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Abstract 

 

  Selective Laser Melting (SLM), an Additive Manufacturing (AM) process, has been 

used to manufacture Ti-6Al-4V lattice structures to investigate the influence of 

mesostructure on the microstructure and the mechanical properties. Different lattice 

structures with different features such as thin sections, curvature, and build angle were 

examined. The study results revealed that, while much of the material consists of columnar 

grains with similar alignment, there is an area near to the inner surface with anisotropic 

orientation. These results led to a further investigation into the connection between the 

lattice crystallography and the mechanical properties by designing lattice structure 

capturing this phenomenon. This study confirmed that the build orientation and post 

treatment have an effect on the elastic behaviour of the structure, though in the example 

tested here the strength is not affected to a significant extent. Numerical modelling was used 

to assess the impact of microstructural inhomogeneity on mechanical properties, and this 

goal has been achieved by changing the material orientations, which led to changes in the 

lattice stiffness.   
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Chapter 1 : Introduction 

 

 Additive Manufacturing (AM) has become one of the most important production 

technologies in the world. The approach is based on simplifying the complexity of 3D shapes 

to the machine during the production process by dividing the shape to a great number of 

layers positioned sequentially above each other. This revolutionary methodology opens the 

door to for scientists and engineers to explore new areas in most fields.   

 

 Additive manufacturing techniques such as Selective Laser Melting (SLM) are of great 

interest in efficient manufacture of metallic parts, and are highly suitable for materials such 

as lattices with interesting mechanical properties. Selective Laser Melting (SLM) is becoming 

one of the most useful techniques due the fine microstructure of the final product and this 

has direct impact on the improvement of the mechanical properties of the metallic parts.    

 

 However, the microstructure of the material produced is highly dependent on the 

structure complexity (especially for materials like Ti6Al4V), and cooling conditions are highly 

anisotropic and variable in SLM, also made more complex by the heat path through a lattice. 

Understanding the link between the microstructure formation and the mechanical 

properties, means that such materials can be processed with confidence, and even may 

permit the design of new structures to optimise performance or achieve particular 

behaviour, making use of the effect.  

 

 The project is aiming to investigate the effect of the mesostructures on the 

microstructure of lattices structures from Ti-6Al-4V fabricated by SLM, and the effect of both 

of these on the mechanical properties, and use Finite Element Modelling (FEM) to 

understand the roles of different features of the microstructure. In order to achieve this aim, 

the project has these objectives: 
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• Study the effect of different mesostructural characteristics (individually and 

together) on the microstructure of SLM processed Ti-6Al-4V, in shapes of relevance 

to lattices (e.g. overhangs, thin sections, changing angles and sections, etc.). 

• Develop a simulation capability to assess the impact of the microstructural 

inhomogeneity on mechanical properties. 

• Validation of this simulation capability for lattice-scale mechanical properties. 

• Design of different lattice structures to achieve mechanically desirable 

microstructure distribution. 

 

Figure 1.1 A diagram shows of the project objectives. 
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The thesis chapters are presented in the following order: 

 

Chapter 1    An introduction to the thesis aim and outline. 

Chapter 2        Literature review surrounding this work starting with exploring the titanium 

and its alloys with focus on Ti6Al4V and its microstructure and the 

mechanical properties. Then Additive Manufacturing (AM) techniques are 

discussed with particular emphasis on Selective Laser Melting (SLM). Finally, 

the microstructure and the mechanical properties of lattice structures are 

reviewed.    

Chapter 3 Presents the experimental procedures that have been used in this project, 

with detailed each technique, and illustrating the numerical methods.   

Chapter 4      The effect of build geometry with different features on SLM Ti6Al4V as-built 

microstructure is investigated. Then, the effect of build angle on SLM 

Ti6Al4V as-built microstructure is studied. Finally, the crystallographic 

textures of these factors (build geometry and build angle) are explored.   

Chapter 5        The capabilities of Finite Element Model (FEM) have been used to simplify 

to the basic in terms of structure or material. Then, the models are 

developed simulate the real structures to investigate the effect of 

microstructure of this mesostructure on the mechanical properties.        

Chapter 6    The mechanical properties of designed lattices and the result of the 

compressive response is presented. Following this, investigation of the 

effect of build orientation and post processing applied to a stretched 

diamond lattice, through mechanical properties acquired from 

compression testing. After this, the stiffness of the stretched diamond 

lattices developed and made here is used as the comparison factor 

between different build orientations. 

Chapter 7         Concludes the key findings of this work and suggests future work. 
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Chapter 2 : Literature Review 
 

 

  In this chapter, a general review of titanium and its alloys and their properties is 

provided, then a close look into Ti-6Al-4V and its properties and applications are given. The 

different processes of Additive Manufacturing (AM) are considered, with focus on the 

Selective Laser Melting (SLM) process, which is used in this thesis, especially the 

microstructure and the mechanical properties of products that made by SLM. Finally, the 

lattice designs that are fabricated by AM processes are studied, with a specific attention on 

using simulation as a tool to compare to experiment results.       

2.1. Titanium and its alloys 

 

  Titanium is element number 22 in the periodic table, and it was discovered by William 

Gregor in 1791 [1, 2]. Titanium and its alloys are used in a great number of industries such 

as aerospace, medical, architecture, and automotive [1]. At present, the aerospace industry 

is considered as the biggest consumer market for titanium alloys due to the high strength to 

weight ratio; this property makes titanium an excellent substitute for steel and aluminium 

[2]. The resistance to corrosion and biocompatibility of titanium alloys also allow it to be 

useful as a biomaterial [3], and in addition, titanium alloys have good mechanical properties 

such as the creep resistance and fatigue [1]. Titanium is described as an allotropic metal with 

melting temperature at 1670 °C, which can transform between two crystal structures: 1) at 

ambient temperature, the structure is a hexagonal closed packed (hcp) phase alpha (α), 2) 

at high temperature, the structure is a body centred cubic (bcc) phase beta (β) as shown in 

Figure 2.1 [1]. The structural transformation occurs at high temperature (882±5 °C) which is 

termed the β transus temperature (Tβ) [4]. 

   Titanium alloys can be categorised depending on the varying amounts of the added 

elements, and the phases that result at room temperature due these additions. These alloys 

mainly are alpha (α) alloys, beta (β) alloys, and alpha - beta (α+β) alloys, while other alloys 

are further classified as “near alpha’’ alloys and “near beta’’ alloys [4]. The alloying elements 
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can affect the β transus temperature (Tβ) are divided to three groups: 1) α phase stabiliser 

elements such as aluminium, oxygen, carbon and nitrogen that increase β transus 

temperature (Tβ) an also strengthen the α phase [5], 2) β phase stabiliser elements such as 

vanadium, tantalum, iron and manganese that decrease β transus temperature (Tβ), which 

generally leads to an increase in the strength to weight ratio of the alloy [4], 3) elements 

which have a minor or no influence and are called phase neutral elements such as zinc and 

tin, as shown in Figure 2.2 [1, 4].   

 

 

Figure 2.1 Unit cells of a hexagonal closed packed (hcp) structure with α phase (left), and a body centred cubic 
(bcc) structure with β phase [1]. 



6 
 

 

Figure 2.2 A 3D Phase diagram of Ti alloys with α and β phases and their common stabilisers [1]. 

2.1.1. α + β alloys 

 

  α + β alloys are produced when there is sufficient quantity of stabilising elements for 

β phase [6]. The addition of the stabilisers, which is usually from 4 to 6 wt%, allows β phase 

to be retained on cooling [6]. These alloys have excellent properties such as corrosion 

resistance, fatigue strength, high tensile strength, and high elastic modulus, and these 

properties have led these alloys to be used mainly in aircraft parts [4, 6]. In addition, ageing 

treatments and heat treatments can improve the properties of these alloys. The alloy 

composition and the cooling rate can influence the transformation between β and α phases 

in titanium alloys which can lead to controlled diffusion to form a hexagonal martensite 

phase (α’) and an orthorhombic martensite phase (α’’). Table 2.1 shows different 

compositions of α + β alloys and their transus temperature (Tβ) [7] [8]. 

 

 

 

 

 



7 
 

Table 2.1 The composition and transus temperature (Tβ) of a number of  α + β alloys [4]. 

α + β alloys Alloy composition Tβ (°C) 

Ti-11 Ti-6Al-2Sn-1.5Zr-1Mo-0.35Bi-0.1Si 1015 

Ti-8-1-1 Ti-8Al-1V-1Mo 1040 

IMI 679 Ti-2.5Al-11Sn-5Zr-1Mo-0.2Si 945 

IMI 550 Ti-4Al-2Sn-4Mo-0.5Si 975 

IMI 685 Ti-6Al-5Zr-0.5Mo-0.25Si 1020 

IMI 829 Ti-5.5Al-3.5Sn-3Zr-1Nb-0.25Mo-0.3Si 1015 

IMI 834 Ti-5.5Al-3.5Sn-3Zr-1Nb-0.25Mo-0.3Si-0.06C 1045 

Ti-6-4 Ti-6Al-4V 995 

Ti-6-6-2 Ti-6Al-6V-2Sn 945 

Ti-17 Ti-5Al-2Sn-4Mo-4Cr 890 

 

 

 

There are factors which could affect the α + β alloy microstructure such as the 

thermomechanical processes and treatments which are applied. In the slow cooling 

transformation, a continuous layer of α phase is nucleated along the grain boundary of β. 

Furthermore, the growth of α colonies is continuous and parallel with the β grain boundaries, 

which are retained to be a half β phase and coexist with α phase, as shown in Figure 2.3a [7]. 

On the other hand, when the cooling rate is increased, the colonies of laths of α phase 

become smaller and partially perpendicular to each other (basket weave), as shown in Figure 

2.3b, which could reduce the residual elastic strains [9]. 
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Figure 2.3 Transforming microstructures of α + β alloy with different cooling rate [9]. a) Cooled to room 
temperature in a furnace (slow cooling), b) Water quenched (fast cooling). 

 

2.1.2. Ti-6Al-4V 

 

  Ti-6Al-4V is one of the best-known and most widely used titanium alloys. This alloy is 

an α + β alloy that uses aluminium as a stabiliser for α phase with an addition between 5.5 – 

6.75 wt% and vanadium as a stabiliser for the β phase with addition between 3.5 – 4.5 wt% 

[9]. The addition of the stabilisers gives this alloy excellent properties such as high strength, 

high temperature capability, corrosion resistance, and biocompatibility [10, 11]. The 

interstitial elements and the cooling transformation have a key role to form different 

configurations of microstructure of Ti-6Al-4V, which are a) lamellar, b) equiaxed, and c) 

bimodal , as shown in Figure 2.4 [12]. 
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Figure 2.4 The main microstructures of Ti-6Al-4V, a) lamellar (top), b) equiaxed (middle), and c) bimodal 
(bottom) [12]. 

 

2.1.2.1. The Microstructure 

 

  Firstly, lamellar microstructure is formed as a result of a controlled cooling rate, 

which leads to different structures (basket weave, widmanstätten, or martensitic). A slow 

cooling rate for the alloy from a high to low temperature across the β transus temperature 

(Tβ) leads to a nucleation of laths and colonies of α phase along the grain boundaries of β 

phase [13]. In addition, when the alloy is cooled at a faster rate i.e. in the air, fine laths of α 

phase will nucleate along the grain boundaries, but with different orientation (basket weave) 
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[13]. A faster cooling rate still (such as for water quenching) leads to the widmanstätten 

arrangement which is finer layers of orthorhombic martensite α’’ aligned similarly with the 

β grains and finer layers of hexagonal martensite α’ if the water quenching is carried out 

above 900 °C [14].  

  Secondly, an equiaxed microstructure can occur because of deformation and 

recrystallisation processes. This consists of equiaxed grains that form as a result of breaking 

lamellar layers by thermomechanical processes such as heat treatment, extensive 

deformation, and annealing [15]. Obtaining an equiaxed structure in the alloy may require 

70% reduction in the section (the percentage deformation) followed by annealing and slow 

cooling from 925 °C [16]. 

  Finally, the bimodal structure contains the two other structures at the same time, a 

lamellar matrix of (α + β)  and equiaxed α grains [17]. This structure can be achieved by the 

deformation and recrystallisation processes of α + β phase. When the annealing process 

happens at high temperature (below Tβ), the equiaxed α grains nucleate within the colony 

lamellar matrix of (α + β) with different sizes and volume. The α grains are called primary α 

(αp) and the size of the grains is around 20 µm, though this can be controlled by the 

quenching and ageing processes and also the recrystallisation temperature [17]. 

 

2.1.2.2. The Mechanical Properties 

 

  Extensive research has found that the texture and crystalline orientation of the 

crystals have an impact on their mechanical properties [18]. Mechanical anisotropy in terms 

of texture is a result of the interaction with the crystallography of defects and deformation 

processes in the structure such as dislocations and twinning. The main reason for titanium 

alloys being anisotropic in terms of mechanical behaviour is the hexagonal unit cell structure 

of the α phase [19]. The hexagonal structure has in theory only four independent slip 

systems, which is lower than the cubic structure (6) or face centred cubic (12) [20], and 

indeed is lower the 6 slip systems required for compatibility between grains in a 

polycrystalline material. In practice, the c/a ratio of the hexagonal structure plays a key role 

in the slip systems that are active; for materials which have c/a ratio less than 1.633, (the 
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ideal ratio) Ti basal and prismatic slip systems can operate, while materials with the ideal c/a 

ratio have basal slip only [20]. 

  The values of the mechanical properties of Ti-6Al-4V can only be expressed as ranges, 

due to phase changes in the alloy, and the variations in texture, impurities, and heat 

treatments. The main mechanical properties have been reported to usually lie in a range 

between 100 – 130 GPa for the Young’s modulus (E), 890 – 930 MPa and 820 – 860 MPa for 

the ultimate tensile strength (σut) and yield strength (σy) respectively [5]. TI-6Al-4V alloy 

shows a slightly better performance under compression tests than tensile, also it has high 

fatigue strength and good corrosion resistance and biocompatibility [21]. These properties 

suggest Ti-6Al-4V as an excellent candidate for aerospace production, structural and 

biomedical applications as a lightweight material [21]. Nevertheless, Ti alloys are expensive, 

and so efficient manufacturing methods that form shapes allowing their properties to be 

fully exploited are desirable.     

 

2.2. Additive Manufacturing (AM) 

   

  In 1986, Charles W Hull invented a revolutionary method that created a three-

dimensional product by stereolithography [22]. The main concept of this method, which is 

now also called Additive Manufacturing (AM), is creating an object by adding cross-sectional 

layers from the beginning (the base) to form the required part [22]. This is the main 

advantage of additive manufacturing over conventional manufacturing methods such as 

casting and forging, which start with a block then employ machining to reach the final part.  

Additive manufacturing has rapidly developed and introduced many specific techniques, all 

based on the same theory, and which have the ability to produce items from a range of 

materials (such as metals, polymers, and ceramics) which provides many advantages that 

can be used in the industry [23]. Other advantages of additive manufacturing are producing 

complex shapes quickly and easily and reducing the machining processes due to the high 

quality of the process, which leads to reductions in the time and the cost [24]. 
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2.2.1. Additive Manufacturing Processes 

  Additive Manufacturing (AM) processes, which are also termed 3D printing, have 

different classifications. In 1991,  Jean-Pierre Kruth classified AM processes based on the 

creation of material from a) solid, b) liquid, c) gas, and d) powder based [25, 26].  Recently,  

the American Society for Testing and Materials (ASTM) categorised AM processes to 7 

groups (Table 2.2); 1) sheet lamination, 2) material extrusion, 3) power bed fusion, 4) binder 

jetting, 5) material jetting, 6) directed energy deposition, and 7) vat photopolymerisation 

[27]. 

  Despite the difference in the mechanisms and features, all AM processes use 

computer aided design (CAD) software such as AutoCAD, Netfabb, and Magics, as shown in 

Figure 2.5. In a common embodiment of the process, this is used to design the object and 

create a STL (stereolithography) file then convert it to a format that can be readable by the 

machine, and finally the build operation is ready to begin. When the build begins, the 

material is layered in the x-y plane and the heat source, which is usually an electron beam 

or a laser, is directed along the z axis [28]. 
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Figure 2.5 An image illustrating basic AM design or a component (layer by layer) [28]. 

  Each AM process has advantages and disadvantages and choosing the appropriate 

method depends on several factors such as the material, the complexity of the design, the 

number of products, and the properties of the final item [29]. The next section will focus on 

the AM process that is used in this project, Selective Laser Melting (SLM) and compare it 

with other Power Bed Fusion (PBF) (the family it is part of) methods. 

