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Abstract 

Additive manufacturing (AM) is increasingly becoming one of the favourable manufacturing 

techniques in various industries, such as transportation and energy. The reason for the 

extensive use of AM lies in the ability to use a wide range of process parameters for 

manufacturing engineering parts with complex geometries that cannot be effectively 

manufactured using traditional methods such as casting or forging. Understanding the role of 

process parameters is crucial for developing predictive models, as well as for manufacturing 

engineering components with the desired properties.  

This research aims to characterize the influence of AM process parameters on the deformation 

mechanisms of Hastelloy-X, a nickel superalloy used in gas turbine engines. In-situ neutron 

diffraction, electron backscatter diffraction (EBSD) and crystal plasticity finite element (CPFE) 

analysis are used for this purpose. The Hastelloy-X samples were printed using laser power bed 

fusion (LPBF) AM technique.  Here, attention is given to the effects of laser power and scanning 

speed. First, a literature review is provided in Chapter 2, which is followed by Chapter 3 that 

contains a detailed description of sample preparation, experimental set-up, and data 

processing. The results are presented and discussed in Chapter 4. Lastly, conclusions and future 

works are presented in Chapter 5. 

The experimental results show that the microstructure, texture, and the degree of anisotropy 

of the printed samples significantly change with changing AM parameters. By comparing the 

evolution of lattice strains predicted from CPFE to those from experiments, it is shown that 

{111} <110> is the active deformation mechanism in all printed samples.  
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Summary for Lay Audience 

A broader view of this research is to understand the deformation mechanism of additively 

manufactured metals. Metal components are built by depositing the raw material, which is 

usually in the form of powder, on a substrate and then melt this layer by using a heat source. 

This process is repeated layer by layer until the final part is completely built. Traditional 

manufacturing processes have limitations in producing parts with complex geometries or 

require extensive post-manufacturing processes. Such limitations are addressed in additive 

manufacturing by controlling, for example, the layer thickness and the depositing position. 

However, the mechanical properties of the final component are significantly affected by the 

implemented process parameters. Characterizing the influence of such paraments on the 

mechanical performance of the printed parts ideally means that the process can be optimized 

to produce a component with the best possible mechanical performance. However, such 

characterization is not trivial to conduct, hence, crystal plasticity numerical modeling is 

introduced here to conduct simulations and study the effects of the complex microstructure of 

the printed part. This study focuses on characterizing the influence of changing laser power and 

scanning speed in the laser power bed fusion process on a nickel superalloy’s texture and 

mechanical properties. The numerical and experimental results reveal that while the 

microstructure of samples changes, their deformation mechanisms stay the same.  
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Chapter 1 

1. Introduction 

• Motivation 

Nickel-based superalloys have been widely used in corrosive environments that require 

superior mechanical properties and high strength, especially at elevated temperatures [1]–[5]. 

For example, nickel alloys are used to manufacture turbine blades where the tip of the blade is 

required to have the ultimate mechanical performance under significant temperature 

gradients. Most of the nickel-based superalloys are strengthened by the presence of a 

secondary phase that hinders dislocation motion [6], which requires higher stresses for 

dislocations to move. However, solid solution hardening is used to strengthen Hastelloy-X 

which is a Ni-Cr-Fe-Mo single-phase alloy. The absence of the secondary phase improves the 

resistance of the material to cracking, as the secondary phases are mainly made of hard 

carbides that are reported to facilitate crack growth [3], [7].  Due to having face-centered cubic 

(FCC) crystals with many possible slip planes and slip direction in their operative slip systems, 

nickel-based alloys generally possess relatively good ductility which facilitates traditional 

mechanical processing, such as forging or cold-working [8]. However, Hastelloy-X is known to 

have high work hardening which makes it difficult to machine. Hence some new techniques, 

such as AM, have emerged to manufacture Hastelloy-X components which do not require much 

machining [9], [10].  

Additive manufacturing (AM) is an advanced technique that can be used to manufacture near-

net-shape components from metals, composites, polymers, and ceramics [9], [11]. In AM 

techniques, components are printed by incrementally depositing the starting powder of the 
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material on a substrate and selectively melting the powder by an energy source according to a 

predefined path. The whole process is iterative where parts with complex geometries are built 

layer-by-layer to almost net-shape objects [9], [10].  During this process, however, metal alloys 

can develop a very strong texture, depending on the process parameters used. The mechanical 

properties of printed parts significantly depend on the evolution of microstructure and texture, 

which subsequently affect the performance of the engineering component. 

 Laser power bed fusion (LPBF) has been extensively used for additive manufacturing of metal 

alloys. In this method, the initial powder is applied to a substrate where a laser beam selectively 

melts the powder to a given shape. Depending on the process parameters, materials with 

different microstructures or textures can be produced. Here, the main parameters are laser 

power, scanning speed, layer thickness, hatch spacing, and scanning strategies [9], [12]–[15]. 

While LPBF can be used to manufacture engineering components with complex geometries, it 

introduces complex orientation distribution among the grains due to its complex thermal cycles 

during the build. The development of texture can affect the mechanical properties of 

engineering components by inducing significant anisotropy which can be controlled by tunning 

the LPBF process parameters. When the scanning speed of the laser is either too low or too 

high, the ultimate tensile strength of the resulting Hastelloy-X will decrease as well as its 

ductility. This is due to the higher concentration of void and porosity resulting from the lack of 

energy to fully melt the initial powder when the scanning speed is high [16]. Moreover, when 

the scanning speed is low, more energy is dissipated to the material which results in higher 

residual stresses. Furthermore, altering the scanning pattern can result in different 

solidification patterns, and hence different grain sizes will be produced. For example, it is 
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shown that with using a strip rotation scan, Hastelloy-X specimens with random texture and 

good mechanical properties can be manufactured [17]. While various aspects of LPBF technique 

are studied in the literature, there is a lack of data on how the deformation mechanisms of the 

printed parts can be changed with the process parameters- this is the focus of the current 

study.  

• The scope of this research 

The objectives of this research are to investigate the influence of LPBF process parameters on 

the deformation mechanisms of nickel superalloys at the meso and macroscales. This research 

specifically focuses on the effects of laser scanning speed and laser power on Hastelloy-X 

samples. In-situ neutron diffraction experiments are conducted to investigate the development 

of internal strains for both loading and transverse directions. Moreover, EBSD analysis is 

implemented to import the initial texture to a CPFE model which is used to simulate plastic 

deformation in the samples, and compare the numerical results  to those from the  

experiments. With the use of CPFE and as-measured microstructures, the influence of laser 

power and scanning speed on the samples’ textures, as well as lattice strains are investigated.  

• Outline 

Chapter 1 provides a general introduction and discusses the objectives of this research. In 

Chapter 2, a literature review is conducted on the effects of additive manufacturing processes 

on nickel superalloys and advanced experimental and modeling methods. Chapter 3 discusses 

the experimental procedure that was followed, starting from sample preparations to neutron 

diffraction experiments. This chapter is categorized into three sections, preparation before the 

experiments, experimental procedure, and data post-processing. Four Hastelloy-X specimens 
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have been used in this study, each with different LPBF process parameters. The results of the 

in-situ experiments on these four specimens are presented and discussed in Chapter 4. Finally, 

Chapter 5 provides the conclusions and future work.  
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Chapter 2 

2. Literature Review 

This thesis focuses on characterizing the effects of AM process parameters on the mechanical 

performance of nickel superalloys by using diffraction techniques, e.g., neutron diffraction and 

EBSD, as well as CPFE numerical modeling. Therefore, this review is comprised of three 

sections: the first section focuses on the manufacturing processes and their application to 

Hastelloy-X, the second section focuses on the experimental techniques, and the third section 

reviews the application of crystal plasticity in modeling materials behaviour.  

• Additive Manufacturing 

AM is an advanced technique, where its various methods can be used to manufacture near-net-

shape components from metals, composites, polymers, and ceramics [9], [11]. While additive 

manufacturing techniques are broad, this study focuses on standalone AM techniques that are 

used to manufacture engineering components. AM was first commercialized in the industry in 

1987 [18]. In powder-based AM techniques, engineering components are printed incrementally 

by introducing the starting powder on the building platform and selectively melting the powder 

by an energy source according to a predefined path controlled by a computer, based on the 

geometry of the component. The whole process is iterative where the object is built layer-by-

layer. Controlling the thickness of the layer can result in almost net-shape objects [9], [10] and 

lead to a geometrical anisotropy that can be employed by AM to benefit a given application. 

