in a material [242]. The discontinuity is detected by introducing small 
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magnetic particles such as iron filings onto the surface of a magnetised test piece, the particles are then 

attracted to the area of flux leakage, highlighting the flaw location. MPI has an advantage over dye 

penetrant in that it can be used to detect both surface and slightly subsurface discontinuities, however, 

the technique is limited to ferromagnetic materials. The white layer is simply a region of different 

microstructure, rather than a mechanically separated section of material, therefore, MPI could not be used 

to detect white layers. 

4.11 Thermography 

Heat conduction in a solid material forms the basis of thermographic NDT methods. Anisotropy and 

discontinuities in the material disturb the flow of heat into the surrounding material, therefore a non-

uniform flow of heat can be used to indicate the presence of an anomaly [243]. In another form of 

thermography, the level of blackbody radiation emitted by a uniformly heated material can be used to 

detect anomalous near-surface features [244], as a higher temperature is recorded above a discontinuity.  

Laser thermography has been used as a non-destructive technique to identify surface-breaking defects 

in aluminium and steel [244]. The inspection method consists of a pulsed laser used to heat a spot of 

material. The consequent flow of heat, radially away from the spot as well as the temperature of the spot 

are both monitored and used to infer the presence of defects. Similar to DPI and MPI, thermography is 

more suited to the detection of discontinuities, however, if the white layer possessed significantly different 

thermal properties compared to a surface with no anomalous features, then it may be possible to separate 

between surfaces with and without white layer. It should be noted that significant temperature rises 

caused by heating during thermography could be detrimental to the surface integrity of the workpiece, 

due to the introduction of thermal SI features such as residual stresses [245]. 

4.12 Ranking the surface NDT methods  

A critical analysis of all NDT methods discussed in this paper is presented in Table 4.1. The techniques 

have been assigned a usefulness score (U) based on the sensitivity of the physical phenomenon behind 

the technique to a physical property of the white layer. A technique based on a physical phenomenon that 

is not sensitive to the physical properties of white layers will score 1, whereas a technique with high 

sensitivity to one or more properties of white layers will score highly (5). A practicality score (P) was also 

assigned to each NDT method. This score was derived from the feasibility of using the technique for a 
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range of different materials and to carry out inspection in-process as part of a machining centre. A 

technique which has no material restrictions and is not reliant on a vacuum or large equipment would 

score highly (5). It should be noted that the U and P scores are aimed at guiding an individual or 

organisation that does not already possess considerable expertise and equipment resources in one 

particular field of NDT. 

The product of these U and P scores were calculated and used to provide a quick measure of the 

potential of each technique in the application of white layer detection. U*P can be used to rank the 

techniques and identify which methods should be investigated further. 

Table 4.1 ς A summary of NDT methods and their applicability to the detection of white layers. The techniques are ranked from most to 
least appropriate according to their U*P score. 

NDT 
Technique 

Features 
detectable 

Material 
limitations 

U 
/5 

P 
/5 

U*P 
/25 

Ultrasonic 
SAW testing  

Cracks, Grain 
size, grain 
orientation 

No limitations 5 
This inherently near-surface 
technique can be used to 
detect grain orientation, 
differences in grain size and 
dislocation density, all 
useful for white layer 
detection. 

4 
No material limitations and 
due to the current automation 
of SRAS, SAW inspection may 
be transferable to a machining 
centre. Inspection depth can 
be tailored using SAW 
frequency. 

20 

X-ray 
diffraction 

Diffraction 
domain size, 
grain 
orientation 

No limitations 5 
XRD can be used to detect 
grain orientation and 
differences in diffraction 
domain size, both useful for 
white layer detection. X-ray 
penetration depth is of the 
order of white layer 
thickness. 

4 
No material limitations and 
portable systems already exist. 
Health and safety precautions 
that would be required due to 
ionizing radiation limit a very 
high score. 

20 

Barkhausen 
noise 
inspection 

Residual 
stress, 
hardened 
surface layers, 
grain size, 
grinding burn, 
white layer 
 
 

Ferromagnetic 
materials 
 

5 
BN may detect white layers 
through association with 
large residual stresses, small 
grain sizes and hardness 
changes.  

3 
BN is suitable only for some 
steels. In-process monitoring 
may be possible. 
Improvements would be 
required in the resolution 
capability. 

15 

Table 4.1 continues on the next page 
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Positron 
annihilation 
spectroscopy 

Lattice defects 
such as 
dislocations 
and vacancies 

No limitations 4 
PAS is very good for 
detecting severe plastic 
deformation which is 
fundamental to one of the 
formation mechanisms for 
white layers. 

3 
There are no material 
limitations but there would be 
difficulty implementing the 
technique due to the ionizing 
radiation produced and the 
lack of lack of portability.  

12 

Eddy current 
inspection 

Cracks, 
Residual stress 
changes, grain 
texture, 
conductivity 
changes 

Electrical 
conductors 

4 
ECT can be used for the 
detection of extreme 
residual stresses, changes in 
conductivity and grain 
texture. It has been shown 
that white layers often 
possess extreme residual 
stresses and have a refined 
grain structure. Further 
study is needed to 
investigate a change in 
conductivity in the white 
layer. 

2 
Residual stress profiling is 
applicable only to superalloys. 
Grain texture measurements 
are only suited to titanium 
alloys. Conductivity 
measurements can be carried 
out in all materials. 
Penetration depth can be 
improved through higher 
frequencies but this adds 
noise, particularly with rough 
surfaces. In-process 
monitoring may be possible. 

8 

Acoustic 
emission 
testing 

Laps, smeared 
material, 
white layer* 

No limitations 2 
AET may be able to detect 
white layer formation from 
RMS measurements but 
there is difficulty in isolating 
other contributing factors to 
the measured signal. 

4 
AET is an inherently in-process 
inspection method but would 
require calibration for every 
change in tooling and cutting 
parameters. 

8 

Optical 
scattering 
methods 

Roughness, 
white layer* 

No limitations 
 

1 
There is no clear direct link 
to the physical properties of 
the white layer. 

5 
No material limitations and 
there is potential to 
implement in a machining 
centre. 

5 

Thermography Thermal 
anisotropy, 
discontinuities 

No limitations 
 

1 
Limited evidence of a direct 
link to the physical 
properties of the white 
layer.  

4 
No material limitations and 
the potential for on-machine 
inspection, although heating a 
component may alter the SI. 

4 

Dye-penetrant 
inspection 
 

Surface 
breaking 
cracks 

Non-porous 
materials 

1 
The technique is only 
suitable for crack detection. 

4 
There are material limitations 
but online inspection is 
unlikely. 

4 

Magnetic 
particle 
inspection 

Surface 
breaking and 
slightly sub-
surface cracks. 

Ferromagnetic 
materials 

1 
The technique is only 
suitable for crack detection. 

3 
The technique is limited to 
steels and automated 
inspection would be difficult. 

3 

Table 4.1 continued 

* Only one study claiming the detection of a white layer with this method. 
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4.13 Summary 

In this chapter the NDT methods suitable for surface inspection were introduced and their underlying 

physical phenomena outlined. The current state-of-the-art is limited as only a small number of studies 

have investigated the non-destructive detection of white layers. However, aside from the Barkhausen 

noise work, these studies do not link results from inspection back to the physical properties of the white 

layer. There is therefore a gap in the literature for furthering the understanding of the link between the 

physical phenomena behind NDT techniques and the physical properties of white layers in titanium and 

other aeroengine alloys and the subsequent development of an appropriate testing method.  

Based on the physical properties of white layers already reported in the literature, a preliminary 

assessment of surface non-destructive evaluation methods has been made in this chapter. SAW, XRD and 

Barkhausen noise methods appear to be the most suited to white layer detection and the theory behind 

these methods was discussed in more detail. However, further characterisation work, identified in Chapter 

3, must first be undertaken to fully understand white layers, particularly in titanium, and make a more 

informed prediction of a viable approach to implementing these three NDT methods. The next chapter 

describes the methods employed in the generation and characterisation of white layers in aeroengine 

alloys to fill the gaps identified in the literature.  
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5 Generation and characterisation of machining induced white layers 

This chapter describes the methods employed in the generation and characterisation of machining-

induced white layers in three aeroengine alloys, Ti-6Al-4V, IN-718 and SCMV, selected based on their 

relevance to aeroengine applications. It was highlighted in the literature review that further work was 

required to expand the understanding of the formation and physical properties of white layers in titanium 

alloys. A nickel superalloy and a steel alloy have been investigated concurrently to produce samples to aid 

the development of a non-destructive testing method. It has already been identified that NDT techniques 

will interact with these materials in different ways, most noticeably between ferromagnetic and 

paramagnetic alloys, so it was necessary to investigate alloys with different mechanical and physical 

properties. 

