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SUMMARY OF THE WORK 

A scaled-down nose wheel fork for a light aircraft was redesigned by applying 

topology optimization for manufacturing in Ti6Al4V(ELI) through laser powder 

bed fusion (LPBF). This scaled-down nose wheel fork was built together with 

the test specimens for tensile and fatigue testing in this study. 

The test specimens were quality checked, tested, and analyzed through 

standard procedures to obtain the porosity levels, tensile and fatigue properties, 

and fracture characteristics. The effect of the inherent surface roughness on 

the high-cycle fatigue properties of LPBF Ti6Al4V(ELI) test specimens was 

investigated. These test specimens were built to the standard geometry without 

subsequent machining in three orthogonal directions. They were tested under 

constant load in a tension–tension fatigue testing machine in accordance with 

the ASTM E 466 standard. The data was collected and complied with the ASTM 

F3001 – 14 standard for additive manufacturing (AM) Ti6Al4V(ELI) with laser 

powder bed fusion. The fatigue performance of the Ti6Al4V(ELI) specimens 

built to the standard geometry without subsequent machining was compared to 

that of machined test specimens. It was found that the inherent surface 

roughness of the specimens built to the standard geometry reduced their 

fatigue life by about half that of the machined specimens. 

A customized jig was designed and manufactured to simulate the operational 

conditions applicable to the scaled-down nose wheel fork. This jig allowed three 

critical load cases to be tested. The experimental results of the fatigue test 

specimens and the performance testing of the scaled-down nose wheel fork 

under static loading were used to evaluate the feasibility of LPBF for production 

of structural aircraft components, particularly the nose wheel fork. Based on the 

outcome of the study, it was concluded that it would be justifiable to build a full-

scale prototype of the nose wheel fork for testing under operational conditions. 

 

Keywords: Scaled-down nose wheel fork, Laser Powder Bed Fusion, Ti6Al4V(ELI) 

tensile properties, High cycle fatigue, Surface roughness, Performance testing. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Background 

An agreement was reached between ADC Aeroswift (Pty) Ltd and Central 

University of Technology, Free State, to redesign the Advanced High-

performance Reconnaissance Light Aircraft (AHRLAC) nose wheel fork for 

manufacture through laser powder bed fusion (LPBF) in Ti6Al4V(ELI). To 

achieve this, it was necessary to design the component for production using 

LPBF and apply topology optimization to minimize its weight. Although the 

competence of the Centre for Rapid Prototyping and Manufacturing (CRPM) in 

LPBF of Ti6Al4V(ELI) to produce certified medical implants had been proven, 

the feasibility of producing structural aerospace components in this alloy had 

not been researched. Therefore, it was necessary to produce data that could 

contribute towards qualifying the LPBF production process and the component 

for this application.  

AHRLAC is a two-person cockpit pusher propeller plane designed by the South 

African company Aerosud and manufactured in partnership between Aerosud 

and the Paramount Group [1]. The AHRLAC company considers AM a 

technology suitable for their manufacturing strategy because with the use of the 

high-speed LPBF machine, Aeroswift, it would be possible to build larger parts 

for this aircraft, thus opening new horizons for AM technology in the aerospace 

industry. The Aeroswift machine has a build volume of 2000 x 600 x 600 mm 

[2]. 

 
The landing gear nose wheel fork of the AHRLAC is manufactured through 

conventional machining processes from Aluminium 7050 Alloy [1]. Given the 

large build volume of the Aeroswift machine, it would be possible to 

manufacture the nose wheel fork of the AHRLAC in this machine from the 

Ti6Al4V(ELI) alloy with its excellent properties of high strength-to-weight ratio 

(specific strength), good fatigue life and corrosion resistance [3].  

The current study on the performance assessment of the nose wheel fork 

produced through LPBF from the Ti6Al4V(ELI) alloy was aligned with the 

© Central University of Technology, Free State



2 | P a g e  
 

doctoral project of Mr L. F. Monaheng. It had to contribute towards qualifying 

the redesigned nose wheel fork by generating mechanical test data necessary 

for the eventual qualification of LPBF to produce this mission-critical structural 

component of the aircraft. Full functional performance testing of the redesigned 

nose wheel fork under operating load conditions was needed before it could be 

installed on the aircraft.  

The LPBF technology has various advantages over conventional 

manufacturing methods. These include reduction of production costs because 

tooling is not necessary for this technology, high design freedom of complex-

shaped parts, which could include topology optimization, and rapid prototyping 

[2][3]. Although a complex-shaped structural component of an aircraft can be 

produced using LPBF with reduced raw material waste, strict standards in the 

aircraft industry limit the application of Ti6Al4V components produced using 

LPBF technology [1][4]. This implies that performance assessment data that 

meet the aerospace standards remain the key factor for the acceptance of 

LPBF as a manufacturing technology in the aviation industry. One of the major 

challenges of this technology is the reduced fatigue life caused by the as-built 

surface roughness inherent to the LPBF process [5].  

An inherent characteristic of the LPBF process is high localized heating and 

subsequent rapid cooling [6]. This leads to thermal gradients during the building 

process, which consequently induces thermal residual stresses within the part 

[7]. These unwanted residual stresses affect the mechanical properties and 

cause premature part failure. For example, tensile residual stresses add to 

stresses resulting from external loads and may cause distortion, cracks, and 

premature component failure [8]. High-cycle fatigue performance is very 

sensitive to residual stress because it can cause crack initiation at lower-than-

expected applied stresses and limit the fatigue life of a component [8]. To avoid 

the negative effects of residual stress, stress-relieving heat treatment is applied 

on an LPBF part after the built process while it is still attached to the build 

platform. Thereafter, the part is subjected to a high-temperature annealing heat 

treatment to alter the microstructure of the material, consequently producing 

the desired mechanical properties for high-cycle fatigue behaviour, as required 

for structural aircraft components like the landing gear fork [1][7].  

© Central University of Technology, Free State



3 | P a g e  
 

The landing gear of an aircraft is a critical structural system since it ensures 

safe landing, taxiing, and take-off. Therefore, it must be designed to absorb the 

high kinetic energy of impact, thereby reducing the impact loads transmitted to 

the aircraft [9]. Extensive performance testing was required to qualify the 

landing gear nose wheel fork, which was redesigned and manufactured in such 

a way that the weight was minimized while the required performance could be 

retained.  

The feasibility of manufacturing structural aircraft components through LPBF 

must be validated by determining manufacturing precision and testing 

mechanical properties. A successful outcome of this study could provide a basis 

for a more extensive application of LPBF technology for the production of 

structural aerospace components [8][10]. 

 

1.2 Problem statement 

As mentioned in section 1.1, the commercial AHRLAC is fitted with a nose 

wheel fork machined from 7050 aluminium. Although the redesigned 

topologically optimized nose wheel fork had been reduced in weight by using 

less metal, it resulted in a complex-shaped structural part that could not be 

produced using conventional manufacturing technology. However, producing 

the component through the LPBF technology was quite feasible. Despite this, 

the nose wheel fork of a light aircraft produced through LPBF in Ti6Al4V(ELI) 

had not been qualified before. Authorities such as the European Aviation Safety 

Agency (EASA) and the Federal Aviation Administration (FAA) require the 

manufacturability, suitability, and durability of a material used in an aircraft to 

be determined based on experimental tests to internationally accepted 

standards. Performance testing of the current nose wheel fork under 

operational loading conditions had never been done. Therefore, detailed 

performance testing information of the redesigned and LPBF-produced 

Ti6Al4V(ELI) nose wheel fork was required to validate the compliance of the 

process and the alloy with the requirements of the aircraft industry. 
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1.3 Aim of study 

The aim of this study was to generate experimental data on the operational 

performance of a light aircraft nose wheel landing gear fork which was produced 

through LPBF of Ti6Al4V(ELI) that would contribute to the validation of the 

design of this component. 

 

1.4 Objectives 

The objectives of the study were: 

a) To manufacture a scaled-down prototype of the nose wheel fork, 

together with test specimens for chemical, physical and mechanical 

testing, by using the EOSINT M280 machine.  

b) To perform tensile and fatigue tests using as-built, followed by heat 

treatment, mechanical test specimens in the as-built geometry. 

c) To determine the chemical composition, density, and microstructure of 

the test specimens.  

d) To perform fractographic analysis on the mechanically tested 

specimens.  

e) To design the test procedure and manufacture a test jig for performance 

testing of the scaled-down Ti6Al4V(ELI) nose wheel fork produced 

through LPBF. 

f) To determine the mechanical characteristics of the scaled-down nose 

wheel fork under experimental static load conditions. 

 

1.5 Delimitations 

This study did not cover the performance assessment of the full-scale nose 

wheel fork due to the following reasons: 

• It was not feasible to manufacture the full-scale component due to the 

limited bed size of the DMLS EOSINT M280 machine compared to the 

large size of the full-scale component. 
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• This study contributed to the comprehensive doctoral study of Mr L. F. 

Monaheng. Therefore, only the static performance assessment of the 

scaled-down nose wheel fork was conducted in this study. 

1.6 Scope of work 

In this research, experimental data was collected for the tensile and fatigue 

properties of standard test specimens that were characterized before 

mechanical testing. The test specimens were built through direct metal laser 

sintering (DMLS) in Ti6Al4V(ELI) to the standard geometry without subsequent 

machining to test the effect of surface roughness on their fatigue properties. 

Tension-tension fatigue tests were done on the DMLS Ti6Al4V(ELI) test 

specimens up to 5 million cycles. The fatigue behaviour and fracture properties 

of the test specimens were analyzed. The collected data provided confidence 

in the integrity of the scaled-down AHRLAC nose wheel fork prototype built 

together with the test specimens. Consequently, performance testing of the 

scaled-down nose wheel fork could proceed. A customized test jig for testing 

the performance of the landing gear fork was designed and manufactured. The 

performance of the scaled-down nose wheel fork under experimental static load 

conditions was tested. 

 

1.7 Dissertation layout 

Chapter 1 of the dissertation comprises an introduction and the need for the 

study. In this chapter, the background, problem statement, research aim, 

objectives and scope of the study are discussed. In Chapter 2, the literature 

study that was conducted to review the existing extent of qualification of AM in 

the aerospace industry for structural components and the insight gained in the 

field are presented. Chapter 3 entails the research methodology applied to 

obtain the required data from the Ti6Al4V(ELI) standard test specimens and the 

scaled-down nose wheel fork. The results are presented and discussed in 

Chapter 4. In Chapter 5, conclusions are drawn from the results, and future 

work is recommended. 
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CHAPTER 2: LITERATURE REVIEW  

 

2.1 Introduction 

This chapter provides the understanding gained by the student into the existing 

knowledge in the field as context for the research conducted in this project. It 

provides findings from the research on the behaviour and operation of landing 

gear forks for light aircraft, as well as the history and background of titanium 

and its alloys. An introduction to AM with further discussion of DMLS is followed 

by a discussion of the characteristics of the DMLS Ti6Al4V(ELI) alloy and the 

resulting mechanical properties. A discussion on fatigue includes fatigue failure 

of as-built DMLS Ti6Al4V parts. The next section deals with residual stress and 

its generation during the DMLS process. Finally, design for additive 

manufacturing (DfAM), considering the part geometry and the surface 

roughness of DMLS parts, is discussed. 

 

2.2 Aircraft landing gear  

 

2.2.1 Structure and operation of landing gear  

Safety is of paramount importance on aircraft. Therefore, landing gear 

structures must safely support the weight of an aircraft during take-off, landing, 

and taxing. They are designed to absorb the kinetic energy of the impact during 

the landing and take-off of an aircraft. Depending on the size of an aircraft, 

these loads can be very high, which determines the size, type of landing gear 

required for an aircraft and retractability to avoid the aerodynamic drag during 

flight [9][11]. This implies that the landing gear must meet the requirements for 

the safety of aircraft, such as good strength, stability, good control and 

damping, as well as stiffness. The design limits and requirements, such as low 

weight and cost, high performance, as well as optimized development time and 

life of the landing gear, remain a challenge in the aerospace industry [12]. 

AHRLAC is equipped with a tricycle type of landing gear structure. This 

structure has the main gear system attached to the rear of the fuselage and 
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below the wings of an aircraft, whereas the front wheel is located at the nose 

section of the fuselage. See Figure 2.1 for an illustration. 

 

Figure 2.1: Tricycle type of landing gear [12] 

This type of configuration puts the centre of gravity of an aircraft in the centre 

of the two landing gear structures, which allows the aircraft to have a more 

forceful application of brakes during landing without nosing into the ground. It 

also helps to prevent ground looping since the centre of gravity is forward of the 

main landing gear [13]. 

The landing gear comprises four parts: the axle, shock absorber, torque arm 

and fork. During landing on a tricycle type of landing gear, the main gear 

touches down on two points, and a few seconds later, the tyre of the nose wheel 

follows. The transmission of ground reaction loads acting on the nose wheel 

starts from the tyre to the axle. This impact force on the axle is transmitted to 

the fork through two components that compress and bend the fork [14]. Since 

the primary purpose of the landing gear is to absorb the impact energy of the 

aircraft when it lands and taxies, it is critical to ensure that all the components 

of the landing gear are fit for purpose.  

 

2.2.2 Failure analysis of landing gear nose wheel forks 

It is important that the landing gear systems are carefully studied for different 

types of failures, defects and problems occurring on them. This helps to avoid 

accidents caused due to the failure of the landing gear, which can lead to 
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human death in some cases [15]. The main failure of a landing gear structure 

is usually due to fatigue, which occurs when the material is dynamically 

stressed beyond its limit. Failure analysis of landing gear structures is usually 

done by visual inspections of the failed component, followed by in-depth 

techniques, such as fractography. This is done to understand the crack growth 

behaviour which could lead to a final failure [16].  

Franco et al. [17] studied the fatigue fracture of a nose landing gear 

manufactured in microalloyed vanadium steel for the military transport aircraft, 

EMB 121 – Xingu, which collapsed during take-off. In their study, they 

discovered that the landing gear is usually subjected to severe environmental 

conditions, such as temperature, climate, and operational situations, including 

runway conditions. These conditions could lead to failure of the landing gear. 

Also, in this study, apart from fatigue being a primary cause of failure, corrosion 

pits were identified as the secondary cause of crack initiation, which led to 

failure. This implies that corrosion also needs to be considered in the failure of 

landing gear systems.  