Printed parts usually have finer grains due to inherent high cooling rates in the process, which 

results in higher mechanical strengths [19]. That is, finer grains introduce higher dislocation 

densities into the microstructure in the form of grain boundaries which introduce a higher 
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mechanical resistance to dislocations movement. AM processes are generally categorized into 

seven different groups by the International Organization for Standardization. These groups are 

stereolithography, material jetting, binder jetting, material extrusion, powder bed fusion, sheet 

lamination, and direct energy deposition. In stereolithography, a laser beam is used to draw the 

boundary of the build on a vat of liquid photopolymer resin. The geometry of the whole build is 

controlled by controlling the build platform movements. In material jetting, the raw material is 

deposited on the build platform in the form of droplets. Controlling the droplets' dimensions 

characterizes the build quality. While the accuracy of this process is considered high, the 

processing time is also considered high. In binder jetting, a powder is used as the raw material 

along with a binder. The raw material is rolled over the build plate and then the binder is 

applied selectively on the raw material as per the geometry of the final part. While this process 

is considered fast and easily customizable, it usually requires detailed post-processing to 

achieve the required build precision. In material extrusion, the raw material is drawn, heated, 

and deposited on the build platform through a nozzle that controls the deposition and hence 

the final build. This process is used mostly for cheap builds with polymers as the raw materials. 

In power bed fusion, the raw material is used in the form of powder, and it is deposited on the 

build platform. Then a source of thermal energy is applied to melt the powder selectively 

according to the final geometry of the part. This process can be further subcategorized based 

on the source of thermal energy. If an electron beam is used, it is called electron beam melting. 

If a laser is used, it is called laser power bed fusion (LPBF) or selective laser melting (SLM). In 

sheet lamination, the raw material is used in the form of layers and the final build is achieved 

by binding the layers using welding techniques or an adhesive. In the direct energy deposition, 
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the raw material, in the form of wire, is melted and deposited continuously on the build 

platform using a thermal energy source, either a laser beam or an electron beam. The raw 

materials used in AM processes can be solid as in sheet lamination, liquid as in the binder 

jetting, or powder as in the powder bed fusion [20]. A more general view of the mentioned 

processes is presented in figure 2.1.  

One of the recent developments in AM is extreme high-speed laser metal deposition (EHLMD) 

in which a laser beam with a bigger diameter is used to melt the powder on the substrate. The 

concept of using a big diameter laser is to subject the laser energy on melting the powder by 

covering a much larger area of the powder on the substrate and therefore, very low energy will 

penetrate the substrate. As a result, fast laser scanning speed can be employed in this process, 

which significantly reduces the production time without affecting the material cohesiveness 

[21].  

 

Figure. 2-1 Different categories of AM processes based on the raw material. Adapted from [20].  

 

One of the AM processes that is mostly used for manufacturing metals and alloys is LPBF [12].  

In LPBF, the initial powder is applied to a substrate and then a laser selectively melts the 
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powder based on the design of the final part. The parts manufactured by LPBF will have 

different final microstructures when different process parameters are used, even when the 

same initial powder is used. Here, different process parameters might lead to a different 

thermal history, such as a higher cooling rate. It was shown that better mechanical properties 

can be achieved in the parts printed using LPBF, compared to their wrought counterparts [22], 

[23]. The main process parameters in LPBF are laser power, scanning speed, layer thickness, 

hatch spacing, and scanning strategies as shown in figure 2-2 [9], [12]–[16]. Various metallic 

parts have been produced using LPBF, e.g., nickel-based superalloys [5], [13], [15]–[17], [22], 

[23], steel [12], [14] and aluminum alloys [12].  

 

Figure. 2-2 The main process parameters for the laser power bed technique [9].  

 

To examine the effects of LBPF process parameters on the microstructure and mechanical 

performance of the manufactured parts, several studies have been conducted. For example, 
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Esmaeilizadeh et al. showed that when the scanning speed of the laser is either too low or too 

high, the ultimate tensile strength of the resulting Hastelloy-X will decrease, as well as its 

ductility [16]. It was shown that when the laser speed is above a given value, partially melted 

particles will be present in the microstructure. For such cases, the finished parts tend to have a 

higher concentration of void and porosity. An example of a Hastelloy-X part built with partially 

melted particles is shown in figure 2.3. Some studies have focused on establishing a process 

window for a specific alloy that provides optimal mechanical performance. For instance, Wang 

et al. studied Hastelloy-X samples manufactured by LBPF, and proposed that for optimal 

mechanical performance, hatch spacing should be around 120 mm [24]. In another study on 

Hastelloy-X [17], Keshavarzkermani et al. showed that changing the scanning pattern can result 

in different solidification patterns and hence different grain sizes will be produced. It was 

further shown that the Hastelloy-X samples with random textures and good mechanical 

properties can be produced if a strip rotation scan is used. In this process, the next deposited 

layer is rotated 67 degrees with respect to the previously melted layer. Furthermore, in another 

study conducted on stainless steel [14], Kamath et al. showed that for a given laser power, the 

density is negatively correlated with the scanning speed because of the inefficient powder 

melting. It was also reported that mechanical properties tend to be better in a specific build 

direction compared to others. Also, Liverani et al. [25], examined the effect of the scanning 

direction and reported that changing the build orientation from 90 to 45 degrees leads to an 

improvement in the strength and fatigue resistance of printed stainless steel. In a study 

conducted by Sanchez-Mata et al., the anisotropy of the manufactured LPBF-Hastelloy-X parts 

was investigated, and it was found that the highest yield and ultimate tensile strength was 
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along the <111> orientation [13]. Keshavarzkermani et al. additively manufactured Hastelloy-X 

parts had higher strength than the ones manufactured with traditional processes [17]. In 

addition, AM has been used to produce metallic parts with specific crystallographic textures. 

For instance, the effects of beam type and laser power on the resulted texture of Inconel 718 

were studied by Wang et al. [26].  In this study, specimens were successfully printed using SLM 

with a very strong texture along the <100> direction.  

 

 

Figure. 2-3 a, b: Fracture surface of a sample manufactured using non-optimum process 

conditions, arrows point to unmelted powder particles; c, d fracture surface of the sample that 

was manufactured using optimum process conditions [24] 

 

• Nickel Superalloys 
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Many critical industrial components, e.g., gas turbine, nuclear reactors, submarines, rocket 

engines, space vehicles, experimental aircraft, steam power plants, as well as other high-

temperature applications rely heavily on nickel superalloys. Around 50% of the materials used 

in aerospace engines are nickel superalloys [27]. The operating environment in these industries 

is substantially harsh, which demands high-performance alloys for the elevated pressures and 

temperatures. Temperatures in the range of 600-950 ˚C and up to 37.5 MPa internal pressure 

are typical in these industries [28], [29].  

While nickel superalloys are necessary for high-pressure high-temperature environments, there 

are several challenges in manufacturing them. Due to their high toughness and heat resistance, 

nickel superalloys are difficult to machine and require expensive cutting tools. Furthermore, 

nickel superalloys are subjected to a rapid work hardening, especially when a high-pressure 

environment exists [30]. These limitations challenge the industry standards in reducing the 

manufacturing cost, increasing the production rate, and producing high-integrity components 

[30]. This imposes certain limitations on the amount of post-processing that can be done on the 

traditionally manufactured nickel superalloys. Therefore, some studies have explored other 

techniques to increase the material removal rates (MRRs) in nickel superalloys [31]. Another 

challenge is that controlling the orientation of the traditionally manufactured nickel superalloys 

is always a difficult task, i.e., the default random texture resulting from the normal casting 

processes is not good enough for the intended application. To address this issue, directional 

solidification was introduced in the 1970s and it was possible to manufacture and use textured 

nickel superalloys in industrial applications [30]. With the advancement in the alloying and as 

more elements are added to nickel superalloys, directional casting became less efficient. Hence, 
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some other techniques have been developed to address the problem of low machinability of 

nickel superalloys. One of these techniques is called powder processing, where the initial 

material is an ingot that is melted inside a chamber with argon gas and then atomized and 

shaped into spheres. These spheres are grouped to resemble the geometry of the final part and 

pressed using hot pressing [32]. Although powder processing was initially introduced to 

manufacture ceramics, it was later adapted to metals, especially superalloys to address their 

machinability difficulties [30]. However, this process was not optimized for metals, hence, new 

techniques such as AM were needed to advance the functionality of nickel superalloys. AM 

techniques were initially limited to manufacturing prototypes, due to the limitations in their 

production volume as well as variations in the mechanical performance of the product. With 

the continuous advancement in AM techniques and the improvement of initial powder 

materials, AM became a more feasible option. One of the first productions of nickel superalloys 

was in 2014, when ARCAM (Mölndal, Sweden) produced Inconel 718 parts by using electron 

beam melting [18]. Since then, great advancements are achieved in AM that made it the 

optimal manufacturing method for nickel superalloys, especially for manufacturing near net 

shapes that require less machinability [33]. However, due to many factors either related to the 

initial raw material or AM process parameters, inconsistent results in the mechanical 

performance of the manufactured parts have been reported, which imposes challenges on 

relying on the engineering deployment of Amed components. Nevertheless, AM processes have 

been studied extensively to overcome such challenges. For example, the effects of changing the 

scanning strategy for reducing the possibility of cracking in CM247LC was studied by Carter et 

al. [34]. It was found that a simple back and forth scanning strategy is the best way to produce a 
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homogeneous columnar grain structure with {001} grains aligned towards the build direction.  

