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ABSTRACT 

Laser powder bed fusion (LPBF), an additive manufacturing (AM) technology, 

shows its potential in the fabrication of low-volume and high-geometrical 

complexity productions, owing to the unique vector-layer-part manufacturing 

manner. The process involves intense energy inputs that create melt pools 

characterised by steep thermal gradients and high cooling rates ranging from 104 to 

106 K/s. This rapid solidification triggers the development of epitaxial grain growth 

patterns aligned with the build direction (BD), leading to unique microstructures 

when compared to conventional cast and wrought alloys. 

Generally, the microstructure of LPBF-fabricated components mainly depends on 

scanning strategies and laser parameters, which control the preferential grain 

growth directions and form specific crystallographic textures. To evaluate the 

microstructure evolutions of different rotational angles, Alloy 718 samples with 

different crystallographic textures were fabricated by LPBF via three laser rotation 

angles, namely 0°, 67° and 90°. Moreover, different vector lengths are also widely 

used in the LPBF process to fill in the corners near the fabricated geometry borders. 

However, the effect of vector lengths on the microstructure is not well understood. 

Therefore, various vector lengths with unidirectional scanning direction were used 

to further investigate the effect of vector lengths on the microstructure. For the first 

time, multi-vector-length scanning strategies, namely Long-vector (4000 µm), 

Short-vector (80 µm), Long-Short vectors (4000 µm and 80 µm), and Incremental 
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vectors (ranging from 80 µm to 400 µm), are employed in this work for controlling 

the microstructure of as-built samples.  

It was shown that the melt pool depth for Short-vector printing (about 138 µm) 

exceeded that of Long-vector printing (about 85 µm). This was due to that the 

energy densities were not the same at different vector lengths when considering the 

actual laser motion. The slow scanning speed caused excessive energy input in short 

vectors, resulting in narrow and deep melt pools. In addition, with the increase in 

vector length, grain size correspondingly increased from less than 20 µm in Short-

vector printing to over 50 µm in Long-vector printing. However, this increase in 

grain size was accompanied by a reduction in microhardness, declining from 

approximately 347.6±7.5 to 298.2±4.4 HV(0.2). This is the first time in the 

literature to report the vector length effect on the grain structure characteristics in 

LPBF. 

Since high dimensional accuracy and surface finish are required for the end-use of 

LPBF-fabricated parts, post-machining is employed to improve the surface quality 

of the as-built components. To further understand the machining-induced 

deformation and chip formation of components fabricated by LPBF, the Alloy 718 

samples with typical textures (fabricated by 0°, 67° and 90° rotational scanning 

strategies) are employed for the post-machining tests. A “quasi-in-situ” grain 

deformation investigation method and a quick-stop cutting method are used with 

the pendulum-based orthogonal cutting machine to investigate the machined 

surface deformation and chip formation mechanisms, respectively. 

The crystallographic level deformation history for hundreds of microns during a 
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high strain rate shear removal deformation was illustrated. Due to the carefully 

retained deformation history (i.e., typical bulges and slip bands) on the surface, a 

repeated deformation pattern was observed, attributing to the non-homogeneous 

deformation of typical build-directional blocks. The most active slip trace of 

deformed grain was calculated and verified based on the dominated slip bands 

within individual grains. The slip trace direction and intensity were quantified for 

different textured Alloy 718. Since the slipping-based deformation for an orientated 

grain was represented by its most active slip trace, a deformation tendency map was 

obtained by combining the shear direction, slip system and grain morphology. It 

was revealed that grains in high texture intensity workpieces generally followed the 

macro shear-based deformation, while with the decrease in texture intensity, the 

plastic anisotropy was significant at the grain scale. 

By retaining chips on the workpieces in the quick-stop cutting test, it was found 

that the elongated grains in LPBF-fabricated Alloy 718 significantly influenced the 

material pile-up behaviour along the shear direction. This leads to an increase in 

shear angle and a decrease in chip ratio when compared with the machining of 

equiaxed grains in the wrought sample. This is because the transition of shear 

deformation from the cutting edge to the free surface is hindered by long grain 

boundaries that are perpendicular to the cutting direction. Since the shear bands are 

hard to cross long grain boundaries, the deformation of LPBF-fabricated Alloy 718 

is governed by grain boundary bending in the primary shear zone. 
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LDED  Laser-directed energy deposition 
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LSSZ  Low Shear Strain Zone 

MA  Misorientation angle 
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STL  Stands for stereolithography 
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UI  User interface 
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Nomenclatures 

𝐷  Laser beam diameter 

𝑭  Deformation gradient 

𝑭∗  Deformation caused by lattice rotation 

𝑭𝒑  Deformation caused by plastic shearing 

𝐻  Hatch spacing 

𝑃  Laser power 

𝑇  Layer thickness 

𝑉  Scanning speed 
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a஑ஒ  Dimensionless coefficient 
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d୥  Distance to the closest GB 
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௦௛௘ ௦௔௠௣௟௘ Transformation matrix 
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ℎఈఉ  Hardening moduli 
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𝑛ఈ  Slip plane normal for slip system 𝛼 

𝑞ఈఉ  Latent hardening ratio 

𝑠௦  Saturation stress 

𝑠ఉ  Slip resistance at hardening saturation 

𝑡௔  Acceleration time 

𝑡௠  The most active slip trace 
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𝑡௦  Tracking error time 

𝑣௧  Target speed 

𝑥௦  Distance delay 

yୡ  Effective annihilation distance between dislocations 

𝛼  Slip system 𝛼 

𝛽  Slip system 𝛽 

𝜀  Shear strain 

𝑠̇ఈ  Slip resistance 

𝜌̇௦  Dislocation density 

∈௜௝
௖௥௬௦௧௔௟ Shear strain loaded in the crystal frame 

∈௜௝
௦௔௠௣௟௘  Shear strain loaded in the sample frame 

∈௦௛௘௔௥  Shear deformation gradient 

ρஒ  Dislocation density in 𝛽 slip system 

τୡ
ୟ  Critical resolved shear stress 

𝛾௡  Rake angle 

𝛿𝛾ఈ   Shear increment at slip system 

𝜙௡  Shear angle 

δw  Work increment 

μ  Shear modulus 
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Chapter 1 Introduction 

1.1 Background 

After over 30 years of development, metal additive manufacturing (AM) has 

demonstrated its capability in designing and manufacturing structural-functional 

components for end-use in industries [1–3], especially for the fabrication of small-

batch components with great geometrical complexity [4] that are used in aviation 

and aerospace fields. Laser powder bed fusion (LPBF) is a category of AM that 

utilises the laser as the heat source to melt metal powders to form 3D components 

[5]. In the LPBF process, the extremely thin metal powder layer (about 20 to 200 

µm [6,7]) is spread on the substrate. Then the powder bed is selectively melted by 

a laser beam under the control of the galvanometer. The substrate is then lowered 

with the thickness of the powder layer for the next powder spreading and laser 

scanning. By repeating this process, melted laser tracks are bonded to each other 

on a layer and layers are stacked to form the component. Many alloys (e.g., 

AlSi10Mg, Ti6Al4V, Alloy 718, etc.) have been successfully manufactured by 

LPBF with high density and good mechanical properties compared with traditional 

cast products. 

For the component fabricated by LPBF, its quality and microstructure are 

dependent on laser parameters such as laser power, scanning speed and scanning 

strategies [8]. Laser power controls the amount of energy delivered to the metal 

powder bed, influencing the melting of the powder and temperature distribution of 
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the melt pool. The energy deposition rate is decided by the scanning speed, further 

affecting the thermal conduction and solidification rate of the melt pool. An 

appropriate combination of laser power and scanning speed is crucial for the 

stability of the powder melting and solidification. This can further affect the 

porosity, grain morphology and crystallographic texture of fabricated components. 

Moreover, since the combination of laser power and scanning speed provides 

different energy densities to melt the metal powder, the grain growth pattern during 

melt pool solidification can be controlled by the provided thermal condition. This 

finally leads to unique grain morphologies that are different from those formed via 

conventional methods (e.g., casting and forging). The LPBF-fabricated 

microstructure can be further developed via scanning strategies, which control the 

grain growth pattern among layers. This usually can be achieved by the rotational 

scanning directions or customised laser scanning paths on each layer [9]. Therefore, 

LPBF technology appears to have great potential in controlling the microstructure 

of metallic components [10,11] due to the flexible utilisation of laser parameters 

and scanning strategies.  

LPBF is widely recognised as a technique to fabricate components from multiple 

vectors in a single layer, then to multiple layers, and finally to finished components. 

However, the common design of printing parameters usually starts from an 

individual layer that is composed by many individual vectors. This cannot fulfil the 

potential of LPBF technology in the localised microstructure control down to the 

vector scale. The main challenge is that the scanning strategy is not designed for an 

individual vector but for a large area consisting of multiple vectors. Few works tried 
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to manipulate each vector to control the microstructure of LPBF-fabricated 

components. It has been reported that the melt pool morphology and fabrication 

quality might be influenced by vector lengths [12–14]. However, few works tried 

to systematically investigate the melt pool morphology evolution of different vector 

lengths. 

Moreover, the formation of unique grain morphology and crystallographic texture 

during the LPBF process is mainly attributed to the epitaxial grain growth in the 

rapid melt pool solidification. The cooling rate of a melt pool usually reaches 104 

~106 K/s [15], leading to cellular structures within the LPBF-fabricated grains. 

Since these grains are preferred to grow along the build direction (BD), the high 

aspect ratio of LPBF-fabricated grains usually leads to anisotropic mechanical 

properties. Therefore, the typical grain morphology and orientation, as well as the 

substructure within the grains, lead to different mechanical properties when 

compared to cast and wrought components. 

One of the nickel-based superalloys, Alloy 718, has been widely recognised for its 

excellent mechanical properties and corrosion resistance in aerospace industry and 

LPBF technology has been successfully used to build Alloy 718 components with 

different crystallographic textures. It is also recognised that the additively 

manufactured Alloy 718 components are often subjected to post-mechanical 

machining operations to achieve the required dimensional accuracy and functional 

surface performances [16]. Understanding the response of the textured structure 

and grain morphology to mechanical machining is, therefore, critical to evaluating 

the machinability of LPBF-fabricated alloy. Moreover, chip formation is also 
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significantly important to the machining quality and surface accuracy [17]. Hence, 

it is also necessary to understand the underpinning effects of the crystallographic 

textures on the chip formation. However, it is quite challenging to characterise the 

deformation behaviour of textured grains near the primary shear zone due to the 

separation of the chip and workpiece after cutting. 

1.2 Aims and objectives 

This thesis aims to investigate the role of scanning strategies in additively 

manufactured microstructure and then to analyse the effect of microstructure on 

machining-induced deformation and chip formation. In particular, LPBF 

technology is employed to fabricate crystallographic textured Alloy 718 with 

different rotational angles and vector lengths. A pendulum-based orthogonal 

cutting machine with a customised quick-stop module is used for the machining 

tests. 

Accordingly, the specific objectives of this project are: 

1) To investigate the grain morphology and texture influenced by rotational 

scanning strategies. 

2) To analyse the role of the laser control system in the LPBF-fabricated 

process. 

3) To control the printing parameters for each vector and characterise the 

microstructure evolution in LPBF-fabricated Alloy 718 with different 

vector lengths. 

4) To analyse the influence of unique grain structure and texture formed by 
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LPBF on the machining-induced deformation. 

5) To design a quick-stop module for the pendulum-based cutting machine. 

6) To investigate chip formation mechanisms influenced by the grain structure 

and texture formed by LPBF. 

1.3 Structure of the thesis 

This PhD thesis mainly includes the following contents: Chapter 1 provides the 

research background and motivation and objectives of the study. In Chapter 2, a 

comprehensive literature review introduces the principle of additive manufacturing, 

the microstructure of Alloy 718 influenced by printing parameters, the principle of 

the laser control system, as well as microstructural impacts on post-machining and 

chip formation mechanisms. Chapter 3 details the experiment methods in this 

thesis, including Alloy 718 fabrication via laser powder bed fusion, pendulum-

based cutting test with/without quick-stop module and microstructure 

characterisation, as well as the crystal plasticity simulation. Chapter 4 presents the 

effect of vector lengths on the melt pool and microstructure of LPBF-fabricated 

Alloy 718. Chapter 5 studies the microstructure evolution during pendulum-based 

cutting for three representative textured Alloy 718 formed by LPBF technology via 

a “quasi-in-situ” investigation method. Chapter 6 investigates the chip formation 

mechanisms of these three typical textured Alloy 718 by the pendulum-based 

cutting machine with a quick-stop module. Finally, the main conclusions for this 

thesis are summarised in Chapter 7 and suggestions for future work are given in 

Chapter 8.  
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Chapter 2 Literature Review 

2.1 Additive manufacturing (AM) 

2.1.1 Metal additive manufacturing 

Additive manufacturing (AM), also known as 3D printing, enables the fabrication 

of components from a digital 3D model layer by layer. It has a unique advantage 

for low-volume production fabrication, especially for those with high geometry 

complexity or for design validation of prototype parts [4,18]. Owing to its 

revolutionary manufacturing process that builds an object layer by layer via 

transferring a 3D model (generally designed by CAD software with 

stereolithography (STL) format [19]) into multiple individual 2D layers. This 

allows many structures with high cost and difficulty in traditional manufacturing 

(e.g. lattice and topological structures) to be fabricated directly. It exhibits great 

potential in different industries, such as aerospace, medical, nuclear and automotive 

[20].  

According to the International Organization of Standardization (ISO)/ American 

Society for Testing and Materials (ASTM) [21], there are five categories of AM 

process: (ⅰ) powder bed fusion (PBF) [22–24], (ⅱ) directed energy deposition (DED) 

[25,26], (ⅲ) material jetting [27,28], (ⅳ) binder jetting [29], and (ⅴ) sheet 

lamination [30]. PBF and DED are well developed and widely used technologies, 

being classified into laser-based and electron-based processes according to 
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differences in the heat source. The laser-based process includes laser powder bed 

fusion (LPBF) and laser directed energy deposition (LDED), while electron beam 

powder bed fusion (EBM or E-PBF) and electron beam directed energy deposition 

(EB-DED) belong to the electron-based process. 

2.1.2 Laser powder bed fusion (LPBF) 

Laser powder bed fusion (LPBF) is a category of AM that utilises the laser as the 

heat source to melt metal powders to form 3D components [31–33]. Many alloys 

(e.g., AlSi10Mg [34], Ti6Al4V [35], Alloy 718 [36], etc.) have been successfully 

manufactured by LPBF with high density and good mechanical properties 

compared with traditional cast products. The digital model of a 3D part is generated 

using computer-aided design (CAD) software and is sliced into multiple layers 

along the build direction (BD), with each layer having a thickness of approximately 

tens of microns. After reading the slicing data, the machine controls the laser and 

scanner to work with the platform and recoater co-ordinately, and then the laser can 

melt the powder with the designated path and laser parameters. Both LPBF and 

EBM are melting powder layer by layer to build the object. However, the former 

melts the powder in a gas-protected chamber (argon or nitrogen) rather than a near-

vacuum chamber. Compared to a hundred microns of powder thickness in EBM 

[37], the powder layer thickness of LPBF is usually not more than a hundred 

microns (20 µm to 60 µm in general [38,39]). The thinner powder thickness in 

LPBF allows higher precision but lower manufacturing efficiency than EBM. 

A schematic of LPBF process is shown in Figure 2.1. The optical system mainly 

consists of fibre laser, scanner mirrors and f- lens. The final laser scanning path is 
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controlled by two scanner mirrors (galvanometer scanners). One mirror governs the 

laser beam path along the x-axis, whilst the other mirror controls laser placement 

along the y-axis. The laser is then focused by f- lens and positioned at the selected 

point. The building system consists of a build platform, substrate, powder storage 

(residual powder collection), powder collector and recoater. After one layer is 

printed, the build platform will drop one layer thickness and the powder storage 

platform will rise one layer thickness. Then the recoater moves from right to left 

along its track, pushing the powder to spread on the building platform. Since the 

powder storage platform area is larger than its building area, the rest of the powder 

will be collected by the powder collector. Finally, after the powder is spread on the 

previous layer/substrate, the laser will melt the selected area on the powder bed. 

During this printing cycle, the continuous gas flow (N2 or Ar) is provided to remove 

the black smoke from the laser-powder reaction zone. 

The unique layer-by-layer fabrication process of LPBF technology has been 

developing rapidly since this concept was proposed in the 1990s. It has the potential 

to enhance the material properties, both in performance and function, by printing 

the right materials in the right positions [1]. Multi-material manufacturing is 

investigated to combine the advantages of different metals, aiming to obtain 

comprehensive mechanical properties [40,41]. Moreover, the application in 

aerospace and automotive industries usually requires high printing efficiency and 

large building areas. The multi-laser powder bed fusion was developed to employ 

two or more lasers scanning the selected area simultaneously [42]. This allows 

larger building area and speed during the printing process. Laser beam shape also 
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exhibits an important role in process stability, surface quality and mechanical 

properties. Although the Gaussian beam is still the commonly used laser beam in 

LPBF technology, other beam shapes, such as donut, variable ring, top-hat, and 

elliptical, are also showing the potential to further improve productivity, melt pool 

morphology and microstructure [43]. 

 
Figure 2.1: A schematic diagram of the laser powder bed fusion (LPBF) process. 

2.1.3 Laser scanning control system 

Laser scanning systems play a crucial role in precisely controlling the movement 

and positioning of the laser beam during the LPBF process. The laser motion is 

controlled by the real-time controller (RTC), a software driver for real-time control 

of scan heads and lasers based on a fast digital signal processor (DSP) system. The 
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RTC consists of two kinds of commands: control commands and list commands. 

The former is used for setting some general parameters and controlling execution 

of the codes whilst the latter is opened by a control command and is processed by 

RTC in real time, including jump commands, mark commands as well as 

commands for laser parameters (e.g., jump speed, mark speed and laser power). 

The jump and mark commands are referred to as vectors as they are depicted by 

multiple segment lines with specific directions and lengths.  

Figure 2.2 shows the schematics of jump and mark vectors. A mark vector is a line 

with a specific direction, while a polyline consists of serval mark vectors [44]. The 

jump vector connects two non-contiguous mark vectors. These vectors require the 

X and Y coordinates of the endpoint as parameters. When the jump command is 

executed, the laser is switched off, and the scanner mirrors move fast. In contrast, 

the controller automatically turns on the laser at the beginning of a mark command 

and the laser moves along the vector with a defined scanning speed and laser power 

to melt the powder during LPBF.  

In order to control the galvanometer scanners to scan a vector, each vector 

(including both jump and mark vectors) is divided into small steps as shown in 

Figure 2.2(b). The scan head is, therefore, able to implement these micro steps with 

a constant time rate ∆𝑡. It is noted that the period ∆𝑡 is in the order of 10 µs and the 

length of each micro-step is dependent on the scanning speed. 
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Figure 2.2: (a) Schematic of mark and jump commands (or vectors) and (b) Micro-steps of 
a vector [44]. 

In the actual laser scanning process, due to the moment of inertia of the limited 

rotation direct current (DC) galvo motor and its rotary coil carrying the mirror for 

the laser, it requires time and distance to decelerate to zero velocity, turn, and then 

accelerate to achieve constant velocity [45]. For example, when the laser moves 

through the intersections of jump-mark vector and mark-mark vector in Figure 

2.2(a). This implies that at the beginning/end of a vector, the scanning speed may 

fail to reach the target speed, resulting in excessive energy input. Moreover, the real 

scanning distance is shorter than the vector length due to the 

acceleration/deceleration phase. To compensate for the length error, a commonly 

used method is to introduce a series of delays that extend the actual scanning time. 

This allows the laser to scan for a longer time with the target speed, reducing the 

error caused by the inertia of the mirrors (or mirror acceleration). 

Figure 2.3 [44] shows three kinds of delays in the laser scanning process. A vector 

scanning process is implemented by many microvectors (or micro steps) as shown 

in Figure 2.3 (a), but the scan mirror needs to accelerate to the target speed in the 
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actual scanning process. As a result, there is a lag occurring between the set and 

actual position. To reduce the error caused by this lag, a jump delay is set at the end 

of the jump vector. This jump delay provides extra time to ensure that the laser 

reaches the end position. Similarly, the delay is also employed in the mark vector 

for the same reason. However, since the laser turns on in the mark vector, the mirror 

acceleration leads to the excessive energy input (or burn-in effect) at the beginning 

and end of a vector. To mitigate the burn-in effect (overheating induced by high 

energy input [46]), laser on/off delays are used in this command (Figure 2.3(b)). 

The laser is switched on after the completion of the initial micro steps, allowing the 

mirrors to reach a certain scanning speed. Furthermore, the laser should not switch 

off immediately due to the lag between the set and the real position. Therefore, the 

laser off delay is used to offset the lag by extending the scanning time as shown in 

Figure 2.3(b). It should be noted that the laser on/off period can be treated as 

instantaneous (less than 10-6 s), leading to limited impact on energy input. Therefore, 

the energy input deviation is mainly caused by the speed change during laser-on/off 

delay. 
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Figure 2.3: Laser and scan head control timing during different commands [44]. (a) Jump 
vector, (b) Mark vector and (c) Polyline. 

Polygon delay is employed for two successive mark vectors as depicted in Figure 

2.3(c), because there is no need to stop the scanners as mark delay in Figure 2.3(b). 

Generally, the laser is not switched off when scanning two successive mark vectors 

unless the adjacent vectors are defined in two individual execution sequences, 

respectively. However, if the angle between two marks is too large (e.g., 180°), the 
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laser will be switched off and turned to the next vector. The laser on/off delay is a 

result of the balance between melt pool quality and productivity based on the 

thermal properties of the material. 

2.1.4 Process parameters 

For LPBF, fabrication quality is strongly dependent on process parameters that 

generally include laser power, scanning speed, layer thickness, hatch spacing, as 

well as variable scanning strategies [47]. The first four parameters mainly 

contribute to the energy input, which is key to fully melting powder, bonding 

adjacent layers/tracks and controlling defects such as porosity and crack.  

To estimate the energy input, laser power is not sufficient to show the actual energy 

input because (ⅰ) scanning speeds vary laser reaction time at a unit distance of a 

laser track, producing differences in energy input; (ⅱ) layer thicknesses influence 

the laser absorption, affecting the actual energy input; (ⅲ) different widths of the 

hatch spacing affect the proportion of solidified alloy and powder (i.e. wider 

hatching spacing means that laser reacts with more powder compared with narrow 

hatching spacing). In order to quantify energy input during laser reaction with 

powder, energy density (ED) is defined. As mentioned above, it consists of laser 

power, scanning speed, layer thickness and hatch spacing. It should be noticed that 

ED shows pronounced differences even when the laser beam diameter (or focal 

offset) is slightly changed [48,49]. This may partly explain why an optimal laser 

parameter is unreliable when used in another machine of different companies [50–

53]. 
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ED is a function with laser power 𝑃, scanning speed 𝑉, layer thickness 𝑡, hatch 

spacing 𝐻 and beam diameter 𝐷. The function is initially defined as linear energy 

density in which 𝑃 is divided by 𝑉, describing the energy input condition directly. 

Further, areal energy density and volumetric energy density (VED) are used to 

reveal energy input more specifically. Although VED has its limitation [54] in 

linking the laser parameters with component characteristics [55,56] such as melt 

pool morphology, defects and surface roughness, it is a widely used function to 

represent the relationship among laser parameters. Details of commonly used 

energy density functions are shown in Table 2.1. 

Table 2.1: Different energy density function 

Equation Energy density References 

𝑬𝑫𝑳 =  
𝑷

𝑽
 Linear energy density [57–59] 

𝑬𝑫𝒂 =  
𝑷

𝑽𝑯
 

Areal energy density 

[60] 

𝑬𝑫𝒂 =  
𝑷

𝑽𝑫
 [61] 

𝑽𝑬𝑫 =  
𝑷

𝑽𝑫𝑯
 Volumetric energy 

density 
[62] 

𝑽𝑬𝑫 =  
𝑷

𝑽𝑫𝒕
 

 

Scanning strategies only change the way of energy input via either different laser 

moving directions or a certain rotation degree among layers, revealing potentials to 

change grain texture [63] and balance residual stress accumulation [47]. Commonly 

used scanning strategies in LPBF process are summarised in Figure 2.4 [47], 

including  chessboard/island (Figure 2.4(a)) [64–67], ZigZag/bi-directional (Figure 
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2.4(b)) [63,68], ZigZig/unidirectional [69,70], degree-rotation between adjacent 

layers (Figure 2.4 (c-f)) and in/out scanning (Figure 2.4(g) and (h)) [71–73]. Some 

self-defined scanning strategies were reviewed by Jia et al. [9], including point 

melting scan, helix scan and Hilbert scan. By rotating the laser scanning directions 

(usually 67° [47], 90° [35] or 0° [74]) layer by layer, it is efficient to relieve the 

inhomogeneous thermal circle induced by laser scanning.  

 
Figure 2.4: Different scanning strategies [47]. (a) Island scanning; (b) Line scanning; (c) 
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45° line scanning; (d) 45° rotate scanning; (e) 90° rotate scanning; (f) 67° rotate scanning; 
(g) In-out scanning; (h) Out-in scanning. 

2.2 LPBF-fabricated Alloy 718 

2.2.1 Alloy 718 

As the laser scanning strategy exhibits the potential to determine the quality and 

mechanical properties of as-built components, it is also essential to understand the 

mechanisms of scanning strategy that influence a specific material. Alloy 718, one 

of the most commonly used nickel-based superalloys, is widely used in aviation, 

aerospace and energy industries due to its stable thermomechanical properties over 

650 °C [75]. Owing to its excellent resistance to hot corrosion and oxidation, as 

well as high-temperature strength, it is usually exposed to extremely high-

temperature environments, such as turbine blades and compressors [76]. Alloy 718 

is mainly composed of elements of nickel, iron and chromium, as well as small 

amounts of niobium, molybdenum, titanium, aluminium, cobalt, carbon and 

manganese [77]. γ is the matrix phase in Alloy 718, primarily consisting of a face-

centred cubic (FCC) structure of nickel and iron, providing good mechanical 

properties. There are two major strengthening mechanisms in Alloy 718: (1) solid 

solution strengthening (elements such as molybdenum, chromium, and iron 

dissolved in the nickel matrix, creating a solid solution that distorts the lattice and 

impedes dislocation motion); (2) precipitation strengthening (the γ' and γ'' phases 

precipitate within the γ matrix, impeding dislocation movement and thus increasing 

strength) [78]. 
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The continuous γ matrix in Alloy 718 is shown in Figure 2.5 [79,80], a face-centred 

cubic (FCC, A1) (lattice constant: 0.3553 nm) with a high fraction of solid solution 

elements (Fe, Cr and Mo). Other strengthening carbide and inter-metallic phases 

consist of metal carbide (MC), metal nitride, fcc 𝛾ᇱ Ni3(Al, Ti, Nb) (L12) and 

ordered Body-centred tetragonal (BCT, D022) structure 𝛾ᇱᇱNi3Nb (D022) [80] as 

well as phases, such as Hexagonal close-packed (HCP) Laves (Ni, Fe, Cr)2(Nb, Mo, 

Ti) (C14) and orthorhombic 𝛿(Ni3(Nb, Ti), D0a). It is noted that L12 and D022 are 

named according to the lattice structures composed of different elements. 

 
Figure 2.5: Four phases in Alloy 718. (a) Face-centred cubic (FCC, A1); (b) Face-centred 
cubic (FCC, L12); (c) Body-centred tetragonal (BCT, D022); (d) Hexagonal close-packed 
(HCP) [79,80]. 

Figure 2.6 [81–84] shows the different phases in the cast and LPBF-fabricated 

Alloy 718. Laves phase is recognised as a detrimental phase as it consumes 

elements for precipitation strengthening and causes hot cracking (Figure 2.6(a), (b) 

[81] and (e) [82]). For element consumption, Laves phase depletes the amount of 

Nb to reduce the principal element for 𝛾ᇱᇱNi3Nb. Its brittle nature typically result in 

poor ductility, toughness, and creep properties. It is formed when microsegregation 

of Nb occurs in the inter-dendrite region during solidification, appearing as 
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irregular globules or platelets due to long-time high temperature exposure. 

However, it partly dissolves into 𝛾 matrix when the temperature is lower than its 

melting point of Laves phases (about 1165 °C) [85]. 

MC-type (Figure 2.6(c) [83]) in Alloy 718 provides secondary phase strengthening 

by preventing grain boundary sliding and stress relaxation. It improves the creep 

and rupture strength as it is stable up to 1200 °C [86]. 𝛾ᇱᇱ is principal strengthening 

phase in Inconel 718 (Figure 2.6(d) [84] and (f) [87]), in which nickel and niobium 

combine to form BCT Ni3Nb, precipitating disk-shaped particles with lattice 

parameters of 𝑎ఊᇲᇲ = 𝑏ఊᇲᇲ  ~ 𝑎ఊ= 0.5093 nm and 𝑐ఊᇲᇲ   = 2𝑎ఊ = 0.7406 nm. It has an 

average diameter of approximately 600 Å and a thickness range of 50 – 90 Å, 

formed on the {100}  matrix planes with the c-axis perpendicular to the disks [88]. 

This phase is coherent with the 𝛾 matrix with large mismatch strains (of the order 

of 2.9%) due to the tetragonal lattice distortion (c/a = 2.04) [89]. 

𝛾ᇱ  is the main strengthening phase (Figure 2.6(f) [87]) in current Ni-based 

superalloys for turbines, while it is not the predominant hardening phase for Nb-

rich Alloy 718. It contains the amount of 𝛾ᇱ  phase with a ratio of 2.5% - 4% 

between 𝛾ᇱ and 𝛾ᇱᇱ while aged between 700 °C and 750°C  [90]. This phase forms 

from aluminium and titanium that react with nickel and are coherent with the 

austenitic 𝛾 matrix. Its crystal lattice has a similar lattice constant (0.3572 nm) 

compared with 𝛾 matrix and the lattice varies slightly in size (0 to 0.5%). Other 

elements, such as niobium, tantalum and chromium, are also observed in 𝛾ᇱ, whose 

shapes vary from spheres to cuboids based on temperature [88]. 
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Figure 2.6: Phases in cast and LPBF-fabricated Alloy 718. (a) and (b) Laves in As-cast 
Alloy 718 [81]; (c) Metal carbide in AM-ed Alloy 718 [83]; (d) 𝛾′′ in heat-treated cast 
Alloy 718 [84]; (e) Laves phase in heat treated LPBF-fabricated Alloy 718 [82]; (f) 𝛾′ and 
𝛾′′ in heat treated LPBF-fabricated Alloy 718 [87]. 

2.2.2  Melt pool morphology 

Since the principle and process of laser reacting with powder has been introduced 

in Section 2.1.4, this section specifically summarises the effect of laser parameters 

on Alloy 718. Similar to laser welding, physical phenomena such as melting and 

solidification, spattering and keyhole effects also occur in LPBF-fabricated Alloy 

718 [91]. However, some significant differences are attributed to the characteristics 

of phase and element segregation during solidification. One of the most significant 

features in LPBF is rapid solidification with a cooling rate of 5 × 104 K/s to 5 × 107 

K/s [92], resulting in cellular grain growth and inter-cellular Laves phase emerging 

induced by Nb and Mo micro-segregation. However, another work reported that 

only Nb was rich in inter-dendritic but Mo was almost uniformly distributed [93]. 

In the rapid solidification process, solute trapping, where solute partitioning 
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decreases across the solid-liquid interfaces [94], differs the element distribution 

compared with equilibrium solidification. 𝛾 -Laves eutectic structure, emerging 

when Nb content is more than 10% during the casting or welding process, can be 

obtained in the rapid solidification process where Nb content is only about 5% [95].  

In LPBF, the thermal gradient is almost antiparallel to the build direction (BD) (it 

may be along the laser moving direction near the upper melt pool) during 

solidification, inducing epitaxial growth of cellular dendrite along BD. It is shown 

as anisotropic properties which has been widely reported [52,96–98], for example, 

different tensile test results are observed from samples printed vertically, 

diagonally (45°) and horizontally [77]. This observation mainly indicated that 

higher ductility, lower yield/ultimate strength and elastic modulus were obtained in 

the direction parallel to BD [96,97]. Such anisotropy in strength is attributed to the 

typical <001> texture and the columnar grain morphology [99]. 

LPBF-fabricated Alloy 718 shows different microstructure characteristics under 

macro (mm), meso (10-100 µm) and micro ( 10 µm) scales. To describe 3D laser 

paths clearly, “laser track” is defined as the cross-section of the laser path on the 

top surfaces (XY plane in Figure 2.7(a)) because the laser scanning direction is on 

this surface [100–103]. “Melt pool” is the section of the laser path on the side 

surface (XZ and YZ planes in Figure 2.7(b)) as its boundary is arcuate and its depth 

shows the feature like the “pool” [104,105]. 

Typical morphologies of melt pool under optical microscopy (OM) in the XY, XZ 

and YZ planes are shown in Figure 2.7 [82,106,107]. On the top surface (XY plane), 

the laser track reveals the scanning direction and rotation of subsequent layer 
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clearly (Figure 2.7(a) and (b)). On the side surface (XZ and YZ plane), semi-circle 

or arc-shaped melt pools are partly overlapped and “depth” can only be observed 

from this direction. Compared with Figure 2.7(c), AlSi10Mg has similar melt pool 

morphology as Alloy 718, suggesting that this unique feature is induced by LPBF 

processing rather than the material itself. 

 
Figure 2.7: Typical melt pools under OM. (a) and (b) As-built Alloy 718 [106,107]; (c) 
AlSi10Mg [82]. 

Although laser track and melt pool arrangements can be obtained by OM, more 

detailed features have to be identified by scanning electron microscopy (SEM). 

Melt pool boundary, sub-structure and grain boundary can be seen in Figure 2.8 

[52,108–110]. Since elements have different etching resistance, significant contrast 

can be observed under SEM. According to the chemical composition of Alloy 718, 

Ni-Fe-Cr has a different etching resistance compared with Nb-Mo, leading to dark 

and bright zones (Figure 2.8 (a)-(e)), respectively. 

Fine equiaxed cells and columnar dendrites with different sizes were mainly 
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distributed in the XY-plane, while columnar grains were mainly in the XZ-plane 

according to Zhao et al. [108] (Figure 2.8(a)-(d)). This is mainly attributed to its 

unique temperature gradient mentioned before. Many fine cellular sub-structures 

are presented in individual grains with nearly the same crystallographic orientation 

due to rapid solidification [109] (Figure 2.8(e)). Moreover, melt pool boundaries 

do not show significant relevance with the generation of the grain boundary. 

According to Lee et al.'s research [110], no apparent differences in size, shape, and 

distribution were found under different printing heights (Figure 2.8(h) [110]). 