5.1 Materials 

5.1.1 Titanium-based alloy Ti-6Al-4V 

Mill-annealed Ti-6Al-4V in the form blocks all cut from the same cross-rolled plate was used for white 

layer generation. This alloy was selected due to its widespread use in aeroengines. In cross-rolling, as 

opposed to unidirectional rolling, the material is rolled in one direction on the first pass, then on the 

subsequent pass, the rolling direction is perpendicular to the first. This is repeated for the desired number 

of rolling passes. The specimens for the machining trials were sectioned so that their longest axis lay 

parallel to the final roll direction (FRD), rather than the cross-rolled direction (CRD), as shown in Figure 5.1 

(a). The microstructure of the as-received material consisted of 10-нл ˃Ƴ ǎƛȊŜŘ ǇǊƛƳŀǊȅ ʰ-grains with 

ǊŜǎƛŘǳŀƭ ƎǊŀƛƴ ōƻǳƴŘŀǊȅ ʲΣ ŀǎ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ Figure 5.1 όōύΦ ¢ƘŜ ǾƻƭǳƳŜ ŦǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ǊŜǎƛŘǳŀƭ ʲ-phase was 

estimated to be 10-20% using particle analysis techniques on Fiji ImageJ software [246]. The chemical 

composition and mechanical properties of Ti-6Al-4V are summarized in Table 5.1 and Table 5.2. 

(a) 

 

(b) 

 
Figure 5.1 ς Schematic of the workpieces obtained from a cross-rolled plate (a) and a cross-sectional micrograph of the as-received 

material (b).  
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Table 5.1 - Minimum and maximum alloy additions in Ti-6Al-4V [11]. 

Element Al V Fe O C H N Y 

Wt% 6 4 0.3 0.2 0.08 0.01 0.03 50ppm 
 

Table 5.2 ς Mechanical properties of Ti-6Al-4V, after [11]. 

 

 

To better understand the effect of initial texture on the formation of white layers, titanium workpieces 

with alternative crystallographic textures, including strongly textured unidirectional (U/D) rolled plate and 

comparatively un-textured titanium produced from powder feedstock via field-assisted sintering 

technology (FAST) [247], were machined. In FAST a direct current is applied to the mould allowing rapid 

heating of the powder which consolidates under high pressure through diffusion bonding. Figure 5.2 (a) 

and (b) show the equiaxed grain structure of the U/D plate and the lamellar microstructure of the FAST 

titanium, respectively. Additional U/D material was also used for trials investigating strain measurement 

in machined surfaces. 

(a) (b) 

  
Figure 5.2 ς Micrographs of the bulk microstructure in the (a) U/D plate and (b) FAST titanium. 

5.1.2 IN-718 

IN-718, a common aeroengine disc alloy, was used for generating white layer samples in a nickel 

superalloy. The microstructure of the as-received material consisted of FCC ɹΩ ŀƴŘ ʴΩΩ ǿƛǘƘƛƴ ŀ C// ʴ ƳŀǘǊƛȄΣ 

as shown in Figure 5.3 (a). The orthorhombic ɻ-phase was visible at the grain boundaries. The chemical 

composition and mechanical properties of IN-718 are summarized in Table 5.3 and Table 5.4. 

UTS (MPa) ⱭȢϷ (MPa) Hardness (HV) Density (g/cm3) 

900-1160 830 340-360 4.33 
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(a) (b) 

  
Figure 5.3 ς Micrographs of the bulk microstructure in (a) IN-718 and (b) SCMV. 

Table 5.3 ς Composition of IN-718, after [20]. 

Element Ni Fe Cr Nb Mo Al Ti C 

wt% 52.5 18.5 19 5.1 3.0 0.5 1.01 0.08 
 

Table 5.4 ς Mechanical properties of IN-718, after [248]. 

 

 

5.1.3 SCMV 

SCMV was used for white layer generation in a steel alloy due to its application as an aeroengine shaft 

alloy. The tubes used in the machining trials were all cut from a single low-pressure turbine shaft. The 

microstructure of the as-received material was martensitic, with high aspect ratio martensite laths 

surrounded by retained austenite and the presence of fine carbide precipitates, as shown in Figure 5.3 (b). 

The chemical composition and mechanical properties of SCMV are summarized in Table 5.5 and Table 5.6. 

Table 5.5 ς Composition of SCMV, after [28]. 

Element C Cr Mo Va Si Mg Fe 

wt% 0.35-0.43 3.0-3.35 0.80-1.10 0.15-0.25 0.10-0.35 0.40-0.70 bal 
 

Table 5.6 ς Mechanical properties of SCMV, from MSRR6119 [30]. 

 

 

UTS (MPa) ⱭȢϷ (MPa) Hardness (HV) Density (g/cm3) 

1310 1110 332 8.19 

UTS (MPa) ⱭȢϷ (MPa) Hardness (HV) Density (g/cm3) 

1470-1670 1220-1370 450-520 7.8 
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5.2 White layer generation 

Machining trials were carried out to generate surfaces with a white layer in addition to surfaces that 

would pass SI inspection, to build a database of samples that could be used for characterisation of white 

layers and development of an NDT method for their detection. Milling was selected for the machining of 

Ti-6Al-4V and IN-718 since a flat surface would make subsequent NDT measurements easier, as part access 

and probe contact are more difficult for non-planar surfaces. However, for the SCMV material, turning was 

used, as parts manufactured from SCMV are used solely as shafts in aeroengines and therefore turning is 

the only relevant choice. Additional orthogonal milling trials, for measuring strain in the machined surface 

during white layer formation using the micro-grid method were carried out in Ti-6Al-4V. Orthogonal milling 

was selected for these trials to facilitate plain strain conditions for the plane on which the micro-grids were 

printed, this is explored further in section 5.2.3. 

5.2.1 Square-shoulder milling trials 

Ti-6Al-4V and IN-718 were milled on a Mori-Seiki Nv5000h1 vertical machining centre using a Seco Tools 

AB shoulder-milling cutter (R217.69-2020.0-12-2AN) and coated tungsten carbide inserts (XOEX120408R-

M07 MS2050). Although the tool holder could hold two inserts, only one cutting insert was for the trial to 

simplify the cutting force analysis and negate the effect of tool run-out. A Kistler 9139AA multicomponent 

force dynamometer was used to measure the forces during cutting at a sampling frequency of 1000 Hz, 

chosen to provide at least 10 measurement points during one tool rotation. Hocut 795B coolant was used 

in these trials at a pressure of 6 bar. 

A number of the inserts were ground, by Seco Tools AB, on their flank face to result in two different 

levels of flank wear (VB = 0.5 mm and 0.85 mm), as shown in Figure 5.4 (a) and (b), to facilitate the 

controlled generation of white layers in both alloys. The artificial wear resulted in increased forces during 

cutting, particularly in the thrust direction. Previous studies have shown that as a tool wears and a white 

layer is formed, the forces increase, with the thrust force increasing the most [75, 249]. It should be noted 

that the wear on the ground inserts was beyond the 0.2 mm average flank wear criterion typically used to 

define tool-life in industry, however, the inserts were used exclusively for generating samples with thick 

white layers. The grinding was performed such that the resultant wear land would contact the workpiece 

surface leading to frictional contact between the flank face and the workpiece. This was designed to cause 

rubbing of the workpiece surface without chip formation, during the second half of the tool rotation, as 
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shown in Figure 5.5. After grinding, the inserts were re-honed to provide a nose radius of 800 m˃ and a 

cutting-edge radius of approximately 30 ˃m, in line with the off-the-shelf inserts. The cutting-edge radius 

was verified before the cutting trials using an Alicona InfiniteFocusSL microscope to ensure consistency 

across all trials. The z-position of the tool in the machining centre was corrected for the trials with worn 

inserts, to guarantee a consistent depth of cut despite the removal of insert material during the production 

of the wear land. 

(a) 

 

 (b) 

 
Figure 5.4 ςA schematic (a) outlining the area on the cutting insert which has been ground to produce an artificially worn region and a 

macrograph (b) of the ground wear land for a 0.5 mm worn insert. 

 
Figure 5.5 ς A schematic of the cutting operation highlighting the rubbing of the workpiece by the worn cutting insert which occurs 

during the second half of the tool rotation. 

For both the titanium and nickel trials, a range of cutting speeds (20-200 m/min) were imposed in an 

attempt to achieve machining conditions with dominant thermal effects (higher speeds) and mechanical 

effects (lower speed) on the workpiece material. These correspond to an increased likelihood of 

generating white layers through the PT and SPD mechanisms, respectively, as reported by Hosseini et al. 