Such observation is critical as it would efficiently allow for printed parts with a preferred 

solidification direction resembling a more controlled directional technique. It has been shown 

that while AM can advance the performance of nickel superalloys, it comes with several 

challenges in terms of variations in melt pools, liquid-solid interface velocity, and thermal 

gradients [35]. A recent study suggests that a remelting process might be integrated with LPBF-

AM, which would result in enhanced performance of nickel superalloys [36]. One of the main 

advantages of additive manufacturing is the level of control that it provides in building 

engineering components. For example, Wang et al., showed that, surface roughness of 

Hastelloy-X parts printed by LPBF can be greatly improved by reducing the layer thickness [24]. 

Further studies have also been conducted to characterize the effect of AM process parameters 

on the grain shapes of the printed samples. Graybill et al. [37] showed that grain shapes of the 

IN718 sample manufactured by Electron Beam Melting (EBM) are a function of the ratio of the 

thermal gradient over the cooling rate. When this ratio is high, i.e., high thermal gradient and 

low cooling rate, grains with columnar microstructure are nucleated. However, when the ratio 

is low, higher cooling rate and low thermal gradient, and equiaxed grains form [37].  AM is 

shown to be one of the suitable manufacturing processes for the future of nickel superalloys 

due to its ability to produce complex engineering geometries needed by industries. However, 

the effects of process parameters are not fully understood especially on the development of 

microstructure. This study is concerned with examining the influence of laser power and 

scanning speed on the resulting texture and the development of internal lattice strains of 

Hastelloy-X samples printed by LPBF-AM.  
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• Experimental Studies 

Deformation in polycrystalline materials depends on various parameters, including elastic and 

plastic properties of single crystals, crystal structure, size, and shape, as well as orientation. At 

nanoscales, atoms are packed in a specific arrangement which can affect the material’s 

properties. For example, in FCC metals, atoms are closely packed within the {111} planes which 

makes the {111} grains the hardest grains. This explains why FCC metals usually have their 

optimal mechanical properties along the <111> direction. As per definition, single crystals or 

grains are those grains that share the same orientation which defines their boundaries within 

the polycrystalline material. The orientation distribution of grains defines the material texture 

which is an important parameter in defining the mechanical performance of the material. 

Different diffraction techniques can be used to measure individual grain orientation or the 

average texture of the material, some of which are discussed in the following sections. 

2..1. Neutron Diffraction 

Neutron diffraction can be used to measure elastic strains or materials texture. In this section, 

this technique is explained, mostly based on references [38]–[45]. 

Similar to other diffraction techniques, e.g., X-ray or synchrotron X-ray, neutron diffraction is 

based on Bragg’s Law, (Eq. 2-1) [46]:  

𝑛𝜆 = 2𝑑ℎ𝑘𝑙sin𝜃          (2-1) 

where 𝜃 is half of the diffraction angle, d is the interplanar spacing of the hkl planes, 𝜆 is 

wavelength, and n is the diffraction order. A schematic of diffraction is shown in figure 2-4. 
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Figure. 2-4 Diffraction: d is the space between the diffracting planes, 𝟐𝜽 is the diffraction angle 

and it is measured in the experiment, and q is the scattering vector. Adapted from [41].  

 

One distinct aspect of neutron diffraction is that neutrons can penetrate a few centimeters in 

most engineering materials, as opposed to few micrometers’ penetration length in other 

diffraction techniques. However, for diffraction to happen, neutrons must have the 

wavelengths in the range of lattice spacing, i.e., thermal neutrons should be used. This  

relatively large penetration depth helps with averaging more grains which provide better 

statistics. 

Lattice strain is the elastic strain that develops within grains with similar orientations that 

satisfy Bragg’s condition for the given wavelength. While this strain is developing at the 

microscopic level, it directly affects material’s behaviour at the macroscopic level because it 
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depends on how the load is shared between different sets of grains within the material. The 

lattice strain measurements in Chapters three and four of this thesis were carried out at the 

ENGIN-X beamline, ISIS, Rutherford Appleton Laboratory, UK. 

A schematic of the test set up at ENGIN-X is shown in figure. 2-5. At ENGIN-X, a neutron 

whitebeam, which uses full bandwidth of neutron wavelengths, is collimated by slits and then 

passes through an adjustable aperture to define the gauge volume, which usually contains from 

hundreds to thousands of grains depending on the average size of the grains. The diffracted 

beam then passes through a radial collimator and reaches a bank of detectors. There are two 

detector banks perpendicular to the incident beam, each covering a range of angles [8]. At 

ENGIN-X, the Time Of Flight (TOF) concept is implemented, where a continuous spectrum of 

wavelength is used. In general, the pulsed beam is collimated to impinge on a specimen and is 

then diffracted towards a detector at a pre-selected diffraction angle. The time of neutron flight 

from the moderator to a detector is proportional to the neutron wavelength, which is 

proportional to the lattice spacing of the diffracting plane in the specimen [41]. By measuring 

the changes in the time of flight, one measures the changes in the plane spacing, i.e., lattice 

strain using the following equation, (Eq. 2-2): 

0

0

hkl hkl
hkl

hkl

d d

d


−
= = 

𝜆ℎ𝑘𝑙−𝜆0
ℎ𝑘𝑙

𝜆0
ℎ𝑘𝑙

=
𝑡ℎ𝑘𝑙−𝑡0

ℎ𝑘𝑙

𝑡0
ℎ𝑘𝑙

        (2-2) 

Where d is the lattice spacing for the hkl planes, λ is the specific wavelength and t is the time of 

neutron flight. Here the index 0 is referring to the reference state which is usually the initial 

state before loading. Samples can be mounted at 45 degrees with respect to the incident beam 

to measure lattice strains parallel and perpendicular to the loading direction simultaneously.  
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a. 

 

b. 

 
Figure. 2-5 (a) Schematic of ENGIN-X Neutron Diffractometer [47], and (b) the experimental 

setup at ENGIN-X, ISIS 

 

2..2. Electron Back Scatter Diffraction: 

Electron back Scatter diffraction (EBSD) is a diffraction-based technique that is used to measure 

the texture of polycrystalline material. The measured texture simply represents how grains are 

oriented with respect to the lab coordinate. EBSD has become a widely used technique in 

recent years due to the advancements in samples’ preparations, availability of scanning 

electron microscopes, and the detailed information that an EBSD map provides. The first EBSD 

work was conducted by S. Nishikawa and S. Kikuchi in 1928, where a beam of 50 keV electrons 

was used on calcite at an angle of 6° [48]. EBSD is used in scanning electron microscopes (SEM), 

where electrons with specific energy and wavelength are shined onto the sample and interact 

with the surface atoms. The sample is tilted at an angle (typically in the range of ~60-70˚) to 

reduce the energy loss of the electron beam. When an electron beam hits the surface of a 

sample, due to elastic interactions between the incident beam and planes of atoms, Kikuchi 

patterns are formed on the phosphor screen of the EBSD detector. Typically, more than one 

Detectors 

Deformation rig 
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Kikuchi band is formed, and measuring the angle between the bands along with the bands’ 

width can lead to characterizing the grain orientations. 

EBSD has been used extensively to characterize nickel superalloys. For example, Lin et al. 

conducted an EBSD analysis to examine the role of the δ phase during a hot compressive 

deformation and found out that the presence δ phase affected the nucleation and growth of 

the grains during dynamic recrystallization by inducing subgrains rotations [49]. In a more 

recent study on K648 superalloy manufactured by extreme high-speed laser metal deposition 

process (EHLMD),  EBSD was used to examine the microstructure of the printed samples. It was 

shown that using this new advanced process, columnar grains are nucleated and grown in the 

build direction with fine equiaxed grains found between layers nucleated in the melt pool [21]. 

These studies show the power of EBSD in revealing key information about texture and 

microstructure. These characterizations are important in defining the materials’ performance as 

grain morphology and orientation are the key elements in the anisotropy that affect mechanical 

performance.  