Infante et al. [18] did a study on the aluminum alloy (series 5000), landing gear 

fork of a light aircraft that failed during landing. The assessments were done to 

determine the possible causes of failure observed during service. In their study, 

visual analysis and optical microscopy with a low magnification of the fracture 

surface were performed to characterize the type of fracture and identify areas 

of interest using scanning electronic microscopy (SEM). Following the outcome 

of the fractography, they also performed finite element analysis (FEA) and 

numerical simulation of the landing gear component to determine the stresses 

the component was subjected to. This contributed to a deeper understanding 

of the cause of failure of the landing gear. In another study of an aircraft 

accident, the stress intensity factors for crack initiation on fork holes were 

calculated. This contributed to a better understanding of fatigue crack 

propagation behaviour using finite element modelling (FEM) [14]. 
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2.3 Titanium 

 

2.3.1 History and background 

Titanium was first discovered in England in 1790 by Reverend William Gregor 

[19]. This element was found to be a unique metal in black magnetic sand with 

a chemical composition that corresponded with ilmenite (FeTiO3). This 

discovery raised interest worldwide, and it was followed by Martin Heinrich 

Klaproth in Hungary, who identified from his investigations the dioxide of the 

same metal in rutile ore (impure TiO2) [19]. 

Klaproth decided to call the element titanium, named after mythological gods, 

the Titans, who were believed to possess enormous power. Klaproth attempted 

to isolate this metal, but his attempts failed. In 1910, the American chemist 

Matthew Arnold Hunter succeeded in developing a process to extract titanium 

from the mineral, followed by William Justin Kroll, who produced a ductile 

titanium metal by reacting titanium tetrachloride with magnesium metal in a 

closed system with an inert gas (argon) atmosphere, to avoid the traces of 

oxygen or nitrogen found when the process was carried out in air [19] [20]. 

 

2.3.2 The Kroll process 

Today the Kroll process is the most commonly employed smelting process of 

titanium [21]. It begins with the chlorination process, where chlorine gas is 

reacted with rutile within an atmosphere saturated with carbon. Equation 2.1 

describes this process: 

TiO2 + 2C + 2Cl2 → TiCl4 + 2CO…………………………………………………………………………… (2.1) 

The titanium tetrachloride formed is then reduced with magnesium to produce 

a product known as titanium sponge, together with magnesium chloride as a 

by-product, as shown in equation 2.2.  

TiCl4 + 2Mg → 2Ti + 2MgCl2………………………………………………………………………………… (2.2) 

This by-product is taken through electrolysis of the molten salt to recover 

magnesium and chlorine separately to be used again in the Kroll process. 
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2.3.3 Atomic structure and crystal structure 

Titanium is element 22 in the periodic table with the symbol Ti. It has a low 

density of 4.5 g/cm3 and an atomic weight of 47.9. Titanium is corrosion 

resistant because it is a reactive metal which forms a natural oxide surface layer 

spontaneously whenever it is exposed to oxygen. This oxide layer is usually 

compact, adherent to the substrate and chemically stable in a variety of 

environments, thus resulting in the excellent corrosion resistance of titanium 

[22]. Titanium also has a good yield and tensile strength, which, combined with 

its low density, result in a high strength-to-weight ratio or specific strength [20]. 

Titanium has two types of crystal structure in its pure form, the alpha (α) and 

beta (β) phases. The α phase is a hexagonal close-packed (HCP) structure, 

and the β phase is a body-centred cubic (BCC) structure [22][23]. These crystal 

structures are shown in Figures 2.2 and 2.3. 

 

Figure 2.2: The body-centred cubic crystal structure. Left: a reduced-sphere unit 
cell, and right: an aggregate of many atoms [23] 
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Figure 2.3: The hexagonal close-packed crystal structure, Left: a reduced-sphere 
unit cell, and right: an aggregate of many atoms [23] 

 

The HCP structure in pure titanium develops at low temperatures, while the 

BCC crystal structure of titanium develops at higher temperatures when 

titanium transforms from the α to the β phase. The complete transformation 

from one crystal structure to the other is known as an allotropic transformation, 

and the transformation temperature is called the beta transus (β transus) 

temperature. The β transus temperature for pure titanium is 882 ±  2 °C. The α 

and β crystal structures are the most basic structures of titanium, and they form 

the basis of alloying titanium [24]. 

 

2.3.4 Titanium alloys 

Titanium alloying elements are classified as neutral, α-stabilizers and β-

stabilizers. These classifications are based on the influence that the elements 

have in stabilizing either the α phase or the β phase. The α-stabilizers raise the 

β transus temperature, while the β-stabilizers lower it [24]. In Table 2.1, the 

alpha and beta stabilizers are presented. 

Table 2.1: Classification of selected alloying elements used in titanium alloys 

 (After [24]) 

 
Alloy 
classification 

𝜶-stabilizers β-stabilizers Neutral 

 β-eutectoid β-isomorphous  

Substitutional Al Mo, V, Fe Cr, Mn, Ni Sn, Zr 

Interstitial O, N, C  H  
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Titanium alloys are classified as follows: 

• 𝛼 and near 𝛼 alloys - alloys with alloying elements that stabilize the    

α-phase.  

• β and near β alloys – alloys with alloying elements that stabilize the    

β-phase 

• α+β alloys – alloys with a mixture of elements that stabilize both the α 

and β phases. 

In many alloys, the β phase is retained at room temperature, thus producing an 

alloy that contains both the α and β phases or even only the β phase [25]. The 

α-stabilizing elements extend the α phase field to a higher temperature, while 

the β-stabilizing elements shift the β phase field to a lower temperature. Figure 

2.4 illustrates the effects of alloying with different elements on the phase 

equilibrium diagram of titanium.  

 

Figure 2.4: Effect of alloying with different elements on the equilibrium phase 
diagram of titanium [26] 

 

Apart from the abovementioned alloys, titanium alloys are furthermore 

subdivided into near α and near β alloys [23]. The three-dimensional phase 

diagram in Figure 2.5 illustrates the classification of the titanium-aluminium-

vanadium alloys. If small percentages of β-stabilizing elements are added, they 

are referred to as near α alloys. The α+β alloys are the most widely used alloy 

group. If the proportion of β-stabilizing elements is further increased to a level 

where β no longer transforms to a martensite upon quenching, the alloys are 
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still in the two-phase field, and the class of metastable β alloys is reached [23]. 

Metastable β alloys form part of the four categories of β phase Ti alloys based 

on the approximation of β phase stability and molybdenum equivalency. Near 

β alloys are considered metastable β alloys because their composition places 

them near the α+β phase field and β phase field boundaries [27][28]. 

 

 

Figure 2.5: Three-dimensional phase diagram used to classify titanium alloys [28] 

The content of α and β in an alloy after processing and heat treatment 

influences the microstructure, which in turn affects the mechanical properties 

of titanium alloys [29]. The α alloys have good weldability, satisfactory strength, 

creep resistance and high fracture toughness, which make them suitable for 

cryogenic applications. The α+β alloys, on the other hand, generally exhibit 

good manufacturability, increased ductility, and strength at high and moderately 

elevated temperatures. The 100% β alloys have good ductility, toughness, and 

excellent formability. Figure 2.6 summarizes the alloying effect for selected 

alloys according to their classifications. 
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Figure 2.6: Summary of the alloying effect on the selected properties of the             
Ti alloys [25] 

 

2.4 Additive manufacturing 

According to the ASTM F2792 – 12a standard [30], AM is referred to as ”a 

process of joining materials to make objects from 3D model data, usually layer 

upon layer, as opposed to subtractive manufacturing methodologies.” The solid 

parts are directly fabricated from the computer-aided design (CAD) data. This 

offers design and manufacturing advantages, such as design freedom for 

complex geometries, short lead time due to no need for tooling and near-zero 

material wastage [4][31]. 

This technology is categorized based on its manufacturing processes. Over the 

past decades, different variations of AM technology have been developed. 

These include; Stereolithography (SLA), Holographic Interference Solidification 

(HIS), Selective Laser Sintering (SLS), and Selective Laser Melting (SLM) [31]. 

However, to simplify all these classification processes, ASTM F2792 was 

created as a guideline for classifying AM technologies. Below is the list of these 

categories according to the standard: 

a) Binder Jetting – an additive manufacturing process in which a liquid 

bonding agent is selectively deposited to join powder materials. 
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b) Directed Energy Deposition – an additive manufacturing process in 

which focused thermal energy is used to fuse materials by melting as 

they are being deposited. 

c) Material Extrusion – an additive manufacturing process in which 

material is selectively dispensed through a nozzle or orifice. 

d) Material Jetting – an additive manufacturing process in which droplets 

of build material are selectively deposited. 

e) Powder Bed Fusion – an additive manufacturing process in which 

thermal energy selectively fuses regions of a powder bed. 

f) Sheet Lamination – an additive manufacturing process in which 

sheets of material are bonded to form an object. 

g) Vat Photopolymerization – an additive manufacturing process in which 

liquid photopolymer in a vat is selectively cured by light-activated 

polymerization. 

These listed processes are the only seven AM categories approved by ASTM 

International and ISO [30]. However, different companies have their own 

commercial AM brands and use their own terminology related to the seven 

categories. Table 2.2 illustrates how the commercial AM brands relate to the 

ASTM categories. 

Table 2.2: Illustration of how AM processes are categorized by commercial brands 

[31] 

 

Referring to Table 2.2, it should be noted that processes such as Direct Metal 

Deposition (DMD) are classified according to the type of energy source and the 

form of material that they use. This shows that industry also develops its own 
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terminologies as technology improves. In Table 2.3, the classification of these 

commercial terminologies according to the seven classifications in the ASTM 

F2792 standard is presented. 

Table 2.3: AM classifications of commercial brands from Table 2.2 

Commercial brand name Abbreviation ASTM F2792 

Classification 

Selective Laser Sintering  SLS Powder Bed Fusion 

Selective Laser Melting  SLM Powder Bed Fusion 

Direct Metal Laser Sintering  DMLS Powder Bed Fusion 

Direct Metal Deposition  DMD Directed Energy 

Deposition 

Laser Engineered Net Shaping  LENS Directed Energy 

Deposition 

Selective Laser Cladding SLC Directed Energy 

Deposition 

Laser Powder Deposition LPD Directed Energy 

Deposition 

Stereolithography   SLA Vat Photopolymerization 

 Solid Ground Curing  SGC Vat Photopolymerization 

Liquid Thermal Polymerization  LTP Vat Photopolymerization 

Beam Interference Solidification   BIS Vat Photopolymerization 

Holographic Interference 

Solidification  

HIS Vat Photopolymerization 

Fused Deposition Melting  FDM Material Extrusion 

Three-Dimensional Printing  3DP Material Jetting 

Inkjet Printing  IJP Material Jetting 

MultiJet Modelling  MJM Material Jetting 

Ballistic Particle Manufacturing  BPM Material Jetting 

Laminated Object 

Manufacturing   

LOM Sheet Lamination 

Solid Foil Polymerization   SFP Sheet Lamination 

Electron Beam Melting   EBM Powder Bed Fusion 
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2.5 Direct metal laser sintering 

Direct metal laser sintering (DMLS) is LPBF terminology used by the machine 

supplier EOS GmbH - Electro Optical Systems. This technology uses a laser 

to selectively fuse metal powder layer-by-layer to eventually build a three-

dimensional (3D) part [32]. The process begins with CAD of the desired part to 

be manufactured, followed by the conversion of the CAD model into a 

programming file called a Stereolithography (STL) file. The STL file is read by 

the DMLS machine to manufacture a 3D part based on the design [30]. The 

DMLS process is illustrated in Figure 2.7. 

 

Figure 2.7: Schematic diagram of a DMLS system [33] 

A thin layer of powder, typically 30 m thick, is deposited onto the building 

platform by the recoater blade. To achieve this, the recoater blade moves from 

the dispenser platform spreading the powder over the building platform. The 

powder deposited onto the building platform is then selectively fused by the 

laser according to the layer data encoded in the STL file. Thereafter, the 

building platform moves down at a distance equal to the fused layer thickness, 
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and the recoater blade moves back to collect powder to deposit another layer 

of powder over the previous layer. This layer of powder is also selectively fused, 

as well as fused onto the previous layer, and the process is repeated until the 

final 3D part is produced. The excess powder not fused during the process is 

moved to the collector container. Successful part manufacturing through DLMS 

is influenced by parameters such as laser power, beam offset and diameter, 

layer thickness, scanning speed, and part orientation during manufacturing. 

The different parameters that influence the DMLS process are given in Figure 

2.8. 

 

Figure 2.8: Illustration of the parameters relevant to the DMLS process [33] 

The DMLS process uses scanning techniques such as a raster scan pattern to 

fuse the powder layers. Parameters such as the hatch spacing, hatch distance, 

laser beam diameter, and offset play a vital role when creating a DMLS part. 

The diameter of the fused zone is usually larger than the laser diameter. These 

differences in diameters necessitate compensation for the dimensional error. 

Therefore, the laser beam is shifted by half the curing width from the contour 

line. This is to ensure that the part produced corresponds with the dimensions 

of the original CAD design. This correction is referred to as the beam offset, 

which affects part manufacturing. If the beam offset value is too high or less 

than the corrected value, the powder particles would still be fused, leading to 

part inaccuracy [33]. 
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The layer thickness is also an essential process parameter that needs careful 

control during the DMLS process. If the layer thickness is too large, there will 

not be enough adhesion between the layers of the part. This is because the 

laser energy may be insufficient and thus result in incomplete fusion of the part, 

which can lead to layer detachment [33]. If the laser power is too high for a 

specific layer thickness, it may result in a porous structure. Therefore, it is 

important that the laser power must be optimized so that a fused layer with 

completely fused powder particles can be produced. 

Proper planning of the orientation of a part to be built through DMLS is essential 

for obtaining a successfully built part. This planning is needed because the 

recoater blade passes over the fused part while spreading the following powder 

layer from the dispenser platform to the building platform. As the recoater blade 

passes over the part, it may collide with the exposed layer with high force and 

deform the part shape at that layer, thus creating a part that deviates from the 

original CAD model. The blade may tend to bounce off a parallel wall, as shown 

in Figure 2.9 (a), and the section itself may not resist the force of the moving 

blade. A good practice is to orientate the part at an angle, as indicated in Figure 

2.9 (b), so that the recoater blade only makes contact with a smaller area of the 

part and not the full face [34]. 

 

Figure 2.9: Illustration of the part orientation in the DMLS process a) Bad part 
orientation b) Good part orientation [34] 

 

 

a) b) 
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2.6 The DMLS Ti6Al4V(ELI) alloy 

The Ti6Al4V(ELI) alloy, also known as Titanium Grade 23 [35], is an α+β alloy. 