[250]. Slower cutting speeds were necessary when machining with the artificially worn inserts to reduce 

their failure rate under the high temperatures and forces caused by the frictional contact of the artificial 

wear regions on the workpiece. Full cutting conditions for all machining trials are given in the appendix, 

however, key parameters are given when presenting any results from specific samples in the subsequent 

chapters. 
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A schematic of the designed cutting setup for square-shoulder milling if Ti-6Al-4V is shown in Figure 5.6 

for the 200 x 66 x 20 mm workpieces. The feed was varied between 0.06 and 0.12 mm/tooth and the radial 

depth of cut was kept constant at 16 mm. Two levels, 2 mm and 0.5 mm, were implemented for the axial 

depth of cut to represent roughing and finishing cuts respectively. The cutting trials with new cutting 

inserts were conducted under both dry and wet conditions, wherein the coolant was applied under a 

conventional flood-cooling regime, to enhance and suppress thermal effects respectively. The trials using 

ground inserts could only be carried out with coolant, due to excessive heating when machining dry that 

led to tool failure. The workpieces were mounted directly to the force dynamometer using two M10 bolts 

through pre-drilled holes. 

 
Figure 5.6 - Schematic of the square shoulder milling operation for the titanium workpieces. 

In the small-scale effect-of-texture study in Ti-6Al-4V, a square shoulder milling operation was carried 

out using identical cutting parameters to the white layer generation trials but with a constant cutting 

speed of 40 m/min. The workpieces were smaller than the previously described titanium trials, so the 

cutting set-up resembled that shown in Figure 5.7, with the workpiece (50 x 20 x 20 mm) held on a 

machine-bed vice mounted on the dynamometer. The unidirectional rolled workpieces were machined on 

three different faces, rolling direction (RD), normal direction (ND) and transverse direction (TD), as these 

each exhibit different textures relative to the surface being machined. The FAST titanium was machined 

on the axial face and the circumferential face, relative to the circular billet from which the workpieces 

were sectioned. These orientations are highlighted in Figure 5.8. 
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Figure 5.7 ς Schematic of the square shoulder milling operation for small-scale effect-of-texture-study in titanium as well as machining 

trials using IN-718 workpieces. 

(a) (b) (c) 

   
Figure 5.8 ς Schematics of the workpiece orientations for the effect-of-texture trials showing (a) the cross-rolled plate, (b) the FAST 

workpiece and (c) the U/D plate. The surfaces machined for different workpiece orientations are highlighted in red. 

A similar cutting set-up as shown in Figure 5.7 was used for the IN-718 machining trials, with a lower 

feed, compared to Ti-6Al-4V, of 0.03 mm/tooth and a single axial depth of cut of 0.5 mm used, due to the 

tendency for this superalloy to strain-harden which led to tool failure at more aggressive cutting 

conditions. After each cut, the workpiece (55 x 25 x 25 mm) was rotated 90° about the x-axis and machined 

on a new face. 

5.2.2 Turning trials 

Turning of a SCMV tube (127 OD x 105 ID x 137 mm) was carried out on a Cincinnati Hawk 300 lathe 

using a PDJNL2020K15JETL tool holder in combination with DNMG 150608 coated carbide inserts, both 

provided by Seco Tools AB. A schematic of the experimental setup is shown in Figure 5.9. Hocut 795B was 

used as the metal working fluid and was delivered at a high pressure of approximately 70 bar. Cutting 

forces were recorded with a Kistler 9121 lathe dyno, mounted behind the tool holder, at a sampling rate 

of 20,000 Hz. This sampling rate was selected to encapsulate any high-frequency dynamic effects during 

machining, for example chatter, based on experiences during the milling trials.  
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Figure 5.9 ς A schematic of the SCMV turning operation. 

Similar to the milling trials, a number of the turning inserts were pre-ground by Seco Tools AB to 

introduce artificial wear at levels of 0.15 mm, 0.25 mm and 0.5 mm on the flank face, as shown in Figure 

5.10 (a) and (b). The increased number of artificial wear levels employed in these trials, compared to the 

milling trials, were selected to encourage the generation of a broader spectrum of thinner white layers 

with different thicknesses, based on experience gained from the milling trials. To ensure the contact 

between the ground wear land and the workpiece required for rubbing, the wear land was ground at an 

angle greater than 6° from the flank face as shown in Figure 5.10 (c). Thus, when the insert was mounted 

in the tool holder, which had a rake angle of -6°, the ground wear land could still rub the surface, 

accounting for any additional rotational deflection under the action of cutting forces and the workpiece 

curvature. The x-position of the tool in the machining centre was again adjusted for the trials with worn 

inserts to ensure a consistent depth of cut across all trials. The cutting edges were re-honed following 

grinding to approximately 80 µm and verified with measurement on an Alicona Infinite SL microscope. For 

the trials, only inserts with cutting edge radii between 72-82 µm were selected in an attempt to minimise 

the effect of cutting edge radius on the results. To generate a broad spectrum of surfaces for 

characterisation and NDT, cutting speeds between 60-180 m/min and tool wear levels between 0-0.5 mm 

were used. The depth of cut and feed were held constant at 0.5 mm and 0.15 mm/rev respectively. 
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(a) (b) (c) 

   
Figure 5.10 ς Macrographs of (a) the insert in the tool holder with the ground wear land highlighted, (b) a 0.5 mm ground wear land and 
(c) a schematic demonstrating the angle at which the artificial wear was ground into the flank face to ensure rubbing with the workpiece 

surface.  

5.2.3 Orthogonal milling 

To measure the strain in the machined surface during white layer formation, orthogonal milling of Ti-

6Al-4V was carried out on a DMG Mori NVX5080 machining centre using a Seco Tools R220.17-0040-16 

tool holder, modified for single-point milling, and TPUN160308 HX coated carbide inserts. Hocut 795B was 

again used as the metalworking fluid and was delivered at 6 bar. A number of inserts were ground by Seco 

Tools AB, on their clearance face, to produce an artificial 0.5 mm wear land with the cutting edge re-honed 

to 85 µm in half of these inserts and left at 10 µm for the remainder. Insert grinding was used as the 

desired level of control over the tool geometry could not be achieved using naturally worn inserts. This 

variation in cutting edge allowed a controlled investigation into its effect on surface integrity and strain as 

the impact of cutting edge radius was purposely blocked in the machining trials described earlier in this 

chapter. An insert worn naturally through repeated cutting was also used to facilitate a comparison with 

the artificially worn inserts. The different inserts used in the trials are summarised in Table 5.7. Cutting 

speeds were selected to mirror those from the previously described milling trials in Ti-6Al-4V. To ensure 

variation in uncut chip thickness over the tool engagement, from smaller than, to larger than the cutting 

edge radius, a feed of 0.5 mm per tooth was selected. This corresponded to a maximum uncut chip 

thickness of 0.105 mm. 

Table 5.7 ς The cutting inserts used during the orthogonal milling trials. 

Insert type 
Wear land 

(mm) 
Cutting edge-radius 

(µm) 

Unworn  0 30 
Artificially worn 0.5 10-15 

Artificially worn and re-honed 0.5 80-85 
Naturally worn 0.265 137 
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To allow orthogonal milling, i.e. milling on a single plane with the cutting edge perpendicular to the 

cutting velocity, a special workpiece jig was used to hold two 25.5 x 24.5 x 4 mm plates such that at the 

interface between the two plates, the region on which grids were printed was under plane strain 

conditions. The cutting set-up is illustrated in Figure 5.11 (a), (b) and (c). Both climb and conventional 

milling were used to compare the effects of thick-to-thin and thin-to-thick chip formation respectively. 

(a) (c) 

 

 

(b) 

 
Figure 5.11 - (a) The workpiece and jig mounted in the machining centre. Schematics of the cutting operation in (b) the y-z plane and (c) 

the x-y plane. 

5.2.4 Cutting force analysis 

Cutting forces were recorded during all machining trials to help understand the results from destructive 

characterisation, particularly changes in crystallographic texture. By monitoring the cutting forces during 

the full cut, the uniformity of the surface integrity could be predicted and used to aid the selection of 

destructive cut-ups and NDT regions. When forces remained constant over the length of the cut, 

subsequent optical microscopy indicated that the surface integrity was unchanged over the length of the 

machined surface. Therefore, in this case NDT could be carried out at any point on the machined surface 

and the region under inspection would be representative of the whole test piece. Measurement of the 

out-of-plane forces during orthogonal milling could be used to unsure plane strain conditions were 

maintained. 