• Modeling 

The deformation mechanisms of polycrystalline materials are generally characterized by taking 

into account the properties and morphologies of single crystals and how they interact at 

different length scales. Crystal plasticity is a class of material constitutive equations that can be 

used for modeling deformation mechanisms of polycrystals. The principle of crystal plasticity is 

based on decomposing the deformation gradient into the elastic and plastic parts. The elastic 

part represents the elastic stretch of the crystal lattice and the plastic component represents 

the permeant deformation due to the motion of dislocations through the lattice- also known as 
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slip. To model texture evolution, the constitutive equations are used to update the orientation 

of each grain and its subsequent effects on the material’s anisotropy. The concept of crystal 

plasticity was formed by the work of Taylor, Schmid, and their coworkers [50], [51] after the 

early qualitative observations of slip in aluminum. Various assumptions have been proposed to 

calculate the deformation or rotation of each grain; for example, Taylor proposed that each 

grain experiences the same strain as the applied one [52]. This observation is formulated in a 

theory called “full constraint theory” which calculates the upper bound stress. In this theory, 

each grain will be subjected to different stress conditions; as a result, force equilibrium 

equations will not be satisfied among grains. Another assumption was proposed by Sachs [20],  

where each grain is subjected to the same stress state as the one applied, resulting in the lower 

bound for stress. However, the Sachs model does not satisfy the compatibility equations. Other 

models were developed to address the interaction between grains, e.g., the self consistent (SC) 

modeling framework [53], [54] in which the interaction between adjacent grains is substituted 

by a simplified interaction of a grain with an average effective medium. In the SC framework, 

the true interaction between a grain and its surrounding neighbours is replaced by the 

interaction of the grain with a medium that represents all of the other grains. Another model 

that was used to model nickel superalloys is based on the Bodner Partom unified constitutive 

model where all plastic deformation mechanisms are modeled with a single kinetic equation 

that defines the plastic strain rate [55]. This model is based on a flow rule that relates the 

plastic strain rate to the deviatoric stress, a kinetic equation that characterizes the plastic strain 

rate to stress invariants by using a function that depends on temperature and internal state 

variables. While the model provides reasonably good results for nickel superalloys, its 
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application was limited to monotonic loading due to the simplifications carried out on the 

formulating equations. The most realistic representation of the interaction between grains can 

be achieved in the finite element framework where both equilibrium and compatibility 

equations can be solved, in the weak form, simultaneously. Another advancement in this area 

was achieved recently, where the exact solution to the equilibrium equations can be 

determined, by using a formulation that computes the local response of polycrystals based on a 

fast Fourier transform algorithm [56]–[58]. 

In the current research, the kinematic theory for mechanics of crystals is adopted to conduct 

the CPFE simulations. It was initially proposed by Hill [59], Rice [60], and Rice and Hill [61]; 

These equations were subsequently rewritten in the format that can be implemented in the 

finite element framework by Asaro and coworkers [62]–[65]. In the kinematic equations, it is 

proposed that the total deformation in a polycrystalline material can be decomposed into the 

elastic and plastic parts in which the former causes lattice stretching and rotation, and the 

latter causes shear in the crystal by the movement of dislocations on a specific plane, called the 

slip plane, and in a specific direction, called the slip direction. 

 

Multiple slip systems (at most five systems) can contribute to the total plastic deformation of a 

polycrystalline material where shear in each slip system can be calculated by considering two 

different approaches. In the first approach, also called the rate-independent approach, Taylor 

assumed that between all of the possible combinations of slips systems, the set that minimizes 

plastic work rate contributes to deformation [52]. A solution to the Taylor assumption could 
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potentially be more than one set of systems, which causes the so-called “Taylor ambiguity”, 

which occurs when choosing different sets of slip systems can lead to different texture 

evolution. Alternatively, the energy assumption of Taylor was solved by Bishop and Hill [66] 

where the maximum work principle determines the deviatoric stress vector for a prescribed 

strain. In the second approach, a visco-plastic strain rate sensitivity [65], [67] is implemented, 

where shear can take place in all of the potentially active slip systems. This approach is called 

the rate-dependent scheme and is the one adopted in the current research. In this approach, 

the value of the shear is a function of the ratio of the resolved shear stress on each slip system 

and the current strength of the system [65], [67], [68]. The strength of the system can also 

evolve with the shear on each system. For instance, Pierce et al. [63] proposed a model in 

which the strength of each slip system correlates with the secant hyperbolic of the total shear 

on all of the systems. While the Peirce model is simple, Bauschinger effects cannot be captured 

in this model. Alternative models have been proposed when Bauschinger effects are of interest, 

e.g., Bassani and Wu [69]. In this research an extended Voce hardening rule [70] is used, where 

the strength of each slip system is proportional to the total accumulated shear on all of the 

systems (Eq. 2-3) 

      (2-3) 

where 𝜏 is the strength of the system α, 𝜏0is the critical resolved shear stress of the system α 

and Г is the accumulated plastic shear. The contribution of each parameter to the hardening 

law for each slip system is shown in figure 2-6. This is a phenomenological hardening law that 

has been used successfully in many prior models e.g., [70]–[72].  
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Figure. 2-6 Schematic representation of Voce hardening law. θ0 and θ1 are the voce hardening 

parameters.  [70]. 

 

Hastelloy-X  is a Ni-Cr-Fe-Mo single-phase alloy and has an FCC crystal structure. Generally, the 

strength and hardening of nickel superalloys depend on intermetallic compound precipitation 

in the FCC matrix [73] [3], [7]. Hastelloy-X, like many other nickel superalloys, does experience 

plastic anisotropy based on the applied loading condition. This anisotropy is further enhanced 

in 3D printed samples. For example, Coakley et al. examined the deformation mechanisms in 

polycrystalline nickel superalloys by examining the motion of diffraction peaks during a loading 

experiment, where each peak represents a family of grains sharing a common {hkl} diffraction 

plane and showed that the stress distribution between each grain is dependent on the 

orientation of the grains due to the elastic anisotropy of single crystals, while in the plastic 

region a redistribution occurs based on how easily grains deform [6]. The main deformation 

mechanism in nickel superalloys is the dislocation slip on their {111} <110> octahedral slip 
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systems. However, some studies have reported the activation of other plastic mechanisms such 

as dynamic strain aging, twinning, and anomalous yielding with hot deformation [74]. For 

example, Abuzaid et al. [75] used digital image correlation and EBSD to investigate the role of 

the residual Burgers vector in slip transmission and plastic strain accumulation at the mesoscale 

and showed that the main deformation mechanism in Hastelloy-X manufactured by LPBF is the 

dislocation slip on {111}<110>. In this study, the main slip system considered active in modeling 

is {111} <110> with 12 variants. However, some studies were also conducted to test the activity 

of other reported mechanisms in nickel superalloys such as dislocation slip on {111}<112> [76], 

and deformation twinning that is orientation-dependent [13]. Another study conducted on a 

nickel superalloy showed that the primary deformation mechanism is the dislocation slip and it 

dictates the onset of plasticity as well as the initial yielding, but when the deformation 

continues, nano twins form [77].  
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Chapter 3  

3. Experimental procedure and model set-up 

• Experimental procedure 

Four Hastelloy-X samples were manufactured with an LPBF- EOS M290 machine using different 

process parameters as shown in Table 3-1. This research focuses on the influence of scanning 

speed (v) and laser power (p) on the final microstructure of the as-built parts.  Therefore, all 

four samples were manufactured using the same parameters except for laser power and 

scanning speed. In addition, all samples were manufactured with the same powder, having a 

D90 of 46 μm. The nominal chemical composition of the powder is provided in Table 3-2 [8]. 

Table. 3-1 The process parameters used in this study. 
 

Sample# Laser Power (p), 
W 

Scanning Speed (v), 
mm/s 

Hatch Spacing 
(d), mm 

SE, J/mm2 

Sample1 150 1000 0.1 1.5 

Sample2 150 600 0.1 2.5 

Sample3 200 1000 0.1 2.0 

Sample4 250 1000 0.1 2.5 

 

A specific energy (SE) term is defined as SE = 
𝑝

𝑣𝑑⁄ , where d refers to the hatch spacing. SE 

characterizes the amount of input energy per unit area of the build layer. The cross-section area 

of the LBPF as-built samples was 1 × 1 cm2, with 8 cm height (see figure 3-1). For the in-situ 

neutron diffraction experiments, compression specimens with the dimensions of 4 mm × 4 mm 

× 10 mm were cut from the as-built samples using wire electrical discharge machining (EDM). 
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Figure. 3-1 One of the printed samples with the coordinate system used in this study. 

 

The dimensions of the compression specimens were chosen based on an FEM analysis to avoid 

buckling, which was confirmed during the experiment by monitoring macroscopic strain. Two 

other specimens from each sample were cut by EDM for analysis with EBSD, one cut on the X-Z 

plane and another one across the Y-Z plane as shown in figure 3-1. In this paper, Z refers to the 

build direction (BD), Y refers to the laser scanning direction (SD), and X is the transverse 

direction (TD) perpendicular to the other two. To prepare the specimen surfaces for EBSD 

analysis, all specimens’ surfaces were first ground with silicon carbide paper from 320 to 1200 

grit, polished with diamond suspensions of 6 µm, 3 µm, and 1 µm, then finally finished with 

colloidal silica. The EBSD scans were subsequently performed with an acceleration voltage of 20 

keV. Due to the presence of both small and big grains, a step size of 500 nm was used in all 

measurements to ensure all grains are indexed. An area of 0.5 × 0.5 mm2 was scanned in each 

EBSD map. 