The abbreviation ELI stands for ‘Extra Low Interstitial’, meaning reduced 

concentration of the interstitial elements shown in Table 2.1 in the alloy to 

improve ductility and fracture toughness with some reduction in strength [36]. 

The  microstructure of this alloy has a distorted HCP structure, designated as 

α', referred to as an acicular martensite microstructure [37]. An acicular 

martensite microstructure is a needle-like microstructure formed when the alloy 

is rapidly cooled from its melting point. During the DMLS process, rapid 

solidification of the molten layers occurs due to the high-temperature gradient 

inherent in the process. Figure 2.10 illustrates the formation of the martensitic 

microstructure in Ti6Al4V.  

 

Figure 2.10: Martensitic transformation of Ti6Al4V [6] 

As illustrated in Figure 2.10, Ti6Al4V solidifies when moderate cooling occurs 

from above the α+β transus temperature, as illustrated by image (a). When 

cooling proceeds below the beta transus temperature, a globular α-phase forms 
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when α grains start to nucleate along the β grain boundaries, as shown in image 

(b). The α phase forms along the specific planes of the β phase (image (c)), 

and it nucleates and grows inside the prior β grains to form α-laths (image (d) 

in Figure 2.10). During rapid cooling, the α nucleation and growth along and 

within the β grain boundaries increase [38], thus increasing the formation of α 

laths throughout the β grains, leading to an intertwined type of microstructure 

which is referred to as a basket-weave microstructure, as illustrated in image 

(e) in Figure 2.10. A diffusionless martensitic transformation occurs during rapid 

cooling to form the α' microstructure. The resultant microstructure is shown in 

Figure 2.11. 

 

Figure 2.11: Basket-weave microstructure [39] 

The α' basket-weave microstructure of Ti6Al4V parts produced through the 

DMLS process results in high tensile strength, low ductility, and internal thermal 

residual stresses in produced parts and thus requires heat treatment for 

tailoring of the microstructure for specific required properties [24][31][33]. In 

Figure 2.12, the equilibrium phase diagram of Ti6Al4V is presented, which 

shows that the microstructure of this alloy at room temperature consists of the 

α phase (HCP) with some retained β phase (BCC). 
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Figure 2.12: Phase diagram of Ti6Al4V [40] 

Titanium in the alloy undergoes an α to β transformation, while aluminium at 

6% and vanadium at 4% stabilize the α and β phases, respectively. The α 

stabilization leads to a reduction of density, resulting in the alloy being lighter in 

weight, while β stabilization lowers the α+β to β transformation temperature (β 

transus), which facilitates the hot working of the alloy. Therefore, Ti6Al4V can 

exist in different morphologies, such as lamellar, equiaxed and bimodal 

microstructures [41]. Figure 2.13 shows the different microstructures of 

Ti6Al4V. 

 

Figure 2.13: Ti6Al4V microstructures: a) lamellar structure, b) equiaxed structure 

and c) bimodal structure [29] 

Each of the microstructures in Figure 2.13 is associated with different 

mechanical properties. The lamellar microstructure is generated upon cooling 

from above the β-phase field. When the temperature is below the β transus 

temperature, α nucleates at grain boundaries and then grows as lamellae into 
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the prior β grains. Slow cooling rates from the β-phase field result in lamellar 

microstructures, with the lamellae becoming coarser with a decrease in the 

cooling rate. As mentioned in the beginning of this section, rapid cooling or 

quenching creates a martensitic fine needle-like microstructure characterized 

by low ductility and moderate crack growth resistance [27][33] [42].  

Equiaxed microstructures are the result of recrystallisation [29]. The alloy is 

heat-treated and furnace soaked within the α+β phase field, allowing the α 

grains to globularize [36].  This microstructure has a good balance of strength 

and ductility as well as fatigue strength [42]. 

Bimodal microstructures combine the characteristics of lamellar and equiaxed 

microstructures. To achieve the bimodal microstructures, the recrystallization 

and annealing would usually be performed just below the β transus temperature 

to allow the growth of β grains. This type of microstructure has high ductility, 

strength and impact toughness [29][33][43]. 

From this discussion, it follows that the microstructure of this alloy depends on 

the kind of heat treatment done on the material. The parameters, such as 

temperature, soaking time, and cooling time, are the controlled variables used 

in heat treatment processes, and they impact the resulting microstructures [44]. 

When the heat treatment temperature is increased, the β fraction of Ti6Al4V 

also increases, thus decreasing the α fraction. Vrancken et al. [44] studied this 

behaviour and found that the temperature impacts the microstructure of 

Ti6Al4V, thus affecting the mechanical properties. Their findings are shown in 

Figure 2.14.  

 

Figure 2.14: Microstructures of Ti6Al4V after heat treatment at different 
temperatures a) 780 °C b) 843 °C c) 1015 °C [44] 
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When comparing Figure 2.14 (a) and 2.14 (b), it is observed that the α platelets 

are fine in Figure 2.14 (a) and coarser in Figure 2.14 (b). This is because the 

heat treatment temperature in Figure 2.14(b) was higher than the heat 

treatment temperature in Figure 2.14 (a), although they were both below the β 

transus temperature. Furthermore, Figure 2.14 (c) indicates that a heat 

treatment above the β transus temperature results in a lamellar α+β 

microstructure.  

Yadroitsev et al. [45] demonstrated that the yield strength of the DMLS Ti6Al4V 

alloy after heat treatment is usually lower compared to the as-built state. This 

is due to the coarsening of the lamellar microstructure during high-temperature 

heat treatment. 

Malefane [36] also observed that applying heat treatment on DMLS Ti6Al4V 

parts below the β transus temperature does not yield significant change in the 

resulting microstructures but only alleviates the inherent residual stress 

resulting from the DMLS process. However, applying high-temperature 

annealing for two hours at 950 °C on the stress-relieved DMLS Ti6Al4V(ELI) 

specimens followed by furnace cooling transformed the α' grain structure to an 

α+β grain structure with increased ductility of about 20%, which exceeds the 

specified ductility in the ASTM F1472 – 08 standard [46].  

Ductility coupled with high strength is an important material property during 

high-cycle fatigue (HCF) applications [47]. Fatigue cracks may nucleate more 

easily in martensitic Ti6Al4V due to its distorted basketweave microstructure, 

but the fatigue crack must grow through the path of the “basket form” of the 

microstructure, which is a tortuous path, making it difficult to grow and thus 

resulting in low fatigue crack growth [39]. However, this type of microstructure 

has low ductility but high strength, hence the use of heat treatment to obtain a 

balance of strength and ductility of the alloy. 
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2.7 Fatigue 

 

2.7.1 Definition of fatigue 

Fatigue is defined as the process of progressive localized permanent structural 

change occurring in a material subjected to fluctuating stresses and strains. 

These fluctuating stresses and strains may result in cracks or complete fracture 

after a sufficient number of stress-strain fluctuations [48]. For the current study, 

examples of fluctuating stresses can be caused by the take-off, landing, and 

taxiing loads on an aircraft nose wheel fork. Fatigue is more gradual in ductile 

materials where loads are low enough for the system to remain elastic except 

in the plastic zone in front of the crack tip, but when the crack reaches its critical 

length, the structure will be subjected to fast fracture [49]. Fatigue failure occurs 

in three stages, namely crack initiation, crack propagation and final fracture 

[50][51]. These can be portrayed in different zones, as shown in Figure 2.15. 

 

  

 

 

 

Figure 2.15: Three different stages of fatigue life (After [36]) 

An area of high-stress concentration, such as notches, surface irregularities, 

and pores, will promote the crack initiation in a material. Cracks may also occur 

without any stress raisers but due to dislocations in slip planes resulting from 

cyclic stress or cracking along slip planes due to repetitive reversals of the 

active slip systems at a free smooth polished surface of a material [49]. Crack 

initiation is commonly known as stage 1 of fatigue failure, and it is greatly 

influenced by microstructural defects such as grain boundaries, inclusions, etc. 

As the crack length increases, the stress intensity increases and the crack 

direction becomes perpendicular to the applied stress and enters the crack 

propagation zone [48]. Crack propagation is divided into two types, namely 
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stable and fast crack propagation, see Figure 2.16. Stable crack propagation is 

known as stage 2 of fatigue failure and has a very weak resilience to 

microstructural defects [49]. This stage of fatigue crack growth produces fatigue 

features such as striations, which are not visible to the naked eye and require 

technologies such as SEM to distinguish them. Fatigue striations are located 

on the faces of tear ridges and are perpendicular to the direction of propagation 

of cracks and bow out from the site of initiation of cracks. 

 

Figure 2.16: Schematic representation of a fracture surface representing three 
different stages of fatigue failure [36] 

The second stage of crack propagation is fast crack propagation, commonly 

known as stage 3 of fatigue crack failure. This stage occurs when the crack 

length is closer to the critical area where the remaining material can no longer 

handle the stress intensity, which leads to a final fracture [48]. The final 

fractured area can either be ductile or brittle in nature. Ductile fractured areas 

display cup and cone fracture features because the material absorbs more 

energy before fracture, while brittle fractured areas are normally flat because 

the cracks quickly propagate across the section, along or through the grain 

boundary of the material, causing a catastrophic failure [48][52].  

 

2.7.2 Fatigue failure of the as-built DMLS Ti6Al4V parts 

The major challenge in DMLS as-built parts is poor fatigue behaviour related to 

their rough surfaces [5]. Powder distribution onto the building substrate 
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(recoating) and the build orientation impacts the staircase effect (visible layer 

marks on the part caused by an offset between the layers when forming a 

curvature, creating a rough surface). The surface roughness depends on the 

slope of a layered surface of a DMLS part [52]. This is illustrated in Figure 2.17. 

 

Figure 2.17: Staircase effect a) less inclined slope with more surface roughness b) 
more inclined slope with less surface roughness [52] 

Surface topography features consisting of small radii of curvature act as local 

notches and create local stress concentration sites, which may lead to crack 

initiation at the as-built surface [53]. Therefore, these features negatively impact 

the fatigue life of Ti6Al4V parts produced through LPBF [7][8]. Similarly, the 

lack of fusion of powder particles on the as-built surface also directly affects the 

surface roughness of the end product [54]. The surface roughness caused by 

these features depends on the LPBF machine parameters, such as the 

thickness of the built layer, the allowable powder size distribution, and the laser 

energy [55].  

Creating a smooth LPBF part surface implies additional cost because 

specialized machining or polishing must be implemented, and it might even be 

impossible to do with complex-shaped components. Such post-LPBF 

processes should be avoided to retain the economic advantage of using LPBF 

to produce complex-shaped aircraft structural components [7].  

Kahlin et al. [56] reported on the fatigue behaviour of SLM Ti6Al4V. Comparing 

the fatigue strength of as-built (AB) and machined specimens, they found that 

surface roughness contributed most significantly to the fatigue properties and 

reduced the fatigue limit by approximately 45%, as shown in Figure 2.18. 

a) b) 
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Figure 2.18: Fatigue life of EBM and SLM (LS) specimens with machined and 
polished (m&p) surfaces vs rough as-built (AB) surfaces [56] 

The endurance limits of the as-built specimens shown in Figure 2.18 range 

between 200 and 400 MPa. Wycisk et al. [57] also reported an endurance limit 

of 210 MPa for DMLS Ti6Al4V specimens with inherent surface roughness and 

500 MPa for polished specimens. This emphasizes the importance of the 

surface condition for fatigue-sensitive parts intended for use in their as-built 

condition. It is also relevant for parts with complex internal features where 

surface finishing may not be possible.  

 

2.8 Residual stress 

Residual stress is the internal stress that is locked into a body after it reaches 

equilibrium [58]. The common cause of residual stress is manufacturing 

processes such as casting, welding and the DMLS process due to the high 

localized heating involved in the process [10]. Unlike external stresses, residual 

stresses are less predictable and can be either tensile or compressive. The 

effect of residual stress can either be beneficial or disadvantageous. For 

example, tensile residual stresses are usually caused by processes such as 

aggressive grinding, which creates uneven surfaces that may promote crack 

initiation. In this case, the residual stress is disadvantageous because it 
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decreases the fatigue strength and consequently contributes to the failure of 

the part [59]. 

Residual stresses are categorized into three types depending on their nature: 

Type 1, 2, and 3 [10]. Type 1 residual stresses are macro-stresses that occur 

over distances that involve many grains within a material. Type 2 are micro-

stresses caused by the differences in the microstructure of the material and 

occur over distances comparable to the grain size of the material. Type 3 are 

sub-micro stresses that occur inside a grain due to the imperfections within the 

grains [7]. Knowing the origin of residual stress helps the designer or 

manufacturer to prevent or accommodate its effect. For instance, finite element 

modelling (FEM) packages such as ABAQUS are used to simulate the resulting 

residual stresses prior to actual LPBF building processes and play a significant 

role in preventing failure during the processing of components [60]. 

 

As discussed in section 2.5, the DMLS process uses high-power laser energy 

input to build parts. This highly concentrated energy input always leads to 

residual stress and sometimes crack formation during processing and after 

separation from the supports [7]. The formation of residual stress in the DMLS 

process is due to the high-temperature gradient between the layers where 

compressive stresses are induced in the melt zone, and tensile stresses are 

induced in the cooler underlying layers during heating [36]. This phenomenon 

is illustrated in Figure 2.19.  

 

 

Figure 2.19: Schematic of the state of stress of a layer during heating and cooling 
[10] 
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When the top molten layer is fused into the previously solidified layer, it will be 

restricted in thermal expansion by the previous layer, and this will cause 

compressive stress in it. During the cooling process, see Figure 2.19, the lower 

layer restricts the upper layer from thermal contraction resulting in residual 

stress in both layers. The lower layer will experience compressive stress, and 

the upper layer will be under tensile stress [27][36]. 

It is clear that the residual stress in LPBF parts is induced by thermal gradients 

inherent in the process. This indicates that heat treatment can also be used to 

reduce the residual stress in the parts. The thermal stresses induced in LPBF 

parts cause warpage when the parts are removed from the substrate directly 

after the LPBF process. This is because the part would still be under the 

residual stresses induced during the heating and cooling. If a stress-relieving 

heat treatment is applied before the part is removed from the substrate, the 

residual stress can be reduced, and warpage can be limited [36][61]. 

 

2.9 Design for additive manufacturing 

Design for AM (DfAM) is essential for proper LPBF part manufacturing. 