 

  The machine capability is vital to determine the final properties of the product in 

Additive Manufacturing processes. Knowing the role of the machine parameters and its 

impact on the product properties will ease and help to choose the suitable settings before 

the build. Moylan et al. [30] developed a specific artefact design for the National Institute of 

Standards and Technology (NIST).  This is a standard build, which can be used to calibrate 

and compare machines. The artefact, as shown in Figure 2.6, includes different features, to 

represent such forms as are typically found in products of complex shape, to explore (in a 

single build run) the machine and laser behaviour during the building process.  The structure 

includes specific geometries such as vertical walls, holes with different diameters, and 
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interior cavities. The artefact is good as comparing tool between different AM machines; the 

different features produced still need to be investigated post build, for dimensional 

performance, defects and microstructure, for example, which can still be time consuming.  

It also does not explore all factors, for example the powder has a key role to determine the 

product properties and using different powder grade could give very different results.    

 

 

Figure 2.6 A diagram showing the NIST artefact to test machine capability and accuracy [30]
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Table 2.2 ASTM classification of AM processes [27, 31]. 

Category Methods Material Power Source Strengths (•) / Weaknesses (-) 

Sheet Lamination 
Laminated Object Manufacturing 

(LOM) 

Metallic sheet, 

ceramic Tape 
Laser Beam 

• High surface finish 

• Low cost 
- Decubing issues 

Material Extrusion 

Fused Deposition modelling (FDM) Ceramics, Metals, 

Plastic 
Thermal Energy 

• Inexpensive machine 

• Multi material printing 
- Limited resolution 
- Poor surface finish 

Contour Crafting 

Power Bed Fusion 

Selective laser sintering (SLS) Polymers 
High power 

laser beam 

• Fully dense. 

• High Accuracy 

• High strength & stiffness 
- Needs for support parts 
- Treatment / recycling the powder 

Direct Metal Laser Sintering (DMLS) Metal Powder 

(Stainless Steel, Ti-

6Al-4V, Aluminium) 

Selective Laser Melting (SLM) 

Electron Beam Melting (EBM) Electron beam 

Binder Jet Indirect inkjet Printing 
Powder (Metal, 

polymer, ceramic) 
Thermal Energy 

• Colours parts 

• Wide material selection 
- High porosities/ poor finishing 

Material Jet Polyjet / inkjet printing Photopolymer, wax 
Thermal energy/ 

photocuring 

• Multi material printing 

• High surface finish 
- Low strength 

Directed Energy 

Deposition 

Laser Engineered Net Shaping (LENS) Molten Metal 

powder 
Laser Beam • Repair damaged parts 

- Require post processing. Electronic Beam Welding (EBW) 
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2.2.2. Selective Laser Melting (SLM) 

  In 1980s, Selective Laser Melting (SLM) appeared as a new method of additive 

manufacturing that uses a laser beam as energy source to melt selected parts of a powder 

bed to form a product [31]. As a new manufacturing process, Selective Laser Melting (SLM) 

has advantages over traditional manufacturing process such as casting and forging, mainly 

reducing the cost of production by dispensing with the expensive mould and post processes, 

a high level of dimensional accuracy, the capability to produce items with different geometry 

in the same build, and finally SLM has the ability to form complex shapes that cannot be 

produced by traditional manufacturing processes [32]. 

  In SLM, the process to produce an object is direct by melting certain areas of the 

powder layers by a laser, as shown in  

Figure 2.7 [33]. In detail, the laser (energy source) focuses on selected spots of a powder bed, 

which is spread on solid substrate, these areas will start melting to form a pool of liquid. 

Subsequently, the liquid pool solidifies quickly to form a slice of the product. Then, the build 

platform moves down by the thickness of the layer (depending on the CAD design) and the 

wiper spreads a new layer of the powder over the platform. The process repeats until the 

build is completed and the final product is finished. The unmelted powder remains in the 

chamber as a supporter for the product during the build and is sieved after the process is 

finished to reuse. The quality of the final product could be determined by many factors such 

as laser properties, build strategy, and powder particles used [34].    

 

 

Figure 2.7 A schematic description of a selective laser melting process [34]. 
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  As any production process, Selective Laser Melting (SLM) has some challenges that 

could affect the final product and should be considered during and after the process. These 

include the thermal stresses, segregation, non-equilibrium phases, and the melt pool 

behaviour [35]. One of the main issues of SLM is the thermal stress, which is a result of  the 

high difference in temperature between the layers; as shown in Figure 2.8, the upper layers 

that face the laser will expand as a reaction to the heat, while the lower layers which are 

rooted, will resist this expansion and the result of this will be that stresses between the 

layers could form cracks while partially solidified leading to segregation in the product [36]. 

This problem appears in all processes that use a laser as a heat source and to overcome this 

problem a pre-heated bed is used to reduce the difference in temperature between the 

layers of powder. The pre-heating bed could also have a positive impact on the product 

density [37]. 

  Another important feature which should be considered is the melt pool behaviour 

and there are some factors relevant to this phenomenon, such as the laser  parameters (the 

power, scanning speed, spot diameter, and scanning strategy) and the dimensions of the 

melt pool [38]. The high temperature gradients, which are caused by the high speed of laser 

scanning, convert the powder to molten material which affects the nucleation of the solid 

phase by two phenomena, a) wetting or b) capillarity. Wetting is the ability of maintaining 

contact between a solid surface and a liquid, whereas the capillarity is the ability of a liquid 

to move in narrow spaces without an external force [39], both can affect the shape and the 

size of the solid phase and induce non-equilibrium and non-stable phases which form small 

spherical shapes known as “ balling ‘’ [40]. The size of the balling is relating to the scanning 

speed. When the speed is high (400-500 mm/s) the droplets are invisible,  

Figure 2.9 [41]. 

 Other factors may have influence on the surface finish, such as the material 

absorption which plays a key role in the surface roughness as the absorption value of powder 

is higher than the values of bulk or flat surfaces in the SLM process [42]. The complexity of 

selective Laser Melting (SLM) may cause some defects and porosity in the product, which 

influence the microstructure and the mechanical properties of the item, so this requires a 
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better understanding to overcome these challenges and to estimate the achievable 

properties while at the design stage.            

 

Figure 2.8 A schematic of thermal stresses formation between powder layers during SLM [36]. 

 

 

 

 

Figure 2.9 A SEM image showing the balling formation with different scanning speeds [42]. 
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  Surface quality in additive manufacturing processes, such as selective laser melting 

(SLM), is significantly impacted by what is known as the "stair step" effect [43]. This effect 

arises due to the layer-by-layer additive deposition and fabrication of curves and inclined 

surfaces. This phenomenon is inherent to all additive layer manufacturing (ALM) techniques. 

While decreasing layer thickness can potentially enhance surface finish, achieving excellent 

surface quality is a critical challenge in SLM production. The issue is that inadequate surface 

quality can lead to extensive and costly post-finishing procedures, often done manually due 

to the complex shapes of the produced parts. This can counteract the benefits of utilizing 

additive manufacturing processes for industrial production [44]. As the angle of inclination 

from the horizontal plane increases, the stair-step effect results in higher surface roughness. 

Notably, on inclined surfaces, unlike horizontal ones, SLM technology cannot achieve laser 

remelting, due to the constraints of the orientation of the laser relative to the build plane. 

The measured surface roughness exhibits a consistent trend within the range of 5° to 45° 

inclination angles, relative to the build direction. In the range of 50° to 90°, there is a 

relatively gradual reduction in the measured roughness. This suggests that surface 

roughness remains relatively stable for moderately inclined surfaces, while there is a  

decrease in roughness which becomes more gradual as the inclination angle becomes 

steeper. The stair-step effect due to layered fabrication influences surface quality in ALM 

processes, particularly in SLM. Surface roughness tends to increase with greater inclination 

angles. Maintaining a sufficiently good surface quality (noting that surface finish 

requirements may be more demanding in surfaces that need to be joined to other parts, or 

where the loading condition increases the risk of fatigue, for example) is crucial to prevent 

the need for post-finishing and to preserve the advantages of using additive manufacturing 

for industrial applications [45].  
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Figure 2.10 The Staircase effect  in AM parts [46].  

  The most effective strategy to enhance surface quality is through post-build polishing, 

which reduces surface roughness and eliminates critical defects in the surface region that 

can lead to stress concentration and crack initiation [47]. As a result, post-processing 

methods like machining, chemical etching, and vibrahoning are frequently employed to 

achieve smoother surfaces, ensuring the overall performance and reliability of additive 

manufacturing parts. Formanoir et al. [47] demonstrated that polished specimens display a 

greater strain to failure compared to specimens in their as-built state. This improvement 

arises from the mechanical removal of critical defects present on the surface; these defects 

can lead to stress concentration and serve as points where cracks initiate. In actual 

applications, nearly all additive manufacturing (AM) parts will necessitate some form of 

post-processing to enhance surface smoothness. For simpler structures, this might involve 

machining [47, 48], and for more intricate geometries, techniques such as chemical etching 

and vibrahoning [49] could be employed to achieve a smoother surface. 

  In addition, another challenge facing the products that processed by SLM is the “up-

skin” and “down-skin” surface roughness, as shown in Figure 2.10. Up-skin surface 

roughness is intricately tied to the geometry of step edges and the presence of partially 

melted particles attached to these edges. As the length of steps decreases, the number of 

partially melted particles along these edges increases, thereby contributing to the overall 

roughness of up-skin surfaces [43]. On the other hand, addressing down-skin surface 

roughness presents a different set of complexities. The fusion zone of down-skin surfaces 

relies on the underlying powder bed. However, the heat dissipation process in this region is 

notably slower, due to the limited contact between powder particles, resulting in insulating 

air gaps between them [50, 51]. When a laser exposes an overhanging surface surrounded 
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by the powder bed, it triggers the formation of larger melt pools. The combined effects of 

gravity and capillary forces cause these melt pools to extend into the powder bed [52]. The 

outcome is the attachment of more semi-melted powder particles to the surface [53]. As 

these particles solidify, they can lead to an elevation of the surface by curling up from the 

powder bed [54]. Consequently, down-skin surfaces typically exhibit higher roughness 

compared to their up-skin counterparts. Managing these differing surface roughness 

characteristics presents a significant challenge for designing appropriate processing 

parameters in SLM. Numerical calculations have shown that melt pool size increases in the 

vicinity of down-skin surfaces due to inadequate cooling of previously scanned hatches and 

layers. Furthermore, the relatively sluggish heat dissipation in the powder-supported area 

contributes to the formation of larger melt pools [54]. To address these issues, a faster scan 

speed is recommended as a corrective measure. This adjustment can be achieved through 

either real-time monitoring and adjustment [52] or a controlled gradual modification of laser 

exposure parameters. This transition from parameters suited for the core to those optimized 

for overhanging structures and downward-facing inclined surfaces can help to mitigate the 

increased melt pool size effect [55]. 

 

 

2.2.2.1. Microstructure and Mechanical Properties 

  The manufacturing process has an important role to determine and characterise the 

final microstructure of the product. As described in the previous section, the item is exposed 

during the SLM process to rapid cooling and solidification with a high difference in 

temperature, both spatially and with time, which causes residual stresses and porosity [56]. 

Ti-6Al-4V alloy manufactured by SLM has two main microstructures: a) α’ martensite and 

columnar β grains, and b) lamellar α + β phases, as shown in Figure 2.11 [57]. The dominant 

microstructure of Ti-6Al-4V as-fabricated by SLM is the α’ martensite and columnar β grains 

due to the rapid cooling rate, while the lamellar α + β phases can be achieved by either 

adjusting the machine parameters such as the laser scanning speed or by post processes 

such as hot isostatic pressing (HIP) [57]. 
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Figure 2.11 The two microstructures of Ti-6Al-4V via SLM, a) α’ martensite, and b) α + β phases [57]. 

  In general, Ti-6Al-4V alloy fabricated by SLM has a higher strength than other AM or 

conventional processes which reach 1300 MPa for yield strength (σy) [57]. On the other hand, 

the ductility and fatigue life are lower than the other processes due to the porosity between 

layers and the surface roughness that result from the microstructure of α’ martensite [58]. 

The changing of α’ martensite phase to a series of α + β phases has an effect on the 

mechanical properties which increases the ductility and fatigue life but also decreases the 

strength, so the use in structural, biomedical, or aerospace applications determines the 

various combinations of desirable properties [58, 59]. 

  Selective Laser Melting (SLM) and Electron Beam Melting (EBM) processes have the 

same principle in melting a certain area layer by layer, however the difference between the 

two processes is the energy source that is used to melt the layers, a laser in SLM and an 

electron beam in EBM; this has an effect on the final microstructure [58]. As described in the 

previous section, the microstructure of Ti-6Al-4V by SLM is mainly α’ martensite and prior β 

grains, while the microstructure of Ti-6Al-4V by EBM is lamellar microstructure consisting of 

α and β phases. The microstructure difference is due to the different cooling rates between 

the processes which affect the transition of β to α phase via transus temperature (Tβ ) [60]. 

SLM has a higher cooling rate than EBM and that leads to transformation of most of the β 

phase to α’ martensite, but both processes have clear grain boundaries of β phase, as shown 

in Figure 2.12 [60]. 
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Figure 2.12 Optical micrographs (OM) of Ti-6Al-4V produced by SLM (left) and EBM (right) [60]. 

 

  The microstructure of the alloy is a significant factor to determine the mechanical 

properties and the relationship between them has been investigated and compared by 

researchers [15, 21, 23, 33, 57-62].  

Table 2.3 and Figure 2.13 summarised a number of these studies that use Ti-6Al-4V powder 

via AM processes (SLM, EBM) and it shows that SLM has higher tensile strength than EBM. 

Moreover, some studies have linked the anisotropy in the mechanical properties of material 

made by both processes to the anisotropy of the microstructure [62].    

Table 2.3 Comparison of reported mechanical properties of Ti-6Al-4V via SLM and EBM. 

AM process Yield Strength (MPa) Ultimate Tensile Strength (MPa) Ref 

SLM 1125 1250 [15] 

SLM 1333 1407 [23] 

SLM // 1143 1219 [60] 

SLM ꓕ 1195 1269 [60] 

SLM 1098 1237 [62] 

EBM 962 1011 [62] 

EBM // 869 928 [60] 

EBM ꓕ 899 930 [60] 

(//) the sample tested parallel to the build direction. 

(ꓕ)  the sample tested perpendicular to the build direction. 
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Figure 2.13 Bar graph of mechanical properties of Ti-6Al-4V produced by AM. Data from  

Table 2.3. 

  In addition, there are a number of features affect the crystallographic microstructure 

such as dislocations and precipitation, which can enhance or deteriorate the strength and 

toughness of AM products.  

 

Figure 2.14 A Stress- Strain curve comparing between single meta-grain and eight meta grains of architected 
structures [63]. 
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2.3. Lattices 

  A lattice can be defined as network or array of free volume in individual cells that are 

connected by a series of trusses [64]. There are other terms for lattices, which may also be 

known as cellular materials. These materials are classified depending on the shape of the 

structure as a) materials which have organised pores such as lattices or b) materials which 

have random pores such as sponges and foams [65]. The randomness of the pores has an 

effect on the properties of the material which can be anisotropic for geometries that have 

random pores [65]. This group of materials have unique properties as they are often very 

light but also very strong which may be excellent for structural, aerospace, and medical 

industries. The properties of lattices depend on three factors: a) the material, b) the topology, 

and c) the relative density (ρ*/ρs), where ρ* is the lattice density and ρs is the solid density 

[64]. Ashby investigated the three principles that affect the lattices properties and made a 

flow chart to explain it briefly, as shown in Figure 2.15 [64]. Firstly, the properties of the raw 

material of the lattice (such as mechanical, thermal, and electrical properties) give a 

prediction of the final properties of the lattice. Secondly, the topology and the shape of the 

lattice which is have ethier random or organised pores, which is an important factor to 

determine the mechanism of the deformation [66]. 

 

 

Figure 2.15 A flow chart shows the factors that have influence the properties of lattice [64]. 
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There are two deformation mechanisms in lattices and cellular materials, a) bending, and b) 

stretching deformation as shown in Figure 2.16. When a force is applied to the unit cell of 

the lattice, the connectivity between the elements will determine the type of deformation. 

Bending behaviour is more lilkely to occur where there is low connectivity between the 

elements, while stretching behaviour occurs with high connectivity between the elements 

[67]. In the bending deformation case, the struts of the structure will start bending and 

buckling at the edges due to the load is that applied. On the other hand, rigid structures that 

have no flexibilty at the nodes will start stretching by elongation of the struts in the long 

dimension under tension or break under compression due to lack of flexibilty in the nodes 

[68]. Furthermore, the elastic properties of the structre are different between bending 

deformation and stretching deformation, which directly affect the stress-strain curve as 

shown in Figure 2.17.   