 
Figure 2.8: Microstructure of Alloy 718 under SEM. (a) and (b) As-built Alloy 718; (c) 
and (d) zoomed in figures of (a) and (b) [108]; (e) grain boundaries and sub-structures in 
Inconel 718 [109]; (f) and (g) melt pool boundaries and cellular-dendrite of Alloy 718 [52]; 
(h) different sub-structures from bottom to the top [110]. 
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Melt pool size and primary arm spacing (PAS) from some published works are 

summarized in Table 2.2. The PAS is the width of individual cellular structures (or 

substructures as shown in Figure 2.8(e)). Various laser parameters and scanning 

strategies were used to fabricate Inconel 718 samples, in which the layer thickness 

ranges from 20 µm to 40 µm. Input energy density is affected by laser beam 

diameter as the energy presents Gaussian distribution. Therefore, if the laser power 

is the same, the energy density of the larger laser beam is not as intensive as the 

smaller one.  A larger laser beam diameter (100 µm or larger), compared with a 

smaller beam diameter (50 µm), needs higher laser power to fully melt powder at 

the same scanning speed. The PAS is not significantly changed when the 

parameters are varied (parameters here mean those acceptable for component 

fabrication). It keeps in a range from 0.5 µm to 1.5 µm, suggesting a similar cooling 

rate during the LPBF process. 

For melt width and depth, data of depth shows more dramatic fluctuation than width 

[92,111], indicating that melt pool depth is more sensitive to energy input instability, 

which may be induced by spattering [112,113] or denudation [114,115] that affects 

subsequent layer thickness. Scanning strategies do not play a key role in the width 

and depth of the melt pool, while laser power and scanning speed decide the size 

of the melt pool [71,87,111], because they significantly affect the actual energy 

input during scanning when compared to the scanning strategy. 
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2.2.3 Grain structure and texture 

Grain morphology (shape and size) of LPBF-fabricated is different from the 

counterparts formed by traditional ways (e.g., wrought) as shown in Figure 2.9 

[116,117]. Grains in wrought 718 are equiaxed and the average grain size is about 

14.8 µm (Figure 2.9(a)). The grain size becomes larger (73.6 µm) after heat 

treatment, as shown in Figure 2.9(b). Moreover, many twin grains are observed in 

wrought 718 with the misorientation angle of 60° between grains [118], but few 

twin grains are observed in AM-ed grains [119]. The grain size of the LPBF-printed 

component is larger than wrought 718, as shown in Figure 2.9(a) and (c). Due to 

the layer-by-layer manufacturing process, the grains printed by LPBF have a 

tendency to grow across several layers along the BD, forming the elongated grains 

along the build direction (Figure 2.9(c)). However, the grains oriented 

perpendicular to the BD exhibit a more homogeneous morphology, with a smaller 

grain size compared to those aligned parallel to the BD (Figure 2.9(d)). The 

variation in grain morphology also contributes to anisotropies in mechanical 

properties when subjected to different loading directions [120,121]. This highlights 

the significance of considering the build direction when studying the final 

mechanical properties of a printed component, as it differs from the properties of 

those formed by wrought processes. 
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Figure 2.9: Grain morphology (shape and size) comparison. (a) and (b) wrought Alloy 718 
after two heat treatments [116]; (c) and (d) as-printed Alloy 718 without heat treatment 
[117]. (Grain size distributions are depicted in the insets) 

Laser power and scanning speed are two critical parameters that determine the 

quality of as-printed components [122–124]. It has been reported that laser power 

and scanning speed can significantly change grain shape and orientations during 

the LPBF process [125,126]. Figure 2.10 reveals the grain structure and orientation 

affected by laser power and scanning speed [127,128]. Highly oriented coarse 

grains are formed by high laser power while fine grains are yielded by low laser 

power as shown in Figure 2.10(a). The coarse columnar grain has a strong <001> 

texture with respect to the build direction, but the fine grained zone exhibits no 

preferred orientation [127]. This also reveals the potential of additive 

manufacturing to produce the graded material that faces functional performance 
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requirements.  

Figure 2.10(b) shows the manipulated microstructure and orientation fabricated by 

variable laser power and scanning speed. The combination of these two parameters 

affects the thermal gradient and solidification rate, resulting in crystallographic 

lamellar microstructure, single-crystal-like microstructure and polycrystalline-like 

microstructure respectively [128]. 

 
Figure 2.10: Grain structure and orientation affected by laser power and scanning speed. 
(a) Fine and coarse grains fabricated by different laser power [127]; (b) Microstructure 
evolution caused by the combination of laser power and scanning speed [128].  

In general, laser power and scanning speed control the energy input [127,129] while 

rotational scanning directions between adjacent layers dominate the build 

directional thermal history [3]. By rotating the laser scanning directions layer by 
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layer, it is efficient to relieve the inhomogeneous thermal circle induced by laser 

scanning. The microstructure is consequently changed in different scanning 

strategies, as illustrated by four examples in Figure 2.11 [130]. The laser scanning 

direction is not changed layer-by-layer, leading to a <001> texture (Figure 2.11(a) 

to (a2)) aligned with the BD [130]. The similar microstructure was also reported in 

another work [131]. The rotated scanning strategy disrupts the thermal profile along 

the build direction, promoting the formation of non-preferred crystal orientation 

(Figure 2.11(b) to (b2)). The laser direction changes 90° in neighbouring layers and 

forms epitaxial growth crossing several layers Figure 2.11(c1). The strong 

<001>//BD texture is consequently observed in Figure 2.11(c2). The cheeseboard 

(island) scanning strategy divided the scanning region into several parts and the 

grain grows helically, shown as the elongated grain in the 2D EBSD mapping 

Figure 2.11(c) and (c1). Moreover, the texture is weak because the individual 

islands and rotated scanning direction randomise the grain growth directions. It 

exhibits ring-like texture as shown in Figure 2.11(c2). 

Since the grain growth direction tends to follow the previous grain orientation in 

previous layer, scanning strategy is able to tailor grain morphology and orientation 

by creating different types of thermal profiles among layers. Moreover, since grains 

of FCC alloys (Alloy 718 as an example) have three preferred growth directions 

belonging to <001> family (i.e., [100], [010] and [001]), the grain growth direction 

with a change of 90° belongs to the same grain due to the epitaxial grain growth 

pattern [132]. As a result, the grain printed by LPBF usually has large aspect ratio 

(i.e., more likely to be elongated along the BD) and strong texture is more likely to 
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be observed when a stable thermal profile is provided. This will finally lead to 

anisotropy mechanical properties in different directions. 

 

Figure 2.11: Grain structure and orientation controlled by scanning strategies [130]. Inverse 
pole figure (IPF) maps and pole figure for  (a), (a1) and (a2) X direction; (b), (b1) and (b2) 
67° rotation; (c), (c1) and (c2) 90° rotation; (d), (d1) and (d2) chessboard 67° rotation. 

2.3 Post-machining of LPBF-fabricated Alloy 

718 

2.3.1 Machining of LPBF-fabricated 718 

The LPBF-fabricated parts typically exhibit a relatively rough surface [133,134] 

due to the sintering of alloy powder near the part surface, whilst dimensional 

accuracy is also required for their applications [135]. Hence, the LPBF-fabricated 

components are often subjected to post-mechanical machining operations to 
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achieve the required dimensional accuracy and functional performance [136,137]. 

Moreover, the improved surface integrity after machining is important in 

applications with constraints on fatigue performance, wear resistance and corrosion 

properties [138]. These are able to expand the potential applications of LPBF-

fabricated alloys.  

LPBF technology has been successfully used to build Alloy 718 structures with 

different crystallographic textures as introduced in Section 2.2. The unique 

microstructure formed via a layer-by-layer fabrication manner can have a strong 

influence on structure-property relationships, such as tensile [139], creep and 

compression [140]. Understanding the influence of microstructure on mechanical 

properties is critical to estimate the machinability of LPBF-fabricated alloy. Figure 

2.12 illustrates the microstructural characteristics that can potentially influence the 

mechanical properties and machinability [138]. The variations in microstructural 

characteristics (e.g., crystallographic texture, grain size, dislocation density and 

oxide inclusions), along with the density of defects, influence the tensile properties 

like yield and tensile strength, ductility (elongation at fracture) and strain hardening 

[141]. It is noted that the influence of microstructure on thermal conductivity 

(Figure 2.12) is mainly attributed to the two-phase materials (e.g., Ti6Al4V). 

Because the thermal conductivity might change between these phases during the 

fabrication process. For Alloy 718, limited segregation of elements would not 

significantly affect thermal conductivity during machining. 
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Figure 2.12: Relation between some of the key parameters of PBF-LB and DED-LB 
technologies, the microstructural characteristics of AM materials and their potential 
influence on properties with large impacts on machinability [138]. 

In numerous studies it is reported that the machining process is sensitive to the 

microstructures of conventionally manufactured Alloy 718 [142–144]. Different 

cutting forces were obtained when machining the nickel-based alloy with different 

grain sizes of about 16 µm and 127 µm respectively [145]. Moreover, the size and 

volume fraction of MC carbides and Ti-rich nitrides in wrought and cast materials 

exhibit significant impacts on the tool wear rate [146]. 

Similarly, the machining of LPBF-fabricated Alloy 718 would be largely dependent 

on the microstructure of the as-built condition. To summarise the microstructural 

impacts on the machining, Figure 2.13 shows the relationship between 

microstructure and machinability [147,148]. The combination of these aspects 

(Figure 2.13(a)), such as grain size distribution, grain shape, Kernel Average 

Misorientation (KAM), preferred crystallographic texture and amounts of 
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precipitates, leads to a large difference in cutting force, tool wearing and heat 

generation in machining [147]. Importantly, the preferred crystallographic texture 

and the unique grain shape formed by LPBF would lead to different machining 

responses. When the cutting tool motion direction was parallel to the build direction 

(Case 3 in Figure 2.13(b)), the cutting force was lower than the forces in Cases 1 

and 2. This is because the grain boundary density is lower along the build direction, 

resulting in relatively low cutting resistance (Figure 2.13(b)). Such unique 

microstructure finally leads to the directional dependency of machinability when 

compared with conventionally manufactured Alloy 718 [148]. 

 
Figure 2.13: Microstructure impacts on the machinability. (a) microstructural 
characteristics (grain size distribution, grain shape, preferred crystallographic texture, 
Kernel Average misorientation (KAM) and amount of precipitates) that influences the 
machinability [147]; (b) three different directional machining cases for LPBF-fabricated 
columnar grains [148]. 

Figure 2.14 compared the hardness and cutting force of the Alloy 718 fabricated by 

wrought, laser powder bed fusion (LPBF) and electron powder bed fusion (EPBF) 

[147]. The hardness of as-built/received conditions (Figure 2.14(a)) is lower than 
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those after heat treatment (Figure 2.14(b)). The hardness measurements on the 

LPBF samples in the as-built condition showed a higher average hardness than the 

wrought material in the as-received condition. The average hardness of 274±6.9 is 

within the range for solution-treated materials with comparable grain size due to 

limited 𝛾ᇱ and 𝛾ᇱᇱ precipitation in the as-received condition. The average hardness 

of the LPBF samples after solution and double aging treatment surpassed the 

wrought and EPBF materials. No difference in the measured hardness on the bottom 

and top samples was noticed. For EPBF, the average hardness measured on the 

bottom and top samples showed a slight difference: 370±7.7 and 402±6.1, 

respectively. This is because 𝛾ᇱ  and 𝛾ᇱᇱ  and precipitate during EPBF since the 

material is kept at a high temperature (975 ± 25°C) during the entire manufacturing 

process and experiences slow cooling rates to room temperature. The partial 

precipitation of 𝛾ᇱ and 𝛾ᇱᇱ resulted in higher hardness than the wrought and LPBF 

samples in their as-received and as-built state, respectively. 

The cutting force for wrought, LPBF and EPBF material in as-received or as-built 

condition and after the heat treatment were compared in Figure 2.14(c) and (d). The 

cutting forces were approximately the same during the machining of the LPBF and 

wrought Alloy 718, whilst the highest cutting force was observed in the machining 

of EPBF Alloy 718. This is partly attributed to the hardening effect from the 

precipitation of 𝛾ᇱ and 𝛾ᇱᇱ in the EPBF 718. But two additional factors should be 

considered according to the work from Amir et. al [147]: texture and the extent of 

material work-hardening prior to the onset of crack formation during material 

removal. 
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Figure 2.14: Hardness of the wrought, LPBF and EPBF samples in as-built/as-received 
conditions (a), and after heat treatment (b). B and T refer to the bottom and top samples. 
The error bars include the maximum and minimum recorded hardness values. A cutting 
(Fc), feed (Ff) and passive (Fp) forces were measured when machining wrought, EPBF and 
LPBF materials in as-received and as-built conditions (a) and after solutionising and ageing 
treatment (b). The results represent the measurements at the beginning of the tests (10 s) 
using a fresh tool [147]. 

The cutting forces for wrought and LPBF 718 are measured under different cutting 

speeds ranging from 20 to 100 m/min (Figure 2.15) [149]. It is noted that, in Figure 

2.15, W 718 refers to wrought 718 and PBF 718 represents LPBF 718 in our work. 

The larger specific cutting force was observed in wrought 718 when compared to 

LPBF 718 under the different cutting speeds. This was attributed to the higher 

density of grain boundaries, and the presence of twin boundaries leads to higher 

strain-hardening behaviour in the deformation area and increases the specific 

cutting force. The specific cutting force and passive force are larger under the XZ-

Z (cutting in BD) condition than those under the XY-Y (cutting in the direction 

perpendicular to BD) condition. It is suggested that more cutting energy is 

consumed when machining wrought 718, followed by XZ-Z, and XY-Y represents 
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the lowest cutting energy. Moreover, the specific cutting force decreased with 

increasing of cutting speed for both wrought and LPBF 718. This is because of the 

thermal softening effect and the reduction of flow stress with increasing strain rate. 

 
Figure 2.15: Comparison of specific forces when cutting Inconel 718 in different versions. 
(a) Specific cutting force and (b) specific passive force. (Error bars represent standard 
deviations of the recorded dynamic force signals). XY-Y and XZ-Z refer to the cutting 
directions that are perpendicular to the build direction (BD) and in the build direction (BD), 
respectively [149]. (W 718 refers to wrought 718 and PBF 718 refers to LPBF-fabricated 
718) 

It is noted that the cutting force results for wrought and LPBF 718 in Figure 2.15(a) 

are in contradiction with that measured in Figure 2.14(c). It was observed that the 

cutting force of PBF 718 was slightly larger than the wrought case in Figure 2.14(c), 

but the cutting force of wrought 718 (Figure 2.15(a)) was larger than PBF 718. In 

these two studies, wrought alloy 718 workpieces underwent similar heat treatment 

and exhibited approximately the same average grain size (about 12 µm). However, 

the rotation angle for PBF 718 in Figure 2.14(b) and Figure 2.15(a) are 67° and 90°, 

respectively, leading to different textures and grain morphologies. Moreover, the 

cutting test for the results in Figure 2.14(c) was carried out on an EMCO TURN 

365 CNC lathe whilst the results in Figure 2.15(a) were based on a machine tool 

(Berger Gruppe, Germany) that is specially designed for fundamental chip 
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formation analysis. The same cutting speed of 40 m/min was employed in both 

cutting tests but under different cutting depths (0.4 mm and 0.1 mm, respectively). 

The detailed cutting parameters comparison is listed in Table 2.3. 

Table 2.3 Cutting parameters comparison for the cutting test in Figure 2.14 [147] and 
Figure 2.15 [149] 

Cutting parameters 
Cutting test in Figure 

2.14 

Cutting test in Figure 

2.15 

Test machine 
EMCO TURN 365 CNC 

lathe 

Special machine for chip 

analysis 

Cutting tool 

CNMG 120404-MF1 

uncoated with WC-Co 

inserts 

Cemented carbide tool 

(TPGN 160308) without 

coating 

Uncut chip thickness 0.4 mm 0.1 mm 

Cutting speed 40 m/min 20, 40, 60 100 m/min 

Rake angle 6° -6° 

Dynamometer Kistler 9257A Kistler 9263 

 

The previously reported results suggest that it is challenging to draw a conclusion 

about whether the LPBF 718 is easier or more difficult for machining when 

compared to the wrought one. This is because the microstructure of LPBF-

fabricated Alloy 718 is sensitive to the laser parameters and scanning strategies. 

Subsequently, the material properties (e.g., strength, hardness and ductility) will 

vary with the use of different fabrication parameters. It is hard to evaluate the basic 

material properties of LPBF fabricated components unless laser parameters and 

scanning strategies are detailed.  

To understand the role of microstructure in the machining process, microstructural 
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features are characterised to reveal the mechanisms behind the mechanical 

behaviour during machining. The severe plastically deformed grain near the 

machined surface can be observed via SEM (Figure 2.16(a)) after polishing and 

etching the sample surface [150]. The curved grain boundaries can be used to 

evaluate the grain elongation near the machined surface whilst slip bands are 

helpful to understand the plastic deformation induced by machining. Moreover, for 

the nickel-based Alloy 718, dynamic recrystallization and white layer formation 

can also be observed under SEM [151]. For the specific crystallographic texture 

and grain orientation near the machined surface, the grain orientation change and 

local strain caused by machining are quantified via EBSD, as shown in Figure 2.16 

(b). The strain gradient from the near machined surface to the subsurface can be 

evaluated via the misorientation information within grains and the role of grain 

boundaries in machining could be investigated [152]. For the detailed deformation 

quantification near the machined surface, transmission electron microscopy (TEM) 

and transmission Kikuchi diffraction (TKD) techniques are used to obtain the grain 

orientation, lattice distortion and dislocation densities of the nano-crystalline 

structures  (Figure 2.16 (c)), especially for the highly-deformed layers that are hard 

to be captured via SEM [153]. 
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Figure 2.16: Microstructure characterisation of machined surface. (a) Machining-induced 
deformation obtained by SEM [150]; (b) IPF and KAM mappings obtained by EBSD [152]; 
(c) dislocation and grain orientation obtained by TEM and TKD (transmission Kikuchi 
diffraction) [153]. 

Although the deformed details after machining, like orientation change, slip bands 

and recrystallization, can be captured via advanced characterisation techniques, it 

is still not easy to fully understand such a shear-based deformation. This is because 

machining involves a complex loading condition and is accompanied by a relatively 

high strain rate. The dramatic plastic deformation leads to significant changes in 

the microstructural features (e.g., grain size, orientation and dislocation density) 

near the machined surface when compared with the original microstructure before 

machining. Moreover, such microstructural changes are hard to trace at the grain 

scale since the severe deformation occurs in a very short period (e.g., about 10-5s). 

Therefore, numerous studies can only conclude that microstructural characteristics 

influence machinability by comparing general differences in microstructural 

features (Figure 2.13(a)), but few works can provide evidence to identify how such 

original microstructure actually evolves during the machining-induced deformation. 
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2.3.2 Machining-induced plastic deformation 

To understand the mechanisms of machining-induced plastic deformation caused 

by orthogonal cutting, it is crucial to identify the active slip systems within the 

deformed grains [154]. Since Alloy 718 has the FCC crystal structure, the slip can 

occur on 12 slip systems [155]. Figure 2.17 shows the slip system number, slip 

plane normal and slip directions for the FCC structure [156]. The primary slip 

planes in Alloy 718 (FCC structure) are the {111} planes with the highest atomic 

density. The slip direction is along the <110> direction, which has the shortest 

lattice vector, exhibiting the easiest direction for dislocation moving. The 12 slip 

systems can be derived from the combination of 4 different {111} slip planes and 

3 unique <110> slip directions within each plane. 

 
Figure 2.17: Identification of slip systems, slip plane normal and slip directions for FCC 
crystal structure [156]. 

The most common approach to identifying active slip systems is to combine slip 

trace analysis with EBSD data [157], as shown in Figure 2.18. The slip trace of 

FCC structure (aluminium sample) was observed under the SEM (Figure 2.18(a)) 
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during the tensile test. It was observed that the slip trace directions changed when 

grain orientations were different, such as g8 and g10 (Grains 8 and 10 in Figure 

2.18(b)). Moreover, according to the grain orientation data obtained by EBSD, the 

slip traces for all four slip planes (Figure 2.17) were calculated and coloured by red, 

blue, yellow and green lines, respectively (Figure 2.18(c)). Thus, the deformation-

induced slip plane can be identified by comparing the observed and calculated slip 

traces. For example, it was observed that the slip traces within g1 (Grain 1) were 

closely aligned with blue and yellow plane traces when it was close to the boundary 

(marked as 2 in Figure 2.20(c)). This indicated a slip direction transfer near the 

grain boundary when the orientation changed between the adjacent grains. It was 

also observed that the lack of slip transfer between grains near the grain boundary 

9. The possible reason is that grain boundaries may consist of various dislocations 

that act as barriers, preventing other dislocations from passing through [158]. 
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Figure 2.18: In-situ identification of slip traces and corresponding EBSD data. (a) Slip 
traces in different grains for the deformed polycrystalline FCC structure (Al sample); (b) 
corresponding IPF mapping for the deformed grains; (c) Slip systems within oriented 
grains. Four slip traces are highlighted by coloured lines and corresponding grain are 
numbered. [157]. 

For the machining-induced plastic deformation, it is still challenge to use the in-

situ observation method to investigate the deformation on the subsurface during a 

macro orthogonal cutting process. The grain morphology and slip bands as well as 

the corresponding IPF mapping can be identified [159], as shown in Figure 2.19. It 

can be observed that the slip bands and multiple slip (Figure 2.19(a)) near the 

machined subsurface. This is similar to the phenomena that are observed in the in-

situ tensile test (Figure 2.18(a)). But it is difficult to identify the specific slip 

systems based on the corresponding IPF mappings. This is because the 



78 
 

recrystallization (ultrafine grain in Figure 2.19(b)) and lattice rotation near the 

machined surface change the original grain orientation. The slip planes within the 

grains are hard to calculate precisely based on the obtained EBSD data. Therefore, 

it is still a challenge to understand the machining-induced slip transfer during 

orthogonal cutting. In addition, the LPBF-fabricated grains are usually elongated 

along the build direction and exhibit the preferred orientations. Precisely 

identifying the slip transfer within such unique grains will be helpful in 

understanding the machining-induced deformation during orthogonal cutting of 

LPBF-fabricated Alloy 718. 

 
Figure 2.19: Machining-induced microstructural changes. (a) Distribution of grain 
boundary, crack and slip bands; (b) Orientation changes and recrystallization in IPF 
mapping [159]. 
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2.3.3 Orthogonal cutting 

To investigate the microstructure evolution during machining, it is better to employ 

the orthogonal cutting method for the machining test, as it provides a clear shear-

based deformation condition that commonly occurs in more complex machining 

processes. This makes it relatively representative of the machining process and 

easier to study the relationship between microstructure and plastic deformation. 

In metal cutting theory, all operations performed with the wedge-shaped tool when 

a layer of metal is removed as a continuous or discontinuous chip can be divided 

into two general cases, termed orthogonal and oblique cutting [160]. Orthogonal 

cutting represents a 2D mechanical problem because the edge of the tool is 

perpendicular to the cutting speed. 

A schematic diagram of orthogonal cutting is shown in Figure 2.20. The 3D cutting 

model is simplified as a 2D model as there is no relative motion between the 

workpiece and the cutting tool along the Y direction. The workpiece consists of two 

main areas: the workpiece itself and the chip, which is a part of the workpiece 

removed by the cutting tool. For the cutting tool, the face contacting with a chip is 

called the rake face, while the face contacting with the machined face is defined as 

the flank face. The angle  is the rake angle (the normal line is a boundary, negative 

left and positive right) and 𝛾 is the clearance angle. ϕ is the shear angle between the 

shear plane and the workpiece. There are three areas (highlighted by dashed lines) 

where the cutting tool contacts with the workpiece, classifying into three zones: 

primary deformation zone, secondary deformation zone and tertiary deformation, 
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which are also known as primary zone, secondary zone and tertiary zone, 

respectively. 𝑉𝑐 is the velocity of workpiece motion, and 𝐹𝑐 is the cutting force. 𝑤 

and ℎ are geometrical parameters of cutting width and cutting depth. 

 
Figure 2.20: Schematics of orthogonal cutting. 

Orthogonal cutting test has been a widely used method to investigate the 

machinability of difficult-to-cut materials [161,162]. Figure 2.21 shows some 

machining devices designed for the investigation of orthogonal cutting [163–165]. 

For the cutting test on the computer numerical control (CNC) lathe, the cylindrical 

workpiece is clamped into the chuck of the CNC lathe and the cutting tool is usually 

clamped to a special tool holder at the orthogonal cutting condition with zero 

cutting edge inclination angle (Figure 2.21(a)). Then, the workpiece begins to rotate 

at a predetermined speed (RPM) and the cutting edge moves along the length of the 

workpiece with a target feed rate for the orthogonal cutting test Figure 2.21(b). The 
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orthogonal cutting test can also be conducted by a pendulum-based cutting machine 

(Figure 2.21(c)). The workpiece is attached to the sample holder on the pendulum 

and the cutting tool is fixed into the tool holder below the pendulum (Figure 

2.21(d)), with the cutting edge perpendicular to the cutting direction. Various 

cutting speeds are provided by the different release angles of the pendulum (Figure 

2.13(c)), and the cutting force is measured by the dynamometer (Kistler 9257B). 

Moreover, the uncut chip thickness can be set by changing the height of the wedge 

lever under the tool holder Figure 2.21(d). 

 
Figure 2.21: Machining devices for orthogonal cutting tests. (a) and (b) are the 
experimental setup for orthogonal cutting on a computer numerical control (CNC) lathe 
[163]; (c) and (d) show the pendulum-based orthogonal cutting machine [164]; (e) vertical 
external broaching machine tool for the orthogonal cutting [165]. 

Figure 2.21(e) shows a vertical external broaching machine tool for the orthogonal 

cutting tests. The cutting tool is fixed on a platform that can measure the cutting 

force via the dynamometer, and the workpiece is clamped into the broaching tool 
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holder for the main cutting movement during orthogonal cutting (Figure 2.21(e)). 

2.3.4 Chip formation 

When a workpiece comes into contact with a flat-faced tool at a specific cutting 

speed, chips are formed and leave the chip formation zone. Chip is formed with 

dissimilar morphologies due to workpiece properties and cutting conditions [166]. 

The chip classification is based on the mechanism of material deformation and 

fracture, involving discontinuous and shear types of chips [167]. 

Chips are usually classified into four categories as shown in Figure 2.22, including 

continuous chip, lamellar chip, segmented chip and discontinuous chip. Continuous 

chip (Figure 2.22(a)) is observed when most ductile materials, such as copper and 

aluminium [168,169], because they do not fracture on the shear plane. Continuous 

chip with build-up edge (BUE) occurs when the friction between the workpiece and 

tool is so great that a part of the chip is welded to the tool face. BUE changes real 

cutting depth and condition of chip formation due to the irregular shape of materials 

that adhere to either rake face or flank face, deteriorating final surface roughness 

and dimension accuracy. 

A discontinuous chip (Figure 2.22(d)) is generally formed when machining brittle 

materials [170] or difficult-to-cut materials with high cutting speed [171,172]. It 

may also be produced when machining ductile materials at very low speeds and 

high feeds [160]. In this case, shear bands between adjacent segments increase 

dramatically or there may be no plastic deformation in brittle materials. A crack is 

generated from the cutting edge and then propagates to the free surface, dividing a 
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chip into separated segments. 

Continuous and discontinuous chips are not two sharply defined categories. For 

example, the same materials can exhibit different chip formation behaviours such 

as lamellar chip (Figure 2.22(b)) and segment chip (Figure 2.22(c)), depending on 

its microstructure, cutting speeds and uncut chip thickness [17]. These chips are 

observed in materials with low thermal conductivity and low thermal capacity such 

as titanium alloy [173,174], nickel-based superalloy [175] and hardened steel [176]. 

For these materials, the plastic deformation of a chip is unstable and the shear zone 

is localized in a narrow area. With the increasing in cutting speed or localised 

deformation, the chip is finally separated into segments. 
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Figure 2.22: Four types of chips. (a) Continuous chip; (b) lamellar chip; (c) segmented chip; 
(d) discontinuous chip. 

Chip formation during the machining process affects the surface integrity of the 

workpiece and can provide insights into the subsequent surface finish and 

corresponding microstructure evolution [177]. The morphologies of the chips are 

strongly dependent on the ductility and strength of the workpiece, which are further 

influenced by its microstructure. During the machining process, part of the 

workpiece in front of the cutting tool is transformed into chips due to the severe 

plastic deformation. The chip morphologies tend to transfer from continuous to 

serrated when the cutting speed increases [149] (Figure 2.23(a)). Moreover, for the 

LPBF-fabricated Alloy 718, it is observed that the serrated chip is easier to form 
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when the cutting direction is perpendicular to the BD (Figure 2.23(b)) compared to 

when the cutting direction is parallel to the BD (Figure 2.23(c)). In order to 

understand the microstructural impacts on chip formation, the grain structure 

evolution and local grain misorientation in the chip are identified, as shown in 

Figure 2.23(d) and (f). Ultra-fine grains are observed in the shear band regions 

between two chip segments whilst distorted grains are retained in the chip segments 

[178] (Figure 2.23(e)). In addition, high dislocation densities (high value of KAM) 

degenerate into crystallisation when it is close to the shear band regions. Such 

microstructural features are helpful in understanding the grain refinement (or 

recrystallization) mechanism in such a high-strain condition. 

 
Figure 2.23: Microstructure of chips. (a) to (c) are different chip morphologies for wrought 
and PBF 718 with cutting speeds of 60 m/min and 100 m/min, respectively [149]; (e) and 
(f) are IPF and KAM mappings of the serrated chip from the region of (d) [178]. 
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As previously introduced, chip formation is caused by the severe plastic 

deformation of the workpiece in front of the cutting tool. The chip and the machined 

workpiece will be separated into two parts after cutting. Therefore, the 

characterisation of the microstructure of the machined surface and chip individually 

may not fully demonstrate the chip formation process. This is because the 

microstructure near the primary shear zone (Figure 2.20) cannot be totally retained. 

This impedes the understanding of material pile-up behaviour in front of the cutting 

tool, which is crucial for studying the mechanism of chip formation. 

2.3.5 Quick-stop cutting test 

To study the chip formation during machining, one way is to trace the dynamic chip 

formation via image correlation techniques, such as particle image velocimetry 

(PIV) [179,180] and digital image correlation (DIC) [181,182]. Another way is to 

interrupt the machining process, namely quick-stop so that the chip can be attached 

to the workpiece [183,184]. Since this work mainly focuses on the microstructural 

impacts on the machining process, the quick-stop method is selected in this project 

to obtain the workpiece with the retained chip for microstructure characterisation. 

To “freeze” the chip on the workpiece, the “quick-stop” of the cutting process can 

be achieved by interrupting the movement of the cutting tool or workpiece when 

the cutting tool is at the target position (Figure 2.24 [185,186]). In order to achieve 

a quick-stop function on the specific cutting platform, the quick-stop module is 

typically a custom-designed component for the cutting machine. Quick-stop device 

in Figure 2.24 (a) is designed to stop the motion of the cutting tool, including a bolt 

gun, shear pin pivoting rod and tool holder. When the shear pin is broken and moves 
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the tool from the workpiece in a very short time, it abruptly stops the cutting process 

[185]. To stop the motion of the workpiece, the customised pendulum-based cutting 

machine in Figure 2.24(b) mainly includes a pendulum, sample holder, tool holder 

and a workpiece with a weak point. During the pendulum moves along its trajectory 

(Figure 2.24(c)), the weak point of the workpiece is broken due to the impact 

between the pin and tool holder, hence, retaining the chip on the workpiece [186]. 

 
Figure 2.24: Examples of two quick-stop devices for attaching the chip on the workpiece. 
(a) Stop the movement of the cutting tool by shear pin [185]; (b) Stop the workpiece by 
breaking the weak point of the sample [186]. 

Since the quick-stop cutting test retains the chip on the workpiece, the 

microstructure of the primary shear zone can also be characterised. This allows to 

analyse different deformation mechanisms and quantify the strain gradient during 

chip formation (Figure 2.25 [150,187]). Imbrogno et al. [150] identified two 

different deformation zones in the serrated chip, namely Low Shear Strain Zone 

(LSSZ) and High Shear Strain Zone (HSSZ) (Figure 2.25(a) and (b)). In LSSZ, the 

microstructure is less deformed and the grains have almost the same size as the as-

received microstructure whilst the grains in HSSZ are elongated and refined due to 

the extremely large deformation. Moreover, the deformation fades away from the 
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machined surface to the deeper area (Figure 2.25(c) to (f)). By marking the 

workpiece surface with a micro-grid spacing of 3.5 µm, the strain gradient of the 

chip and the machined surface can be quantified via these distorted grids [187]. It 

reveals that the deformation in the chip formation zone is highly localised and likely 

to result in plastic instability. In addition, the deformation map indicates that the 

local strain value is up to 2.2 near the machined surface and then decreases from 

the machined surface to the subsurface. Compared with the separated 

microstructure of the chip and workpiece individually, the sample obtained by the 

quick-stop cutting method provides more details for the understanding of the chip 

formation mechanism. This is mainly attributed to the characterisation of 

microstructure evolution from the primary shear zone to the chip segments. 

 
Figure 2.25: Typical microstructure characterisation of chip and workpiece after quick-
stop cutting test. (a) to (f) is the different deformation mechanisms of the chip and 
workpiece [150]; (g) is the strain field during chip formation [187].  

In Section 2.3.1, it is discussed the complexity of machining of LPBF-fabricated 

Alloy 718 due to the unique crystallographic texture and grain morphology. It is 

still challenging to analyse the relationship between microstructural features and 

machinability. As the quick-stop cutting test shows the potential to identify the 
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grain deformation in the primary shear zone and chip, it is worth to use method to 

reveal the machining-induced deformation and chip formation mechanisms of 

LPBF-fabricated Alloy 718. 

2.4 Summary  

Overall, a comprehensive literature review on laser powder bed fusion (LPBF), 

including the relationship between printing parameters and microstructures, the 

principle of the laser control system, and the machinability of LPBF-fabricated 

Alloy 718, is provided in this chapter.  

It is widely acknowledged that the part quality and microstructure generated by 

LPBF are highly dependent on the stability of melt pool evolution [188]. This is 

mainly controlled by laser parameters such as laser power, scanning speed and 

scanning strategies [8] as discussed in Section 2.1.4. Many studies [189–191] have 

reported the effects of laser parameters on the melt pool evolution. Meanwhile, 

novel scanning strategies are also being explored to optimise the performance of 

LPBF-fabricated alloys [128]. 

The intense energy inputs in LPBF generate melt pools with sharp thermal gradients 

(G) and high cooling rates (104 ~106 K/s), causing rapid solidification [92]. This 

leads to quite different microstructures when compared with the conventional cast 

and wrought alloys [192,193]. The microstructure could be controlled by scanning 

strategies [138], such as the degree-rotation between layers (e.g., 0°, 67° or 90° 

rotations) [9,194]. These scanning paths have a dominant effect on the grain growth 

pattern, resulting in different crystallographic textures and characteristic grain 
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morphologies in as-built alloys. 

As one of the target materials for additive manufacturing, nickel-based superalloys 

(e.g., Alloy 718), have been widely used in aerospace and nuclear industries due to 

their high-temperature stability [77]. In particular, the additively manufactured 

Alloy 718 exhibits anisotropic properties with unique crystallographic textures [91] 

as described in Section 2.2.3. Since scanning strategies change grain growth 

patterns by providing different thermal conditions, various grain morphologies 

(size and shape) are formed in as-printed Alloy 718. Elongated grains with high 

aspect ratios are commonly observed in <001>//BD texture [68,195], where grains 

usually grow along the BD. In addition, the columnar grains are much easier to 

grow in the <011> direction in the 0° rotation scanning strategy. In the 67°-rotation 

scanning strategy, the grain growth pattern is more randomised by alternating the 

scanning direction in each layer, suppressing elongated growth and varying grain 

orientations [196]. It was found that 90° and 67° specimens exhibited higher yield 

strength than that of 0°-built specimens [197]. Moreover, samples with stronger 

retained texture exhibited higher yield strength and lower elongation when 

compared with weaker-textured samples under the build-directional loading 

direction [198].  

