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EXECUTIVE SUMMARY 
 

The use of high-powered lasers in laser powder bed fusion (LPBF) presents an 

opportunity to improve productivity without significantly increasing equipment costs. 

Instead of using a multi-beam system, a single laser equipped with a larger beam spot size 

can increase the melting volume, thus allowing the melting of a large area of powder to 

reduce the scanning time, which in turn increases the build rate. However, random 

porosity, poor surface quality, high residual stresses, and inconsistent mechanical 

properties are some of the challenges in LPBF, and this can be made worse by the 

increased intensity at the processing zone when the laser power is increased without 

increasing the beam spot size. The purpose of this study was to investigate the 

manufacturability of Ti-6Al-4V alloy using high laser powers at an enlarged beam spot 

size and shorter interaction times to improve productivity. This study has demonstrated 

the feasibility of improving productivity by using high laser power and shorter interaction 

time to gain a high build rate. It was shown that almost fully dense test coupons could be 

manufactured at a build rate of 18 mm3/s, exhibiting low top surface roughness and 

residual stress below the yield strength, while the microstructure exhibited coarser prior-

beta grains in the as-built condition. The vertical surface roughness of the parts 

manufactured using high-power was found to be higher due to the presence of partially 

melted powder particles attached to the surface. Surface finishing by centrifugal barrel 

finishing was investigated to improve the surface quality, and it was shown that the 

surface roughness could be reduced by 90%, with some small cavities remaining on the 

surface. The application of HIPing improved tensile properties and fatigue strength. 

However, the presence of localized near-surface and interlayer defects drastically affected 

the fatigue strength. These defects are believed to be related to powder delivery and 

contouring deficiencies. The key contributions in this study further enrich the scientific 

knowledge regarding LPBF process development and improvement of build rate and 

highlight some of the challenges that may arise, especially for researchers and machine 

developers wishing to improve the build rates of their machines by using high powers 

from a single laser source. 
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Chapter 1  Introduction 

1.1 Background and motivation 

The use of additive manufacturing (AM) platforms is gaining popularity in the 

manufacturing sector worldwide due to their attractive benefits over traditional 

manufacturing techniques. In metal laser-based powder bed fusion (LPBF), also known 

as selective laser melting (SLM), a high-powered laser beam is used to melt metal powder 

particles to build 3D structures. The procedure begins with creating a 3D CAD model of 

the component, which is then divided into 2D layer models and fed into the AM machine. 

The powder is delivered to the building platform using a scraper followed by a laser beam 

that can scan the powder layer. The build platform is then lowered by one layer after each 

successful scan, and the procedure is repeated until the entire build is complete (see 

Figure 1.1). Complex shape parts and lattice structures were manufactured successfully 

and are used in aircraft, automotive, dental, medical, and other hi-tech industries. The 

high mechanical load capacity of the components is comparable with conventional 

techniques.  

 
Figure 1.1: LPBF schematic. 
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The cost of equipment is decreasing and becoming simpler to use, increasing its use in 

both commercial and consumer markets. This has also expanded the scope for the 

application of AM technology. Figure 1.2 shows the use of AM within specific industrial 

areas, the most popular of which are end-use parts and functional prototypes. End-use 

parts are intended for use in the final stage of product development, where the industry 

has recently expanded the most.  

 

Figure 1.2: How consumers use the parts built on Metal and Polymer AM systems [1]. 

 

Notwithstanding the attractive benefits of LPBF, several challenges remain to overcome. 

Affordability and wide adoption of this technology are limited by the speed of part 

manufacturing, the volumetric size of the equipment, and, therefore, the maximum part 

size that can be manufactured. Most of the systems available on the world market use 

one fibre laser of 200 W to 1 kW capacity to selectively fuse the powder bed layer. The 

build chamber is filled with inert gas to prevent oxidation. The power of the laser source, 
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scan speed, hatch distance between the tracks, and the thickness of the deposited powder 

layer are the main processing parameters [2], [3]. A layer thickness of 20–100 µm can be 

used depending on the material and process parameters. Many of the LPBF systems have 

low build rates of 5–20 cm3/hr, and the maximum part size that can be produced (build 

volume) was limited to 250 x 250 x 325 mm3 which increases part cost and limits its use 

only for small and medium-sized parts [4]. In recent years, machine manufacturers and 

researchers worldwide have focused on expanding the capabilities of their machines by 

increasing the build rates and build volumes.  

SLM Solution from Germany launched the first machine (SLM500 HL) in 2012, which uses 

double-beam technology to increase the build rate up to 35 cm3/hr and has a build volume 

of 500 x 350 x 300 mm3. This machine uses two sets of lasers, each set with two lasers 

(400 W and 1000 W). This means four lasers scan the powder layer simultaneously. The 

following year in 2013, EOS from Germany also launched the EOSINT M400 machine, 

which has a build volume of 400 x 400 x 400 mm3 and uses a 1 kW fibre laser to increase 

the build rate. In 2015, Concept Laser and Fraunhofer Institute for Laser Technology 

launched the biggest commercial AM machine for metals (X line 2000R) which also uses 

double-beam technology to increase the build rate up to 120 cm3/hr and has a build 

volume of 800 x 400 x 500 mm3. Details of the process capabilities in terms of build 

volumes, build rates, and scan speeds of some LPBF machine models are given in Table 

1.1. It is important to note that these machines use multi-beam technology, which can 

significantly increase the cost of the LPBF system.  

The Council for Scientific and Industrial Research (CSIR), together with the Department 

of Science and Innovation and Aerosud (Pty) Ltd., jointly developed a large-build AM 

envelope called Aeroswift. The machine is equipped with a single laser operating at a 

laser power of up to 5 kW and has a variable beam size allowing for higher parameter 

regimes. Additionally, the typical layer thickness is between 50–150 µm which is different 

from the commonly employed 50–75 µm layer thickness used by commercial LPBF 

systems. Due to the large scale of the system, it is difficult to process different materials 

because of the high risk of cross-contamination, and as such, the system is used to only 

process titanium. A smaller version, called Hummingbird, was also developed in-house 
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to carry out experimental development work and exploration of different materials, see 

Figure 1.3. This system was used in this research. 

 

Table 1.1: Some of the largest commercial LPBF machine models per manufacturer 

Manufacturer Model Energy 
source 

Build volume 
(mm3) 

Max 
build 
rate 
(cm3/hr) 

EOS EOS M400-4 4 x 400 W fibre 
lasers operating 
independently  

 
400 x 400 x 400 

 
up to 100 

FARSOON FS421M 500 W (dual 
laser optional) 

420 x 420 x 420 NA 

SLM Solution SLM 500HL 2 x 400 W 
lasers &  
2 x 1000 W 
lasers (optional) 

 
500 x 280 x 325 

 
up to 70 

ReaLizer SLM 300i 400 W–1000 W 
fibre laser 

300 x 300 x 300 NA 

SLM Solution SLM 800 4 x 400 or 4 x 
700W fibre 
lasers 

 
500 x 280 x 365 

 
up to 171 

Concept Laser X Line 
2000R 

2 x 1 kW fibre 
laser 

800 x 400 x 500 up to 120 

Renishaw RenAM 
500Q 

4 x 500 W 
lasers operating 
independently 

 
250 x 250 x 350 

 
up to 150 

 

 
Figure 1.3: Photo and specification of the Hummingbird machine. 
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1.2 Problem statement 

The actual production of AM parts is slow, with parts taking as much as one week or 

longer to produce, depending on the size and complexity. The cost of acquiring a multi-

beam LPBF system with higher build rates can be a limitation for organizations with low 

capital investment. Thus, a low-cost LPBF system capable of manufacturing large 

complex parts at higher build rates is a viable alternative. However, random porosity, 

poor surface quality, high residual stresses, and anisotropy in mechanical properties are 

other factors that hinder the widespread adoption of LPBF technology as the end 

manufacturing technique, especially in highly regulated industries such as aerospace. 

1.3 Research aim and objectives 

The aim of this study is to investigate the peculiarities of LPBF of Ti-6Al-4V using high 

laser powers and high scanning speed in pursuit of high build rates. The specific research 

objectives are: 

i. To identify the process parameter window for low porosity and high build rate.  

ii. To characterize the surface roughness, residual stresses, and microstructure.  

iii. To investigate the effect of post-processing on the surface roughness and 

mechanical properties.  

1.4 Brief overview of methodology 

This research focuses on understanding the implications of using high laser powers and 

high scanning speeds on LPBF of Ti-6Al-4V and the effects on the response variables, 

namely porosity, surface roughness, residual stresses, microstructure, and mechanical 

properties. The flow chart below shows a brief overview of the research methodology 

followed in this study. 
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Figure 1.4: Flow chart of the research methodology adopted. 

1.5 Dissertation outline 

The introduction is the first of the seven chapters of this thesis. This chapter presents the 

context and motivation, the purpose and goals of the research, and a quick summary of 

the research methodology. Following is how the remaining chapters are arranged:  

• Chapter 2 features an extensive literature review of additive manufacturing in the 

following broad categories: 

o Metal AM processes 

o Characteristics of LPBF products 

o  Material characterization techniques  

o Post-processing of LPBF and mechanical properties  

• Chapter 3 – Material and methods 

• Chapter 4 – Process development for high-power LPBF of Ti-6Al-4V 

• Chapter 5 – Comparison of Ti-6Al-4V samples manufactured using high- and low-

PBF systems 

• Chapter 6 – Effects of post-processing operations on the surface quality and 

mechanical properties 

• Chapter 7 – Conclusions and future outlook. 
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Chapter 2   

Literature review 

2.1 Metal additive manufacturing 

AM techniques can be classified based on the state of the starting materials (i.e. solid, 

liquid, powder); according to the type of material processed (i.e. polymer, metal, 

ceramics, paper, cement, etc.); or according to the different mechanisms of 3D 

manufacturing as illustrated in Figure 2.1, The current AM technology for the 

manufacture of metallic parts usually employs three main processes: Selective Laser 

Sintering (SLS), or partial sintering, Laser Powder Bed Fusion (LPBF), and Direct Energy 

Deposition (DED).  

 
Figure 2.1 AM process categories according to ISO/ASTM 52900:2015 [5]. 

 

2.1.1 Selective laser sintering 

Selective Laser Sintering (SLS) is based on a liquid-phase sintering (LPS) mechanism 

involving a partial melting of the powder [6]. A high-melting-point metallic component 

serves as the structural metal in the multi-component powder combination. A small 

number of additives, such as a fluxing agent or deoxidizer, are introduced together with 

a low-melting-point metallic component that acts as the binder [7]. The working SLS 
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temperature is carefully adjusted between these two melting temperatures by modifying 

laser-processing settings. Densification of the solid/liquid system happens because of 

solid particle rearrangement under the impact of capillary forces placed on them by the 

wetting liquid [2], [8]. Pre-alloyed powder displays a mushy zone, where liquid and solid 

phases coexist during the melting/solidification process, in contrast to pure metals with 

a congruent melting point (Figure 2.2). The temperature must be in the mushy zone for 

optimized parameters to create a semi-solid structure. The metallurgical mechanism for 

the solidus liquid phase sintering (SLPS) of pre-alloyed powder is provided by this 

method. To attain adequate mechanical properties, post-processing procedures such as 

furnace post-sintering [9], hot isostatic pressing (HIP) [10] , or secondary infiltration with 

a low-melting-point material [11] are typically required.  

 

Figure 2.2: An idealized phase diagram for a pre-alloyed binary metal system (a), 
Schematic illustration of SLPS densification of pre-alloyed powder (b) [12]. 

 

2.1.2 Direct energy deposition 

Direct Energy Deposition (DED) follows the same general AM principle, but powder 

delivery changes from spreading the powder over the baseplate to coaxial powder feeding 

(Figure 2.3). The powder delivery system comprises a powder feeder uniquely built to 
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distribute powder into a gas delivery system via the nozzles. In the middle of the nozzle 

array, a high-energy laser beam is supplied along the z-axis and focused by a lens near 

the workpiece. A computer-controlled drive system moves the workpiece in the X-Y 

direction to create the appropriate cross-sectional shape. Consecutive layers are 

deposited additively, resulting in a three-dimensional component [13], [14]. DED 

technology is used to build new components, repair worn-out surfaces, and apply wear 

and corrosion-resistant coating to surfaces [15]-[17]. 

 
Figure 2.3: Schematic of the DED system [15]. 

 

2.1.3 Laser powder bed fusion 

Laser powder bed fusion (LPBF), formerly known as selective laser melting, was 

developed from SLS, driven by the need to produce fully dense parts with mechanical 

properties comparable to those of bulk materials and to minimize post-processing cycles. 

The full melting of the powder particles occurs rather than the sintering or partial melting 

that characterizes SLS. Therefore, LPBF produces denser components than SLS. LPBF 

shares the same processing apparatus and procedure with SLS. The process begins with 

the creation of a 3D CAD model of the component. The model is then divided into 2D 
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layers and loaded into the machine. A scraper or recoating blade moving over the powder 

bed delivers the new powder layer, which is then scanned by the laser beam. When the 

laser beam has finished scanning the layer, the baseplate is dropped by one layer, and a 

fresh powder layer is placed on top of the previously formed layer. This process is 

repeated until the component is completed (Figure 2.4). 