Customized design approaches and optimization are required to ensure that 

the part design includes the design freedom provided by AM technologies and 

satisfies the AM manufacturing constraints.  

In the DMLS process, factors such as the build platform, building orientation, 

part strength during the build process, use of support structures, and the post- 

processes need to be considered. Failure to consider these factors could result 

in a deformed part or a part with various defects. For example, the build 

orientation affects the surface finish on the end product due to the staircase 

effect. On the other hand, support structures prevent the part from deforming 

and warping during the build process since they allow dissipation of heat away 

from the newly formed geometry and provide temporary support, thus 

maintaining the geometry of the part [34]. However, the attachment points of 

these structures negatively affect the surface finish. As a result, the choice of 

type and positioning of support structures is very important.  
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Furthermore, the design requirement for the component and its application 

must be considered in the DMLS design strategy. For an aerospace part such 

as the AHRLAC nose wheel fork, understanding the operating conditions is 

essential. In addition, the mass of the nose wheel fork is an important 

consideration. The industry uses specific methods to provide the designer with 

a systematic design optimization methodology. Brandt et al. [62] developed a 

generic AM design optimization methodology incorporating topology 

optimization. Topology optimization is a simulation-driven design tool 

concentrating on the material distribution and structural connectivity in the 

design domain space [1][62]. A lightweight part can be produced while 

maintaining its strength, and the material needed to produce the end product 

can be significantly reduced.  

Vayre et al. [63] recommend four steps in the design methodology. These 

include the initial shape generation and geometrical parameter definition, 

followed by shape optimization through tuning the AM process parameters and 

the validation of a part design. Lettori et al. [64] proposed an approach to assess 

the compatibility and suitability of a part for AM production through a set of 

reference questions and a compliance index, which was validated with case 

studies found in a literature review they conducted. Other researchers, such as 

Zhang et al. [65], also proposed a framework to assess the design from the 

perspective of the AM planning process by checking and verifying the suitability 

of the part design for AM production. Clearly, a framework can help designers 

benefit from the advantages of AM processing while enabling them to avoid the 

potential difficulties resulting from the limitations of AM technology. 

 

2.10 Summary 

Through the literature study, insight was gained into the importance of the 

integrity of the nose wheel fork for airplane safety, and the causes of failure 

were identified. Understanding the titanium alloy and the DMLS technology to 

be used for the scaled-down nose wheel fork was essential for the project 

planning and execution of the study. The literature on the characteristics of the 

DMLS Ti6Al4V(ELI) alloy and the resulting mechanical properties was 
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reviewed, and understanding was gained on how post-process heat treatment 

can be used to optimise the mechanical properties of DMLS Ti6Al4V(ELI)- 

produced parts to improve their fatigue properties. Understanding DfAM also 

raised awareness of the importance of part geometry, which affects the surface 

roughness of DMLS-produced parts. 
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CHAPTER 3: METHODOLOGY 

 

3.1   Approach 

Qualifying components for the aerospace industry require extensive testing, 

especially if they are structural parts in the airframe of an aircraft. As mentioned 

in section 1.5, this study was done on a scaled-down prototype nose wheel fork 

produced through DMLS of Ti6Al4V(ELI), and the performance testing of the 

component was limited to static testing. The research methodology was divided 

into three phases. Phase 1 dealt with building the prototype together with the 

standard test specimens. Phase 2 entailed the characterization and mechanical 

testing of the standard test specimens, and Phase 3 consisted of the design 

and manufacturing of the test jig, followed by static performance testing of the 

scaled-down nose wheel fork. A schematic illustration of the research 

methodology is shown in Figure 3.1. 

Phase 1: DMLS building and heat treatment of test specimens and 

scaled-down prototype. 

 

 

 

 

 

 

 

 

 

 

 

 

Obtain prototype CAD model and determine AM build orientation 

DMLS building of the scaled-down prototype and test 

specimens 

Post-process heat treatment of DMLS built parts 

1. Stress relieving (attached to platform) 

2. High temperature annealing 

 

 

 

Specification and design of test specimen geometry, build orientation 

and number of specimens 
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Phase 2: Characterization, mechanical testing and fractography of test 

specimens. 

 

 

 

 

 

 

 

 

 

 

 

 

Phase 3: Static performance testing of the scaled-down prototype 

 

 

 

 

 

 

 

 

Figure 3.1: Schematic overview of the methodology followed for this research 
project 

 

 

 

 

 

 

 

Characterization of test specimens 

 

Machining of the grip-ends on test specimens 

 

 Tensile and fatigue testing of the specimens 

 

Fractographic analysis of the 

fractured fatigue specimens using 

scanning electron microscopy 

 

Machining of the axle holes in the scaled-down prototype 

 

 Design and manufacturing of the test jig 

Performance testing of the scaled-down prototype in the test jig 

Assessment of results and conclusion 

 

 

Metallographic analysis of the 

fractured fatigue specimens 

using optical microscopy 
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3.2   Building and heat treatment of test specimens and 

scaled-down prototype 

 

3.2.1 DMLS building of test specimens and scaled-down prototype 

The optimized CAD model of the scaled-down prototype nose wheel fork was 

obtained from Mr L. F. Monaheng, see Figure 3.2. 

 

Figure 3.2: CAD design of the scaled-down prototype nose wheel fork [1] 

The scaled-down nose wheel fork was designed through topology optimization 

and built together with 21 HCF Ti6Al4V(ELI) test specimens at the Centre for 

Rapid Prototyping and Manufacturing (CRPM) at Central University of 

Technology, Free State (CUT) using an EOSINT M280 DMLS machine. The 

test specimens were designed according to the ASTM E466 standard for 

fatigue testing of metallic materials [66]. The design drawing is given in 

Appendix 1. The EOSINT M280 machine was set to the standard parameters 

of the supplier. See Table 3.1 for the process parameters. 

Table 3.1: Process parameters for the DMLS process 

Parameter Laser 

Power 

(W) 

Beam 

Diameter 

(µm) 

Scanning 

Speed 

(mm/s) 

Layer 

thickness 

(µm) 

Hatch 

spacing 

(µm) 

Powder bed 

temperature 

(℃) 

Value 170 75 1 400 30 100 40 
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Spherical Ti6Al4V(ELI) powder, supplied by TLS Technik GmbH & Co. 

Spezialpulver KG, Bitterfeld-Wolfen, Germany, with an average powder particle 

size of less than 45 µm was used to build the component and test specimens. 

The powder used in this study was from the batch used in the study of 

Monaheng et al.[67], and its composition, as determined by an independent 

laboratory through inductively coupled plasma - optical emission spectroscopy 

(ICP-OES), is given in Table 3.2. 

Table 3.2: Chemical composition of TLS Technik Ti6Al4V(ELI) powder 

Materials Titanium 

(Ti) 

Aluminium 

(Al) 

Vanadium 

(V) 

Iron 

(Fe), 

max 

Oxygen 

(O), 

max 

Nitrogen 

(N), 

max 

TLS 

powder 

[67] 

90.30% 5.56% 4.02% 0.23% 0.12% 0.04% 

ASTM 

F3001 –

14 [68] 

Balance 5.5–6.5% 3.5–4.5% 0.25% 0.13 0.05 

 

Two building platforms were used to achieve a total of 21 specimens due to the 

limited building area of the EOSINT M280 DMLS machine. Of the 21 HCF test 

specimens, seven were built in the X-orientation (long axis along the X-

direction), another seven in the Y-orientation (long axis along the Y-direction) 

and the third set of seven in the Z-orientation (long axis along the Z-direction), 

as illustrated in Figure 3.3.  

 

Figure 3.3: Illustration of DMLS Ti6Al4V(ELI) test specimen orientations on the 
building platform 
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To confirm the build quality, nine cylindrical tensile test specimens were built 

on platform 1 with the nose wheel fork in the same orientations as the HCF 

specimens (three in each orientation). Platform 2 was for 21 HCF test 

specimens. Similar to the HCF test specimens, the tensile test specimens were 

also built in the final geometry given in Appendix 1. The test specimens were 

tested in their as-built geometry, which implied that no post-process machining 

on the gauge lengths of the specimens was done after DMLS building and post-

process heat treatment. Machining was only done on the grip ends of the 

specimens for clamping them in the fatigue testing machine. This allowed the 

investigation of the effects of as-built surface roughness on the fatigue 

properties of the DMLS Ti6Al4V(ELI) specimens. Therefore, the   Z-specimens 

were built upright, with a vertical support cylinder around the gauge length to 

support the upper grip parts and maintain the geometry of the Z-specimens, as 

shown in Figure 3.4 (a). These support structures could be removed with pliers, 

not affecting the surface of the gauge length. The X- and Y-specimens had 

support structures directly supporting the gauge length, as shown in Figures 

3.4 (b) and (c). While these structures could be easily removed, they left 

attachment marks that created rough surfaces on the gauge lengths of the 

specimens. In addition, there were also two built-in types of support structures 

(pin support) outside the gauge length of the X- and Y-specimens. This type of 

support was used to maintain the geometry of the gauge length by preventing 

warping of the test specimens.  

 

Figure 3.4:Test specimens with support structures. a) Z-specimen b) X/Y-specimens 
showing normal supports on gauge length c) Pin supports on X/Y-specimens 
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3.2.2 Post-process heat treatment of DMLS-built parts 

After the DMLS process, a two-stage heat treatment was performed on the built 

parts. Firstly, to relieve the residual stress, the parts (still attached to the build 

substrate) were heated to a temperature of 650 °C at a rate of 3.6 °C/min in a 

T-M Vacuum Products Inc., Super Series Vacuum Furnace, SS12/24-13MDX. 

They were kept at 650 °C for three hours and furnace-cooled to room 

temperature. Thereafter, the parts were cut from the build substrate by wire 

electrical discharge machining, and the support structures were removed 

manually with long-nose pliers in the Product Development Technology Station 

(PDTS). Subsequently, the standard test specimens and the prototype were 

submitted to a high-temperature annealing heat treatment, which was done as 

follows: The parts were heated at a rate of 5.2 °C/min to a temperature of 

950 °C in the vacuum furnace and held isothermally at that temperature for two 

hours before furnace cooling to room temperature. Figure 3.5 shows the parts 

inside the vacuum furnace.  

 

Figure 3.5: Ti6Al4V parts inside the T-M Vacuum Products Inc. Super Series Vacuum 
Furnace, SS12/24-13MDX, prior to the stress-relieving heat treatment 
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3.3   Characterization and mechanical testing of the test 

specimens 

The chemical composition of the Ti6Al4V(ELI) powder used to build the test 

specimens, as well as the density of the built parts, was important to 

characterize before the specimens could be tested to obtain the mechanical 

properties of DMLS Ti6Al4V(ELI).  

 

3.3.1 Surface roughness characterization of the test specimens 

It was expected that the test specimens would have a quantifiable difference in 

surface roughness due to the different support structures used for the three 

orthogonal build orientations. However, due to the shape of the as-built 

specimen, it was not feasible to use the surface roughness tester on the gauge 

length of the test specimens after the DMLS build. This tester ideally requires 

a flat surface to provide accurate surface roughness values. Therefore, a JEOL 

JSM-7800F scanning electron microscope (SEM) was used to obtain images 

from which semi-quantitative assessments of the surface roughness of the 

gauge length could be made. By comparing images at the same magnification, 

the differences in the surface finish of different specimens could be determined. 

 

3.3.2 Micro-CT scanning of the test specimens 

Representative test specimens, one from each build platform for each of the 

build orientations (X, Y and Z), were selected and sent to the South African 

Nuclear Energy Corporation (NECSA) for X-ray micro-computed tomography 

(micro-CT) scanning to determine the porosity levels. The micro-CT analysis 

was performed using a Micro-focus X-ray Machine type NIKON XTH 225 ST. It 

was set to a current of 200 μA, acceleration potential of 185 kV and exposure 

time of four seconds per projection at 2 000 projections per sample. A scanning 

resolution of 8.2 µm was used, and scans were only done on the gauge length 

areas of the test specimens, which were sections within the 13 mm length and 

4.37 mm diameter area shown in Appendix 1. All the scans were performed to 

evaluate the level and distribution of porosity. These micro-CT analyses were 
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used as a quality control measure to confirm that the DMLS Ti6Al4V(ELI) test 

specimens and scaled-down nose wheel fork component were of the same 

good quality as other parts CRPM produces with the EOSINT M280 DMLS 

machine. 

 

3.3.3 Mechanical testing of the test specimens 

The test specimens were subjected to tension and axial force-controlled fatigue 

testing in the Mechanical Testing Laboratory of the CSIR. A total of nine 

specimens (three specimens per build orientation) were subjected to tensile 

testing using an Instron 1432 servo-hydraulic testing machine. The tensile tests 

were performed according to the ASTM E8 standard for testing metallic 

materials. The remainder of the 21 test specimens (nine specimens per build 

orientation) were then subjected to high-cycle axial force-controlled fatigue 

testing, which was performed according to the following criteria: 

Table 3.3: Test criteria for the axial force-controlled fatigue testing 

Testing standard ASTM E 466 – 15 and ISO 1099 

Testing Equipment 50kN Instron 1432, axial, servo hydraulic 

R-ratio 0.1 

Control mode Stress control mode 

Frequency 10 Hz 

Temperature 20 ± 2 °C 

Run-out 5 x 106 cycles  

 

The HCF test regime was informed by the study of Malefane et al. [51] on their 

machined and polished HCF test specimens, which could reach a run-out of 

five million cycles at the maximum stress of 450 MPa. In the current study, the 

first specimen (Z4) was tested at maximum stress of 450 MPa, and it failed after 

50 142 cycles. The maximum stress level was then reduced by 7.1% from 450 

MPa to 418 MPa for testing the next specimen (Z5), which failed after 61 584 

cycles. A significant reduction of 20% from the initial maximum stress of 450 

MPa was then applied on the third specimen (Z6), and improvement in the 

number of cycles to 122 595 cycles was achieved. The maximum stress was 

continuously lowered based on the resulting number of cycles to failure until the 

stress level was 50% of the initial maximum stress of 450 MPa, where the run-

© Central University of Technology, Free State



41 | P a g e  
 

out was achieved on the Z9 specimen. Table 3.4 shows the stress levels for the 

Z-orientation specimens. 

Table 3.4: Maximum stresses for fatigue testing of Z-orientation DMLS Ti6Al4V(ELI) 

test specimens 

 

 

 

 

 

Based on the behaviour of the Z-orientation test specimens, the stress range 

for the X- and Y-orientation specimens was derived. Therefore, the testing of 

the next set of specimens (X-orientation) was started at a maximum stress of 

360 MPa. The range of maximum stress levels for the X-orientation specimens 

is shown in Table 3.5, and those for the Y-orientation specimens in Table 3.6. 