Meanwhile, different vector lengths were also reported for parts fabrication [199], 

and it was shown that the melt pool morphologies were also influenced by the 

vector length, especially when the vectors were short [13]. It was further found that 

short vectors led to poor geometry tolerance with more defects [200], whilst dense 

structures were obtained using long vectors [201]. It is thus believed that the vector 
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length has a significant impact on the microstructure in LPBF. It may be a potential 

method to control the local microstructure and fabricate the component with 

heterogeneous microstructure for the application. 

The effects of vector length on the melt pool morphology and grain structure 

evolution have not been widely studied. Although the dynamic melt pool evolution 

of different vector lengths has been investigated by numerical simulation [202], 

constant laser parameters (e.g., scanning speed and power) are usually assumed as 

initial conditions in these studies [203]. However, the actual laser motion, which is 

driven by the galvo motors, has limits on acceleration and deceleration, as 

explained in Section 2.1.3, especially when the vector length is short [204]. The 

nominal laser scanning speed may not be achieved in short vectors due to the short 

travel distance. As a result, the melt pool morphology and microstructure can be 

significantly different at various vector lengths. However, the melt pool 

morphology and grain structure characteristics formed at different vector lengths in 

LPBF have not yet been reported. 

The unique microstructure formed via a layer-by-layer fabrication manner can have 

a strong influence on structure-property relationships, such as tensile [139], creep 

and compression [140], for AM-ed alloys. Nevertheless, different from the tension 

or compression, in which the uniaxial loading is applied for the whole sample, the 

machining-induced deformation only occurs in a roughly 100 µm region close to 

the free surface. Therefore, plastic deformation is confined to a narrow region, 

where dramatic deformation often leads to grain refinement and orientation change 

[147]. 
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Due to the difficulty of tracing grain evolution in such a narrow region [205] as 

discussed in Section 2.3.1, the deformation mechanism of the resultant 

crystallographic textures caused by the cutting process is still not well understood. 

Indeed SEM-based in-situ machining deformation has been investigated within 

several grains [153,206]. However, few attempts were reported to precisely trace 

the machining-induced deformation grain by grain in a high-strain-rate machining 

process. Since the shear process is conducted at the macro level, the deformation 

mechanism within several grains [153,207] has a limit on explaining the texture-

based deformation. This is attributed to the complexity of slip transfer across the 

grain boundaries and the uncertainty of stress loading at the grain level [140]. It 

indicates that the texture-based deformation should be investigated based on 

statistical analysis at the grain scale. The counted grains should be representative 

of the deformation caused by macro-cutting. 

On the other hand, chip formation is crucial to achieve reliable surface integrity and 

the variations in grain morphology and texture also significantly influence the chip 

formation during machining [147]. To investigate the chip formation mechanism, 

quick-stop testing was proposed to study the chip formation as it could maintain 

the crystallographic characteristics of the chip on the workpiece after cutting [186]. 

This method allows to characterise the grain deformation near the primary shear 

zone (PSZ) and to understand the material pile-up behaviour that may be influenced 

by the unique grain morphologies formed by LPBF. 

  



93 
 

Chapter 3 Methodology 

This chapter includes the materials and experimental procedures used in this 

research. As this work focuses on the microstructure affected by scanning strategies 

(e.g., rotational scanning and vector lengths) and the deformation of such unique 

microstructures during machining, a customised scanning strategy method is 

employed to design multi-vector scanning strategies. Among such scanning 

strategies, three commonly used in the commercial printing process are selected to 

investigate their influence on machining-based deformation and chip formation 

mechanisms. In order to understand the plastic deformation pattern caused by 

machining, a novel method is implemented to enable a “quasi-in-situ” investigation 

of grain morphology and orientation change before and after cutting. The quick-

stop cutting test is also conducted to investigate the influence of microstructure on 

chip formation. Taylor model and a crystal plasticity model are employed to study 

the mechanism of plastic deformation in orthogonal cutting. 

3.1 Laser power bed fusion 

3.1.1 Materials 

In this work, spherical gas atomised Alloy 718 powder (obtained from BLT, China) 

was used for the sample fabrication. The majority of powder particles are spherical 

particles with a few solidified materials, satellites and protrusions as shown in 

Figure 3.1(a). The average powder diameter is about 38 µm and the specific powder 
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particle distribution is shown in Figure 3.1(b). D10, D50 and D90 for Alloy 718 

powder are 19.01 µm, 37.30 µm and 61.76 µm, respectively. The element 

composition of Alloy 718 is shown in Table 3.1. 

 
Figure 3.1: Alloy 718 powder used in this work: (a) morphology of powder; (b) particle 
size distribution of the powder (average powder diameter: 38 µm, D10=19.01 µm, D50 
=37.30 µm and D90=61.76 µm). 

Table 3.1 Element composition of Alloy 718 in this work. 

Element Ni Fe Cr Nb Mo Al Ti Mn Co 

Wt% Bal 28.3. 18.1 5.04 2.8 0.7 1.1 0.3 0.2 

 

3.1.2 LPBF machine 

Alloy 718 samples were fabricated by BLT S200 with 500 W Yb fibre laser 

(wavelength: 1060 - 1080 nm, beam quality: M2 < 1.1). The real building volume 

is 105 mm × 105 mm × 200 mm. The machine is shown in Figure 3.2(a). The 

substrate, powder and blower speed are controlled via the manual user interface (UI) 

(Figure 3.2(b)). The printing process was monitored by indicators that measured 

chamber pressure, O2 concentration, status of all motors and remaining powder. 
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Their conditions are shown in UI (Figure 3.2(c)). Once any value is abnormal, the 

machine will stop working and the indicator lamp (upper right, Figure 3.2(a)) will 

turn red from green. 

 
Figure 3.2: Chamber and user interface (UI) of LPBF machine. (a) BLT S200; (b) UI-1 
motors motion manual; (c) UI-2 machine condition monitor; (d) chamber for printing. 

Key components in the building chamber include a powder collector, a substrate, a 

powder storage and a recoater (Figure 3.2(d)). The whole printing process is under 

the protection of N2, which keeps the O2 concentration less than 200 ppm. The 

metal powder is stored in the powder storage and the powder is positioned slightly 

higher than the layer thickness to ensure sufficient powder supply for each layer. 

After a layer is scanned, the substrate is lowered by one layer thickness to provide 
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the space for the spreading of the next layer’s powder. Then the recoater moves 

from right to left above the substrate, spreading the powder and ensuring an even 

distribution of powder on the substrate (or the previously scanned layer). Since the 

volume of supplied powder should be more than what is actually needed on each 

layer, the excess powder is collected by the powder collector for recycling. Finally, 

the laser scans the selected region on the powder layer for manufacturing. By 

repeating the previous steps, samples could be printed on the substrate (Figure 

3.2(d)).  

3.1.3 Multi-scale vector scanning strategies 

To understand the effects of vector lengths on melt pool morphology and 

microstructure, four multi-scale vector scanning strategies were employed in this 

study, as shown in Figure 3.3, and the detailed fabrication parameters are tabulated 

in Table 3.2. In all scanning strategies, the scanning speed, hatch spacing and layer 

thickness are kept constant. A zig-zag scanning pattern is used between adjacent 

laser tracks. Figure 3.3(a) presents the Long-vector strategy (reference strategy) 

with a vector length of 4 mm. The length of each vector in the Short-vector strategy 

is 80 μm for a total travel distance of 4 mm, consisting of 50 short vectors, as shown 

in Figure 3.3(b). The Long-Short vector strategy (Figure 3.3(c)) alternates long 

vectors and short vectors along the zig and zag directions, respectively. The 

increment vectors strategy (Figure 3.3(d)) consists of vectors from 80 μm to 400 

μm with an increment of 20 μm (i.e., 80 μm, 100 μm, 120 μm, …, 400 μm) along 

zig direction, followed by vectors decreasing from 400 μm to 80 μm along zag 

direction. The code in .XML format that controls the vector is detailed in Appendix 
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B. 

 
Figure 3.3: Multi-scale vector scanning strategies. (a) Long-vector strategy (vector length: 
4 mm); (b) Short-vector strategy (vector length: 80 μm); (c) Long-Short vector strategy; (d) 
Increment vector strategy (length increases from 80 μm to 400 μm), (e) Size of printed 
cubes. Z axis represents the build direction (BD). Laser scanning is along the Y-axis. 

The key parameters of the laser control system are given in Table 3.3. Laser on/off 

delays are 50 µs and 90 µs respectively, which are employed to offset the scanning 

distance error caused by the laser acceleration/deceleration phase. Since there is no 

spacing between adjacent short vectors, the gap time between them is 

approximately 50 µs, matching the laser-on delay. The tracking error is the time 

that the scanner reaches the target speed. Skywriting is set to enable the laser 

transfer to another track with initial speed. The polygon and vector delays are set 

in this work but not activated since short vectors are arranged in a straight line 

instead of polylines. It is noted that all these laser control parameters in this work 

are commonly used in commercial LPBF machines that are equipped with the 
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SCANLAB laser control system, but the values may vary due to different 

requirements. 

Table 3.2 Fabrication parameters of multi-scale vectors corresponding to scanning 
strategies in Figure 3.3. 

Table 3.3 Laser control parameters. 

Laser control 

system 
Value 

Laser On Delay 50 µs 

Laser Off Delay 90 µs 

Tracking error 150 µs 

Skywriting On 

Polygon Delay On (not activated) 

Vector Delay On (not activated) 

 

3.1.4 Rotational scanning strategies (0°, 67° and 90°) 

To investigate the microstructure characteristics affected by rotational scanning 

strategy, three kinds of different scanning strategies are shown in Figure 3.4. Laser 

scanning directions of three scanning strategies on Layer N and subsequent Layer 

Scanning 

strategies 

Laser 

power 

(W) 

Scannin

g speed 

(mm/s) 

Hatch 

spacing 

(μm) 

Layer 

thickness 

(μm) 

Vector 

length 

(μm) 

Refer to 

Long-vector 

135 800 80 40 

4000 Figure 3.3a 

Short-vector 80 Figure 3.3b 

Long-Short 

vector 
80 and 4000 Figure 3.3c 

Increment 

vector 
80 to 400 Figure 3.3d 
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N+1 are 0°, 67° and 90° degrees, respectively. The sample size is designed as 24 

mm × 24 mm × 32 mm (L × W × H) to reserve enough machining allowance for 

subsequent machining. These three scanning strategies can fabricate typical 

microstructures that have been widely recognised in LPBF 718, making them 

suitable for investigating subsequent deformation responses. 

 
Figure 3.4: Three kinds of scanning strategies. (a) 0° rotation; (b) 67° rotation; (c) 90° 
rotation. (Laser power: 135 W, scanning speed: 800 mm/s) 

To ensure the quality of the as-built sample, 135 W laser power with a scanning 

speed of 800 mm/s and 20 µm layer thickness were chosen as constant parameters 

for sample fabrication but with the rotational degrees of 0°, 67° and 90°, 

respectively. More detailed parameters are shown in Table 3.4. In the three 

scanning strategies (Figure 3.4), XZ and YZ planes of 90° and 67° rotation 

strategies are equivalent due to the repeatedly rotated angles layer by layer, while 

XZ and YZ planes in the 0°-rotation strategy are dissimilar for their unidirectional 

scanning pattern. Therefore, two workpieces were obtained from the XZ and YZ 

planes from Figure 3.4(a), named 01T and 02T (Table 3.4), respectively. 

Workpieces of 90T and 67T (Table 3.4) were obtained from the XZ plane of 

specimens printed by 90° and 67°-rotation strategies, respectively, as shown in 
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Figure 3.4(b) and (c). 

Table 3.4 Processing parameters for Alloy 718 fabrication with three scanning strategies 
to enable the generation of different crystallographic textures. 

 

3.2 Microstructure characterisation 

Scanning electron microscopy (SEM) (ZEISS Gemini SEM 300) was used to 

observe microstructure of Alloy 718 with voltage of 15.0 kV. After polishing by 

silicon carbide abrasive paper of different meshes (from 400 to 2400 mesh) with 

water lubrication, the samples were then polished on the polishing pad with the 

diamond polishing spray of 5 µm, 2.5 µm, 1 µm and 0.5 µm successively. Final 

polishing was finished by 0.04 µm silica suspension. Etchant-acetic glyceregia (15 

ml HCl, 5 ml HNO3, 10 ml acetic acid and 2 drops glycerol)-was prepared to etch 

every sample in a fume cupboard for about 15 s. 

Microscopic characteristics such as melt pool size and melt pool arrangement were 

studied by optical microscope while the microstructure characteristics such as 

phases, grain morphology and orientation were investigated by SEM with electron 

backscatter diffraction (EBSD) (magnification from 400X to 8000X). EBSD (from 

Specimen 
Scanning 

strategies 

Laser 

power 

(W) 

Scanning 

speed 

(mm/s) 

Hatch 

spacing 

(μm) 

Layer 

thickness 

(μm) 

Section 

01T 
0°-rotation 

135 800 80 20 

YZ 

02T XZ 

90T 90°-rotation XZ 

67T 67°-rotation XZ 
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Bruker company) is used to investigate grain orientation, grain size and 

misorientation. The step size is set as 0.5 µm and 1.0 µm (beam current: 120 µA) 

for high and low magnification, respectively. The scanning area is about 1 mm × 1 

mm. Electron channelling contrast imaging (ECCI), an imaging technique in 

SEM based on electron channelling applying a back-scatter electron detector, 

was used to study lattice defects such as dislocations and stacking faults (i.e. 

identify grain boundary fast without specific grain orientations). 

3.3 Pendulum-based orthogonal cutting test 

3.3.1 Pendulum-based cutting machine 

The pendulum-based cutting machine is mainly composed of a cutting system and 

a monitor system (Figure 3.5(a) and (b)). The cutting system consists of a variable-

mass pendulum and a height-adjusted base, on which the workpiece is clamped and 

the cutting tool is mounted, respectively (Figure 3.5(c)). The monitor system 

includes a high-speed camera (IDT Y4) for cutting process recording and a Kistler 

9257A dynamometer for cutting force measurement. An uncut thickness was 

measured via a compact scissor lift (THORLABS LJ750M) under the tool holder 

with an accuracy of 0.01 mm. A laptop is used to monitor cutting signals from the 

high-speed camera and dynamometer (Figure 3.5(b)). 

Various cutting speeds are obtained by releasing the pendulum of different 

counterweights and swinging angles, as shown in Figure 3.5(a). As the cutting tool 

is installed at a fixed position, the initial cutting speed keeps constant once the 

releasing angle is set. A high-speed camera records the whole cutting process and 
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the changing of cutting speed is calculated by the displacement of the workpiece 

and exposure frequency of the camera. At the same time, the raw electrical signal 

of the dynamometer is transformed into a force signal and collected automatically. 

 
Figure 3.5: Setup of the pendulum-based cutting test. (a) Pendulum-based cutting machine; 
(b) Laptop monitor; (c) Positions of cutting tool and workpiece (The cutting thickness is 
controlled by a compact scissor lift). 

3.3.2 Sample for orthogonal cutting 

The sample size design (25 mm × 6 mm × 1mm) is the balance of cutting stability 

and convenience of EBSD observation. Since such a sample size is not suitable for 

fixing, an adapter is used for holding the sample, as shown in Figure 3.6(b). The 

dimensions of the U-shape adapter are 27.5 mm × 20 mm, ensuring to fill the entire 

sample slot highlighted in Figure 3.6(a). 
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Figure 3.6: Orthogonal cutting machine and adapter for sample fixing. (a) Pendulum-based 
orthogonal cutting machine; (b) Dimensions of U-shape adapter and sample. 

3.3.3 Quasi-in-situ machining investigation 

A diagram of samples prepared for quasi-in-situ machining investigation by 

SEM&EBSD is shown in Figure 3.7(a). To compare the deformation of typical 

grains in the textured Alloy 718 before and after cutting, EBSD&SEM 

characterisation at the same zone near the machined surface was performed. A “T-

shape” label was marked on the carefully polished samples as a reference, allowing 

the same area to be detected under EBSD&SEM before and after cutting as shown 

in Figure 3.7(a). It should be noted that the “quasi-in-situ” investigation was only 

conducted for the machining process instead of the LPBF process. The workpieces 

obtained from as-built cubes, namely 01T, 02T, 67T and 90T according to Table 
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3.4, were shown in Figure 3.7(b). All cutting directions in this work are 

perpendicular to the build direction. Four test workpieces with dimensions of 24 

mm × 6 mm × 1 mm were obtained from as-built specimens by electrical discharge 

machining (EDM) as shown in Figure 3.7(c).  

To observe the grain responses before and after machining, the experimental 

process is shown in Figure 3.7(c), (d), (e). Each test piece was polished and then 

scratched with a T-shape mark at the centreline of the workpiece and 2.5 mm from 

the top free surface before cutting (Figure 3.7(e)). The centreline mark on the 

polished sample was scratched by the scriber of the height gauge and used as the 

reference to locate the EBSD mapping area before and after cutting. 

 
Figure 3.7: Sample preparation schematics and reference mark scratching. (a) Schematics 
of quasi-in-situ investigation processing, including polishing, first EBSD&SEM 
observation, orthogonal cutting and second observation; (b) As-built cubes of 0°-rotation, 
90°-rotation and 67° rotation scanning strategies; (c) Unpolished samples; (d) Polished 
samples; (e) “T” shape mark (scratched by scriber of height gauge) as the reference for 
observing the same zone before and after cutting. 
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3.4 Pendulum-based quick-stop cutting test 

3.4.1 Quick-stop module 

To achieve “quick-stop” and retain the chip on the workpiece during orthogonal 

cutting, it requires the cutting process to be interrupted in a controlled manner. In 

this work, the pendulum-based cutting device with a self-designed quick-stop 

module was illustrated in Figure 3.8(a) and (b), where the key components are 

numbered. The sample fixture (1) was assembled on the pendulum (2) (Figure 

3.8(a)) and a stopper (3) was designed to interrupt the cutting process (Figure 3.8(a)) 

by blocking the workpiece moving forward. The cutting tool (5) was fixed in the 

tool holder (4) and placed below the pendulum (2) as illustrated in Figure 3.8(b). A 

specific sample design, including the workpiece (6), an H-shape spacer (7), a stop 

pin (8), and a U-shape adapter (9) (Figure 3.8(c)), was adopted to achieve the 

“quick-stop” function and maintain a stable cutting process. The stop pin (8) was 

fitted into the slot (10) machined on the workpiece (Figure 3.8(d)), which allows 

the movement of the workpiece (6) to be interrupted. To retain the chip on the 

workpiece at the target cutting speed, a weak joint (11) (Figure 3.8(d)) was designed 

by machining a groove (12) on the workpiece and the H-shape spacer (7) was 

inserted into the groove to minimise the cutting instability. The above four 

components (6-9) were assembled as shown in Figure 3.8(e) and mounted in the 

sample fixture (1) on the pendulum (2) for the cutting test. 
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Figure 3.8: Quick-stop module and cutting process schematics. (a) and (b) are schematics 
of pendulum-based cutting machine, quick-stop module and the cutting tool; (c) and (d) 
are components for quick-stop cutting test, including spacer, stop pin, sample and U-shape 
adapter; (e) schematic of assembled components; (f), (g) and (h) schematics of the quick-
stop cutting test. (1. Sample fixture, 2. Pendulum, 3. Stopper, 4. Tool holder, 5. Cutting 
tool, 6. Workpiece, 7. H-shape spacer, 8. Stop pin, 9. U-shape adapter, 10. Slot, 11. Weak 
joint, 12. Groove) 
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The cutting procedure was demonstrated in Figure 3.8(f)-(h) from workpiece-tool 

contacting, chip forming to weak joint breaking. The pendulum was released at an 

angle of 60° and the cutting started when the workpiece was in contact with the 

cutting tool at a given cutting depth (0.2 mm) (Figure 3.8(f)). Subsequently, the 

chip was formed as the pendulum moved progressively until the pin (8) collided 

with the stopper (3) (Figure 3.8(g)). The collision led to a significant impact on the 

stop pin and produced a high stress concentration at the weak joint which was then 

broken down rapidly (Figure 3.8(h)). A cutting speed of approximately 112 m/min 

at the quick-stop moment was calculated from the frames captured by a high-speed 

camera (IDT Y4 (Figure 3.5(a))). Finally, after removing the stop pin (8) and H-

shape spacer (7), the chip was collected for further analysis. 

 It was measured that the cutting speeds usually decreased from 112±3 m/min to 

105±4 m/min before the fracture. The chip formation process is not significantly 

changed by such a cutting speed fluctuation. It was observed that the fracture of the 

weak joint consists of three sequential steps: ideal plastic deformation, work 

hardening and fracture. To reduce the influence of fracture of the weak joint, the 

H-shape spacer (7) provided a constraint condition to allow the shear deformation 

of the weak joint almost parallel to the cutting direction at the beginning of cutting. 

Hence, a relatively stable chip formation process can be obtained during work 

hardening of the weak joint due to less deformation at this stage. Finally, the 

constraint from the H-shape spacer (7) restricted the fracture at the weak joint only 

along the cutting direction, achieving a stable cutting process. The cutting tool 

information and parameters are listed in Table 3.5. Since the uncut chip thickness 
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(0.2 mm) and the cutting edge radius (0.02 mm) are not in the same order, the 

cutting edge radius has limited influence on the cutting test. The cutting parameters 

are also the same in all four cutting tests to ensure that the chip formation processes 

of wrought and LPBF-fabricated Alloy 718 are comparable. Moreover, a steady-

state orthogonal cutting test was performed under the same cutting parameters 

without the quick-stop module. Cutting forces were measured using a dynamometer 

(Kistler 9257A) for each case. A micro-hardness was performed via a Buehler 

Wilson VH3300 hardness tester from the workpiece to the chip with 0.2 kgf loads 

at a dwell time of 15 s. 

Table 3.5 Cutting tool information and cutting parameters. 

Cutting tool Material Coolant 

LCGE160402-4-0400-GS, 

SECO 
Carbide uncoated 

Dry 

cutting 

Cutting parameters 

Rake angle, γ (˚) 18.0 

Cutting speed at quick-stop 

moment (m/min) 
112.0 

Uncut chip thickness (mm) 0.2 

Cutting length at quick-stop 

moment (mm) 
3.0 

Cutting width (mm) 1.0 

Edge radius (mm) 0.02 

 

3.4.2 Sample for quick-stop cutting test 

To retain the chip on the workpiece via the quick-stop module and ensure the 

stability during the cutting test, the sample (Figure 3.6(b)) is optimised as shown in 
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Figure 3.9(a). Since the fracture of the weak joint consists of three sequential steps: 

ideal plastic deformation, work hardening and fracture. To reduce the influence of 

fracture of the weak joint, the spacer (Figure 3.9(a)) was designed to provide a 

constraint condition to allow the shear deformation of the weak joint almost parallel 

to the cutting direction at the beginning of cutting. Hence, a relatively stable chip 

formation process can be obtained during work hardening of the weak joint due to 

less deformation at this stage. During the cutting process (Figure 3.9(b)), the 

constraint from the H-shape spacer (7) restricted the fracture at the weak joint only 

along the cutting direction, achieving a stable cutting process. The stop pin was 

designed to abruptly stop the cutting process when the pin collided with the stopper 

and the weak joint was broken. It should be noted that the sample was polished 

before cutting to minimise the effect of EDM machined surface on the cutting test 

[208]. No heat treatment was conducted for the as-built Alloy 718 to retain the 

unique grain structure.  
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Figure 3.9: Customised sample for quick-stop cutting test. (a) Test sample composed of 
four parts: sample, U-shape adapter, stop pin and spacer (Unit: mm); (b) corresponding 
parts in (a) are assembled for quick-stop cutting test. 
 

3.5 Mathematic models 

3.5.1 Taylor-based model 

To investigate the crystallographic texture-based deformation, a Taylor-based 

plastic model was used to evaluate the relationship between the shearing of the 

Alloy 718 workpiece and crystal orientation [209]. According to the minimum 

energy theory proposed by Taylor, accomplishing a general deformation needs five 

independent slip systems and the one with a minimum sum of internal work in a 

crystal will be active. In an FCC metal, there are four slip planes, and each plane 

has three slip directions as shown in Table 3.6. 
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Table 3.6 Slip planes and corresponding slip directions for FCC metals. 

Slip plane, 
n 

 (111)   (𝟏ഥ𝟏ഥ𝟏)  

Slip direction, 
b 

[011ത] [1ത01] [11ത0] [01ത1ത] [101] [1ത10] 

Slip plane, 
n 

 (1ത11)   (11ത1)  

Slip direction, 
b 

[011ത] [101] [1ത1ത0] [01ത1ത] [1ത01] [110] 

 

The schematic of orthogonal cutting is shown in Figure 3.10, in which the cutting 

tool is perpendicular to the cutting direction (CD), and the chip is removed from 

the workpiece under the shear stress in the shear plane (SP), as shown in reference 

[210]. The shear plane (SP) is parallel to the shear direction and recognised as a 2D 

plane (the normal of shear plane is perpendicular to the shear direction). 

 

Figure 3.10: Orthogonal cutting model and the frame relationship among shear plane, 
sample and crystal. Shear direction (SD) and shear plane (SP) are shown as blue arrows. 
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The Taylor-based model can calculate the shear deformation gradient (∈௦௛௘ ) in 

the SP with the plane-strain condition [209]: 

∈௦௛௘௔௥=  
𝑑ε

2
൭

0 1 0
1 0 0
0 0 0

൱ 3-1 

The shear strain 𝜀 in the shear plane is estimated based on [211]:  

ε =  
cos 𝛾௡

2√3𝑠𝑖𝑛𝜙௡ cos(𝜙௡ − 𝛾௡)
 3-2                                 

where 𝛾௡ is the rake angle and 𝜙௡ is the shear angle, which was estimated by the 

Merchant theory [210]. The angle calculated by analytical method is decided by the 

cutting tool geometry and cutting direction by Equation 3-2. The plane-strain 

transformed from the shear plane (SP) into the sample frame (Figure 3.10) via 

transformation matrixes in Equation 3-2: 

𝑔ୱ୦ୣୟ୰ୱୟ୫୮୪ୣ =  ൭
cos  − sin  0
sin  cos  0

0 0 1

൱ 3-3                                  

The shear strain loaded in the sample frame is calculated by Equation 3-4: 

∈௜௝
௦௔௠௣௟௘

=  𝑔௜௞
௦௛௘௔௥௦௔௠௣௟௘

𝑔௝௟
௦௛௘௔௥௦௔௠௣௟௘

𝑔௞௟
௦௛௘௔௥ =  

ௗக

ଶ
൭

−sin2 cos 2 0
cos2  sin 2  0

0 0 0

൱  3-4 

where 𝑔௜௞
௦௛௘௔௥௦௔௠௣௟௘ is the transformation matrix used to rotate the deformation 

gradient of Equation 3-1 to the sample frame. The transformation from the sample 

frame to the crystal frame is via Equations 3-5 and 3-6: 
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𝑔ୱୟ୫୮୪ୣୡ୰୷ୱ୲ୟ୪ =  ൭

u o h
v p k
w q l

൱ 3-5                                                  

∈௜௝
௖௥௬௦௧௔௟

=  𝑔௜௞
௦௔௠௣௟௘௖௥௬௦௧௔௟

𝑔௝௟
௦௔௠௣௟௘௖௥௬௦௧௔௟

𝑔௞௟
௦௔௠௣௟௘ 3-6                        

where [uvw] and (hkl) represent the cutting direction and the cutting plane, 

respectively. The coordinate transformation matrix gୱୟ୫୮୪ୣୡ୰୷ୱ୲ୟ୪ is dependent on 

both the current sample frame and orientated crystal coordinates [212]. The shear 

strain then can be applied to each grain to calculate the most active slip direction. 

It should be noted that the final shear strain in each crystal frame is different for the 

different oriented crystal frames. 

To calculate the most active slip trace for each grain in the FCC structure, the 

deformation gradient ∈௖௥௬௦௧௔௟ is based on five independent slip systems and can be 

written as: 

∈௖௥௬௦௧௔௟= ෍ 𝑚ఈ𝛿

ହ

௜ୀଵ

𝛾ఈ 3-7 

where 𝑚ఈ =  𝑏ఈ  𝑛ఈ, 𝑏ఈ is slip direction for slip system 𝛼, 𝑛ఈ is the slip plane 

normal for slip system 𝛼, 𝛿𝛾ఈ denotes shear increment at slip system.  It should be 

noted that the five independent slip systems here are employed to calculate the 

minimum work in slip system. This not means that five slip system will be observed 

in real plastic deformation. The deformation occurs with minimum energy and the 

work increment, δw can be written as: 
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δw = τ௖ ෍ 𝛿𝛾

ହ

௜ୀଵ

 3-8 

All slip system: 

𝑢 𝑣 𝑤       ℎ   𝑘   𝑙
0 −1 −1 −1   1  −1

−1
1
0
1
1
0

−1
−1
0
1

−1

−1
0

−1
−1
0

−1
0

−1
−1
−1
0

0
−1
1
0

−1
1

−1
0

−1
0

−1

−1
−1
−1
−1
−1
1
1
1
1
1
1

1
1

−1
−1
−1
−1
−1
−1
1
1
1

−1
−1
−1
−1
−1
−1
−1
−1
−1
−1
−1

 3-9 

In this minimum energy deformation system [213], we assume the shear 

deformation is based on the minimum energy theory. For a grain with an orientation, 

there is an angle (θ) between the shear direction (s) and slip system (Equation 3-9), 

slip plane normal, n (h, k, l), and slip direction, d (u, v, w)). Since the burgers vector 

(b) is parallel to the slip direction (in general) and this model assumes that all slip 

directions have the same critical resolved shear stress, the strain in the crystal frame 

can be normalized and calculated along each slip direction. The mean value of 

activated slip in the slip system is 𝑏ఈ. 

Since the strain is symmetric and only 5 slip systems need to be calculated by 

Equation 3-7, the minimum W was obtained by the sum of critical resolved shear 

stress. The most active slip direction has the maximum displacement component 
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along the slip direction and the corresponding slip plane is the most active. The 

most active slip system is given by: 

𝑏ఈ = 𝑀𝑎𝑥ห𝑏௜(δw)ห 3-10 

The relevant slip plane (most active slip plane) is: 

𝑛ఈ = |(𝑏ெ௔௫
ఈ )| 3-11 

Since the most active slip planes of oriented grains are calculated in individual 

crystal frames, they should be transformed from the crystal frame to the sample 

frame based on Equations 3-5 and 3-6. After the frame transformation, the most 

active slip trace 𝑡௠ is defined as the intersecting line of the most active slip plane 

and the sample plane, XY plane (Plane௫௬) in: 

𝑡௠ =  𝑛ఈ ∩ Plane௫௬ 3-12 

Considering the Euler angle of each pixel in the EBSD, the most active slip 

direction from 12 slip systems (24 slip directions if consider opposite direction) 

was calcuated. Since the Euler angle within a grain may be similar, the calculation 

step can be set as 5 µm to save computing time. The intensity is the weight of a slip 

trace in all slip trace. The grain size is considered because the large grain (more 

pixels) have high weight than small grain. 

3.5.2 Crystal plasticity model 

The simulation of the crystal response to the orthogonal cutting process is carried 

out using a well-established framework based on resolved shear stress and hypo-
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elasticity, which was originally proposed by Hill, Rice, and many others [214]. The 

deformation gradient, 𝑭, can be written as:  

𝑭 =  𝑭∗ ∙ 𝑭𝒑  3-13                                                                    

where 𝑭∗ is caused by stretching and rotation of crystal lattice with reference to the 

intermediate configuration and 𝑭𝒑 is the deformation due to plastic shearing on 

crystallographic slip systems. 

The PRISMS-Plasticity, an open-source software was employed here to simulate 

full-field crystal plasticity [214]. The evolution of slip resistance for slip system 𝛼 

can be calculated by:  

𝑠̇ఈ =  ෍ ℎఈఉ𝛾̇ఉ

ఉ
 3-14 

where ℎఈఉis hardening moduli, which defines the variation of slip resistance for 

slip system 𝛼 due to the slip rate on slip system 𝛽. The hardening moduli ℎఈఉis 

considering the combined effect of work hardening and recovery as follows: 

ℎఈఉ =  𝑞ఈఉℎ௢(1 −
𝑠ఉ

𝑠௦
)௠ 3-15 

where 𝑞ఈఉis the latent hardening ratio, ℎ௢ denotes the hardening parameter for slip 

system 𝛽, 𝑠ఉis the slip resistance at hardening saturation, 𝑠௦ is the saturation stress 

where large plastic flow initiates and 𝑚 is a material constant that governs the 

sensitivity of the hardening moduli to the slip resistance. The crystal plasticity 

model is detailed in [215] and the material constants for the simulation are obtained 

from [216]. The material constants used in the four cases are identical because the 
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fabrication parameters are also the same. Therefore, the simulation only varies in 

terms of grain morphology and orientation. 

To mesh the EBSD data for plasticity simulation, a 400 × 90 µm region was directly 

processed using Gmsh [217] as illustrated in Figure 3.11. As the EBSD results were 

obtained prior to the cutting process, the preserved grain morphologies were 

carefully retained to prevent errors arising from distortions near the machined 

surface. This approach could enhance the simulation accuracy since the loading is 

applied to the original grains. To fix the bulk material, a nodal boundary condition 

was employed, while a loading condition (obtained from the analytical model of 

Eq. 3-2) was applied to the region near the machined surface. The total simulation 

time was set as 1×105 s to reach a high strain rate whilst the time increment was 

×109 s for simulation convergence. The post-processing was finished by ParaView, 

an open-source software for visualization. 

 
Figure 3.11: EBSD data meshed by Gmsh with element type of Hex. The grain boundaries 
are depicted by dark dashed lines. The grain orientation information is extracted from 
EBSD data and applied to each grain during simulation. (a) 01T, (b) 02T, (c) 90T and (d) 
67T. 
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Chapter 4 Microstructure of 

Alloy 718 fabricated by multi-

scale vectors 

To investigate the effect of vector length on melt pool morphology, microstructure 

and printing quality, this chapter includes the detailed microstructure 

characterisations for multi-vector scanning strategies introduced in Sections 3.1.3, 

respectively. The microstructure is mainly identified via OM, SEM and EBSD and 

the effect of scanning strategies on grain growth patterns is discussed. 

4.1 Effect of vector length 

4.1.1 Microstructure evolution in XY-plane 

4.1.1.1 Melt pool and grain morphologies of long and short vectors (XY-plane) 

The melt pool morphologies perpendicular to the build direction (refer to XY plane 

in Figure 3.3) are shown in Figure 4.1. Vectors with different lengths and directions 

are highlighted by the blue arrows. The reference sample printed by the Long-

vector strategy is shown in Figure 4.1(a). This strategy has been proven to build 

nearly defect-free components [218]. Continuous melt pools can be seen in Figure 

4.1(a) and some necking and breaking (Figure 4.1(a) black rectangles) occur due to 

the melt pool instability caused by thermal perturbation [219].  
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Figure 4.1: Comparison of microstructures that are perpendicular to the build direction (XY 
plane): (a) Long vectors; (b) Short vectors; (c) Long-Short vectors. 