 
Figure 2.4: Schematic diagram of the LPBF process [18]. 

 

During scanning, electromagnetic waves carried by laser radiation deliver energy to the 

powder material. The scanning speed and spot size of the laser beam affect how long the 

laser beam interacts with the powder. As a result, the properties of the material, laser 

power, scanning speed, spot size, and process parameters all affect how well scanning 

works [19]-[21]. These parameters are either predetermined or customizable. The 

controls over the heating, melting, and solidification processes are programmable. 

Predetermined parameters are also a part of the process, although they cannot be 

changed while scanning is taking place. The energy input, powder layer thickness, and 

scan strategy all affect the final properties of an LPBF component, including geometry 

and mechanical properties [3], [7], [22]. Figure 2.5 shows the effects of several geometric, 

laser, and material properties on energy input. It should be emphasized that most of these 

variables interact and depend on one another. 
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Figure 2.5: The interaction of laser, material, and geometric parameters on energy input. 

 
Some researchers indicate that the manufacture of a fully dense material involves a 

combination of the four major process parameters, as given in Equation 2.1 [3], [23], [24]. 

Other procedures, such as thorough LPBF parameter analysis, are essential to control the 

quality of the final product [25].  

Ed =  
𝑃

𝑣xℎx𝑙
      (2.1) 

Ed  – Total energy input per melted track volume (Jmm-3)  

P  – Power of the laser (W)  

v  – Laser beam scan speed (mms-1)  

h  – Hatch spacing (mm)  

l  – Thickness of the layer deposited (mm) 

 

 

2.2 Physical phenomena in LPBF 

The primary function of LPBF is to scan a laser beam over the surface of a thin powder 

layer. A sequence of powder particles is heated by the beam, melting the material and 
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creating a dynamic molten pool. This process is complex and influenced by the material's 

chemistry, optical, thermal, and rheological characteristics. Examples of the main 

phenomena that occur during single-track melting are shown in Figure 2.6, that are 

heavily material-dependent and influenced by a material's chemistry and its optical, 

thermal, and rheological characteristics. The following are examples of the main 

phenomena that occur during single-track melting. 

 

Figure 2.6: Physical phenomena taking place during LPBF (based on [26]). 

 

2.2.1 Melting 

LPBF is a process that transforms solid powder grains into liquid phase before cooling 

and solidification [27]. To ensure bonding, the entire material region exposed to the laser 

beam is melted to a depth larger than the layer thickness. This technique is highly 

successful at generating well-bonded, high-density structures [28]-[29]. 

 
2.2.2 Vaporization 

The temperature of the powder grains soon increases over the melting point when the 

laser beam interacts with the powder that has been deposited. Controlling the maximum 

temperature reached could occasionally be difficult and ambiguous. If the temperature 

rises over the material's melting point, it evaporates rapidly [30]. 
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2.2.3 Marangoni effect 

The Marangoni effect is the fluid flow behaviour generated by differences in temperature 

in molten material. It is important because it influences the geometrical features of the 

melt pool. The surface tension temperature coefficient and the Prandtl number are two 

important factors in Marangoni convection. A positive surface tension temperature 

coefficient causes the liquid to be pulled to the centre of the top surface before sinking . 

As temperature rises, surface tension decreases, resulting in a narrow melt pool that can 

enable deeper penetration, thus providing a deeper bond in the case of LPBF. Most alloys 

and pure metals have a negative surface tension temperature coefficient, which may be 

changed to a positive value by adding certain elements. The Prandtl number specifies the 

kind of heat flow [31]. 

 

2.2.4 Plateau-Rayleigh instability 

Plateau-Rayleigh instability is the behaviour of a liquid cylinder and the conditions under 

which it separates into droplets. Surface tension is mostly responsible for this 

phenomenon, which is often observed in LPBF due to the use of a laser to create a 

dynamic molten pool (see Figure 2.7). Temperature gradients in LPBF are strong, 

resulting in Marangoni effects. Plateau-Rayleigh instabilities are further impacted by the 

liquid's internal and surface motion [32].  

 
Figure 2.7: Example of Plateau-Rayleigh instabilities and balling effect in LPBF [33]. 
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2.2.5 Wetting  

Wetting is the ability of a liquid to retain contact with a solid surface due to intermolecular 

interactions [23]. The contact angle between the liquid and the surface with which it 

makes contact determines the degree of wetting. It is the most significant occurrence in 

LPBF because it involves the full melting of material in successive layers that must bond 

to allow proper consolidation. High-temperature oxidation can adversely influence 

wetting, so it is important to use inert gas or vacuum to impose a low-oxygen-content 

environment and give enough laser energy to re-melt portion of the prior layer [26], [27], 

[34], [35]. Increased scanning speed causes unfavorable wetting, flowing, spreading, and 

balling effects (see Figure 2.8).  

 
Figure 2.8: Optical micrographs of Ti-6Al-4V single tracks showing wetting of molten 

pool to the baseplate as the scanning speed increased (P = 400 W, l = 200 µm).  
(a) 80 mm/s, (b) 120 mm/s, (c) 160 mm/s, (d) 200 mm/s [36]. 

 

2.3 General characteristics of LPBF parts 

The layer-by-layer approach, along with rapid heating by a laser followed by rapid 

solidification, characterizes the LPBF process. As such, the characteristics of products 

manufactured by LPBF are different from what is achievable with conventional 
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manufacturing processes. Properly understanding these characteristic features is 

important to avoid problems with material processing. 

 

2.3.1 Porosity  

The first and possibly most crucial consideration is the achievable density following LPBF. 

The goal is normally to achieve 100% density. This aim, however, is difficult to meet 

because there is no mechanical pressure, as in molding operations, and LPBF is solely 

defined by temperature effects, gravity, and capillary forces during manufacture. 

Furthermore, gas bubbles can become entrapped in the material during the LPBF process 

for various reasons, including a reduction in the solubility of dissolved components in the 

melt pool during solidification [36]. Many previous studies have focused on achieving 

almost entirely dense LPBF components [2], [37]-[40]. Despite these, little residual 

porosity is usually present in finished parts. The main sources of porosity during LPBF 

are insufficient melting, entrapment of gas, and balling [2], [41]-[42]. Figure 2.9 shows the 

type of pores commonly observed in LPBF. Porosity in LPBF can be controlled through 

the optimization of scanning parameters and environmental processing conditions. 

Usually, post-processing treatment such as HIPing is applied to improve the density of 

LPBF parts [43]-[46]. 

Internal flaws can also form stochastically because of irregular spreading and packing of 

powder and process by-products like spatter particles [48]. Spatters can have varied 

formation mechanisms and, as a result, different sizes, morphologies, and temperatures 

upon ejection, affecting their detectability [49]-[51]. Unlike systematic flows, the incidence 

and distribution of stochastic flaws cannot, in principle, be anticipated, as their formation 

is not driven by user-defined parameters. Their distribution is irregular, as illustrated in 

Figure 2.10, which shows cross-sections of samples produced at invariable processing 

conditions. 
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Figure 2.9: Pore types in LPBF parts: (a) entrapped gas porosity; (b) partial melting-

induced porosity; (c) lack of fusion with unmelted particles inside large irregular pores; 
and (d) cracks [47]. 

 
Figure 2.10: Cross-sectional views of a specimen containing stochastic flaws [52]. 

 

2.3.2 Surface roughness 

Surface quality is not only a fundamental concern for users but also an important factor 

in completing the component during production. The achievable surface quality, 

particularly roughness, of LPBF components is regarded as one of the key challenges of 

the process and has been the topic of much research [43], [53]-[55]. Figure 2.11 shows 

examples of the surface topography of an LPBF part obtained in the as-built condition. 
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The surface roughness is dependent on numerous factors, such as the reliability of the 

machine, the quality of powder material, and, most importantly, the optimization of the 

process parameters [43], [56]-[57]. Surface roughness is a source of crack initiation that 

promotes fatigue failure to occur. Additionally, a rough surface, usually caused by balling, 

results in the entrapment of gases when a successive layer is added, leading to the 

formation of porosity [56]. Thus, correct parameter optimization for the required material 

can result in less balling and better surface quality for LPBF components. LPBF is also 

sensitive to poor surface roughness and sagging on geometrical elements with low surface 

angles, and its overall orientation relative to the build platform is critical. Problematic 

locations usually include holes, fillets, and unsupported overhangs [58]. Surface polishing 

techniques can result in satisfactory finishing; however, inaccessible internal voids or 

cavities are challenging for the currently available surface treatment techniques. 

 
Figure 2.11: Example of representative surface topography of as-built LPBF part. (a) side 

view, (b) top view [57]. 

 

2.3.3 Residual stresses 

The formation of high internal residual stresses because of continuous heating and 

cooling of successive layers of powder during building is a serious issue with components 

made using the LPBF process. The LPBF process generates fast heating and cooling 

effects and high-temperature gradients inside the structure. As a result, the overall 

microstructural characteristics created by the LPBF process differ from those acquired by 

conventional manufacturing, and these complicated thermal effects enhance the 

formation of residual stresses. If residual stresses are not recognized and accounted for 

in the design process, they can be a major factor in the subsequent failure of a component 
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in service, particularly one subjected to alternating loadings [59]-[62]. Unmanaged 

residual stresses have the direct effect of producing failure during manufacturing (see 

Figure 2.12). LPBF parts typically require extra support structures to prevent build failure. 

Support structures restrain the component during building to prevent curling, 

deformation, and collisions with the powder re-coating blade. High residual stresses lead 

the material to break and fracture in severe circumstances, allowing the component to 

deform freely and collide with the re-coating process once more. Other problematic post-

build residual stress artifacts include deformation, higher susceptibility to fracture 

development, and worse fatigue performance. Because bending is feasible within the 

build plate, some component deformation and residual stress buildup are unavoidable 

even with sturdy thick supports. More post-processing is required to remove residual 

stresses by heat treatment to stress-relieve the component or by HIPing [63]. 

 
Figure 2.12: Cracking and delamination in Ti-6Al-4V component caused by the build-up 

of residual stress. 
 

2.3.4 Microstructures 

Due to the line and layer-wise building pattern used in LPBF, the microstructure of an 

LPBF part may differ in various views (see Figure 2.13). Columnar grain structure 

dominates, with high amounts of grain orientation. Subsequent heating and cooling cycles 

of the material may cause axial variation of grains and phases [26], [36], [64]. The resultant 

microstructure depends on the starting powder material, employed temperatures, and 

building strategy [36], [65]. Each powder undergoes several phase changes in a short time, 

and these changes determine the eventual microstructure. The anisotropic 

microstructure leads to the anisotropy of mechanical properties [6], [64], [66]-[67]. Post-

© Central University of Technology, Free State



 
 

 
 
 

19 
 

heat-treatment processes, such as recrystallization annealing, are often applied to LPBF 

parts to tailor/refine the structure [68]-[69]. 

 
Figure 2.13: EBSD maps (inverse pole figure: blue is 111, green is 101 and red is 001) 

taken from as-built 316L prepared using SLM on an EOS280 using factory-
recommended print settings: (a) the build direction is vertical, and (b) the plane of the 

image is perpendicular to the build direction [71].  
 

2.3.5 Mechanical properties  

The most common tests used to compare additively manufactured components to 

traditionally manufactured materials are tensile tests to determine yield strength (YS), 

ultimate strength (UTS), and elongation (i.e. cast and wrought). The mechanical 

properties depend not only on the material composition but also on the microstructure 

obtained, and the presence of defects in the final parts is determined by the process 

parameters and manufacturing strategy [36]. Porosity, residual stress, test specimen 

orientation, and thermal history are particularly important factors that affect the 

mechanical properties of LPBF components. Generally, LPBF can produce parts with 

mechanical properties that compare well with conventional manufacturing methods apart 

from ductility, which is lower in most LPBF-manufactured parts [36], [65], [70]-[73]. Some 

authors have reported ductility higher than 10%, achieved through process optimization 

or by manipulation of process parameters to obtain martensite decomposition during the 

process [74]-[75]. The dynamic properties such as fracture toughness and fatigue limit are 

also important and have received attention from various authors [75]-[80]. The fracture 

toughness was found to be dependent on the build orientation of the specimen and the 

orientation of the crack growth [44], [81]. Studies on high-cycle-fatigue life and limit for 
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LPBF parts have produced a wide range of contradictory results; however, the fatigue 

properties for as-built parts are worse than heat-treated or HIPed parts. 

  

2.4 Post treatments of LPBF parts 

2.4.1 Stress relieving  

Stress-relief heat treatment is a thermal post-processing method used to minimize 

interlocked stresses in the part. It involves recovery at elevated temperatures where 

atomic diffusion increases and atoms in regions of high stresses can move [82]. This 

movement of atoms relieves internal strain energy, which relieves internal stresses. The 

part is heated to a temperature high enough to allow atomic mobility but remains short 

in time to avoid recrystallization and growth. Appropriate treatment can relieve up to 70-

90% of stresses introduced during the manufacturing process [65], [84], [85], [86]. 