During turning, the dynamometer used to measure forces was located behind the tool holder meaning 

cutting forces were measured in the cutting tool frame-of-reference. By contrast, in milling, the 
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dynamometer was situated beneath the workpiece so geometrical relationships were used to convert 

from the dynamometer frame-of-reference (Ὂ and Ὂ) to a cutting tool frame-of-reference (Ὂ and Ὂ). A 

cutting tool frame-of-reference is beneficial as it more clearly shows the dependence of cutting forces on 

the instantaneous immersion angle (•) during milling. The dynamometer frame-of-reference and cutting 

tool frame-of-reference are shown in Figure 5.12. Both force pairs, Ὂ and Ὂ as well as Ὂ and Ὂ lie on one 

plane and are orthogonal so the relationship stated in Eq. 5.1 applies.  

 
Figure 5.12 ς Schematic of a square-shoulder milling operation highlighting the relationship between the cutting and radial forces, which 

have a cutting tool frame-of-reference, and the x and y forces measured by a dynamometer. 

By using the instantaneous immersion angle, equations for forces in the cutting and radial directions 

can be stated, as in Eq. 5.2 and Eq. 5.3. Note the minus signs arise due to the axis convention outlined in 

Figure 5.12. 

From classical models for the mechanics of oblique cutting, equations for the prediction of cutting 

forces during milling can be stated [42], as in Eq. 5.4, Eq. 5.5 and Eq. 5.6, as a function of the instantaneous 

chip thickness ὸ, which is itself a function of the tool immersion angle •.  

Ὂ Ὂ Ὂ Ὂ Ὂ  Eq. 5.1 

Ὂ• Ὂὧέί• ὊίὭὲ•  Eq. 5.2 

Ὂ• ὊίὭὲ• Ὂὧέί•  Eq. 5.3 

 Ὂ• ὑ ὥὸὭ• ὑ ὥ Eq. 5.4 

 Ὂ• ὑ ὥὸὭ• ὑ ὥ Eq. 5.5 

 Ὤ• ὸίὭὲ•  Eq. 5.6 
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ὑ  and ὑ  are cutting coefficients for shearing forces in the cutting and radial directions, ὑ  and ὑ  

are the cutting coefficients for ploughing forces in the cutting and radial directions. Ploughing forces arise 

due to the effect of a small chip thickness in relation to the cutting edge radius (ὸȾὶ). With a small ὸȾὶ a 

chip does not form, instead, the workpiece material is ploughed underneath the tool. 

It can be seen from Eq. 5.4, Eq. 5.5 and Eq. 5.6, that the cutting and radial forces are dependent only 

on the immersion angle, except for small chip thicknesses. These cutting tool frame-of-reference forces 

are easier to visualise than the forces measured directly by a force dynamometer, which continuously vary 

in magnitude and sign due to the curved cutting path on the x-y plane. These differences are immediately 

apparent in force-time plots, as shown in Figure 5.13 (a) and (b).  

(a) (b) 

  
Figure 5.13 ς Cutting forces during one tool rotation from (a) the dynamometer-frame-of-reference and (b) the cutting tool frame-of-

reference. 

5.2.5 Surface roughness 

Surface roughness measurements were undertaken on all machined surfaces to allow the effect of 

surface topography on NDT methods to be quantified. Measurements, using a Mitutoyo Surftest SJ-210 

portable surface roughness profilometer, were taken parallel to the feed directions for both the milled 

and turned surfaces. A sampling length of 0.8 mm and an evaluation length of 4 mm were used in the 

measurement of average surface roughness (Ra), the average deviation of the surface profile from the 

centreline according to the BS1134 standard [251]. On each surface, five measurements were taken and 

averaged. 
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5.3 Methods for machined surface characterisation 

5.3.1 Sample preparation 

Following machining, workpieces were sectioned into smaller samples to facilitate characterisation 

work. Three types of samples were obtained, machined surface, cutting direction (CD) and feed direction 

(FD), as shown previously in Figure 5.6, Figure 5.7 and Figure 5.9 for each material. Cutting and feed 

direction samples were used for characterisation of the cross-section, with both directions being necessary 

to build a complete picture of surface integrity, which can vary across a surface. Machined surface samples 

were used for the characterisation of the top surface. The Ti-6Al-4V and IN-718 workpieces were 

sectioned, in the first step, using a manually operated Buhler Abrasimet equipped with Silicon Carbide cut-

off blades. Due to their larger size, the SCMV workpieces were initially sectioned using wire electrical 

discharge machining to reduce the sample size. Following preliminary sectioning, all materials were 

reduced to their final dimensions using a Struers Secotom-50 precision sectioning machine. A silicon 

carbide cut-off wheel was used for Ti-6Al-4V and IN-718 whereas an aluminium oxide cut-off wheel was 

used for SCMV, as per manufacturer recommendations. 

Following sectioning, feed and cutting direction-samples were mounted in PolyFast conductive resin 

using a Buehler SimpliMet 3000 mounting press. A conductive mounting medium was used so that all 

samples could be examined in a SEM if needed. To produce a smooth surface for characterisation, samples 

were ground and polished using a Buehler Automet automatic polishing machine. Grinding using papers 

with successively finer grits (P400, P800, P1200, P2500 all for 1 min) was undertaken to remove the 

deformation introduced by sectioning. Samples were then polished using a Struers MD Chem polishing 

pad in combination with colloidal silica suspension for 15 minutes to achieve a mirror finish suitable for 

microscopy. A final 2 minutes of polishing with water only, was used to clean the colloidal silica from the 

polished surface. A separate polishing pad was used for each alloy and samples were typically polished in 

groups of four or six samples of the same material. 

To reveal the microstructure for optical microscopy, polished samples in each material were etched 

using a chemical etchant. For Ti-6Al-п±Σ YǊƻƭƭΩǎ ǊŜŀƎŜƴǘ όIC όпл҈ Ǿƻƭύ н ƳƭΣ Ibh όсф҈ Ǿƻƭύ с Ƴl, H2O 92 ml) 

was used as this reagent preferentially attacks the alpha phase, providing contrast between the two 

ǇƘŀǎŜǎ ƛƴ ǘƛǘŀƴƛǳƳΦ YǊƻƭƭΩǎ ǊŜŀƎŜƴǘ ƛǎ ǇŀǊǘƛŎǳƭŀǊƭȅ ǘƻȄƛŎ ŀƴŘ ǊŜǉǳƛǊŜǎ ǎǇŜŎƛŀƭ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ǊŜƭŀǘƛǾŜ ǘƻ ƻǘƘŜǊ 
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etchants, however, it is the only etchant which reliably etches titanium alloys. IN-718 was etched using 

YŀƭƭƛƴƎΩǎ ǊŜŀƎŜƴǘ όŎƻǇǇŜǊ όLLύ ŎƘƭƻǊƛŘŜ рƎΣ ŜǘƘŀƴƻƭ млл ƳƭΣ I/ƭ όот҈ύ млл Ƴƭύ ǘƻ ǊŜǾŜŀƭ ƎǊŀƛƴ ōƻǳƴŘŀǊƛŜǎΦ 

Nital (HNO3 (68%) 2 ml, Industrial methylated spirit 98 ml) was used to reveal the grain structure in SCMV 

steel. The SCMV and IN-718 samples had to be etched immediately following the final polishing step 

otherwise a slow and inconsistent etch response was encountered.  

In optical microscopy analysis and subsequent non-destructive testing, a pass/fail system is used to 

indicate: 

¶ Anomalous surfaces that would fail SI inspection (i.e. the surface contains a white layer or critical 

levels of swept grain).  

¶ Surfaces that would pass SI inspection.  

5.3.2 Heat treatment for white layer grain growth 

A small subset of Ti-6Al-4V samples were heat treated at 700 °C for 2 hours using a vacuum furnace. 

This heat treatment was designed to grow the fine grain structure, typically encountered in the white 

layer, to allow the h and ̡ -phase content of the white layers to be inspected. A vacuum furnace was used 

to prevent oxidation of the titanium and inhibit alpha-case formation in the near-surface. A temperature 

of 700 °C was used as it lies below the -̡transus temperature, so it prevents precipitation ƻŦ ǘƘŜ ʲ ǇƘŀǎŜΦ 

5.3.3 Microscopy methods for microstructural observations 

An Olympus BX51 microscope was used to capture optical micrographs of etched surfaces at 500x 

magnification, for consistency with industry inspection methods [160]. The micrographs, as shown in 

Figure 5.14 (a), were decomposed into three distinct sections including, the white layer,  the deformed 

region beneath, termed the swept grain region, and the bulk, according to the criteria given by Puerta-

Velásquez et al. [65]. The white layer region was taken as the region in which the grain structure was not 

resolvable for each of the alloys. The swept grain region was deemed to finish at the depth beneath the 

surface where grain distortion was indistinguishable from the bulk microstructure.  
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(a) (b) 

  

(c) 

 
Figure 5.14 ς A cross-sectional micrograph (a) of a Ti-6Al-4V machined surface outlining the three distinct microstructure regions and 
schematics that highlight (b) the measurement locations on a cross-sectional cutting direction sample and (c) the curved path of the 

cutting edge during milling. 