Figure 4.1(b) depicts the melt pool morphology of the Short-vector strategy. Unlike 

the reference sample in which a single vector length is equivalent to the part size (4 

mm in length), this sample in Figure 4.1(b) consists of 50 short vectors and the 

length of each vector is 80 μm. Many spot-like melt pools along the laser tracks can 

be seen in Figure 4.1(b) in this Short-vector scanning strategy. Since the laser turns 

on at the beginning of a vector and then turns off at the end of the vector in the 

LPBF process, the spot-like melt pools are mainly attributed to the laser on/off 

switching at the vector ends. Since the melt pool flow direction is mainly from laser 

centre to the head/end of the melt pool during the laser scanning, the laser scanning 

direction is able to be identified by the melt pool morphologies in Figure 4.1. The 

scanning direction is highlighted by blue arrows, which are decided by the melt 
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flow near the laser beam centre (red arrows). The spot-like characteristics are 

unique in Short-vector printing due to the large number of short vectors in Figure 

4.1(b). Some voids are found at the boundaries of neighbouring vectors, which is 

likely due to the lack of fusion at the vector ends.  

Figure 4.1(c) presents alternating long and short vectors in the sample, 

corresponding to the Long-Short vector scanning strategy in Figure 3.3(c). The long 

vectors of 4 mm and short vectors of 80 μm are aligned in antiparallel directions 

(i.e., long vector scans from the left to the right and short vector scans in the 

opposite direction). The characteristics of long and short vectors in Figure 4.1(c) 

are in good agreement with features in Figure 4.1(a) and (b) respectively. It shows 

continuous melt pools of long vectors and spot-like melt pools of short vectors. 

This demonstrates that both melt pools are not significantly affected by the 

alternating scanning strategies. The small spherical pores in Figure 4.1(c) likely 

resulted from a lack of fusion. Due to the unstable bonding between long and short 

vectors, they are mostly distributed near the boundaries of neighbouring laser tracks. 

Similar defects are also seen in Figure 4.1(b), suggesting that the defects in this 

Long-Short scanning strategy are mainly caused by the short vectors.  

The corresponding inverse pole figures (IPF) and pole figures (PF) are shown in 

Figure 4.2. The numbers of grains for PF in three cases are 1156, 1432 and 1289 

respectively. The coordinate frame for the PF is consistent with the sample frame 

in Figure 3.3 in this work. Figure 4.2(a)-(c) compares the grain structures formed 

by three scanning strategies, and the laser path is also highlighted by blue arrows. 

During the laser scanning process, the highest temperature is near the laser centre, 
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leading to a perpendicular thermal gradient to the laser path. Subsequently, grain 

grows along the direction of the thermal gradient, and the grain boundary is likely 

to be perpendicular to the laser path, as shown in Figure 4.2(a) and (c). Moreover, 

some large grains are observed in Figure 4.2(a) and the preferred orientation 

(011)BD is depicted in Figure 4.2(b), indicating that a long vector provides a 

stable thermal field for grain growth. For the Long-vector, fine grains are primarily 

concentrated along the centre of the melt pool (blue arrows in Figure 4.2(a)). This 

phenomenon can be attributed to the fact that the highest cooling rate (about 105-7 

K/s as reported by Liang et al. [220]) during laser scanning. Since grain grows from 

the melt pool boundary to the melt pool centre, there is limited space along the path 

of the laser centre for grain growth, leading to fine grains along the melt pool centre 

(Figure 4.2(a)).  

 
Figure 4.2: Inverse pole figure (IPF) mappings and pole figure (PF) for Long vectors (a) 
and (d), Short vectors (b) and (e), Long-Short vectors (c)  and (f). (Lack of fusion is labelled 
by yellow dashed circles and gas entrapped pore is labelled by white dashed circles. The 
numbers of grains for PF in (g), (h) and (i) are 1156, 1432 and 1289 respectively. 
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In the Short-vector, some fine grains are distributed along the melt pool centre, 

similar to the Long-vector. However, fine grains are also observed between two 

neighbouring short vectors. This indicates that laser on/off leads to a high cooling 

rate between adjacent short vectors. Therefore, in the XY plane, there are two 

dominant ways for the fine grains to form in the Short-vector scanning strategy: (1) 

thermal gradient direction is along the laser path within a short vector; (2) thermal 

gradient direction is perpendicular to the laser path near the intersection of two 

adjacent melt pools, as shown by black dashed lines between two melt pools (white 

circles) in Figure 4.2(b). Considering the boundary shape of the melt pool is curved, 

the fine grain distribution in the Short-vector therefore resembles a “radiant” pattern, 

originating from the intersection of short melt pools. This phenomenon can be 

observed at each intersection between neighbouring short vectors in Figure 4.2(b). 

It is noted that the actual thermal gradient undergoes perturbations, which can 

explain why the distribution of fine grains is sometimes more randomised. It can 

be speculated that the number of fine grains in the Long-Short vector should be less 

than that in Short-vector. Because the melt pool formed by a long vector is wider 

than that formed by short vectors. A long vector is able to partially inhibit fine 

grains to grow from neighboured short-vector melt pools. The grain growth 

direction is dominated by the long vector in the Long-Short vector printing case. 

Therefore, fine grains are mainly distributed along the laser path and a few fine 

grains are distributed perpendicular to the laser path, which is indeed seen in Figure 

4.2(c).  

The distribution of fine grains suggest that the short vectors may lead to steep 
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thermal gradients near the intersection, making it easier for fine grains to form than 

in a long vector. The grain orientation in the Long-Short vector (Figure 4.2(f)) is 

comparable to the Long-vector, but the texture intensity is lower. This also suggests 

that the grain growth direction is mainly affected by long vector, matching well 

with the grain structure in Figure 4.2(c). Moreover, short vectors may lead to 

unstable thermal gradients due to that the laser on/off occurs quite rapidly. Such a 

complex thermal gradient consequently interrupts the formation of preferred grain 

growth direction (Figure 4.2(e)) and limits the formation of large grains. 

4.1.1.2 Melt pool and grain morphologies of incremental vectors (XY-plane) 

Figure 4.3(a) shows melt pool morphologies of incremental vectors from 80 μm to 

400 μm with 20 μm increments between each consecutive vector. Pores are 

randomly embedded across the sample but the lack of fusion mainly occurs in the 

short vector zone (e.g., 80 – 180 μm). The narrow melt pool formed by the short 

vector results in relatively weak bonding when compared with the long vector. The 

lack of fusion is more likely observed in the short vector zone. Due to the laser 

on/off transition, the steep thermal gradient in a short vector is not only 

perpendicular to the laser scanning path but also perpendicular to the melt pool 

boundary at the head/end. Since the high cooling rate may lead to multi-directional 

thermal gradients, the grain growth directions are randomised in the short vector 

region (80 – 180 µm in Figure 4.3(b)). The grain structure is, therefore, irregular 

when compared with the long vector region (380 – 4000 µm). This phenomenon is 

similar to the grain structure in the long and short vectors in Figure 4.2(a) and (b). 

Figure 4.3(c) illustrates the evolution of textures with the increment vectors, in 
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which each pole figure (PF) is derived from a region of 700 µm × 400 µm with 

about 1000 grains. In the short vector region, the texture is very weak. But the 

texture intensity is gradually enhanced with the vector length and the preferred 

orientation is <011>BD, which is the same as the Long-vector in Figure 4.2(d). 
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4.1.2 Microstructure evolution in XZ/YZ plane 

4.1.2.1 Melt pool and grain morphologies of long and short vectors (XZ-plane) 

Figure 4.4 presents the melt pool morphologies and grain structures that are 

perpendicular to the laser scanning direction (refer to XZ plane in Figure 3.3) using 

Long-vector, Short-vector and Long-Short vector strategies. The laser scanning 

direction is either into the plane or out of the plane in each laser track (Zig-Zag), as 

marked in the figure. The Long-vector printed sample (Figure 4.4(a)) shows semi-

circle melt pool boundaries with a defect-free structure. The Short-vector printed 

sample (Figure 4.4(b)) exhibits a narrower melt pool width than the long-vector 

while more defects are found near the boundaries. Figure 4.4(c) shows the printed 

structure with the alternating long and short vectors in adjacent laser tracks. It can 

be seen that the melt pool width of long vectors is larger than that of short vectors. 

Some voids due to lack of fusion can be found in the laser track at short vectors in 

Figure 4.4(c).  
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Figure 4.4: Melt pool morphologies in the XZ plane defined in Figure 3.3: (a) Long vector; 
(b) Short vector; (c) Long-Short vector (the overlapping zones are marked by red dashed 
lines). 

The corresponding inversed pole figures (IPFs) are presented in Figure 4.5(a-c) 

respectively. The PFs shown in Figure 4.5(d-f) are calculated from 586, 762 and 

801 grains respectively. Since the laser scanning direction is unchanged between 

adjacent layers, the build-directional columnar grains are seen in all three samples. 

This characteristic is consistent with the work reported in the literature when the 

as-built components are fabricated by the 0° rotation scanning strategy 

[68,132,221]. However, the grain morphology and texture variation are significant 

when the vector length changes. Strong <011>//BD texture (maximum intensity: 

7.0) and largest columnar grains are observed in the Long-vector sample (Figure 
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4.5(a) and (d)). However, <001> direction along the scanning direction is slightly 

inclined to build direction (Z-axis). This indicates that the preferred grain growth 

direction <001> may be affected by thermal gradient along the laser scanning 

direction and build direction in the Long-vector. In the Short-vector sample (Figure 

4.5(b)), the columnar grain is smaller than that in the Long-vector and the same 

texture (<011>//BD) with a maximum intensity of 3.6 is observed in Figure 4.5(e). 

The weakest texture is seen in the Long-Short vector case (Figure 4.5(c)) when the 

part is fabricated by alternating long and short vectors. This is because the melt 

pools of short vectors are narrower than long vectors and overlap with the 

neighbouring long-vector melt pool, as depicted by the red dashed lines in Figure 

4.4(c).  

 
Figure 4.5: Inverse pole figure (IPF) maps and pole figure (PF) of three strategies. (a) and 
(d) Long vector; (b) and (e) Short vector; (c) and (f) Long-Short vector (typical grains are 
highlighted by black rectangles); the numbers of grains for PF in (d), (e) and (f) are 586, 
762 and 801 respectively. 

The thermal gradient direction near the overlapping zone (area near the dashed lines 
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in Figure 4.4(c) may change and impede the side branching growth. This leads to 

three dominated grain growth patterns (narrow elongated grain, columnar grain and 

fine grain) in Figure 4.5(c). For the melt pool printed by long vectors, slender 

elongated grains grow along the BD at the centre of melt pool whilst small grains 

grow perpendicular to the melt pool boundary at the side of melt pool, as illustrated 

in Figure 4.5(c). 

In all three scanning strategies, <001> parallel to the scanning direction (Y-axis) is 

observed in PFs (Figure 4.5(d-f)). This indicates that vector length may not disturb 

the grain growth along the laser scanning direction. However, since the two kinds 

of melt pool morphologies formed in long and short vectors (the reason will be 

discussed in Section 4.2.1) provide two thermal-gradient patterns, grain orientation 

is probably changed around the Y-axis. Therefore, the grain orientation distribution 

is more discrete near the 45° to the build direction in the (001) plane (Figure 4.5(f)).  

Due to the narrow overlapping area between the short and long vector tracks, the 

subsequent short vectors failed to remelt the previous fine grains in the melt pool 

printed by long vectors in Figure 4.5(c). As a result, the growth of side-branching 

grains is hard to continue, forming the fine grains at the side of the melt pool in 

Figure 4.5(c). This phenomenon is similar to the polycrystalline-like microstructure 

formed with large hatch spacing [222]. Meanwhile, the columnar grains exhibit 

similar grain morphology and orientation as compared to those from the Short-

vector printing in Figure 4.5(b). This suggests that Long-vector melt pools are 

likely to sustain the grain growth pattern generated in the adjacent short-vector melt 

pool in the sample printed by Long-Short vector strategy in Figure 4.5(c). 
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4.1.2.2 Melt pool and grain morphologies of incremental vectors (YZ-plane) 

The overview on the microstructure evolution of the increment vector printing on 

the YZ plane from 80 μm to 400 μm with an increment of 20 μm is presented in 

Figure 4.6(a). The laser scanning direction is along the y-axis according to Figure 

3.3(d). Incremental vectors are divided by blue dashed lines as shown in Figure 

4.6(a). It is shown that the morphology of melt pool gradually changes with the 

vector length, from narrow melt pools at short vectors to long melt pools at long 

vectors. Defects such as lack of fusion and pores are more likely to be observed in 

regions where short vectors are used (e.g., vector length < 180 µm). The 

corresponding inverse pole figure (IPF) maps are shown in Figure 4.6(b). It can be 

seen that grain morphology changes from small, irregular grains at short vectors to 

elongated grains at long vectors. The corresponding grain size and micro-hardness 

for each vector are presented in Figure 4.6(c). The values of the reference sample 

printed by Long-vector strategy with 4 mm vector length is also included for 

comparison in Figure 4.6(c). With the increment of vector length, the grain size 

increases from 19.5±6.4 µm to 53.3±13.8 µm (black line), suggesting that grain 

size is affected by the vector length when the laser parameters are the same. This 

will be discussed further in the subsequent section on the energy inputs of different 

vector lengths. 

The microhardness within the melt pool and at the overlapping zone is depicted by 

orange and green lines respectively in Figure 4.6(c). The hardness is estimated by 

the average value of three measurements at both inside and intersection of melt pool 

as shown in the inset of Figure 4.6(c). Two test points are selected for the 380 µm 
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and 400 µm vectors to evaluate the hardness fluctuation along the laser scanning 

direction. With the increment of vectors, the hardness decreases from 350 HV to 

300 HV or even less. The hardness of the reference sample is about 325 HV (red 

square), which is similar to the reported results of the as-built Alloy 718 [223,224]. 

It can be seen from Figure 4.6(c) that the hardness at the intersection zone is 

generally higher than the melt pool inside. 

 
Figure 4.6: Multi-scale vector evolution in the increment vector strategy observed via OM 
and EBSD (YZ plane). Increment vectors are divided by blue dashed lines. (a) Outline of 
increment vectors from 80 μm to 400 μm; (b) Corresponding IPF maps of increment 
vectors (c) Grain size and hardness evolutions in the increment vectors, the values are 
compared with the reference sample of 4 mm-long vectors (reference grain size and 
hardness are highlighted by red circle and rectangle respectively). Each hardness value was 
obtained by taking the average of three measurements at both the inside and intersection of 
the melt pool, the error bar represents standard deviations. 

Four areas are selected (yellow rectangles) in Figure 4.6(a) and (b) to show melt 
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pool morphologies and grain structure in detail. The four selected areas are shown 

in Figure 4.7 to compare with the reference structure (Figure 4.7(i) and (j)) by the 

Long-vector printing. The numbers of grains for 5 PFs are 1121, 1058, 964, 897 

and 708 respectively. The melt pools fabricated by short vectors (Zone ⅰ, Figure 

4.7(a)) are irregular and melt pool boundaries are not as smooth as shown in Figure 

4.7(i), indicating the dramatic melt pool dynamics occurred at the Short-vector 

printing. It is mainly caused by the momentum of upward liquid along the rear 

depression wall, where the Marangoni convection/recoil pressure is strong [225]. 

Since the Marangoni effect is decided by surface tension (𝜎(𝑇) =  𝜎଴ − 𝜎௦
்(𝑇 −

𝑇௟)) [226], the metal liquid flows from the bottom to the surface of the melt pool. 

The metal liquid is unstable under recoil pressure in the narrow melt pool [112], 

likely leading to a significant lack of fusion in Figure 4.6(a). Such unstable melt 

pools (shown as uneven melt pool boundary) are more likely to break consecutive 

grain growth along the BD, resulting in small grains in the short-vector zone as seen 

in Figure 4.7(c). With the increment of vector length, a longer melt pool forms and 

provides a larger space for the flow of molten metal, which solidifies slower than 

that in the Short-vector printing and has sufficient time to wet the neighbouring 

region [227] due to heat accumulation. The molten metal thus can flow more stably 

and fill more gaps than in the short vectors. This allows columnar grains to grow 

across several layers along the BD, forming large grains in Figure 4.7(h) at 400 µm 

vector length. The grain size is also similar to the reference sample of 4 mm long 

vectors in Figure 4.7(j). 
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Figure 4.7: The four selected areas from the increment vector (Scanning direction (Y): east 
to west). (a), (b), (e) and (f) are the OM images of increment vector, the deeper melt pools 
caused by burn-in effect are marked by black dashed circles and the defects are also 
highlighted; (c), (d), (g) and (h) are the IPFs of selected areas (Corresponding PFs of <001> 
for four selected areas are listed on the right side, (a) and (c): 80-160 μm, (b) and (d): 200-
260 μm; (e) and (g): 300-340 μm, (f) and (h): 380-400 μm); (i) and (j): 4000 μm. 

It was expected that the beginning of a melt pool should be shallower than its 

middle part due to less heat accumulation. However, the deepest regions are 

observed at the head and tail of vectors as highlighted by the dashed circles in 

Figure 4.7(a), (b), (e) and (f), suggesting the higher energy density inputs in both 

regions (known as the burn-in effect in laser welding [46]). Similar melt pool 



134 
 

morphologies were also reported in as-built components fabricated by different 

metal 3D printers [12,14], whilst this phenomenon was usually ignored due to its 

limited effects in long vectors and the capability of short vector printing in some 

laser control systems. Small grains are mainly near the overlapping area of adjacent 

vectors (blue dashed lines). This may be because of the unstable melt pool condition 

at the head/tail of a melt pool. The steep thermal gradient between two vectors leads 

to such small grains. The small grains result in higher strength, which is in good 

agreement with the high hardness at the overlapping zone shown in Figure 4.6(c). 

In contrast, the burn-in effect is caused by excessive energy input near the head/tail 

of a melt pool, making it easier for large grain growth. Since it can be recognised 

as a localised excessive energy input at hundreds of microns, the large grain growth 

matches well with the as-built components formed by constant high energy input 

[127]. The texture intensity increases with the increment of vector length and the 

orientation rotated about 45° to <011>BD. The orientation and intensity at the 

vector length of 400 µm in Figure 4.7(h) are close to the Long-vector printed 

reference sample in Figure 4.7(j).  

The distribution of pore shape and size are presented in Figure 4.8, as measured by 

ImageJ. The aspect ratios are used to indicate the pore shape and most of them are 

close to 1 in Figure 4.8. This means that the majority of pores from are in circular 

shapes. The circular diameter is thus quoted as the pore size in Figure 4.8. More 

than 80% of pore sizes are smaller than 15 μm and pore sizes tend to be less than 

10 μm when the vector length becomes longer (e.g., long vectors at 380-400 μm). 
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Figure 4.8: Pore shape and size distribution in all scanning strategies (the sample printed 
by increment vector scanning strategy is divided into four parts, 80-200 μm, 220-280 μm, 
300-360 μm and 380-400 μm, for similar statistical areas). 

The largest porosity is found in the Short-vector printing strategy (Figure 4.9), and 

the porosity decreases with the increment of the vector length. Since the same laser 

power and scanning speed are used among the four scanning strategies, the only 

variable here is the vector length. The actual laser motion and heat input dynamics 

need to be further considered to elucidate the microstructural difference between 

short vectors and long vectors. Large standard deviation in short vector indicates 

that the bonding between short vectors may be weaker than long vectors. This 

suggests that the short vector is likely to introduce the defects during printing 

process. 
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Figure 4.9: Porosity of different vector length in all scanning strategies(the sample printed 
by increment vector scanning strategy is divided into four parts, 80-200 μm, 220-280 μm, 
300-360 μm and 380-400 μm, for similar statistical areas). The error bar refers to the 
standard deviation. 

4.2 Discussion 

4.2.1 Role of the actual scanning mirror motion in the 

microstructure 

In the LPBF fabrication process, the high-precision laser beam movement is 

controlled by a Real-Time Controller (RTC) that synchronizes laser control with 

scanning mirror movement and image field correction, which then melts the defined 

laser path with set parameters [44]. The laser control and mirror motion algorithm 

are shown in Figure 4.10, where a short vector (80 μm) and a long vector (400 μm) 

are used as examples to represent two different scanning speed conditions. When 

printing a vector in LPBF, the scanning mirror needs an acceleration phase to reach 

the target scanning speed, which means the head of a vector will be exposed to a 
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small scanning speed initially. If the laser switches on at the very beginning of the 

mirror movement, it will cause a very high energy input at the head of the vector 

when the scanning speed is small. Due to this, the burn-in effect can occur at the 

head of the vector. It should be noted that retaining the burn-in effect (high energy 

input due to small scanning speed) at the head of a vector is necessary. Because 

materials with high melting point need to be pre-heated at the head of a vector, the 

burn-in effect thus can ensure the full melting at the initial position. But to avoid 

too high energy input at the head of the vector, a laser-on delay of 50 μs is defined 

as shown in Figure 4.10(a). This value is empirically decided and restricted by the 

machine for different materials to balance productivity and stability during the 

printing process. It is strongly dependent on the laser and material thermal 

parameters, but there is still a lack of theoretical model for calculation. This delays 

the laser input for 50 μs, allowing the scanning speed to accelerate for 50 μs to 

provide a reasonable scanning speed (Figure 4.10(b)), and then the laser will switch 

on. Similarly, a deceleration phase is set at the end of a vector to slow down the 

mirror for the next command. And a laser-off delay is compensated to reduce the 

displacement error between the set position and laser beam position. The delay time 

is defined according to the laser absorptivity of the material. The scanning speed at 

the end of a long vector (Figure 4.10(b)) is not decelerated to zero but the laser 

switches off to weaken the burn-in effect at the tail of the vector.  
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Figure 4.10: Scanning mirror control algorithm during LPBF processing: (a) and (b) are 
the laser on-off switch and mirror scanning speed in a vector; (c) Comparison of laser 
exposure position and set position. 

To simplify the control of the scanning mirror in the LPBF system, the acceleration 

time (𝑡௔ ) for the target speed is a constant in the laser control algorithm. For 

example, the scanning speeds accelerating from 0 to 400 mm/s or from 0 to 800 

mm/s will use the same acceleration time, 𝑡௔. Therefore, a distance delay between 

the actual position and set position is defined as 𝑥௦ (Figure 4.10(c)) according to a 

constant tracking error time 𝑡௦ shown in Figure 4.10(c). The tracking error time 𝑡௦ 

is given in Equation 4-1, 

𝑡௦ =  
𝑣௧𝑡௔ −

1
2

(𝑎𝑡௔
ଶ)

𝑣௧
=  

1

2
𝑡௔  

4-1 

where 𝑣௧  is the target speed as seen in Figure 4.10(b). The actual speed 𝑣  and 
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distance delay (or lag error) 𝑥௦  are then calculated by 𝑣 =  𝑎𝑡  and 𝑥௦ = 𝑣௧𝑡௦ 

respectively. 

In this case, the tracking error time 𝑡௦ is defined as 150 μs by SCANLAB and the 

target scanning speed (𝑣௧) is set as 800 mm/s. According to Eq. 4-1, it requires 300 

μs (𝑡௔) to achieve the target scanning speed. The acceleration distance is 120 μm 

(𝑥௦ ) with an acceleration of 1/375 μm/μs2 (calculated by 𝑣௧/𝑡௔ ) in the linear 

acceleration condition. And then the laser speed reaches the target speed of 800 

mm/s. The distance scanned by the target speed depends on the actual vector length. 

Finally, the scanning speed decelerates in 90 μs laser off delay, in order to offset 

the distance delay (𝑥௦) as shown in Figure 4.10(c) at the tail of the vector. Thus, the 

vector lengths that are shorter than 120 μm are classified as short vectors. This 

means the 80 μm vector is too short to allow the scanning mirror to reach the target 

speed. 

To quantify the energy input in short and long vectors, the energy density can be 

calculated according to the volumetric energy density (VED) [228] by considering 

the speeds at different positions in Equation 4-2, as a function with laser power P, 

scanning speed V, hatch spacing H and layer thickness T. 

𝑉𝐸𝐷(𝑥) =  
𝑃

𝑉(𝑥)𝐻𝑇
 4-2 

Since the laser power, hatch spacing and beam diameter are kept constant, the actual 

scanning speed changes with the laser beam position (𝑥), which depends on the 

vector length as shown in Figure 4.10(b). 𝑉(𝑥) can be expressed as below, 
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𝑉(𝑥) =  ቐ
√2𝑎𝑥,                                𝑥 < 120 𝜇𝑚 (𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛)

800,                              𝑥 ≥ 120 𝜇𝑚 (𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑠𝑝𝑒𝑒𝑑)

𝑉(𝑥) − 𝑎𝑡, 𝑡 𝑖𝑠 𝑙𝑎𝑠𝑒𝑟 𝑜𝑓𝑓 𝑑𝑒𝑙𝑎𝑦 (𝑑𝑒𝑐𝑒𝑙𝑒𝑟𝑡𝑖𝑜𝑛)

 4-3 

Combining the actual vector length and corresponding speed calculated by 

Equation 4-3, the influence of scanning speeds on the VED for different vector 

lengths is obtained by integrating the VED with respect to the distance: 

𝑉𝐸𝐷തതതതതത =  
1

𝑙
න 𝑉𝐸𝐷(𝑥) 𝑑𝑥

௟

଴

 4-4 

where 𝑙 is the length of the vector and 𝑥 is the laser beam position when the laser 

scans within the vector. The relation between average energy density and vector 

length is seen in Figure 4.11. When the vector length is shorter than 120 μm, the 

printing process is dominated by scanning mirror acceleration. Since the actual 

speed increases quickly but does not reach the target speed, the actual energy 

density is dropping rapidly but still larger than 200 J/mm3. With the increment of 

vector length, the scanning process is gradually dominated by a constant-speed 

segment as seen in Figure 4.10(b). The energy density becomes more stable when 

the vector length increases to 400 μm in Figure 4.11. 
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Figure 4.11: Actual energy input in different vectors by considering the real laser motion. 

In the 80 μm short vector, the actual laser scanning process is completed within the 

acceleration and deceleration phases and the maximum scanning speed is lower 

than 800 mm/s (Figure 4.10(b)). Therefore, the higher input energy density 

combined with short metal flowing space leads to a significant burn-in effect in the 

Short-vector printed melt pool as shown in Figure 4.7(a) and (b). With the 

increment of vector length, the scanning mirror can reach the target scanning speed 

and keep the constant speed until the deceleration phase as shown in Figure 4.10(b). 

The longer melt pool provides more space for molten metal flow, releasing the 

burn-in effect at the head of a melt pool. However, the burn-in effect still exists at 

the tail of a melt pool due to that the deceleration phase results in higher heat 

accumulation and deeper melt pools when compared to the constant-speed segment 

in a melt pool. This phenomenon is seen at the tails of melt pools in Figure 4.7(e) 

and (f). The burn-in effect usually can be alleviated by extending the skywriting 

time, but the commercial fabrication process needs to balance quality and 
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productivity. When the burn-in effect is not significant in the commonly used long 

vectors (e.g. Figure 4.7(i)), shortening skywriting time can increase efficiency since 

there are millions of skywriting (or laser on/off) being implemented [229] during a 

printing process. However, when the vector becomes short (less than 120 μm), the 

burn-in effect may be aggravated due to a narrow melt pool and high energy input. 

This indicates that the vector length should be considered for optimising the laser 

motion control parameters. Such length effect is often ignored because the most 

common calibration part is 1 mm cube. But it becomes more crucial, especially for 

thin-walled structures [230] or lattice structures [231], in which the short vector 

printing is crucial at corners or edges.  

Figure 4.12 shows the melt pool morphology comparison at different vector lengths. 

As previously discussed, the short-vector melt pool is deeper than a long-vector as 

highlighted by the yellow dashed line in Figure 4.12(a). The depth of a short melt 

pool is 143 μm, deeper than a long melt pool of 124 μm, demonstrating that the 

mirror acceleration causes higher energy density in a short-vector melt pool. 

According to the melt pool depth-width ratio, the morphology of the long-vector 

melt pool matches well with the conduction mode [221,232], in which the melt pool 

shape is shallower but wider due to that heat conduction is dominating during 

melting (Figure 4.12(a)). It provides a stable melt pool and builds a good bonding 

with adjacent laser tracks. But a short-vector melt pool is close to the keyhole mode, 

in which the fluid and recoil pressure dominate, resulting in unstable melt pool 

dynamics with a higher possibility of defects [233,234]. Since the acceleration and 

deceleration distance are not changed, the constant speed segment in Figure 4.10(b) 
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becomes more dominant in the Long-vector printing. The melt pool thus transits 

from keyhole mode to conduction mode when the vector length increases. 

Meanwhile, the melt pool depth decreases and then becomes stable with the 

increment of vector length.  

 
Figure 4.12: Melt pool depth comparison. (a) Melt pool depth difference in Long-Short 
vector printed sample (b) Melt pool depth evolution in the increment vectors; (c) Melt pool 
morphology comparison in increment vector scanning strategy  (the melt pool was divided 
into six equal parts and five positions are measured to reflect the melt pool depth evolution, 
the error bar represents standard deviation). 

In a short vector of 80 μm, the melt pool may be only scanned by the acceleration 

phase then directly by the deceleration in Figure 4.10(b). The scanning speed is not 

reaching the target speed during scanning. According to Eq. 4-4, the average energy 

density is higher than that in long vector. High energy density causes the burn-in 

effect at the head and the tail of the vector (i.e., dominated by keyhole mode), 

resulting in a deeper melt pool within a short melting period. According to the 

dynamic viscosity (µ) of the melt pool defined by equation [235]: 𝜇 =
ଵହ

ଵ଺
(ට

௠

௞்
𝛾), 
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where m is atomic mass, k is Boltzmann constant, T is the absolute temperature and 

𝛾 is the liquid surface tension. µ decreases at the high energy density, leading to 

lower viscosity. The significant thermal gradient results in surface tensions (or 

Marangoni flow). The combination of lower viscosity and Marangoni convection 

flow may lead to the unstable melt pool flow within the short vector. This is 

evidenced by the melt pool morphology in the short vector region Figure 4.12(c). 

In a long vector, the acceleration phase and deceleration phase are separated by a 

constant speed segment as 400 μm vector in Figure 4.10(b) (i.e., dominated by 

conduction mode), releasing the heat accumulation at the melt pool head and 

leading to a shallower melt pool. This trend can be seen in Figure 4.12(b) and (c) 

(The error bar is defined as standard deviation).  

It should be noted that, due to the “U” shape melt pool formed in the printing 

process, the melt pool depth changes dramatically if the observation surface is not 

close to the melt pool centre. To reduce the observation error, the surface observed 

in Figure 4.12(c) was polished three times. It was observed that the individual melt 

pool depth was affected by the observation position (i.e., after polishing, all melt 

pools became deeper). However, the melt pool depth evolution with the increment 

of vector length may not be significantly affected by observation position. There is 

a tendency that the melt pools become shallower with the increase of vector length 

in all observation tests. To balance the observation accuracy and experiment cost, 

when the largest melt pool depth (139 µm) is close to the short vector melt pool 

depth (143 µm) in Figure 4.10(a), the melt pool section is treated as close to the 

melt pool centre. The melt pool depth becomes shallower from 100 μm to around 
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70 μm, suggesting the effect of acceleration and deceleration is gradually weakened 

when the vector length increases. The melt pool depth evolution from 80 μm-vector 

to 400 μm-vector is presented in Figure 4.12(b), in a good agreement with the 

relationship between vector length and the actual energy input shown in Figure 4.11. 

However, some fluctuations in the melt pool depth are noticed in Figure 4.12(c). 

This is likely caused by the tail burn-in effect, which is found even in some longer 

vectors as shown in Figure 4.7(e) and (f). 

4.2.2 Melt pool morphology and grain structure evolution 

Excessive energy input changes melt pool morphology of short vector and also 

leads to different grain growth patterns when compared with that of long vector. 

The schematic of length effect on the microstructure evolution is shown in Figure 

4.13. In the transverse section of short vector, a narrow melt pool with steep melt 

pool boundary enables rapid grain growth from the side of melt pool to the centre. 

This restricts the elongated grain (<001>//BD) growth at the centre of melt pool. 

Therefore, few elongated grains can be found in Short-vector printing (Figure 4.4(e)) 

when compared with the Long-vector printing (Figure 4.4(d)). The grain orientation 

changes are depicted by IPFs heat maps, which are statistically mapped with a 

similar number of grains (about 620 grains). The preferred grain growth direction 

in the Short-vector printing is between <011> and <111> in the build direction (Z-

axis). This differs from the Long-vector, where the grains are mainly oriented to 

<011> and inclined to <001>. This is attributed to the melt pool morphologies 

formed at different vector lengths. In the short vector, the laser underwent the 

acceleration phase as depicted by the red line in Figure 4.13. Significant burn-in 
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effect deepens the melt pool and consequently rotates the grain growth direction 

about 45°. Few grains are able to grow across several melt pools to become a large 

grain. Therefore, fine grains are dominating in Short-vector strategy with a weak 

texture intensity. 

With the increment of vector length, the scanning speed is able to reach the target 

speed and keep it for a long distance. The stable melt pool morphology makes a 

grain easier to grow across melt pools layer by layer and to become large grain with 

preferred <011>BD orientation. The microstructure evolution indicates that if 

many short vectors are used in an as-printed part (i.e., thin wall and stick), they may 

lead to localised microstructure differences when compared with the part printed 

by long vector. These short-vector printed structures may exhibit different 

mechanical properties, which are proved by the hardness test in Figure 4.6(c). 

Moreover, the length effect can be further employed to control the microstructure 

at the micron scale since it can rotate grain growth direction by changing melt pool 

morphology. 
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Figure 4.13: Schematic for the influence of vector length and real laser scanning speed on 
microstructure evolution. The IPF in transverse section is along to the Z (BD) and the IPF 
in longitudinal section is along the scanning direction (Y).  

This work emphasised the importance of understanding the relationship between 

vector length and real laser motion (i.e., acceleration) in the LPBF process 

especially when the vector is shorter than about 200 µm. It indicates that laser 

scanning speed could not be treated as a constant when printing thin structures with 

short vectors. The process optimisation may not be limited to laser power and 

scanning speed whilst other process parameters, such as laser on/off time and 

skywriting time, should be considered as they can change the actual scanning speed 

in short vectors. In addition, short vectors also showed the potential to modify local 

microstructure and properties as depicted by the Long-Short vector and Increment 

vector. By evaluating the real energy input based on real laser scanning speed, one 

may be able to modify local microstructure (e.g., several layers or laser tracks) by 



148 
 

selecting different vector lengths for the specific application scenario. 

4.3 Summary 

This work investigated the effect of vector lengths on the melt pool morphology 

and grain growth characteristics of LPBF-fabricated Alloy 718. It provided a novel 

approach to tailor the scanning strategy in the LPBF process, in which the length 

and position of each vector could be designed in the same layer. This allows for a 

direct comparison of melt pool morphology and grain structure within the same 

sample, which is impossible via the traditional method. Four fabrication strategies, 

namely Long-vector (4000 μm), Short-vector (80 μm), Long-Short vectors (4000 

μm and 80 μm), and Incremental vectors (ranging from 80 μm to 400 μm), were 

employed and the microstructure evolution at different vector lengths was 

examined. This method exhibits the potential to enrich the scanning strategy design 

and control the local microstructure by manipulating the parameters of each vector. 