 

2.4.2 Annealing  

Annealing is a process used to transform the microstructure of a material to remove the 

texture resulting from the manufacturing process. It involves heating the material above 

its recrystallization temperature for an appropriate time and then cooling it. Columnar-

orientated grains, usually formed in LPBF, are replaced by a new set of grains that 

nucleate and grow until the original grains have been entirely replaced (see Figure 2.14). 

The three stages of the annealing process are recovery, recrystallization, and grain 

growth. Recovery occurs at low temperatures, followed by recrystallization, followed by 

grain growth if the time is prolonged [87]-[90]. 

    
Figure 2.14: Typical LPBF Ti-6Al-4V microstructures before (left) and after annealing 

(right) [91] . 
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2.4.3 Hot isostatic pressing 

Hot isostatic pressing (HIP) is a process used to reduce internal porosity and increase 

density by subjecting the material to elevated temperature and isostatic gas pressure, 

mostly argon, in a high-pressure vessel. It has been demonstrated to enhance ductility 

and reduce strength, and to increase fatigue life of Ti-6Al-4V LPBF specimens by reducing 

the defect population and altering the microstructure around defects [91], [93]-[96]. The 

selection of pressure, temperature, and time is dependent on the desired material 

properties, the component geometry, and acceptable manufacturing costs. Most LPBF 

parts are treated by HIP to close pores and internal cracks (see Figure 2.15).  

 
Figure 2.15: Micro-CT images of a Ti-6Al-4V sample before and after HIP [97]. 

 

2.4.4 Surface finishing 

The inherent surface roughness of LPBF parts is usually unacceptable for some 

applications. Techniques such as abrasive blasting, barrel finishing, laser polishing, and 

electropolishing can improve surface roughness, but it is difficult to solve unilaterally. 

Two aspects of the problem require attention: the polishing of internal surfaces and 

developing a single process to solve all defect-related post-processing concerns. 

Chemical-abrasive flow polishing and abrasive flow machining have been used to finish 

interior surfaces [96], while ultrasonic surface treatments such as ultrasonic shot peening 

and ultrasonic nanocrystal surface modification have partially solved defect issues [99], 

[100]. Surface roughness is known to reduce fatigue life, and for AM components to be 

considered for use in dynamic environments, the surface finish must be held in equal 
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regard as in conventional manufacturing. The fatigue performance of AM Ti-6Al-4V parts 

has been shown to be reduced by up to 80% in conventionally manufactured Ti-6Al-4V 

parts, with the fatigue-life-limiting factors being firstly surface finish and secondly porosity 

imperfections [102]. 

 

2.5 Defect detection methods in LPBF 

2.5.1 In-situ methods 

In-situ monitoring methods for LPBF have been explored to detect defects during the 

manufacturing process. Popular approaches include thermographic and visual methods, 

but other strategies have also been studied. Much of the early work has utilized an in-line 

camera-based set-up to transmit electromagnetic radiation from the melt pool through 

the scan head, and a semi-transparent mirror is used to transmit an image to a high-speed 

camera and a photodiode as illustrated in Figure 2.16a. Closed-loop feedback can be used 

to stabilize the melt pool and keep temperatures within a predefined window [103]-[112]. 

 
Figure 2.16: Schematic diagram showing the optical set-up to measure the intensity at 

the processing zone (a) and output example from the camera system (b) [107]. 

 

Although pyrometry-based systems have been demonstrated to create usable pictures of 

the melt pool region, there are no instances of pyrometry being utilized for closed-loop 

inspection due to the restricted data collection rate of pyrometers. Infrared (IR) cameras 

provide an alternative non-contact thermal measurement with a higher capture rate and 
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improved precision [112]-[113]. Figure 2.17 shows actual defect detection and three-

dimensional reconstruction results obtained by the mapping method. 

 
Figure 2.17: Example of comparison between actual defect detection results and 3D 

reconstruction results obtained by the mapping method [115]. 

 

High-speed cameras can be used to detect errors and material discontinuities on the 

powder bed [103], [106], [115]- [116]. Figure 2.18 shows an example set-up where multiple 

light sources were used to provide enough illumination, and imperfections were caused 

by a damaged recoater blade. Table 2.1 summarizes the image analysis methods applied 

in the LPBF process, many which are based on classical image processing algorithms and 

machine learning models. High-semantic-level image analysis approaches based on 

intelligent deep neural networks have previously been employed for in-situ monitoring of 

the LPBF process with satisfactory results [117]. 

 
Figure 2.18: The basis of a visual inspection system (a) and a picture of a deposited 

layer (b) [114]. 
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Table 2.1: Image analysis methods often employed in in-situ monitoring of the LPBF 
process [118] 

Brief 

description 

Semantic level of image analysis 

Low Medium High  

Typical 

algorithms 

Image processing Image processing + 

machine learning 

Deep learning 

Comments Extract the basic 

features of images 

manually, such as 

brightness, geometry, 

and texture 

Extract the basic 

features of images 

manually and 

recognize the defects 

automatically 

Extract the basic 

features of images 

automatically and 

recognize the defects 

automatically 

Qualitative analysis Quantitative analysis Automatic, accurate and 

quantitative analysis 

 

Acoustic monitoring has been envisaged as a potential monitoring technology for LPBF, 

but to date, there have been few published studies of this monitoring approach applied to 

the LPBF process [119], [120].  

 

2.5.2 Ex-situ methods 

Common non-destructive methods used to detect defects after LPBF manufacturing 

include ultrasonic testing (UT), X-ray computed tomography (X-ray CT), and 

electromagnetic testing (ET) to characterize LPBF builds with an emphasis placed on 

material properties. UT can be used to detect discontinuities in the part, and it is sensitive 

to any microstructural changes, which can be used to predict the mechanical properties 

of the part [40]. The UT technique is also being explored to gain insight into 

microstructure variations throughout the printed part by utilizing grain scattering 

techniques [120]. Figure 2.19 illustrates the variation in the longitudinal wave attenuation 

coefficient measured at various locations on a Ti-6Al-4V sample manufactured by LPBF. 
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Figure 2.19: C-scan map ultrasonic attenuation of an AM Ti-6Al-4V part with the build 

direction along the scanning direction [122]. 
 

X-ray CT is a widely used technique in LPBF for detecting porosity and other flaws, such 

as cracking and dimensional deviations. It is based on the voxel size, the detector's 

sensitiveness to X-rays, and the direction of the flaws [123]-[128]. However, it cannot 

identify flaws when there is an attenuation that is too weak. Nevertheless, many 

researchers believe X-ray CT is a powerful instrument for the non-destructive testing of 

AM parts. Figure 2.20 illustrates an X-ray CT analysis in a Ti-6Al-4V test sample 

manufactured by LPBF. 

 
Figure 2.20: X-ray CT scanning procedure [128]. 

 

Electromagnetic testing techniques such as eddy current, microwaves, and magnetic 

resonance imaging can be used to detect surface and subsurface flaws in conductive parts 

by inducing electric currents or magnetic fields inside a part and measuring the 

electromagnetic response. Todorov et al. [129] used ET methods to investigate the 

electromagnetic properties of LPBF materials, including Inconel 625, duplex stainless 

steel 2205, and carbon steel 4140. However, the LPBF parts’ surface finish and material 
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properties (conductivity) influence the success of these inspection techniques. Table 2.2 

summarizes the various techniques that can be used for quality evaluation or in-service 

checking of LPBF parts. 

 

Table 2.2: Example of non-destructive techniques that can be used to detect defects 
[130]. 
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Ultrasonic Y S, I Y Y N Y 

Eddy current  Y S N N N N 

Radiographic Y S, I N S, I S, I N 

Magnetic Y S N N N Y 

Liquid/dye penetration N S N N S N 

Acoustic Y Y Y Y Y Y 

Thermography N Y N N N N 

N – not applicable, S – surface sensitive, I – internal or through thickness, Y – applicable. 

 

2.6 Residual stress measurement by diffraction methods  

X-ray and neutron diffraction methods are used to measure residual stresses in LPBF 

parts. They use electromagnetic radiation to determine the distance between atomic 

planes in crystalline or polycrystalline materials. The radiation is absorbed and then 

reradiated with the same frequency, resulting in significant emissions at some orientations 

and low emissions at others. The angles at which the strong emissions occur are described 

by Bragg’s equation: 

nλ = 2d sinθ   (2.2) 

where n is an integer, λ is the wavelength of the electromagnetic radiation, d is the 

distance between the diffracting planes (inter-atomic lattice spacing), and θ is the angle 

at which X-rays contact the surface of the crystal, illustrated in Figure 2.21. A range of 

angles is scanned for stress measurements using X-ray and neutron diffraction, and the 

angle at which the most intense radiation is recorded is determined as the Bragg angle.  
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Figure 2.21: Diffraction of radiation within a crystal structure: d= distance between 

lattice planes, θ = half Bragg angle, and λ = radiation wavelength [131]. 

 

The position of the peaks is governed by the radiation wavelength and the material's inter-

planar spacing. Peak positions can be changed by adjusting either of these. Thus, using a 

constant radiation wavelength and comparing the peak positions of strain-free and 

strained materials, it is feasible to calculate the lattice strain existing in a material [131]- 

[134]. The general strain equation for diffraction methods is as follows: 

𝜀𝜓 =  
𝑑𝛷𝜓−𝑑0

𝑑0
   (2.3) 

where εψ is the strain in the direction defined by angle ψ, dΦψ is the inter-planar spacing 

in the direction defined by angles Φand ψ, and d0 is the strain-free inter-planar spacing. 

The sin2 ψ method, commonly used with XRD, is used to convert the measured strain to 

stress.  

2.6.1 X-ray diffraction  

The most commonly utilized X-ray wavelengths for stress measurements are incapable 

of penetrating deep into most materials. Typically, X-rays from a specific anode or target 

of an X-ray tube, such as copper, chromium, or iron, are employed. X-ray penetration is 

typically in the order of 0.025 mm and is regarded as a surface stress assessment method 

in most cases. XRD can resolve type I and type II stresses depending on the grain size of 

the material being examined. The resolution of XRD stress measurements is influenced 

by the detector used and the Bragg peak chosen [131]-[135]. With position-sensitive 

detectors and a high Bragg angle larger than 120°, lattice measurements on the scale of 

1e-6 Å are possible [133]. This results in a stress resolution of approximately 1MPa in  

Ti-6Al-4V [134]. Even though X-rays only offer stress assessments to a depth of about 
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0.025 mm, non-contact X-ray diffraction methods are currently the only non-destructive 

approaches for detecting residual surface stresses. Because of the technique's modest 

penetration depth, the recorded stress state is often considered in-plane stress. As a 

result, all stresses perpendicular to the surface are assumed to be zero. 

 

2.6.2 Synchrotron X-ray 

This approach, like the standard XRD method, employs X-rays; however, the X-rays are 

considerably more intense and of much greater energy, and because of their high energy, 

they penetrate significantly deeper into materials, on the order of millimetres. The strain 

measurement is based on Bragg's equation, but the Bragg angle is occasionally 

maintained constant. The stress state on the irradiated region cannot be assessed under 

plane stress and must be considered in three dimensions, so the strain is calculated by 

subtracting the unstressed lattice parameter from the stress value. This uncertainty in the 

unstressed lattice parameter is a significant source of inaccuracy in synchrotron 

diffraction residual stress measurement [130], [134]. 

 

2.6.3 Neutron diffraction 

Neutron diffraction (ND) is a diffraction method that uses penetrating radiation and 

interacts directly with the nucleus of the atom. It has a spatial resolution of less than one 

millimetre and can quantify elastic strains generated by residual stresses across the 

volume of components of thickness ranging from 0.1 to 1.5 metres. It measures the Bragg 

angle of scattered radiation, which is proportional to the distance between 

crystallographic planes. However, the precision of ND approaches requires exact 

knowledge of the unstressed lattice spacing of the measure crystallographic planes, which 

is difficult to quantify due to the elemental composition and the lattice spacing varies 

greatly within an alloy component. Additionally, the component must be transported near 

a neutron source, each strain measurement takes several minutes to an hour, and the 

measurements are expensive [130], [134]-[138]. 
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2.7 Ti-6Al-4V alloy 

Among the family of titanium alloys, Ti-6Al-4V has 4 wt% vanadium and 6 wt% aluminum, 

which are added to stabilize the α and β phases, respectively. The microstructure of the 

alloy is mainly made up of 90 wt% hcp phase stable at room temperature, with the balance 

being the metastable bcc β. The amounts of these phases may vary depending on the 

type of heat treatment applied and the cooling rate, and the microstructure may contain 

primary or globular α, grain boundary α, acicular martensite α’, basketweave and 

Widmanstätten structures [139]-[142]. Aluminium is added to increase the strength of the 

alloy by solution strengthening, while vanadium improves the room temperature ductility 

by obtaining balanced mechanical properties from both α and β phases. The Ti-6Al-4V 

ELI version of this alloy contains extra-low interstitial elements such as oxygen, nitrogen, 

carbon, and hydrogen, with high fracture toughness values and excellent damage 

properties [141], [143]-[144]. However, this alloy can be used up to temperatures of about 

300°C due to low creep properties. 