Table. 3-2 Nominal chemical composition (in wt%) of Hastelloy-X gas-atomized powder used 

for LPBF [8]. 
 

Ti Al Cu Mn Si C Co W Mo Fe Cr Ni 

< 0.15 < 0.5 < 0.5 < 1 < 1 < 0.1 1.5 ± 1 0.6 ± 0.4 9 ± 1 18.5 ± 1.5 21.75 ± 1.25 balance 
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The in-situ uniaxial compression experiments were performed at the ENGIN-X neutron 

diffractometer, UK, using the time-of-flight (TOF) technique to acquire diffraction patterns. The 

TOF method is based on measuring the time it takes for neutrons created in a near-

instantaneous pulse to travel from a moderator to the detector. This time is proportional to a 

wavelength, which is, in turn, proportional to lattice spacing for a given hkl diffracting plane 

through Bragg’s Law, (Eq. 3-1) [46] 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙sin𝜃          (3-1) 

where λ is the neutron wavelength, 𝑑ℎ𝑘𝑙 is the interplanar spacing of the hkl diffracting planes, 

and θ is half of the diffraction angle. Under an externally applied load, the interplanar distance 

between atomic planes changes, and hence the internal elastic lattice strains can be calculated 

by measuring the change in the lattice spacing for a given hkl, (Eq. 3-2)  [78] 

0
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hkl hkl
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d d

d
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−
=           (3-2) 

where  0

hkld  is the reference spacing for hkl planes before any load is applied and, 𝑑ℎ𝑘𝑙  is the 

interplanar spacing when the material is subjected to the load. 
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• Model Set-up 

The development of accurate constitutive models for simulating plastic deformation by slip and 

twinning in the finite element framework is an active research area [46], [51], [76], [79], [80]. In 

this study, however, CPFE modeling is used to investigate the variation of lattice strains in the 

printed specimens by changing the LPBF-AM process parameters. The details of the model used 

for simulating plastic deformation by slip can be found in [81], and only a brief description of 

the model is provided here. A UMAT subroutine is used that calculates the stress increments 

and updates a set of solution-dependent state variables based on the inputs provided by the 

ABAQUS FE solver, i.e., strain, rotation, time, and temperature increments. The total strain 

increment (∆𝜺 ) can be decomposed into the elastic (∆𝜺𝒆𝒍) and the plastic (∆𝜺𝒑𝒍) parts. 

Throughout this study, it is assumed that plastic strain is only affected by crystallographic slip 

because the specimens were only strained to 5%, where stresses are not anticipated to initiate 

any other plastic deformation modes. For calculating the plastic strain increment, the plastic 

part of the deformation rate (𝑫𝒑𝒍) is integrated over each time increment, i.e. 

𝜺̇𝒑𝒍 = 𝑫𝒑𝒍 = ∑ 𝑷𝜶𝛾̇𝛼𝑁𝑠𝑝𝑙

𝛼=1          (3-3) 

𝑷𝜶 = 𝑠𝑦𝑚(𝑺𝜶) 𝑤ℎ𝑒𝑟𝑒 𝑺𝜶 = 𝑑𝛼 ⊗ 𝑛⃗⃗𝛼       (3-4) 

where 𝑷𝜶 is the symmetric part of the Schmid tensor (𝑺𝜶),  𝛾̇𝛼 is the shear rate on the slip 

system 𝛼, and 𝑑𝛼 and 𝑛⃗⃗𝛼 are respectively the slip direction and the normal of the slip plane for 

the same slip system. The shear strain rate  on each slip system is calculated using a rate-

dependent equation [65] 
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𝛾̇𝛼 = 𝛾̇0 |
𝜏𝛼

𝑔𝛼|
𝑛

𝑠𝑖𝑔𝑛 (
𝜏𝛼

𝑔𝛼)         (3-5) 

where n controls the rate dependency, 𝛾̇0 is the reference shear rate of the slip system α, 𝜏𝛼is 

the resolved shear stress acting on the slip plane and 𝑔𝛼 is the current critical resolved shear 

stress (CRSS) for the same slip system.  

The resolved shear stress 𝜏𝛼 on each slip system is calculated using the symmetric part of the 

Schmid tensor Pα and the Kirchhoff stress 𝚿 

𝜏𝛼 = 𝑷𝜶: 𝚿           (3-6) 

The Jaumann rate of Kirchhoff stress (𝚿̆ ) is calculated using 

𝜳̆ = ℂ: 𝑫𝒆  𝑤ℎ𝑒𝑟𝑒 𝜳̆ = 𝜳̇ − 𝜴𝒆𝜳 + 𝜳𝜴𝒆       (3-7) 

where ℂ  is the stiffness tensor, and 𝑫𝒆 and 𝛀𝐞 are the elastic parts of the deformation rate and 

spin tensors, respectively. They can be calculated using the symmetric and asymmetric parts of 

the elastic part of the velocity gradient. The strength of each slip system 𝑔𝛼 is assumed to 

follow an extended Voce hardening rule [81] 

𝑔𝛼 =  𝑔0
𝛼  +  (𝑔1

𝛼 + 𝜃1
𝛼Г)(1 −  𝑒𝑥𝑝(−

𝜃0
𝛼Г

𝑔1
𝛼 ))       (3-8) 

where 𝑔𝛼 is the current CRSS, 𝑔0
𝛼 the initial CRSS, Г accumulated shear on all slip systems, 𝜃0

𝛼 

initial hardening rate, and 𝑔1
𝛼 and 𝜃1

𝛼 determine asymptotic characteristics of hardening.  
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a. 

 

 

b. 

 
Figure. 3-2 Finite element input models for polycrystalline Hastelloy-X with 5184 distinct 

orientations on the TD-BD plane, (a) specimen 1 and (b) specimen 2. Elements are color-coded 

with respect to the Phi1 of the measured Euler angles. 
 

 

The FE input model is shown in figure. 3-2. To build the model in Abaqus, a cubic volume with a 

side length of 1 mm, located in the centre of the probed volume was meshed for CPFE 

modeling. First-order cubic elements (C3D8) were used for meshing the model cube. The 

crystallographic orientation of each modeled grain was measured using EBSD. The measured 

orientations from EBSD maps were assigned to elements, using the 2D coordinates of the 

measurement points and the coordinate of the element. No orientation averaging was done as 

EBSD results indicated significant orientation variations within each grain (see section 4.1.1), 

even before applying any load and plastic deformation. A total of 5184 (72 x 72) discrete 

orientations on the TD-BD plane (X-Z plane) were imported into the FE model and extend along 

the SD (Y-Axis) with 10 elements assigned to this direction, therefore, a total of 51840 elements 

were used in the modeled cube. The simple extrusion in the third direction is based on the 

results of the EBSD measurements on the BD-SD planes (Z-Y plane) where very few grains were 

measured on the BD-SD plane of the textured samples 2 and 4 (figures 4-1j and 4-1l). For 
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samples 1 and 3, a random texture is already assigned to the BD-TD plane of the model. The 

input models of the randomly-textured specimen 1 and highly-textured specimen 2 are 

respectively shown in figure. 3-2a and 3-2b. To check the validity of this procedure,  the 

imported texture is compared to the experimental one for all four specimens and the results 

are shown in figure 4-2.It can be seen that most of the texture features of the experimental 

results are captured in the imported ones. A periodic boundary condition was applied to all 

input models to replicate the periodic microstructures of the printed specimens. All models 

were strained along the BD (Z axis) using the strain rate of 5.5 x 10-5 s-1. In addition, all models 

were strained to 5%, except for the one representing specimen 4, which buckled at 1.5% 

applied strain. As Hastelloy-X has single-phase FCC crystals [4], the main slip system considered 

active in modeling is {111} <110> with 12 variants, although other systems are also tested and 

discussed in section 4.2.1   

The elastic constants of Hastelloy-X single crystals were taken from Canistraro et al. and are 

provided in Table 3.3 [82]. The parameter n in (Eq. 3-5)  controls materials rate dependency and 

many nickel-based superalloys are reported rate-independent, i.e., n is equal to or greater than 

50 [82]–[84].  Therefore, the value of n is set equal to 50, with 𝛾̇0= 0.003 sec-1. To the best of 

our knowledge, the parameters of Voce hardening law have not been reported for Hastelloy-X. 