The results showed that the melt pool depth (about 138 µm) in the short vector 

printing zone was greater than the depth in long vector printing zone (about 89 µm). 

This was because the actual scanning speed in short vector failed to reach target 

speed due to the acceleration at the beginning of the vector, leading to higher energy 

input in the short vector. Moreover, the deep and narrow melt pool formed by short 

vector constrained the grain growth across several layers along the build direction, 

resulting in finer grain size and higher micro hardness when compared to those in 

long vector. With the increment of vector length from 80 µm to 400 µm, the melt 

pool morphology transitioned from keyhole mode to conduction mode and the grain 
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orientation transitioned from <111> to <001> in the scanning direction. 

In addition, some limitations should be noted. The reduction of vector length has 

shown the potential to induce finer grains and enhance material hardness whilst it 

also leads to more defects. A balance between reducing defects while retaining fine 

grains needs further investigation. Since the laser parameters optimised for long 

vectors may not be suitable for short vectors, optimisation of the laser parameters 

based on vector length by considering the actual laser motion (or actual energy 

input) is necessary.  
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Chapter 5 Shear-based 

deformation mechanism of 

LPBF-fabricated Alloy 718 

during the post-machining 

process 

Chapter 5 has investigated the microstructure LPBF-fabricated 718 is strongly 

dependent on the scanning strategy. This may further affect the deformation during 

the post-machining process. This chapter selected three representative scanning 

strategies that are commonly used for LPBF technology to investigate the 

machining-induced deformation that is affected by scanning strategies and 

corresponding microstructures. The machining test was conducted by the 

pendulum-based cutting machine (Section 3.3.1) with the pre-polished sample 

(Section 3.3.2), aiming to trace the shear deformation via a “quasi-in-situ” 

investigation method. Moreover, a Taylor-based model (Section 3.5.1) and a crystal 

plasticity simulation (Section 3.5.2) were employed to investigate the deformation 

patterns formed by the unique microstructures. 
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5.1 Effect of rotational scanning strategy 

5.1.1 Melt pool morphology under OM 

Figure 5.1 shows three-dimensional optical metallography of samples with 0° 

rotational scanning strategy, illustrating melt pool arrangements on top (XY plane) 

and side (XZ and YZ plane) surfaces. Scanning strategies are identified according 

to the angle of laser tracks between the N layer and N+1 layer on the top surfaces 

(XY plane). In addition, some discontinuities in a laser track that looks like dotted 

line result from fluctuation of melt pool depth induced by energy input perturbation 

during laser scanning [202]. 

 

Figure 5.1: Microstructure of 0° rotation strategy under OM. (a) schematic of cube 
fabricated by 0° rotational scanning strategy; (b) XY plane; (c) XZ plane; (d) YZ plane. 
(Laser power: 135W, scanning speed: 800mm/s) 
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0° rotation strategy (Figure 5.1(a)) reveals a significant difference of melt pool in 

XZ and YZ planes because the laser scanning direction is always along the Y-axis 

in every laser track. The melt pools that are observed in the XY plane (Figure 5.1(b)) 

are attributed to the scanning strategy without rotation. This scanning strategy 

provides unchangeable laser track arrangements on every layer, decoupling the 

effect of laser scanning rotation in melt pool morphology observation. In the XZ 

plane (Figure 5.1(c)), semi-circle melt pools are regularly arranged along the X 

direction where a melt pool is partly overlapped by adjacent melt pools. However, 

pronounced fluctuation is shown in the Z (BD) direction. Some melt pools are 

almost entirely overlapped by melt pools of subsequent layers, while some are only 

overlapped in a small zone. The fluctuation of melt pool depth could also be verified 

by long-strip melt pools on the YZ plane (Figure 5.1(d)), where melt pool 

boundaries present an undulated profile rather than a straight line. These 

phenomena suggest that bonding between layers fluctuates due to laser-powder 

reactions. 

Figure 5.2 shows the three-dimensional optical metallography of samples with 90° 

rotational scanning strategy. The laser track/melt pool morphologies formed by 90° 

rotation scanning strategy are shown in Figure 5.2(a). The laser track in the XY 

plane is perpendicular between adjacent layers (Figure 5.2(b)) due to the normal 

laser scanning direction between the neighbouring layers. Different from 0° 

rotation strategy where semi-circle melt pool and long-strip melt pool are on XZ 

plane and YZ plane, respectively, melt pools on both side surfaces (XZ plane, YZ 

plane) of 90° rotational scanning strategy are the same because directions of laser 
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scanning rotated regularly during fabrication. It is shown as semi-circle and strip-

like melt pools are interlaced in Figure 5.2(c) and (d), respectively. 

 

Figure 5.2: Microstructure of 90° rotation strategy under OM. (a) schematic of cube 
fabricated by 90° rotational scanning strategy; (b) XY plane; (c) XZ plane; (d) YZ plane. 
(Laser power: 135W, scanning speed: 800mm/s) 

Figure 5.3 shows the three-dimensional optical metallography of samples with a 67° 

rotational scanning strategy. The melt pool shape of 67° rotation (Figure 5.3(a)) is 

not as semi-circled as the other two cases because the laser scanning direction is 

not perpendicular to the side surface (XZ or YZ plane) but with an intersection 

angle (67°). Therefore, the laser tracks in the XY plane exhibit a 67° angle between 

adjacent layers (Figure 5.3(b)). And melt pools in the XZ and YZ planes are arc-

shape as shown in Figure 5.3(c) and (d). 
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Figure 5.3: Microstructure of 67° rotation strategy under OM. (a) schematic of cube 
fabricated by 67° rotational scanning strategy; (b) XY plane; (c) XZ plane; (d) YZ plane. 
(Laser power: 135W, scanning speed: 800mm/s) 

5.1.2 Microstructure under SEM 

To investigate a laser track or melt pool, SEM images of three scanning strategies 

are shown in Figure 5.4. The observation plane is seen in the insets of every sub-

figure. On the XY plane, the rotation degree is distinguished clearly by the 

intersection degree of the laser track in Figure 5.4(a), (b) and (c). Laser track 

boundaries and melt pool boundaries, as well as grain boundaries, are outlined in 

Figure 5.4(d), (e), and (f), respectively. As the grains grow epitaxially [236], the 

microstructure of three scanning strategies on the XY plane does not show various 

grain growth directions as on the XZ plane. According to the temperature gradient 
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of the LPBF process (along with BD), most cellular dendrites grow parallel to BD, 

which matches well with Figure 5.4. 

 

Figure 5.4: Microstructure of three kinds of rotation strategies under SEM. (a) and (d) XY 
and XZ section of 0° rotation; (b) and (e) XY and XZ section of 90° rotation; (c) and (f) 
XY and XZ section of 67° rotation. (Observation surface and build direction is seen in inset 
lower left; red, yellow and green line: laser track boundary and melt pool boundary; dashed 
line: grain boundary) 

Microstructure on the side surface (YZ plane Figure 5.5 (a), (b), (c) and (d); 

XZ plane Figure 5.5(e), (f) and (g)) of sample fabricated by 0° rotation 

scanning strategy is shown in Figure 5.5. Number 1, 2, 3, and 4 are used to 

define different laser scanning directions of the adjacent melt pools. The red 

plane of insets in Figure 5.5(a) and (e) emphasize the observation plane on 

which melt pool features are outlined. It is noted that the same figure labels 

are used in Figure 5.6 and Figure 5.7 to mark the same characteristics of the 

melt pool. 

The microstructure of the 0° rotation scanning strategy decouples the effect 

of rotation degree between layer N and layer N+1, indicating the 
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microstructure under unidirectional and repetitive heat cycle history. The 

melt pool on the YZ plane is long-strip shape as shown in Figure 5.5(a), while 

the intersection points of melt pool boundaries (Figure 5.5(a), red rectangle 

nearby) suggest the part of one melt pool is remelted by the subsequent layer 

due to laser energy fluctuation. This phenomenon is dissimilar to ordinary 

overlapping shown as melts numbered by 3 and 4. Zoom-in microstructure 

near the melt pool boundary is depicted in Figure 5.5(c) and (d). The bright 

part (red arrow) in the inter-dendrite is Laves phase and the dark dots (blue 

arrow) are metal carbide [237]. The boundary here does not significantly 

transform cellular dendrite growth direction as Figure 5.5(b), where the 

dendrite growth direction is apparently changed on the upper and lower sides 

of the boundary. 

 

Figure 5.5: SEM microstructure of 0° rotation strategy. (a) YZ plane of 0° rotation (02T); 
(b) dissimilar cellular dendrite direction in long stripe melt pool; (c) and (d) Sub-structure 
and Laves phase and metal carbide; (e) Semi-circle melt pool (01T); (f) and (g) different 
growth direction in semi-circle melt pool. (Number 1, 2, 3 and 4 are different melt pools 
of different laser scanning directions. 1 and 2 are along to Y axis while 3 and 4 are along 
to X axis) 
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In Figure 5.5(f), the zone selected from the yellow rectangle, various growth 

orientations can be observed in a melt pool. And the growth direction in Figure 

5.5(g) is succeeded from the previous melt pool. This is the reason why the melt 

pool boundary is not considered as a grain boundary. The curved-shaped melt pool 

is decided by a Gaussian-distributed laser beam, and the temperature gradient is 

vertical to the melt pool boundary. This melt pool-induced temperature gradient 

provides melt-pool-based growth direction while the grain has its preferred crystal 

orientation, such as (100) in FCC. Both two aspects finally decide the cellular 

dendrite growth direction. 

For the 90° rotation strategy, two laser scanning directions are dominant on the XY 

plane and YZ plane (Figure 5.6(a)), and both two planes are also equivalent. Melt 

pools 1 and 3 are formed by the antiparallel laser scanning, which are perpendicular 

to melt pool 2 due to 90° rotated scanning direction between the neighbouring 

layers. Melt pools, therefore, are alternations of semi-circle-shaped and long-strip. 

The long-strip melt pool zone (melt pool 2) is composed of honeycomb-like 

structures that are equiaxed cells growing along to Y axis. The PAS (Figure 5.6(d)) 

is about 0.4 µm, finer than the spacing of melt pools 1 and 3. Figure 5.6(b) and (f) 

present that the sub-structure of the former dramatically transformed from equiaxed 

cell to cellular dendrite while the latter changes from elongated cellular to finer cell. 
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Figure 5.6: SEM microstructure of 90◦ rotation strategy (90T). (a) 90◦ rotation; (b) zoom-
in semi-circle melt pool zone; (c) zoom-in long strip zone; (d) Sub-structure in long strip 
zone; (e) Laves phase and metal carbide; (f) and (g) different growth orientation compared 
with (b). (Laser power: 135W, scanning speed: 800mm/s) 

For the 67° rotation strategy in Figure 5.7, the XZ plane and YZ plane are 

equivalent (i.e., there is no laser direction dominant on the XZ or YZ plane). Melt 

pools in Figure 5.7(a) are not regularly arranged as those shown in 0° rotation, 

where melt pools are ranged regularly on the XZ plane. The non-repeated laser 

scanning direction results in different thermal profile in each layer due to the 67° 

rotational scanning directions between layers, affecting the growth direction of the 

cellular dendrite across the layer. Comparing the microstructure of different zones 

near the melt pool boundary (Figure 5.7(b), (c) and (d)), few dendrites grow across 

the melt pool boundary, which differs from the phenomenon in Figure 5.5(g). 

Concerning the metallurgical state, only Laves phase and metal carbide are 

observed in Figure 5.7(e), which is similar to 0° rotation. 
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Figure 5.7: SEM microstructure of 67° rotation strategy (67T). (a) YZ plane of 67° rotation; 
(b), (c) and (d) Melt pool boundaries surrounded by different sub-structure; (e) Laves phase 
and metal carbide. (Laser power: 135 W, scanning speed: 800 mm/s) 

The epitaxial growth microstructure of the Alloy 718 built by parameters in Table 

3.4 is presented in Figure 5.8, whereby the coordinate system for the as-built sample 

is given in the inset and observing surfaces are marked in red. The scanning strategy 

changes laser path directions to provide a unique thermal pattern for grain growth.  

In the micrographs, cells (the smallest unit in the melt pool with a size of 0.5 – 3 

µm) are formed due to quick solidification. They are marked with dashed lines and 

arrows to indicate the growth direction, and the printed layers are numbered (layers 

1-8) in Figure 5.8(a). The continuous growth of cells across several layers (Layers 

1-8 in Figure 5.8(a)) along BD is only found in 01T and 90T. Their grain lengths 

(building axes) along the building direction reach 195.5 μm and 168.6 μm, as shown 

in Figure 5.8(a) and (b), respectively. Continuous epitaxial growths occur at the 

centre of melt pools and their growth directions are along BD, exhibiting a slender 

and elongated morphology.  

However, the grain width in 01T and 90T are less than 20 μm, leading to a high 
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aspect ratio (Z axis to X/Y axis). Side-branching frequently occurs at the side of a 

melt pool in 01T with an inclined angle of about 45° to BD, crossing four layers 

(layers 4-8), as shown by the green dash lines in Figure 5.8(a). The cell growth 

direction is nearly perpendicular to cells in neighbouring melt pools following the 

green arrows in Figure 5.8(a). However, the complex molten flow in the melt pool 

can also disturb the 45°-inclined growth pattern at the side of melt pools, resulting 

in various cell growth directions as shown in layers 1 to 4 (red arrows).  In addition, 

the 45° inclined side-branching is likely to grow towards the centre of the melt 

pools, restricting the growth of the build-directional continuous cells. This is indeed 

seen in Figure 5.8(a) that the growth of continuous cells is limited in layers 5 to 8.  

In Figure 5.8(b), laser scanning directions are perpendicular in adjacent layers, 

leading to 90°-rotational melt pools in neighbouring layers. For example, layer 3 is 

along the Y-axis and layer 4 is along the X-axis, according to the coordinate system 

in each inset. In the 90°-rotation strategy, the cells that grow at the side of a melt 

pool are disrupted by the subsequent layers as shown in layers 7 and 8, inhibiting 

the 45° inclined side-branching growth. 
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Figure 5.8: Representative microstructures for 01T and 90T. (a) The build direction (BD) 
is along the z-axis (see inset); the continuous growth of cells across several layers along 
the centre line of melt pools (highlighted by yellow dashed line) and the side-branching 
epitaxial growth with about 45° to BD (highlighted by green dashed line) in 01T; (b) 
Continuous growth along BD (see inset) in 90T and side-branching at the side of melt pools. 
The coordinate system and scanning strategies are in the inset, and observing surfaces are 
marked in red. Cell growth directions are marked with arrows. 

Various cell growth directions can be found in a single melt pool of 02T (layer 3 in 

Figure 5.9(a)). Cell growth directions in 02T are nearly normal to the melt pool 

boundary (white dashed lines), but localised growth directions are different as 

shown in zone A, B and C (red arrows) in Figure 5.9(a). The growth direction of 

cells across different layers (layer 1-3) in zone D is in the same direction (out of the 
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plane). It should be noticed that the side-branching growth (green arrows) was not 

found in 02T from Figure 5.9(a). This is because the out-of-plane directional 

growth is hard to track in a 2D figure. In the 67° (67T) built direction, as shown in 

Figure 5.9(b), the laser scanning direction rotated 67° in every subsequent layer, 

breaking the continuous growth of cells at the centre of the melt pool. The growth 

direction of the cell highlighted by a green dashed line is interrupted by the melt 

pool boundary (MPB) in layer 1, but the growth direction changed about 90° in 

layer 2 and another 90° in layer 3, resulting in the helical epitaxial growth pattern. 

 
Figure 5.9: Representative microstructures for 02T and 67T. (a) Various cell growth 
directions within a melt pool; (b) Side-branching growth at the side of the melt pool. The 
coordinate system and scanning strategies are in the inset, and observing surfaces are 
marked in red. Cell growth directions are marked with arrows. 

5.1.3 Grain morphology and texture 

Figure 5.10(a-c) presents the inverse pole figure (IPF) cubes of Alloy 718 printed 

by three scanning strategies. EBSD data was obtained from three orthogonal planes 

(XY, XZ, and YZ) and then merged to create 3D cubes for each of the three cases. 

However, it should be noted that the resulting cube represents a combination of 
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three IPF maps rather than a true 3D grain structure. Due to the unchanged scanning 

direction in the 0° rotation strategy, the columnar grains are observed in the XZ 

plane, different from the grain morphology in YZ planes (Figure 5.10(a)). In 

contrast, since the scanning direction rotated 90° and 67° in each layer, the 

microstructures in XZ and YZ planes (Figure 5.10(b) and (c)) are equivalent in 

these two cases. The build direction is shown in the coordinate system and grain 

boundaries with a misorientation angle larger than 15° are identified as large-angle 

grain boundaries. It should be noted that grains in the selected regions have typical 

size, shape and orientation in each sample. 

 
Figure 5.10: IPF cubes for three scanning strategies. (a) 0° rotation; (b) 90° rotation; (c) 
67° rotation. IPF of machining areas were selected by black rectangles for (a1) 01T, (a2) 
02T, (b1) 90T and (c1) 67T. (Grain growth patterns are marked with arrows) 

The grain morphologies are highlighted in Figure 5.10(a1-c1). In Figure 5.10(a1), 

the slender elongated grains (zone 1) correspond to the previous build-directional 

continuous cells in Figure 5.8(a). Since the Alloy 718 exhibits an FCC structure, 

the grain orientation is not changed although the cell’s growth direction changes to 
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90°. Therefore, the mentioned vertical growth cells in neighbouring melt pools in 

Figure 5.8(a) (green arrows) at the side of melt pools are from the same grain, 

forming the <011>-columnar grains (Zone 2) in Figure 5.10(a1). Various cell 

growth directions induced by perturbation in the melt pool result in the fine-grain 

zone as shown in Zone 3 from Figure 5.10(a1). Grains in 02T (Figure 5.10(a2)) are 

nearly along BD, which matches well with cells in Figure 5.9(c) that grow roughly 

normal to the melt pool boundary. The orientation varies in the highlighted area in 

Figure 5.10(a2) due to the inclined cell growth within a melt pool, while large 

grains are found because of the same growth direction in several layers. The slender 

and elongated grain formed by build-directional continuous cells is also observed 

as highlighted by the black rectangle in Figure 5.10(b1), which corresponds well to 

build-directional continuous cells in Figure 5.8(b). In Figure 5.10(c1) of 67T, the 

helical epitaxial growth cells result in zigzag-shaped grains in the 2D plane and the 

grain growth direction inclined angles against the BD. The non-repeatedly 

rotational scanning strategies randomise cell growth direction, resulting in various 

orientations and smaller grain sizes than the other three samples in Figure 5.10(c1). 

The pole figures of <001>, <011> and <111> planes are shown in Figure 5.11, 

corresponding to the coordinate system in Figure 5.10. In the 0°-rotational scanning 

strategy, the 45° inclined grain growth direction shown in Figure 5.8(a) leads to 

a<011>//BD texture observed in the XZ plane and <011>BD texture in the YZ 

plane (Figure 5.11(a)). In the 90°-rotational scanning strategy, since the laser 

scanning direction rotates 90° for each layer, the texture in the XZ and YZ planes 

is the same. The preferred grain growth is along the BD, resulting in the <001>//BD 
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texture in the XZ and YZ planes (Figure 5.11(b)). In the 67°-rotational scanning 

strategy, the weak texture in three observation planes is attributed to the 67° 

rotational scanning strategy, which randomises the grain growth direction on each 

layer. 
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Figure 5.12 shows the corresponding crystallographic texture of the samples 

mentioned in Figure 5.10(a1-d1) and the lattice orientation as well as the possible 

slip systems. It should be noted that the intensities and orientations in these four 

selected regions (0.4 mm × 0.4 mm) are similar to those in the 1.2 mm × 1.2 mm 

regions, as shown in Figure 5.11. Since the differences in Euler angle data between 

the selected and original large regions are not significant, it indicates that these four 

selected regions can represent the four textured Alloy 718 samples. 

 
Figure 5.12: Pole figures (PF), corresponding lattice structures and slip systems for four 
samples. (a) Corresponding crystallographic textures in the XZ planes (YZ plane for 02T) 
(The {011} and {111} pole figures can refer to Figure 5.11.); (b) Different FCC lattice 
orientations for textured specimens; (c) Corresponding textured close-packed slip system 
in FCC (The texture of 67T was too weak to show distinctively textured lattice structure 
and slip system); (d) illustration of slip plane and slip directions in an FCC structure. 

According to {100} pole figure in  Figure 5.12(a), only 01T, 02T and 90T presented 

significant textures, but the texture of 67T was too weak to be identified due to the 
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67°-rotation scanning strategy. In 01T, <011>//BD and <001>//BD textures are 

observed, in which the <011> texture is caused by 45° inclined cells (as seen in 

Figure 5.8(a) (green arrows)) and the <001> texture is attributed to those 

continuous growth cells with <001> growth direction at the centre of a melt pool. 

This texture is consistent with previously reported studies [132,221]. A <011> 

texture along to Y-axis was obtained in 02T, of which the maximum intensity was 

4.5, lower than 7 in 01T. A strong cube texture of three <001> aligned to X, Y and 

Z (BD) was obtained in 90T, which is in good agreement with previous studies for 

FCC metals with the same scanning strategies [238]. The maximum texture 

intensity of 67T was only 1.9 and no preferred grain orientations were found due to 

the non-repeated laser scanning rotation in every layer. The large area 

corresponding to {001} {011} and {111} pole figures can be referred to in Figure 

5.11. 

The lattice orientations of representative grains in the textured Alloy 718 are shown 

in Figure 5.12(b) to reflect the texture in Figure 5.12(a). And the illustration of the 

FCC lattice structure and slip system is shown in Figure 5.12(d). The red balls 

represent the metal atoms (Ni, Fe or Cr in this case) that form the FCC structure, 

and the yellow plane is the slip plane. Every slip plane has 6 slip directions marked 

with black arrows. Based on this illustration, Figure 5.12(c) presents corresponding 

slip planes and slip directions for 01T, 02T and 90T based on the crystallographic 

texture in Figure 5.12(a). It should be noted that the preferred lattice structure and 

slip system are not depicted in 67T due to its weak texture. 
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5.2 Deformation pattern of textured Alloy 718 

5.2.1 Proposed concept 

To study the effect of different textured Alloy 718 on shear-based deformation, 

three scanning strategies (0°, 67° and 90° rotation layer by layer) were used to 

fabricate crystallographic textured cubes as depicted in Figure 5.13 (a-c). The 0° 

rotation strategy repeats the same scanning path to provide a stable thermal gradient 

conducive to grain growth along the build direction. 90° rotation strategy repeats 

every two layers and forms strong cube textures while the 67° rotation strategy 

avoids repeating scanning directions, fabricating grains without preferred 

orientation. These three scanning strategies yield typical microstructures that are 

widely used in additive manufacturing field. Two samples (01T and 02T) were 

obtained from 0° rotation scanning strategy due to two different textures in the XZ 

and YZ planes. Only one sample was obtained from 90° (Figure 5.13 (b)) and 67° 

(Figure 5.13 (c)) rotation scanning strategies, respectively, since samples from XZ 

and YZ planes are equivalent in both scanning strategies. To compare the 

deformation of typical grains in the textured Alloy 718 before and after cutting, 

EBSD&SEM characterisation at the same zone near the machined surface was 

performed. It should be noted that the “quasi-in-situ” investigation was only 

conducted for the machining process instead of LPBF process. A “T-shape” label 

was marked on the carefully polished samples as a reference, allowing the same 

area to be detected under EBSD&SEM before and after cutting as shown in Figure 

5.13 (d). It must be emphasised that no polishing was conducted after the cutting 
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experiment to retain the history of cutting on the grains. As such, the original grains, 

including morphologies, orientations and slip traces, can be analysed before cutting, 

as in Figure 5.13 (e), and then be compared with grains after cutting as in Figure 

5.13 (f). The dislocation density, grain boundary curving and orientation change 

were quantitatively investigated. Furthermore, the slip bands and grain bulging can 

be found after cutting by combining EBSD and SEM results (Figure 5.13 (g)).  

 

Figure 5.13: Illustration of quasi-in-situ investigation of grain deformation in 
crystallographic textured Alloy 718. (a-c) Schematics of scanning strategies and cutting 
directions for four samples - see brown parallelepipeds - (01T, 02T, 90T and 67T) obtained 
from different LPBF built cubes; (d) Schematics of quasi-in-situ investigation processing, 
including polishing, first EBSD&SEM observation, orthogonal cutting and second 
observation; (e) Schematics of grains observed under EBSD before cutting (slip traces in 
FCC can be calculated based on IPF); (f) Schematics of grains observed under EBSD after 
cutting; (g) Schematics of grains observed under SEM after cutting (the slip bands and part 
of grain boundaries are visible due to deformation).  
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The actual IPF mapping of the cutting zone from Figure 5.13(d) and 

corresponding ECCI results are shown in Figure 5.14, efficiently presenting 

grain mappings from the “T-shape” scratch mark zone to the sample edge. 

Every ECCI image is spliced by four images as the distance from the marked 

zone to the edge is about 2.5 mm, which is out of the range of electron 

scanning in a single image. In addition, the EBSD mappings can match well 

with the pattern of ECCI images at the same observing zone. For the cutting 

test, the cutting zone consists of two parts: a pre-cut zone (dark shadow area 

in red rectangle), a zone reserved for making a curve matched with the 

pendulum trajectory, and a real cut zone (red rectangle below the shadow 

area), a zone for the formal cutting test. 

 
Figure 5.14: ECCI and EBSD results of three scanning strategies. (a) 0° rotation on the XZ 
plane; (b) 0° rotation on the YZ plane; (c) 67° rotation; (d) 90° rotation. (pre-cut zone and 
real-cut zone are labelled by the red rectangles. T-shape scratches are marked by a green 
rectangle. The plane information is shown in the inset) 

5.2.2 Plastic deformation caused by orthogonal cutting 

5.2.2.1 Grain deformation of 01T 

Since the plastic deformation leads to poor Kikuchi pattern quality in chips, the 

chip deformation before and after cutting is not included in this work. It is noted 

that the EBSD data is fitted to reduce the noise of scratches. Since the de-noise step 

is small, the orientation and grain structure near the machined surface are not 
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changed. The inversed pole figures (IPFs) of 01T before and after machining are 

presented in Figure 5.15 (a) and (b). Several build-directional blocks are observed 

as shown by the dashed lines and slender elongated grains are between the build-

directional blocks. To trace the evolution of individual grains before and after 

cutting, deformed grain A and Grain B are compared with original Grain A and 

Grain B. It can be seen from Figure 5.15 (d) that Grain A and Grain B were slightly 

curved along the cutting direction. It should be noticed that the edge in Figure 5.15 

(b) is not the machined surface but the EBSD detectable area beneath the machined 

surface as the Kikuchi pattern in the machined surface is difficult to index due to 

significant deformation. The deformation of Grains A and B still follows shear 

condition but the strain is not as large as the region near the machined surface [187]. 

The effect of temperature is disregarded in this study due to the relatively short total 

cutting time of approximately 220 µs. Additionally, the heat accumulation is 

expected to be minimal due to the small dimensions of the workpiece (cutting 

length: 6 mm, sample thickness: 1 mm) and the presence of adiabatic shear bands 

in the primary shear zone would not significantly impact the deformation of 

machined surface. 
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Figure 5.15: Quasi-in-situ observation of 01T. (a) Before orthogonal cutting; (b) after 
orthogonal cutting; build-directional blocks was divided by dashed lines; (c) SEM image 
on the EBSD stage (70° inclined) and similar deformation structure was marked with 
arrows; (d) SEM image of selected Zone 1 and Zone 2; outlines of original Grain A and 
deformed Grain A were highlighted by yellow lines and green lines (the most active slip 
trace and actual slip bands were marked by red line and black line respectively; the plane 
traces are highlighted by dark green lines and the activated slip trace is marked by yellow 
line); (e) The centre line spacing in an etched sample; (f) The slip plane and cutting 
direction is shown in the sample frame. 

According to the characteristic bugling retained on the observation surface (Figure 

5.15(d)), the deformed grains in the SEM image are linked with corresponding 

grains in the IPF as shown in Figure 5.15(b) and (d). In this way, the machining-

induced deformation can be analysed based on grain morphologies and orientations. 

A similar deformation structure is observed (Figure 5.15(c), dashed lines) based on 

these typically repeated bulges, which matches well with the build-directional 

blocks in Figure 5.15(a) (black dashed lines). Due to the retained bulges on the 

surface, this is the first time that the similar deformed structure is reported in as-

built LPBF structures (i.e. Alloy 718) during the shear-based deformation. The 

spacing of the similar structures (71.1 μm and 77.9 μm in Figure 5.15(d)) is close 
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to the spacing of the melt pools (72.3 μm and 71.6 μm) in Figure 5.15(e), suggesting 

the similar structure is caused by slender <001>-elongated grains at the centre of 

melt pools and <011> columnar grains between the centre of each melt pool. The 

grain widths of columnar grains are approximately 50 µm, significantly wider than 

the slender elongated grains (about 10 µm). Since the cutting direction is parallel 

to the grain width direction, the deformation may be affected by such width 

difference.  

Euler angles obtained from Figure 5.15(a) (before cutting) was used to compute the 

slip trace, this can decrease the error caused by distorted grain and lattice rotation 

near the machined surface as shown in Figure 5.15(b). It can only be implemented 

due to the carefully collected grain information before cutting. Grains in zone 1 and 

2 from Figure 5.15(b) are tracked in an un-etched SEM image (Figure 5.15(d)) after 

cutting. The most active slip trace and actual slip bands were marked with red and 

black lines respectively. The relationship between representative FCC structures 

and machining direction is shown in the sample frame in Figure 5.15(f). The cutting 

direction is along the green arrow and the shear direction is along the blue arrow. 

The angle between the cutting and shear direction is the shear angle (ϕ). According 

to the diagram of the cutting tool and FCC structure of Grains A and B (Figure 

5.15(f)), the most active slip trace in Grain A is nearly parallel to the shear direction 

whilst there is a spatial angle between the slip plane in Grain B and shear direction.  

The traces of different slip planes are distinguished for the FCC structure with four 

slip planes. Four {111} plane traces are highlighted by green lines and the activated 

slip trace is marked by yellow lines (Figure 5.15(d)). The same mark is also used 
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in the following three cases for slip trace analysis. Typical intensive slip bands are 

dominated in Grain A, which is nearly parallel to the shear direction. A significant 

squeezing-out effect is likely found in Zone 1 (fine grain zone) and build-

directional block boundary (e.g., Grain B), indicating that narrow grain width 

(cutting axis) along the cutting direction may lead to significant inhomogeneous 

deformation. 

5.2.2.2 Grain deformation of 02T 

Figure 5.16(a) and (b) show the IPFs before and after deformation for 02T. The 

relationship between representative FCC structures of grains and machining 

direction is shown in the sample frame. The dominated slip bands are marked with 

black lines. By comparing Grain A and A, the lattice rotation is observed in Grain 

A (Figure 5.16(b)). It can be seen from Figure 5.16(e) that grain bulging occurs 

near the machining surface due to the low constraint in the free surface (YZ plane), 

causing the grain orientation change as highlighted by the red circle in Figure 

5.16(d). The pink line across the grain is the scratch caused by sample fixation 

rather than twin or sub-grain boundary because the disorientation near this region 

is only about 1.4°. The grain boundary matches well with the corresponding 

counterpart retained in Figure 5.16(e). The lattice rotation is not limited in the 

observation (YZ) plane and the new grain boundary may be attributed to material 

pile-up. The high angle grain boundary may change the local stress status and 

impede slip transfer to the bulk. This is verified by different slip intensive in Grains 

n and A. The local strain incompatibility near the grain boundary [239] causes 

slight lattice rotation in Grain A,  as shown in Figure 5.16(d). To the authors’ best 
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knowledge, there is no research that reported this phenomenon in the orthogonal 

cutting process and this has been observed based on our quasi-in-situ grain 

evolution analysis method.  

A large grain and several fine grains were deformed as shown in Zone 1, 2. Grain 

B is slightly deformed compared with original Grain B. In Figure 5.16(f), Grain B 

is highlighted by the yellow dashed line, which matches well Grain B in Figure 

5.16(b). The original Grain B is also marked in Figure 5.16(f) according to Grain 

B in Figure 5.16(a). The roughly overlapped outlines of Grain B and B indicate 

that slight deformation occurred in Grain B. The slip bands are slightly inclined to 

the right (ⅰ), then gradually inclined to the left (ⅱ and ⅲ) and finally become curved 

(ⅳ) in Figure 5.16(f). This slip bands evolution phenomenon indicates that the 

strain gradients near the grain boundaries is more significant than the centre of 

Grain B. In Figure 5.16(g), there are no intensive slip bands in Grain C compared 

with original Grain C due to the small grain size. Comparing the outlines of Grain 

D and D in Figure 5.16(g), the grain causes a larger deformation depth than the 

small grain nearby. This indicates that the grain deformation is dependent on the 

grain morphologies (i.e., grain width) in the machining process. 
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Figure 5.16: Quasi-in-situ observation of 02T. (a) Before orthogonal cutting; (b) After 
orthogonal cutting (c) SEM image on the EBSD stage (70° inclined) and a bulge causing 
orientation change was marked with circle; (d) The orientation change in Grain A; (e) the 
corresponding Grain A in observed by SEM; (f) SEM image of selected zone 1; the 
outlines of the original Grain B and the deformed Grain B were highlighted by red dashed 
line and yellow line; and slip bands evolution were marked with ⅰ to ⅳ; (g) SEM image of 
selected zone 2, grain deformation was highlighted by red and yellow line and a bulge and 
a depression were marked with arrows; (h) Corresponding slip system and shear direction 
are presented in the sample frame. (The most active slip trace and actual slip bands were 
marked with red line and black line respectively and the plane traces are highlighted by 
dark green lines and the activated slip trace is marked by yellow line). 

5.2.2.3 Grain deformation of 90T 

In Figure 5.17(a-c) of the 90T sample, Zone 1 is selected to analyse the deformation 

of elongated grains. The grain orientation of the upper region of Grain A and B is 

changed after deformation as compared to that of Grain A and B in Figure 5.17(b). 

In Figure 5.17(d), Grain A is inclined according to the outlines of Grains A and A, 
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and the wrinkling is found within the grain, corresponding to the orientation change 

in Figure 5.17(b). Similarly, the wrinkling also exists in Grain B, leading to the 

local orientation change in Grain B (Figure 5.17(b)). In Figure 5.17(e), slip bands 

transmit from Grain D to Grain C with high compatibility between two grains (i.e., 

slip band direction is not changed). And the grain boundary between the two grains 

is not inclined or curved, suggesting less plastic strain accumulation at the grain 

boundary. Multi slips are activated in Grains C and D and the slip bands are then 

hindered by the grain boundaries below. In such orientations, it may be easier for 

more than one slip system to exceed the resolved shear stress during cutting, 

resulting in the formation of multi-slip bands. Additionally, since Grains C and D 

have similar orientations, neighbouring grains with high compatibility (or lower 

misorientation) allow slips to cross the grain boundary with original slip directions 

[157].  It should be noted that Grains A and D have similar grain areas (about 2000 

μm2) and orientations (<001>//BD). But due to the different grain morphologies, 

intensive slip bands were only observed in Grain D, whilst significant wrinkling 

occurred in Grain A. This indicates that the cutting axis (grain width along the 

cutting direction, Figure 5.17(d)) may be a better indicator for grain size estimation 

during the shear-based deformation, especially for the LPBF-fabricated grain with 

a high aspect ratio (building axis to cutting axis). 
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Figure 5.17: Quasi-in-situ observation of 90T. (a) Before orthogonal cutting; (b) After 
orthogonal cutting; (c) SEM image on the EBSD stage (70° inclined); (d) Grain inclining 
and wrinkling within Grain A and B; (e) Slip transmitted across the grain boundary 
between Grain C and D as well as multi slips in Grain C (long and short axes were 
marked); (f) Corresponding slip system and shear direction are presented in the sample 
frame. (The most active slip trace and actual slip bands were marked with red and black 
lines respectively and the plane traces are highlighted by dark green lines and the activated 
slip trace is marked by yellow line). 