The solidification of this alloy can be traced with the ternary phase diagram shown in 

Figure 2.22. Under slow cooling conditions from the β transus temperature, the β phase 

primarily transforms to globular α. When cooled rapidly, the β phase is transformed into 

acicular α plates emerging from β grain boundaries to form a classical Widmanstätten 

structure in castings. It must be noted that depending on processing conditions, this alloy 

can also form metastable phases (α’ and α’’) and the intermetallic phase α2. Figure 2.23 

shows the typical microstructure observed in Ti-6Al-4V. 

 
Figure 2.22: Phase diagram [144] (a) and continuous cooling curve of Ti-6Al-4V (b) 

[145]. 
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Figure 2.23: Classical Ti-6Al-4V microstructures showing bi-modal (a), Widmanstätten 

(b), and acicular martensite (c) [146]. 

 

The microstructural features that affect the mechanical properties of Ti-6Al-4V are the β-

grain size, α-colony size, the thickness of grain boundary α and lamellar α, the size and 

shape of the primary α grains, the volume fraction of α and β, and tempered martensite. 

In lamellar α+β alloys, the most important factor that affects the mechanical properties is 

the α-colony size. Decreasing the α-colony size has the effect of improving the yield 

strength, ductility, crack propagation, and nucleation resistance. On the contrary, macro-

crack propagation resistance and fracture toughness are improved by a larger α-colony 

size because of increased crack roughness and crack closure phenomena [146]. The α-

colony size primarily depends on the cooling rate from the β-phase region and prior β 

grain. Interstitial elements such as oxygen can decrease ductility through age hardening 

by promoting the precipitation of coherent Ti3Al particles, also known as the α2 

intermetallic phase. The chemical composition and mechanical properties of cast wrought 

and LPBF Ti-6Al-4V are shown in ASTM standards presented in Tables 2.3 and 2.4. 

 

Table 2.3: ASTM standard requirement for chemical composition of cast and wrought 
Ti-6Al-4V alloy [147]-[149] 

 

Element 

Chemical composition (wt. %) 

ASTM F1108-14 

(cast) 

ASTM F136-13 

(wrought) 

ASTM F2924-14 

(LPBF) 

Al 5.50 – 6.75 5.50 – 6.50 5.50 – 6.75 

V 3.50 – 4.50 3.50 – 4.50 3.50 – 4.50 
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Fe ≤ 0.30 ≤ 0.25 ≤ 0.30 

O ≤ 0.20 ≤ 0.13 ≤ 0.20 

C ≤ 0.1 ≤ 0.08 ≤ 0.08 

N ≤ 0.05 ≤ 0.05 ≤ 0.05 

H ≤ 0.015 ≤ 0.015 ≤ 0.015 

Titanium Balance Balance Balance 

 

Table 2.4: Minimum tensile properties of cast and wrought Ti-6Al-4V alloy [147]-[149] 

Standard  YS 
(MPa) 

UTS 
(MPa) 

Elongation 
(%) 

ASTM F1108-14 758 860 8 

ASTM F136-13 795 860 10 

ASTM F2924-14 825 895 6 

 

2.8 Fatigue phenomenon 

According to the ASTM E11050, fatigue can be defined as “the process of progressive 

localized permanent structural change occurring in a material subjected to conditions that 

produce fluctuating stresses and strains at some point or points and that may culminate 

in cracks or complete fracture after a sufficient number of fluctuations”. The fatigue 

process usually takes place following three stages, namely (i) crack initiation, (ii) crack 

propagation, and (iii) sudden fracture of a material (see Figure 2.24). All these stages 

determine the material’s fatigue life (Nf), which is the total number of load cycles required 

to initiate or nucleate a crack (Ni) and the number of load cycles to propagate the crack 

until the material fails (Np). The loads applied are of a sinusoidal form, either between 

maximum and minimum tensile stresses or between maximum and minimum 

compressive stresses. 
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Figure 2.24: Fatigue crack propagation stages [150]. 

 

2.8.1 Crack initiation  

Crack initiation occurs at stress amplitudes below the yield strength of a material whereby 

cyclic slip, Figure 2.25, occurs at a microscopic level involving only a few grains. It 

normally occurs at the surface since the material is less constrained than the inside. As 

shown in Figure 2.25, slip occurs in the plane of maximum shear stress (45°C) in ductile 

materials. Due to shear strain at the surface, the cyclic stresses cause dislocations to 

accumulate and slip bands to develop. A micro-crack is then nucleated, which may 

continue to grow under further cyclic loading. This stage is critical because it accounts 

for most of the fatigue life and is extremely reliant on the material's strength and surface 

quality.  

Geometrical design and manufacturing discontinuities, including holes, keyways, 

notches, and changes in diameter, can also result in stress concentration areas on the 

surface. The stress concentration sites in LPBF Ti-6Al-4V may also come from process-

induced micropores whose stress intensities during tension-tension loading are increased 

by the presence of tensile residual stresses on the surface. The number of stress cycles 

needed to create localized plastic deformation at all stress concentration locations 

decreases with an increase in the stress concentration factor (Kt), which lowers the 

number of cycles needed to start a crack. Where a crack develops from slip cracking, the 
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crack initiation site is characterized by facets similar to cleavages in flawless specimens 

(see Figure 2.26). 

 

 
Figure 2.25: Stages of fatigue damage process by formation of slip bands and a crack 

along a slip plane [150]. 

 

  
Figure 2.26: Example of crack initiation site caused by lack of fusion defect [151]. 

 

2.8.2 Crack propagation  

This region makes up most of the fracture surface, and the crack often spreads in a trans-

granular manner along the grain boundaries, generating a ragged, zigzag path. As the 

crack reaches this stage, the stress field at the crack tip has grown sufficiently to become 

dominant, and the fracture's general direction of development has turned perpendicular 

to the main loading direction. As a result, microstructural characteristics like phase and 
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grain size become crucial in terms of the resistance to crack growth at this stage. The 

crack propagation rate is significantly determined by the magnitude of the alternating 

load stresses rather than the mean stress and microstructure, and the surface condition 

has no bearing on this. Striations marks, which are crack arrests, perpendicular to the 

direction of crack propagation are usually observed on the fracture surface, as shown in 

Figure 2.27. The distance between each new set of striations is determined by the 

alternating stress magnitude. The gap widens as the alternating stress intensity increases. 

The following Paris equation, where C and m are both material constants, and ∆𝐾 is the 

change in stress intensity factor, describes the relationship between the alternating stress 

and fatigue crack growth rate. 

𝑑𝑎

𝑑𝑁
 = C(∆𝐾)𝑚    (2.4) 

 

 
Figure 2.27: Example of striation marks observed on the fracture surface [152]. 

 

2.8.3 Final fracture 

This stage begins when the crack has developed to the point that the amount of force 

remaining on the material causes stresses to exceed the material's ultimate tensile 

strength, which causes an abrupt fracture. The applied load and critical length (ac) of the 

crack at the beginning of this stage define a material's fracture toughness (KIC). Figure 

2.28 illustrates the ultimate fracture shear surface, which has cleavage at 45º angle. 
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Figure 2.28: Fracture surface showing different stages of crack propagation [153]. 

 

2.8.4 Fatigue stress 

Since fatigue damage is driven by stress fluctuations rather than maximal stress, the stress 

amplitude σa (or range ∆σ) and the mean stress σm are the essential aspects of fatigue 

assessment (see Figure 2.29). The difference between the minimum and maximum stress 

in a cycle is used to calculate the stress range. The stress range or amplitude can be 

calculated using nominal or local stresses. Furthermore, other directional stress 

components or principal stresses might be employed. With so many options, it is 

important to describe in text or by utilizing subscripts to which specific stress, range, or 

amplitude they correspond. Stress amplitudes are usually used for machine components 

and stress ranges for weld components. In practice, the mean stress is typically linked to 

the stress amplitude so that as the amplitude increases, so does the mean stress. This 

condition can be stated using a constant stress ratio (R). Figure 2.30 shows the most 

applied stress ratios in fatigue testing. Positive stress ratios (R) for the compression-

compression and tension-tension cyclic load regimes fall between 0 and 1. The R value is 

smaller than zero when tension-compression takes place. 
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Figure 2.29: Example of fatigue stress profile for repeated stress cycling. 

 

σ𝑎 = 
σ𝑚𝑎𝑥−σ𝑚𝑖𝑛

2
     (2.5) 

∆σ = σ𝑚𝑎𝑥 – σ𝑚𝑖𝑛 =2σ𝑎   (2.6) 

σ𝑚 = 
σ𝑚𝑎𝑥+σ𝑚𝑖𝑛

2
    (2.7) 

 𝑅 =
σ𝑚𝑖𝑛

σ𝑚𝑎𝑥
 = 

σ𝑚−σ𝑎

σ𝑚+σ𝑎
    (2.8) 

 
Figure 2.30: Types of fatigue stress loading conditions. 

 

The fatigue strength for high-cycle fatigue is often expressed using an S-N curve as 

illustrated in Figure 2.31. The S-N curve is commonly derived using an axial fatigue test 

machine, in which each sample is subjected to a constant load amplitude at a specified 

frequency. Cyclic loading is applied to the specimens until they fracture or run out. Upon 

testing of the specimens, the corresponding values of σ𝑚𝑎𝑥 or σ𝑎 and number of cycles 

© Central University of Technology, Free State



 
 

 
 
 

37 
 

(N), represented as 𝑙𝑜𝑔10𝑁 are plotted to give a semi-log S-N curve. The number of cycles 

that determine the run-out criteria can vary (e.g., 105-108) depending on the intended 

application. To allow comparison of the results obtained, the specified R ratio and 

frequency must be the same for all specimens for a series of tests.  

 
Figure 2.31: Typical S-N curve and fatigue life determination. 

 

2.9 LPBF of Ti6-Al-4V 

2.9.1 Microstructure evolution 

In LPBF, solidification takes place quickly due to large thermal gradients. As such, the 

developed microstructure is dominated by metastable α’ phase inside columnar prior-

beta grains, which appear as continuous multi-layered structures, as depicted in Figure 

2.32a. The average width of the prior-beta grains is directly associated with the scan track 

width or hatch distance and can also be affected by the laser energy density [154]-[157]. 

The columnar grains grow epitaxially by a remelting and nucleation process on top of 

previously solidified layers [158]. Many studies have been carried out to reconstruct the 

previous structures and texture using electron backscatter diffraction (EBSD) to 

understand the growth mechanism of the prior-beta grains based on the Burgers 

orientation relationship. 
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Figure 2.32: Typical columnar grains (a) and prior-beta reconstruction by EBSD (b) 

[154]. 
 

A solid <001> fibre texture with a longitudinal axis of prior β grains, b, parallel to the 

building direction, has been reported in many studies [159], [160]. This is because the 

direction of heat flow in LPBF is perpendicular to and toward the substrate, caused by a 

downward conductive and outward convective heat flow. The scanning strategy has also 

been shown to influence the microstructure texture. Simonelli et al. [155] noted columnar 

grains that grew at an inclined angle of around 20° to the z-axis when using a rotating 

scanning strategy. Wavy grain boundaries were also observed by Zhang et al. [159], and 

this was attributed to changes in scanning vectors. 
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Because of the track-by-track and layer-by-layer manufacturing method, the α’-grain size 

has been found to increase with the input energy density [154]-[155], [159]. Coarsening 

of the grains occurs because of multiple thermal cycles in the overlapped zones. The low 

thermal conductivity of Ti-6Al-4V of about 7 W/m·K at room temperature also leads to 

heat accumulation with increased numbers of layer, which result in higher temperature 

and a slower cooling rate at the upper zone of the manufactured part [159]. The 

morphology of α’ can be detected easily by light microscopy and scanning, as depicted 

in Figure 2.33.  

 

Figure 2.33: Optical micrographs showing acicular martensite in Ti-6Al-4V (a, b) and the 
corresponding SEM micrographs (c, d) [162]. 

A few studies found that a small amount of the β phase can be present in the specimens 

fabricated at either high laser powers or short hatch distances [96]. The laser power and 

shorter hatch distance increase the in-process temperatures and the time at high 

temperatures during intrinsic thermal cycling. The α2 precipitates in the as-built condition 

have also been reported based on TEM and XRD analysis, and it was believed to have 
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formed due to thermal cycling just below the α2 solvus temperature. The formation of this 

phase can be suppressed by careful control of Al and O in the alloy and low concentration 

of O in the chamber during the printing process [161]. Figure 2.34 shows the superlattice 

reflection of α2 formed in the α lamella. 

 

 
Figure 2.34: TEM used to detect β and α2 phase in the as-built LPBF Ti-6Al-4V. (a) TEM 

bright field view of Ti-6Al-4V sample with α+β microstructure at the middle height (Z~5 

mm) of a Ti-6Al-4V sample. (b) Ordered α2 selected area diffraction (SAD) pattern 

within α plate [96]. 