 

Figure 2.16 The two deformation mechanisms in cellular materials, a) Bending, b) Stretching [64]. 

 

Figure 2.17 The stress-strain curves of cellular materials where the microstructures are dominated by bending 
deformation (left) and stretching deformation (right) [64]. 
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  Lastly, the third factor that affects the properties of the lattices is the relative density 

of the lattice (ρ*/ρs) which plays a key role to determine the elastic properties such as 

stiffness (k) or young’s modulus (E), and plastic properties such as yield strength (σy) and 

strain (ε). In an open cell structure, which is the main interest of this project, the relationship 

between the relative density and the Young’s modulus is derived for a simple structure such 

as that shown in equations 1.1 and 1.2 from Timoshenko’s beam theory [64]. 

 

 

𝐸∗ = 
𝜎

𝜀
=
𝐶1𝐸𝑠𝐼

𝑡4
                                                        (1.1) 

where the relative density in three dimensional structures related to the thickness of the 

edge (t) and the cell size (L) and it can be expressed as ρ*/ρs ∝ (t/L)2, so 

𝐸∗

𝐸𝑠
= 𝐶1  (

𝜌∗

𝜌𝑠
)
2

                                                           (1.2) 

where 𝐸∗ is the young’s modulus of the lattice, 

𝐸𝑠  is the young’s modulus of the solid, 

𝐶1 is estimated to be approximately 1 [64]. 
  

  Pham et al. [69] investigated the effect of component size on the crystallographic 

microstructure by using architected materials, which is a designed material replicating some 

of the features of crystals within metals, with different regions having specific strut 

arrangement with the same orientation at the mesoscale. The aim by using this type of 

designed material was to reduce the propagation of shear failure bands through the lattice 

(in the same way that different grain orientations can block the slip of dislocations), The 

mesoscale structure was designed, and then created in a polymeric material by Fused 

Deposition Modelling (FDM). The results (Figure 2.14) showed that samples with a high 

number of meta-grains were successful in stopping cracking because of the boundaries 

between the grains and this lead to an increase the toughness of the architected structure. 

The approach of this study simplified potentially complicated structures to a small number 

of crystals representing a microstructure, and showed that such designs can enhance these 

crystals for particular purposes, such as strengthening or toughening.          
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  A considerable number of studies have investigated the effect of these factors on the 

mechanical and thermal properties such as yield strength, Young’s modulus, and thermal 

conductivity for different geometries [67, 70-75]. 

 

2.3.1. The Geometry 

  As discussed in the previous section, the importance of the lattice shape leads to 

focus on the geometry design which can enhance the structure for particular applications. 

Aerospace and medical industries have the most developed applications for lattices because 

of it being considered as a light weight metal [65]. In addition, different designs and 

geometries are examined to achieve the desired properties leading to a proliferation of 

investigations by researchers. Rashid et al. examined three different geometries of AlSi12 

lattices fabricated by SLM under bend testing [76]. The samples shapes were hexagonal, 

circular, and triangular that fitted in solid boxes as shown in Figure 2.18; this study compared 

the lattices performance with that of the solid. As expected, the solid samples showed better 

performance in terms of the strength level compared to the three lattices, as shown in Figure 

2.19a (though also would have had reduced density). All the samples (except the hexagonal) 

show a sudden brittle failure as shown in Figure 2.19 [76]. 

 

 

 

Figure 2.18 The different lattices fabricated by SLM (left), the sample during bend test (right) [76]. 
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Figure 2.19 The comparison between the different lattices and the solid [76]. 

  

 In addition, Sallica-Leva et al. examined the mechanical properties of Ti-6Al-4V cubic 

lattices fabricated by SLM to compare it with another study by Parthasarathy et al. [71] who 

used Ti-6Al-4V cubic lattices fabricated by SEBM [75]. The two studies have similar factors 

such as the structure and the material, but they differed in the manufacturing processes and 

this comparison revealed that lattices made by SLM have a higher ultimate compression 

strength than lattices by SEBM, as shown in Figure 2.20. Sallica-Leva et al. also compared 

two different energy inputs, high (HEI) and low (LEI). The lattices that made by high energy 

input have thinner struts and higher O2 and N2 content which could be the reason for the 

high mechanical properties [75]. 
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Figure 2.20 The mechanical properties of Ti-6Al-4V lattices that made by SLM and SEBM [75]. 

 

Furthermore, Horn et al. examined different geometry of Ti-6Al-4V lattices [72]. 

Different cell sizes of rhombic dodecahedron structure with different relative densities, as 

shown in Figure 2.21, fabricated by EBM to investigate the relationship between the relative 

density and the strength of the structures. The result of bend tests showed agreement with 

the Gibson-Ashby model, in that higher density structures have higher strengths [72]. The 

rapid development in industries that may use lattices has led to an increase in studies on 

different shapes and structures. Researchers have used the Finite Element Method (FEM) to 

simulate and compare the models with the experiments and optimise the structures for 

specific applications. A study was conducted by Bonatti and Mohr to investigate the 

mechanical properties of different geometries of FCC lattices manufactured by SLM and 

compare them with computational estimations [73]. The stress-strain curves of the 

experiments were compared with the simulation results as shown in Figure 2.22; the results 

of the experiment were lower than the results of the simulation which could be the friction 

effect in the compressive testing used.   
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Figure 2.21 A unit cell of rhombic dodecahedron structure with different relative densities [72]. 

 

Figure 2.22 A comparison between simulation and experiment of four different samples [73]. 

  

  Another study focused on different structure and geometry was conducted by 

Koizumi et al., these researchers aimed to optimise the mechanical properties of inverse 

body centred cubic (iBCC) structure, as shown in Figure 2.23, for biomedical purposes by 

using finite element method (FEM) [77]. The experiments were done by EBM that fabricated 

two different sets, with spherical and elliptical pores, and two different level of porosity, 70% 

and 80%, Figure 2.24 [77]. The experimental results show that the dense samples have 

higher strength, however, the surface roughness (which is commonly present in Additively 

Manufactured materials) affected the results and led to disagreement between the 

simulation and the experiment [77]. 
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Figure 2.23 A model of iBCC lattice for finite element method [77]. 

 

 

Figure 2.24 A set of designed lattices [77]. 

 

 Nevertheless, numerical models are continually developing to be a comparing tool to 

the experiments. The microstructure and its imperfections in the physical samples such as 

surface roughness or defects, which could affect the experiments results, are not 

represented completely in the models. Ajdari et al. [63] and Li et al. [78] they studied the 

effect of cell shape imperfections, defects, and irregularity on the cellular structure using 

FEM. Another study focused on comparing the energy absorption in lattices structures in 

dynamic experimentally and numerically conducted by Ozdemir et al. [79, 80]. The study 

used different geometries for quasi-static and Hopkinson Pressure Bar (HPB) tests, and the 

results of FEM and the experiments were quite similar. The researcher used numerical 

models for further investigations and found the complexity of the shapes could affect the 
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FEM results and a simple structure of the unit cell could represent multi-layers unit cell 

impact behaviour and the imperfections also could have an effect on the results for 

complicated shapes.  

 

 In summary, there are number of studies which have investigated the relationship 

between the microstructure and the mechanical properties of Ti-6Al-4V manufactured by 

SLM. Most of these studies have concentrated on one or two shape characteristics that 

influence the microstructure. In addition, researchers focused on comparing between AM 

processes and traditional manufacturing processes or between AM processes themselves 

such as SLM and EBM. However, there have been no systematic studies that investigate the 

effect of different characteristics such as changing in the thickness, the build angle, and the 

relative densities on the microstructure Ti-6Al-4V lattices and the mechanical properties. 

Furthermore, the sheer variety of structures possible suggests that a simulation capability 

would be of value.  

2.4. Simulation Techniques  

 

  Multiscale modelling is commonly utilized to make predictions of the development 

of microstructures in materials, owing to the significant spatial and temporal extent of 

microstructural variations, and the intricate nature of the processes involved [81]. In 

simulation materials science, different simulation methods are used for different spatial and 

time scales, as shown in Figure 2.25. 

 

 

Figure 2.25 Multiscale modelling techniques scale representation [81]. 
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 The process of creating parts through SLM involves the rapid solidification of 

materials, leading to the formation of their microstructure. Simulating this phenomenon can 

be intricate. Tan et al. (2011) have attempted to predict the resulting microstructure in 

analogous processes such as laser welding, where rapid solidification can also occur [82]. 

They employed the cellular automata - phase field (CA-PF) method to forecast dendritic 

growth. Conversely, there has been extensive development in simulating the changes in 

microstructure during the solidification phase of the processes over time. These models 

have been developed using different simulation techniques such as FEM [83],[84], CA [85-

88], PF [89-91], Monte Carlo (MC) [92-95], and more recently the Lattice Boltzmann Method 

(LBM) [96]; these models on their own had shown different strengths and weaknesses in 

terms of the scale, accuracy and computing efficiency of the models, and for this main reason 

a variety of combinations between the mentioned techniques have been explored. The most 

successful combinations that have been investigated are CA-FE [97, 98], PF-FE [99, 100], CA-

PF [82], and CALBM [98, 101-103]. Each of these investigated connections have the objective 

of emulating distinct challenges that arise during the development of microstructure in 

metal components.  

 The SLM process is an AM process characterised by the use of a high powdered laser 

beam, which fuses metallic powder together in a layer-by-layer process. In literature, FEM 

has been widely used by researchers [39, 104-113] in order to simulate the microstructures 

and the temperature profiles generated in this process. The most representative research 

will be discussed in order to highlight the findings and weaknesses of each. Shiomi et al. 

(1999) employed the finite element method (FEM) to elucidate the shaping mechanism 

within laser systems [104]. They simulated the process of melting and solidification, 

validating their model by comparing calculated weights of solidified powder with 

experimental data. The calculated and experimental weights were in agreement, revealing 

that the highest temperature attained by the system was influenced more by the peak laser 

power than the duration of laser irradiation. However, it is important to note that this model 

was designed to simulate a solitary irradiation spot, and did not incorporate the intricate 

thermophysical properties of the powder, or the effects of the geometry of a real part into 

the model. 
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 Matsumoto et al. (2002) introduced a technique utilizing finite element method (FEM) 

to compute temperature distribution within an individual metal layer formed on a powder 

bed during SLM [105]. Their approach accounts for transitions from powder to liquid to solid, 

predicting temperature profiles that inform stress development. However, it overlooks 

factors like the substrate plate beneath the powder bed, metallic powder absorption, and 

doesn't consider material properties as temperature-dependent. Despite lacking 

experimental validation, it was one of the earliest attempts at modelling powder-to-liquid-

to-solid transitions. Roberts et al. (2009) employed FEM with an element birth and death 

technique to simulate temperature profiles resulting from laser irradiation across multiple 

layers in a powder bed [111]. The model was validated against experiments, enhancing 

comprehension of SLM, yet a more comprehensive model is necessary for accurate 

solidification prediction. 

 Song et al. (2012) emphasized the significance of SLM temperature distribution 

simulation for optimizing processing parameters [109]. Although their model featured basic 

thermally dependent properties and predicted very high temperatures, it aided in producing 

a component with desired porosity. This underlines the necessity of a meticulous FEM 

approach that precisely forecasts temperature profiles to optimize or predict processing 

parameters. Loh et al. (2015) devised a single-layer FEM model accounting for powder-to-

solid transitions, volume shrinkage, and material removal [113]. Their model incorporates a 

"sacrificial layer" to achieve the desired temperature profile and melt penetration. While 

volume shrinkage was validated through experiments, the assumptions made restrict the 

model to simulating a single layer of powder bed, rendering it unsuitable for actual SLM 

processes. Recently, Foroozmehr et al. (2016) introduced a Finite Element Method (FEM) 

approach to simulate the size of the melt pool during SLM [112]. They incorporated the 

optical penetration depth of a laser beam into the powder bed, considering its dependency 

on powder size for defining the heat source. This three-dimensional single-layer powder bed 

model meticulously characterized thermal properties of solid and powder (excluding mushy 

zone properties) to simulate the powder-to-liquid-to-solid transition. Experimental data 

calibrated the optical penetration depth for more precise results. While the outcomes 

aligned with experiments, inter-layer interactions were not explored. 



36 
 

 In a broader context, FEM has proven effective for simulating specific parts of the 

SLM process. Studying the FEM models revealed the necessity of accounting for melt pool 

flow and detailed thermal properties (including the mushy zone) to accurately predict 

temperature distributions and track solidification. This ongoing research emphasizes an in-

depth exploration of powder-to-liquid-to-solid transformation, particularly emphasizing 

mushy zone properties, to create a more intricate solidification model. 

 Yin and Felicelli (2010) explored microstructural evolution in a metallic AM process 

using the Cellular Automata - Finite Element (CA-FE) [98]. Their model depicted dendritic 

structure formation within a melt pool during the LENS deposition process. However, this 

model concentrated on a small dendrite growth scale at a melt pool boundary and did not 

simulate solidification involving interaction between multiple melt pools or layers. Current 

research in this area aims to develop an FEM model capable of simulating the microstructure 

of components produced using the SLM process, encompassing a broader scope. 

 

2.4.1. Finite Element Method (FEM) 

 

  The Finite Element Method (FEM) is a computational technique widely employed to 

solve complex problems in engineering, physics, and other scientific disciplines by analysing 

the complicated systems and structures by substituting them with simpler counterparts 

[114]. FEM divides a continuous domain into a finite number of smaller, simpler subdomains, 

referred to as finite elements. These elements are interconnected at specific points known 

as nodes, forming a mesh that approximates the geometry of the system under study. By 

discretizing the domain in this manner, FEM transforms the governing equations of the 

system into a set of algebraic equations that can be numerically solved. This substitution 

leads to obtaining an approximate solution rather than an exact one. The solution regions 

are constructed from numerous small, interconnected subdivisions known as finite elements, 

as shown in Figure 2.26. FEM has found extensive application in areas like structural 

mechanics, heat conduction, and fluid dynamics. It has been demonstrated as a valuable tool 

for numerically solving ordinary and partial differential equations, especially those related 

to microstructural evolution [115]. 
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  In a broader sense, as described by Rao (2011) [114], the finite element method 

represents the actual continuous body of matter as a collection of finite elements, as shown 

in Figure 2.26. These elements are interconnected at specified points called nodes or nodal 

points. Nodes are usually located on element boundaries where adjacent elements are 

connected. Since the precise variation of the field variable (e.g., displacement, stress, 

temperature, pressure, velocity) within the continuum is unknown, the variation inside a 

finite element is approximated using a simple function. These approximation functions, 

known as interpolation models, are defined based on the field variable values at the nodes. 

When formulating field equations for the entire continuum, the new unknowns become the 

nodal values of the field variable. Solving the resulting finite element equations, typically in 

matrix form, yields the nodal values of the field variable. Once known, these values, in 

combination with the approximating functions, describe the field variable behaviour across 

the collection of elements. 

 

 

 

Figure 2.26 A finite element representation of a basic component shape [114]. 
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2.4.2. Cellular Automata (CA) 

 

  Cellular Automata (CA) are algorithms that describe discrete spatial and/or temporal 

changes within various systems. These changes are enacted by applying transformation rules 

to a regular grid of cells, also known as a lattice [81]. This lattice is defined by a finite number 

of points, which can be associated with nodes in a finite difference field. The evolution of a 

CA transpires through the application of specific transformation rules (256 different rules 

according to Wolfram, 2002) that operate on the state (on/off) of each cell or node. These 

rules dictate a node's state based on its previous state and the states of its neighbouring 

cells or nodes. Generally, CA evolves in discrete time steps, with all cell or node states 

updated simultaneously after each time interval. 

 

  A basic representation of a two-dimensional CA involves an infinite set of cells and a 

set of defined transformation rules applied to each cell. Each cell can have two states: on 

(black) or off (white). The neighbourhood of a cell is the nearby or adjacent cells surrounding 

it. Common types of neighbourhoods include the von Neumann neighbourhood (four 

orthogonally adjacent cells) and the Moore neighbourhood (von Neumann neighbourhood 

plus four additional surrounding cells) as shown in Figure 2.27. The von Neumann 

neighbourhood consists of four cells orthogonally adjacent to the central cell, while the 

Moore neighbourhood includes those four and the four diagonally adjacent cells . 

 

Figure 2.27 Moore and von Neumann neighbourhoods. 
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  In generalized microstructure CA, a discrete spatial grid of cells or nodes is employed, 

and space can be defined using real space values. This defined space is usually uniform 

throughout the lattice, with the same transformation rule applied everywhere. Typically, 

each cell/node in the lattice starts with the same initial state value. Occasionally, the 

simulation might assume an initial periodic or random pattern (nucleation). These cells are 

then updated synchronously as time steps progress. As the CA simulation occurs on a finite 

lattice, in two dimensions, this lattice takes the form of a rectangle. However, this leads to 

the challenge of handling transformation rules for cells/nodes located at the lattice edges. 