5.2.2.4 Grain deformation of 67T 

In Figure 5.18(a) and (b), the grain deformation of 67T is observed based on the 

typical shape of bulges, and grain features in Zone 1 and 2 matched well with Figure 

5.18(c). The grain size of 67T is smaller than the previous three samples, resulting 

in more pronounced “wrinkling” near the machined surface as shown in Figure 

5.18(c). In Figure 5.18(d), it is found that the boundary of Grain A is curved near 

the machined surface compared with its original outline, and slip bands only occur 

in Grain A as seen from Zone ⅰ and Zone ⅱ in Figure 5.18(d) but are not found in 

Grain B. According to the most active slip traces marked with red lines and FCC 

structure of Grains A and B in Figure 5.18(f), the activated slip trace in Grain A is 
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parallel to the shear direction while the trace of Grain B is perpendicular to the 

shear direction. Thus, intensive slip bands are found in Grain A but the Grain B 

restricts the slip transmission and no slip bands are visible in Grain B.  

 

Figure 5.18: Quasi-in-situ observation of 67T. (a) Before orthogonal cutting; (b) After 
orthogonal cutting; (c) SEM image on the EBSD stage (70° inclined) and the wrinkling 
was marked with arrows; (d) SEM image of selected zone 1 and a grain rotation was 
observed in Grain B; (e) SEM image of zone 2, the wrinkling occurred within Grain C; 
(f) Corresponding slip system and shear direction are presented in the sample frame (the 
most active slip trace and actual slip bands were marked with red and black lines 
respectively and the plane traces are highlighted by dark green lines and the activated slip 
trace is marked by yellow line).  

Moreover, the grain width near the machine surface is different in Grains A and B. 

In Figure 5.18(a), cutting line is through a very narrow part of Grain B but a 

relatively wide region of Grain A. Grain B may exhibit high deformation resistance 

due to the narrow grain boundary distance. Because such deformation is not only 

dependent on orientation but also grain morphology, the generally used indicator, 

for example Taylor factor or Schmid factor, may not be suitable to eliminate the 
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grain formed by LPBF. It also indicates that the grain size in the cutting process 

may dependent on the grain width along the cutting direction. In Figure 5.18(e), 

non-homogenous deformation occurs within Grain C, resulting in wrinkling and 

consequently orientation change near the machined surface. 

5.3 Effect of texture on the deformation 

Since the textured deformation were dependent on typically oriented grains in four 

textured samples, the most active slip trace of each grain in a large-scale region for 

textured Alloy 718 was quantified as shown in Figure 5.19(a-d). According to the 

retained deformation history observed on the free surface, it is found that most 

individual grains are dominated by single directional slip bands whilst multi-slip 

bands only occurred in a few grains. This experimentally observational 

phenomenon contributes to building a new relationship between orientated grains 

and shear-based process via the most active slip plane. The slip trace is calculated 

in a 3D coordinate system to identify the activated slip plane. In order to visualise 

the slip trace in 2D grain maps, the intersecting line of the most active slip plane 

and grain map plane is presented in Figure 5.19(a-d), namely the most active slip 

trace. It is observed that the activated slip planes in 01T Figure 5.19(a) are more 

likely parallel to the shear direction (Fs direction in Figure 5.20(b)) but the slip 

planes in 02T (Figure 5.19(b)) are roughly perpendicular to the shear direction. The 

activated slip planes in 90T (Figure 5.19(c)) exhibit either parallel or perpendicular 

to the shear direction, which is attributed to its high intensity of <001>//BD texture. 

However, the directions of the slip planes in 67T (Figure 5.19(d)) are relatively 
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randomised distributed due to its weak texture. 

According to the Taylor model, the most active slip trace can be calculated based 

on the shear strain imposed on each grain. It should be noted that the length of slip 

trace is normalised and multiplied by a grain size factor to match the actual grain 

size. Since the large grain generally caused a larger area with similar slip trace 

directions than the small grain, the grain area was considered to calculate the slip 

trace intensity for each grain. 

 
Figure 5.19: Most active trace of slip plane based on Taylor-model. (a) 01T; (b) 02T; (c) 
90T, (d) 67T. 

The intensity and direction of the most active slip trace for each textured sample 

are quantified in Figure 5.20(a), in which the activated slip trace for each grain was 
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counted based on Figure 5.19(a-d). It statistically summarises the directions of 

activated slip planes for the oriented grains during the orthogonal cutting. The 

colour bar shows the density distribution of slip plane directions. Red colour 

represents that large number of slip planes orient in similar directions. The slip 

traces are mainly distributed in blue shaded areas and the most possible slip traces 

are marked with red arrows. In this way, the orientation of each grain is transformed 

to the corresponding most active slip trace in the shear condition. The force in an 

orthogonal cutting system is depicted in Merchant’s circle (Figure 5.20(b)). The 

force R is the resultant of cutting force Fc and thrust force Ft. Fs is the shear force, 

 and  are rake angle and shear angle, respectively. 

 
Figure 5.20: (a) The distribution of the most possible slip trace for each sample was 
calculated consider the grain size (the dominated slip trace was marked with red arrows); 
(b) The Merchant’s Circle diagram. 

Comparing the slip trace in Figure 5.20(a) with the texture in Figure 5.12(a), the 

high texture intensity (01T in Figure 5.12(a)) results in narrow distribution of slip 

traces. It is verified by the similar deformation structure as shown in 01T in Figure 

5.19(a). And the weak texture intensity of 67T causes the wide distribution of slip 

traces as indeed seen in 67T of Figure 5.20(a). According to the slip trace 
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distribution (shaded area and arrows) in Figure 5.20(a) and the shear force (Fs) 

direction in Figure 5.20(b), it can be observed that the major activated slip traces in 

01T are almost parallel to the shear direction due to <011>//BD texture. 

Interestingly, different from 01T direction the majority of slip traces in the 02T 

sample are perpendicular to the shear direction. This is because the <011> texture 

in 02T is nearly perpendicular to the BD, as shown in Figure 5.12(a), indicating 

more activated slip planes perpendicular to the shear force direction. Different 

angles between the shear force direction and the most active slip trace may lead to 

texture-based bulk deformation. From Figure 5.20(a), it is also observed that there 

are two representative traces of slip planes in the 90T sample, exhibiting a mixed 

manner of 01T and 02T. However, the slip traces in 67T are varied due to the weak 

texture and it is hard to find a representative slip system that is parallel or 

perpendicular to the shear direction. This can be attributed to the randomised grain 

orientation caused by the 67°-rotation strategy.  

5.4 Grain responses to machining-induced 

plastic deformation 

5.4.1 Effect of misorientation angle and grain boundary 

Although the most active slip trace reflects the texture-based deformation of Alloy 

718, the individual grain deformation during cutting is further affected by grain 

misorientation, morphology and neighbouring grains. According to the plastic 

deformation of LPBF-fabricated Alloy 718 after cutting, the deformed grains can 

be divided into two categories as shown in Figure 5.21(a): (1) machined grain 
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(yellow line) and (2) machine-affected grain (dashed line). The former is the grains 

damaged by the cutting tool contact (e.g. shear) and the latter is the grains indirectly 

affected during machining (i.e., grains that are not be cut through but deformed). 

The deformation of machined grain at the grain boundary can be presented by 

comparing incline angle (IA) and curving angle (CA) before and after cutting as 

shown in Figure 5.21(a). The incline angle (IA) is the angle between the initial grain 

boundary and the deformed grain boundary. The curving angle (CA) is the angle 

between the initial grain boundary and the tangential of the curved boundary, 

showing the deformation of grains near the machined surface for 02T, 90T and 67T 

in Figure 5.21(b)-(d) respectively. It should be noted that most grains in 01T shown 

in Figure 5.15(b) are machine-affected grains because the machined grains can 

hardly be EBSD indexed due to dramatic deformation (about 36 μm). The 

deformation of machined grains in 01T was not included in Figure 5.21. 
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Figure 5.21: Schematics of deformed grains and misorientation angles of grain boundaries. 
(a) Schematics of machined grain (yellow line) and machine-affected grain (dashed line), 
misorientation angle (MA) between grains and incline angle (IA) as well as curving angle 
(CA) before and after cutting for (b) 02T, (c) 90T and (d) 67T. The colourful grain 
boundaries represent different MAs between grains. 

The intersections of cutting line and grain boundaries were highlighted and 
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numbered. IAs and CAs were measured before and after cutting in each sample, as 

shown in Figure 5.21(b)-(d) and the misorientation angles (MA) between grain 

boundaries were indicated by boundary colours. It can be seen from Figure 5.21(a) 

that large IAs and CAs are generally associated with large misorientation angles, 

as shown by GBs 4&5 in Figure 5.21(b) and GBs 21&22 in Figure 5.21(d). Grain 

boundaries with large misorientation angles usually exhibit higher incompatibility 

to slip transmission. This causes localised dislocation density concentration near 

the boundaries and consequently larger deformations near the grain boundaries. In 

contrast, the smallest IAs and CAs are found in 90T (Figure 5.21(c)), whose MAs 

were smaller than in 02T (Figure 5.21(b)) and 67T (Figure 5.21(d)), leading to 

higher compatibility for slip bands transmission across grains. 

5.4.2 Geometrically necessary dislocations (GND) 

With the increase of shear stress during orthogonal cutting, geometrically necessary 

dislocations (GND) increase in machined grains and concentrate at the grain 

boundaries as shown in Figure 5.22. High GND densities are concentrated in 

machined grains near the machined surface except 01T (Figure 5.22(a)) whose 

Kikuchi signal is missing near the machined surface as mentioned previously. The 

highest GND in 67T (Figure 5.22(d)) is due to the smaller grain size and significant 

deformation. 
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Figure 5.22: Geometrically necessary dislocation (GND) densities in four workpieces. (a) 
GND of machine-affected grains in 01T (the Kikuchi signal of machined grains was 
missing); (b) GND concentrates near the machined surface and decreases into the 
subsurface in 02T; (c) High GND density mainly concentrates at the grain boundaries in 
90T; (d) Highest GND near the machined surface and lower GND in the subsurface for 
67T. (The grains discussed in Figure 5.15, Figure 5.16, Figure 5.17 and Figure 5.18 are 
marked by arrows) 

In fine grains, the increase of GND mainly leads to two phenomena: (1) large 

deformation of neighbouring grains and (2) squeezing-out effect (i.e., the grain is 

squeezed out of the free surface). The first phenomenon usually occurs when a large 

grain (e.g., Grain M) is near a fine grain (e.g., Grain J) as shown Figure 5.21(a). 

Compared with a large grain, the GND density was higher in a fine grain according 

to Ashby’s model [240], and GNDs usually concentrate on the grain boundaries 

when suffering the shear stress [241]. Therefore, once a small grain is adjacent to a 
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large grain, higher GND density is stored in the fine grain, leading to non-

homogeneous deformation in two adjacent grains and consequently dramatic 

deformation at the grain boundary. In this case, the high GND densities in fine 

grains provide high deformation resistance, which allows them to retain their 

original shape. But the GND density in fine grains can trigger the grain boundary 

to deform. Subsequently, significant deformation of neighbouring grain. The small 

grains do not undergo large plastic deformation due to high deformation resistance, 

but they are shifted with large inclined grain boundaries. This is indeed seen in 

Figure 5.21(b) that GB 5 is inclined 15.2° and curved 23.2° while GB 7 is inclined 

11° and dramatically curved 34°, leading to localized large deformation.  

The second phenomenon can be seen in the fine-grain zones (Figure 5.18(b)), in 

which the grain size in 67T is smaller than the other three workpieces, resulting in 

higher GND densities in fine grains as shown in Figure 5.22(d). These grains with 

high GND densities are then partly or totally squeezed out of the free surface, 

resulting in the wrinkling on the observing surface Figure 5.18(e).  

The deformation in a large machined grain can gradually change along the cutting 

direction as shown in Figure 5.16(f) (Grain B) that slip bands evolve from ⅰ to ⅳ. 

The slip bands evolution indicates that non-homogeneous deformation occurs in a 

grain along the cutting direction. Sansal et al. [242] found that the dislocation is not 

constant within a grain but increases as the distance to the grain boundary decreases. 

This is also observed in Grain B from Figure 5.22(b) where the GND increases 

near the grain boundary and decreased at the centre of the grain. The dislocation 

density from a point to the grain boundary can be calculated by [243]: 
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Where the Kୗ is a dimensionless constant that controls the storage of dislocations 

on the grain boundary and lୱ is the dislocation mean free path along the system s. 

The d୥ is the distance to the closest GB along the slip system and yୡ is the effective 

annihilation distance between dislocations.  

In this case, the slip band evolution within the grain was caused by increment 

dislocation density distribution from the centre to the grain boundary (e.g., Grain 

A in Figure 5.22(a) and Grain B in Figure 5.22(b)), resulting in slight deformation 

at the centre of the grain and dramatic deformation near the grain boundary. 

However, dramatic deformation also occurs within large grains as Grain A and 

Grain C (Figure 5.22(b)). The deformation in Grain A was caused by an embedded 

grain near the machined surface, leading to higher GND density in Grain A (Figure 

5.22(b)). For Grain C in Figure 5.22(b), significant non-homogenous deformation 

occurred within a large grain, resulting in wrinkling in the grain. This may be 

caused by some perturbation during orthogonal cutting, such as material pile-up in 

front of the cutting tool [153]. When the machining tool cuts through the elongated 

grains as Grain L in Figure 5.21(a), its small grain width provides higher 

deformation resistance like fine grains, but their deformation depth is deeper due to 

the lack of grain boundaries to restrict the deformation passing downwards.  

Different from the machined grain, the machine-affected grain is not cut through 

directly but their deformation is triggered by machined grains. As mentioned 

previously, the deformation gradient is decreased from the machined surface to the 
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subsurface. And grain boundaries between machined grains and machine-affected 

grains hinder the deformation transmitting below. Therefore, various grain shapes 

result in different deformation depths (e.g., shallow deformation depth of Grain K 

and deep deformation depth of Grain L Figure 5.21(a)) and subsequently the 

deformation of machine-affected grain is triggered in different ways. For example, 

the deformation of a machine-affected grain (Grain K) can be triggered by 

machined grains from both top (Grain J) and right (Grain L) as in Figure 5.21(a), 

or, like Grain N, only affected by a grain above (Grain M). The deformation caused 

by neighboring grains is similar to “plastic buckling” reported by Udupa et al. [244]. 

This is the main reason those different deformation responses are observed in 

machine-affected grains, such as bulge (Figure 5.16(f)), depression (Figure 5.16(g)).  

The plastic deformation of grain is dependent on the shear stress applied to the slip 

system. A slip system is activated when the stress is larger than critical resolved 

shear stress (CRSS) on the slip system. According to Taylor-model [245], the CRSS 

can be calculated by [246]: 

τୡ
ୟ =  μbඨ෍ a஑ஒρஒ

ஒ

 5-2 

Here, μ and b represent the shear modulus and the Burger vector respectively, and 

ρஒ  stands for the dislocation density in the slip system. The dimensionless 

coefficients a஑ஒ of the dislocation interaction matrix represent the average strength 

of interactions between dislocations in pairs of slip systems. The machined grains 

were closest to the machined surface, suffering in a higher shear stress than CRSS 
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and generating intensive slip bands. The slip bands are also dependent on 

crystallographic orientations whereby the slip band is easier to be generated when 

the shear force direction is parallel to the slip trace based on the minimum work 

principle of the Taylor model. For example, since the most active slip trace in 

<011>//BD grains of 01T (Figure 5.15(d)) is nearly parallel to the shear force, this 

generates more intensive slip bands than <011>BD grains in 02T (Figure 5.16(d)) 

and <001>//BD grains in 90T (Figure 5.17(e)). This phenomenon was reported in 

equal-channel angular pressing when the macro shear plane was parallel to 

{111}<112ത>, the dense shear band is observed [247]. But it is rarely reported in 

orthogonal cutting. Moreover, multi slip bands of different directions are found 

within a grain, shown as Grain C in Figure 5.17(e) and Grain C in Figure 5.18(e), 

indicating that grains are affected by both forces from cutting tool and neighboring 

grains. The complex force triggers different slip systems in a grain. As mentioned 

before, the slip band can transmit through GB 17 (MA: 22°) in Figure 5.21(c) (refer 

to Figure 5.21(e)) without direction change. This suggests that slip bands possibly 

have high compatibility to transmit at low misorientation angle grain boundaries. 

The same phenomenon was also reported in tensile tests [157]. However, at the 

grain boundaries with large misorientation angles, for example, GB 21 and 22 in 

Figure 5.21(d) (refer to Figure 5.18(d)), the slip bands do not transmit across the 

grain boundary. The initial slip bands are hindered by the grain boundaries and 

other slip bands would be activated in the subsequent grain.  

The different grain responses in Figure 5.21(b)-(d) reveal the relationship between 

textured deformation and individual grain deformation. Most grains of the textured 
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sample have similar grain morphologies, grain orientations and misorientation 

angles (MAs) between grains, resulting in similar slip systems being activated 

during orthogonal cutting and generating texture-based deformation. At the same 

time, some grains exhibit different deformation resistance due to various grain 

morphologies and orientations (e.g., fine grain zone in 01T (Figure 5.15(a)) and 

various directional grains in 02T (Figure 5.16(a))), resulting in localised non-

homogeneous deformation. But the non-uniformity of localised deformation only 

occurs in a small region compared with the textured deformation, therefore, the 

deformation in the textured Alloy 718 fabricated by LPBF has textured consistency 

and localised grain response. 

5.4.3 Full-field crystal plasticity simulations 

In order to understand the complex deformation mechanism of the grains with 

different morphologies and orientations under machining conditions, full-field 

crystal plasticity simulation have been carried out with a well-established open 

source software [214]. 

The key aspect of this simulation is that it incorporates the grain orientation 

obtained from EBSD data prior to cutting and applies the corresponding loading 

resulting from the cutting operation. In order to avoid the complexity associated 

with modelling the cutting process to extract the shear-based loading, we calculated 

the loading condition with an analytical model (Eq. 3-13) by considering cutting 

tool geometry and cutting depth and applying it to the region above the machined 

surface. Although the material removal process (e.g., chip formation) is not 

captured in this simulation, this limitation should not impact the analysis of 
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machined surface deformation. Retaining the EBSD data before cutting allows for 

accurate loading application to the original grains and validation with SEM images. 

Figure 5.23 and Figure 5.24 shows different intensities of stress and strain as well 

as corresponding deformation patterns in four cutting cases characterised by 

different grain morphologies and the two colour bars below represent Von Mises 

stress and equivalent strain values for four simulation cases. The stress values 

obtained in our study are in line with those reported works regarding the simulation 

of orthogonal cutting for Alloy 718 [248]. The simulated results are compared with 

the corresponding deformation pattern from SEM to investigate the mechanism of 

deformation based on stress and strain at the grain level. To optimise computation 

efficiency, a 400 × 90 µm2 area was selected as the simulation region, because the 

deepest deformation zone in the experiment did not exceed 82 µm. 

The simulation results indicate that local cutting-based plastic deformation depends 

on grain morphology and orientation as well as adjacent grains. In 01T samples 

(Figure 5.23(a)), stress concentration is more likely to occur in <011>//BD 

columnar grains during cutting process, resulting in intensive slip bands observed 

at corresponding grains in Figure 5.23(c). However, the fine grain zone may 

interrupt such deformation pattern since grain boundary significantly hinders stress 

transfer from the machined surface to bulk and varies stress status to the next grain 

along the cutting direction. The stress concentration near the grain boundary leads 

to bulging instead of intensive slip bands crossing the grain boundary. The non-

homogeneous deformation is found at each border of building directional blocks, 

causing similar deformation structure in Figure 5.23(c). Considering the 
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predominant presence of columnar grains oriented along the <011>//BD direction 

in 01T, it is expected that these grains exhibit a notably similar slipping pattern as 

the calculated results in Figure 5.20(a) (high intensity of slip trace direction 

distribution). These phenomena match well with the stress status in Figure 5.23(a). 

The highest equivalent strain is observed in 01T (Figure 5.23(e)) compared with 

the other three cases, reaching about 0.8. The strain distribution is similar in each 

columnar grain but varies within the neighbouring narrow elongated grains. Such 

strain incompatibility caused by these two typical grains (i.e., columnar grain and 

narrow elongated grain) leads to localised inhomogeneous deformation as seen in 

Figure 5.23(c). 

In 02T, the stress concentration is not significant as in 01T during the same cutting 

process. This is because grains in this case are dominated by <011>BD 

orientations and the most active slip trace is nearly perpendicular to the shear 

direction (Figure 5.19(e) and (f)), leading to discrete slip bands and slight 

deformation as shown in Figure 5.23(d). It is also proved by the strain distribution 

shown in Figure 5.23(f), in which the strain value is lowest among these four cases. 



196 
 

 
Figure 5.23: Different grain-level stress and strain caused by the same shear condition. Von 
Mises stress of four cases for (a) 01T and (b) 02T; equivalent strains for (e) 01T and (f) 
02T. Deformation patterns: (c) Similar deformation structure in 01T; (d) slightly plastic 
deformation in 02T. (The two colour bars below represent the value of stress and strain 
respectively) 

Figure 5.24(a) shows that the stress concentration is in elongated grains with 

<001>//BD orientation and the stress transfers to the bulk below. This leads to 

deeper deformation zones (red arrow in Figure 5.24(a)) when compared with the 

neighbouring grains. The strain distribution of this grain (Figure 5.24(e)) generally 

reduces from machined surface towards the bulk. Moreover, the strain transfer 

distance within this grain is deeper than in neighbouring grains, aligning with the 

deformation pattern in Figure 5.24(c). In Figure 5.24(a), stress concentration is not 

significant in the region where slip crosses the grain boundary. This implies that 

slip transfer across the boundary may occur in grains with similar orientation during 

orthogonal cutting, thereby reducing the stress concentration near the boundary. 

Therefore, a slight deformation is observed in the corresponding region in Figure 

5.24(a), with no significant strain concentration occurring at the grain boundary 
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between these two grains. The texture of 67T is characterized by weak texture and 

smaller grain size compared to the other three cases. As a result, the local stress 

distribution exhibits minimal variation grain by grain (Figure 5.23(f)) and the 

deformation is hard to be evaluated by a preferred slip plane. It is found that small 

grains impede the stress transfer to the bulk material and restrict the deformation to 

a narrow region in proximity to the machined surface, as shown in fine grain region 

that is highlighted by yellow dashed line in Figure 5.24(b). Similarly, the strain 

transfer is impeded by such grain boundaries as shown in Figure 5.24(f), exhibiting 

high strain gradient between grain boundaries. This is because the wide slip trace 

distribution (Figure 5.20(a) for 67T) and high grain boundary intensity varies stress 

transfer along the cutting axis.  

 
Figure 5.24: Different grain-level stress and strain caused by the same shear condition. Von 
Mises stress for (a) 90T and (b) 67T; equivalent strain for (e) 90T and (f) 67T. Different 
deformation patterns: (c) Narrow and deep deformation zone in 90T due to elongated grains 
and (d) significant wrinkling and bulge in 67T. (The two colour bars below represent the 
value of stress and strain respectively) 
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5.5 Discussion 

5.5.1 Effect of grain morphology and texture 

In the 0°-rotation scanning strategy, the laser scanning direction is not changed in 

adjacent layers. This provides a stable thermal pattern along BD and consequently 

results in two dominant cell growth patterns (elongated growth marked with yellow 

and 45° inclined growth marked with green) as shown in Figure 5.8(a). At the side 

of the melt pool, cells incline 45° to BD to grow and almost occupy all sides of the 

melt pools. Since FCC metals have three symmetrically equivalent <001> 

directions ([001], [010] and [100]), cells whose growth direction changes 90° still 

belong to the same grain. In this case, cells of which the growth direction changed 

about 90˚ (Figure 5.8(a) green arrows) should be the same grain although they were 

divided by the side of the melt pool boundary. The two dominant cell growth 

patterns finally form build-directional blocks as shown in Figure 5.15(a) and (b). In 

addition, the columnar-to-equiaxed transition (CET) is also observed in the blocks 

as shown in Zone 1 of Figure 5.15(a), due to the thermal profile perturbations 

caused by complex molten flow. It is noted that since few strengthening phases and 

Laves phase are found in as-printed Alloy 718 [92], their effects on the deformation 

are limited during the macro cutting process. Moreover, since the micro-

segregation mainly exists in the cell structure (about 0.5 µm – 3 µm), it can be 

ignored at the grain scale. Therefore, the analysis of shear-based deformation in 

this work is mainly based on texture and grain morphology (size and shape). 

Grains created by <011>//BD orientated cells occupy a large area in a block (e.g., 



199 
 

Grain A in Figure 5.15(a)) and have lower deformation resistance than slender 

elongated grains (e.g., Grain B in Figure 5.15(a)) due to their large grain width 

along the cutting direction. The most active slip trace in these orientated grains is 

almost parallel to the shear direction as shown in Figure 5.19(a), resulting in 

significant deformation and intensive slip bands (Figure 5.15(d)). Furthermore, 

stress concentration is often observed within these columnar grains due to their 

typical orientation, and the absence of grain boundaries below allows for stress 

transfer deeply from the machined surface to the bulk material. In contrast, slender 

elongated grains at the border of blocks exhibit higher strength due to their short 

grain width along the cutting axis. The slip bands in columnar grain are hard to 

transfer to the narrow elongated grains. The combination of the above two grain 

shapes and their poor slip compatibility lead to a non-homogeneous deformation at 

the border of the block.  

According to the Taylor-based shear model, the most active slip traces of 

<011>//BD texture are nearly parallel to the shear direction. In the case of 01T 

(Figure 5.20(a)), the slip traces are concentrated in a narrow range due to the strong 

texture intensity. This concentration therefore leads to dramatic deformation 

(Figure 5.23(c)) during orthogonal cutting. In contrast, for the 02T sample, the most 

active slip plane traces of <011>BD texture (02T in Figure 5.20(a)) are 

perpendicular to the shear force direction. This results in less deformation and fewer 

slip bands after cutting, as seen in Figure 5.16(f) and (g). The grains, of which the 

most active slip traces are parallel to the shear direction, are easier to deform, 

exhibiting high strain value as shown in Figure 5.23(e). Whilst the grains with the 
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most slip plane traces perpendicular to the shear direction show low strain 

distribution within grains (Figure 5.23(f)). This indicates that for the machining of 

components perpendicular to the building direction, the <011>BD texture can 

reduce the bulk deformation as shown in Figure 5.23(d). 

Considering texture formed by 0° rotation scanning strategy in the 3-dimensional 

space, <011>//BD and <011>BD textures result from the same grains but the 

perpendicular observation direction (e.g., XZ plane or YZ plane in Figure 5.10(a)). 

The different stress status and plastic deformations in Figure 5.23(a)-(d) suggest 

that cutting direction oriented in different directions to the crystallographic texture 

may lead to different stress concentrations on the same surface. In this case, the 

cutting direction selection is important when the functional surface finish is 

required. However, the cubic <001>//BD texture formed by 90° rotation scanning 

strategy (Figure 5.10(b)) is not sensitive to the machining direction change due to 

its symmetrical characteristic along X or Y axis. 

Although it is reported, in polycrystalline alloys, the plastic anisotropy at the grain 

scale differs the stress of grain from macro scale [249], in our work, the grains in 

01T exhibits similar deformation structure (Figure 5.23(c)) and slip bands after 

cutting, which matches well with calculated most active slip trace based on the 

macro strain Taylor model. This indicates that the grain deformation of high-

intensity textured alloys still follows the macro shear strain model. It is also verified 

by the simulated stress status in 01T, where the stress mainly concentrates in 

<011>//BD columnar grains. This is because grains in a high-intensity textured 

workpiece have a dominant grain orientation. Such oriented grains are more likely 
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to generate many similar slip system combinations in terms of the Taylor model 

(01T in Figure 5.20(e)), resulting in a predictable deformation pattern as seen in 

Figure 5.23(c). When the texture intensity decreases, the slip system arrangement 

always changes grain by grain, resulting in a wide slip trace distribution (67T in 

Figure 5.20(a)) and high anisotropy between grains [250]. Therefore, the stress is 

more likely to concentrate near the grain boundaries as shown in Figure 5.24(b) and 

heterogeneous deformation between neighbouring grains is significant as seen in 

Figure 5.24(d).  

Since most grains are formed by one or two dominant grain growth patterns in each 

scanning strategy (Figure 5.8) and the analysis region has a similar texture as the 

counterpart bulk in each case (verified by Figure 5.12(a)), the selected grains and 

textures are statistically meaningful to compare different texture-based 

deformations in this work.  

5.5.2 Grain deformation map 

Figure 5.25 summarises the grain deformation map for the textured Alloy 718 in 

the orthogonal cutting. The cutting tool motion direction and corresponding flank 

angle, rake angle and shear angle are included. Different from the conventional 

nickel-based alloy [251], in which the grain is generally recognised as equiaxed 

(the average aspect is close to 1.0), grain morphology formed by LPBF may change 

dramatically in tens of microns due to the epitaxial growth perpendicular to the melt 

pool boundary (Figure 5.8). The aspect ratios of grains range from 1.0 to larger than 

3.0 [252]. In this case, the retained original grain morphology is the key to 

understanding the plastic deformation in textured Alloy 718 fabricated by LPBF at 
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the grain scale. The grain shape in the map is represented by the equivalently 

normalised ellipse.  

Grain distribution in the polar coordinate deformation map is decided by grain 

width (in cutting axis Ai (Figure 5.25)) and the angle of the most active slip trace. 

The scattered ellipses represent individual grains along the machining surface, and 

the quantified slip trace directions for four textured samples from Figure 5.20(a) 

are summarised in Figure 5.25 (e.g., red area for 01T, black area for 02T, green 

area for 90T and blue area for 67T). It is found that scattered ellipses of different 

textured samples are mostly overlapped with the corresponding slip trace direction 

window calculated from Figure 5.20(a) (i.e., the scattered red ellipses were nearly 

overlapped with the red shaded area). This indicates that the large-scale (hundreds 

of microns along the cutting direction) deformation tracing is representative of 

revealing the textured crystallographic deformation in LPBF-fabricated alloys.  

 

Figure 5.25: Grain deformation map for textured Alloy 718 in the orthogonal cutting. 
Grains from 01T, 02T, 67T and 90T are represented by red, black, blue and green ellipses 
respectively. 
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The stress status simulation results in four samples (Figure 5.23(a), (b) and Figure 

5.24 (a), (b)) indicate that grains with high aspect ratio are more likely to transfer 

stress from machined surface to the bulk. It will lead to deeper deformation zones 

induced by machining, which is also proved by in strain distribution in Figure 

5.23(e), (f) and Figure 5.24 (e), (f). This indicates that the deformation of grain 

formed via LPBF may exhibit greater sensitivity to the cutting depth compared to 

traditional equiaxed grains, due to their high aspect ratio. When such elongated 

grains are cut at different depths, the deformed depth may vary, subsequently 

impacting the deformation of neighbouring grains. The von Mises stress 

distribution is depended on grain morphologies and orientations as well as grains 

surrounded. However, samples with high texture intensity (e.g., those fabricated 

using 0° and 90° rotation strategies) are dominated by grains with typical 

orientations, leading to a corresponding dominance in stress distribution. High 

texture intensity allows grains to maintain a similar deformation pattern during 

orthogonal cutting, as illustrated in Figure 5.23(c), (d). And the slip bands are more 

likely to cross the grain boundary when the neighbouring grain has similar 

orientation as shown in Figure 5.17(e). In the weak texture fabricated by the 67° 

rotation scanning strategy, the number of grains with similar orientations decreases, 

resulting in a variation of stress distribution from grain to grain. Consequently, slip 

transfer becomes more difficult to occur and the deformation pattern tends to vary 

locally due to variations in grain morphology and orientation. This can be observed 

in the large and fine grain regions in Figure 5.24(c). 

It should be noticed that the grain deformation is decided by the orthogonal cutting 
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process, the shear angle and strain rate are dependent on the cutting parameters (e.g., 

tool rake angle and cutting speed). Corresponding to Figure 5.25, the distribution 

of the most active slip system will change with shear-angle but the grain 

morphology is independent of the cutting parameters in the same cutting direction. 

This map enables the prediction of grain deformation for textured alloys fabricated 

by LPBF via grain morphologies (size and shape) and orientations in the orthogonal 

cutting process. 

When the grain size is relatively small (e.g., <15m), as shown in the yellow 

highlighted region in Figure 5.25, the grain deformation is not strongly affected by 

the most active trace direction because grains at this scale exhibit high deformation 

resistance according to the Hall-Petch effect [253]. This is because the strain 

gradient from the machined surface to the bulk is significant, and the grain 

deformation is dominated by the width near the machined surface. On the other 

hand, the GND density was high in this small grain region according to Ashby’s 

model [240]. Therefore, grains in this region are likely to be squeezed out of the 

free surface during plastic deformation due to plastic anisotropy. And these 

phenomena are indeed seen in small grain zones of all samples, such as Zone 1 in 

Figure 5.15(d) and fine grains in Figure 5.16(f), (g) and Figure 5.18(c). The grain 

deformation map indicates that the activated slip trace directions of the 67°-rotation 

scanning strategy (67T) are distributed in the range of 31° to 180° and the grain 

size (in cutting axis Ai) is smaller than in the other three cases (average grain size 

is 12.1 μm). It is highly overlapped with the yellow highlighted zone (small grain 

zone), where wrinkling and budge are significant as seen in Figure 5.24(c). 
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In the 01T sample (XZ plane of 0° rotation scanning strategy), severe plastic 

deformation occurs in Zone A. However, grains in Zone B have high deformation 

resistance, resulting in a significant squeezing-out effect and grain boundary 

curving. The combination of columnar grains and slender elongated grains 

fabricated by LPBF leads to similar deformation patterns. Such textured 

deformation only can be found by tracing the grain deformation along the cutting 

direction at a large scale (e.g., hundreds of microns).  

The grain size and aspect ratio for the 02T sample (YZ plane of 0° rotation scanning 

strategy) are smaller than 01T and the slip trace direction is nearly perpendicular to 

the shear angle. Therefore, the grains exhibit higher deformation resistance than 

01T and slight grain boundary curving and few slipping are observed in this sample, 

as shown previously in Figure 5.23(d). Grains in 90T (formed by 90° rotation 

scanning strategy) have a similar average grain size and aspect ratio as 01T, but the 

grain size mainly distributes within 40 μm. Therefore, the grains in 90T do not 

exhibit intensive slip bands as 01T but the deformation depth is larger when the 

high aspect ratio grains are deformed. This is indeed seen in Figure 5.24(c). 