The white layer thickness was calculated as an average of 15 measurements across 3 micrographs taken 

from different locations along each sample, as shown in Figure 5.14 (b). Within every micrograph, each 

thickness measurement was taken at the same 5 locations across the width of the image. To calculate the 

average white layer thickness for a particular machined surface, the values across FD and CD samples from 

the start and end of the cut were averaged. Due to the curved tool path in milling, as shown in Figure 5.14 

(c), the direction of grain distortion changes across the width of the machined shoulder. Therefore, all the 

swept grain depth measurements were obtained from an average of 10 measurements at two locations 

near the centre of the cross-sectional sample, as shown in Figure 5.14 (b). At these locations, the tool pass 

direction and therefore the grain distortion was in the plane of the image. Similarly, for the turned SCMV 

surfaces, all swept grain measurements were carried out on CD samples, where grain distortion was again 

in the plane of the image. 

High-resolution microscopy was carried out on samples from each material using an Inspect F50 field 

emission gun SEM (FEG-SEM). Due to the poor etch response of the white layer, highlighted in the 

literature review, FEG-SEM imaging was carried out on polished but un-etched samples using back-
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scattered electrons for Ti-6Al-4V and SCMV. In these SEM images, the contrast between different grains 

of the same phase arises due to crystal orientation effects (channelling contrast) [252] and due to atomic 

number contrast for different phases [253]. In IN-718, imaging etched samples proved to be more 

successful. A small spot size and an accelerating voltage of 10 kV were used to enhance the resolution of 

the ultrafine grains within white layers in all materials. By reducing the spot size, the size of the electron 

beam incident on the sample surface is reduced. Similarly, using a 10 kV accelerating voltage rather than 

20 kV, for example, reduces the energy of incident electrons, limiting their penetration into the sample. 

The combined effects of a smaller accelerating voltage and probe size improve the resolution by reducing 

the overall interaction volume from which electrons are detected. It should be noted that further 

reductions of accelerating voltage and spot size lowered the signal from the sample, decreasing the signal 

to noise ratio.  

5.3.4 Nanoindentation measurements 

To determine the hardness and elastic modulus variation below the machined surface, cross-sectional 

profiles were obtained for all three alloys using a Triboscope nanoindenter, through the Oliver & Pharr 

method [254]. A plot of a typical loading cycle during nanoindentation is outlined in Figure 5.15 with 

hardness is calculated using Eq. 5.7. 

 
Figure 5.15 ς A schematic of a typical load-displacement plot used in the Oliver and Pharr method, after [254]. 

 

In Eq. 5.7  Ὄ is the nanohardness, ὖ  is the maximum indentation load and ὃ  is the projected area 

of the indentation. For an indenter with a regular geometry, the projected indentation area is a function 

 Ὄ
ὖ

ὃ
 Eq. 5.7 
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of the contact depth, Ὤ. Due to the wear of the indenter tip, which will change its shape with use, a new 

area function is calibrated regularly to ensure valid measurements.  

Nanoindentation can also be used to measure the elastic modulus by first calculating the stiffness, Ὓ, 

of the unloading portion of an indentation loading cycle, as shown in Figure 5.15. The reduced elastic 

modulus, Ὁ, can then be calculated using Eq. 5.8. 

Where ὃ is the contact area of the indentation and, similar to ὃ , is a function of the contact depth 

for a known indenter shape. To calculate the elastic modulus, Ὁ, from Ὁ, Eq. 5.9 is used. 

Here, Ὁ and ‡ ŀǊŜ ǘƘŜ 9ƭŀǎǘƛŎ ƳƻŘǳƭǳǎ ŀƴŘ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƻŦ ǘƘe material being tested and Ὁ and ‡ are 

ǘƘŜ 9ƭŀǎǘƛŎ ƳƻŘǳƭǳǎ ŀƴŘ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƻŦ ǘƘŜ ƛƴŘŜƴǘŜǊ ƳŀǘŜǊƛŀƭΦ ¢ƻ ƻōǘŀƛƴ ǘƘŜ ƘŀǊŘƴŜǎǎ ǇǊƻŦƛƭŜǎΣ ŀ рллл 

˃b ƭƻŀŘ ǿŀǎ ŀǇǇƭƛŜŘ ǿƛǘƘ ŀ .ŜǊƪƻǾƛŎƘ ƛƴŘŜƴǘŜǊ ƻƴ ƳƛǊǊƻǊ-polished cross-sectional samples using an 11 x 5 

ƛƴŘŜƴǘŀǘƛƻƴ ŀǊǊŀȅΣ рл ˃Ƴ Ȅ нр ˃Ƴ ƛƴ ǎƛȊŜ ǿƛǘƘ ŜƭŜǾŜƴ ƛƴŘŜƴǘŀǘƛƻƴǎ ƛƴ ǘƘŜ ŘŜǇǘƘ ŘƛǊŜŎǘƛƻƴΣ ŀǎ ǎƘƻǿƴ ƛƴ 

Figure 5.16 (a). A mirror-finish was required due to the sensitivity of nanoindentation to variations in 

surface height. A 40-second drift compensation measurement was carried out before every indentation. 

Hardness and elastic modulus values were averaged for each of the five indentations at every depth 

interval. An atomic force microscope (AFM) was used to position the indenter adjacent to the machined 

surface edge. An AFM image of a machined surface, post-indentation, is shown in Figure 5.16 (b), the top 

edge of the sample (the machined surface) is easily identified by a step-change in surface height, resulting 

from the higher material removal rates in the PolyFast mount, relative to the metallic sample, during 

polishing.  
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(a) (b) 

  
Figure 5.16 ς (a) A schematic outlining nanoindentation measurements in the cross-section and on top of the machined surface. (b) An 

AFM image of a nanoindentation array in the cross-section of a Ti-6Al-4V sample. 

Additional indentations to investigate the effect of crystallographic orientation on hardness and elastic 

modulus in the white layer in Ti-6Al-4V were undertaken using a 4 x 4 array on the machined surface, 

following mirror polishing, and averaged to obtain a single value. Similarly, bulk material hardness for all 

alloys was obtained by averaging indentations from a 4 x 4 array in the as-received material, at least 500 

µm beneath the surface. In all indentations, the first indentation beneath the surface, as well as adjacent 

indentations, were kept a distance of three indentation diameters apart, as defined in ASTM E384 [255]. 

The indenter material constants, Ὁ and ὺ, were taken as 1141 GPa and 0.07 respectively. Values of 0.34 

[169], 0.29 [256]and 0.30 [5] ǿŜǊŜ ǳǎŜŘ ŀǎ ǘƘŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŦƻǊ ǘƘŜ ¢ƛ-6Al-4V, IN-718 and SCMV samples, 

respectively. Hardness and elastic modulus values were normalised with respect to the bulk material 

hardness in each sample, to illustrate the trends of these properties with depth beneath the surface. The 

white layer thickness in the vicinity of the indentation array was quantified after indentation. 

5.3.5 X-ray diffraction phase analysis 

To investigate whether phase transformation had occurred during white layer formation, phase analysis 

was carried out using x-ray diffraction by examining the location of the peaks in intensity in an XRD pattern, 

which plots intensity against diffraction angle. Peaks in the diffraction pattern arise due when .ǊŀƎƎΩǎ ƭŀǿ, 

shown in Eq. 5.10, is met and they can be associated with a particular interatomic spacing which can be 

used to determine the corresponding phase from databases of known crystals.  

 ςὨίὭὲ— ὲ‗ Eq. 5.10 

A schematic of a typical x-ray diffractometer is shown in Figure 5.17, highlighting the three main 

components, the x-ray source, the beam optics and the x-ray detector. X-rays are generated in an x-ray 



98 
 

tube by accelerating electrons towards a target metal using high voltages. Electrons collide with the target 

material and their deceleration causes the release of x-rays, which then pass through the incident beam 

optics to strike the sample. The diffracted x-rays then pass through the diffracted beam optics before 

reaching the detector. Soller slits restrict the axial divergence of the beam thereby reduce diffraction peak 

asymmetry and divergence and anti-scatter slits are used to restrict the height divergence of the beam, 

which determines the illumination area of the sample and reduces instrument peak broadening. A 

monochromator is used to remove the K̡ radiation, allowing only Kh1 and Kh 2 radiation to pass through, 

due to their similar wavelengths. If K̡Σ ǿƘƛŎƘ Ƙŀǎ ŀ ŘƛŦŦŜǊŜƴǘ ǿŀǾŜƭŜƴƎǘƘ ǘƻ ǘƘŜ Yʰ ŘƻǳōƭŜǘΣ ǿŀǎ ƴƻǘ ŦƛƭǘŜǊŜŘ 

out, it can be reasoned from Eq. 5.10 that there would be additional peaks in the diffraction pattern, which 

would provide no additional information. A charge-coupled device or a hybrid pixel detector is used to 

measure the intensity of the diffracted radiation. 