The method chosen for handling these edge cells/nodes will impact the values of all cells in 

the lattice. One approach is to keep the edge cells/nodes constant throughout the algorithm. 

Alternatively, transformation rules for edge cell/node neighbours could be defined 

differently from those for other cells. The latter approach would result in fewer neighbours 

for edge cells/nodes. The choice of method depends on the specific problem being 

addressed in the local context. 

 

2.4.3. Cellular Automata - Finite Element (CA-FE) 

 

  In the field of computational materials science, there is a significant surge in utilizing 

coupled modelling techniques such as CA-FE. The Cellular Automata - Finite Element (CA-FE) 

coupling is a computational modelling technique used in materials science and engineering 

to simulate microstructure evolution and other complex phenomena [98]. This coupling 

combines the strengths of two distinct computational methods, Cellular Automata (CA) and 

Finite Element (FE), to achieve accurate and efficient simulations of material behaviour. 

These couplings are applied to forecast the evolution of microstructures under specified 

conditions. The key advantage of employing these couplings lies in their enhanced 

computational efficiency and the capacity to incorporate multiscale models, within the same 

calculations. 

  It is important to note that the CA method within the CA-FE coupling does not 

capture the intricate development of dendritic or eutectic patterns as achieved by other 

methods. These other methods encompass factors like dendrite tip radius, micro-
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segregation, secondary arms, etc. Instead, the CA method in this context concentrates on 

simulating grain growth using simplified kinetic laws, while the internal solid-liquid mixture 

is characterized by an internal volume fraction of solid. The CA-FE approach involves 

overlaying the FE mesh onto the CA lattice, as shown in  

Figure 2.28. This overlay is implemented to more efficiently calculate and solve the 

conservation equations used at a larger scale in FEM than would be feasible within the finer-

scale CA lattice. 

 

 

 

Figure 2.28 A schematic representation of a coupling between CA and FE grids [98]. 

 

 

 

 

 

 

 

 

 

 



41 
 

 

 

Chapter 3 : Experimental Procedures 

 

 In this chapter, the methodology of this project will be discussed. The  different 

shapes of lattices (such as different features, build angle, relative densities) will be  detailed. 

Selective Laser Melting (SLM) manufacturing process will be used to fabricate Ti-6Al-4V 

specimens, and microstructures will be investigated by optical and Scanning Electron 

Microscopy.  Mechanical behaviour will be assessed by compression testing. Finally, the 

numerical simulations of the project will be carried out by ANSYS 18.2 software. 

 

3.1. Specification of AM Samples 

  The choice of lattice shapes was based on a systematic method that considered the 

most common shapes and features.  The structures are detailed below, while the reasoning 

for the selection is discussed in more detail in the results chapters. These lattices were 

drawn and designed on one of three different software packages; Netfabb 2019 premium, 

Autodesk, CA, USA ,and  ANSYS 18.2 workbench, ANSYS, PA, USA were used for drawing the 

lattices, and Magics 21.1, Materialise, Leuven, Belgium  was used to prepare the CAD file 

in .stl format. The base structure was a simple cube (15×15×15mm3) which was then 

modified with different geometries of free space included inside it to assess the effect of 

the different features  and characteristics.  

 Three different geometries were used to produce a hole inside the basic cube: a 

cuboid, a  cylinder, and an elliptical cylinder. Three different sizes of the cuboid shape were 

used to make the hole,  as shown in Figure 3.1, which are 5×5×15 mm3, 10×10×15 mm3, and 

13×13×15 mm3. While the  diameter of the cylinder was 10 mm and the height was 15 mm, 

the ellipse shapes used two different diameters 7 and  13 mm with changing the direction 
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vertically and horizontally and 15 mm as height of the cylinder, as shown in Figure 3.2. 

 The same cuboid geometry that used before was used in the investigation of the 

build angle. The three different sizes of cuboids are used with three different build angles:  

90°, 45°, and 20° from the x-y plane, as shown in Figure 3.1Figure 3.3Figure 3.4.  

 

Figure 3.1 A front view of different sizes of square holes within a cube. 

 

 

Figure 3.2 A front view of a cylinder and elliptical holes within a cube. 

 

 

Figure 3.3 A front view of different sizes of cuboid holes within a cube with 45° angle. 

 

 

Figure 3.4 A front view of different cuboid holes within a cube with 20° angle. 
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Table 3.1 A summary of the specification and pictures of the samples 

 Label Description Hole size Machine X-Z Plane Picture 

Group 1 

Shape-S1-A90 

Cuboid hole within a cube 

5×5×15 mm3 

Renishaw 

SLM 400 

 

Shape-S2-A90 10×10×15 mm3 

 

Shape-S3-A90 13×13×15 mm3 

 

Group 2 

Shape-C1 cylinder hole within a cube 
D= 10 mm 

H= 15 mm  

Shape-E1 
Horizontal elliptical cylinder 

hole within a cube 

D1= 7mm 

D2= 13 mm 

H= 15 mm 
  

Shape-E2 
Vertical elliptical cylinder 

hole within a cube 

D1= 13mm 

D2= 7 mm 

H= 15 mm 
 

Group 3 

Shape-S1-A45 

Cuboid hole within a cube 

with 45° angle build angle 

5×5×15 mm3 

 

Shape-S2-A45 10×10×15 mm3 

 

Shape-S3-A45 13×13×15 mm3 

 

Group 4 

Shape-S1-A20 
Cuboid hole within a cube 

with 45° angle build angle 

5×5×15 mm3  

Shape-S2-A20 10×10×15 mm3  

Shape-S3-A20 13×13×15 mm3  
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3.2. Renishaw Building 

  Firstly, the material used was Ti-6Al-4V powder grade 5 produced for Renishaw SLM 

400 (Renishaw plc, Gloucestershire, U.K.) specification, the particle size range as provided 

by the supplier was between 15 to 45 μm and the composition is detailed in Table 3.2. The 

experiments were conducted on a Renishaw SLM 400 in the I-Form Advanced Manufacturing 

Research Centre at University College Dublin. The building platform size of the machine was 

120×120×120 mm3 with maximum height of 130 mm. The experiments were done under 

argon atmosphere on a titanium substrate. The layer thickness was 60 microns, the scanning 

parameters were exposure time, 50 µs, hatching space, 65 µm, and the laser power and 

point distance were 200 W and 75 µm. The scanning strategy was the meander hatching 

pattern for the samples.  

 

Table 3.2 The chemical composition (wt%) of Ti-6Al-4V powder provided by the manufacturer. 

Element Ti Al V Fe O C N 

Ti-6Al-4V Bal. 5.5-6.5 3.5-4.5 0.25 0.13 0.08 0.03 

 

3.3. Aconity Building 

  The Aconity Mini (Aconity3D, Herzogenrath, Germany) is another SLM machine used 

in this study to produce different samples. The experiment was conducted in the Royce 

Discovery Centre at the University of Sheffield. The building platform and powder feed plate 

were cylindrical with 140 mm diameter and builds were carried out under argon atmosphere 

on a titanium substrate. The machine is equipped with a 1070 nm wavelength laser with 80 

μm spot size. The laser power and speed were 190 W and 1200 mm/s respectively with 30 

μm as the powder layer thickness. The hatch space was 70 μm and the laser rotated 90° per 

layer, with a 45° starting offset. 
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3.4. Micropreparation 

 All the metallographic processes of the samples were done in the micropreparation 

laboratory in the Materials Science and Engineering Department at the University of 

Sheffield. At the beginning, the samples were cut to halves by Struers Secotom-50 machine. 

Next, the samples were perpendicularly mounted in a conductive Bakelite in SimpliMet 

3000 automatic mounting press which runs a cycle of 6 minutes (2 mins heating and 4 mins 

cooling) under 290 bar pressure. Finally, all the samples were placed on Buehler EcoMet 

250 for grinding and polishing. The process was beginning with grinding by different sizes 

of silicon carbide pad (800, 1200, and 2500), then a polishing part with two different 

suspensions (1 µm diamond and silica suspension). 

 

3.5. Post Processing (Heat Treatment) 

Some samples were heat treated to effect microstructural change and allow a 

comparison between the “as-built” samples and the “heat treated” form. The heat 

treatment profile was carried out under a high vacuum atmosphere with heating rate of 

10°C/min to 1050°C for 2 hours followed by furnace cooling. This process was aiming to take 

the samples above the β transus temperature (≈882°C) to allow transformation of the typical 

as-built microstructure of SLM-made elements which is columnar β. 

 

3.6. Measurements 

3.6.1. Optical Microscopy 

 The microscopical observations were carried out in a Nikon eclipse LV150 microscope 

using polarized light (PL) because titanium alloys show contrast under this imaging mode. 

The microscope is fitted with Buehler Omnimet 9.5 software. The micrographs were taken 

at different magnifications 5, 10, and 20×.  
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3.6.2. Electron Backscatter Diffraction (EBSD) 

The crystallographic examinations were conducted in JEOL 7900F (JEOL ltd, Tokyo, 

Japan). The machine was equipped with an advance EBSD system called Oxford Instruments 

HKL (Oxford Instruments HKL, Hobro, Denmark). During the data acquisition, the step size 

was 1μm and the accelerating voltage was 20kV. The specimens were tilted for 70° and the 

working distance was 13mm. The workplace during the mapping acquisitions was in parallel 

plane to the build direction. The data analysis done using Oxford Instruments’ software 

packages such as AZtecCrystal and Channel 5 (Mambo).      

 

3.6.3.  Surface Roughness  

Surface roughness is a critical parameter that characterizes the texture or 

irregularities on a surface. There are several methods for measuring surface roughness, and 

the most common parameters used to quantify it are Ra (Arithmetic Mean Roughness), Rq 

(Root Mean Square Roughness), and Rz (Maximum Height Roughness). These parameters 

are defined based on the deviation of the surface profile from its mean line.  

 

3.7. Compression Test 

 All compression tests were done on a Zwick Roell Z050 testing machine. All tests were 

carried out under the same conditions with an initial strain rate of 10-4s-1, at room 

temperature. The machine recorded the applied force on the samples and the displacement 

of the crosshead. Firstly, compliance correction of the results is performed, using data 

obtained by running the experiment in a plate-to-plate configuration (i.e. carrying out the 

compressive loading without a sample present), up to limited values of force, reflecting the 

loads used in the tests. These data were used to correct the displacement data recorded in 

other tests because the elastic deformation of the machine itself also contributes to the 

displacement seen by the crosshead.  The force-displacement data from the plate-to-plate 

test was used to remove this displacement from the crosshead data, leaving just the change 

in dimension of the samples. 
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 The data were collected from the machine in Microsoft Excel file format. The data was 

in standard force vs standard travel distance. Some calculations with the following equations 

were used to produce the initial charts. 

 Engineering strain was calculated by: 

𝜀 =   ∆𝑙/𝑙                                                 (1) 

 where: ε = strain, ∆l = deformation, l = original length. 

 Engineering stress was calculated by: 

𝜎 =   𝐹/𝐴                                                 (2) 

where: σ = stress, F = force, A = original area. 

 Most samples showed an initial region where the load increases non-linearly with strain.  

This can occur in compression when the contact with the sample is not established 

simultaneously across the specimen [116].  During the data analysis process, the stress-strain 

were corrected by identifying the real zero strain position as that where the projection of 

the linear part of the curve would meet the x-axis, to accurately determine the strain values. 

Finally, the Young’s modulus and yield strength were calculated from the new curves. 

 

3.8. Finite Elements Method (FEM) 

 For finite element analysis, ANSYS 18.2 software was used to simulate all geometries  

and structures. In the beginning, the specifications of the material were modified, as shown 

in Table 3.3, to be approximated to the material  properties that were used in the 

experiments. Then, To understand the behaviour of anisotropic Ti-6Al-4V with α and β 

phases, three different material properties of Ti-6Al-4V were used separately on the cube 

model: 1) a cube with an isotropic Young’s modulus 114 GPa, 2) two cubes with different 

stiffness matrices are used to simulate the two different phases α and β of Ti-6Al-4V alloy, 
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as shown in Table 3.4. The properties of the material were, for the  initial modelling, assumed 

to be isotropic and uniform. The results were limited on local von mises stress and effective 

strain. 

 

Table 3.3 The properties values of Ti-6Al-4V alloy that used in ANSYS [5]. 

Property Density 

(kg/m3) 

Young’s 

Modulus (GPa) 

Tensile Yield 

Strength (MPa) 

Compressive Yield 

Strength (MPa) 

Tensile Ultimate 

Strength (MPa) 

Ti-6Al-4V 4430 114 880 970 950 

 

 

Table 3.4 Stiffness coefficient of α and β phases of Ti-6Al-4V (GPa) [117, 118]. 

Phase C11 C12 C13 C33 C44 

α-Ti6Al4V 168 95 69 191 48 

β-Ti6Al4V 134 110 - - 55 

 

 

3.8.1. Setup of Model Boundary Conditions and Validation 

 

  In order to represent the real structure of lattices, specific boundary conditions were 

applied, intended to make the simulation close to the actual experiments. The boundary 

conditions that are used in the ANSYS simulation are 1) two centre lines on the bottom 

surface, forming a plus sign “+” structure and 2) relative positions and orientations of the 

structure are fixed in the x and z directions while allowing their lengths to change. The same 

conditions are used in the literature [77] for modelling of this kind as are used in this project, 

with some modifications to fit with the required structures. These conditions, as shown in 

Figure 5.1, are: 1) the displacement on the top surface represents the applied strain, which 

is set as a value of -1.5 x10-3 in the y-direction, as an arbitrary strain level consistent with 

elastic deformation, 2) the two centre lines on the bottom surface are both constrained in 
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the y-direction, but are free to extend along their length (line A is free in z and line B is free 

in x), and 3) the bottom surface is constrained in the y-direction but is free in both x and z 

directions to allow the shape to expand. A test was run with a simple cube, set to have the 

properties of standard Ti6Al4V, and the result of equivalent (von Mises) stress under this 

strain condition was 171 MPa, as shown in Figure 3.6, which shows a uniform stress 

distribution (which would be expected for a solid object, stress concentrations would 

indicate problems with the constraint applied by the boundary conditions) and this gives a 

Young’s modulus of 114 GPa, agreeing with the input material properties. This provides a 

basic validation of the material property set input and the implementation of basic 

compressive elastic deformation in the model. 

 

 

 

 

Figure 3.5 A finite element model of a solid cube unit cell showing the boundary conditions that are applied on 
the cube. 
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Figure 3.6 The von Mises stress results of the cube unit cell under compression to a strain of -1.5 x10-3, the 
blue colour represents the even stress inside the cube.   
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Chapter 4 : The Effect of Component Shape on AM 

Ti6Al4V Microstructure 

 

 

In Ti-6Al-4V alloys produced by AM processes, it is known that the mechanical 

properties depend greatly on α’ colony size and the texture [14]. As it influences aspects 

such as the thermal input and flow during the build, the geometry of the part being made is 

a key factor to determine both the grain structure and the texture. Many different 

geometrical features are present in lattices, which can have a complex design, and it is very 

challenging to completely describe the variations in such a part. Therefore, to have a better 

understanding of the influence of part shape on microstructure that could be applied to a 

general case, and to be able to set out a defined number of experiments towards this, 

simplified shapes capturing aspects of shape change were defined.  These shapes captured 

three main features: 1) changing thickness, 2) different curvature, and 3) different 

inclination of build angle. All samples were designed to contain one of these features or 

more, to achieve an efficient build where all of these could be explored. 

In this chapter, firstly, the effect of build geometry (through parts containing 

cylindrical and elliptical cylindrical holes) on SLM Ti6Al4V as-built microstructure will be 

investigated. Then, the effect of build angle on SLM Ti6Al4V as-built microstructure will be 

studied. Finally, the crystallographic textures of these factors (build geometry and build 

angle) will be explored.   

 

4.1. The Effect of Build Geometry on AM Ti6Al4V Microstructure 

 

The microstructure of Ti-6Al-4V alloy is initially β phase but is transformed into α+ β 

phase because, during the build process, the alloy is first above the β transus temperature 

(above 882°C) [4], and then cools to below this. However, the amount of retained β phase 

depends on the cooling rate. In this project and during the SLM process in general, the 
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cooling rate is very high (thousands of degrees per second) [119] and this leads to a fully 

martensitic α’ microstructure. To evaluate the effect of the different features of the part 

(curvature, thickness, and build angle) on the microstructure of SLM Ti-6Al-4V samples, 

various factors such as surface roughness, grain width and orientation, pore size, and near 

edge area size (as the microstructure near and edge is identifiably different to the bulk) have 

been assessed for all different EBSD images.  