Table 3.5: Maximum stresses for fatigue testing of X-orientation DMLS Ti6Al4V(ELI) 

test specimens 

 

 

 

 

 

 

Table 3.6: Maximum stresses for fatigue testing of Y-orientation DMLS Ti6Al4V(ELI) 

test specimens 
 

 

 

 

 

 

 

 

Specimen designation Maximum stress (MPa)    

Z8 225 

Z9 250 

Z7 270 

Z10 300 

Z6 360 

Z5 418 

Z4 450 

Specimen designation Maximum stress (MPa)    

X8 190 

X10 200 

X7 210 

X6 230 

X9 270 

X5 300 

X4 360 

Specimen designation Maximum stress (MPa)    

Y7 190 

Y10 200 

Y6 230 

Y8 250 

Y9 270 

Y5 300 

Y4 360 
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3.3.4 Fractography of the test specimens 

The fracture surfaces of selected HCF DMLS Ti6Al4V(ELI) test specimens were 

analyzed in a JEOL JSM-7800F SEM at the University of the Free State (UFS). 

The analysis was done using the secondary electron imaging (SEI) mode of the 

SEM with accelerating voltages of 10–20 kV at working distances of up to 50 

mm. 

 

3.3.5 Metallographic analysis of the test specimens 

Metallographic analysis was performed using a ZEISS Axio A1 optical 

microscope. Test specimens were prepared by cutting cross sections using an 

Accutex AU-500 iA electron discharge wire-cutting machine after HCF-testing 

the test specimens. The cross sections were cut from one part of each fractured 

specimen next to the fractured area, as indicated in Figure 3.6. 

 

Figure 3.6: Illustration of the cross sections cut on HCF test specimens using an   
AU-500 iA Accutex wire-cutting machine 

The cross sections were then mounted in a non-conductive Multifast resin in a 

Citopress-1 machine. A Struers Tegramin-25 machine was used to grind and 

polish the specimen surfaces. The grinding was firstly done with a silicon 

carbide grinding paper of 320 grit, followed by polishing on an MD-largo disc 

using Diapro diamond suspension of 9 m particle size. The final finish was 

done by polishing the specimens with an MD-Mol cloth using Diapro diamond 

suspension of 3 m particle size. The specimens were mirror polished using an 

MD-Chem disc with OP-S suspension as a lubricant. Finally, after polishing, the 

test specimens were etched in an ESCO fume hood using Kroll’s reagent to 

reveal the microstructures of the test specimens.  
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3.4   Performance testing of the prototype scaled-down nose 

wheel fork 

Performance testing of the scaled-down nose wheel fork was done in the 

Mechanical Engineering Heavy Machine Laboratory at the University of 

Pretoria (UP). The laboratory has unique facilities for dynamic structural testing 

under simulated operational conditions for various applications. The 

performance testing plan was developed in collaboration with the UP team (see 

Appendix 2 for the test instruction plan). A test jig that allowed simulation of the 

operational conditions of the nose wheel fork during testing was designed and 

manufactured in the PDTS at CUT.  

 

3.4.1 CAD design and manufacturing of a test jig 

The test jig was designed to fit the applicable testing equipment in the 

Mechanical Engineering Heavy Machine Laboratory at UP. Figure 3.7 shows a 

CAD model of the test jig and the physical image. 

     

Figure 3.7: Landing gear fork performance test jig: a) CAD model b) image of the 
manufactured jig 

 

3.4.2 Performance testing of the scaled-down prototype nose 

wheel fork  

This study was limited to the static performance testing of the scaled-down nose 

wheel fork, which forms part of Mr L. F. Monaheng’s doctoral study. In the 

a) b) 
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current study, the maximum operational static loads acting in the X-, Y-, and Z-

directions were applied on the DMLS Ti6Al4V(ELI) nose wheel fork. The loads 

were applied in the positive and negative direction for each load case, with the 

X-load case first followed by the Z- and Y-load cases. These tests were done 

to assess the potential of the scaled-down nose wheel fork to meet the 

requirements for such a structural aircraft component.  

To capture strain values experienced by the scaled-down nose wheel fork while 

loads were applied, strain gauges were bonded on the specific areas of the 

nose wheel fork, which were expected to have high strain. A total of four strain 

gauges were used. Two were rosette gauges, and the other two were single-

grid gauges. Therefore, there were eight strain gauge readings in total. The 

rosette strain gauges had 120 ± 0.3% ohm resistance, and the single-grid strain 

gauge had 350 ± 0.3% ohm resistance. The locations of all strain gauges are 

shown in Figure 3.8. The higher magnifications show the exact positions of 

these gauges. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Strain gauges positioned on the scaled-down nose wheel fork. Gauges 1 
and 2 were placed on the side of the nose wheel fork 

 

350 ± 0.3% ohm 120 ± 0.3% ohm 
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All strain gauges were connected to quarter bridge circuits (SCM-SG120 and 

SCM-SG350). Each quarter bridge circuit was then connected to a specific 

channel on a Universal Amplifier (MX840 8-channel amplifier). The amplifier 

was connected to a Quantum X data recorder system (CX 22W). The technical 

specifications of the Universal Amplifier (MX840 8-channel amplifier) and 

Quantum X data recorder (CX 22W) are presented in Appendix 3 and 4, 

respectively. Figure 3.9 shows the schematic of the experimental setup. 

 

 

 

 

 

 

 

Figure 3.9: Schematic representation of the experimental layout and data 
recording. (Dashed lines represent electrical connections.) 

 

The test jig was mounted on the isolated test floor of the laboratory, which had 

a T-slot base where studs were used to keep the jig in a fixed position when 

loads were applied. See Figure 3.10 for this setup for the X-direction of loading. 

The actuator holder bracket was also mounted on the isolated bed using the 

studs. 

 

 

Load cell junction 

Box 

(MX 840) 8-channel amplifier 

Load cell  Scaled-down nose 

wheel fork mounted 

inside the test jig 

(CX 22W) Data recorder 

Monitor 2 for strain readings 

Actuator  

Actuator junction box 

Actuator force and 

speed controller 

Computer and Monitor 1 for load recordings and readings 

Test jig brackets 
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Figure 3.10: X-load case experimental testing setup for the performance test of the 
scaled-down nose wheel fork on the isolated floor in the laboratory at UP 

The performance tests on the scaled-down nose wheel fork were done at loads 

40% of the magnitude of the maximum loads on the full-scale nose wheel fork. 

The latter was provided by the manufacturer of the ARHLAC, Aerosud. This 

resulted in static loads of Fx = 5 584 N, Fy = 3 358 N, and Fz = 8 285 N applied 

on the scaled-down nose wheel fork. Figures 3.11 and 3.12 illustrate the 

experimental test setup in the Y- and Z-loading direction, respectively.  

 

Figure 3.11: Y-load case experimental testing setup for the performance test of the 
scaled-down nose wheel fork on the isolated floor in the laboratory at UP 

 

Scaled-down nose wheel fork in the test jig  Actuator Load cell  
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Figure 3.12: Z-load case experimental testing setup for the performance test of the 
scaled-down nose wheel fork on the isolated floor in the laboratory at UP 

The applied load on the fork was gradually increased for each load case until 

the required load level was reached. The load was stopped at the required level 

for a few seconds, and the strain readings were collected at the different 

positions on the fork where the strain gauges were mounted for strain 

measurements. This data was used to assess the static test performance of the 

scaled-down nose wheel fork produced in Ti6Al4V(ELI) through DMLS.   

 

3.4.3 Data preparation for analysis on performance testing of the 

prototype scaled-down nose wheel fork. 

The data collected from the performance tests of the Ti6Al4V(ELI) scaled-down 

nose wheel fork produced through DMLS was analyzed in two phases. Firstly, 

all data points from the actuator controller were collected, and sinusoidal load 

curves were plotted to simulate the compressive and tensile static loads applied 

on the fork as a function of time. Secondly, the corresponding strain curves 

were plotted from data collected from the strain gauges. The load and strain 

curves were compared per load to evaluate the correct functionality of the 

measuring equipment. As the strain values increased with the increased 

applied loads, it became clear that the measurement was done correctly. The 

detailed procedure for the data preparation for analysis is provided here for the 

X direction of loading. 
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3.4.3.1 Preparation of data for X-direction of loading – actuator 

controller 

The actuator controller only recognises the voltage reading as the input load 

the system will apply to the fork. Therefore, all the available loads from Aerosud 

were converted from kilonewtons to voltages based on equation 3.1. 

1 Volt = 2 kN…………………………………………………………………………………………….……… (3.1) 

The maximum load in the X-direction of testing was 6 kN. This maximum load 

was divided into 20% intervals, and a series of static loads were applied using 

equation 3.1, as shown in Table 3.7. 

Table 3.7: Applied loads in the X-direction for static testing of the DMLS 

Ti6Al4V(ELI) prototype nose wheel fork 

Load divisions Controller reading (V) Force (kN) 

1 0.6 1.2 

2 1.2 2.4 

3 1.8 3.6 

4 2.4 4.8 

5 3 6 

  

The static test for Load division 1 of 1.2 kN was performed by applying a 

compressive force starting from the zero position of the controller and gradually 

increasing the load to a maximum of 1,2 kN and then stopping at this load for 

about 20 seconds. Subsequently, the controller knob was turned back to the 

zero position and then increased to 1,2 kN in the negative direction, stopping 

at –1,2 kN for the tensile force. Finally, the knob was turned back to zero. This 

completed one sinusoidal cycle for Load division 1. The actuator controller data 

was collected using MATLAB. The raw data is presented in Appendix 5. The 

force vs time curve for Load division 1 was also generated to obtain the 

complete sinusoidal cycle for this load division, as shown in Figure 3.13. 
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Figure 3.13: Force vs time curve for Load division 1 of the X-direction testing 

The load data points from 15 000 to 25 000 milliseconds in Figure 3.13 were 

collected, and the mean value of these data points was calculated to provide 

the actual static load applied. This load was found to be 1,206 kN. This 

verification had to be done because the actuator controller did not use a digital 

system where accurate values could be set, only a knob that had to be set 

manually. This procedure was repeated for all five load divisions, and the 

results are tabulated in Table 3.8. 

Table 3.8:  Planned versus actual load values of the X-direction static tests for the 

DMLS Ti6Al4V(ELI) prototype nose wheel fork 

 

The procedure followed in the applied load results for Load division 1 (static 

force of 1.2 kN) was repeated for the strain results of Load division 1 for the  X-

load case to record and analyse all the strain results throughout the experiment.  

 

Load divisions Planned load (kN) Actual load (kN) 

1 1,200 1,206 

2 2,400 2,424 

3 3,600 3,582  

4 4,800 4,892 

5 6,000 6,120  
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3.4.3.2 Preparation of data for X-direction of loading – strain 

gauges 

The data acquisition system allowed all eight strain gauges to collect data 

simultaneously for each load case. Similar to the actuator controller, Load 

division 1 is used here as an example to demonstrate the procedure followed 

to prepare data for analyzing the strain gauge values measured on the DMLS 

Ti6Al4V(ELI) nose wheel fork.  

The Quantum X MX840 strain data collection system was activated at the same 

time as the controller knob to allow simultaneous data capturing. The raw data 

from all the strain gauges were also collected and plotted, and the mean value 

was calculated at the peak point corresponding to the load versus time curve in 

Figure 3.13. These results are provided in Chapter 4. 

The eight strain gauges had a unique nomenclature for each strain gauge. This 

nomenclature was used to identify the position (channel) where the strain 

gauge was connected on Quantum X, the strain gauge number, as well as the 

position of the strain gauge on the nose wheel fork, as shown in Figure 3.8. The 

first strain gauge is used as an example to explain this nomenclature further: 

CH 1_SG_1A_P1: CH 1 = Channel number 1 in Quantum X, SG_1A = Strain 

Gauge number 1A, and P1 = Position 1 in Figure 3.8.  

Table 3.9 gives the details of all eight strain gauges and their positions. 

Table 3.9: Quantum X channels and their connected strain gauges 

 

 

 

Position for connection on 
Quantum X 

Abbreviation Strain gauge name 

Channel 1 CH 1 CH 1_SG_1A_P1 

Channel 2 CH 2 CH 2_SG_1B_P1 

Channel 3 CH 3 CH 3_SG_1C_P1 

Channel 4 CH 4 CH 4_SG_2A_P2 

Channel 5 CH 5 CH 5_SG_2B_P2 

Channel 6 CH 6 CH 6_SG_2C_P2 

Channel 7 CH 7 CH 7_SG_3_P3 

Channel 8 CH 8 CH 8_SG_4_P4 
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3.5   Summary 

The methodology used in this chapter included non-destructive analytical 

techniques, such as CT scanning and SEM, on the test specimens for validation 

of the DMLS process using Ti6Al4V(ELI) powder, as well as the 

characterization of the surface roughness of the as-built Ti6Al4V(ELI) 

specimens. Tensile and fatigue testing was employed to determine the 

mechanical properties of the as-built DMLS Ti6Al4V(ELI) parts, followed by the 

fractography and metallographic analysis of the fractured fatigue test 

specimens. The DMLS Ti6Al4V(ELI) scaled-down prototype nose wheel fork 

was tested under static performance conditions using specialized equipment 

that could simulate the operational conditions of the nose wheel fork. This static 

data contributed to the comprehensive doctoral study aimed at contributing to 

the eventual qualification of the LPBF Ti6Al4V(ELI) nose wheel fork. 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

4.1   Introduction 

This chapter includes the results of the CT scanning, the tensile and fatigue 

tests of the test specimens, as well as the fractography and microstructural 

analysis of the fractured DMLS Ti6Al4V(ELI) specimens. Finally, the static 

performance of the DMLS Ti6Al4V(ELI) scaled-down nose wheel fork is 

presented and discussed.  

 

4.2   Micro-CT scanning 

The density results of the DMLS Ti6Al4V(ELI) specimens submitted to two-

stage heat treatment are presented in this section. In Table 4.1, the percentage 

porosity as determined through micro-CT analysis of the specimens built along 

the X-, Y- and Z-direction are tabulated.  