 

The effect of preheating the substrate, mainly to mitigate residual stress development, on 

the microstructure was also investigated, and it was found that the decomposition of α’ 

commences at a low temperature of 400 °C [161]. β phase was also observed in the as-

built condition when the substrate was preheated to 200 °C in conjunction with a smaller 

hatch distance of 40 µm [162]. Preheating at 500 °C resulted in partial decomposition of 

the α’ phase, which improved the elongation to about 10% [161]-[162]. However, Ali et 

al. [162] found that high temperature preheating at 550 °C led to significant oxidation 

since titanium has a high affinity to oxygen at high temperatures. High oxygen content 

will cause embrittlement and deteriorate powder recyclability. In addition, high-

temperature preheating is energy intensive and can account for 40% of the total energy 

consumed [163]. Other in-situ methods, such as manipulation of the beam focal offset 

distance [164] and interlayer time [165] have been applied to promote α’ decomposition. 
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2.9.2 Heat treatment response and tensile properties 

The advantage to Ti-6Al-4V alloy is that it is heat treatable, and various properties can be 

obtained for specific application needs. Standard heat treatments for this alloy can be 

classified into four categories: stress relief, annealing, solution treatment and aging, and hot 

isostatic pressing. Heat treatment is usually carried out under a protective environment 

(argon or vacuum) to prevent oxidation when the temperature is raised to above 427 °C. 

Heat treatment under an oxygen environment will lead to the formation of a brittle phase 

denoted as alpha case, resulting in low ductility and fatigue performance [166].  

Stress-relieving heat treatment is generally carried out to relieve residual stresses that 

develop during the printing process to avoid post-cracking or distortion. The heat 

treatment is carried out in temperatures between 450–650 °C while the parts are still 

attached to the baseplate and supports, followed by air or furnace cooling. The holding 

time is dependent on the temperature; see Figure 2.35. The α2 solvus temperature is about 

550 °C for Ti-6Al-4V; therefore, the treatment temperature should be chosen carefully on 

whether α2 is ideal for application, especially if the parts are to be used after stress 

relieving [166].  

 
Figure 2.35: Magnitude of residual stress and microhardness for stress-relieved samples 

as a function of time [166]. 

 

Annealing/recrystallization heat treatments are applied to Ti-6Al-4V to transform the 

brittle metastable α’ phase found in the as-built condition to an equilibrium α+β 

microstructure. Previous studies have shown these heat treatments can be applied at a 
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temperature range of 750–950 °C to effectively facilitate the decomposition of the α’ 

phase and improve the ductility, toughness, thermal stability, and creep resistance [87], 

[166]. Heat treatment above the β transus temperature coarsens the prior β-grains, and 

the β grains lose the columnar morphology, as shown in Figure 2.36. 

 

Figure 2.36: Effect of heat-treatment temperature on microstructure. [a] EBSD 
orientation map of post-process heat treated at sub-transus 850 °C/2h/FC84. [b] EBSD 
orientation map of post-process heat treated at super-transus 1020 °C/0.5h followed by 

sub-transus 730 °C/2h/AC [88]. 

 

Because of the wide range of annealing temperatures, numerous microstructures with 

varying sizes, volume fractions, and morphologies of distinct phases are achievable. A list 

of established annealing heat treatments and typical microstructures formed is presented 

in Table 2.5. 

Table 2.5: Summary of annealing heat treatments for alpha-beta alloys [168] 

Heat treatment 
designation 

Heat treatment Microstructure 

Duplex anneal Solution treat at 50–75 °C 
below Tβ, air cool, and age 

for 2–8 h at 540–675 °C 

Primary α, plus 
Widmanstatten α-β regions 

Beta anneal Solution treat at 15 °C above 
Tβ, air cool, and stabilize at 

650–760 °C for 2 h 

Widmanstatten α-β colony 
microstructure 

Recrystallization anneal 925 °C for 4 h, cool at 
50°C/h to 760 °C, air cool 

Equiaxed α with β at grain 
boundary triple points 

Mill anneal α-β hot work plus anneal at 
705 °C for 30 min to several 

hours and air cool 

Incompletely recrystallized α 
with a small volume fraction 

of small β particles 
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Solution treatment and aging is carried out to obtain maximum strength by increasing the 

volume fraction of the β phase. The procedure involves heating slightly below or above 

the β transus temperature. Treatment carried out below the β transus has yielded high 

strengths and adequate ductility. When the temperature is raised above the β transus, 

excellent strengths are obtained at the expense of ductility [167]-[168]. The heat-

treatment procedure involves solution treating, quenching, and aging at temperatures 

ranging from 480–595 °C. Hot isostatic pressing (HIP) is primarily applied to reduce 

porosity and improve the fatigue strength of Ti-6Al-4V. One drawback of HIP is the longer 

holding time, which has been shown to coarsen the microstructure and slightly reduce 

the overall tensile strength. However, the benefit of better fatigue strength far outweighs 

the slight drop in tensile strength. 

Numerous studies have been conducted to investigate the mechanical properties of 

LPBF-manufactured Ti-Al-4V, and one such analysis is that of authors [96], where they 

investigated the values of yield strength (YS), ultimate tensile strength (UTS) and 

elongation for different types of microstructures. Their results are presented in Figure 

2.37 and show that the α’ microstructure exhibits the highest YS and UTS but suffers from 

low elongation. 

 
Figure 2.37: The influence of microstructure on tensile properties [96]. 

 

The α/α‘-width is the most influential microstructural feature in Ti-6Al-4V, and the 

relationship between the α/α‘-width and the tensile strength can be described by the Hall-

Petch relation as illustrated in Figure 2.38, whereby a linear relationship was established 
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between the YS and the inverse square root of α or α’ width [96]. The scatter in tensile 

properties was attributed to other factors such as specimen orientation, composition, 

porosity, powder characteristics, LPBF system, processing parameters, and scanning 

strategy. Some of the different heat-treatment procedures and mechanical properties of 

LPBF Ti-6Al-4V obtained from the literature are presented in Table 2.6 

 

Figure 2.38: A Hall-Petch relation between yield strength and the width of α’ or α laths 
in Ti-6Al-4V with a lamellar microstructure fabricated by LPBF [96]. 

 

Table 2.6: Review of microstructures and mechanical properties of LPBF Ti-6Al-4V after 
heat treatment [161] 

Heat 

treatments 

Procedure Microstructure Orientation YS 

(MPa) 

UTS 

(MPa) 

Elongation 

(%) 

 

 

 

 

 

 

 

 

 

670 °C, 5 h, FC Partially 

decomposed α’ 

lamellar 

Vertical 1015 1090 10 

700 °C, 2 h, FC Partially 

decomposed α’ 

lamellar 

Vertical 1051 1115 11.3 

730 °C, 2 h, FC Partially 

decomposed α’ 

lamellar 

Vertical 937  

± 9 

1052 

± 11 

9.6 

± 0.9 
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Annealing 800 °C, 2 h, FC Partially 

decomposed α’ 

lamellar 

Vertical   - 1228 

± 32 

8 

± 1.5 

800 °C, 6 h, FC α+β lamella Horizontal 937 ± 

4 

1041  

± 5 

19 

± 1 

920 °C, 2 h, FC α+β lamella Vertical  850 933 15 

910 - 930 °C, 8 h, 

WQ + 750 °C, 4 

h, FC 

α+β bi-

lamellar/bimodal 

Vertical  ~900 ~950 ~18 

Thermal cycling 

between 975 °C 

and 875 °C, 24 h, 

AC 

α+β bi-modal Vertical 849 

± 12 

1004 

± 23 

16 

± 1 

Solution 

treatment 

1050 °C, 2 h, FC α+β lamella Vertical - 986 

± 45 

13.8 

± 0.8 

 

 

 

 

HIP 

900 °C, 100 MPa, 

2 h, FC 

α+β lamella Vertical 885 973 19 

920 °C, 100 MPa, 

2 h, FC 

α+β lamella Vertical 850 960 14 

920 °C, 120 MPa, 

2 h, FC 

α+β lamella Vertical 839 941 19 

930 °C,  

100 MPa, 4 h, FC 

α+β lamella Horizontal 865 

± 19 

936 

± 4 

22 

± 2 

1050 °C,  

100 MPa, 2 h, FC 

α+β lamella  - 1007 

± 15 

13.5 

± 0.7 

 

2.9.3 Fatigue properties 

The fatigue performance of LPBF Ti-6Al-4V has been widely studied, and it has been 

found that the surface roughness, manufacturing defects, residual stress, and 

microstructure affect the fatigue strength, with the surface roughness being the crucial 

factor [96], [103], [169]-[171]. The fatigue strength of as-built LPBF parts without surface 

treatment is worse than that of cast products. Measurement of fatigue strength is usually 

done by adopting the stress-life (S-N) or strain-life (ε-N) approaches. The fatigue limit and 

stress intensity factor before a crack propagates are two common parameters used to 

characterize fatigue performance. Figure 2.39 shows the experimental results from 

Bagehorn et al. [172] on the effect of various surface treatments on the fatigue strength. 

The comparable or even higher high-cycle-fatigue (HCF) strength in improved surface 

conditions is due to the finer microstructure than wrought or cast Ti-6Al-4V, which results 
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in short effective dislocation slip length and high resistance to crack initiation [172]. When 

the defects are present on the surface or subsurface, HIP cannot close such related defects 

and fails to improve the fatigue strength of samples with inherent surface quality.  

The following observations are prominently based on fatigue data reported on LPBF   Ti-

6Al-4V [103], [169]-[174]: 

1. Surface finishing is essential to achieve superior fatigue properties. For example, 

the fatigue limit of LPBF Ti-6Al-4V specimens with a surface roughness of 

Ra ≈ 13 μm was 210 MPa, compared to 500 MPa after polishing [175]. Shot 

peening and laser shock peening have also been proven effective in improving the 

fatigue limit by introducing a compressive residual stress layer [172]. 

2. The fatigue data of LPBF Ti-6Al-4V scatter broadly. Research has shown that 

LPBF Ti-6Al-4V can achieve fatigue strengths comparable to, or even better than, 

those of the mill-annealed Ti-6Al-4V. On the other hand, LPBF Ti-6Al-4V can be 

inferior to as-cast Ti-6Al-4V [173]-[175]. 

3. Anisotropic fatigue strength is observed in LPBF Ti-6Al4V due to the columnar 

prior β grain structures, non-uniform distribution of pores and lack-of-fusion 

defects, and other microstructural features [174]-[175]. 

4. HIP can improve fatigue strength and HCF performance and reduce data scatter 

because of much reduced internal porosity and the elimination of other defects. In 

general, LPBF HIPed Ti-6Al-4V samples with machined surfaces can show HCF 

performance comparable to, or better than, mill-annealed Ti-6Al-4V [96], [161].  
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Figure 2.39: Effect of surface finishing on HCF strength of Ti-6Al-4V [172], [174]. 

 
 

2.10 Beam shaping in LPBF 

With the aim of processing a larger volume of material instantly, the use of high-power 

laser sources has been proposed. Considering that the standard energy distribution profile 

of commercially available laser beams is Gaussian, a high local spot intensity in the centre 

of the beam facilitates the formation of keyhole porosity and spatter. In addition, the 

Gaussian profile is reported to result in a lack of fusion due to the low intensities at the 

edges of the beam. Therefore, a modification of the laser beam geometry was proposed 

to optimize the energy absorption while avoiding the formation of defects. Modern 

methods of beam shaping make it possible to use other beam shapes in addition to 
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Gaussian and top-hat profiles. The advantages of alternative beam profiles have been 

discussed in the literature with regard to welding. Research done to examine how the 

LPBF process can benefit from non-Gaussian laser beam profiles remains limited.  

 

Single tracks were produced using a Gaussian profile, a top-hat profile, and donut profile, 

as well as varying laser power and scan speed on a CoCrMo powder [186]-[189]. Zhirnov 

eat al. [186] were able to achieve noticeably wider process windows using alternative 

beam profiles (top-hat and donut profile) instead of a Gaussian beam profile. Based on 

that, Metel et al. [187] showed that the process  can be expanded with other beam profiles. 

For the top-hat profile, power and speed was increased by 14% with similar geometric 

parameters of the single tracks, and, by using donut profile, power and scan speed was 

increased by 43%. Okunova et al. [188],[189] also showed that the use of top-hat and 

donut-shape profiles can reduce spatter formation and the width of the denudation zone. 

The stability and productivity of the LPBF process was investigated by Wischeropp et al. 

[190] using a donut-shaped beam profile on AlSi10Mg powder. They were able to achieve 

larger melt pools with fewer defects (cracks, balling, and porosity), and thus a better 

process robustness. The potential to increase the build rates by using a top-hat profile 

was demonstrated by Schleifenbaum et al. [191] and Loh et al. [192] when processing 

steel. They achieved build rate of 5 mm3/s with powder layer thicknesses of 100 µm [191] 

and build rates of 20 mm3/s with powder layer thicknesses of 400 µm and relative 

densities of more than 99% [192]. 