 

4.1.1. The cylindrical Hole Samples (Shape-C1) 

 

The microstructure of the cylindrical sample, as shown Figure 4.1, Figure 4.2, and 

Figure 4.3, is fully α’ martensitic laths, as expected [4, 119], and they are located within the 

boundary of prior β grains that formed after solidification. The grains’ growth direction is 

vertically with the build direction, and this is related to the nature of the AM process where 

the prior β grows in a columnar path through several layers, in the direction in which further 

material is added, and in the opposite direction to the greatest thermal gradient (where the 

thermal energy will be extracted through the base plate). The average width of the prior β 

grains is 90 ± 6 μm which approximately corresponds to the hatch spacing of the process (65 

μm). The end of each layer has high thermal gradient due to unheated particles next to them, 

and this caused equiaxed α+ β grains to form near to the edge (i.e. nucleation of new grains 

rather than growth on the pre-existing grains of the layer below, which leads to the columnar 

structures); this region’s width is 225 ± 5 μm. Where there are internal spaces in the parts, 

the inner surface roughness of the sample has been measured from EBSD images, where 

possible, being between 120 – 150 μm, as shown in Figure 4.1 and Figure 4.2.  This occurs 

because of the melting of some powder particles and solidification near the inner edge of 

the sample, and is also reported by Antonysamy et al. 2013 who further suggested the inner 

areas suffer from the incorporation of unmelted particles [120].  

 

The optical microscope image, as shown in Figure 4.4, showed the arrangement of α’ 

martensitic laths within the boundaries of β grains. There were a number of the laths which 

seemed to continue over the grain boundaries of β, which could be related to the nucleation 
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of α’ grains which originate from β grain boundaries. The arrangement of α’ martensitic laths 

is mainly inclined at 90° and 45° to the build direction which is similar to the observations 

reported by Facchini et al. (2010) [121] and Sercombe et al. (2008) [122].  This will be due to 

the orientation relationship between the α’ martensitic laths and the prior β grains they 

transform from, with the orientation of the β grains being determined by the preferred 

growth direction. 

 

 

 

Figure 4.1 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component created 
to explore the variation in microstructure with component geometry, consisting of a cube with a 

cylindrical  hole, with the image taken from the area indicated. 
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Figure 4.3 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component created 
to explore the variation in microstructure with component geometry, consisting of a cube with a 

cylindrical  hole, with the image taken from the area indicated. 

Figure 4.2 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component 
created to explore the variation in microstructure with component geometry, consisting of a 

cube with a cylindrical  hole, with the image taken from the area indicated. 
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4.1.2. Elliptic Cylindrical Hole Samples (Shape-E1 and Shape-E2)   

  These samples will be divided into two sets depending on how the long diameter of 

the ellipse was oriented relative to the vertical build direction: 1) Horizontal elliptic 

cylindrical hole “shape-E1” (producing a wider overhang, with more rapidly changing profile 

of the hole with height), and 2) Vertical elliptic cylindrical hole “shape-E2” (where the profile 

of the hole changes less rapidly with build height), and each set will be discussed separately 

to focus on differences of the microstructures in various spots. 

4.1.2.1. Shape-E1 Samples 

  Firstly, the EBSD maps taken from the horizontal elliptic cylindrical hole sample, are 

shown in Figure 4.5, Figure 4.6, and Figure 4.7.  These were taken from three different places 

to investigate the effect of a curved surface at a high angle to the build direction on the 

growth of the columnar β grains. The columnar grains of β are seen to grow in the build 

direction (BD), as expected, and continue to grow through a number of layers in the build.  

Figure 4.4 An optical micrograph showing part of an as built AM Ti6Al4V component created to 
explore the variation in microstructure with component geometry, consisting of a cube with a 

cylindrical  hole. 
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Due to the cooling to room temperature after building, α’ martensitic laths form within the 

prior β. As consequence of the shape requirements of this sample geometry, the inner 

surface finish has been affected to have a “wavy” form, because of the variation of grain 

heights as shown in Figure 4.5. There are a few differences observable between the bottom 

and upper areas of the sample, which will now be discussed. 

In the bottom area, the surface roughness covers a zone of around 40 μm width and 

there is no appearance of equiaxed α+ β grains near to the edge. However, in the upper area 

(Figure 4.6), the equiaxed α+ β grains near to the edge are clear to seen in a band with a 

width around 175 μm and surface roughness of about 85 μm. These differences could arise 

from differences in the thermal gradient at the melt pool and how it is built up layer by layer.  

On the lower side of the hole, where the layer-by-layer build terminates, it is clearly not 

possible to create new grains above the final layer and if this grows on the crystal of the 

layer below it has a high chance to retain a preferred orientation.  On the upper side of the 

hole however, the laser path will first move over and melt powder on top of powder particles, 

and the initial solidification will not have an oriented solid to nucleate on, or as strong 

thermal gradient (due to the lower thermal conductivity of the powder), to encourage 

directional solidification and growth.  These first few layers will therefore be equiaxed α+ β 

grains before a preferred growth orientation is established and columnar grains of β grow 

on that base of equiaxed grains. There are a few pores appearing in the upper side of the 

sample, as shown in Figure 4.6, the average size of these pores is 352 ± 48 μm2.  As these pores 

are remote from the surface, they are probably not due to surface effects and could be 

related to gas entrapment [123]. This can rise from gas trapped between, or even contained 

within, the powder in the melting pool and these pores are common in AM samples [123, 

124]. 

The middle area, as shown in Figure 4.7 and Figure 4.8, is the thinnest area in the 

sample with a nominal width of 1 mm, and it is clear that in this area the columnar β grains 

disappeared, leaving in the observed areas, only three large grains in the middle with 

average width 247 ± 45 μm, where laths of α’ have formed over the prior β grains.  This 
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confirms that these laths originate from two different points during the martensitic 

transition from the parent β grain [119].  

 

Figure 4.5 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component created to explore 
the variation in microstructure with component geometry, consisting of a cube with an elliptical cylindrical  

hole, with the image taken from the area indicated. 
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Figure 4.6 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component created 
to explore the variation in microstructure with component geometry, consisting of a cube with an 

elliptical cylindrical  hole, with the image taken from the area indicated. 
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Figure 4.7 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component created 
to explore the variation in microstructure with component geometry, consisting of a cube with 

an elliptical cylindrical  hole, with the image taken from the area indicated. 

Figure 4.8 An optical micrograph showing part of an as built AM Ti6Al4V component created to explore the 
variation in microstructure with component geometry, consisting of a cube with an elliptical cylindrical  hole. 
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4.1.2.2. Shape-E2 samples 

 

  The shape-E2 was rotated from having the longer radius in the horizontal direction 

to this being vertical, in order to study the effect of a curved surface at a lower angle to the 

build direction. The microstructure, as shown in Figure 4.9Figure 4.10Figure 4.11 Figure 4.12, has a 

number of differences from other samples, that are related to the geometry and its 

relationship to the build direction. The main difference is that the columnar β grains are 

clearly growing inclined approximately 45° away from the build direction, as shown in Figure 

4.9. The inclination of the β grains is clear in the EBSD map, however, the EBSD map covered 

only 300 μm from the edge downwards and the base’s thickness is 1 mm, therefore, no 

information is available on whether this inclination of the grains commenced after a certain 

distance from the base, perhaps close to the free surface, or if it was present at the beginning. 

Simonelli et al. (2014) assumed that the thermal gradients during the building process have 

an influence on the growth of β grains, and that if the gradients are inclined (as might result 

from the movement of the beam across the surface) this could cause them to incline away 

from the typical direction.  However, the other images from the middle, bulk and top corner 

in this sample, Figure 4.10Figure 4.11Figure 4.12, showed typical growth direction of β columnar 

grains which is upwards with the build direction, and there is no inclination in the maps and 

the other samples (shape-C1 and shape-E1) have no evidence of inclination despite using 

the same building process with the same scan strategy. It is therefore not certain what 

caused this specific observation, but it could be an isolated case over a small volume of 

material. 

  Another feature worth noting is the inner surface roughness.  The surface was 

smooth and wavy in shape-E1 sample. In the shape-E2 sample however, the surface 

roughness is 100 μm and it is rougher than shape-E1 sample (85 μm). This could be related 

to the geometry and different curvature, as this would lead to a different frequency of the 

lay to layer “steps” being encountered on the surface, adding to the roughness.  It could also 

lead to the size of the near edge area to be determined to be an average of 75 ± 25 μm. In 

the EBSD map of the bulk area, as shown in Figure 4.12, the microstructure was clearly 
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organised and α’ martensitic laths within the prior β have consistent inclination of 90° and 

45° to the build direction [121, 122].  By contrast, randomisation of α’ laths is seen in the 

near edge areas where they are varying in length and direction due to the transformation 

from α + β phase and heat transfer because of the position between melted and unmelted 

powder particles. 

 

 

 

Figure 4.9 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component created to explore 
the variation in microstructure with component geometry, consisting of a cube with an elliptical cylindrical  

hole, with the image taken from the area indicated. 

 



62 
 

 
 

Figure 4.10 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component created to explore 
the variation in microstructure with component geometry, consisting of a cube with an elliptical cylindrical  

hole, with the image taken from the area indicated. 
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Figure 4.11 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component created to explore 
the variation in microstructure with component geometry, consisting of a cube with an elliptical cylindrical  

hole, with the image taken from the area indicated. 
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Figure 4.12 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component created to explore 
the variation in microstructure with component geometry, consisting of a cube with an elliptical cylindrical  

hole, with the image taken from the area indicated. 
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4.2. The Effect of Build Angle on AM TI6Al4V Microstructure 

  Three samples were manufactured with side walls tilted at 0°, 45°, and 70° away from 

the build direction (effectively producing a parallelepiped sample, with a hole through the 

centre of the same shape), to investigate the effect of the build inclination on the deposition 

through the layers of powder. The EBSD maps were taken from certain places to make the 

comparison between the microstructures that result from different build angles. The first 

sample with 0°, as shown in Figure 4.13, Figure 4.14, and Figure 4.15, showed the normal 

microstructure with columnar β grains that grow in the build direction. It is obvious from the 

maps that three different pores are spread in different areas around the sample with 

different sizes (360 μm2, 250 μm2, and 860 μm2). The appearance of porosity in Ti6Al4V 

lattices produced by SLM is a common feature and it can be reduced by heat treatment or 

Hot Isostatic Pressing (which was not performed in this experiment). The grains size was of 

average size between 60 μm and 90 μm, and there are equiaxed grains near to the inner 

edge of the upper half, as shown in Figure 4.15.  These grains probably nucleated on partially 

melted powder and continued for 350 μm upwards until the columnar grains established. 

Figure 4.16 and Figure 4.17 show the second sample, with walls at an inclined angle of 45°. 

The growth of columnar β grains continued vertically upwards in the build direction, and it 

can be seen clearly in Figure 4.16 that there is continuity of the growth irrespective of the 

structure inclination. Figure 4.17 shows the inner edge of the sample; the grains near to the 

edge appear to nucleate on the inclined surface originally, then the columnar grains start to 

grow in the build direction through a number of layers. Figure 4.18 and Figure 4.19 relate to 

the final sample built with walls included 70° away from the build direction. The EBSD images 

were taken from only two places because of the poor index obtained from this sample. These 

images showed that the growth of the columnar β grains continued vertically upwards to 

the build direction despite the sharp inclination, and above equiaxed grains which formed 

near the edge of the structure. It is noted from Figure 4.19 that the width of the columnar 

grains reduced to be around 60 μm and this seemed to be related to the rapid nucleation on 

the edge. The powder particles that appeared in the EBSD image could be related to the 

preparation process and while polishing these particles gathered in the corner. 
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  The three different structures have revealed that the structure inclination in 

components of the dimensions explored here has a very small effect on the microstructure.  

Where this takes place, it occurred in certain areas such as near to the edge for the inner 

side of the sample where the equiaxed grains nucleate. The thermal gradient therefore has 

a stronger effect on the growth direction than the structure complexity. While the contour 

passes, the layer solidifies in the melt pool towards the preferred direction <001>β because 

of the laser path. After a number of layers, this direction will be the stronger and any new 

layer has weak texture, and it will follow the preferred direction <001>β. 

 

 

Figure 4.13 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component created to explore 
the variation in microstructure with component geometry, consisting of a cube with a square hole, with the 

image taken from the area indicated. 
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Figure 4.14 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component created to explore 
the variation in microstructure with component geometry, consisting of a cube with a square hole, with the 

image taken from the area indicated. 
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Figure 4.15 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component created 
to explore the variation in microstructure with component geometry, consisting of a cube with a 
square hole, with the image taken from the area indicated. 

 

Figure 4.16 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component created to explore 
the variation in microstructure with component geometry, consisting of a cube with a square hole, with the 

image taken from the area indicated 
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Figure 4.17 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component created to explore 
the variation in microstructure with component geometry, consisting of a cube with a square hole, with the 

image taken from the area indicated 

 

 

 

 

 

 

 



70 
 

 

Figure 4.18 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component 
created to explore the variation in microstructure with component geometry, consisting of a 

cube with a square hole, with the image taken from the area indicated. 

 

 

Figure 4.19 An SEM EBSD micrograph showing part of an as built AM Ti6Al4V component 
created to explore the variation in microstructure with component geometry, consisting of a 

cube with a square hole, with the image taken from the area indicated. 
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4.3. The Textures of different AM Ti6Al4V Samples 

 

  The crystallographic textures of AM Ti6Al4V samples in general consist of weak 

texture of α’ phase because the parent variants of columnar β grains, which will be discussed 

later, and strong texture of reconstructed β grains align to the build direction ↑ with 

preferential texture {100}. In this section, the focus will be on the edges of inner areas (away 

from the bulk) to investigate the effects of the build geometry and build angle and analyse 

the differences in textures between these areas and the bulk. 

    

4.3.1. The Effect of Curvature (Cylinder, Elliptical Cylinder) 

 

4.3.1.1. Shape-C1 Samples 

 

  The pole figures that illustrate the textures of reconstructed β (Figure 4.20) and α 

phase (Figure 4.21) are obtained from the data analysed to form the EBSD maps in section 

4.1.1. The corresponding contour pole figures of the texture distribution of the β phase from 

the middle inner edge of shapeC1 samples, as shown in Figure 4.20a, revealed a strong {100} 

texture in the direction of grain growth with maximum intensity of ~ 12 times that expected 

for random orientations. The explored area showed in the previous section a clear columnar 

β grain structure, produced by growth in a {100} direction during solidification, as this is the 

preferential growth direction of the cubic crystal structure. The corresponding contour pole 

figures of the texture of the β phase from the top inner edge of the cylindrical hole, as shown 

in Figure 4.20b, showed other areas with higher intensity than those corresponding to the 

{100} direction. These areas are rotated by ~ 15 degrees from the preferential growth 

direction. The mapped area has equiaxed grains and the full columnar structure of the β 

grains has not fully established in this zone, with some retained grains from the first material 

to be melted and resolidified.  This could affect the texture of these areas, leading to the 

development of the preferential growth direction. 
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  On the other hand, the texture of martensitic α’, as shown in Figure 4.21, was weaker 

and of lower intensity than the β texture. The overall texture was mainly random, and the 

absence of a preferential direction may be related to the high number of α’ laths between 

prior β grains. As expected, in the corresponding contour pole figures of α’ laths, the 

transformation from β → α’ follows the Burger Orientation relationship (BOR) which is that 

the {0001} α’ poles are parallel to at least one of the reconstructed parent poles of {110} β 

and {11̅20} α’ poles are parallel to at least one of the reconstructed parent poles of {111} β. 

Due to the crystal symmetry, there are 12 possible variant orientations from β the parent to 

form α’ laths but because of the fast cooling, the α’ laths produced mostly appeared random 

to reduce the energy of phase transformation. 

 

 

Figure 4.20 Pole figures depicting reconstructed ꞵ textures measured by EBSD; a) from the left inner 
edge of the cylindrical hole, and b)  from the upper inner edge of the cylindrical hole. 
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Figure 4.21 Pole figures depicting α-phase textures measured by EBSD; a) from the left inner edge of the 
cylindrical, and b)  from the upper inner edge of the cylindrical. 