Table 4.1: Micro-CT porosity results of DMLS Ti6Al4V(ELI) test specimens  

Specimen Designation Porosity (%) 

X1 0.0029 

Y1 0.0033 

Z1 0.0011 

 

The level of porosity shown in Table 4.1 was found to be below 0.01%. This 

was an extremely low level of porosity and confirmed the consistency of the 

EOSINT M280 machine employed to build the test specimens compared to 

porosity levels found in other studies [69][70]. High porosity levels could 

negatively impact the fatigue performance of the DMLS-built parts because they 

act as stress raisers, which could initiate cracks [69]. However, from the 

literature, it was also clear that the fatigue behaviour of DMLS-built parts cannot 

only be related to the level of porosity but also the location, size and geometry 

of pores [69]. It has been reported that a very specific type of layered defect 

can be formed in DMLS parts due to incomplete melting in specific layers. 

These defects may be present in a part with as little as 0.005% porosity and 
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can still be problematic if localized in a thin-walled section [71]. These pore 

locations are critical for fatigue performance because they determine the stress 

concentration factor during loading [72][73]. However, no large pores or clusters 

of pores were localized in sections of any of the test specimens in this study. 

This confirmed the quality of the DMLS build process.  

 

4.3   Tensile test results 

The tensile test results for the DMLS Ti6Al4V(ELI) specimens built in the X-, Y- 

and Z-orientations are given in Table 4.2. 

Table 4.2: Tensile test results for the X-, Y-, and Z-orientation DMLS Ti6Al4V(ELI) 

test specimens 

 

Specimen 
Designation 

Tensile 
Stress at 

Yield 
(Offset 0.2%) 

(MPa) 

Ultimate 
Tensile 
Stress 
(MPa)  

Modulus of 
Elasticity 

(GPa) 

Percentage 
Elongation 

(%) 

ASTM F 3001 – 14 

- 795 860 - 10 

This study 

X1 860.42 948.13 116.3 16.50 

X2 852.44 939.65 113.9 15.50 

X3 853.73 941.53 115.0 15.05 

Mean  855.73 943.10 115.1 15.68 

Standard 
deviation 

4.285 4.450 1.162 0.472 

Y1 863.94 947.64 118.1 13.25 

Y2 860.75 943.50 120.8 14.70 

Y3 856.71 941.14 114.6 15.05 

Mean  856.71 941.14 114.69 14.33 

Standard 
deviation  

3.625 3.289 3.089 0.954 

Z1 774.78 888.52 110.0 15.75 

Z2 780.48 894.81 109.5 15.60 

Z3 781.33 891.61 108.5 16.15 

Mean  778.86 891.65 109.3 15.83 

Standard 
deviation 

3.562 3.146 0.796 0.284 
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The specimens in the X- and Y-orientations exhibited similar tensile properties 

with the mean tensile stress at yield, showing no significant difference, ranging 

from 855.73 ± 4.285 MPa on the X-specimens to 856.71 ± 3.625 MPa on the 

Y-specimens. The ultimate tensile stress and the modulus of elasticity for both 

X- and Y- specimens also had similar values. However, there was a significant 

difference in tensile properties when comparing the aforementioned mean 

values of the X- and Y-orientation specimens with that of the Z-orientation 

specimens. The mean tensile stress at yield for the Z-specimens was found to 

be 778.86 ± 3.562 MPa, with the ultimate tensile stress and modulus of 

elasticity being 891.65 ± 3.146 MPa and 109.3 ± 0.796 GPa, respectively. This 

is common for LPBF-built parts due to the layer-by-layer building, showing a 

level of anisotropy with respect to the three orthogonal building directions 

[3][74]. However, when comparing the ultimate tensile stress, yield stress and 

elongation values for the X-, Y-, and Z-orientation specimens, it is clear that the 

tensile properties of the X- and Y-orientation specimens in Table 4.2 meet the 

minimum requirements for the specified tensile properties in ASTM F3001 – 14  

for AM Ti6Al4V(ELI) produced with PBF [68].  

 

The ultimate tensile stress and elongation values of the Z-orientation 

specimens also exceeded the minimum requirements set in the ASTM F3001 

– 14 standard, while only the yield stress was 2.03% lower, compared to the 

set minimum value of 795 MPa in the ASTM F3001 – 14 standard. This 

observation confirmed the anisotropic nature of parts built in different 

orientations in the DMLS machine. This has been attributed to the DMLS 

microstructure of the alloy that displayed the direction of growth of epitaxial 

 grains to be parallel to the build direction [74]. However, it was expected that 

the high-temperature annealing heat treatment applied to these specimens 

should have resulted in a more homogenous microstructure with corresponding 

alleviation of the anisotropy of the mechanical properties.  
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4.4   Fatigue test results 

The HCF test results of the DMLS Ti6Al4V(ELI) specimens are given in 

Table 4.3 for the Z-specimens, Table 4.4 for the X-specimens and Table 4.5 for 

the Y-specimens. 

Table 4.3: Fatigue test results for Z-orientation DMLS Ti6Al4V(ELI) test specimens 

 

Table 4.4: Fatigue test results for X-orientation DMLS Ti6Al4V(ELI) test specimens 

 

Table 4.5: Fatigue test results for Y-orientation DMLS Ti6Al4V(ELI) test specimens 

 

Specimen designation Maximum stress (MPa) Number of cycles to 
fatigue failure (Nf) 

Z8 225 5 000 000 

Z9 250 730 494 

Z7 270 370 439 

Z10 300 483 996 

Z6 360 122 595 

Z5 418 61 584 

Z4 450 50 142 

Specimen designation Maximum stress (MPa) Number of cycles to 
fatigue failure (Nf) 

X8 190 5 000 000 

X10 200 1 153 581 

X7 210 893 273 

X6 230 513 876 

X9 270 346 930 

X5 300 218 190 

X4 360 147 027 

Specimen designation Maximum stress (MPa) Number of cycles to 
fatigue failure (Nf) 

Y7 190 5 000 000 

Y10 200 1 002 143 

Y6 230 598 800 

Y8 250 538 903 

Y9 270 434 787 

Y5 300 304 007 

Y4 360 132 859 
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The Z7-specimen failed at 270 MPa with 370 439 cycles to failure, while Z10 

failed at 300 MPa with 483 996 cycles to failure. Both the Z7 and Z10 

specimens failed outside the gauge length and can thus be considered outliers. 

Figure 4.1. presents the data in Tables 4.3 to 4.5 as semi-log S-N diagrams of 

the specimens built in the three orthogonal directions. 

 

 

Figure 4.1: Semi–log S-N diagrams for the Ti6Al4V(ELI) test specimens 

From Figure 4.1, it is clear that the fatigue performance of the X- and Y-

orientation specimens did not differ significantly. However, the fatigue strength 

of the X- and Y-orientation specimens was 16% less than that of the Z-

orientation specimens. The endurance limit of five million cycles was achieved 

at 225 MPa for the Z-orientation specimens and 190 MPa for both the X- and Y-

orientation specimens. This difference can be ascribed to the surface 

irregularities on the X- and Y-orientation specimens where the support 

structures needed for these build orientations were removed, especially the pin 

support structures, as shown in Figure 4.2. 
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Figure 4.2: The gauge length of a typical LPBF Ti6Al4V(ELI) test specimen built in 
the X-orientation showing the surface irregularities due to support structures. 

The surface irregularities shown in Figure 4.2 acted as areas of stress 

concentration, which could lead to crack initiation, resulting in a lower fatigue 

endurance limit for the X- and Y- orientation specimens as compared to the Z-

orientation specimens. In the study of Malefane et al. [51], DMLS Ti6Al4V(ELI) 

test specimens were also built in three orientations (X, Y and Z). All the 

specimens were heat-treated under the same heat treatment conditions as in 

the current study but were machined to fully comply with the geometry specified 

in ASTM E8. In their study, Malefane et al. [51] found that the endurance limit 

of five million cycles could be reached at maximum stress of 450 MPa for all 

three building orientations. However, in the current study, the specimens X8 

and Y7 could reach an endurance limit of five million cycles at maximum stress 

of only 190 MPa, while the Z8 specimen reached the limit at a maximum stress 

of 225 MPa. This implies that the surface irregularities had a strong negative 

effect on the fatigue properties of the DMLS Ti6Al4V(ELI) specimens that were 

not machined. Figure 4.3 illustrates the difference in the surface finish of the X- 

and Z-orientation specimens that endured the maximum stress until five million 

cycles without failing.  
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Figure 4.3: SEM SEI of the surface topography of Ti6Al4V(ELI) specimen gauge 
length areas: a) specimen X8, b) specimen Z8, c) higher magnification of specimen 

X8, d) higher magnification of specimen Z8 

Figures 4.3 (a) and 4.3 (b) show that the specimen built in the X-orientation 

(which was similar to specimens built in the Y-orientation) appeared to have 

rougher surfaces on the gauge length area when compared to the specimen 

built in the Z-orientation. This was expected because the Z-orientation 

specimens had no support structures on the gauge length, as described in 

section 3.2.1. This confirmed that the adhesion points of the support structures 

locally increased the surface roughness of the DMLS parts and resulted in the 

X- and Y-orientation specimens reaching the endurance limit at lower stress 

(190 MPa) than the Z-specimens (at 225 MPa).  

 

4.5   Fractography of DMLS Ti6Al4V(ELI) fatigue test 

specimens 

The fracture surfaces of the fractured fatigue test specimens revealed the three 

stages of fatigue fracture (crack initiation, propagation and final fracture) as 
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observed in other studies [51][57][75]. Figure 4.4 shows the fracture surface of 

the Z4 specimen that failed at 50 142 cycles at the maximum stress of 450 MPa. 

 

Figure 4.4: SEM SEI of fracture surface of the Z4 specimen: A: crack initiation area 
B: stable crack propagation area C: fast crack propagation area D: final fracture 

area 

The crack initiated in encircled area A in Figure 4.4 and propagated slowly 

across the section of the specimen as indicated by the arrows in area B. The 

crack further propagated to the faster crack propagation region (Area C), and 

the final fracture occurred in area D. A magnified image of the crack initiation 

area in Figure 4.4 is presented in Figure 4.5, where the two initiation points due 

to an inclusion and a surface ridge on the outer surface of the specimen, are 

indicated. Partially melted powder particles on the surface of the specimen are 

also visible. These surface defects promote crack initiation [70]. Chastand et al. 

[70] identified surface and sub-surface defects as the most critical types of 

defects influencing the fatigue properties of SLM Ti6Al4V. This was also 

confirmed by Dallago et al. [76].  
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Figure 4.5: SEM SEI at higher magnification of area A in Figure 4.4, where crack 
initiation occurred 

Figure 4.6, a higher magnification of area B in Figure 4.4, shows the 

characteristics of slow crack propagation with small areas of tear ridges. The 

tear ridges are clearly visible on the areas closer to the initiation point at area A 

in Figure 4.4, then start fading towards the middle of area B in Figure 4.4. There 

were also micro-cracks on area B in Figure 4.4, indicated by arrows in Figure 

4.6.  

Inclusion 

Ratchet mark 

Surface ridge 
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Figure 4.6: SEM SEI at higher magnification of area B in Figure 4.4, where slow 
crack propagation occurred with micro-cracks indicated by the arrows  

In Figure 4.7, the pores formed in the faster crack propagation zone are shown. 

The higher magnification of the final fracture area in Figure 4.8 shows a dimple 

fracture, indicating that the material was ductile [77]. 
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Figure 4.7: SEM SEI at higher magnification of area C in Figure 4.4, where faster 
crack propagation occurred with a pore indicated by the arrow   

 

Figure 4.8: SEM SEI at higher magnification of area D in Figure 4 showing the final 
fracture surface 
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The fracture surfaces of HCF DMLS TI6Al4V test specimens built in the X- and 

Y-directions were also analyzed. These test specimens showed similar fracture 

surface features. Figure 4.9 shows the fracture surface of the Y10 specimen, 

which failed after 1 002 143 cycles at the maximum stress of 200 MPa.  

 

Figure 4.9: SEM SEI of the fracture surface of the Y10 specimen: A: crack initiation 
area B: crack propagation area , with the encircled area showing the flat surfaes C: 

final fracture area 

The Y10 specimen fracture surface in Figure 4.9 also revealed the three stages 

of fatigue fracture, namely, crack initiation at A, propagation at B and final 

fracture at C. The crack initiation was identified at the surface where the support 

structure was removed, shown as area A in Figure 4.9 (The higher 

magnification of this area is shown in Figure 4.10).  
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Figure 4.10: SEM SEI at higher magnification of area A in Figure 4.9 where the crack 
initiation, with powder particles indicating lack of fusion    

From Figure 4.10, it was confirmed that the support structures created areas of 

stress concentration. Unmelted powder particles are also visible in the sub-

surface region of this specimen. The crack propagated almost symmetrically 

down towards the centre of the specimen, as indicated by the arrows in area B 

in Figure 4.9. A higher magnification of this area is presented in Figure 4.11.  
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Figure 4.11: SEM SEI at higher magnification of area B in Figure 4.9 showing 
fatigue striations, indicated by the arrows, in the crack propagation area  

Fatigue striations were observed in the crack propagation area, as indicated by 

the arrows in Figure 4.11. Similar fatigue striations were also found in the study 

of Gong et al. [78] on their heat-treated TI6Al4V(ELI) parts. Flat surfaces were 

observed on the encircled area in Figure 4.9, of which a higher magnification is 

presented in Figure 4.12. These localised flat surfaces could have resulted from 

intergranular fracture instead of transgranular fracture.  
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Figure 4.12: SEM SEI at higher magnification of the encircled area in Figure 4.9 
showing localized flat surface areas  

Hartunian et al. [79] also observed these flat areas in their study on the effect 

of build orientation on the microstructure and mechanical properties of SLM 

Ti6Al4V alloy and associated them with a mix of brittle and ductile fracture 

features.  