 

Lantzsch et al. [193] used two alternative productivity scaling approaches, processing 

with defocused Gaussian and ring-mode laser profiles, to analyse melt pool formation, 

relative density and theoretical build rate for LPBF of Inconel 625 alloy. Analysis of the 

melt pool formation indicated a heat-conduction dominated processing regime within  the 

entire process parameter range for both, defocused Gaussian and ring-mode beam 

profiles. Both approaches yielded theoretical build rates that were 110-150 % higher than 

the reference LPBF process while maintaining relative densities ≥ 99.9%. Bayol and 

Pallier [194] also studied the ability of laser beam shaping in addressing productivity and 
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quality challenges in LPBF using Inconel 939 powder. They used a multi-plane light 

conversion to develop a reconfigurable beam shaper that can create three different beam 

profiles: an ellipse, a ring and a round top-hat, and the latter two we found to produce 

parts with homogeneous properties across the entire working plane. 

 

This shows that the use of non-Gaussian beam profiles has a high potential to positively 

influence the process. Most of the beam shaping methods established today in LPBF 

result in fixed symmetrical beam profiles such as top-hat or ring-shaped profiles. This 

limits the quality of solutions for an optimal beam profile optimised to a desired thermal 

profile. Therefore, in the field of LPBF, novel technologies to generate non-symmetric 

beam profiles are currently also developed and their applications are investigated [195].  

 

2.11 Chapter summary  

Laser powder bed fusion offers its capability to manufacture parts with complicated 

design features for various industrial applications. It uses a laser source to melt metal 

powder in a layer-by-layer process. In this chapter, several aspects of LPBF technology 

were reviewed and discussed. The typical physical phenomena taking place during laser-

powder interaction were briefly discussed. These physical phenomena are important in 

LPBF as they govern the melting mechanisms and influence the quality of the melt track 

and the part manufactured. The general characteristics of parts manufactured by LPBF 

were also reviewed and briefly discussed. The most common attributes such as porosity, 

surface roughness, residual stress development, and microstructure texture associated 

with LPBF were discussed.  It was found that proper selection of process parameters can 

help to reduce the occurrence of defects during the manufacturing process. It is necessary 

to recognise and conduct proper inspection of defects and mechanical properties before 

parts are placed in operation. As such, the literature review also addresses some of the 

common methods used to detect defects in LPBF. Post processing of LPBF parts is often 

applied to enhance the quality and mechanical properties of the parts. The most common 

post processing techniques applied to LPBF parts were also reviewed and discussed. It 

was found that post heat treatments can be applied to transform the heavily textured 
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microstructure obtained in the as-built condition to enhance the mechanical properties. 

Surface finishing operations can also enhance the quality and fatigue properties of the 

parts made by LPBF.  

Aiming to improve the LPBF productivity, recent research progress on laser beam 

shaping as a potential method to increase productivity were reviewed and briefly 

discussed. It was found that there is a significant effect of laser beam profile on the LPBF 

process, and that non-Gaussian beam profiles offers several advantages over standard 

Gaussian beam profile. However, the effect of the beam profile on other important 

characteristics such as microstructure, surface roughness and, ultimately, the mechanical 

properties have not been thoroughly investigated. Accordingly, this research study aims 

to investigate the effects of high power LPBF using a non-Gaussian beam profile with 

enlarged spot diameter on the productivity and stability of the process and compared 

with counterparts made with regular commercially available setup. The microstructure 

and mechanical properties of the parts made using high powers with non-Gaussian beam 

profile will be investigated in this study. Because of the high surface roughness expected 

with the use of high powers and larger beam spot size, the influence of post processing 

on the surface evolution and fatigue properties will also be investigate. 
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Chapter 3   

Material and methods 

3.1 Introduction  

This chapter describes the experimental work undertaken to study the effect of high-laser-

power LPBF processing of Ti-6Al-4V alloy. The study commenced by characterizing the 

powder material. This was followed by developing processing parameters at high laser 

powers using experimental LPBF equipment developed in-house equipped with a 5-kW 

fibre laser by producing and analyzing single tracks and single layers produced at different 

process parameter combinations. Process parameters were then narrowed down to 

manufacture multi-layer test specimens to establish an optimal processing window for 

percentage porosity. The next step focused on investigating the effect of process 

parameter upscaling on the residual stress and surface roughness measured at the top 

surface, and the characterization of bulk porosity using the X-ray computed tomography 

technique. The samples were also analyzed to investigate the effect of high-power and 

low-power processing parameter upscaling on the microstructure, specifically on the size 

of the prior β-grains and its effect on α-colony size after heat treatment. The last part of 

the experimental work focused on investigating the vertical side surface roughness of 

samples manufactured using the high-laser-power experimental system, and the effect of 

centrifugal barrel finishing (CBF) on the surface roughness and mechanical properties. 

The material properties investigated were tensile properties and axial fatigue 

performance of the high-power-manufactured Ti-6Al-4V. An overview of the research 

methodology in the form of a flow chart is presented in Figure 3.1, with the primary aim 

of investigating and identifying peculiarities of high-power LPBF processing to improve 

productivity. 
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Figure 3.1: Overview of the experimental approach adopted, showing the major phases 
of the study. 
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3.2 Material 

Titanium Ti-6Al-4V grade 5 powder supplied by TLS Technik (Germany) was used in this 

research, with the chemical specification shown in Table 3.1. The powder was gas 

atomized, and most of the particles were spherical in shape with smooth surfaces. 

Scanning electron microscopy with JOEL JSM-6010Plus/LAM revealed spherical 

particles with minor satellite particles attached to the sides, as shown in Figure 3.2. The 

10th, 50th, and 90th percentiles of the equivalent diameters of the particle size distribution 

were D10 = 24 µm, D50 = 40 µm, and D90 = 56 µm, respectively. Figure 3.3 shows the 

particle size distribution of the powder. 

Table 3.1: Technical chemical specification of the Ti-6Al-4V powder used 

Element Wt. % 

Al 5.5–6.75 

V 3.5–4.5 

C 0.02 

Fe 0.4 

N2 max. 0.03 

H max.  0.004 

O2 max. 0.13 

Ti Bal. 

All other impurities ≤ 0.4 
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Figure 3.2 Surface morphology of the powder. 

  
Figure 3.3: Particle size distribution of the power. 

 

3.3 LPBF systems 

3.3.1 Experimental LPBF equipment  

The experimental equipment used in this research is shown in Figure 3.4. It is located at 

CSIR National Laser Centre in Pretoria. This system is equipped with a multimode 5 kW 

Ytterbium fibre laser and has a build volume of 400 mm diameter x 400 mm height. The 

laser is operated under continuous mode at a wavelength of 1071 nm. Processing occurs 

under an inert atmosphere; therefore, reactive powders like titanium and aluminium can 

be processed. It produces an inert atmosphere by purging the system with argon gas until 

the oxygen level drops below 1000 ppm before processing. The atmosphere within the 

chamber is circulated and filtered to remove airborne powder particles and soot that form 
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and interferes with the laser beam delivery during processing (see Appendix XVI). The 

machine was used to conduct experiments at laser powers above 500 W.  

 

 
Figure 3.4: Layout of the high-power experimental system. 

Single tracks, 20 mm in length, were scanned on top of a titanium baseplate made from 

Ti-6Al-4V. The substrate was first deposited with a 50 µm layer of the Ti-6Al-4V powder 

to investigate the effect of laser power and interaction time on the morphology of single 

tracks. The powder was deposited manually using a steel blade and shim stocks, as shown 

in Figure 3.5. Single layers were also scanned using the same approach to investigate the 

surface morphology and roughness of the synthesized layers. Each layer scanned had a 

cross-sectional area of 10 x 10 mm2. Samples in the form of 10 mm x 10 mm x 10 mm 

cubes were manufactured to investigate the effect of process parameters on porosity. The 

layer thickness delivered during manufacturing was approximately 50 µm, and the 

scanning strategy used was a bi-directional (zig-zag) scan without contours, as shown in 

Figure 3.6. The specific designs of experiments are described in detail in Chapters 4 and 

5. 
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Figure 3.5: Layout of single tracks and single layer experiments. 

 

 
Figure 3.6: Illustration of the scanning strategy used. 

3.3.2 EOSINT M280 machine 

The EOSINT M280 machine used is located at Central University of Technology’s Centre 

for Rapid Prototyping and Manufacturing in Bloemfontein, shown in Figure 3.7. It uses a 

single mode 400 W Ytterbium fibre with a focus diameter of 84 µm and has a build volume 

of 250 mm x 250 mm x 325 mm. The laser is also operated under continuous mode at a 

wavelength of 1075 nm. The machine is also operated in an inert atmosphere purging the 

build chamber with argon gas. This machine was used to conduct experiments at laser 

powers of 85 W, 170 W, and 340 W, respectively, to study the effect of process parameters 

on porosity, surface roughness, and residual stress. Test specimens in the form of 10 mm 

x 10 mm x 10 mm cubes were built directly on the Ti-6Al-4V baseplate without supports. 

The laser power and scanning speed were varied, as described in Chapter 5. The layer 

y 

x 
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thickness, hatch spacing, and scanning strategy were kept fixed, as shown in Table 3.2, 

and the samples were built without contours. 

 
Figure 3.7: EOS M280 machine used. 

 

Table 3.2: Scanning strategy parameters  

Layer thickness 30 µm 

Hatch spacing 70 µm 

Scanning strategy Zig-zag scanning using stripes 

with a size of 45 mm 

 

3.4 Characterization facilities  

3.4.1 Scanning electron microscope  

A scanning electron microscope, JOEL JSM-6010Plus/LAM, shown in Figure 3.8, was 

used to obtain high-resolution images of the powder morphology, to analyze the single 

layers processed at high laser powers, and to study the fracture surfaces of the tensile and 

fatigue specimens. Additionally, this instrument can detect secondary electrons, allowing 

dispersive X-ray spectroscopy (EDX) to be performed to obtain the elemental 

composition of the powder material. 
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Figure 3.8: JOEL JSM-6010Plus/LAM scanning electron microscope. 

 

3.4.2 Optical microscope  

Optical microscopy, with an Olympus BX51M, shown in Figure 3.9, was used to 

characterize the surface morphology and cross-sections of the single tracks, to measure 

porosity following the image analysis technique, and to evaluate the microstructure of the 

test specimens manufactured. This microscope is equipped with UMPlanFL 5x, 10x, 20x, 

50x, and 100x objectives and Stream Essentials software, which allows measurements of 

the single tracks and microstructural features. Porosity levels were determined by 

adjusting the brightness threshold, and porosity fractions were calculated automatically 

based on the contrast between dark porosity and bright solid material at a fixed 100x 

magnification. 
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Figure 3.9: Olympus BX51M optical microscope. 

 

3.4.3 X-ray diffractometer 

Residual stress measurements were conducted using a ProtoXRD machine at Nelson 

Mandela University in Port Elizabeth (Figure 3.10). This instrument is equipped with two 

detectors used to determine the lattice deformations of the Ti-α using a CuKα radiation 

source. Scans were performed around a {213} Bragg diffraction peak (i.e. 2θ ~139.69) at 

9 tilting angles ψ between -44.16 +44.16. The residual stresses were determined using 

the sin2 ψ method considering plane strain conditions using X-ray elastic constants 

shown in Table 3.3. Due to the high cost of characterization using this facility, only one 

sample per parameter was characterised. 
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Figure 3.10: ProtoXRD diffractometer. 

Table 3.3: Parameters used for X-ray measurements 

Wavelength 1.5418 Å 

Collimator  3 mm 

Voltage 25 kV 

Current 4 mA 

Aperture 2 mm x 5 mm, rectangular 

Diffraction peak Ti {213}  

Bragg angle, 2θ  139.69 

ψ-tilt  –44.16 to 44.16 

½ S2 11.89 x 10-6 MPa-1 

-S1 2.83 x 10-6 MPa-1 

 

3.4.4 Micro-computed tomography 

X-ray tomography was performed using a General Electric Vtomex L240 system, shown 

in Figure 3.11, to characterize the areal top surface roughness and porosity in selected 

test specimens using 180 kV and 80 µA, with a 0.5 mm copper filter. Voxel size was set 

to 15 µm, and images were recorded in 3000 steps in a full 360-degree rotation of the 

sample. At each step position, the first image is discarded, and the next image is acquired 

for improved data quality compared to regular scans. Data were visualized and analysis 

performed in Volume Graphics VGSTUDIO MAX 3.4, according to methods applied in 
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prior works by du Plessis et al. [176]. The data was first de-noised using a default adaptive 

Gauss filter applied twice. The defect analysis module was employed with the VGDefX 

algorithm, using a minimum of 27 voxels and a probability of 2, set to remove small false 

pore identifications. For the surface roughness evaluation, a 3 x 3 mm region of interest 

was selected in the middle of the top surface, and a best-fit plane was selected. A mesh 

geometry element was created for this plane, and a nominal comparison from the actual 

surface to the plane-mesh provided a surface topographical evaluation from which the 

roughness can be measured. Due to the high cost of characterization using this facility, 

only one sample per parameter was characterised 

 
Figure 3.11: General Electric Vtomex L240 system used in this study. 