Hence, in the modeling, the Voce hardening parameters 𝑔0, 𝑔1 , 𝜃0 and 𝜃0 were taken as 

adjustable fitting parameters. The values of 𝑔0 and 𝑔1 were both initially taken as 175 MPa 

based on the values reported in [85]. The validity of the fitting parameters are examined by 

comparing CPFE results with the experimental ones. When the number of the fitting 

parameters is large, using one lattice strain curve is unlikely to pose sufficient constraints. That 
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is, various combinations of hardening parameters may lead to the same results. Fitting to a 

larger data set is obviously more difficult, but introduces more constraints leading to a better fit 

for the parameters. Therefore, an inverse approach was used in this study. This approach is 

based on adjusting the parameters in an iterative manner to simultaneously improve the fit to 

all the macroscopic flow curves and lattice strains. The data sets include 4 flow curves and 8 

sets of lattice strains. The fitting parameters derived through such a process are more reliable 

than those derived through fitting to only one or two test and/or measurement directions. 

However, given the manual nature of this approach, they cannot be considered necessarily the 

best fit, and further, may not provide a unique solution. A summary of the single crystal 

parameters used in this study is presented in Table. 3-3. 

Here, these parameters are tuned by using the values reported in the reference [85] as an initial 

guess and subsequently optimizing the agreement between the CPFE and experimental results 

for the macroscopic stress-strain curves. A summary of the single crystal parameters used in 

this study is presented in Table. 3-3. 
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Table. 3-3 Single Crystal properties for Hastelloy-X were used in the CPFE model. 

Slip system C11, GPa C12, GPa C44, GPa 𝑔0, MPa  𝑔1, MPa 𝛾̇0, s-1 n 𝜃0, MPa 𝜃1, MPa 

{111} <110> 227.7 155.5 118.7 230 120 0.003 50 550 120 

 

To summarize, at the beginning of each time increment, the Abaqus FE solver sends the total 

strain (∆𝜀) and time increments to the UMAT for calculating the increment of stress and the 

Jacobian matrix (𝐽 =
𝜕∆𝜎

𝜕∆𝜀
) at each integration point (IP). Eq. 3-3 is used to calculate the 

increment of the plastic strain (∆𝜀𝑝) considering the current state of the stress, and the 

magnitudes of the current shear strain increments from Eq. 3-5. Here, shear strain increments 

are calculated by multiplying the estimated shear strain rates (𝛾̇𝛼) of Eq. 3-5 with the provided 

time increment. Once the plastic strain increment (∆𝜀𝑝) is calculated, it is possible to calculate 

the increment of elastic strain (∆𝜀𝑒) and the resulting stress increment from this equation, 

∆𝜀𝑒 = ∆𝜀 − ∆𝜀𝑝. The UMAT subroutine considers the effects of large deformation. Hence, a 

Newton-Raphson algorithm is used to iterate using the newly calculated values until the 

convergence at each time increment is achieved. This procedure is thoroughly discussed in 

Abdolvand et al. [46]. The updated 𝜀𝑒 and orientation of each IP is used to calculate the elastic 

lattice strain for a given hkl reflection in the directions of the measured scattering vectors q1 

and q2. The calculated values are subsequently compared with the measured ones from 

neutron diffraction to determine the deformation mechanisms of each specimen.   
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Chapter 4 

4. Results and Discussion  

In this chapter, the experimental and numerical modeling results are presented. These are in 

the form of orientation maps, stress-strain curves, and lattice strain evolutions.  The orientation 

maps acquired by the EBSD analysis are imported to the CPFE model to calculate the average 

stress-strain curves as well as lattice strain developments and compare the numerical results to 

those measured in the experiment. 

• Experimental and modeling results 

4..1. The initial microstructure and crystallographic texture 

In this section, the measured initial microstructures and textures are analyzed. These 

measurements are used to prepare the CPFE input files. The measured microstructures of all 

four specimens are shown in figure. 4-1. The first column represents the measured grain 

structures of the TD-BD plane using a scanning electron microscope, while the corresponding 

measured orientation maps for the TD-BD and SD-BD planes are respectively shown in the 

second and third columns. The results suggest that as the SE increases, the specimens become 

more textured. When the SE is 1.5 J/ mm2, as in specimen 1 (figures. 4-1a, 4-1e, and 4-1i), the 

material has a random texture. However, when the SE is 2.5 J/ mm2, as in specimen 2 (figures. 

4-1b, 4-1f, and 4-1j) and specimen 4 (figures. 4-1d, 4-1h, and 4-1l), the resulting material is 

heavily textured with columnar grains, extended along the BD. For SE of 2.0 J/ mm2, relatively 

textured material is produced as in specimen 3 (figures. 4-1c, 4-1g, and 4-1k). It has been shown 

that when a high scanning speed (1300 mm/s) is used, partially melted particles might exist in 

the microstructure [16]. Such phenomenon is associated with the increase in the laser speed, 
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which will reduce the provided thermal energy per unit time in the melt pool. Figures. 4-1a and 

4-1e reveal similar effects in specimen 1, with low SE, where some pores are randomly 

distributed across the specimen. The observed pores are a result of the removal of these 

partially melted particles that happen during the polishing steps. The partially melted particles 

can also act as nucleation sites for new grains, which leads to the formation of randomly-

textured specimens when a high laser scanning speed is used. It is worth noting that a low SE 

can be a result of high scanning speed, small hatch spacing, or low laser power. 

When the SE is low, e.g., specimen 1, the laser power can barely melt the current layer. 

Therefore, grain nucleation is favorable on the new layer as opposed to grain growth from the 

previous layer. As SE increases, e.g., for specimens 2 and 4, there is enough energy to melt both 

the current layer and one or more previous layers. For such cases, grain growth is more 

favorable over grain nucleation, which leads to the development of a strong texture and the 

formation of columnar grains extended along the building direction. Such microstructure is 

observed in the EBSD maps of specimens 2 and 4, while a semi-columnar grain morphology is 

observed for specimen 3.  
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  Specimen-1 a. 
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i. 

 

Specimen-2 

b. 

 

f. 

  

j. 

 

Specimen-3 

c. 

 

g. 

    

k. 

 

Specimen-4 

d. 

 

h. 

  

l. 

 
Figure. 4-1 The initial microstructure of (a) specimen 1, (b) specimen 2, (c) specimen 3, and (d) 

specimen 4 were measured on the TD-BD plane. The corresponding EBSD maps of the TD-BD 

plane and SD-BD planes are respectively shown in the second and third columns. Grains are 

color-coded using inverse pole figure BD with the corresponding legend shown in (a). Red circles 

in (a) and (e) show the location of pores.  
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  Specimen-1 
a. 
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Specimen-2 
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Specimen-3 
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Specimen-4 

d. 

  

h. 

 
Figure. 4-2 A comparison between the experimental EBSD maps of (a) specimen 1, (b) 

specimen 2, (c) specimen 3, and (d) specimen 4 as measured on the TD-BD plane and the 

corresponding EBSD maps of the imported texture on the same plane, shown in the second 

column. Grains are color-coded using inverse pole figure BD with the corresponding legend 

shown in (a).  
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In figure. 4-1f, two distinct regions in specimen 2 are observed. The first layer, region A, was 

under the laser exposure and has a relatively uniform orientation. The second layer, region B, is 

a result of the merging of the two adjacent A-layers. B-layers are usually exposed to the laser 

energy more than just once and can be remelted in the LPBF process when the two adjacent A-

layers are being melted, due to the use of higher SEs. Hence, they are more susceptible to 

orient towards the <100>, which is the preferred growth crystallographic direction in FCC 

materials [17]. When the SE drops to 2 J/mm2, as in specimen 3, these two distinctive regions 

still exist but are not continuous along the BD. Because of the reduction in the input energy, the 

thermal gradient in the melt pool is reduced, therefore, the capability of the laser to 

continuously melt the current and the previous layers is also reduced. Hence, shorter columnar 

grains are formed.  
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f. 
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g. 

 
d. 

 

h. 

 
Figure. 4-3 Pole figures of the specimens for the TD-BD planes: (a) specimen 1, (b) specimen 2, 

(c) specimen 3, and (d) specimen 4.  Pole figures for the SD-BD planes: (e) specimen 1, (f) 

specimen 2, (g) specimen 3, and h) specimen 4. 

 

The calculated pole figures from the EBSD maps are shown in figure. 4-3. The first and second 

columns respectively represent the pole figures from TD-BD and SD-BD planes. It can be seen 

that while specimen 4 has a relatively stronger texture than specimen 2, especially along (100) 

and (111) planes of TD-BD measurement (see figures. 4-3b and 4-3d), specimen 2 has a stronger 

texture in the SD-BD plane (figure. 4-3f vs 4-3h). 
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Although the same SE was used for both specimens 2 and 4, a lower scanning speed was used 

for specimen 2 which provided more time for the laser to dissipate to the material during 

scanning, and hence more grains are oriented along the SD. By examining the orientation maps 

and pole figures along the TD-BD plane and SD-BD planes for the four specimens, some general 

trends can be observed. It is observed that (100) grains are oriented along the SD and their 

intensity increases as the SE increases. However, along the BD, (110) grains are more prevalent 

in all four specimens and their intensity also increases with SE. In addition, specimen 4 has a 

high population of (100) orientations along the BD, while it has the lowest population of (111) 

along the BD. Since (100) is the elastically softest orientation in FCC materials and (111) is the 

stiffest one, specimen 4 has the lowest overall modulus along the BD, which is also the loading 

direction. 