The final fracture of the Y10 specimen is shown in Figure 4.13, with dimples 

similar to that of Z4 in Figure 4.8, confirming a ductile fracture type. 
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Figure 4.13: SEM SEI at higher magnification of area C in Figure 4.9 showing the 
final fracture surface 

The crack initiation points of the Z4 specimen in Figure 4.4 and the Y10 

specimen in Figure 4.9 differed. In the Z4 specimen, crack initiation was due to 

inclusions in the sub-surface region that resulted in shorter fatigue life of the 

specimen. In the Y10 specimen, the crack initiation was due to a surface 

irregularity where the significant partially melted powder particles could be 

observed in the area where the support structures were removed. Chandran 

[80] found that inclusions can result in a much shorter fatigue life located close 

to the sample surface in comparison to inclusions in the bulk of a part. Internal 

defects have been previously reported as the cause of failure in high-cycle 

fatigue [3][16][76]. Yan et al. [3] suggested that the HCF properties of their 

HIPed samples indicated that minimized porosity could significantly improve the 

fatigue strength of the material. However, in the current study, internal porosity 

was minimal; therefore, the poorer HCF performance of the as-built test 

specimens is attributed to the inherent surface roughness. This was also 

observed in the study of Wycisk et al. [57], where lower cycles to fatigue were 

achieved due to the inherent surface roughness for material in the as-built 

condition. 
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4.6   Microstructure analysis of DMLS Ti6Al4V(ELI) test 

specimens 

Optical micrographs of cross sections of the Ti6Al4V(ELI) test specimens built 

as described in section 3.2 are shown in Figures 4.14 to 4.16. These test 

specimens were submitted to stress relieving and high-temperature annealing 

to relieve the residual stress and decompose the acicular α’ martensitic 

microstructure into the α+β microstructure, respectively. Figures 4.14, 4.15 and 

4.16 show the micrographs of the X-, Y- and Z-orientation specimens, 

respectively. These micrographs show the cross sections of the specimens in 

the following planes: Y-Z plane for the X-orientation specimen, X-Z plane for 

the Y-orientation specimen and X-Y plane for the Z-orientation specimen. The 

beta phase appears dark, and the alpha phase appears light in all three 

micrographs. 

 

Figure 4.14: Optical micrograph of the cross section of a DMLS Ti6Al4V(ELI) 
specimen built along the X-orientation, stress relieved for three hours, followed by 

HTA at 950 °C for two hours and furnace cooled  

 

Parallel  𝛼 laths 

Globular  𝛼  
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Figure 4.15: Optical micrograph of the cross section of a DMLS Ti6Al4V(ELI) 
specimen built along the Y-orientation, stress relieved for three hours, followed by 

HTA at 950 °C for two hours and furnace cooled  

 

Figure 4.16: Optical micrograph of the cross section of a DMLS Ti6Al4V(ELI) 
specimen built along the Z-orientation, stress relieved for three hours, followed by 

HTA at 950 °C for two hours and furnace cooled  

 

Globular  𝛼  
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The micrographs of the X-, Y-, and Z-orientation specimens revealed a 

decomposition of the acicular α’ microstructure into a lamellar α+β 

microstructure. From a fatigue point of view, this transformation of α’ 

microstructure to α+β microstructure contributes to a larger elongation and 

improved strain hardening [3]. This confirmed that the two-hour soaking time at 

950 °C improved mechanical properties, particularly properties related to HCF 

[27][81]. Furthermore, these micrographs show globular α as indicated by the 

arrows in Figures 4.14, 4.15 and 4.16. Globular α contributes to the ductility of 

the material as a characteristic of an equiaxed microstructure [43]. However, in 

this study, the microstructures were not fully equiaxed but bimodal. Yadroitsev 

et al. [82] reported that a bimodal microstructure was achieved with lamellar 

grains within the prior columnar β grains and clusters of equiaxed globular α 

after the high-temperature anneal at 950 °C for two hours, followed by furnace 

cooling. Therefore, it is evident that the refinement of the microstructures of 

DMLS Ti6Al4V(ELI) parts can be tailored through heat treatments and result in 

improved ductility of Ti6Al4V(ELI) components, consequently improving the 

fatigue resistance of this alloy. This potential to tailor the microstructure of 

DMLS Ti6Al4V(ELI) contributed to a more comprehensive doctoral study, which 

could lead to the eventual qualification of the DMLS process for production of 

structural aerospace components. 

 

4.7   Static performance test results of the prototype scaled-

down nose wheel fork 

The results from all five load divisions for the X-, Y- and Z-load cases described 

in section 3.4.3 are presented in this section.  

 

4.7.1 Static performance test results of the scaled-down nose wheel 

fork in the X-direction of loading 

The strain vs time sinusoidal curves for Load division 1 of the X-load case 

corresponding to the force curve in Figure 3.9 in section 3.4.3 are presented in 

Figure 4.17.  
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Figure 4.17: Strain vs time curves for load division 1 of X-load case 

 

As described in section 3.4.3, the data points in Figure 4.17 were taken from 

the peak points (1 500 to 2 000 milliseconds) of all strain gauges from each 

load division (1 to 5), and the mean values were calculated. See Appendix 6 for 

the full data set. The graphical representations of this data are shown in Figure 

4.18.  
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Figure 4.18: Strain vs force curves for the X-load case 

A clear trend of strain increasing with force can be seen in Figure 4.18, without 

the failure of the prototype scaled-down nose wheel fork. The fact that the nose 

wheel fork prototype did not fail, even at maximum load, confirmed that the 

DMLS process followed resulted in a built part with good integrity for 

applications. 

The strain versus force results for the static tests in the Y- and Z-loading 

directions are presented in the following sections. The complete raw data is 

given in Appendices 5 and 6. 
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4.7.2 Static performance test results of the scaled-down nose wheel 

fork in the Y-direction of loading 

The actual experimental force values for the Y-load case are tabulated in 

comparison with the planned forces in Table 4.6, followed by the strain versus 

force curves in Figure 4.19. 

Table 4.6: Planned versus actual load values of the Y-direction static test for the 

DMLS Ti6Al4V(ELI) prototype nose wheel fork 

 

 

Figure 4.19: Strain vs force curve for Y-load case 

 

Load divisions Planned load (kN) Actual load (kN) 

1 0,800 0,820 

2 1,600 1,580 

3 2,400 2,420 

4 3,200 3,100 

5 4,000 4,100 
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4.7.3 Static performance test results of the scaled-down nose wheel 

fork in the Z-direction of loading 

The planned values of force versus the actual experimental values are 

tabulated in Table 4.7 for this direction of loading. The resulting strain versus 

force curves are shown in Figure 4.20. 

Table 4.7: Planned versus actual load values of the Z-direction static test for the 

DMLS Ti6Al4V(ELI) prototype nose wheel fork 

 

 

Figure 4.20: Strain vs force curve for Z-load case 

 

Load divisions Planned load (kN) Actual load (kN) 

1 1,700 1,720 

2 3,400 3,630 

3 5,100 5,140 

4 6,800 6,860 

5 8,500 8,480 
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The results found in the Z-load case show higher strain values for the same 

loads than those obtained in the X- and Y-load cases. For instance, the highest 

strain value of 816.775 m/m at 3.630 kN was recorded by strain gauge 

CH8_SG4_P4 in channel 8 for the Z-load case. The strain value for the same 

strain gauge was 131.487 m/m at 4.89 kN and 359.893 m/m at 4.1 kN for the 

X- and Y-load cases, respectively. This implied that the prototype nose wheel 

fork was much stronger in the X and Y loading directions in position 4, where 

this strain gauge was connected. 

 

4.8   Performance test summary 

All three sets of strain versus force curves had a similar pattern that represented 

the behaviour of the strain gauges when the loads were applied to the prototype 

scaled-down nose wheel fork. This behaviour confirmed the expected 

repeatability of all strain gauges when the loads were applied. The highest load 

was in the Z-direction of testing. Here the highest strain value of 1793.787 m/m 

in strain gauge CH 7_SG_3_P3 was obtained. The geometry of the scaled-

down nose wheel fork in position 3 in Figure 3.8 is in the form of an I-beam. 

During the bending of an I-beam, when the load is applied perpendicular to the 

flanges, it is expected that the web will experience lower strain [83], hence the 

highest strain value on strain gauge CH 7_SG_3_P3 in the Z-loading direction. 

However, it is still a fairly small strain value for a load of 8.48 kN; hence there 

was no failure in the prototype scaled-down nosewheel fork. 

In general, the scaled-down nose wheel fork performed to the expectation: no 

failure for all static tests in all directions of testing. This data could also be used 

as a guide for more comprehensive performance testing, such as HCF because 

the areas of high strain values were already identified experimentally without 

any failure of the nose wheel fork. 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE WORK 

 

5.1   Conclusions 

The aim of this study was to generate experimental data on the static 

operational performance of a light aircraft nose wheel landing gear fork, which 

was produced through LPBF of Ti6Al4V(ELI), that would contribute to the 

validation of the design of this component. For this purpose, a scaled-down 

prototype of the nose wheel fork was produced through DMLS in Ti6Al4V(ELI). 

It was found that the as-built and stress relieved followed by high temperature 

annealing Ti6Al4V(ELI) tensile test specimens, built with optimized DMLS 

building process parameters, exhibited mechanical properties compliant with 

the ASTM F3001 – 14 standard and high density with porosity levels lower than 

0.01% were recorded.  

The data generated for improving the quality of DMLS-built Ti6Al4V(ELI) parts 

for HCF applications in this study were consistent with previously reported data 

from other studies that followed similar procedures to improve the mechanical 

properties of DMLS Ti6Al4V(ELI) parts. 

Fractography and HCF test results confirmed that the inherent DMLS surface 

roughness significantly impacted the HCF performance of the Ti6Al4V(ELI) test 

specimens. This implies that surface finishing would be needed to improve 

fatigue performance for applications such as structural aerospace components. 

Under static performance test conditions, the prototype scaled-down nose 

wheel fork did not experience any failure or permanent deformation, even for 

the maximum load case. This contribution to the more comprehensive study of 

Mr L. F. Monaheng will eventually contribute to the use of LPBF Ti6Al4V(ELI) 

for structural aerospace components, such as the nose wheel fork.  
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5.2   Recommendations for future work 

Appropriate surface finishing techniques for load-bearing structural parts 

produced through DMLS should be further researched to achieve the required 

improvement of the performance of such structural components. 

On completion of Mr L. F. Monaheng’s doctoral study to which the current study 

contributed, the application of applicable cost-effective surface finishing of the 

subsequent full-scale DMLS prototype nose wheel fork should be considered. 

Hot Isostatic Pressing (HIP), known to produce parts with improved fatigue 

properties, was not done in this study. Therefore, the LPBF Ti6AL4V(ELI) nose 

wheel fork should be HIPed and tested to assess the improvement in the fatigue 

life of the component. 
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APPENDIX 2: Test instruction plan for a scaled-down nose wheel fork 
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APPENDIX 3: Universal amplifier specifications (MX840A) 
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APPENDIX 4: Data recorder specifications (CX22W)  
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APPENDIX 5: Actuator controller data: Force peak values in volts 

X- load case 

Load division 1     Load division 2    Load division 3   Load division 4  Load division 5 

0,6052419        1,228849  1,802829 2,45757  3,12E+00 

0,606839        1,228176  1,802349 2,458635 3,12E+00 

0,6098506        1,229509  1,803697 2,458071 3,12E+00 

0,6088958        1,229907  1,804213 2,457442 3,12E+00 

0,6057624        1,227969  1,804689 2,457652 3,12E+00 

0,6044196        1,227877  1,803951 2,458228 3,12E+00 

0,6055599               1,228826  1,801583 2,458904 3,12E+00 

0,6072652        1,228486  1,802524 2,458744 3,12E+00 

0,6070093        1,227428  1,803993 2,45865  3,12E+00 

0,60477         1,227085  1,802146 2,457857 3,12E+00 

0,6022176        1,227198  1,800392 2,456542 3,12E+00 

0,6014552        1,227156  1,79912  2,457921 3,12E+00 

0,6029783        1,227302  1,799524 2,458913 3,12E+00 

0,6037709        1,227125  1,80184  2,457448 3,12E+00 

0,6026825        1,227336  1,80176  2,457581 3,12E+00 

0,6016477        1,228891  1,801144 2,458112 3,12E+00 

 

Y- load case 

Load division 1     Load division 2    Load division 3   Load division 4  Load division 5 

-0,4099826        -0,7930673  -1,214471 -1,540456 -2,05E+00 

-0,4090685        -0,793586  -1,21451 -1,540719 -2,05E+00 

-0,4096882        -0,7936916  -1,214433 -1,541355 -2,05E+00 

-0,4100119        -0,7933894  -1,214323 -1,541087 -2,05E+00 

-0,4098425        -0,7936658  -1,214476 -1,540274 -2,047019 

-0,4091719        -0,7935431  -1,21496 -1,540391 -2,047183 

-0,4090876        -0,7935933  -1,214685 -1,540702 -2,047269 

-0,4104634        -0,7946133  -1,214467 -1,540504 -2,047538 
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-0,4101099        -0,7944874  -1,214539 -1,540545 -2,047575 

-0,4093925        -0,7934437  -1,214218 -1,540262 -2,047399 

-0,4100696        -0,7933997  -1,214529 -1,54107 -2,046645 

-0,4098585         -0,7933333  -1,214437 -1,542489 -2,047122 

-0,4093335        -0,7932424  -1,214503 -1,541836 -2,048721 

-0,4094222        -0,7939082  -1,215505 -1,541683 -2,048514 

-0,4098109        -0,7943498  -1,215048 -1,541982 -2,047867 

-0,4097211        -0,7936183  -1,214683 -1,540972 -2,047997 

 

Z- load case 

Load division 1     Load division 2    Load division 3   Load division 4  Load division 5 

-0,9021346        -1,658939  -2,618229 -3,430433 -4,24E+00 

-0,9029101        -1,658915  -2,618898 -3,430138 -4,24E+00 

-0,9038466        -1,659591  -2,619511 -3,43045 -4,24E+00 

-0,9032576        -1,660172  -2,619297 -3,43131 -4,24E+00 

-0,9024044        -1,659315  -2,6184  -3,430718 -4,245124 

-0,9026717        -1,659294  -2,618921 -3,429706 -4,244807 

-0,9026464        -1,659613  -2,619289 -3,430674 -4,245395 

-0,9022462        -1,659076  -2,618436 -3,430346 -4,245244 

-0,9030509        -1,659892  -2,618523 -3,429649 -4,244957 

-0,9030405        -1,660331  -2,619283 -3,431651 -4,245938 

-0,9025628        -1,659891  -2,619486 -3,431189 -4,246548 

-0,9034611        -1,660346  -2,618913 -3,429385 -4,246277 

-0,9036573        -1,659983  -2,619009 -3,429674 -4,246424 

-0,9032302        -1,659695  -2,619514 -3,429809 -4,246785 

-0,9028736        -1,660962  -2,618768 -3,430565 -4,246601 

-0,902767        -1,661336  -2,618996 -3,430155 -4,246694 
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APPENDIX 6: Strain gauge data: Strain peak values in m/m 