 
Figure 5.17 ς A schematic of an XRD instrument in Bragg-Brentano geometry. 

Metallurgical phases of the machined surfaces were analysŜŘ ǳǎƛƴƎ ŀ t!bŀƭȅǘƛŎŀƭ ·ΩtŜǊǘ3 x-ray 

diffractometer. The measurements were conducted at room temperature on machined surface samples 

with and without white layers, as well as examples of the as-received material. Copper Kh x-rays were 

used and the x-ray penetration depths (90% beam attenuation) for the range of diffraction angles imposed 

in each material, were calculated using AbsorbDX software [257] and are summarised in Table 5.8. The 

range of diffraction angles used for each material was selected based on the diffraction angles over which 

most high-intensity peaks are found [223]. The XRD measurements were carried out over an area of 

approximately 8 mm x 4 mm on the machined surfaces. Post-processing was used to correct for 

background intensity before PDF-4+ Sleve+ indexing software [258] was used to fit empirical phase data 

from the International Centre for Diffraction Data [223] to the diffraction patterns to allow identification 

of different planes. 
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Table 5.8 ς X-ray penetration depths over the range of diffraction angles used to obtain diffraction patterns in each aeroengine material. 

Material 
Diffraction 

angle range (°) 
Penetration depth for 
90% attenuation (µm) 

Ti-6Al-4V 35-80 4.3-9.2 
IN-718 40-100 3.4-7.6 
SCMV 40-100 1.7-3.9 

 

5.3.6 Crystallographic texture measurement 

XRD pole figure measurements were undertaken on machined surface samples to investigate the 

effects of white layer formation on the resultant crystallographic texture of the material. A pole figure is a 

2D representation of 3D crystallographic texture and to obtain a pole figure using XRD, a sample must be 

rotated in three axes to measure the intensity of x-rays for a particular crystal plane (i.e. a constant 

diffraction angle) at different sample orientations. By using a sufficient number of steps for each rotation 

angle, and measuring the pole figure for three non-parallel planes, a full picture of the crystallographic 

texture can be built up. Measurement on more than one non-parallel plane is necessary to describe the 

texture of a material, as a pole figure for a single plane shows only the direction of the normal to this 

particular plane and as such does not contain any information on the rotation of the plane around this 

normal axis. Consider a pole figure for the basal plane in a HCP crystal, as shown in Figure 5.18, the 

orientation of prismatic planes, which are perpendicular to the basal plane, could only be determined from 

additional pole figure measurements.  

 
Figure 5.18 ς Schematic highlighting the need for more than one pole figure to describe the crystallographic texture. In both images, the 

 pole is in the same direction yet the  pole is in different directions. So the  pole could not be found from a pole 
figure measurement using the  plane. 

XRD pole figure measurements require a special type of diffractometer equipped with a 4-circle 

goniometer. This allows for the rotation of the sample in 3 axes, ‪ȟ‰ and as well as changing of the ‫ 

diffraction angle ς—, as shown schematically in Figure 5.19 (a).  
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(a) 

 
 

(b) 

 

(c) 

 
Figure 5.19 ς Schematics outlining the process behind XRD pole figure measurements; (a) A four circle goniometer required to rotate the 

sample, (b) the sample frame-of-reference with pole figure angles outlined and (c) a pole figure plot highlighting three individual 
measurements at combinations of ♪ and ♫. 

The goniometer angles must be mapped to the sample frame-of-reference, to enable plotting of the 

data on a pole figure. The goniometer angle ‰ corresponds to the pole figure-angle ‍, which describes the 

rotation of the sample around an axis perpendicular to its surface. The angles, ‪ and combine to give ,‫ 

the other pole figure-angle ‌, which describes the tilt of the sample around an axis parallel to the plane of 

its surface, as shown in Figure 5.19 (b). In a full pole figure measurement, the sample is rotated in ‪ȟ‰ 

and in the path of an x-ray beam at a set diffraction angle such that x-ray intensity measurement can be ‫ 

obtained for a range of values in ‌ (0-90°) and ‍ (0-360°). The intensity measurements are used to plot 

the pole figure, a circular plot where ‌ is plotted as the radius of the circle and ‍ as the rotation around 

the circle, as shown in Figure 5.19 (c). 

There are two conventions for plotting a pole figure, equal-area and equal-angle projections. The 

physical interpretations of these two projections are illustrated in Figure 5.20 (a) and (b) respectively. In 

an equal-area projection, the size of features in a pole figure is preserved regardless of position, as shown 

in Figure 5.21 (b), thus for a material with a random texture, there will be a uniform distribution of points 
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on the pole figure. By contrast, the equal-angle projection (stereographic projection) preserves the shape, 

so a circular region of points appears circular no matter where it is situated in the pole figure, however it 

will have a larger area towards the circumference of the pole figure, as shown in Figure 5.21 (b). A 

randomly orientated crystal will have a greater density of points in the centre of a pole figure than at the 

edges, for an equal-angle projection, distorting the impression of texture. Texture distribution is the 

property of interest in this study, therefore, equal-area projections were the convention used. 

(a) 

 

(b) 

 
Figure 5.20 ς Schematics outlining the physical interpretation of (a) an equal-area pole figure and (b) an equal-angle pole figure. 

(a) 

 

(b) 

 
Figure 5.21 ς Schematics outlining the effect of the projection on the size and shape of a circular region of points for (a) equal-area and 

(b) equal-angle projections. 

A Bruker D8 Advance x-ray diffractometer equipped with copper Kh  radiation was used to obtain pole 

figures for machined surfaces as well as the as-received material in each alloy. The area under investigation 

in each case was 5 mm x 2 mm. For two machined surface samples in Ti-6Al-4V, the white layer was 

mechanically polished away before pole figure measurements took place to reveal the swept grain 

material beneath and allow investigation of the texture of this region. To ensure the white layer had been 

removed, material removal was quantified using a digital micrometer and cross-referenced against the 

known white layer thickness in each sample from optical microscopy measurements. A reference 

measurement was taken from a powder sample to correct the results for defocusing at high tilt angles and 
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background intensity. The MTEX MATALB toolbox, as described by Bachmann et al. [259], was used to 

calculate the orientation distribution functions (ODF) from the corrected data and then plot recalculated 

pole figures. By calculating an ODF, the full pole figure for any crystal orientation could be plotted and the 

texture index (TI) calculated. The TI is the square integral of the ODF for a pole figure, as such, it is a 

numerical indicator of preferential crystallographic orientation in a material; a larger TI indicates a 

stronger texture.   

5.3.7 Residual stress profiling 

Profiles of residual stress with depth in the near-surface of machined surface samples were measured 

through XRD using the ÓÉÎ‪  method, with electropolishing used for material removal. Residual stresses 

impart micro-strains on the crystal lattice, which change the interatomic separation, Ὠ and, therefore, 

alter the position of the peaks in intensity in a diffraction pattern. Tensile stresses shift the peak to lower 

diffraction angles, whereas compressive residual stresses do the opposite. 

In the ÓÉÎ‪  method, as described by Cullity [146], an XRD pattern is obtained in the vicinity of a 

particular crystallographic plane at different tilt angles, ‪ and the interatomic spacing is determined at 

each tilt angle from the peak position. Due to the small depth of penetration of x-rays that confines them 

to a region close to the free surface, a condition of biaxial stress is assumed over the x-ray interaction 

volume. This means the stress and strain perpendicular to the surface are taken as zero, however, the 

stress and strain parallel to the surface are proportional to the change in lattice spacing relative to the 

unstressed sample. The ÓÉÎ‪  method removes the need for calibrating with a stress-free sample of 

every material, as would be required if only one tilt angle was used, as the stress in a particular direction, 

„, is proportional to the change in lattice spacing with changing tilt angle, as described by Eq. 5.11. 

Where Ὁ is the Elastic modulus of the alloy when loading perpendicular to the lattice plane used to 

measure the change in lattice spacing, ‡ ƛǎ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭ ōŜƛƴƎ ƳŜŀǎǳǊŜŘ ŀƴŘ ά is the 

gradient of a Ὠ vs ÓÉÎ‪  plot. A schematic of an XRD residual stress measurement is shown in Figure 

5.22. During the measurement, the range of diffraction angles, ς—, used to obtain the diffraction pattern 

for a particular peak is held constant and the sample is rotated through a series of tilt angles, positive and 

 „
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Eq. 5.11 
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negative relative to the initial position. At each location, the position of the peak in intensity associated 

with the target crystallographic plane is recorded and converted to a lattice spacing. From this, the Ὠ vs 

ÓÉÎ‪  plot can be used to calculate the residual stress. 