The initial neutron diffraction profiles of the specimens are shown in figure. 4-4. In this figure, 

the red profile represents diffraction along the loading direction (BD) while the black profile 

represents the SD. Generally, the trends observed in the neutron diffraction profiles are 

consistent with those observed in pole figures. Specimen 1 has a random texture which is 

evident from the diffraction profile by the intensity of the 4 planes, i.e.,{111}, {220}, {311}, and 

{200}, a trend that holds for both BD and SD directions. For the heavily textured specimens 2 

and 4, very similar diffraction profiles are measured. For instance, the intensity of {200} planes 

along the SD is quite high, which is also consistent with the pole figures calculated from the 

EBSD maps. However, the intensity of the peaks in specimen 3 does not show as strong a 

variation as specimens 2 and 4 do, indicating that specimen 3 is a relatively textured material. It 

is worth noting that in all four specimens, {220} planes are oriented normal to the BD while the 
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{200} planes are oriented normal to the SD. In addition, in the textured specimens, the intensity 

of planes other than {200} and {220} is much lower. For example, in specimen 4, the {111} 

intensity is considerably lower than the intensity of the other planes. 

a. 

 

b. 

 
c. 

 

d. 

 
Figure. 4-4 Neutron diffraction peak profiles for (a) specimen 1, (b) specimen 2, (c) specimen 3, 

(d) specimen 4. Red represents BD, black represents SD. 

 
 

4..2. The average stress-strain curves 

The measured and calculated stress-strain curves are shown in figure. 4-5.  For CPFE results, the 

average stresses and strains at each time step are calculated by averaging all values from all IPs. 

Generally, good results were achieved using the single crystal parameters of Table 3-3. As 

illustrated in figure. 4-3, using different process parameters has produced different textures, 

which in turn has resulted in different elastic and plastic behaviours. Both experimental and 

numerical results show that the yield point for specimen 3 is slightly higher than specimens 2 

and 4. In addition, both results show that the elastic modulus of specimens 1 and 3 is slightly 

lower than specimens 2 and 4. This is related to the texture and process parameters. As most of 
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the {001} poles (soft grains) are oriented towards the loading direction, and almost no {111} 

poles (hard grains) are oriented towards the loading direction in specimens 2 and 4, it is 

expected that a softer response is seen for these two specimens. In addition, the results shown 

for specimens 1 to 3 are up to 5% applied strain where no buckling was observed, however, an 

early buckling was observed in specimen 4, and hence data up to 1.5% applied strain is 

presented in this study. The early buckling is due to the heavy texture of this specimen and 

having the most {001} planes oriented towards the loading direction, with almost no {111} 

planes in the same. This is an evidence of strong elastic and plastic anisotropy resulting from 

the strong texture of specimen 4, which is the outcome of using different manufacturing 

process parameters. 

a. 

 
 
 

b. 

 
 

c. 

 
 

d. 

 

Figure. 4-5 A comparison between the measured and calculated stress-strain curves for (a) 

specimen 1, (b) specimen 2, (c) specimen 3, and (d) specimen 4. 
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4..3. Lattice strains 

Lattice strains were measured in-situ in both the loading and Poisson directions. For all four 

specimens, the loading direction is parallel to the specimen BD, while the Poisson direction is 

parallel to the SD.  The measured and calculated lattice strains are shown and compared in 

figure. 4-6. Results presented in the left column are for the BD while those in the right column 

are for the SD. Lattice strains in the loading direction are negative because of the compressive 

load, but in the SD, the specimen expands from the Poisson effect and hence lattice strains are 

positive. All internal strains are plotted with respect to the macroscopic measured stresses. 

Generally, the experimental trends are well-captured by the CPFE model. For example, as 

expected for FCC materials, the {311} lattice strains hardly deviate from linearity in both model 

and experiment. The macroscopic yield point of each specimen is shown with the horizontal 

blue line where lattice strains start to deviate from linearity. In the simulation results, it is 

shown that in all specimens and for both measurement directions, the calculated lattice strains 

below the macroscopic yield points are in very good agreement with the experimental data, 

indicating that the elastic modulus used in CPFE simulations can accurately replicate the 

internal elastic strains. 
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Figure.4-6 A comparison between the measured and calculated lattice strains along the BD for 

(a) specimen 1 (c) specimen 2 (e) specimen 3 (g) specimen 4, and along the SD for (b) specimen 1 

(d) specimen 2 (f) specimen 3 (h) specimen 4. YS line represents the yield strength of each 

specimen. 
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In the BD, two distinct inflections are observed in the {200} and {220} lattice strains of all 

specimens. Both modeling and experimental results show that {200} planes carry significant 

elastic strain. As shown in Table 4-1, CPFE results show that the number of diffracting IPs for 

{200} lattice strains decrease with loading while those of {220} lattice strains increase indicating 

that grains rotate towards {220}. This change in the number of diffracting IPs and the inflections 

observed in the lattice strains point to a load transfer among the grains, which was also 

reported for two other superalloys of nickel, Haynes 282 [74] and CM247LC [6]. Perhaps, a 

clearer load transfer is observed in the SD of specimen 1 (figure. 4-6b) where an abrupt 

significant inflection is observed in {200} lattice strains at around the macroscopic yield point. 

Interestingly, CPFE results replicate such an abrupt inflection in both {200} strains and the 

corresponding gradual change in {220} lattice strains. Results shown here indicate that the 

model was very successful in predicting the evolution of lattice strains for the complex 

microstructure of the alloy. In addition, lattice strains tend to evolve similarly along the BD and 

SD. For example, in both the BD and the SD, the stiffest grains are those with their {111} poles 

oriented along that direction. In addition, an abrupt change is observed in the {200} lattice 

strains measured along the SD, indicating a load transfer.  

As shown in previous sections, the effects of AM process parameters are reflected in the 

texture development, which subsequently affects the evolution of lattice strains. Some of the 

measured lattice strains in the heavily textured specimens are generally noisy because of the 

low number of diffracting grains. For example, a comparison between the number of diffracting 

IPs between specimen 1 with random texture and the textured specimen 2 is provided in Table 

4-1. Comparisons are made for the {111} and {200} lattice strains along the BD. It can be seen 
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that in specimen 1, more than 8325 IPs contribute to {111} strains while less than 480 IPs 

contribute to that of specimen 2. On the other hand, specimen 2 has more grains contributing 

to {200} strains compared to specimen 1.  

 

Table. 4-1 A comparison between the number of diffracting IP of {111} and {200} planes in 

specimens 1 and 2. Lattice strains are for the BD.   

Applied Stress 
- specimen 1 

(MPa) 

Number of Diffracting IP Applied Stress- 
specimen 2 

(MPa) 

Number of Diffracting IP 

{111} {220} {200} {111} {200} 

-136.96 12432 21594 25488 -201.52 480 79676 

-273.79 12431 21602 25488 -374.46 456 79568 

-430.12 12070 21866 25376 -436.01 410 79703 

-502.00 10999 22602 25140 -492.98 378 79708 

-562.76 9975 23402 24762 -535.70 361 79633 

-603.49 9470 24170 24470 -605.15 350 79439 

-657.39 8873 25236 24063 -642.07 339 79247 

-693.83 8525 25919 23833 -668.56 320 79045 

-721.85 8325 26508 23664 -702.37 305 78796 

 

• Discussion 

4..1. General Trends 

LPBF-AM resembles welding, to a great extent, where a significant amount of heat is supplied 

to the powder material to melt and shape it to the required geometry. Such processes 

introduce significant thermal residual stresses in the material. The residual stresses are 

expected to increase with the supplied energy, i.e., as a function of SE. These residual stresses 

are not incorporated in the CPFE simulations, which could explain why the macroscopic stress-

strain curves of figure. 4-5 for specimens 2 and 4 with SE = 2.5 J/ mm2 are slightly 

underestimated. Such underestimation is at minimum for specimen 1 with the lowest SE = 1.5 

J/ mm2, which correlates with the expected trends for residual stresses. In addition, one other 
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source of such underestimation could be associated with the development of strong texture in 

specimens 2 and 4, where columnar grains with minimum grain boundaries in the BD form. In 

comparison to specimens 2 and 4, more grain boundaries are observed in specimens 1 and 3. 

The presence of grain boundaries and misorientation induces localized stress fields near the 

grain boundaries as a result of the requirement to maintain compatibility. This subsequently 

contributes to the calculated macroscopic stress-strain curves and leads to an overestimation 

as observed for specimen 1 (figure. 4-5a). Nevertheless, most of the macroscopic and 

microscopic trends were captured in the numerical results using only one slip system, {111} 

<110>, and with the use of a conventional crystal plasticity model. Hence, the microstructure, 

as well as the crystallographic texture, play a significant role in determining the underlying 

deformation mechanisms in additively manufactured Hastelloy-X specimens.  