X- load case 

Load division 1: 1.206 kN 
 

CH 1 CH 2 CH 3 CH 4 CH 5 CH 6 CH 7 CH 8 

0,335 2,1 -1,88 34,2392 -29,826 -19,21 6,17 -43,29 

0,269 2,04 -1,94 34,1808 -29,966 -19,2 6,19 -43,38 

0,184 2,01 -1,93 34,1536 -29,996 -19,03 6,14 -43,31 

0,134 2,1 -1,87 34,2218 -29,726 -18,92 6,06 -43,19 

0,138 2,34 -1,86 34,1777 -29,416 -18,85 6,03 -43,14 

0,213 2,27 -1,9 34,0885 -29,436 -18,73 5,95 -43,09 

0,184 1,97 -1,94 34,0512 -29,616 -18,81 5,9 -43,11 

0,03 1,77 -1,9 34,0043 -29,746 -18,82 5,89 -43,16 

0,035 1,91 -1,88 33,9971 -29,616 -18,86 5,91 -43,14 

0,114 2,08 -1,95 34,0713 -29,346 -18,86 5,97 -43,1 

0,147 2,17 -1,94 34,1795 -29,146 -18,88 6,01 -43,08 

0,243 2,04 -1,91 34,1614 -29,176 -18,91 5,98 -43,04 

0,229 2,01 -1,95 34,0536 -29,346 -18,93 5,97 -42,97 

 

Load division 2: 2.424 kN  

 

CH 1 CH 2 CH 3 CH 4 CH 5 CH 6 CH 7 CH 8 

-2,602 7,22 -9,05 73,51 -69,973 -43,039 15,56 -83,46 

-2,623 7,19 -9,07 73,53 -70,033 -43,046 15,6 -83,53 

-2,514 7,25 -9,11 73,59 -69,863 -43,037 15,65 -83,62 

-2,53 7,23 -9,16 73,69 -69,993 -43,04 15,62 -83,67 

-2,591 7,15 -9,12 73,65 -70,363 -43,022 15,59 -83,68 

-2,505 7,27 -9,14 73,56 -70,483 -43,092 15,64 -83,71 

-2,511 7,46 -9,16 73,59 -70,423 -43,131 15,77 -83,84 

-2,52 7,4 -9,16 73,58 -70,343 -43,103 15,81 -83,92 

-2,559 7,24 -9,1 73,57 -70,273 -43,189 15,72 -83,83 
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-2,452 7,19 -9,07 73,66 -70,123 -43,145 15,67 -83,69 

-2,34 7,35 -9,03 73,68 -69,923 -42,834 15,62 -83,67 

-2,485 7,3 -9,06 73,61 -70,113 -42,752 15,56 -83,74 

-2,6 7,21 -9,12 73,58 -70,563 -42,876 15,62 -83,81 

 

Load division 3: 3.582 kN   
 

CH 1 CH 2 CH 3  CH 4    CH 5    CH 6    CH 7  CH 8 

-6,854 13,48 -24,5 103,13 -105,753   -63,73   34,24  -107,12 

-6,757 13,67 -24,42 103,27 -105,813   -63,73   34,2 -107,19 

-6,784 13,68 -24,42 103,33 -105,803   -63,71   34,14 -107,19 

-6,683 13,62 -24,42 103,4 -105,893   -63,69   34,11 -107,18 

-6,587 13,64 -24,44 103,39 -106,063   -63,66   34,14  -107,2 

-6,894 13,69 -24,45 103,31 -106,043   -63,69   34,12  -107,22 

-7,208 13,67 -24,51 103,28 -106,003   -63,69   34,13  -107,29 

-7,142 13,76 -24,58 103,32 -105,933   -63,54   34,22  -107,31 

-6,846 13,71 -24,57 103,31 -105,873   -63,53   34,28  -107,32 

-6,652 13,66 -24,49 103,28 -105,773   -63,67   34,23 -107,26 

-6,674 13,69 -24,4 103,2 -105,793   -63,66   34,16  -107,12 

-6,912 13,8 -24,4 103,17 -105,863   -63,56   34,21 -107,09 

-6,851 13,96 -24,5 103,16 -105,853   -63,57   34,28   -107,14 

 

Load division 4: 4.892 kN 
 

CH 1 CH 2 CH 3 CH 4 CH 5 CH 6 CH 7 CH 8 

-9,433  17,57 -29,46 122,84 -132,037 -75,35  42,42 -126,13 

-9,233 17,64 -29,38 123 -131,967 -75,33  42,46 -126,15 

-9,223 17,73 -29,3 123,01 -132,157 -75,31  42,49 -126,24 

-9,463 17,67 -29,28 122,96 -132,377 -75,27  42,47 -126,29 

-9,643 17,45 -29,34 122,98 -132,397 -75,27  42,4 -126,27 

-9,373 17,42 -29,41 123,02 -132,277 -75,29  42,38 -126,25 

-9,083 17,6 -29,4 123,04 -132,147 -75,34  42,38 -126,23 
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-9,183 17,74 -29,33 123,04 -132,017 -75,22  42,34 -126,15 

-9,273 17,73 -29,23 123,02 -132,107 -75,14  42,35 -126,15 

-9,293 17,65 -29,23 122,91 -132,207 -75,26  42,39 -126,11 

-9,333 17,69 -29,3 122,91 -132,327 -75,37  42,4   -126,07 

-9,363 17,57 -29,36 122,93 -132,487 -75,35  42,42 -126,12 

-9,413 17,47 -29,43 122,97 -132,377 -75,45  42,43   -126,19 

 

Load division 5: 6.120 kN 
 

CH 1  CH 2  CH 3   CH 4   CH 5    CH 6    CH 7  CH 8 

-14,807  21,2 -36,74 158,29 -184,3259   -96,79   71,51 -154,18 

-14,767  21,23 -36,82 158,24 -184,4459   -96,79   71,47 -154,3 

-14,727  21,43 -36,88 158,16 -184,5359 -96,61   71,55   -154,44 

-14,617  21,56 -36,92 158,29 -184,7059   -96,67   71,73   -154,64 

-14,437  21,61 -36,98 158,48 -184,8559   -96,83   71,86   -154,77 

-14,447  21,58 -36,99 158,58 -184,9159   -96,9    71,83    -154,8 

-14,567  21,46 -36,97 158,57 -184,8359   -96,8       71,79 -154,75 

-14,697  21,42 -36,99 158,42 -184,8359   -96,69   71,77 -154,77 

-14,767  21,41 -37,01 158,44 -184,9259   -96,83   71,81   -154,9 

-14,647  21,4 -37,02 158,75 -185,1759   -96,91   71,92   -155,22 

-14,577  21,45 -37,02 159,05 -185,2959   -97,21   72,08   -155,54 

-14,677  21,46 -37,03 159,07 -185,0959   -97,35   72,16 -155,56 

-14,737  21,5 -37,09 158,9 -185,1259   -97,19   72,13 -155,45 

-14,797  21,52 -37,05 158,9 -185,6059   -97,2     72,15 -155,63 

-14,777  21,55 -37,11 158,99 -185,9859   -97,26   72,22   -155,84 

-14,777  21,62 -37,26 159,16 -186,0559   -97,32   72,29   -155,97 

-14,817  21,63 -37,3 159,32 -186,0359   -97,46   72,38   -156,08 

-14,767  21,51 -37,24 159,44 -186,1259   -97,45   72,51   -156,3 
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Y- load case 

Load division 1: 0.820 kN 
 

CH 1  CH 2    CH 3 CH 4 CH 5    CH 6    CH 7    CH 8 

9,9335 -66,15 102,96 -69,373 -60,592 29,842 48,817 -126,5 

9,6625 -64,19 100,45 -67,983 -59,402 28,902 49,317 -124,01 

9,5015 -63,69 99,58 -67,463 -59,122 28,722 49,487 -123,27 

9,5995 -63,68 99,18 -67,293 -58,932 28,362 49,537 -123,03 

9,5425 -63,56 99,11 -67,333 -58,862 28,432 49,477 -122,98 

9,5465 -63,22 98,94 -67,183 -58,732 28,492 49,427 -122,9 

 

Load division 2: 1.580 kN  
 

CH 1 CH 2 CH 3    CH 4     CH 5      CH 6    CH 7        CH 8 

13,169 -91,82 128,92 -144,917 -110,191   75,012   83,713   -178,6 

13,079 -92,1 129,08 -145,377 -110,391   75,182   83,983   -179,33 

13,029 -92,16 129,02 -145,727 -110,601   75,452   84,183   -179,67 

12,909 -92,25 129,13 -145,817   -110,511   75,342   84,243   -179,94 

12,929 -92,08 129,09 -145,827   -110,541   75,432   84,313   -180,04 

12,819 -90,75 127,38 -145,007   -109,661   74,752   84,703   -178,03 

 

Load division 3: 2.420 kN   
 

CH 1    CH 2      CH 3     CH 4     CH 5           CH 6         CH 7       CH 8 

17,215 -119,432   163,81   -203,007   -150,929   109,525   110,476   -213,46 

18,745 -128,742   175,38   -220,317   -164,339   119,115   121,076   -222,69 

18,985 -129,892   176,38   -225,277   -167,599   122,055   125,526    -223,77 

18,695 -129,722   175,84   -225,957   -167,399   122,545   126,276    -223,92 

18,835 -129,632   175,79   -226,317   -167,289   122,755   126,616    -223,96 

18,805 -129,792   175,64   -226,587   -167,309   122,695   126,826    -224 
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Load division 4: 3.100 kN 
 

CH 1    CH 2    CH 3     CH 4        CH 5        CH 6  CH 7     CH 8 

20,247 -147,053   195,81   -257,035   -192,296   140,201   138,539   -245,16 

20,977 -151,573   201,3    -265,765     -197,996   145,161   143,289   -252,76 

21,337 -160,743   212,65   -276,345   -207,046   150,781   146,829    -269,19 

22,027 -166,213   219,17   -283,455   -213,156   154,161   150,139   -280,86 

21,857 -165,493   217,98   -283,825   -213,076   154,261   151,419    -280,97 

21,897 -165,143   217,47   -283,915   -212,686   154,411   151,879    -281,04 

 

Load division 5: 4.100 kN 
 

CH 1      CH 2     CH 3      CH 6        CH 5           CH 6    CH 7      CH 8 

24,287  -197,367   258,1   -319,408   -239,626 172,92  168,79  -336,51 

24,957  -211,767   275,18   -336,578   -253,176 180,52  174,59   -365,9 

25,117  -210,907   273,86   -337,518   -252,126 180,64  176,7  -364,72 

24,857  -210,627   273,35   -337,708   -251,456 180,49  177,55  -364,31 

25,037  -210,707   272,99   -337,868   -250,966 180,55  178,05  -364,06 

24,747  -210,427   272,81   -338,018   -250,856 180,65  178,35  -363,86 

 

Z- load case 

Load division 1: 1.720 kN 
 

CH 1    CH 2        CH 3         CH 4 CH 5    CH 6    CH 7   CH 8 

-36,5224   90,007   -141,813   -431,75   -149,755  317,98 453,71 546,18 

-37,1224   91,547   -144,143   -434,27   -150,585  319,36 456,58 547,15 

-37,3024   92,007   -144,703   -435,11   -150,925  320,02 457,19 546,97 

-37,4624   92,737   -145,553   -436,29   -151,015  320,63 458,32 547,67 

-37,5024   92,987   -145,953   -437,18   -151,145  321,27 459,41 548,54 

-37,6224   93,437   -146,513   -437,98   -151,715   321,93 460,03 548,93 
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Load division 2: 3.630 kN 
 

CH 1    CH 2     CH 3        CH 4        CH 5 CH 6 CH 7 CH 8 

-63,717  148,32  -233,863   -619,82   -235,394 441,84 648,16 703,49 

-76,567  160,85  -261,703   -700,16   -268,754 496,19 726,23 798,07 

-81,907  166,11  -273,233   -733,24   -282,474 518,76 757,74 836,96 

-83,907  168,27  -277,773   -745,27   -288,094 526,59 770,08 851,2 

-84,697  168,87  -279,103   -749,4     -289,464 529,13 773,96 855,79 

-84,807  169,16  -279,723   -749,09   -289,834 528,88 774,13 855,14 

 

Load division 3: 5.140 kN 
 

CH 1      CH 2       CH 3      CH 4 CH 5    CH 6    CH 7    CH 8 

-141,159   188,42   -362,64   -1189,4   -455,239 835,26 1169,41  1481,02 

-145,079    192,73   -372,11   -1219,9   -469,819 853,87 1200,41  1520,82 

-144,859    192,81   -372,02   -1217,8   -469,499 851,9 1199,41  1518,62 

-142,479    192,45   -369,06    -1201,6   -464,529 839,87 1188,21  1500,02 

-142,109    192,6    -368,02      -1197,3   -462,919 836,84  1185,31 1495,22 

-142,059    192,68   -367,92     -1196,9   -462,779  836,8   1185,11   1495,12 

 

Load division 4: 6.860 kN 
 

CH 1       CH 2           CH 3    CH 4          CH 5    CH 6 CH 7 CH 8 

-188,302   246,2108   -487,81 -1488,29    -594,27      1014,58 1447,48  1833,27 

-191,512   250,1508   -496,22 -1517,49    -607,32      1032,28 1474,48  1869,97 

-192,312   251,6408   -498,86 -1527,99    -612,34      1038,58 1484,08  1882,97 

-193,092   252,7808    -500,95 -1535,29    -615,58       1043,08 1490,88  1892,17 

-193,952   253,5008    -502,71 -1541,69    -618,57       1046,88 1496,68  1899,87 

-194,152   254,2708    -503,6 -1544,39     -619,91      1048,28 1499,38  1903,37 
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Load division 5: 8.480 kN 
 

CH 1      CH 2        CH 3 CH 4  CH 5    CH 6     CH 7        CH 8 

-217,795    271,18    -557,19    -1727,76 -720,24 1142,51   1672,12   2148,35 

-219,865    273,72    -562,78    -1747,36 -729,64 1153,21    1689,82   2172,35 

-232,535    285,89    -593,14    -1869,66 -785,79 1226,11   1794,32   2319,25 

-239,615    296,75    -615,83    -1951,66 -827,2 1270,71   1871,32   2421,75 

-238,925    297,05    -615,22    -1946,26 -825,8 1266,31    1868,62   2416,45 

-238,565    297,09    -615,01    -1943,26 -824,48 1264,11    1866,52   2413,05 
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APPENDIX 7: NECSA CT Scanning results 
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APPENDIX 8: CSIR tensile and fatigue testing results 
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