 

4.3.1.2. Shape-E1 and Shape-E2 Samples 

 

  The corresponding contour pole figures of shape-E1 and shape-E2 samples (with the 

longer radius of the ellipse oriented horizontally and vertically) showed similar behaviour to 

shape-C1 in the previous section (4.3.1.1). The textures of reconstructed β from the middle 

and top inner edge, as shown in Figure 4.22, showed a strong {100} texture in the direction of 

grain growth with maximum intensity of ~ 7 and 12 times random respectively. In the top 

side, there were several areas that showed different orientation as shown in Figure 4.22a.  This 

is likely to be because of the equiaxed grains near to the edge where the new grains nucleate, 

and the columnar β grain structure fully formed.  The similarities with the shape-C1 shape 

indicate that at the scales of the shapes investigated (shape-E1 and shape-E2), the minor 

differences in the angle of the surface do not affect the internal crystallography of the metal,, 

as shown in Figure 4.24.   
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Figure 4.22 Pole figures depicting reconstructed ꞵ textures measured by EBSD; a) from the upper 
inner edge of the horizontal elliptical cylindrical, and b)  from the left inner edge of the horizontal 

elliptical cylindrical. 

 

Figure 4.23 Pole figures depicting α-phase textures measured by EBSD; a) from the upper inner edge of 
the horizontal elliptical cylindrical, and b)  from the left inner edge of the horizontal elliptical cylindrical. 
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Figure 4.24 Pole figures depicting textures measured by EBSD from the bottom inner edge of the 
vertical elliptical cylindrical: a) β-phase, and b)  α-phase. 

 

4.3.2. The Effect of Build Angle on the Texture 

 

  The three different samples with parallelepiped holes (angled 0°,45°, and 70° away 

from build direction)  showed similar crystallographic textures to the cylindrical samples in 

the mapped areas. The middle inner edge, as shown in Figure 4.25, revealed a strong {100} 

texture in the direction of grain growth of reconstructed β grains. The inclination has no 

effect on the textures because the columnar grains continued in the same direction ↑. This 

also has similarities to the results from the investigation of the effect of different inclination 

angles for square holes and the narrow walls to grow within, and is similar to results reported 

by Antonysamy et al. 2013 [120]. 
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Figure 4.25 Pole figures depicting textures measured by EBSD from the middle inner edge of the cubic 
hole: a) β-phase, and b)  α-phase. 
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4.4. Chapter Summary 

 

  The effect of component shape on Ti6Al4V microstructure and texture produced by 

Selective Laser Melting (SLM) has been studied in this chapter. The objective was to create 

different shapes to investigate three main features: 1) Changing thickness, 2) Curvature, and 

3) Inclination of build angle. The results presented in this chapter suggest the following: 

 

1- The microstructure of top inner edge area (area no.1) , as shown in Figure 4.26, 

regardless of the hole shape (cylindrical or cubic) consists of equiaxed α+ β grains 

near to the edge then the columnar β grains starts growing. This happens because of 

the thermal gradient at the melt pool and how it is built up layer by layer after the 

gap in the structure.  

2- The texture of this area (area no.1 Figure 4.26) of reconstructed β grains is more 

random from the preferential growth direction (build direction) than other areas 

because of the equiaxed grains and the full columnar structure of the β grains has 

not fully established in this zone, with  some retained grains from the first material 

to be melted and resolidified.   

3- The microstructure of side inner edge area (area no.2) , as shown in Figure 4.26, 

suffers from surface roughness perhaps because of the unmelted particles being 

incorporated, which led to nucleate equiaxed α+ β grains near to the edge before 

joining the columnar β grains that already nucleated from the base and continued 

growing vertically in build direction ↑.    

4- The texture of this side inner edge area (area no.2 Figure 4.26) of reconstructed β 

grains is more organised and aligned into the preferential growth direction (build 

direction) than other areas because of the well-established columnar grains of β.  

5- Regardless the edge shape (straight line or curved), the microstructure of bottom 

inner edge area is fully α’ martensitic within prior β grains which grow vertically in 

columnar shape through several layers. If the inner edge shape is straight line (area 

no.3) , as shown in Figure 4.26, the surface will be flat, and the roughness will not 

appear.  
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6- The microstructure of area no.4 (curvy), as shown in Figure 4.26, will be similar to 

area no.3 (straight line) but the columnar β grains will be inclined away from the build 

direction ↑ due to the thermal gradient which is result of the shape demand (sharp 

curve). The surface will be rougher than the straight line (area no.3) because of the 

condensing of unmelted powder. 

7- The surface roughness in the samples is clearly visible, and is high due to the 

manufacturing process, where the large melt pool, exposure time, the inclination, 

and the curvature of some of the regions of samples, cause semi-melted powder 

particles to be incorporated into the surface. The areas denoted no.1 and no.2 are 

the most effected due to the gravity and capillary forces.   

 

  It can be assumed that features of similar type, where present in other geometries, 

including in lattice samples with repeating unit cell based structures, will give comparable 

microstructures, and that these results can therefore be used as a basis to make predictions 

of such structures.   Based on the information collected (which is limited in terms of the full 

sample edge and the depth into the sample), it is not possible to define the dimensions of 

the roughgness, or the size of these different areas.  Nevertheless, the roughness is 

estimated to be at least 50 m, and the areas are observed covering up to a millimetre of 

surface; both of these measures are likely to be larger than these lower limits. 
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Figure 4.26 A sketch showing different areas in a sample with different features that 
using to illustrate the summary of the results.  
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Chapter 5 : Effect of Degree of Microstructural Order 

on Elastic Behaviour in Ti-6Al-4V 
 

 

  Numerical models have the capability to simulate and assess the impact of the 

microstructural inhomogeneity on the mechanical properties. One of the objectives of this 

project is to develop the simulation capability to evaluate and validate this impact of the 

microstructure on the mechanical properties for lattices.  Due to the potential range of 

structures and complexity of lattices, it is not possible to experimentally explore behaviour, 

and a predictive approach is needed. Therefore, to achieve this objective, the FEM models 

need to simplify to the basic in terms of structure (solid cube) or materials (Ti6Al4V α and 

Ti6Al4V β separately) and validate these conditions. Then, the models need to be developed 

from single crystal to multi-grains and using the two phases of Ti6Al4V that are present in 

real samples together. Finally, simulation of the structure of shape-C1, one of those 

produced and examined in the previous chapter, will permit investigation of the effect of 

microstructure of this mesostructure on the mechanical properties.        

 

5.1. Setup Boundary Conditions and Validation 

 

  In order to represent the real structure of lattices, specific boundary conditions were 

applied, intended to make the simulation close to the actual experiments. The boundary 

conditions that are used in the ANSYS simulation are 1) two centre lines on the bottom 

surface, forming a plus sign “+” structure and 2) relative positions and orientations of the 

structure are fixed in the x and z directions while allowing their lengths to change. The same 

conditions are used in the literature [77] for modelling of this kind as are used in this project, 

with some modifications to fit with the required structures. These conditions, as shown in 

Figure 5.1, are: 1) the displacement on the top surface represents the applied strain, which 

is set as a value of -1.5 x10-3 in the y-direction, as an arbitrary strain level consistent with 

elastic deformation, 2) the two centre lines on the bottom surface are both constrained in 
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the y-direction, but are free to extend along their length (line A is free in z and line B is free 

in x), and 3) the bottom surface is constrained in the y-direction but is free in both x and z 

directions to allow the shape to expand. A test was run with a simple cube, set to have the 

properties of standard Ti6Al4V, and the result of equivalent (von Mises) stress under this 

strain condition was 171 MPa, as shown in Figure 5.2, which shows a uniform stress 

distribution (which would be expected for a solid object, stress concentrations would 

indicate problems with the constraint applied by the boundary conditions) and this gives a 

Young’s modulus of 114 GPa, agreeing with the input material properties. This provides a 

basic validation of the material property set input and the implementation of basic 

compressive elastic deformation in the model. 

 

 

 

 

Figure 5.1 A finite element model of a solid cube unit cell showing the boundary conditions that are applied on 
the cube. 
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Figure 5.2 The von Mises stress results of the cube unit cell under compression to a strain of -1.5 x10-3, the 
blue colour represents the even stress inside the cube.   

 

5.2. Comparing between α and β as Ti6Al4V Phases 

 

  In order to understand the anisotropic behaviour of α and β phases separately, 1) the 

two different specific stiffness matrices described in 3.8 were used, and 2) a new 

coordinate system was established to rotate the materials’ orientation (the crystal 

orientation) within the unrotated physical structure, as represented in the diagram in 

Figure 5.3a. The purpose of the new coordinate system was to control the rotation of the 

crystallographic orientation of the material inside the structure, so that the effect of the 

material’s orientation on the elastic properties could be captured. The rotational 

movement was based on rotating the axes through certain angles; to do that, “yaw”, 

“pitch”, and “roll” axes were used to simplify the rotation, as shown in Figure 5.3b and 

Figure 5.4. Yaw represents rotation around the y-axis, and its Euler angle is ψ°, Pitch 

represents rotation about the x-axis, and its Euler angle is θ°, and Roll represents rotation 

about the z-axis, and its Euler angle is φ°. The material within the model was rotated in 10° 

steps from 0° to 180° for each axis (yaw, pitch, and roll) separately. The tests on the models 
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were done under the same strain as previously, -1.5 x10-3, and the stress results were used 

to calculate the Young’s modulus for linear elastic deformation in each condition.    

 

 

Figure 5.3 A diagram illustrates the model structure and different coordinate systems. a) The black cube 
represents the model that using in FEM, the blue cube represents the material of the model. b) A diagram 

shows the coordinate system X,Y,Z  as Pitch, Yaw, Roll their angles θ, ψ, φ. 

 

Figure 5.4 Four images of the coordinates system that used in ANSYS showing different rotations. a) Global 
coordinates system without rotation. b) Global coordinates system with rotation around Yaw (green). a) 
Global coordinates system with rotation around Pitch (red). a) Global coordinates system with rotation 

around Roll (blue). 
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In this test, the anisotropic behaviour of the Ti6Al4V α-phase and the β-phase was 

investigated individually to determine the effect of crystal orientation on the elastic 

behaviour. The results using the stiffness matrices for Ti64-α and Ti64-β separately, as 

shown in Figure 5.5 and Figure 5.5, showed three different behaviours of the structure’s 

stiffness, with angle of rotation around different axes rotation. In these figures, the orange 

line represents the Young’s modulus of the structure while the crystal structure of the 

material is rotated around the “roll” axis by φ° and θ° = ψ° = 0.  The blue line represents 

the Young’s modulus of the structure while the crystal structure of the material is rotated 

around the “pitch” axis by θ° and φ° = ψ° = 0.  Finally, the grey line represents the Young’s 

modulus of the structure while the crystal structure of the material is rotated around the 

“roll” axis by ψ° and θ° = φ° = 0.   

       Firstly, the results generated using the stiffness matrix for Ti64-α (Figure 5.5) showed 

the highest stiffness for the conditions calculated is 167.53 GPa, which is measured when 

the crystal structure of the material is oriented at 45° or 135° around the roll axis (orange 

line); this is relative to the starting orientation where the crystal structure is lined up with 

the c axis of the hexagonal unit cell along the direction of the mechanical test. The pattern 

of the variation in stiffness was symmetrical around 90°, but it was different from the roll 

axis (orange line) when the pitch axis (blue line) was tested.  Here the highest stiffness 

modelled was 158.97 GPa at angles of rotation of 60° and 120°. This is consistent with the 

symmetry of the unit cell structure of Ti64-α, which is hexagonal close packed (HCP), with 

identical stiffness values being found when the rotation brings crystallographically identical 

directions into the same alignment. Finally, the rotation around the yaw axis (the load-

direction axis) had no effect on the stiffness of the structure, as this does not change any 

aspect of how the load interacts with the material structure. 

            Modelling with the stiffness matrix of Ti64-β (Figure 5.6) showed an identical 

performance around the roll and pitch axes, while using β-phase properties, with patterns 

reflecting the symmetry of the crystal structure of β, which is body centre cubic (BCC). The 

highest stiffness is 80.44 GPa when the crystal structure of the material is rotated by 45° 

or 135° around the roll axis (orange line) or pitch axis. Interestingly, the structure showed 

the highest overall stiffness of 119 GPa when the material rotated 45° around the roll axis, 
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45° around the pitch axis and 0° around the yaw axis. This result could be related to bringing 

the close packed direction of the atoms in the unit cell ([111]) into alignment with the test 

direction, giving increased stiffness, as the density of bonds is greatest along this direction. 

Finally, the rotation around the yaw axis (grey line) also had no effect on the stiffness of 

the structure, as it is not changing anything about how the bonds are loaded. 

  To conclude, there is an appreciable effect of the orientation on the structure’s 

stiffness in both tests. In Ti64-α case, the stiffness increased by 54.05% during the rotation 

around the roll axis (z-axis) and it is increased by 46.18% during the rotation around the 

pitch axis (x-axis). In Ti64-β case, the stiffness increased by 131.02% during the rotation 

around the roll axis (z-axis). This is clear evidence on that the stiffness of the single crystal 

affected by the crystal orientation. In addition, the orientation has bigger impact on single 

crystal made from Ti64-β material than Ti64-α, which could be related to the crystal 

structure of the material and the differing symmetry the two-unit cells present.    

 

 

Figure 5.5 showed three different relationships of the structure’s stiffness (E) of Ti6Al4V α, with 
angle of different axes, the orange line represents E while the crystal structure of the material is 
rotated around roll axis. the blue line represents E while the crystal structure of the material is 

rotated around pitch axis. the grey line represents E while the crystal structure of the material is 
rotated around yaw axis. 
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Figure 5.6 showed three different relationships of the structure’s stiffness (E) of Ti6Al4V β, with 
angle of different axes, the orange line represents E while the crystal structure of the material is 
rotated around roll axis. the grey line represents E while the crystal structure of the material is 

rotated around yaw axis. 

 

 

5.3. Simulation of Ti6Al4V with α and β Phases together  

 

  In the most commonly used condition, Ti6Al4V is an α-β alloy, having two phases 

present.  Therefore, to properly capture the material behaviour, it is necessary to model 

both phases together in the structure at the same time. In this test, the anisotropic 

behaviour of Ti6Al4V with both α-phase and β-phase regions was investigated to 

determine the effect of the crystal orientation in each phase on the properties. In the 

previous test, one cube was used to represent the entire structure, and this worked 

because only one set of properties was required. However, the one cube approach cannot 

be applied in this test, due to the difference between α and β in the real composition of Ti-

6Al-4V. A new model was set up, consisting of 64 cubes (4×4×4), as shown in Figure 5.7, 

where each cube represents a simplified single grain (the shape of grains as cubes, the 

single size of these and the regular arrangement is of course non-physical, but the model 
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is here investigated for its capacity to capture basic behaviour). In order to set the materials’ 

limits, a series of tests was done from 0% to 100% α-phase concentration, while β-phase 

concentration was correspondingly decreased from 100% to 0%, with the results for the 

overall stiffness shown in Figure 5.8. The orientation of the cubes in this particular test was 

toward the global coordinate system. 

  Firstly, an ordered configuration corresponding to the rule of mixtures was used in 

this simulation to set the upper bound for the stiffness of the different proportions of the 

two phases, and one corresponding to the inverse rule of mixtures for lower bounds. The 

upper level (the axial loading, yellow line in Figure 5.8), was produced by modelling a 

columnar structure as shown in Figure 5.9a. The model material properties were those of 

the Ti-6Al-4V β-phase, initially at 100%, then substituted gradually with material with α-

phase properties. For the lower stiffness limit (the transverse loading, blue line in Figure 

5.8), was produced by modelling a row-by-row structure, as shown in Figure 5.9b. The 

model material properties were once again those of the Ti-6Al-4V β-phase, initially at 100% 

then substituted gradually with material with α-phase properties. When these limits were 

determined, three different trials were performed to validate the model for further 

experiments; the goal is to model more realistic (random) configurations of the two phases, 

and ensure the results are within the bounds. Three trials were performed by allocating α-

phase properties to cubes at random, along with different proportions of β-phase.  The 

results are shown in Figure 5.8 (the blue, orange, and grey dots), and show the model is 

broadly consistent, with some level of variation in repeated structures with the same 

proportion of the two phases, but in different configurations. The maximum variation 

between repeats of the same structures was found at intermediate proportions (which is 

understandable as in this range the number of possible different configurations of α-phase 

and β-phase cubes – and therefore different properties - is higher) and is of 3MPa (5%) or 

less.  The next point of validation was to compare the simulation results with results from 

the simple rule of mixtures estimates. 
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Figure 5.7 A finite element model of  64 cubes (4×4×4) and each cube will represent a single grain. 

 

Figure 5.8 Illustrates the relationship between Young’s Modulus (E) and α phase concentration in α and β 
structure. The yellow line represents the columnar structure (axial loading), the blue line represents the row-

by-row structure (transverse loading). 
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Figure 5.9 Two ANSYS models of Ti6Al4V α (blue) and β (red) phases together, a) columnar structure, b) row-
by-row structure.   