 
Figure 5.22 ς A schematic of an XRD residual stress measurement. The diffraction angle Ᵽ is kept constant while the tilt angle, ⱶ, is 

changed. 

Residual stress was measured for machined surface samples in the feed and cutting direction using a 

Proto iXRD portable diffractometer with a copper Kh  x-ray tube. Both cutting and feed direction 

measurements were taken, as residual stress can vary significantly between these directions [69]. Depth 

profiling measurements were achieved through successive material removal using the electropolishing 

technique with a salt and water electrolyte. Electropolishing was used as it facilitates the removal of 

material without altering the residual stress state through mechanical deformation, as could occur with 

mechanical polishing. The material removal was quantified with a digital height gauge. The sin2( )̞ method 

with 11 tilt angles (̞ ) between -19° and +19°, was used to measure crystal lattice strain and, through 

calculation, residual stress in the feed and cutting directions, with the data captured from 2 x-ray 

detectors. The h ςρσσ peak and the h ςρρ peak were chosen for the measurements in Ti-6Al-4V and 

SCMV respectively, due to their high Bragg angle (approximately 140° and 155°) [223]. Fitzpatrick et al. 

[147] have shown that higher angles result in larger changes in diffraction angle for a given change in 

lattice spacing. Due to the prohibitively high cost of these measurements and the examples already 

highlighted in the literature, residual stress measurements were not obtained for IN-718.  

Elastic constants used in the stress calculation for the ʰςρσσ crystallographic plane in Ti-6Al-4V were 

Ὓ = -2.97 x 10-6 MPa-1 and Ὓ/2 = 11.89 x 10-6 MPa-1, which correspond to an Elastic modulus of 112.1 GPa 

ŀƴŘ ŀ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƻŦ лΦооΦ CƻǊ ƳŜŀǎǳǊŜƳents in SCMV, Ὓ = -1.42 x 10-6 MPa-1 and Ὓ/2 = 5.67 x 10-6 
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MPa-1 corresponding to Ὁ = 235 GPA and ὺ = 0.333, were used. Flat plate corrections were applied to 

account for the stress relaxation effect of layer removal, as outlined by Sikarskie [260]. In addition to stress 

measurements, peak broadening measurements were also obtained for each sample. The peak 

broadening was taken as the full width of the XRD peak at half of the maximum intensity (FWHM). An 

increase in peak breadth can be used as an indicator of a small grain size or inhomogeneous lattice strain 

over the depth of inspection [146]. 

5.3.8 Chemical profile analysis 

Dynamic secondary ion mass spectrometry (DSIMS) was used to obtain chemical profiles in three Ti-

6Al-4V machined surface samples at Loughborough Surface Analysis, two that contained a white layer and 

one sample with good SI. Measurements were not carried out in steels and nickel due to the prohibitive 

cost of these measurements and the EDXS research already published for these materials. DSIMS was 

selected for this investigation due to its extremely high sensitivity to most elements, which allows the 

detection of elements present in only 10 parts per billion [261]. This sensitivity is significantly greater than 

that of other techniques such as EDXS and x-ray photoelectron spectroscopy which can only achieve 100 

parts per million [262] and 1000 parts per million [263] sensitivity respectively. EDXS is ill-suited to the 

detection of elements with low atomic numbers, e.g. C, N and O [262], all of which were important to this 

analysis due to their h -TI stabilisation effects. Additionally, the x-rays detected during EDXS are generated 

over a large volume compared to the size of the electron beam, resulting in low depth resolution. 

Secondary ion mass spectrometry is a surface analysis technique in which a beam of primary ions is 

focused onto the surface to be analysed. The interaction of these primary ions with the atoms in the test 

piece causes secondary ions to be ejected from the surface. These secondary ions are accelerated through 

a mass spectrometer to determine the chemical composition of the surface. By varying the magnetic field 

in the mass spectrometer, different atoms can be filtered out such that only ions of one element at a time 

can reach the detector.  

In DSIMS, the beam of primary ions continuously removes material from the test piece and as such 

allows inspection at increasing depths [261]. A typical DSIMS instrument is shown schematically in Figure 

5.23. By measuring the final depth of the crater created by the ion beam using a Dektak profilometer and 

recording the time at which each mass spectrometry measurement point is taken, a chemical composition 
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vs depth profile can be created. The depth reached beneath the surface during material removal is 

proportional to time, as the material removal rate is assumed constant for a largely homogeneous material 

[261]. This assumption would not be valid for a material constructed from layers of different materials 

where each material is only several micrometres thick, however, it is acceptable for these Ti-6Al-4V 

samples. It should be noted that data is only taken from the central 60 µm x 60 µm of the crater, which 

has an overall size of 200 µm x 200 µm. This is to ensure that only ions ejected from the base of the crater 

by the ion beam are detected rather than ions ejected from the sides, which would come from a different 

depth.  

 
Figure 5.23 ς A schematic of a DSIMS instrument highlighting the key features. 

Due to the continuous material removal, as well as the nature of the mass spectrometer, only a subset 

of elements could be measured. This is because the magnetic field in the spectrometer has to be changed 

to detect each element, hence only a single element can be detected at any given point. The count rate 

for the desired element is captured and then the field is changed to allow detection of the next element. 

Consequently, the more elements selected for detection, the greater the interval in depth between 

measurements for the same element, lowering the depth resolution of the technique. The elements 

selected for analysis of the machined surface composition were Ti, Al and V, as they are the primary 

elements in Ti-6Al-4V, in addition to O, C and N as these are alpha-stabilizing elements, which readily 

diffuse into titanium. Co and W were also selected for detection due to the composition of the tungsten 

carbide cutting tool used to form the surface being analysed. 

The intensity of a particular element does not equate to the exact composition of the alloy, however, 

it does allow the change in that element with depth to be quantified. To illustrate the change in total alpha 
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stabilizing content, an aluminium equivalent intensity was calculated using the weightings of the well-

known relationship for weight percent aluminium equivalency [32, 264], as shown in Eq. 5.12.  

Where ὢ is the count rate for element ὢ. This is not a true aluminium equivalency, as the intensity 

measured by DSIMS does not equate to composition, however it is adopted in this study simply to illustrate 

general trends. Following the DSIMS measurement, each sample was sectioned and the white layer 

thickness near the crater was quantified. 

5.4 Micro-grid strain measurement  

To facilitate strain measurement in the orthogonal milling (OM) samples, micro-grids were patterned 

onto the 25.5 x 24 mm OM workpieces using electron beam lithography (EBL) as highlighted schematically 

in Figure 5.24 (a). The workpieces were polished to a mirror finish on the face onto which the grid would 

be printed. Due to the size of the workpieces and issues encountered with severe edge-rounding when 

manual polishing, a custom adapter was designed and fabricated which allowed the samples to be polished 

using automated polishing machines. Following polishing, the samples were coated in AR-P0-6200.13, an 

electron sensitive resist. The samples were then transferred to an EBL machine where the resist on the 

samples was exposed to an electron beam, which traces the grid lines on the surface. The interaction of 

the electron beam with the resist changes the solubility of the resist such that, when the sample is 

subsequently immersed in a solvent, the exposed regions of resist (the grid lines) are removed.  

In the next step, on one workpiece from each pair, thermal evaporation deposition was used to coat 

the sample in a 10 nm layer of titanium and then a 90 nm layer of gold. The titanium deposition enhances 

the adhesion between the gold and the titanium substrate. During preliminary trials when using only 

deposited grid workpieces, the grids peeled off, primarily due to a poor surface finish following polishing. 

Consequently, on the other workpiece from each workpiece pair in the full trials, a 30 nm coat of gold was 

sputtered onto the surface, in case the deposition method failed again. Gold was used for the micro-grids 

due to its large atomic number, which gives rise to a strong contrast on a back-scattered electron SEM 

image. Additionally, gold possesses a high melting point of 1064 °C [265], so it would only melt if extreme 

heating had occurred during machining. In thermal evaporation deposition, a metallic source is heated in 

a vacuum to cause the vaporisation of the material. The vapour cloud produced, cools on contact with the 

 ὃȢὉ ὃὰ ρπὕ ὅ ςὔ  
Eq. 5.12 
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substrate resulting in the deposition of a thin layer. A vacuum is used to ensure a more uniform layer is 

produced by reducing collisions between the gold and other atoms when travelling between the source 

and substrate. By contrast, in sputtering, gold is ejected from an electrode inside a vacuum chamber 

through bombardment with high-energy ions and then condenses on the substrate forming a thin film. 

(a) (b) 

 

  

  

Figure 5.24 ς (a) A schematic of the grid printing process and (b) micrographs of the final grids showing the four grid sizes used. 