 

3.4.5 Stylus-type surface roughness tester 

The vertical surface roughness of the samples was measured using a stylus-type portable 

surface roughness tester, Elcometer 7062 MarSurf PS1, shown in Figure 3.12. The 

instrument was first calibrated using a standard sample with known surface roughness 

before taking measurements on the samples in accordance with ISO 4287 international 

standard. The technical specification of the instrument is shown in Table 3.4. 
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Figure 3.12: MarSurf PS1 portable roughness tester. 

 

Table 3.4: MarSurf PS1 technical specification. 

Measuring range  350 µm, 180 µm, 90 µm (changes automatically) 

Probe Inductive skidded stylus pick-up, 2 µm stylus tip, 

measuring force approximately 0.7mN 

Travel length  1.75mm, 5.6mm, 17.5mm; automatic 

3.4.6 Tensile and fatigue testing machine 

Tensile testing of the vertically manufactured specimens was performed on a 50 kN 

Instron 1342 mechanical testing machine, shown in Figure 3.13, according to the ASTM 

E8/E8M international standard. An extensometer was used during the first part of the 

test to capture the YS at 0.2% offset. The specimens were loaded at a rate of 0.004 mm/s. 

The same machine was also used to perform tension-tension fatigue testing under the test 

criteria given in Table 3.5. For each pair of specimens, the maximum stress loading 

regime from which the semi-log S-N curves were derived was set between 675 MPa and 

450 MPa. 

Table 3.5: Tension-tension fatigue test criteria 

Test standards ASTM E466-15 and ISO 1099 standards 

R-ratio 0.1 

Control mode Stress control mode 

Frequency  15 Hz 

Temperature 20 ± 2 C 

Run out 2 x 106 
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Figure 3.13: Instron 1342 mechanical testing machine used in this study. 

3.5 Other facilities  

3.5.1 Tube furnace 

Standard post-annealing heat treatment of the tensile and fatigue specimens was carried 

out in a Carbolite STF 16/18 tube furnace, shown in Figure 3.14, under an argon 

atmosphere. This furnace has a 50 mm tube diameter with a length of 150 mm and can 

reach a maximum temperature of up to 1600 °C. It is incorporated with low thermal mass 

ceramic fibre insulation to improve the heat-up rates. The furnace temperature was 

adjusted using input from a built-in thermocouple and a programmed temperature 

controller (i.e. 950 °C). 

 
Figure 3.14: Carbolite STF 16/18 tube furnace. 
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3.5.2 EPSI HIP furnace  

HIP of the tensile and fatigue specimens was performed in an EPSI HIP vessel shown in 

Figure 3.15, with a maximum operating temperature of up to 1450 °C and pressure of up 

to 200 MPa. This equipment consists of a furnace with molybdenum heating elements, a 

heat shield, a water-cooled pressure vessel, and a gas compressor system. A computer 

system continuously controls and monitors the temperature and pressure inside the HIP 

furnace. Temperature control was within ± 3°C throughout the working zone. 

Temperature and pressure were ramped up at rates of 5°C/min and 0.6 MPa/min, 

respectively. 

 
Figure 3.15: EPSI HIP furnace. 

 

3.5.3 Centrifugal barrel finisher 

An industrial barrel finishing machine, shown in Figure 3.16, CB320-CBF from 

INOVATEC Machinery, was used to polish the specimens. The machine mainly consists 

of the driving device of the electromagnetic braking chief motor 4, the revolving disc 1 

performing the planet transmission, the rolling vessels 2, the belt pulley system 6 driving 
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the revolving disc, the planet transmitting system driving the vessel to spin, the speed 

reduction unit 5 controlling the vessels in spinning and unloading, and the other operation 

systems and safety system. The polishing media used was an angle cut 10 mm x 10 mm 

ceramic media composed of alumina and silica. 

 

      
Figure 3.16: Image and schematic of barrel finishing machine used in this research. 

 

3.5.4 Automatic grinding and polishing machine 

Metallographic sample preparation was performed using an automatic grinding and 

polishing machine shown in Figure 3.17, Struers TegraPol31, as per the ASTM E3-11 

standard guide for the preparation of metallographic specimens. 

 
Figure 3.17: Struers TegraPol31 automatic grinding and polishing machine. 
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Chapter 4   

Process development for high-power laser powder 

bed fusion of Ti-6Al-4V 

4.1 Introduction  

This chapter presents the results and discussions on the development of process 

parameters using the high-power LPBF system. The experiments commenced with the 

synthesis and analysis of single tracks produced at different laser powers and interaction 

times. The surface morphology and geometrical characteristics of the single tracks were 

analyzed by optical microscopy following standard sample preparation techniques. Upon 

that, single layers were produced to investigate the surface morphology and surface 

roughness using the scanning electron microscope and stylus-type surface roughness. 

These single layers were produced at laser powers and interaction times that yield both 

continuous and irregular tracks to evaluate the quality of the single layers as the 

percentage overlap was varied. This approach was adopted to investigate whether single 

layers of low roughness can be produced at high laser powers and shorter interaction 

time (high scanning speed) by increasing the percentage overlap. The shorter interaction 

times are desired as the primary goal of the study was to improve the build rate. Cubic 

samples were also manufactured to characterize porosity using the image analysis 

technique. The next section presents the experimental designs that were used in this 

study. This research does not disclose parameters such as scanning speed, hatch spacing, 

and beam spot size due to confidentiality restrictions. However, the laser power, 

interaction time, and percentage overlap are revealed to describe the parameters used in 

the study. In all the experiments, the layer thickness was fixed at 50 micrometers, and the 

scanning strategy used to produce single layers and multi-layers was line scanning using 

antiparallel tracks without contours. 
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4.2 Experimental designs 

4.2.1 Single tracks 

Table 4.1 below shows the parameters used to produce the single tracks. The maximum 

laser power was limited to 2000 W since higher laser powers produce excessive spatters 

that can cause damage to the lens protective window. The interaction time was derived 

from the scan speed and beam spot size, as shown by Equation 4.1. For each parameter, 

two identical tracks were produced and characterized. 

Interaction time = 
Øs

𝑣
    4.1 

where Øs is the diameter of the beam spot, v is the scan speed. 

 

Table 4.1: Parameters used to produce single tracks. 

Power (W) 600 1200 2000 

In
te

ra
c
ti

o
n

 t
im

e
 (

m
s)

 1.00 0.75 0.30 

0.75 0.50 0.15 

0.50 0.33 0.10 

0.33 0.25 0.075 

0.25 0.20 0.070 

0.20 0.17 0.060 

0.17 0.14 0.050 

0.14 0.12 0.040 

 

4.2.2 Single layers 

Single layers were produced using the parameters shown in Table 4.2. The parameters 

were chosen to investigate the effect of percentage overlap (see Equation 4.2) on the 

surface quality of single layers produced using continuous and irregular tracks at shorter 

interaction times in pursuit of high build rates.  

Overlap =  [1 −
ℎ

Øs
]      4.2 

Build rate =  [
𝑙 × Øs2 × (1−𝑜𝑣𝑒𝑟𝑙𝑎𝑝)

𝑡𝑖𝑛𝑡
]     4.3 

where h is the hatch spacing, Øs is the diameter of the beam spot.  
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Table 4.2: Parameters used to produce single layers. 

Power 

(W) 

Interaction time 

(ms) 

Overlap 

(%) 

Power 

(W) 

Interaction time 

(ms) 

Overlap 

(%) 

600 0.33 30 2000 0.075 30 

600 0.33 40 2000 0.075 40 

600 0.33 50 2000 0.075 50 

600 0.33 60 2000 0.075 60 

600 0.25 30 2000 0.070 30 

600 0.25 40 2000 0.070 40 

600 0.25 50 2000 0.070 50 

600 0.25 60 2000 0.070 60 

 

4.2.3 Multi-layers 

Multi-layers in the form of 10 mm x 10 mm x 10 mm cubes were produced to characterize 

porosity using the parameters shown in Table 4.3. Porosity measurements were taken 

from the cross-sectional images collected. For each sample, five images were taken at 

different locations, as shown in Figure 4.1, to calculate the average porosity. The build 

rate is an estimation of the manufactured volume per unit time and was calculated using 

Equation 4.3. 

Table 4.3: Parameters used to produce multi-layers/cubes 

 

 

  
Figure 4.1: Cutting plane and positions on the cubes where images were taken. 

Power 

(W) 

Interaction time 

(ms) 

Overlap 

(%) 

Build rate 

(mm3/s) 

600 0.33 50 6.8 

600 0.33 60 5.4 

600 0.25 50 9.0 

600 0.25 60 7.2 

2000 0.075 50 30.0 

2000 0.075 60 24.0 

2000 0.070 50 33.8 

2000 0.070 60 27.0 
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4.3 Results and discussion  

4.3.1 Single tracks  

Analysis of single tracks before manufacturing 2D layers is an important step in LBPF. 

This step presents the opportunity to narrow down the number of experiments as 

potentially poor parameters can be identified early by analyzing the surface morphology 

and cross-sectional views of the single tracks produced. Figure 4.2 below presents the 

four main surface morphologies observed, summarized in Figure 4.3 for the different 

parameter combinations. The surface morphologies observed were continuous tracks 

with keyhole mode, continuous tracks with conduction mode, humping effect, and balling 

effect, represented as Type 1 to Type 4 in Figure 4.2. 

 

Type 1 
Keyhole mode 

Type 2 
Conduction mode 

Type 3 
Humping effect 

Type 4 
Balling effect 

    

    
Figure 4.2: Different types of surface morphologies observed and the corresponding 

cross-sectional views of the single tracks.  
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Figure 4.3: Summary of the different types of single-track morphologies formed. 
 

The melting mode and shape of the molten pool in LPBF are dictated by the laser power 

density and the laser-matter interaction time, mainly controlled by the laser power, beam 

spot size, and scanning speed. The shape of the molten pool formed in the conduction 

mode is usually semi-circular, and the depth of the molten pool is about equal to its half-

width. The keyhole mode causes the material to evaporate from the laser irradiation area, 

leading to the formation of a deep and narrow molten pool [177]-[179].  

Continuous tracks with a conductive melting mode were observed at 600 W between 0.33 

ms to 1 ms interaction time, and the humping and balling effect was observed at shorter 

interaction times below 0.33 ms. Doubling the laser power to 1200 W provoked keyhole 

mode when the interaction time was 0.75 ms, and the humping effect at interaction times 

varied between 0.5 ms to 0.12 ms. At 2000 W, two types of molten pools were formed, 

dominated by the humping and balling effect [177]-[180]. The variation of geometrical 

characteristics of the single tracks is shown in Figure 4.4.  
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Figure 4.4: Variation of geometrical characteristics of the single tracks. 
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The width of the track increased with increasing interaction time, indicative of an 

increased molten pool size since more material is evolved in the melting process. 

Similarly, the depth of the track increased with the interaction time, and keyhole mode 

(i.e. depth > half-width) was formed at a laser power of 1200 W and interaction time of 

0.75 ms. The height of the tracks varied greatly, possibly due to the inhomogeneity of the 

deposited layer and strong melt pool hydrodynamics, which promoted the humping and 

balling effect, especially at shorter interaction times (i.e. higher scanning speed). 

The keyhole mode is known to promote the formation of internal porosity that can be 

detrimental to the mechanical properties of the finished part, and it is formed at higher 

laser power densities and shorter interaction times [177]-[178]. The humping and balling 

effect generally forms a layer with a rough and complex morphology. When the next layer 

of powder is deposited on the previous rough layer, non-homogeneities in the deposited 

layer may lead to different thermo-physical conditions at the scanning, thus producing 

parts with interlayer defects [177]-[179]. However, the possibility of using a high 

percentage overlap to influence the quality of layers formed using high laser power and 

shorter interaction time is not yet explored. As such, it was decided to investigate the 

effect of increasing the percentage overlap on the quality of single layers produced using 

both continuous tracks formed at 600 W and irregular tracks with a humping effect 

formed at 2000 W in pursuit of high build rates. 

 

4.3.2 Single layers 

The importance of analyzing single layers in LPBF cannot be over-emphasized since the 

LPBF is a layer-by-layer manufacturing process. The surface morphology and surface 

roughness of the layer influence the final product properties. Single layers were produced 

by varying the laser power, interaction time, and percentage overlap to study the surface 

morphology and surface roughness of the layers formed. The chosen parameters stem 

from the single-track results and the desire to produce parts at higher build rates by 

increasing the scanning speed (i.e., decreasing interaction time). Figure 4.5 shows the 

different surface morphologies formed under different parameter combinations. 
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 Overlap 

30 % 40 % 50 % 60 % 

 
 
600 W 
0.33 ms 

    
 
 
600 W 
0.25 ms 
 

    
 
 
2000 W 
0.075 ms 

    
 
 
2000 W 
0.070 ms 

    

Figure 4.5: Different surface morphologies of the single layers formed 
with respective sample numbers. 