   

  The following step in the simulation section was comparing modelling results and 

theoretical results, from the rule of mixtures approach, to validate the model, and gain 

confidence it would be comparable with the physical (real) samples. In the previous test, 

structures corresponding to the rule and inverse rule of mixtures were used to determine 

the upper and lower bounds respectively.  In this stage the equations used for these 

estimates were used to compare to the modelling results for different proportions of the 

two phases. Firstly, the model material properties were divided 50:50 between α- phase 

and β-phase, arranged in structures corresponding to the two versions of the rule of 

mixtures, as shown in Figure 5.9, to eliminate any phase dominance in the model which 

could affect the comparison. Secondly, as shown in the Table 5.1 below, different strains 

were applied in the model to verify the elastic behaviour of the structures and determine 

the Young’s modulus of the material. Finally, calculations of rule and inverse rule of 

mixtures were performed for the quoted values of the Young’s modulus of the phases 

individually, and the results compared with the modelling results. 

 



90 
 

Table 5.1 The stresses results of axial loading and transverse loading on different strains to 
determine the elastic modulus E 

 

 

• Calculation of the rule and inverse rule of mixtures 

- Axial loading                    𝐸 = 𝑓𝐸𝛽 + (1 − 𝑓)𝐸𝛼                                       (5.1)   
 

where 𝐸𝛽    is the young’s modulus of Ti6Al4V β phase, 

            𝐸𝛼    is the young’s modulus of Ti6Al4V α phase, 

            𝑓     is the volume fraction of β which is 0.5, 

     

                                      𝐸 = 0.5 (34.8) + 0.5 (108.62)      = 71.8 𝐺𝑃𝑎 

 

- Transverse loading           𝐸 = (
𝒇

𝑬𝛽
+ 

𝟏−𝒇

𝑬𝜶
)
−𝟏

                                          (5.2)      

   

                                      𝐸 = (
0.5

34.8
+ 

0.5

108.62
)
−1
   =       52.75 𝐺𝑃𝑎          

 

 

Alignment type  Axial (↑↓) Transverse (≡ α first) Transverse (≡ β first) 

Strain Stress (MPa) Stress (MPa) Stress (MPa) 

0.0005 36 31 31 

0.001 72 62 62 

0.0015 109 93 93 

0.002 145 124 124 

0.0025 181 156 156 

0.003 217 187 187 

0.0035 254 218 218 

0.004 290 249 249 

E (GPa) 72 GPa 62 GPa 62 GPa 
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Table 5.2 A comparsion between FEM results and Theory calculations of Axial and Transverse 
loading. 

 Axial ↑↓ Transverse ≡ 

FEM (Ansys) 72 GPa 62 GPa 

Theory (Calculation) 71.8 GPa 52.75 GPa 

 

   

  From Table 5.2, the results of FEM and theory were found to be nearly matching in 

the axial loading comparison (the upper limit rule of mixtures configuration), but they were 

different in transverse loading (the inverse rule of mixtures structure). The difference 

between axial load and transverse load can be seen also in Table 5.1.  The differences 

between the equations and the model could be due to the details captured by the FEM in 

aspects such as the effect of the lateral constraint of the expansion of the more compliant 

layers by the stiffer material; in the Rule of Mixtures equations, the blocks of material do not 

have any complex interaction, but the requirement that the cubes remain in contact at their 

connecting faces means that the deformation of the more easily deformed phase will be 

reduced, potentially leading to a higher overall stiffness.  In the axial loading case, such 

constraint is less of an issue, as the deformation is limited directly by the load being carried 

by the stiffer phase, so the agreement is better. The reasonable match of the results 

between modelling and calculation (especially given that the rule of mixtures calculation is 

clearly simplistic, and the FEM may be more accurate to reality) in axial loading provided 

another proof of the model’s validation and gave confidence to use this approach in further 

tests to simulate the real structure more precisely (in the form of a cube with cylindrical hole) 

and have insight to its mechanical properties.      
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5.4. Simulation of Block with Cylindrical Hole (Shape-C1) 

 

       In this section of FEM tests, the main aim was to simulate the real shapes that were 

experimentally fabricated and assessed in this project (see section 3.1 Figure 3.2) to have 

an insight to the mechanical behaviour of these shapes, and more particularly to gauge the 

effect of the microstructure on the mechanical properties.  If basic microstructural changes 

of similar nature to those in the previous chapter in such parts could produce a perceptible 

change in the elastic behaviour, then it is likely that changes could be induced in lattices 

assembled from such elements were microstructural control to be exercised, but if no such 

changes could occur theoretically, then it would be less likely to be able to achieve these 

in practice.  

  Firstly, due the importance and known difference in the structure of the near edge 

area (as discussed in section 4.1) it was attempted to capture the effect of this 

phenomenon in this test by designing two different shapes, as shown in Figure 5.10 b&c. 

The shapes’ sizes were redesigned to simulate the real structure (Figure 5.10a).  In the real 

structure, the ratio between the diameter of the cylindrical hole and the side length of the 

overall cube was  = 0.666 and this ratio was kept the same in the modelled structures.  This 

aimed to create the same relative effect of the cylindrical structure on the cube and at the 

same time to allow comparison of the results of this test with the previous modelling of 

the solid cubic structure of 10×10×10 mm.  

  Secondly, in order to investigate the impact of microstructural differences, and 

possible preferred orientation in the near edge area only, the structure was modified to 

have cylindrical sleeve inside the hole, as shown in Figure 5.10b&c, which can be altered in 

thickness, stiffness matrix or orientation, to represent the near edge area (the green area 

in Figure 5.10) and also to change the orientation of this area easily without changing that 

of the entire structure. Two different thicknesses were used in this test to make a 

comparison and see the effect if one is present. The first structure had a cylinder with 0.67 

mm wall thickness, as shown in Figure 5.10b, the second structure had a cylinder with 0.92 

mm wall thickness, as shown in Figure 5.10c.  
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  Finally, Ti6Al4V α phase only was the chosen material for modelling both structures 

(the cube with the hole and the cylindrical sleeve) because the results of EBSD mapping 

(4.1.1) showed that approx. 95% of the near edge area of the cylindrical structure was α 

phase (Figure 4.1), and this would capture the dominant effects that would occur in the 

real material.  

 

Figure 5.10 2D diagrams of solid cubes with cylinder hole, a) sketch with dimensions of the real sample 
produced by SLM, b and c) sketches with dimensions of FEM models showing the sleeve inside the 

cylinder hole (green circle). 
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  Figure 5.11 and Figure 5.12 show the effect of grain orientation and near edge area 

size on the stiffness of the structures. The comparison shows the effect for both 

thicknesses, while the orientation of the crystal structure of the α phase within them is 

rotated on different axes (pitch and roll). In Figure 5.11, the two targeted areas (Green 

areas in Figure 5.10) are rotated on the pitch axis only, while the orientation of the rest of 

the structure remains with the c axis pointed towards up to represent the build direction 

of the real sample. The results showed the same stiffness behaviour in both thicknesses 

with only a small difference (≈ 1.5 GPa), being slightly higher stiffness for the larger near 

edge affected area. Similarly, Figure 5.12 shows the effect of the targeted areas being 

rotated on the roll axis only, while the rest of the structure has the crystal orientation with 

the c axis pointed towards up to represent the build direction of the real sample.  The 

results also showed the same stiffness behaviour in both structures with little difference (≈ 

0.75 GPa) with the larger near edge affected area being higher.  In both cases, for both 

thicknesses, there can be a significant change in the modulus, with the variation from the 

highest to lowest stiffness orientation being about 10% for rotation around the pitch axis, 

and around 5% for rotation around roll.  This is clear evidence that the orientation of the 

near edge area has the capacity to cause a direct influence on the stiffness of a structure 

containing free volume. 

       Additionally, by comparing the results of this test with the results of the solid cube 

made of Ti-6Al-4V α phase only, discussed in 5.2 (Figure 5.5 and Figure 5.6), the effect of 

this specific shape modification on the stiffness can be seen.  The stiffness of shape-C1 at 

0° was 44.3 GPa, while the stiffness of the solid cube at 0° was 108.75 GPa. The reduction 

of strength is obviously related to the presence of the hole in the middle, which supports 

no load and leads to concentration of the stress on the edges, as shown in Figure 5.13. The 

red colours represent the most highly stressed areas in the structure and give indication of 

the areas that would deform more, and would also be expected to fail earlier or start 

buckling. Were it to be intended to fabricate an actual porous material from a unit cell of 

this type, these areas would need to be reinforced with supports or have controlled texture 

to have maximum strength from the material. 
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       Furthermore, the stiffness behaviour of Ti-6Al-4V α phase with rotation around the 

pitch axis is different between the solid cube and shape-C1, as shown in Figure 5.14 The 

difference occurs between angles of 60° and 120°; for the solid cube, the stiffness 

decreases from the maximum at 60° to 90° then increases to the maximum again at 120° 

(giving an “m” shape to the plot). On the other hand, in the case shape-C1, the stiffness 

increases to a maximum at 90° then decreases (giving a pyramidal shape).  This difference 

is likely to arise as, in the case of the material with a hole, the rotation is only applied to 

the thin sleeve of material around the surface of the hole.  It probably indicates that the 

effect of this layer is not in directly supporting the applied load, but rather in resisting the 

deformation of the surrounding material, which may not happen simply in the axial 

direction.  In the case of the solid cube the resistance to elastic deformation is greatest 

when the high stiffness direction is directly opposed to the applied force, but in the 

presence of a hole it seems rather to be better when it is at about 45° to this, suggesting 

that this is an angle at which the sleeve of material resists the deformation of the structure 

(seen in exaggerated form in Figure 5.13) more effectively.   
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Figure 5.11 showed the results of stiffness (E) of Ti6Al4V for the two different cubes while the cylindrical 
rotates around Pitch axis. The blue line represents E of the structure of r= 4.25mm cylindrical hole, the grey 

line represents E of the structure of r= 4mm cylindrical hole. 

 

 

Figure 5.12 showed the results of stiffness (E) of Ti6Al4V for the two different cubes while the cylindrical 
rotates around Roll axis. The orange line represents E of the structure of r= 4.25mm cylindrical hole, the 

yellow line represents E of the structure of r= 4mm cylindrical hole. 
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Figure 5.13 A front view of the model shows the stress areas in the structure. The colours indicates the levels 
of the stresses. 

 

Figure 5.14 The stiffness behaviour comparison of Ti-6Al-4V of solid cube (above) and the cubes with a 
cylindrical hole (below) with rotation around the pitch axis. 
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5.5. Chapter Summary 

 

  The effect of degree of microstructural order on the elastic behaviour of Ti6Al4V has 

been studied in this chapter via the Finite Element Method (FEM). The objective was to build 

and validate a model to simulate and investigate the effect of microstructure orientation 

within real shapes containing free volume, corresponding to some of the structures 

produced in this project. The results presented in this chapter conclude to: 

 

1- Changing the orientation of the crystal has an effect on the structure’s stiffness. This 

effect is varied between the two phases α and β of Ti6Al4V. Changing orientation 

increased the stiffness of Ti6Al4V-α by 54% and 46% depending on axis rotation, 

while the improvement of Ti6Al4V-β stiffness was 131%.  This could be due the 

difference between the hcp and the bcc structures of α and β.  

2- The simulation results of shape-C1, which is a replication of one of the experimental 

samples, showed that the inner near edge area orientation is predicted to have an 

observable effect on the structure’s stiffness. Furthermore, controlling the 

orientation to particular direction could increase the stiffness depending on the size 

of this area (large area = higher stiffness).       
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Chapter 6 : Mechanical Properties of Lattices 

 

  This chapter provides and discusses the results of the compressive response of the 

designed lattices. It begins with the structure selection process and the production issues 

encountered with the experimental manufacturing. Following this, investigation is reported 

of the effect of build orientation and post processing applied to a stretched diamond lattice, 

through mechanical properties acquired from compression testing. After this, the stiffness 

of the stretched diamond lattices developed and made here is used as the comparison factor 

between different build orientations (vertical and horizontal) or between as built and heat-

treated specimens. Finally, a discussion is given of possible interpretation of the results.   

 

6.1. Structure Definition 

  In the previous chapter it was demonstrated in a Finite Element simulation of a very 

much simplified structure that preferred orientations of the kind seen in additively 

manufactured Ti-6Al-4V could have an appreciable effect on the elastic properties of a 

structure.  The purpose of this chapter is to develop a lattice structure that allows this effect 

to be tested in practice, as a basis for understanding the complementary influence of the 

mesostructure (lattice level) and the microstructure (material grain level) on the elastic 

properties.  The first stage was to select a manufacturable structure that had a good chance 

of presenting the effect. 

  The selection process of a suitable structure aimed to design a structure with small 

struts and small thickness (maximising the amount of material that would be in the “near-

surface” condition, and producing an overall low stiffness structure that would be easier to 

test) to capture the highlighted features from the microstructure results (see section 4.4).  

For example, if these struts could be oriented at a suitable angle to  encourage β grains to 

grow up in the strut direction, instead of in the build direction and thus demonstrate control 

of texture could be used to influence properties.  
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  Following the failed build attempts, which will discuss later, the design was changed 

to increase the confidence that is would be capable of completing the building process 

without any damage or failure. The new lattice design was a stretched diamond structure 

(i.e. the conventional diamond lattice structure as shown in Figure 6.1, but with the normally 

cubic unit cell distorted to be non uniform in 1 direction). The C axis of the unit cell was 

stretched (c/a ratio = 1.727) to change the strut angles to be two acute angles of 45° and 

two obtuse angles of 135°. The unit cell was repeated to build a specimen that was covered 

by two plates on the top and bottom, to provide an even surface for testing: these were of 

1 and 2 mm on the top and bottom sides respectively. Two different sets were built: 1) 

vertical and 2) horizontal compared to the build direction, as shown in Fig 6.3 a & b. Similar 

to the previous design, this difference in orientation aimed to introduce two different angles 

based on build direction: 1) low angle “vertical shapes” and 2) high angle “horizontal shapes”, 

as shown in Figure 6.2 a & b. The build process for these lattice samples was successful, and 

a full set of samples was made (6 vertical and 6 horizontal). Half of each group (3) was heat 

treated to add another factor for examination. The heat treatment process was carried out 

under a high vacuum atmosphere with heating rate of 10°C/min to 1050°C for 2 hours 

followed by furnace cooling [125]. A compression test was performed on each of the 12 

samples and the results will be discussed in the next sections separately.    

 

 

Figure 6.1 A conventional diamond lattice structure [126]. 
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Figure 6.2 shows two different orientations of the stretched diamond lattices, vertical (left) and horizontal 
(right). 

 

6.2. Compression Tests Results 

  Firstly, the lattices were divided depending on the build orientation and post process 

treatment into four groups with three samples in each: 1) As built vertical (AB-VER) lattices, 

2) As built horizontal (AB-HOR) lattices, 3) Heat treated vertical (HT-VER) lattices, and 4) Heat 

treated horizontal (HT-HOR) lattices. All the samples were tested in the same direction along 

“the tall axis” of the samples to ensure the conditions are equal for all lattices and the results 

are comparable to each other, with the only variation being the difference in the 

microstructure caused by the build or heat treatment. 

 

6.2.1. Compressive Response 

  Following the compression tests, an appropriate machine compliance and data 

correction were done (as the testing was performed on equipment not fitted with 

extensometry) and the stress-strain curves for all the samples were obtained. In all 

specimens, the stress-strain curves demonstrated a linear elastic region in the beginning, 

followed by a plastic region where eventually a reduction in stress occurred due to strut 

failure. Figure 6.3, Figure 6.4, Figure 6.5 and Figure 6.6 are examples of one curve from each 

of the four groups, indicating the 0.2% yield strength (σ0.2) and ultimate compression 
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strength (UCS) for each case.  Note that here the Ultimate Compression Strength is defined 

as an analogous property to the Ultimate Tensile Strength, as all samples showed an increase 

in supported load up to a maximum (the UCS) before fracture events led to collapse and 

failure of the sample. After that, a list of the yield strength and ultimate compression 

strength values for all the samples can be found in Figure 6.7.   

 The selection of specimens to present as examples of stress-strain curves was random, 

and demonstrates the process of determining values of yield strength and ultimate 

compressive strength for each group. The build orientation and heat treatment does not 

have a large influence on the yield strength and ultimate compressive strength of the 

presented samples. The as-built vertical (AB-VER) sample, as shown in Figure 6.3, has the 

highest yield strength and ultimate compressive strength (85.0 MPa and 99.5 MPa 

respectively), while the heat treated vertical (HT-VER) sample, as shown in fig 6.6, has the 

lowest values (80.0 MPa and 82.0 MPa respectively). All the as-built samples had higher 

ultimate compressive strength of at least 10% compared to heat treated versions.  This could 

relate to the oxidation level of the heat-treated samples, which also affects the ductility and 

leads this to be slightly lower.   