Following deposition and sputtering, the samples were submerged in n-methyl-2-pyrrolidone to lift-off 

the remaining resist. This process also lifts-off the gold directly above the resist leaving only the gold 

deposited in the channels produced by EBL, i.e. the grid lines. For these experiments, four different micro-

grid sizes were used to ensure deformation could be captured at different length scales as illustrated in 

Figure 5.24 (b). The grids were arranged as shown in Figure 5.25 (a) with the final machined surface passing 

through the grids as indicated in Figure 5.25 (b). Note that when sandwiched in a workpiece pair a 5 ҡƳ 

ƎǊƛŘ ǿƻǳƭŘ ōŜ ƛƴ ŎƻƴǘŀŎǘ ǿƛǘƘ ŀ пл ҡƳ ƎǊƛŘΦ ¢Ƙƛǎ ǿŀǎ ǎƻ ǘƘŀǘ ōƻǘƘ ƘƛƎƘ ŀƴŘ ƭƻǿπǊŜǎƻƭǳǘƛƻƴ ǎǘǊŀƛƴ 

ƳŜŀǎǳǊŜƳŜƴǘǎ ŎƻǳƭŘ ōŜ ŎŀǇǘǳǊŜŘΣ ŀǎ ƛǘ ǿŀǎ ƴƻǘ ƪƴƻǿƴ Ƙƻǿ ŜŀŎƘ ƻŦ ǘƘŜ ƎǊƛŘ ǎƛȊŜǎ ǿƻǳƭŘ ǊŜǎǇƻƴŘ ǘƻ ǘƘŜ 

ŘŜŦƻǊƳŀǘƛƻƴ ƛƴŘǳŎŜŘ ōȅ ƳŀŎƘƛƴƛƴƎΦ 

(a)     (b) 

  
Figure 5.25 ς Schematics of (a) the grid locations and (b) the final surface post-machining. 

5 µm pitch, 
0.5 µm 
width 

10 µm pitch, 
1 µm width 

20 µm pitch, 
2 µm width 

40 µm pitch, 
4 µm width 
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Edge rounding of the workpieces, despite the use of a custom jig to facilitate automation of the 

polishing process used to prepare the surface for EBL, meant that when the finished workpieces were 

mounted in pairs in the jig there was a gap between the plates, as shown in Figure 5.26 (a). To reach the 

plane strain region, the workpiece pair had to be machined using clean-up passes. To reduce the amount 

of material removal needed, an aluminium foil spacer was used to separate the plates at the rear of the 

jig, the clamping forces then resulted in plate contact nearer the machined surface, reducing the material 

removal required before each trial, as highlighted in Figure 5.26 (b). Note the size of the spacer is greatly 

exaggerated for illustration purposes. 

(a) (b) 

  

Figure 5.26 ς Schematics of (a) the separation between the workpieces caused by edge rounding that necessitates considerable material 
removal and (b) the reduced material removal when a spacer was used. 

Following machining, the strain in the orthogonally milled surface was calculated using the method 

outlined by Allais et al. [157] by comparing SEM images of deformed and undeformed grids. A full 

description of the underlying mathematical relationships used during the calculation, the image analysis 

process and validation of the MATALB strain measurement script is provided in the Appendix, section 13.4. 

5.5 Summary 

In this chapter, the materials and machining methods employed in the generation of a set of surfaces 

for characterisation and non-destructive testing of white layers have been described. The characterisation 

methods used to measure the physical properties of machining-induced white layers have been detailed. 

The procedures employed for the measurement of the strain in a machined surface with a white layer 

have also been introduced. The following chapter presents the results from the tests described in this 

chapter and then discusses the key characteristics of white layers to guide the development of an NDT 

method for their detection. The results of this characterisation work in all three materials will be presented 

in parallel, in order, to facilitate direct comparison between the mechanical and microstructural properties 

of the white layers in each material.  
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6 The physical properties and mechanisms of white layer formation in 

aeroengine alloys 

The results from the characterisation of machining-induced white layers in the three aeroengine alloys 

are reported in this chapter, alongside quantitative strain analysis of orthogonally milled surfaces 

containing a white layer. Results for each material are presented in parallel to facilitate comparison. 

Following this, a detailed discussion section will identify the key physical properties of the white layers in 

each alloy and propose formation mechanisms. Particular attention is given to Ti-6Al-4V, as there is little 

known about the characteristics and mechanisms of white layer formation in this alloy. Based on the 

findings of the characterisation work, viable NDT methods for detecting the white layers in each material 

are suggested. 

6.1 Results 

6.1.1 Microstructural morphology  

Quantitative analysis of cross-sectional micrographs was used to measure the size of the white layer 

produced in Ti-6Al-4V, SMMV and IN-718. It can be seen from the optical micrographs in Figure 6.1 that 

surfaces with and without a white layer were produced in each alloy. The traffic lights represent the 

pass/fail result from SI inspection, as outlined previously. 

(a) 

 

(b) 

 

(c) 

 
(d) 

 

(e) 

 

(f) 

 
Figure 6.1 ς Micrographs of surfaces that would pass surface integrity inspection: (a) Ti-6Al-4V (20 m/min, 0 mm VB) (b) IN-718 (20 

m/min, 0 mm VB), (c) SCMV (60 m/min, 0 mm VB) and surfaces which possess a white layer and would thus fail inspection (d) Ti-6Al-4V 
(20 m/min, 0.5 mm VB) (e) IN-718 (20 m/min, 0.5 mm VB), (f) SCMV (60 m/min, 0.5 mm VB). 
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White layers were only produced when machining with worn inserts in Ti-6Al-4V and IN-718, however 

in SCMV a white layer was produced when machining with an unworn insert at high speed (180 m/min). A 

summary of the surfaces generated in each alloy, according to the white layer thickness, is shown in Table 

6.1. 

Table 6.1 ς The number of surfaces with a particular white layer thickness, quantified through optical microscopy, in each material. 

 

From optical inspection, as shown in Figure 6.1, the white layer appears amorphous, i.e. grain structure 

cannot be resolved, however, higher resolution imaging shows this not to be the case. FEG-SEM 

micrographs of the white layer and swept grain regions formed during machining of a Ti-6Al-4V surface 

with a 0.5 mm VB worn insert are shown in Figure 6.2. The higher magnification micrograph shown in 

Figure 6.2 (b) illustrates the difficult-to-resolve ultrafine microstructure in the white layer, which is at the 

resolution limit of the FEG-SEM equipment. The microstructure of the white layer is more easily resolved 

in Figure 6.2 (c), at the transition between the white layer and swept grain regions. It can be seen that the 

white layer, in this location, consists of nano-scale equiaxed grains, with an average grain size of the order 

of 100 nm or smaller, measured using the Heyn lineal intercept method as described in ASTM E112 [266]. 

However, grains are likely to be even smaller in the region shown in Figure 6.2 (b), but this cannot be 

quantified due to resolution limitations. This sub 100 nm grain size in the white layer contrasts the 10-20 

˃Ƴ h -phase grain size and the elongated grain boundary-  ̡in the bulk microstructure.  

In the white layer, it is apparent that any retained-  ̡is indistinguishable from the primary-ʰΣ ǿƘŜǊŜŀǎΣ 

in the transition and swept grain regions, Figure 6.2 (c) and (d) respectively, the ̡-phase can be resolved 

due to atomic number contrast in the micrograph, caused by the heavier elements that stabilise the beta 

phase. The grain sizes are larger in the swept grain region immediately below the white layer, as shown in 

Figure 6.2 (d) but were still measured to be smaller than 500 nm. The grain size rapidly increases with 

depth, through the region of the swept grain material immediately adjacent to the white layer, to reach 
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the bulk grain sizes. The white layers in IN-718 and SCMV were similarly found to possess a highly refined 

grain structure, as highlighted in Figure 6.3. 

 
Figure 6.2 ς Cross-sectional backscattered electron SEM images of an un-etched Ti-6Al-4V machined surface (80 m/min, 0.5 mm VB), 

sectioned perpendicular to the feed direction, showing the white layer and the swept grain region (a), and higher magnification images 
of the white layer (b), the transition region between white layer and swept grain (c) and the swept grain region (d).   

 
Figure 6.3 ς Cross sectional backscattered electron SEM images of (a) an un-etched SCMV sample (60 m/min, 0.5 mm VB) and cross 
sectional secondary electron images of (b) an etched IN-718 sample (20 m/min, 0.5 mm VB). 

To investigate the phase structure of the white layer in Ti-6Al-4V, a sample was heat-treated in a 

vacuum furnace at 700 °C for 2 hours to drive grain growth, with the corresponding micrograph presented 

in Figure 6.4. The heat treatment caused h-Ti grains to grow to up to several micrometres in diameter 








































































































































































































































































































