This deformation map statistically summarised texture-based plastic deformation 

in the orthogonal cutting process by considering the original grain morphology and 

orientation. From this quasi-in-situ EBSD investigation, the cutting tool geometry 

and grain orientation are linked together in Figure 5.25. However, extracting the 

deformation pattern from this statistically based map for an individual grain with 

specific size and orientation is unreliable, due to the intricate nature of grain 

geometry and complexity of deformation in neighbouring grains. The future 
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machining-induced deformation theoretical model at grain scale may have to 

consider a deformation field that includes tens of grains with specific structures 

(e.g., morphologies and orientations) in front of the cutting edge to predict the 

possible plastic deformation. 

The full-field crystal plasticity simulation results are meaningful for understanding 

the variations in stress status resulting from different grain structures (morphology 

and orientation) when an orthogonal-cutting-based loading is applied to the 

textured Alloy 718. However, it has to be acknowledged that the actual machining 

process is more intricate and multifaceted than this loading condition. Therefore, 

the stress status evolution in the dynamic cutting process and the influence of chip 

formation are needed further investigation. The method used in this work, including 

obtaining EBSD data before cutting, full-field crystal plasticity simulation and 

capturing deformation patterns after cutting without polishing, can be applied to 

investigate machining-induced deformation in other metal materials. However, 

considering the limitation of the EBSD detection area and sample preparation 

process, this method may not be suitable for large-area deformation tracing. Since 

this work is based on three commonly used scanning strategies, the deformation 

pattern and map are helpful for additive manufacturers to adopt favourable building 

directions that will enable easier post-processing (e.g. cutting operations). This 

work emphasises the importance of characterising the original microstructure (such 

as grain morphology and orientations) before cutting in the investigation of 

machining-induced deformation. This enables precise modelling of simulation 

based on EBSD data and direct validation via preserved plastic deformation 
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patterns on the pre-polished surface. The grain obtained by AM cannot be easily 

estimated by average grain size. The grain shape should be considered, especially 

the grain width along the cutting direction. This is different from traditionally 

equiaxed grains. 

5.6 Summary 

This study presents a quasi-in-situ investigation of the grain deformation of LPBF-

fabricated alloy before and after shear-based deformation via EBSD and SEM. 

Three scanning strategies, namely 0°, 90° and 67° rotation, were employed to 

fabricate the unique crystallographic textured LPBF structures (e.g. Alloy 718). It 

is the first time that shear-based textured deformation can be traced grain by grain 

along the cutting direction for hundreds of microns before and after cutting. The 

grain response to the shear deformation in different crystallographic textured 

LPBF-fabricated samples was quantified in the deformation map. A crystal 

plasticity model was used to simulate the grain deformation caused by the 

orthogonal cutting. 

The results showed that significant plastic deformation was observed in <011>//BD 

texture whilst slight deformation was in <011>//BD texture. Moreover, the repeated 

deformation pattern was observed in the columnar grains formed by the 0° rotation 

scanning strategy. This was because stress concentration was likely to occur in the 

columnar grains with high texture intensity, leading to significant slipping within 

columnar grains. Moreover, the plastic deformation in weak texture region varies 

locally due to the lack of repeated microstructure (i.e., columnar grains) along the 
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cutting direction that could lead to a dominant stress distribution. The statistical 

deformation tendency map exhibited the effect of textures and grain shapes as well 

as shear angle on the machining-induced deformation. In addition, since the unique 

grain growth pattern in the LPBF process fabricated grains with a high aspect ratio, 

the deformation of the LPBF-fabricated grain is strongly dependent on its grain 

width along the cutting direction. 

From a generic point of view, this work provides a route to evaluate how grain 

shapes with high aspect ratios existent in crystallographically textured structures 

affect their deformation levels in machining. This is of relevance to many shear 

removal processes that routinely are employed after the LPBF process. In addition, 

this work raises awareness of the importance of capturing the microstructure details 

(e.g. crystallographic orientation) at the grain level before and after cutting so that 

the influence of cutting on the deformation of single/multiple grains can be 

understood; this will also provide key information for detailed modelling of cutting 

when considering microstructure at grain level. 
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Chapter 6 Chip formation 

mechanism of LPBF-fabricated 

Alloy 718 during post-

machining process 

It is proved that the unique grain structure and texture formed by LPBF strongly 

influence the deformation behaviour of the machined surface during the orthogonal 

cutting. Therefore, it is crucial to understand the details of grain deformation during 

chip formation, which significantly affects the surface quality during machining. 

Therefore, this chapter includes the investigation of chip formation mechanisms of 

three typical textured Alloy 718 formed by LPBF (Section 5.1), along with a 

reference case of wrought Alloy 718. A customised sample (Section 3.4.2) and the 

quick-stop module (Section 3.4.1) were used for the cutting test, aiming to retain 

the chip on the workpiece after cutting. This allows an investigation of machining-

induced deformation near the primary shear zone. 
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6.1 Microstructure of wrought and LPBF-

fabricated Alloy 718 

Figure 6.1 illustrates the inverse pole figure (IPF) mappings and pole figures (PF) 

for wrought and LPBF-fabricated Alloy 718, corresponding to WR, 01T, 90T and 

67T in Figure 6.1. The sample coordinate systems in IPFs (Figure 6.1 (a)-(d)) are 

the same as the PFs (Figure 6.1 (e)-(h)) and the XZ plane is used for texture 

characterisation. From Figure 6.1(a) and (e) it can be observed that the wrought 

Alloy 718 exhibits weak texture ([011] <111>) with equiaxed grains. The strong 

rotated Cube texture ([100] <110>) is formed by the 0° rotation strategy in LPBF 

(Figure 6.1 (b) and (f)). The Cube texture ([001] <001>) is created by 90° rotation 

strategy (Figure 6.1 (c) and (g)) while weak texture with many elongated grains are 

formed with 67° rotation strategy as shown in Figure 6.1(d) and (h), in line with the 

previous work [254].  

 
Figure 6.1: Grain structure and texture of wrought and LPBF-fabricated Alloy 718. (a) and 
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(e) are inverse pole figure (IPF) mapping and pole figure for wrought Alloy 718 (WR), (b) 
and (f) are inverse pole figure (IPF) mapping and pole figure for 01T, (c) and (g) are inverse 
pole figure (IPF) mapping and pole figure for 90T, (d) and (h) are inverse pole figure (IPF) 
mapping and pole figure for 67T. 

The grain size distributions are also calculated from areas of 700 µm × 500 µm in 

all four cases (Figure 6.2). The area-weighted method was used to approximate the 

grain size distribution. The average grain size of wrought Alloy 718 is 10.5±3.4 µm, 

with the majority of grains distributing close to 7 µm as shown in Figure 6.2(a).  

The grain size obtained from 01T is widely distributed from 10 to 200 µm because 

there are two dominated grain growth patterns in this scanning strategy: namely 

large columnar and narrow elongated grains (Figure 6.1(b)), which is similar to the 

previous reported microstructure [132,195].  

The 90° rotation scanning strategy leads to smaller grains in Figure 6.2(c) when 

compared with 01T, which was due to that the 90° rotation strategy restricted the 

grain growth. However, since grains are more likely to grow along the BD with 

preferred <001> direction, grains with Cube texture (<001>) can be observed in the 

XZ plane (Figure 6.1(c)).  

In 67T (Figure 6.2(d)), the average grain size is smaller than that in 01T and 90T 

due to the randomised grain growth directions induced by 67° rotation scanning 

strategy. This randomised grain growth pattern leads to a low texture intensity, as 

evidenced in Figure 6.1(h). Although the 67T and WR exhibit weak texture 

intensities, the unique grain growth manner in 67T causes elongated grains which 

are different from the grain shape in WR.  

It is seen that the average grain size in Figure 6.2(b) and (c) is larger than that in 
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Figure 6.2(a) and (d). Since 01T and 90T exhibit much stronger texture intensity 

(Figure 6.1(f) and (h)), the stable grain growth condition result in larger average 

grain size. This is evidenced by Figure 6.2(b) of 01T sample that exhibits an 

average grain size of 121.3±24.3 µm, with a texture intensity of 7 from Figure 6.1(f), 

showing a good consistency with the previously reported studies on LPBF-

produced alloys [128,255]. The grain size distributions (i.e., from equiaxed Figure 

6.2(a) to columnar grain Figure 6.2(b)) can significantly change the grain boundary 

distribution (Figure 6.1 (a) and (b)), which may potentially cause different chip 

formation mechanisms in the wrought and LPBF-fabricated Alloy 718.   

 
Figure 6.2: Grain size distribution, average grain size and standard deviation for wrought 
and LPBF-fabricated Alloy 718. (a) WR, (b) 01T, (c) 90T and (d) 67T. 



213 
 

6.2 Chip formation characteristics 

6.2.1 Stability and reliability validation for quick-stop 

cutting test 

To evaluate the stability and reliability of the quick stop cutting, the cutting speed 

evolution from chip formation to the fracture of the weak joint was compared in 

Figure 6.3. The software Motion Studio was employed for the cutting speed 

tracking and the tracking position was on the U-shape adapter (highlighted by red 

arrows) to reduce the error of tracking. It was observed that the speed evolution 

during quick-stop cutting primarily included four stages (from A to D): chip 

formation (A), collision of stop pin (B), fracture of weak joint (C) and end of cutting 

(D).  

It was measured that the cutting speeds among these four cases decreased from 

106±2 m/min to 100±4 m/min during the chip formation (stage A). The decrease in 

cutting speed is nearly consistent with limited fluctuation in these four cases, which 

suggests that the chip formation process is relatively stable. Therefore, similar 

energy consumption during the chip formation can be assumed in these four cases. 

It is noted that the tracking speed is slightly smaller than the cutting speed because 

the tracking position is slightly away from the machined surface, leading to a small 

difference in linear velocity during pendulum motion. However, a significant speed 

decrease was observed when the stop pin collided with the stopper (stage B), 

reaching about 90 m/min within 1/1500 s. A speed fluctuation was observed (stage 

C) at the moment of the weak joint fracture. This perturbation is likely attributed to 
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the tracking error due to the vibration of workpieces. This vibration of the 

workpiece is caused by collision (stage B) and fracture (stage C) along the cutting 

direction. The cutting speed was suddenly decreased during the collision and then 

tended to be stable after the fracture (stage D). This peak speed makes it easier to 

find the key frame of the fracture in the video. At the end of the cutting process 

(stage D), the lower part of the workpiece fell off, and the remaining part moved 

forward at a relatively stable speed. During the fracture of the weak joint, the 

cutting speed decreased by about 3 m/min in these four cases when compared with 

the cutting speed before the collision. Thus, the energy consumption for the fracture 

of the weak points in these four cases could also be considered similar. 

 
Figure 6.3: Cutting speed evolution from chip formation to fracture of weak joint. Speed 
evolutions of WR, 01T 90T and 67T are represented by red, green, purple and black lines, 
respectively. Stage A: chip formation; Stage B: the collision of the stop pin with the stopper; 
Stage C: Speed fluctuation due to the fracture of weak joint; Stage D: stable speed after the 
end of the cutting. 
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6.2.2 Wrought Alloy 718 

The deformation in chip formation for wrought Alloy 718 is shown in Figure 6.4 

and the grey areas are obtained by mixed signal of secondary electron (SE) and 

forescatter diodes (FSD), exhibiting the shear bands and the area that is not well 

indexed due to the significant plastic deformation. The IPF mapping (Figure 6.4(a)) 

is divided into three zones, namely Zone 1, Zone 2 and Zone 3, representing 

microstructure in original workpiece, shear region and chip respectively. The PFs 

for these three zones were statistically counted with a similar area in each zone 

(about 14700 µm2). The shear plane (SP) and shear plane normal (SPN) are 

highlighted by red lines in the PF of Zone 3 in Figure 6.4(b). Since the deformation 

in the cutting process is mainly caused by shearing and the slip predominantly 

occurs on {111} planes for Alloy 718 (FCC alloy), the {111} pole figure (Figure 

6.4(b)) is used to analyse the texture evolution [256].  

 
Figure 6.4: Texture evolution in chip formation for wrought Alloy 718. (a) IPF mappings 
for both chip and workpiece with measured uncut thickness, chip thickness and shear angle. 
{111} PFs in (b) are obtained from Zones 1, 2 and 3 respectively. (c), (d) and (e) are zoom-
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in regions from shear zone and chip. SP and SPN are the shear plane and shear plane normal, 
respectively. (The grey areas are not well indexed by EBSD detector due to significant 
plastic deformation) 

The PF in Zone 1 (Figure 6.4(b)) represents the texture of the workpiece, similar to 

the {111}-PF in Figure 6.1(e). In Zone 2, it is observed that the material in front of 

the cutting edge undergoes deformation nearly along the shear plane in the 

orthogonal cutting process. Grains near the primary shear zone are elongated along 

the shear plane as marked by dashed lines in Figure 6.4(c). Grains below the 

primary shear zone keep their original orientations but are slightly rotated to the 

shear direction. This is evidenced by the distorted grains in Zone 2 and the rotated 

{111} planes and <110> directions are highlighted by the arrow in the PF of Zone 

2 (Figure 6.4(b)). As the cutting edge moves along the cutting direction, grains 

within the shear zone (Zone 2) are transferred to the chip with a similar texture in 

Zone 3 (Figure 6.4(b)) but the grain shape is narrower and elongated (Figure 6.4(c)). 

This indicates that the chip formation process for wrought 718 inherits the preferred 

shear texture formed in the primary shear zone.  

When grains are far from the cutting edge and close to the free surface, the grains 

become less deformed and their elongation direction has a slight inclination as 

highlighted by dashed lines (Figure 6.4(d)). This is because the stress condition has 

changed, especially when the shear stress decreases from the cutting edge to the 

free surface [257]. As a result, some equiaxed grains near the free surface are less 

deformed and tend to keep their original shape rather than elongating (Figure 6.4 

(d)). Moreover, some adjacent grains are inclined compared to the original shear 

direction (Figure 6.4 (d)). The serrated chip morphology is observed near the free 
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surface, where a few grains are elongated and equiaxed grains are retained in this 

region (Figure 6.4(d)). For the region near the rake surface (Figure 6.4(e)), since 

the deformation is mainly caused by friction between the chip and the rake face of 

the cutting tool, the grain boundary inclined a large angle (Figure 6.4(e)) when 

compared with primary shear zone (Figure 6.4(c)). A chip with a thickness of 

309.2±25.2 µm is formed during the material pile up and the chip ratio is about 1.6 

with the uncut thickness of 190.2±4.7 µm. The chip formation process in the WR 

(equiaxed grains) exhibits deformation nearly along the shear plane and significant 

grain distortion is observed near the shear plane. This subsequently leads to a large 

chip thickness and chip ratio. 

6.2.3 LPBF-Fabricated Alloy 718 with 0° rotation 

Figure 6.5 shows the chip formation for strong [011] <001> texture with large 

columnar grains in 01T. The original texture is marked by the black dashed line in 

the PF of Zone 1 (Figure 6.5(b)). Since this crystallographic texture is dominated 

by the columnar grains along the z-axis (Figure 6.1(b)), the original grain structure 

could be used as reference to evaluate grain boundary bending during chip 

formation. Unlike Zone 2 in WR (Figure 6.5(a)), the shear plane cannot be clearly 

identified (Figure 6.5(a)) from the cutting edge to the free surface. This is because 

the grain boundaries along the z-axis act as strong barriers for shear deformation, 

impeding the slip from the cutting edge to the free surface. Therefore, the 

significant shear bands are only observed near the cutting edge (Figure 6.5(c)) 

whilst the slip hindering leads to the rotation and inclination of columnar grain near 

the free surface. The PF of Zone 2 in Figure 6.5(b) further supports this view that a 
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slight lattice rotation is observed (highlighted by white dashed lines), as compared 

to that in Zone 1. The slip hindering effect enlarges the shear angle to about 42°, 

larger than the shear angle in cutting the wrought workpiece (26.9°). Such a large 

angle obstructs the material pile-up along the shear plane, resulting in a chip 

thickness ratio of nearly 1.0 in 01T. 

 
Figure 6.5: Texture evolution in chip formation for 01T. (a) IPF mappings for both chip 
and workpiece with measured uncut thickness, chip thickness and shear angle. {111} PFs 
in (b) are obtained from Zones 1, 2 and 3 respectively. (c) and (d) are zoom-in regions from 
the shear zone and chip. The typical texture is highlighted by dashed lines in {111} pole 
figure. SP and SPN in (b) are the shear plane and shear plane normal. (The grey areas are 
not well indexed by EBSD detector due to significant plastic deformation) 

The columnar grains are highlighted by the white dashed lines to identify their 

deformation behaviour during the chip formation (Figure 6.5(a)). In Zone 3, a 

columnar grain (highlighted by white dashed line) is partially retained in the chip 

as shown in Figure 6.5(d). This suggests that part of this columnar grain, close to 

the free surface, has not undergone severe shear deformation. The slip closed to the 

cutting edge is hindered by the columnar grain (Figure 6.5(d)), which has a 
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continuous grain boundary along the z-axis. Therefore, this grain is mainly 

deformed in the secondary shear zone, where significant grain boundary curving is 

observed (Figure 6.5(d)). Since limited shear deformation occurs in this grain, the 

material fails to pile up along the shear direction. This explains why the chip 

thickness ratio in this case is close to 1.0. It should be noted that not all columnar 

grains follow this chip formation pattern. This may be because some columnar 

grains also consist of small grains, which cannot completely hinder the shear slip 

across the grain boundaries. It is seen from the PF of Zone 3 (Figure 6.5(b)) that 

the texture in chip is weaker than in workpiece but the original texture pattern can 

also be identified. This indicates that the texture evolution is mainly caused by the 

lattice rotation in Zone 3 (white dashed lines in Figure 6.5(b)) whilst shear 

deformation occurs with a large shear angle due to the shear hindering of grain 

boundaries. The shear deformation in 01T (columnar and elongated grains) are easy 

to be hindered by long grain boundaries along the z-axis. This reduces chip ratio 

and is easier to retain large grains in the chip. 

6.2.4 LPBF-Fabricated Alloy 718 with 90° rotation 

The 90T workpiece is dominated by Cube texture ([001] <001>) with elongated 

grains along the z-axis as observed in Zone 1 (Figure 6.6(a)) and grain size is 

smaller than that in 01T. In the shear zone (Zone 2), significant shear bands are 

observed in front of the cutting edge (Figure 6.6(c)), indicating a significant shear 

deformation starting from this region. Due to most grain boundaries are parallel to 

the z-axis (Figure 6.6(a)), a shear hindering effect was also observed in 90T, where 

the shear bands were interrupted by the long grain boundaries (Figure 6.6(c)). 
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Moreover, there are some narrow elongated grains that the shear slipping is hard to 

cross along the shear direction as shown in Figure 6.6(c). Such discontinuous shear 

slipping near the primary shear zone prevents the chip formation from along the 

original shear plane. This leads to a large shear angle of about 35.9° and a low chip 

ratio (about 1.5).  

 
Figure 6.6: Texture evolution in chip formation for 90T. (a) IPF mappings for both chip 
and workpiece with measured uncut thickness, chip thickness and shear angle. {111} PFs 
in (b) are obtained from Zones 1, 2 and 3 respectively. (c) and (d) are zoom-in regions from 
shear zone and chip. The typical cube texture and shear texture is highlighted by dashed 
lines in {111} pole figure. SP and SPN in (b) are the shear plane and shear plane normal. 
(The grey areas are not well indexed by EBSD detector due to significant plastic 
deformation)  

In Zone 3, the elongated grains are inclined to the shear direction during chip 

formation but they are not exactly parallel to the shear direction (Figure 6.6(d)). It 

is understood that largest compression occurs near the cutting edge and gradually 

decreases when moving towards the free surface [181]. Thus, the slip bands 

generated near the cutting edge are almost parallel to the shear direction (Figure 

6.6(c)), but due to less compression near the free surface, the elongated grains tend 
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to bend along the shear direction (Figure 6.6(d)). Moreover, both rotated cube 

texture and shear texture are found in the chip. This is evidenced by the <111> PF 

in Zone 3 (Figure 6.6(b)), consisting of a rotated cube texture (black dashed line) 

and a typical shear texture (white dashed line). The chip formation process in 90T 

is also affected by the shear hindering and the <001>-oriented grains tends to 

inclined along the shear direction. Hence, the texture in the chip is a combination 

of rotated cube texture and shear-induced texture. 

6.2.5 LPBF-Fabricated Alloy 718 with 67° rotation 

The grain orientation in 67T workpiece is randomly distributed and the grain 

growth direction is along the z-axis as shown in Zone 1 (Figure 6.7(a)). In the shear 

zone (Zone 2), a significant “S-shape” grain boundary curving is observed in front 

of the cutting edge (Figure 6.7(c)). This is because there are many narrow elongated 

grains in the 67T workpiece (Figure 6.1(d)). The length of these grain boundaries 

along the z-axis can reach about 160 µm, close to the uncut thickness. The 

elongated grains will experience two directional shear deformations from primary 

and secondary shear zones, forming the “S-shape” grain boundary. This is different 

from the chip formation pattern observed in 01T and 90T due to the grain structure 

difference.  

The dominated shear texture is highlighted by the dashed line in the <111> PF of 

Zone 3 (Figure 6.7(b)). The texture is similar to the shear texture in wrought Alloy 

718 (Figure 6.4(b)), indicating that most grains in these two cases follow the simple 

shear slip in FCC grains during chip formation. However, due to the elongated grain 

structure in 67T, grains are more likely to be curved instead of pure shear. The grain 
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boundary curving disturbs the pure shear within grains during chip formation, 

causing a large shear angle (35.3°) and a low chip ratio (about 1.5).  

 
Figure 6.7: Texture evolution in chip formation for 67T. (a) IPF mappings for both chip 
and workpiece with measured uncut thickness, chip thickness and shear angle. {111} PFs 
in (b) are obtained from Zones 1, 2 and 3 respectively. (c) and (d) are zoom-in regions near 
the primary shear zone. The typical texture is highlighted by black dashed lines in {111} 
pole figure. SP and SPN in (b) are the shear plane and shear plane normal. (The grey areas 
are not well indexed by EBSD detector due to significant plastic deformation) 

6.2.6 Chip formation comparison for steady-state and 

quick-stop cutting tests 

Since the precondition for this work is that the quick-stop cutting test can reliably 

“freeze” the steady-state orthogonal cutting process, it is necessary to validate the 

stability of the quick-stop cutting test. To compare the chip formation process in 

quick-stop and steady-state cutting tests, the same cutting parameters and cutting 

tools were used for WR, 01T, 90T and 67T during the steady-state orthogonal 

cutting tests. Then, the chip formation in steady-state cutting process without quick-



223 
 

stop module was captured at similar locations, and the shear angles were also 

measured for comparison (Figure 6.8). It was observed that the shear angles of WR, 

01T, 90T and 67T were 32.7°, 47.5°, 35.3° and 36.1°, respectively (Figure 6.8(a)-

(d)). Moreover, the shear angles measured from steady-state cutting tests were 

similar to those obtained from the quick-stop cutting tests (Figure 6.8(e)). This 

indicated that the quick-stop test could accurately reflect the steady-state cutting 

process. 

 
Figure 6.8: The chip formation process of steady-state orthogonal cutting and the shear 
angle comparison with the quick-stop cutting test. (a), (b), (c) and (d) are the chip formation 
processes of steady-state orthogonal cutting tests. The regions captured in (a)-(d) were 
close to the middle of the samples, which were similar to the frozen regions in the quick-
stop cutting tests. (e) The shear angle comparison for steady-state cutting and quick-stop 
cutting. 

According to the chip formation process in steady-state orthogonal cutting tests 

(Figure 6.9), slightly serrated chips were observed in all cases, which is similar to 

the chips obtained in the quick-stop cutting tests. This indicated that the designed 

H-shape spacer could reliably reduce the instability of the quick-stop cutting test to 

ensure a stable chip formation process. Moreover, it was also observed that the 

thickness of 01T was thinner than that of WR (Figure 6.9(a) and (b)), in line with 

the chip morphologies that were observed in quick-stop cutting tests for WR 

(Figure 6.4) and 01T (Figure 6.5). This indicated that quick-stop tests might not 
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significantly influence the chip morphologies when compared with steady-state 

orthogonal cutting tests. 

 
Figure 6.9: Chip formation processes in the steady-state orthogonal cutting test (zoom-in 
from Fig. S1 (a)-(d)). (a) WR, (b) 01T, (c) 90T and (d) 67T. 

Four cutting tools after the quick-stop cutting tests were observed under the SEM 

and the cutting edges were highlighted by the white arrows (Figure 6.10). It was 

observed that the tool wear in this work was limited due to the short cutting distance. 

Moreover, the rake face is only slightly affected by the built-up edge (BUE) since 

only a few adhesions were observed on the cutting tool. This indicated that the 

influence of BUE on the chip morphologies was limited. 
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Figure 6.10: Comparison of the rake face of the cutting tool after the quick-stop cutting. (a) 
WR, (b) 01T, (c) 90T and (d) 67T. The cutting edge is highlighted by the white arrow and 
the adhesions are highlighted by red arrows. 

It is observed that the rake angles in WR and 01T are smaller than those in 90T and 

67T. This is mainly attributed to the different grain morphologies in these four cases. 

The influence of built-up edge (BUE) in front of the cutting tool is limited in these 

four cases, which is evidenced by the few adhesions on the cutting edge observed 

under the SEM (Figure 6.10) and few BUE near the chip roots. Since the chip of 

WR is easier to pile up in front of the cutting tool within a small shear angle, the 

chip may significantly incline to the cutting direction, leading to a relatively larger 

rake angle than LPBF-fabricated workpieces. In 01T, 90T and 67T, since the curved 

grain boundaries hinder the original shearing, the material tends to pile up with 
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larger shear angle and the chips are relatively closer to the rake face of the cutting 

tool. Similar phenomena were also observed in the steady-state orthogonal cutting 

tests (Figure 6.8(b)). 

6.3 Kernel average misorientation (KAM) for 

four different textures 

The Kernel average misorientation (KAM) [258] was employed to analyse the 

localized deformation during chip formation (Figure 6.11 and Figure 6.12). From 

the KAM of the original wrought Alloy 718 (Figure 6.11(a)), it can be observed 

that there are no clear intragranular misorientations due to the heat treatment which 

eliminates the forming-induced residual stress. However, the LPBF fabricated 

Alloy 718 samples (Figure 6.12(b) to (d)) show clear misorientations due to the 

localised heating and rapid cooling cycles during fabrication [259]. This suggests 

higher dislocation densities are more likely to distribute within the elongated grains 

since such grains are formed under extremely high cooling rate during solidification 

when compared with neighbouring large grains. This phenomenon is in line with 

previous reported KAM distribution in LPBF-fabricated Alloy 718 [260]. 
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Figure 6.11: Kernel average misorientation comparison for workpieces of wrought and 
LPBF. (a) WR, (b) 01T, (c) 90T and (d) 67T. 

During machining process, high KAM was mainly observed near the primary shear 

zone (dashed line in Figure 6.12(a)) and the value decreases dramatically when it 

is far from shear zone in wrought Alloy 718 workpiece. This is because the small 

equiaxed grains have a large grain boundary density [148], confining the 

deformation to a narrow region near the shear plane. In 01T (Figure 6.12(b)), a high 

KAM value is observed in the chip and columnar grain in front of the cutting edge. 

Since the initial shear deformation was hindered by the columnar grain, resulting 

in a lattice rotation (evidenced by the rotated columnar grain in Figure 6.5(c)), the 

high strain energy was stored in this columnar grain (Figure 6.12(b)). Moreover, 

different from the uniform distribution of strain energy in equiaxed grains (i.e., 

wrought 718), the strain energy distribution in 01T is governed by grain 
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morphology in front of the chip. This suggests that the chip formation process (e.g., 

shear angle and chip thickness) in 01T is sensitive to grain morphology and the 

shear deformation may change dramatically in adjacent grains, which is evidenced 

in Figure 6.5(d). Since high dislocation density is distributed in the originally 

elongated grains formed by LPBF, the long grain boundaries are strengthened and 

exhibit higher deformation resistance. Hence, the elongated grains could hinder the 

shear bands by grain boundary curving and store large strain energy, exhibiting the 

highest KAM value (Figure 6.12(c)). Such elongated grains that originally have 

high KAM are more likely to store the strain energy by curving instead of shearing, 

resulting in the change of the original shear direction. Since the shear slipping is 

hard to cross such grain boundaries, large intragranular areas with less deformation 

are retained in the chip of LPBF-fabricated cases instead of the wrought case. 
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Figure 6.12: Kernel average misorientation comparison for the chip of wrought and LPBF 
(a), (b), (c) and (d) are chips for WR, 01T, 90T and 67T. The average misorientation angle 
ranges from 0° to 5°. The machined surface is marked by the red dashed line. 

6.4 Texture components evolution during chip 

formation 

In order to quantify the texture evolutions during chip formation, the texture 

components in the workpiece were calculated (Figure 6.13(a)) and compared with 

the counterparts in chips (Figure 6.13(b)). Since the deformation in the chip 

formation process is complex and it is hard to identify a typical pattern to represent 

the shear deformation in each case. The texture component analysis was therefore 

employed as a statistical method to understand the change of grain orientation 
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during chip formation. The volume fractions of each texture component were 

calculated with a misorientation angle of 20°. The shear direction is determined by 

the shear angle measured in IPF mappings. The first seven textures are employed 

to identify the preferred grain orientations of workpiece. The specific name and 

Euler angle are listed in Table 6.1 while ideal miller indices and Euler angle are 

detailed in Table 6.2. A1 to B is used to identify the shear-introduced textures 

during chip formation [261]. The positions of texture are depicted in {111} pole 

figure in the inset of Figure 6.13(a). In the wrought Alloy 718, one of the preferred 

textures is the brass-type texture, which is a typical roll-based texture. Another 

texture (C-texture in Table 6.1) is attributed to the shear deformation during rolling 

process (Figure 6.13(a)). In the uncut workpiece, the dominant textures in 01T and 

90T are Rotated Cube and Cube textures, in line with the PF in Figure 6.4. 

Moreover, few shear-induced textures are observed in such two cases. For 67T 

workpiece, varies textures are observed in this case due to its randomised grain 

orientation formed by the 67° rotation strategy. 

In the chip formation process, texture components change dramatically in 01T and 

90T. In 01T, the volume fraction of rotated cube texture decreases by about 65%, 

indicating that more than half of columnar grains are deformed during chip 

formation, in which the preferred shear texture is C-type texture with the {100} 

shear plane along <110> direction. The major component for 90T is also C-type 

texture whilst the original cube texture is reduced to about 5%. It should be noted 

that some original cube texture transfer to the rotated cube texture (RC-S) due to 

the grain inclination, which is evidenced by the texture in Zone 3 (Figure 6.6(b)). 
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This explains that the volume fraction of rotated cube texture in 90T reaches 18% 

in the chip. For 67T, the major components changes to Ab ((1ത1ത1) [1ത10]) and Bb 

((112ത) [1ത10]) with the shear along <1ത10> direction. The texture components in 

wrought alloy 718 doesn’t show significant change when compared with the 

workpiece. This is because the equiaxed grains in WR is isotropic during shear 

deformation, there is no preferred orientation dramatically changing as in 01T and 

90T (Figure 6.13(b)).  

Table 6.1 Typical textures for workpiece. Brass, cube and rotated cube are typical textures 
for WR, 90T and 01T respectively. 

Component {hkl}<uvw> 
Euler angles 

φ1 φ φ2 
Cube (Cb) {001}<001> 0° 0° 0° 
Goss(Gs) {011}<100> 0° 45° 0° 
Brass(Bs) {111}<112> 35° 35° 45° 

Copper(Cu) {112}<111> 90° 35° 45° 
S1 {231}<346> 59° 29° 63° 

Taylor (Ty) {4 4 11}<11 11 8> 90° 27° 45° 
Rotated Cube {001}<110> 45° 0° 0° 

 

The texture evolution demonstrates chip formation variations in wrought and 

LPBF-fabricated Alloy 718. For the wrought Alloy 718, it is seen previously in 

Figure 6.4(a) that the equiaxed grains tend to exhibit a nearly pure shear 

deformation pattern along the shear direction. This is further confirmed according 

to the quantified texture components in Figure 6.13(b) that about 80% of texture 

components in the chip are shear-based (counted by the fraction from A1 to B for 

WR). This indicates that the machining-induced deformation in wrought 718 is 

dominated by the plane-stress cutting condition during orthogonal cutting. 

However, for the LPBF-fabricated Alloy 718, the unique forming process generates 
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elongated grains with preferred orientations, and pure shear is difficult to occur 

within such grains due to the shear hindering effect (Figure 6.5(c)). The 

deformation of such elongated (or columnar) grains tends to transfer to grain 

boundary curving (or lattice rotation). Such deformation patterns retain some grains 

with their original orientation in the chip during cutting, while some deformed 

texture are caused by lattice rotation instead of pure shear. Consequently, it is 

observed that the fraction of shear-induced texture in LPBF-fabricated Alloy 718 

is only about 40% (Figure 6.13(b)). Such texture component difference indicates 

that the machining-induced deformation for the LPBF alloys cannot be treated as a 

simple shear-induced deformation as wrought alloy, because the strong textures 

originated from the LPBF process are partially retained, together with the newly 

formed shear textures.  

Table 6.2 Main ideal shear orientations for FCC alloys with its miller indices and Euler 
angles [261]. φ1 is rotated based on shear angle (S). 

Component {hkl}<uvw> 
Euler angles 

φ1 φ φ2 
A1 (111ത)[112] 35.26°-S 45° 0° 
A2 (11ത1)[2ത1ത1] 144.74°-S 45° 0° 
Ab (1ത1ത1)[1ത10] 180°-S 35.26° 45° 
A (111ത)[11ത0] 0°-S 35.26° 45° 
C (100)[01ത1] 90°-S 45° 0° 

Bb (112ത)[1ത10] 180°-S 54.75° 45° 
B (112ത)[01ത1] 0°-S 54.74° 45° 
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Figure 6.13: Texture components for workpiece and chip are calculated in (a) and (b). Main 
ideal orientations in {111} pole figure for the typical textures in the workpiece and simple 
shear along shear plane. Cb: cube texture {001} <100>, Gs: Goss texture {110} <001>, Bs: 
Brass texture {110} <112>, Cu: copper texture {112} <111>, S1: S texture {231} <346>, 
Ty: Taylor texture {4 4 11} <11 11 8>, RC: rotated cube texture {001} <110>, RC-S: cube 
texture that rotated angle equals to shear angle ({001}<110>). A1 to B correspond to ideal 
shear texture in FCC along the shear direction. 
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6.5 Discussion 

6.5.1 Cutting force and micro-hardness 

The micro-hardness (HV0.2) evolution from Zone 1 to Zone 3 for four cases is 

compared in Figure 6.14(a). The lowest micro-hardness is observed in wrought 

Alloy 718 of 235.9±4.6 whilst the micro-hardness of three LPBF-fabricated Alloy 

718 workpieces is about 320. This is mainly attributed to the higher dislocation 

density (Figure 6.13) in the as-built Alloy 718 than the wrought. Since Zone 2 is a 

transitional zone from the original workpiece to the chip, the micro-hardness 

increased with significant fluctuation. A significant micro-hardness transition is 

observed in the wrought 718 from Zone 1 to Zone 3, increasing from 235.9±4.6 to 

445.3±5.2. This matches the shear deformation zone observed in Figure 6.14(a), 

where the high KAM value is near the primary shear zone and fades away fast to 

the undeformed workpiece. Because the initial dislocation density in wrought 718 

is lower than the other 3 LPBF-fabricated 718 (Figure 6.11). This indicates that the 

work hardening is more significant in the wrought 718 when compared to the 

LPBF-fabricated 718 after the orthogonal cutting. Moreover, it is interesting to 

observe that the difference in the micro-hardness between wrought and as-built 718 

chips is insignificant when compared to their initial values. This suggests that there 

may be a similar work hardening level in the chip formation of Alloy 718 under the 

same cutting parameters. In addition, the micro-hardness in 01T is slightly lower 

than in the other three cases due to the large grain retaining in the chip Figure 6.5(d). 