 The average yield strength (σ0.2) and ultimate compression strength (UCS) for each 

category are presented in Figure 6.7. There are two factors for comparing these results: 1) 

the build orientation (VER vs. HOR), and 2) As-built and post heat treatment (AB vs. HT). 

From figure 6.8, the build orientation does not seem have a significant influence on the yield 

strength and ultimate compression strength, neither where comparing in the as-built 

condition (AB-VER vs. AB-HOR) or after heat treatment (HT-VER vs. HT-HOR). On the other 

hand, the heat treatment does have a significant influence on the yield strength and ultimate 

compression strength where comparing the same build orientation. The ultimate strength 

decreased by 10% to 20% after heat treatment between (AB-VER vs. HT-VER) and (AB- HOR 

vs. HT-HOR) respectively, and the yield strength also decreased by 9% after heat treatment 

in the horizontal builds.  
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Figure 6.3 Illustrates stress/strain curve, showing ultimate compression strength (UCS) and 0.2% yield 
strength (σ0.2) of the as-built vertical (AB-VER) sample no.1. 

 

Figure 6.4 Illustrates stress/strain curve, showing ultimate compression strength (UCS) and 0.2% yield 
strength (σ0.2) of the as-built horizontal (AB-HOR) sample no.1. 
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Figure 6.5 Illustrates stress/strain curve, showing ultimate compression strength (UCS) and 0.2% yield 
strength (σ0.2) of the heat-treated vertical (HT-VER) sample no.5.  

 

 

 

 

Figure 6.6 illustrates stress/strain curve, showing ultimate compression strength (UCS) and 0.2% yield 
strength (σ0.2) of the heat-treated horizontal (HT-HOR) sample no.5. 
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Figure 6.7 Illustrates average of ultimate compression strength (UCS) and 0.2% yield strength (σ0.2) of the as-
built horizontal (AB-HOR), heat-treated horizontal (HT-HOR),  as-built vertical (AB-VER) and heat-treated 

vertical (HT-VER). 

  In Table 6.1, a comparison of yield strength (σ0.2) values with different designed lattice 

structures manufactured by EBM and SLM from literature [127-132]. In general, the strength 

values increased when the relative density (𝜌*/𝜌s) of the lattices increased, as shown in 

Figure 6.8. This increase could justified by Gibson and Ashby’s model [133], which leads to 

the general result that the mechanical properties of cellular structures scales with the 

relative density to a certain power, at least for the case where the structural elements 

deform by bending. The yield strength and relative density relationship is σy  ∝  𝜌  3/2 σYS, 

where σYS is the yield strength of the solid parent, which is 1070 MPa [5] and 𝜌  is the relative 

density of the structure.  

  The range of yield strength (σ0.2) values of “stretched” diamond structure was from 

84.80 to 88.00 MPa for both heat treatments (as-built and heat-treated) and it was in 

agreement with the prediction of Gibson and Ashby’s model. It is a slightly higher than other 

diamond lattices except for the heat treated diamond lattice reported by Wauthle et al. 

[132], which s a higher strength due having a higher relative density (30%). Overall, the 

results of the different samples explored in this study were very similar to each other 

regardless of the heat treatment or the build orientation, and were also similar to other 

lattices from the literature, despite significant differences in the structural form of those 
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lattices. As the goal of this project was not to explore the stretched diamond lattice in its 

own right, variations in density were not explored.  

 

Table 6.1 Comparison of the Yield Strength (σ0.2) of Ti6Al4V lattices manufactured by AM processes. 

Lattice design Relative density (%) AM process σ0.2y (MPa) Ref. 

Hexagonal 11.00 EBM 8.78 [128] 

FCC* 12.40 SLM 47.00 [129] 

Cubic 13.29 SLM 14.06 [127] 

Diamond 18.90 EBM 29.30 [130] 

Diamond 21.00 SLM 43.00 [131] 

Hexagonal 25.81 SLM 39.39 [127] 

Diamond (As-Built) 30.00 SLM 75.00 [132] 

Diamond (Heat-Treated) 30.00 SLM 90.00 [132] 

Diamond (AB-HOR) 26.15 SLM 88.00 This work 

Diamond (AB-VER) 25.92 SLM 84.80 This work 

Diamond (HT-HOR) 26.19 SLM 79.70 This work 

Diamond (HT-VER) 25.84 SLM 84.80 This work 

* Quasi-static compression test 

 

 

Figure 6.8 Comparison of reported data in Table 6.1 with predictions of the Gibson-Ashby model. 
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6.2.2. Elastic Properties 

  To complete the comparison of the mechanical properties between build 

orientations and post heat treatments, the stiffness, which is represented by the Young’s 

modulus (E), has been calculated as an average of the three specimens in each category (AB-

VER, AB-HOR, HT-VER, HT-HOR). It is clear from the results displayed in Figure 6.9 that the 

heat treatment process increases the stiffness of both build orientations (HT-VER and HT-

HOR) and the values of both orientations in the heat treated condition are nearly equal 

(10.27 ± 0.66 GPa and 10.13 ± 0.49 GPa, respectively). In contrast, there is a significant 

difference in stiffness values between as-built samples in different orientations (AB-VER and 

AB-HOR). The stiffness of vertical build orientation samples (AB-VER) (4.42 ± 0.58 GPa) is 

slightly more than half (52%) the stiffness of horizontal build orientation samples (AB-HOR) 

(8.37 ± 0.56 GPa).  

 

 

 

Figure 6.9 Illustrates average of Elastic modulus (E) of the as-built horizontal (AB-HOR), heat-treated 
horizontal (HT-HOR),  as-built vertical (AB-VER) and heat-treated vertical (HT-VER). 
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  In Table 6.2, another comparison of the stiffness (E) values with different designed 

lattice structures from literature [75, 130-132]. As expected, as the strength results, the 

stiffness values also increased when the relative density (𝜌*/𝜌s) of the lattices increased, as 

shown in Figure 6.10. The elastic modulus and relative density relationship follows the Gibson 

and Ashby model [133] for cellular structures,  E*
  ∝  𝜌  2 ES, where ES is the elastic modulus of 

the solid parent, which is 114 GPa [5] and 𝜌  is the relative density of the structure.  

  The stiffness values of “stretched” diamond structure were in agreement with the 

prediction of Gibson and Ashby’s model. It is notable that the heat-treated results were 

slightly above the expectations, which related to the anisotropy of α+β mixture after the 

heat treatment. The as-built results affected by the build orientations (horizontal or vertical). 

This difference between as-built results is highly likely connected to the microstructure’ 

orientation, which is in this case “build orientation”.    

 

Table 6.2 Comparison of the elastic modulus of Ti6Al4V lattices manufactured by AM processes. 

Lattice design Relative density (%) AM process E (GPa) Ref. 

Cubic 23.40 SLM 5.50 [75] 

Diamond (//) 18.90 EBM 1.60 [130] 

Diamond (ꓕ) 19.20 EBM 0.90 [130] 

Diamond  22.00 SLM 1.48 [131] 

Diamond (As-Built) 30.00 SLM 2.68 [132] 

Diamond (Heat-Treated) 30.00 SLM 3.22 [132] 

Diamond (AB-HOR) 26.15 SLM 8.37 This work 

Diamond (AB-VER) 25.92 SLM 4.42 This work 

Diamond (HT-HOR) 26.19 SLM 10.13 This work 

Diamond (HT-VER) 25.84 SLM 10.27 This work 

(//) the sample tested parallel to the build direction. 

(ꓕ)  the sample tested perpendicular to the build direction. 
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Figure 6.10 Comparison of reported data in table 6.2  with predictions of the Gibson-Ashby model. 

 

   

6.3. Discussion    

  A triple helix structure was first chosen to maximise the investigation area (the 

amount of angled strut), as shown in Figure 6.11. The helix angle was 40° and the thickness 

was 0.6 mm to allow the microstructure and the texture to nucleate and to propagate 

through the layers as additional ones are built up (through the selection of angle) and to 

ensure that the bulk texture did not develop (through the selection of thickness). The helixes 

were covered by two plates: 1 and 2 mm from the top and bottom sides respectively to 

facilitate testing by providing a clear and flat top and bottom surface where forces could be 

applied. A triple helix was chosen in order that the overall structure was more balanced (i.e. 

was less likely to bend to one side on compression), and mechanically stronger than a single 

or double helix would be, while still allowing enough space between the helices so they could 

deform elastically without impinging on each other. Two different sets were built: 1) vertical 

and 2) horizontal, as shown in Figure 6.11 a & b; this change aimed to add another factor to 

the investigation by creating two different angles of growth: a low angle to the build 
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direction (vertical) and a high angle to the build direction (horizontal). All structures were 

supported with additional solid elements in the build file to try to prevent collapse during 

the building process. Unfortunately, after production all the samples were found to be 

damaged, and the building process was unsuccessful because the helix thickness (0.6 mm) 

was too small to hold the upper plate, even with the support structures. Also, due to the 

complex design, some of the support parts melted and fused to the interior parts, as shown 

in Figure 6.12. 

 

 

 

Figure 6.11 Two different orientations of the helix structure design, vertical (left) and horizontal (right). 

 

Figure 6.12 A failed sample of the vertical helix design. 

 

The chosen lattice structure of a “stretched diamond cell” has been used in two different 

build orientations (vertical and horizontal) and two different heat treatments (as-built and 

heat-treated) resulting in four different combinations to test and evaluate. The structure’s 
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dimensions and the build parameters are unchanged, to eliminate any other effect on the 

results, such as the relative density or layer thickness, and maintain the focus on the effect 

of microstructure. Firstly, changing the build orientation of the samples from vertical to 

horizontal does not have a significant influence on the mechanical properties in terms of 

yield strength and ultimate compression strength, as shown in Figure 6.7. While the heat-

treated samples show a slight decrease in the yield strength and ultimate compression 

strength of both build orientations (HT-HOR and HT-VER) compared with as-built samples 

(AB-VER, AB-HOR), as shown in Figure 6.7. The plastic properties may need to involve 

multiple slip systems to operate and therefore be less susceptible to oriented 

microstructures in the lattice. The heat-treated samples, as shown in Figure 6.13, were 

partially oxidized during the heat treatment process and this oxidization is believed to 

increase the brittleness of the structure, which led to cracking occurring more easily and this 

lowered the measured ultimate compression strength (as the material fails earlier, after less 

plastic deformation and so less load increase), with relatively little effect on the yield 

strength. Secondly, the effect of heat treatment on the stiffness was clear from Figure 6.9, 

the heat-treated samples were substantially stiffer than the as-built samples in both build 

orientations (vertical and horizontal). This must be related to the change in the 

microstructure during the heat treatment process. While the pickup of oxygen can affect the 

strength, it should not affect the stiffness significantly. The temperature during the heat 

treatment (1000 °C) was sufficient to transform α’ into a mixture of α+β. After changing the 

microstructure of the samples, the effect of build orientation was insignificant, as shown in 

fig 6.9 (HT-VER and HT-HOR). On the other hand, there was a clear difference (almost double) 

between the vertical and horizontal orientations of as-built samples. This difference is highly 

likely to be related to the microstructure alignment in the samples, because all the other 

variable factors had been eliminated by the design, production, or heat treatment. The 

alignment of prior β grains is likely to be along the build direction, which causes the 

noticeable difference between the vertical and horizontal as-built samples, as the differing 

angle the struts present to the build direction will affect how easily the grains can grow along 

the struts, and how much the columnar structure is interrupted by the nucleation of new 

grains. As shown in Figure 6.2, the vertical strut is at an angle of 45° away from the build 
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direction, while the horizontal strut is at an angle 135° away from the build direction and 

this creates the difference in the microstructure. It is evident that when the alignment 

produced in the as-built samples is present in this particular structure, the effect of the 

crystallographic anisotropy in elastic properties is that the stiffness properties of the lattice 

are lower. The randomised orientation that forms on heat treatment is superior from a 

stiffness point of view, as the preference for a more compliant orientation is lost. While the 

as-built version of the structure is in this case less likely to be desirable for applications, this 

is a clear demonstration that the orientation of the built microstructure can have an effect 

on properties measured at the mesoscopic lattice level.  

 

 

Figure 6.13 A picture of one the heat-treated samples show the oxidation (black on the right) 

 

6.4. Chapter Summary 

  The compressive response of stretched diamond lattices has been examined in this 

chapter. The objective was to investigate the effect of the microstructure of particular 

designed lattices on the mechanical properties. The build orientation and post processing 

treatment were factors that used to change the microstructure. The results presented in this 

chapter find the following: 
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1- The yield strength and ultimate compression strength are not affected by the build 

orientation or heat treatment significantly.  

2- The stiffness of the structure was clearly influenced by both the heat treatment and 

build orientation. The heat treatment enhanced the stiffness of the lattices along the 

tested direction for both orientations (VER and HOR). This is likely to have come 

about as the crystallographic impact was eliminated by changing the microstructure 

of the lattices. 

3- The stiffness of the as-built lattices was lower because it is affected by the preferred 

orientation of the microstructure.  

4- The build orientation of the as-built lattices has a clear influence on the stiffness, this 

could be caused by the directed microstructure of the structure. 
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Chapter 7 : Conclusions and Future Work 

 

7.1. Conclusions 

  In this thesis, the effect of mesostructure on the microstructure of Ti-6Al-4V lattice 

structures manufactured by Selective Laser Melting (SLM), and the effect of both of these 

on the mechanical properties, are assessed. A number of different features such as change 

in thickness, curvature, and build angle have been recreated in sample structures to allow 

investigation of the relationship between the structure and the microstructure. The 

knowledge from this was used to select and build a test structure, and the mechanical 

properties (in particular the elastic behaviour) of the new structures were examined under 

compressive loading to have better understanding of the link between the structure, 

microstructure and the mechanical properties. Finally, a numerical model was developed 

and validated to understand and evaluate the role of the microstructure on the mechanical 

properties. This work concluded with the following remarks: 

 

7.1.1. The effect of component shape on the microstructure  

 

• The microstructure of most investigated areas is α’ martensitic laths within 

prior columnar β grains as expected, the columnar β grains grow in the build 

direction ↑, and most these areas suffer from singificant surface roughness. 

• In the overhang areas, especially near the inner surface, the microstructure was 

slightly different, being equiaxed α + β rather than columnar.  This could be 

related to the thermal gradient at the melt pool and how new layers deposit 

over cold powder. 

• The curved surface forced the columnar β grains at lower angle to grow inclined 

into the structure direction instead of the build direction ↑. 
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• The inclined structures did not show any effect on the microstructure 

regardless of the inclination degree or the wall thickness. 

 

7.1.2. The mechanical properties of lattices 

 

• Neither the build orientation nor the heat treatment has a significant impact 

on the strength properties of designed structure. However, the stiffness of 

these structures influenced by both build orientation and heat treatment. 

• The stiffness of the structures was clearly influenced by both the heat 

treatment and build orientation. The heat treatment enhanced the stiffness of 

the lattices for both orientations vertically and horizontally, and this is likely to 

the crystallographic impact was eliminated by changing the microstructure of 

the lattices. 

• The build orientation has a clear influence on the stiffness of as-built lattices, 

this is highly likely to related to the microstructure alignment because all the 

other factors are eliminated (shape, production, and heat treatment). 

• The crystallographic anisotropy has a direct link to enhance the stiffness of 

these such structures. 

 

7.1.3. The effect of degree of microstructural order on the elastic behaviour.  

 

• Using Finite Element Model (FEM) revealed that simulation has the capability 

to capture some important features seen due to the complexity of real 

structures on simple and small scale. 

•  Changing orientation of the crystal has an impact on the structure’s stiffness. 

This was clear by simulating the inner near surface area, allocating a random 

orientation, resulting in stiffness increase.   
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  Finally, this work demonstrates the relationship between the mesostructure and 

the microstructure, and their influence on the mechanical properties through directing 

the crystallography to specific orientation which lead to improvement in the stiffness 

which is comparable to post treatment results. 

 

7.2. Future Work 

  The effect of mesosturcture on the microstructure and the mechanical properties 

has successfully been investigated in this work. However, there are a few areas that need to 

be further developed and some questions raised during this project which need to be 

answered in the future. The main points are: 

 

• It was clear in this work that controlling the alignment of prior β grains through 

certain structural designs can lead to enhancement of the stiffness of the 

structure. However, there are many different possible lattice designs, unit cell 

sizes and strut thicknesses, which could not be widely explored in this work. 

different structures and shapes with different strut dimensions need to be 

designed and explored either computationally or experimentally. 

• Using the Finite Element Model (FEM) in this project was successful to capture 

and simulate the real features of interest from the original samples. 

Furthermore, these simulations can be taken to another level as prediction tool 

for complicated structures (for example to assist in the study above), and 

thereby maximise the benefits by selecting the suitable lattice types for 

particular application requirements before the production.       
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