To examine the possible activity of other slip systems, CPFE simulations were conducted using 

the same model setup, yet by activating other slip systems, e.g., {111} <112>. This slip system 

has been reported to play a role in the deformation of nickel-based superalloys [76]. However, 

the results did not show any improvements, suggesting that the primary slip system for 

Hastelloy-X is {111} <110> and that this slip system is the most active system at the early stages 

of plasticity. In addition, the activation of {111} <112> slip systems, reported in [76], is 

attributed to the presence of γ' as a secondary phase- this phase does not exist in the Hastelloy-

X specimens used here, which can explain the absence of {111} <112> activity in the current 

study. 
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4..2. The effect of process parameters 

A 150 W laser power was used for both specimens 1 and 2, but the reduction in the scanning 

speed increases the energy input per unit time. The input energy along with the induced 

thermal gradients control the solidification process and, hence, the microstructure of the 

specimens. As the input energy increases, the chances that grains would rotate and a particular 

orientation forms towards the direction of the thermal gradient increase, resulting in a textured 

specimen as seen in specimen 2. It is suggested that the preferred growth direction along the 

BD in FCC metals during AM solidification is <100> [17], [86], [87], however, the developed 

texture here in specimen 2 is along <110>. This could be due to the use of insufficient input 

energy per unit time that prevents grains from fully orienting towards <100>. Higher energy 

input would result in <100> being oriented along the BD as Wang et al. [26] reported. Other 

process parameters, such as laser type or scanning strategy [87], might also influence the 

developed texture. Pauza et al. [88] reported that when Inconel 718 is printed with LPBF-AM 

using a SE = 3.2 J/ mm2, the resulting microstructure has columnar grains with <110> texture 

along the BD, consistent with the ones reported here for specimens 2 and 4 with SE = 2.5 J/ 

mm2.  Despite the strong microstructural differences between specimens 1 and 2, a similar 

trend is observed in the measured lattice strains in the BD for both specimens (figure. 4-6). 

Both specimens have nearly an identical behaviour along the BD except for the (111)-oriented 

grains carrying higher elastic strains in specimen 2. This could be related to the very low 

number of grains of specimen 2 oriented with (111) in the BD, which is also shown in the EBSD 

maps, pole figures, and Table. 4-1.  



48 
 

The contribution of laser power to the results can be analyzed by comparing specimens 1 and 3. 

Both specimens have the same scanning speed, but specimen 3 has a higher laser power. The 

increase in the laser power increases the SE, which subsequently induced a preferred 

orientation in specimen 3. Hence, both laser power and scanning speed need to be taken into 

consideration as both can affect the resulting microstructure.  

Although both specimen 2 and specimen 4 have the same specific energy, specimen 2 has a 

slower scanning speed than specimen 4, while specimen 4 has a higher laser power. Despite the 

differences, the results show that both specimens have very similar macroscopic and 

microscopic behaviours. As presented in figure. 4-5, both specimens have a similar elastic 

modulus and yield strength, although specimen 2 possesses slightly higher yield stress due to 

having more {111} grains oriented towards (BD). In addition, in both specimens, the {200} 

lattice strain along the loading direction starts linearly with the same slope and remains linear 

up to 450 MPa, after which the {002} curve deviates towards higher negative values.  

While only four specimens were used in the current study, a consistent trend was observed in 

the measured microstructures, textures, as well as lattice strains. With the use of CPFE and as-

measured microstructures, it is shown that although their mechanical properties change in 

response to the degree of microstructural anisotropy, the deformation mechanism of the 

specimens remains consistent. 

A conventional CPFE model was used here to study the development of internal strains in 

several specimens manufactured using the LPBF method. Some pores were observed in the 

EBSD and SEM images which were not accounted for in the CPFE simulations. Nonetheless, the 
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results of CPFE simulations agree well with those measured with neutron diffraction. This 

indicates that the effects of pores are localized and are homogenized during both measurement 

and modeling. That is, to investigate the contribution of pores to microscopic and macroscopic 

behaviour of the alloy, more localized measurement techniques such as high- resolution EBSD 

(HR-EBSD) should be used. In addition, the contribution of pores will be more vivid when a 

tensile force is used. These are in the scope of our future studies.   

 

 

Chapter 5 

5. Conclusions and Future Work 

• Conclusions 

The laser power bed fusion additive manufacturing technique was used to produce four 

specimens from Hastelloy-X. Different laser power and scanning speed were used to study their 

effects on the microscopic and macroscopic behaviours of the specimens. The initial 

microstructures and textures of the specimens on the build-transverse as well as on the build-

scanning planes of the specimens were measured using EBSD. The as-measured EBSD maps 

were imported into a CPFE model to study the effects of materials microstructures on the 

development of internal elastic strains. The numerical results were compared with those 

measured with in-situ neutron diffraction experiments. It is shown that: 

• Specific energy, laser power, and scanning speed significantly affect the development of 

the material’s texture and microstructure. Here, when SE is greater than 2.0 J/mm2, a 
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columnar grain microstructure with <110> texture along the build direction and <100> 

along the scanning direction is observed. The development of strong textures at higher 

laser powers leads to the development of significant anisotropy in the mechanical 

properties of the printed specimens. The effects of such anisotropy are observed in both 

internal lattice strains and macroscopic stress-strain curves.  

• The CPFE model was successful in replicating both the microscopic and macroscopic 

mechanical behaviour of the four specimens.  

• For the range of the applied strain, it was shown that only {111}<110> slip system was 

active in all specimens. 

• The difference in the development of internal strains for the two highly textured 

specimens is at a minimum. 

• The measured internal strains along the build direction for all specimens follow the 

same trend, yet some differences are observed in the location of yield points and 

deviation from linearity. Such differences are particularly vivid in the {200} lattice strains 

measured in the Poisson direction. CPFE simulations show that this is due to the 

differences in the microstructure and texture of the specimens.   

• Lowering the SE to 1.5 J/mm2 produces specimens that are randomly textured with 

more equiaxed grains, in comparison to other specimens. 

• The highest yield strength was observed in specimen 3 with an intermediate SE of 2.0 

J/mm2. 
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• Some pores were observed in specimen 1, which has the lowest SE. Also, two distinct 

regions were observed in the microstructure of specimens 2 and 4, with higher SE. The 

narrower regions in both specimens have {001} planes oriented towards the build 

direction.   

• Contributions 

This section provides a brief summary of the contributions made to simulate the additively 

manufactured nickel superalloy, Hastelloy-X, using CPFE. These contributions are: 

• Two EBSD orientation maps were captured for each specimen on different planes, one 

on the BD-SD plane and another one on BD-TD, to characterize how the process affects 

the morphology of the grains.  

• Although the texture and microstructure of the material change significantly with 

process parameters, CPFE modeling shows that the deformation mechanism of 

Hastelloy-X does not change, and {111}<110> is the dominant slip system. 

• Internal strain development using neutron diffraction for both loading and transverse 

directions, which are important for model development, are presented in this study. 

• This study shows how texture evolves during in-situ loading of Hastelloy-X and provides 

a recipe for how such effects should be studied in additively manufactured materials. 

• This study uses more than 5000 as-measured orientations that are directly mapped to a 

FE model. Here we are providing a useful recipe for how to correctly conduct CPFE 
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modeling to understand complicated microstructures such as those developed in AM 

processes. 

• It is shown that for compression tests, the CPFE model works well for additively 

manufactured nickel superalloys.   

• This study focuses on the effects of crystal elastic and plastic anisotropy on the 

macroscopic anisotropy of Hastelloy-X.  
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• Future Work 

The next step in this research is to study deformation of AM samples under tensile tests and 

update the CPFE model to incorporate the effects of pores. In this study, EBSD maps were 

measured on both BD-SD and BD-TD planes, and the orientations measured on the BD-TD were 

imported to the CPFE model and extended along the SD. This is based on the observation that 

in the BD-SD plane we only measured 5-10 grains in 0.5 mm. Hence, columnar grains are a good 

approximation for the third direction for samples 2 and 4. This assumption basically means that 

the grains are modeled as perfectly columnar. However, orientation variations along the BD-SD 

should also be considered in modeling.  
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Figures’ Permission 

• Figure. 2-2 The main process parameters for the laser power bed 

technique [9] 
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• Figure. 2-3 a, b: Fracture surface of a sample manufactured using 

non-optimum process conditions, arrows point to unmelted 

powder particles; c, d fracture surface of the sample that was 

manufactured using optimum process conditions [24] 
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• Figure. 2-5 (a) Schematic of ENGIN-X Neutron Diffractometer [47] 
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• Figure. 2-6 Schematic representation of Voce hardening law. θ0 

and θ1 are the voce hardening parameters.  [70] 
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