The cutting force in the steady state orthogonal cutting (Figure 6.14(b)) shows that 
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the lowest value is in wrought 718. This may be attributed to lower KAM of 

wrought workpiece and a smaller deformation zone during orthogonal cutting. This 

result contrasts with the force reported in the previous work [149], which states that 

the cutting force of wrought is higher than that of LPBF Alloy 718. However, the 

cutting force results in this work are approximate the same as those reported by 

Amir et. al [147]. This suggests that the cutting force comparison for wrought and 

LPBF Alloy 718 may be sensitive to laser and machining parameters. In this work, 

it is observed that the thicker chip in the wrought Alloy 718 since the actual shear 

angle of wrought Alloy718 is smaller than those as-built cases. However, it seems 

that cutting force may not be significantly affected by the material pile-up thickness 

along the shear direction. This is evidenced by the thinner chip thickness of 01T 

(Figure 6.5(a)) but the higher cutting force (Figure 6.14(b)) than the wrought one. 
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Figure 6.14: (a) Comparison of micro-hardness evolution in chip formation (Zones 1, 2 and 
3 correspond to the original workpiece, shear region and chip, respectively); (b) Force 
(cutting force along the x-axis and radial force along the z-axis) comparison for wrought, 
01T, 90T and 67T. The error bar represents the standard deviation. 

6.5.2 The influence of grain morphology on chip formation 

mechanisms 

Different chip formation mechanisms for equiaxed grains with weak texture 

(wrought) and elongated grains with strong texture (LPBF) are illustrated in Figure 
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6.15. For the equiaxed grains (Figure 6.15(a)), many grain boundaries act as 

barriers to confine the deformation near the primary shear zone to a narrow region 

above the shear plane and limited grain deformation occurs below the shear plane. 

The grains near the cutting edge experience significant deformation, being 

elongated along the shear direction and then gradually becoming curved Figure 

6.4(c). Meanwhile, the grain deformation direction is not totally along the shear 

direction especially when it is close to the free surface (Figure 6.4(d)). This is 

because the compressive stress near the free surface may not be as high as the region 

in front of the cutting edge [262]. Thus, the grains in this area undergo less 

deformation along the shear plane compared to those near the cutting edge. It is 

indeed seen that these deformed grains are not aligned with the shear direction 

(Figure 6.4(c)). Moreover, some equiaxed grains are retained at the free surface in 

Figure 6.4(d)). Since grains near the primary shear zone exhibit different 

deformation patterns (e.g., elongation and curving), material pile up along the shear 

direction is unstable. Such shear deformation instability leads to serrate chip 

morphologies as shown in Figure 6.15(a) and Figure 6.4(a). 

 
Figure 6.15: Chip formation schematics for (a) equiaxed grains with weak texture and (b) 
elongated and retained large grains with strong texture.  
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In the LPBF-fabricated alloys with elongated grains and strong textures, the shear 

deformation usually causes significant shear bands in front of the cutting edge as 

illustrated in Figure 6.15(b). However, since shear deformation is hard to occur near 

the grain boundary [263], the shear bands are difficult to cross such a long and 

continuous grain boundary when it is far from the cutting edge. The shear-induced 

deformation is transferred to grain boundary curving during chip formation. Since 

large columnar grains and narrow/elongated grains are often found to exist in the 

LPBF process, the curved grains are eventually cut through when the cutting 

proceeds. Since the deformation near the free surface is not as significant as that 

near the cutting edge, some of the columnar grains with <011>//BD texture tend to 

retain their original morphology in the chip with limited lattice rotation. Moreover, 

since the shearing is hard to occur near the grain boundary and the distance of grain 

boundaries between elongated grains is narrow (about 10 µm), such grains with 

<001>//BD texture are likely to curve instead of shearing. These unique orientated 

grains finally change the chip formation process during orthogonal cutting. 

The crystallographic texture evolution from the workpiece to the chip reflects the 

deformation history in front of the cutting edge during the chip formation. For the 

wrought 718 with equiaxed grain and a weak texture, the texture in front of the 

cutting edge transfers to the A-type texture (Figure 6.13(b)), suggesting a nearly 

pure shear deformation along the shear direction. This also matches the plane stress 

shear condition that is commonly assumed in orthogonal cutting. The weak texture 

is also observed in 67T fabricated by the 67° rotational scanning strategy. However, 

the preferred texture in the chip of 67T is B-type and grain rotation rather than 
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shearing is also more significant than that in WR (Figure 6.13(b)). This indicates 

that the elongated grains formed by LPBF can change the deformation pattern in 

front of the cutting edge, subsequently forming a preferred texture different from 

wrought 718 under the same cutting conditions. For the workpieces with high-

intensity textures, such as 01T and 90T, the original oriented grains partly retain 

within the chip during chip formation. Therefore, fewer shear textures are formed 

during chip formation when compared to WR. In addition, relatively larger cutting 

forces in 01T and 90T (Figure 6.14(b)) suggest that strong textures may require 

higher cutting forces. Such strong textures in 01T and 90T may be more difficult to 

transform into shear-based textures during chip formation. 

For all cases, the micro-hardness of the chip is slightly affected by crystallographic 

textures. This indicates the material pile-up behaviour during chip formation may 

increase the dislocation density to a similar level in all Alloy 718 cases. However, 

due to the different original grain morphologies and textures in wrought and LPBF 

Alloy 718, grains among these four cases may have different deformation 

behaviour (e.g., shearing or curving) to pile up along their own shear directions 

(Figure 6.15), finally reaching the similar dislocation densities. 

According to the classic Hall-Petch relationship ( 𝜎௬ =  𝜎଴ + 𝑘௬𝑑ି଴.ହ ) [253], 

wrought Alloy 718 with small grain size is likely to lead to a high cutting force. 

Because small grain size usually corresponds to a high grain boundary density (or 

high grain boundary resistance). However, since the substructure formed within 

grains formed by LPBF [31] contributes to higher dislocation densities (high KAM 

value in Figure 6.11), machining of larger grains formed by LPBF exhibits a higher 
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cutting force than the wrought Alloy 718. Furthermore, since machining only leads 

to a localised and significant plastic deformation near the machined surface, it may 

be necessary to evaluate the actual grain size along the cutting path rather than the 

entire workpieces [254], especially for the elongated grains with high aspect ratios 

that are perpendicular to the cutting direction. 

The serrated chip morphology was observed in all cutting cases. In the wrought 

Alloy 718, the space of serrated chips changes slightly because the cutting process 

of equiaxed grain is relatively stable [142,178]. However, the space of serrated 

chips in LPBF-fabricated Alloy 718 is hard to predict because it is sensitive to the 

grain morphology, which is rarely reported in previous research. It is seen that the 

LPBF-fabricated Alloy 718 consists of a wide range of grain size (Figure 6.2) and 

unique columnar and narrow/elongated grains (Figure 6.1). The shear zone for the 

workpiece with such microstructure cannot be treated as a stable shear plane as 

confirmed previously (Figure 6.5 to Figure 6.7). This is reflected by the variations 

in the measured shear angle, which is significantly affected by unique grain 

morphologies in the LPBF process. For example, the columnar grains in 01T 

enlarge the shear angle due to the shear hindering and grain boundary curving. 

Consequently, the large shear angle and limited deformation in such columnar grain 

restrict material pile-up along the shear direction. The different grain growth 

patterns in the LPBF process at different scanning strategies leads to a wide grain 

size distribution with unique textures. Such large variations in grain morphology 

and crystallographic texture change the material pile-up behaviour between 

adjacent grains. This makes the space of serrated chips in LPBF alloys hard to 
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predict. 

6.6 Summary 

Laser powder bed fusion (LPBF)-fabricated alloys usually exhibit unique grain 

morphologies and crystallographic textures, owing to their layer-by-layer 

fabrication process. It is crucial to understand the influence of such unique 

microstructure on chip formation during cutting. In this work, the chip formation 

mechanisms in different textured Alloy 718 were investigated via a pendulum-

based cutting machine equipped with a quick-stop module. Since the chip was 

retained on the workpiece after quick-stop orthogonal cutting, the grain 

deformation pattern (e.g., shear or curving) and orientation change from the 

workpiece to the chip could be evaluated. Moreover, the texture component was 

quantified to identify the dominant texture after cutting. 

In the LPBF-fabricated Alloy 718, it was observed that shear hindrance effect 

impeded the material pile-up along the original shear direction, leading to 

significant grain boundary curving in front of the cutting edge. This is because the 

long grain boundaries were formed due to the build directional grain growth 

direction in LPBF process. These grain boundaries were likely curved and shear 

bands failed to cross these long grain boundaries. Moreover, the texture 

components in the chip are strongly dependent on the original texture of the 

workpiece, leading to a nearly pure shear texture in the chip of wrought workpiece 

but a mixture of shear and rotated textures in the chip of LPBF workpiece, 

according to the texture evolution chart. 
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It is found that elongated grains significantly change the machining-induced shear 

deformation in front of the cutting edge, where the long grain boundaries that are 

perpendicular to the cutting direction interrupt the shear deformation. Moreover, 

the texture component evolution (from the workpiece to the chip) also suggests that 

oriented grains have their own preferred shear pattern and finally result in the 

unique shear texture in the chip. It is also expected that a threshold of dislocation 

density (KAM value) may exist in the chip for all Alloy 718 cases under this cutting 

condition, reaching a similar micro-hardness. The method in this work could be 

directly used to investigate the role of grain morphology and orientation as well as 

cutting parameters (e.g., cutting speed and cutting depth) in the chip formation for 

different materials. 
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Chapter 7 Conclusions 

This thesis investigated the scanning strategy and machining-induced deformation 

of laser powder bed fusion (LPBF) Alloy 718. In particular, the effect of multi-

vector length and rotational scanning strategies on the microstructure was studied. 

Moreover, a pendulum-based cutting machine and a quick-stop module were 

employed to study the machining-induced deformation and chip formation 

mechanisms that were influenced by LPBF-fabricated microstructures. The 

important conclusions are drawn as follows: 

 It was observed that the actual energy density was not the same at different 

vector lengths when using the same laser parameters in LPBF. This was 

evidenced by a larger melt pool depth (about 138 μm) in the Short-vector 

printing compared to that in Long-vector printing (about 89 µm). This was 

because the actual scanning speed could not reach the target speed in short 

vectors and the actual energy density in the Short-vector printing (509 

J/mm3) was much higher than that in the Long-vector printing (135 J/mm3). 

 The high energy density combined with narrow melt pool at short vectors 

constrained the grain growth across several layers along the BD, resulting 

in a fine grain structure and high microhardness. It was shown that the 

average grain size in the Short-vector printing (less than 20 µm) was smaller 

than that in the Long-vector printing (larger than 50 µm). The increased 

grain size resulted in the reduction of microhardness from 347.6±7.5 to 
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298.2±4.4 HV.  

 With the increment of the vector length, the melt pool morphology 

transitioned from keyhole mode to conduction mode since the laser 

scanning pattern shifted from being dominated by acceleration to a constant 

speed. This resulted in the grain orientation transition from <111> to <101> 

in BD and from <111> to <001> in the scanning direction. 

 Unidirectional (i.e. 0° rotation scanning strategy) LPBF-built structures 

characterised by very heterogeneous crystallographic textures leaded to 

dramatically different strain/stress levels in two cutting directions. This was 

because the three-dimensional grain growth pattern (side-branching) in 

LPBF enables the same grain to exhibit non-equivalent textures 

(<011>//BD and <011>BD) on XZ and YZ planes. Consequently, 

different activated slip systems in the cutting process led to dramatic 

deformation in <011>//BD texture but slight deformation in <011>BD 

texture. For the XY surface machining, the cubic <001>//BD texture and 

weak texture fabricated by 90°, 67° rotation strategies were symmetrical 

equivalent in both XZ and YZ planes. It would not cause deformation 

deviation when the cutting direction changes 90°. 

 Statistical deformation tendency map not only exhibited the relationship 

between texture/slip system and shear angle but also revealed the threshold 

of grain size that affected the texture-based deformation. Individual grain 

deformation in a textured alloy 718 strongly depended on its grain width 

along the cutting direction. In the large grain (large grain width along the 



245 
 

cutting direction) region, the grain with a small activated slip trace angle 

(parallel to the shear direction) was easy to deform. However, slight 

deformation occurred to the grain when the activated slip trace angle is large. 

Small grains width exhibited high deformation resistance due to the high 

geometrically necessary dislocation (GND), hindering the plastic 

deformation along the slip direction.  

 Long grain boundaries formed in strong textured LPBF-fabricated Alloy 

718 led to significant shear hindrance effect. This was because shear 

slipping was hard to cross the grain boundary, resulting in grain boundary 

curving. This shear hindrance effect impeded the material pile-up along the 

shear direction and finally reduced the chip ratio in 01T to about 1.0.  

 The texture components in the chip were strongly dependent on the original 

texture of the workpiece, leading to a nearly pure shear texture in the chip 

of wrought workpiece but a mixture of shear and rotated textures in the chip 

of LPBF workpiece. The texture in the wrought workpiece (WR) was likely 

to transfer to A1-type shear texture in the chip and about 80% of texture 

components in the chip are shear-based. However, the cube texture and 

rotated cube texture possibly changed to C-type texture and only 40% of 

shear-based texture was found in LPBF-fabricated workpieces. 

 In all cutting cases, most grain elongation/inclination directions tended to 

be different from the original shear direction in front of the cutting edge. 

This was because the shear transfer from the cutting edge to the free surface 

was interrupted by grain boundaries in different slip systems. Such shear 
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instability, caused by grains and textures, ultimately resulted in various rates 

of material pile-up along the shear direction. This difference in material 

pile-up leaded to the formation of a serrated chip morphology on the free 

surface for all the samples.  
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Chapter 8 Future Work 

In this work, laser powder bed fusion (LPBF) is employed as a case study to 

demonstrate the capability of additive manufacturing (AM) technology in 

designing and manufacturing metallic components with different microstructures. 

It has demonstrated the effect of typical rotational scanning strategies and vector 

lengths on the microstructure control. Especially for the gradient microstructure 

fabricated by increment vectors, it appears of great potential in the fabrication of 

microstructural heterogeneities in metallic components. On the other hand, this 

further indicates that commonly used scanning strategies may not fulfil the potential 

of AM technology in the localised microstructure control, since a scanning strategy 

design usually starts from a layer instead of a vector. 

This work has proven that laser parameters for each vector can be designed, and 

grain morphologies can be controlled by vector lengths. The next step is to change 

laser parameters for each vector with different lengths, investigating the possible 

microstructures that can be fabricated via AM technology. When the relationship 

of microstructure-property in AM-fabricated materials is built, the vector-based 

scanning strategy may enable a heterogeneous microstructure fabrication by 

tailoring each individual vector according to the specific end-use in industries. 

Vector-based scanning strategy is not limited to the fabrication of Alloy 718 in this 

work. However, all materials that can be manufactured by AM technology are able 

to be fabricated via this method. 
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Moreover, the real laser acceleration/deceleration phase for different materials 

strongly depends on the laser on/off delay. The delay time is usually a balance 

between quality and efficiency in a long vector. It is worth trying to extend the 

delay time for short vectors when the regular laser parameters (e.g., laser power, 

scanning speed, and hatch spacing) cannot produce high-quality parts. When 

employing hundreds of short vectors for thin walls and lattice structures, the 

acceleration phase in short vectors leads to a keyhole melting mode. To avoid 

exceeding the energy input, low laser power may be better in short vectors than that 

used in long vectors. In addition, since the melt pool formed by a short vector is 

narrower than that formed by a long vector due to less heat accumulation, a small 

hatch spacing may be beneficial for the bonding between two adjacent short vectors. 

In addition, the most reported numerical simulation of melt pool evolution for 

LPBF is based on the assumption of constant scanning speed. However, this work 

has dominated that the actual scanning speed at the beginning and end of a vector 

is not a constant due to the acceleration/deceleration phases. A new simulation 

model may be needed to understand the influence of the actual laser scanning speed 

on melt pool morphology and thermal conditions. 

Since the crystallographic texture and grain morphology are strongly dependent on 

laser parameters and scanning strategies during the LPBF process, it is challenging 

to evaluate the machinability of LPBF-fabricated alloys with different 

microstructures (i.e., grain morphology and orientation). We have proved that 

microstructures formed by three rotated scanning strategies lead to different 

deformation behaviours on the machined surface. An urgent issue that needs to be 



249 
 

addressed is to find appropriate machining parameters according to these unique 

grain morphologies and orientations. Particularly, the anisotropy caused by LPBF 

manufacturing may require machining parameters modification when the 

machining direction changes (e.g., parallel or perpendicular to the build direction). 

The “quasi-in-situ” cutting method used in this work identified the grain 

deformation behaviour during orthogonal cutting. This method reveals different 

deformation patterns such as the curving of columnar grains and slight 

deformations of <011>BD oriented grains. However, since the cutting test is 

performed with a macro cutting system whilst deformation is discussed at the micro 

level. The force data from dynamometer failed to reflect the specific grain 

deformation such as grain boundary curving and dislocation density increase. It 

may be worth to try to build a model to quantify such deformation behaviours and 

link these behaviours with the cutting force (or any other indicators). 

Substructure formed during LPBF process leads to a high dislocation density within 

grains when compared to the wrought component. Subsequently, these substructure 

may result in a relatively higher cutting force during orthogonal cutting. This may 

suggest that the grain boundary resistance and lattice friction resistance are 

influenced by these substructures (or cellular structures). Few works tried to build 

a model to analyse the effect of such structures on machining. Moreover, more 

cutting parameters can be designed to investigate the chip formation mechanisms 

for LPBF-fabricated alloys. Some ideas are listed below for the future research 

according to our current work: 

 Investigate the scanning strategies by a combination of vector length, laser 



250 
 

parameters and rotational angles for each layer. It is worth developing the 

microstructure (grain morphology and orientation) that can be formed by 

LPBF with different vector lengths and laser parameters. Subsequently, the 

laser power, scanning speed and vector length can be tailored according to 

the required microstructure. 

 Model of the actual laser motion and its influence on melt pool morphology 

and grain growth pattern. By defining the actual scanning speed with the 

acceleration/deceleration phase in the simulation model, the influence of 

scanning speed on the melt pool dynamics can be further investigated. 

 Investigate the effect of cutting parameters on chip formation and 

machinability of LPBF-fabricated components. By designing different 

cutting speeds, uncut chip thickness and cutting tools, the effect of unique 

microstructure on the machining process can be investigated. 

 Model of chip formation of LPBF-fabricated alloys based on their unique 

grain morphologies and substructures. Considering the grain structure in the 

as-built LPBF alloys and the substructure within the grain, a new crystal-

based model should be developed to investigate the machining and chip 

formation process. 
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Appendix A 

The matlab code used to mesh EBSD data via Gmsh and MTEX: 

clear all 
clc 
%% Import Script for EBSD Data 
%% Specify Crystal and Specimen Symmetries 
% crystal symmetry 
CS = {'notIndexed',... 
crystalSymmetry('m-3m', [3.157 3.157 3.157], 'mineral', 'Ni' , 
'color', 'red'),... 
%crystalSymmetry('6/mmm', 'mineral', 'Ni Niobium' , 'color', 
'green') 
}; 
SS = specimenSymmetry('cubic'); 
 
 
% % path to files 
pname = '~\data'; 
% which files to be imported 
fname = [pname '\data.ctf']; 
 
 
%% Import the Data 
% create an EBSD variable containing the data 
ebsd = EBSD.load(fname,'CS',CS,'ColumnNames', ... 
{'Phase' 'x' 'y' 'Bands' 'Error' 'Euler1' 'Euler2' 'Euler3' 'MAD' 
'BC' 'BS'}, 'Bunge') 
 
setMTEXpref('xAxisDirection','west'); 
setMTEXpref('yAxisDirection','south'); 
setMTEXpref('zAxisDirection','OutofPlane'); 
 
 
%% restricting to a region of interest 
region = [0 0 58 38] * 10;%original region 
figure(1);plot (ebsd) 
rectangle('position',region,'edgecolor','b','linewidth',2) 
condition = inpolygon(ebsd, region); 
ebsd = ebsd(condition); 
ebsd = rotate(ebsd,rotation('axis',yvector,'angle', 0*degree)); 
 
 
%% Filling missing data 
ebsd = ebsd('indexed'); 
cS = crystalShape.cube(ebsd('Ni').CS); 
%reconstruct the grain structure 
%,ebsd.mis2mea 
 
[grains,ebsd.grainId] = calcGrains(ebsd,'angle', 15*degree); 
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% remove some very small grains 
ebsd(grains(grains.grainSize<10)) = []; 
 
 
%% redo grain segementation 
grains = calcGrains(ebsd('indexed'),'boundary','tight'); 
 
 
%%smooth grain boundaries 
grains = cond_smooth(grains); 
ebsd = smooth(ebsd, splineFilter,'fill',grains); 
ebsd = ebsd('indexed'); 
 
 
%% define an ipf color for phase 
ipfKey = ipfColorKey(ebsd); 
ipfKey.inversePoleFigureDirection = vector3d.Y; 
colors = ipfKey.orientation2color(ebsd.orientations); 
 
%% mesh 
ebsd=ebsd('indexed'); 
grains=calcGrains(ebsd); 
V=grains.V; 
ori=min(V); 
grains.V=V - repmat(ori,size(grains.V,1),1);  
G=gmshGeo(grains); 
max(grains.V); 
G=simplify(G); 
 
mesh(G,'hex_01T_top_final.inp','ElementSize',5,'elementType','Hex
Only','thickness', 2); 
exportGrainProps(G,'hex_01T_top_final_normal.csv') 
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Code for PRISMS-Plasticity simulation: 

# Listing of Parameters 
# --------------------- 
 
#################################### 
# FE parameters 
#################################### 
# Basis function interpolation order (1-linear) 
set Order of finite elements                     = 1 
 
# Quadrature point order n^3 (2->8 quadrature points) 
set Order of quadrature                          = 2 
 
#################################### 
# Domain parameters 
#################################### 
# Number of physical dimensions for the simulation 
set Number of dimensions                         = 3 
 
# The size of the domain in the x direction. 
set Domain size X                                = 1.0 
 
# The size of the domain in the y direction. 
set Domain size Y                                = 1.0 
 
# The size of the domain in the z direction. 
set Domain size Z                                = 1.0 
 
#################################### 
# Mesh parameters 
#################################### 
# The number of mesh subdivisions in the x direction. 
set Subdivisions X                               = 1 
 
# The number of mesh subdivisions in the y direction. 
set Subdivisions Y                               = 1 
 
# The number of mesh subdivisions in the z direction. 
set Subdivisions Z                               = 1 
 
# The number of initial refinements of the coarse mesh. 
set Refine factor                                = 3 
 
# Only written for serial runs and if number of elements < 10000 
set Write Mesh To EPS                            = false 
 
#################################### 
# Solver output parameters 
#################################### 
# Flag to write output vtu and pvtu files 
set Write Output                                 = true 
 
# Output Directory 
# Need to create directory before using this. Will be corrected 
in future versions of the software 
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set Output Directory                             = results 
 
# Skip Output Steps 
set Skip Output Steps                            = 0 
 
# Output Equivalent strain 
set Output Equivalent strain                     = true 
 
# Output Equivalent stress 
set Output Equivalent stress                     = true 
 
# Output Grain ID 
set Output Grain ID                              = true 
 
# Output Twin fractions 
set Output Twin fractions                        = false 
 
#################################### 
# Boundary condition information 
#################################### 
#File name containing BC information 
set Boundary condition filename                  = BCinfo.txt 
 
#BC file number of header lines 
set BC file number of header lines               = 2 
 
#Number of boundary conditions 
set Number of boundary conditions                = 4 
 
#################################### 
# Solver parameters 
#################################### 
#delta T for every increment 
set Time increments                              = 0.005 
 
#Total simulation time 
set Total time                                   = 1 
 
# Maximum iterations for linear solver 
set Maximum linear solver iterations             = 50000 
 
# Relative linear solver tolerance 
set Relative linear solver tolerance             = 1.0e-10 
 
# Maximum no. of non-linear iterations 
set Maximum non linear iterations                = 4 
 
 
#################################### 
# Elasticity parameters 
#################################### 
 
#   Elastic Stiffness Matrix -Voigt Notation (MPa) 
set Elastic Stiffness row 1                      = 170.0e3, 
124.0e3, 124.0e3, 0, 0, 0 
 
#   Elastic Stiffness Matrix -Voigt Notation (MPa) 
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set Elastic Stiffness row 2                      = 124.0e3, 
170.0e3, 124.0e3, 0, 0, 0 
 
#   Elastic Stiffness Matrix -Voigt Notation (MPa) 
set Elastic Stiffness row 3                      = 124.0e3, 
124.0e3, 170.0e3, 0, 0, 0 
 
#   Elastic Stiffness Matrix -Voigt Notation (MPa) 
set Elastic Stiffness row 4                      = 0, 0, 0, 
75.0e3, 0, 0 
 
#   Elastic Stiffness Matrix -Voigt Notation (MPa) 
set Elastic Stiffness row 5                      = 0, 0, 0, 0, 
75.0e3, 0 
 
#   Elastic Stiffness Matrix -Voigt Notation (MPa) 
set Elastic Stiffness row 6                      = 0, 0, 0, 0, 0, 
75.0e3 
 
#################################### 
# Slip parameters 
#################################### 
# Number of Slip Systems 
set Number of Slip Systems                       = 12 
 
# Latent Hardening Ratio 
set Latent Hardening Ratio filename                       = 
LatentHardeningRatio.txt 
 
# RSS of the slip sytems 
set Initial Slip Resistance                      = 16.0, 16.0, 
16.0, 16.0, 16.0, 16.0, 16.0, 16.0, 16.0, 16.0, 16.0, 16.0 
 
# Heardening moduli of slip systems 
set Initial Hardening Modulus                    = 180.0, 180.0, 
180.0, 180.0, 180.0, 180.0, 180.0, 180.0, 180.0, 180.0, 180.0, 
180.0 
 
# Power law coefficient 
set Power Law Exponent                           = 2.25, 2.25, 
2.25, 2.25, 2.25, 2.25, 2.25, 2.25, 2.25, 2.25, 2.25, 2.25 
 
# Saturation stress 
set Saturation Stress                            = 148.0, 148.0, 
148.0, 148.0, 148.0, 148.0, 148.0, 148.0, 148.0, 148.0, 148.0, 
148.0 
 
# Slip Directions File 
set Slip Directions File                         = 
slipDirections.txt 
 
# Slip Normals File 
set Slip Normals File                            = 
slipNormals.txt 
 
#################################### 
# Constitutive model parameters 
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#################################### 
# Stress tolerance for the yield surface (MPa) 
set Stress Tolerance                             = 1.0e-6 
 
 
# Maximum no. of active slip search iterations 
set Max Slip Search Iterations                   = 1 
 
# Maximum no. of iterations to achieve non-linear convergence 
set Max Solver Iterations                        = 1 
 
 
#################################### 
# Input microstructure 
#################################### 
# Number of voxels in x direction 
set Voxels in X direction                        = 32 
 
# Number of voxels in y direction 
set Voxels in Y direction                        = 32 
 
# Number of voxels in z direction 
set Voxels in Z direction                        = 32 
 
# Grain ID file name 
set Grain ID file name                           = grainID.txt 
 
# Number of header Lines in grain ID file 
set Header Lines GrainID File                    = 5 
 
# Grain orientations file name 
set Orientations file name                       = 
orientations.txt 
 
Slip Directions 

  0 0.707   -0.707     
 -0.707 0.0 0.707    
  0.707 -0.707  0.0      
  0 -0.707  -0.707     
  0.707 0.0 0.707    
 -0.707 0.707   0.0      
  0 0.707   -0.707     
  0.707 0.0 0.707      
 -0.707 -0.707  0.0      
  0 -0.707  -0.707    
 -0.707 0.0 0.707      
  0.707 0.707   0.0      
 
Slip Normals 

0.577  0.577  0.577  
 0.577  0.577  0.577  
 0.577  0.577  0.577  
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-0.577 -0.577  0.577  
-0.577 -0.577  0.577  
-0.577 -0.577  0.577  
-0.577  0.577  0.577  
-0.577  0.577  0.577  
-0.577  0.577  0.577  
 0.577 -0.577  0.577  
 0.577 -0.577  0.577  
 0.577 -0.577  0.577  
 
Latent Hardening Ratio 

1 1 1 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 
1 1 1 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 
1 1 1 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 
1.4 1.4 1.4 1 1 1 1.4 1.4 1.4 1.4 1.4 1.4 
1.4 1.4 1.4 1 1 1 1.4 1.4 1.4 1.4 1.4 1.4 
1.4 1.4 1.4 1 1 1 1.4 1.4 1.4 1.4 1.4 1.4 
1.4 1.4 1.4 1.4 1.4 1.4 1 1 1 1.4 1.4 1.4 
1.4 1.4 1.4 1.4 1.4 1.4 1 1 1 1.4 1.4 1.4 
1.4 1.4 1.4 1.4 1.4 1.4 1 1 1 1.4 1.4 1.4 
1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1 1 1 
1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1 1 1 
1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1 1 1 
 
Grain ID 

**Total header lines = 5 
**Grain ID File 
**3D Volume has dimensions [32 x32 x 32] voxels 
**Data arranged in a 2D array of 1024 x 32 integer values 
** 
14 14 14 27 27 84 84 84 84 20 20 20 20 20 20 20 20 20 30 30 30 66 
29 29 29 24 24 24 14 14 14 14 
14 14 14 14 27 84 84 84 20 20 20 20 20 20 20 20 20 30 30 30 30 66 
66 29 24 24 24 77 77 77 77 14 
77 77 77 77 77 84 84 84 20 20 20 20 20 20 20 20 30 30 30 30 30 66 
66 24 24 24 77 77 77 77 77 77 
77 77 77 77 77 5 5 5 20 20 20 20 20 50 50 30 30 30 30 30 30 30 66 
66 77 77 77 77 77 77 77 77 
77 77 77 77 77 5 5 5 50 50 50 50 50 50 50 50 50 50 30 30 86 86 73 
73 73 63 63 63 63 77 77 77 
… 
 
Corresponding Orientations 

**Grain ID, Rodrigues vector r_x, r_y, r_z 
1 0.217235622228494 0.119677575300848 -0.315639678263808 
2 0.337158795969753 -0.136385831569383 -0.0451232414784514 
3 -0.112751674092984 0.306554302202483 0.0417816337773640 
4 -0.318341596949184 0.394231954524069 -0.124733568696447 
5 0.337262392546855 -0.137704882272509 -0.0466765073250908 
6 0.405755162068059 0.209949108571507 0.318682476064558 



284 
 

7 0.0384581188524811 -0.0156554309584217 -0.110033527772506 
8 0.114266801597890 -0.122128540704537 0.340913752088645 
9 0.114266801597890 -0.122128540704537 0.340913752088645 
10 -0.0152373705120258 0.0867637330697546 0.309727833412636 
11 0.404431320072339 -0.135953749658450 0.0878321668096234 
12 0.00874483513602116 -0.301944119310717 -0.215174195972202 
13 0.183633720338559 0.0840944417145517 -0.0783020965347754 
14 0.184600435776865 0.0845148154118419 -0.0755861098475753 
15 0.376714217606242 -0.0769718445481327 -0.306309587082006 
16 -0.0268810258453196 0.247476517304731 0.334952778670146 
17 -0.192363046325014 -0.190945502218549 -0.117732130057011 
18 -0.0121089802612619 0.0910642520713899 -0.0359080748300855 
19 0.408973870050836 -0.345658997758128 0.162105311779461 
20 -0.0286187617251639 0.246256341385179 0.334730354894685 
21 -0.282004934534613 -0.172317214824116 0.0793734069367810 
22 -0.190487384360723 -0.190697736283995 -0.117985602736374 
23 0.258120898010547 -0.232625552814395 -0.279335766714658 
24 0.309800975374891 0.215831386191239 -0.103964817254165 
25 0.320292786872595 0.139609259824124 0.147513567643945 
26 0.289292995457164 0.340683117783460 -0.247997056884472 
27 0.403936762049908 -0.346242989088756 0.158669133209096 
28 0.103609428187153 0.0520698429389427 -0.121992477331553 
29 0.390408813853531 0.0908116835710692 -0.0316532186361649 
30 0.0936598848269736 -0.0206395149168438 -0.393840610562767 
…  
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Appendix B 

This XML. format code is used for editing laser parameters and vector position: 

<?xml version="1.0" encoding="utf-8"?> 
<Build> 
   <Layer> 
      <Z>0</Z> 
      <Datablock> 
         <P>135</P> 
         <S>800</S> 
         <Vector> 
            <Xs>27.415</Xs> 
            <Ys>22</Ys> 
            <Xe>27.435</Xe> 
            <Ye>22</Ye> 
         </Vector> 
      </Datablock> 
      <Datablock> 
         <P>135</P> 
         <S>800</S> 
         <Vector> 
            <Xs>27.635</Xs> 
            <Ys>22</Ys> 
            <Xe>27.675</Xe> 
            <Ye>22</Ye> 
         </Vector> 
      </Datablock> 
      <Datablock> 
         <P>135</P> 
         <S>800</S> 
         <Vector> 
            <Xs>27.875</Xs> 
            <Ys>22</Ys> 
            <Xe>27.935</Xe> 
            <Ye>22</Ye> 
         </Vector> 
      </Datablock> 
 
…(the same structure until the end) 
 
      <Datablock> 
         <P>135</P> 
         <S>800</S> 
         <Vector> 
            <Xs>66.92</Xs> 
            <Ys>24.72</Ys> 
            <Xe>66.84</Xe> 
            <Ye>24.72</Ye> 
         </Vector> 
      </Datablock> 
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      <Datablock> 
         <P>135</P> 
         <S>800</S> 
         <Vector> 
            <Xs>66.84</Xs> 
            <Ys>24.72</Ys> 
            <Xe>66.76</Xe> 
            <Ye>24.72</Ye> 
         </Vector> 
      </Datablock> 
      <Datablock> 
         <P>135</P> 
         <S>800</S> 
         <Vector> 
            <Xs>66.76</Xs> 
            <Ys>24.72</Ys> 
            <Xe>66.68</Xe> 
            <Ye>24.72</Ye> 
         </Vector> 
      </Datablock> 
      <Datablock> 
         <P>135</P> 
         <S>800</S> 
         <Vector> 
            <Xs>66.68</Xs> 
            <Ys>24.72</Ys> 
            <Xe>66.6</Xe> 
            <Ye>24.72</Ye> 
         </Vector> 
      </Datablock> 
   </Layer> 
</Build> 
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