 

Single layers formed at 600 W were mostly smooth with few spatters on the surface, 

except at 30% overlap, where the individual tracks can be clearly seen, with more spatters 

on the surface. When the overlap was increased, the distance between adjacent tracks 

and valleys on the surface was reduced, thus forming a single layer with a lower 

roughness. Reducing the interaction time decreases the track width and increases the gap 

between adjacent tracks, as seen in samples 1 and 5. At 2000 W, most of the single layers 

formed revealed a complex morphology with high surface roughness. Many voids and 

spatter particles were also present on the surface. However, sample 12 (image 12 in 

Figure 4.5), formed at 60% overlap, was flattened compared to the single layers formed 

at 2000 W, with an average surface roughness of Ra ~ 9 µm. Figure 4.6 shows the effect of 

2 3 4 

5 6 7 8 

9 10 11 12 

13 14 15 16 

1 
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percentage overlap on the average surface roughness of the single layer manufactured at 

a given laser power and interaction time. 

 

 
Figure 4.6: Effect of percentage overlap on the single layer surface roughness. 

 

Generally, the parameters that form continuous tracks are chosen for porosity 

optimization in LPBF [181]-[182]. To the authors’ knowledge, no study has been 

conducted to investigate the effect of high percentage overlap on the surface roughness 

of single layers produced using shorter interaction times. These results show that the 

surface roughness of the layer formed can be reduced by increasing the overlap, which 

results in increased remelting. Even at high laser power and shorter interaction time, a 
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regime dominated by the humping effect, increasing the overlap reduced the voids on the 

surface and the roughness of the layer formed as observed on the single layers produced 

at 2000 W and 0.075 ms (image 9 to 12 in Figure 4.5).  

Xia et al. [183] have shown that for a given laser power and interaction time, increasing 

the percentage overlap tends to result in a significant thermal accumulation, leading to 

higher peak temperatures and sufficient liquid spreading to wet and melt the surrounding 

powder particles. A higher working temperature was also favourable to spreading the 

melt to the previous track, which benefited the formation of a sufficient metallurgical 

bonding between the neighbouring tracks and alleviated the fluctuation in surface 

roughness.  

This coincided with the results in this study (Figure 4.7), where sufficient liquid spreading 

allowed the melt to flow into the surrounding gaps to close the pores on the surface, thus 

reducing the surface roughness. However, a further decrease in the interaction time to 

0.070 ms at 2000 W did not yield a significant difference between the surface roughness 

of the single layers produced (samples 13 to 16 in Figure 4.5), and this is because the 

energy input per unit area decreases when the interaction time is decreased. This will 

result in lower peak temperatures which will increase the viscosity of the molten pool, 

thus resulting in insufficient melt flow and a high surface roughness. 

 
Figure 4.7: Closer view of single layers formed at 2000 W 0.075 ms, at different 

percentage overlap.  
4.3.3 Multi-layers  

The successful building of parts in LPBF relies on a balance between process parameters, 

scanning strategy, powder morphology, flow characteristics, amount of spatter generated, 

and many other factors [50], [110] [180], [183]-[185]. Porosity represents the most 

common defect observed in LPBF parts and can form for various reasons. Defects can 

200µm 200µm 200µm 
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form systematically if inadequate combinations of process parameters are selected for 

manufacturing and can consist of keyhole porosity, gas porosity, and lack of fusion. Such 

defects are uniformly distributed throughout the material. Defects can also form 

stochastically in LPBF because of irregularities in the spreading of powder, irregularities 

in the powder packing, and process by-products like spatter particles. As such, the 

incidence and distribution of stochastic defects cannot be anticipated as their formation 

is not driven by user-defined parameters. Figure 4.8 and Figure 4.9 show the optical 

micrographs of each sample analyzed. The two main types of pores observed were 

incomplete melting-induced porosity and lack of fusion with unmelted particles randomly 

distributed in the material. Figure 4.10 shows a closer view of these types of defects.  

 50% overlap 
 
 

600 W 
0.33 ms 

   
 
 

600 W 
0.25 ms 

   
 
 

2000 W 
0.075 

ms 

   
 
 

2000 W 
0.070 

ms 

   
Figure 4.8: Optical micrographs of the cross-sectioned specimens manufactured at 50% 

overlap 

 

z 

y 500 µm 
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 60% overlap 
 
 

600 W 
0.33 ms 

   
 
 

600 W 
0.25 ms 

   
 
 

2000 W 
0.075 ms 

   
 
 

2000 W 
0.070 ms 

   
Figure 4.9: Optical micrographs along the centre of the cross-sectioned specimens 

manufactured at 60% overlap. 

  
Figure 4.10: (a) Incomplete melting-induced porosity observed in the sample 

manufactured at 2000 W, 0.070 ms, 50 % overlap, and (b) lack of fusion with unmelted 
particles observed in the sample manufactured at 600 W, 0.25 ms, 50% overlap. 
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Figure 4.11 presents a plot of porosity measured on the samples manufactured against 

process parameters. At constant laser power, the porosity decreased with an increasing 

percentage of overlap and increased with decreasing interaction time. This is because 

increasing the percentage overlap reduces the gap between the adjacent tracks and 

increases the number of times each point in the part is melted, which promotes a 

reduction of porosity. The samples manufactured at 600 W and 0.33 ms had the lowest 

porosity, which can also be attributed to the more stable molten pool and continuous 

tracks formed. Decreasing the interaction time increased porosity since the laser beam 

spent less time on the irradiated area, thus resulting in insufficient melting of the powder 

in some areas. A similar trend was also observed for the samples manufactured at 

2000 W, with a slightly higher percentage of porosity possibly exaggerated by the 

unstable molten pool and spatter particles redeposited on the synthesized layer (see 

Figure 4.12). Larger spatter particles can affect the homogeneity of the layer delivered 

and the top surface roughness, consequently increasing porosity in the part. Figure 4.13 

illustrates the introduced pores caused by larger spatter particles. 

 

 
Figure 4.11: Variation of porosity with the process parameters. 
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Figure 4.12: Spatter particles observed at the top surface of the sample manufactured at 

2000 W. 

 

 

Figure 4.13: Schematic illustration of the effect of spatter on porosity in LPBF [196] . 
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The build rate is an estimation of the manufactured volume per unit time using values 

independent of a machine and can be used as a reference value of the productivity of the 

LPBF process. It is calculated as shown in Equation 4.3. The layer thickness and 

interaction time are usually limited by the available laser power, while the overlap is 

limited by beam spot size. In this case, the layer thickness was kept fixed at approximately 

50 µm, and only the overlap and interaction time were varied to influence the build rate. 

Due to restrictions on proprietary information, values for hatch spacing and scan speed 

have not been disclosed. The achievable build rate for density/porosity is also limited by 

the laser power used since it affects the heat input. 

Figure 4.14 shows the variation of porosity and surface roughness with the build rate. The 

average porosity and the top surface roughness increased with increasing the build rate. 

However, parts with an average porosity of ≤ 0.2% can be produced at both laser powers, 

with a maximum build rate of 7.2 mm3/s and 24 mm3/s at 600 W and 2000 W, 

respectively. 
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Figure 4.14: Effect of build rate on porosity and surface roughness. 
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4.4 Summary and conclusions 

The focus of this investigation was to develop process parameters to obtain low porosity 

in the test coupons in pursuit of high build rates. The investigation commenced with an 

analysis of single tracks formed using different laser powers and interaction time, followed 

by the analysis of single layers. Cubes were also manufactured to investigate porosity in 

the samples using the image analysis technique. It was shown that single tracks formed 

under different parameters exhibit different morphologies, where longer interaction time 

can provoke keyhole mode, while shorter interaction times provoke humping and balling 

effect. Continuous tracks showing conduction mode were formed at 600 W when the 

interaction time was between 0.33 ms to 1 ms. Increasing the laser power to 1200 W 

formed single tracks showing keyhole mode and humping effect.  Further increase in laser 

power to 2000 W provoked humping and balling effects. Analysis of single layers formed 

showed that continuous tracks produced homogeneous layers when the overlap was 

varied between 40% to 60%, while the humping effect produced layers with complex 

morphology and high surface roughness. However, increasing the percentage overlap 

decreased the surface roughness of the single layers formed at 2000 W and 0.075 ms. 

Multi-layers also showed that porosity in the sample decreased when the percentage 

overlap was increased but increased when the interaction time was decreased. 

Accordingly, the surface roughness and porosity increased with increasing the build rate 

at a fixed laser power. Overall, the maximum achievable build rate for porosity of <0.1 % 

was 5.4 mm3/s at a laser power of 600 W. It was not possible to achieve porosity below 

0.1 % at a laser power of 2000 W and higher build rates.  
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Chapter 5   

Comparison of Ti-6Al-4V samples manufactured 

using high- and low-power laser powder bed fusion 

systems 

5.1 Introduction  

The structural integrity and mechanical performance of parts manufactured by LPBF are 

mainly affected by the stresses that develop and remain during the manufacturing 

process, the surface roughness formed, the pores/defects inside the part and the 

microstructure that is developed. The process parameters are the most influential 

variables on these output factors, which include, for example, laser power, scan speed, 

hatch spacing, layer thickness, scanning strategy, and powder rheological properties. 

These factors were reviewed and discussed in detail in Chapter 2 of the literature review. 

Increasing the productivity of LPBF systems is an urgent and important task. However, 

increasing the build rate based on higher laser power and a corresponding increase in the 

scanning speed at a constant beam spot size has limited scope due to the increased 

intensity at the processing zone and melt pool instabilities [197]-[199]. LPBF combining a 

large beam spot size and high laser power has been envisaged for productivity 

improvement. For example, Schleifenbaum et al. [200] showed that increasing the build 

rate to 8 mm3/s was possible by increasing the laser power and beam diameter. Montero-

Sistiaga et al. [201] were also able to increase the productivity by 2.5 times for 316L 

stainless steel manufacturing with a 1 kW laser compared to a classical LPBF process. 

Metelkova et al. [202] showed that a large beam defocusing (up to 260 µm) combined 

with high laser power (400–800 W) could increase the theoretical build rate up to 

18 mm3/s. The previous chapter also showed that high build rates could be achieved 

when a proper balance is struck between the interaction time, percentage overlap, and 

laser power. This adoption of process parameters is expected to influence the thermal 

cycles resulting from a large beam spot size and high laser powers, which can affect the 

stresses and microstructures that develop. Accordingly, this chapter is focused on 

investigating the influence of high laser powers using a customized LPBF system on 
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residual stress, surface roughness, bulk porosity, and microstructure formed; and 

comparing it to a classical low-power LPBF system. 

 

5.2 Experimental designs  

5.2.1 High-power LPBF 

The high-power LPBF system was used to manufacture samples, 10 mm x 10 mm x 

10mm, at different laser powers and build rates. From the previous experiments, it was 

not possible to achieve porosity below 0.1% at a laser power of 2000 W. As a result, it 

was decided to alter the process parameters to reduce porosity by building at somewhat 

slower build rates. Although the goal of this study is to maximise productivity, it must be 

noted that productivity cannot be considered in isolation without considering the quality. 

Generally, a trade-off between quality and productivity is vital for minimizing the building 

cost while keeping the quality at desired level. As such, higher percentage overlaps were 

used at high laser of 2000 W. Table 5.1 shows the modified process parameters used to 

manufacture the samples.  

Table 5.1: Parameters used to manufacture samples using the high-power system 
Sample 

no 

Power 

(W) 

Interaction time 

(ms) 

Overlap 

(%) 

Energy 

density 

(J/mm3) 

Build rate 

(mm3/s) 

1H 600 0.625 50 166.7 3.6 

2H 600 0.500 50 133.3 4.5 

3H 600 0.417 50 111.1 5.4 

4H 750 0.500 50 166.7 4.5 

5H 750 0.400 50 133.3 5.6 

6H 750 0.333 50 111.1 6.8 

7H 2000 0.075 80 166.7 12.0 

8H 2000 0.075 75 133.3 15.0 

9H 2000 0.075 70 111.1 18.0 

  

5.2.2 Low-power LPBF 

The EOSINT M280 machine was used to manufacture samples at low powers ranging 

from 85 W to 340 W, as shown in Table 5.2. These parameters where chosen based on 
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previous data obtained on the analysis of Ti6Al4V single tracks produced on the EOSINT 

M280 machine [177]. 

Table 5.2: Parameters used to manufacture the samples using the EOSINT M280 
Sample 

no 

Power 

(W) 

Interaction time 

(ms) 

Overlap 

(%) 

Energy density 

(J/mm3) 

Build rate 

(mm3/s) 

1L 85 0.267 12 134.9 0.6 

2L 85 0.200 12 101.2 0.8 

3L 85 0.133 12 67.5 1.3 

4L 170 0.100 12 101.2 1.7 

5L 170 0.080 12 81.0 2.1 

6L 170 0.067 12 67.5 2.5 

7L 340 0.067 12 134.9 2.5 

8L 340 0.050 12 101.2 3.4 

9L 340 0.040 12 81.0 4.2 

 

5.3 Results and discussion  

5.3.1 Top surface roughness  

The top surface roughness is an important parameter in LPBF since it directly influences 

the outcome of the manufacturing process. It affects the quality of subsequent layers 

deposited during the layer-by-layer manufacturing process, which can influence the 

formation of defects in the parts, and ultimately affect the mechanical properties. 

Generally, a high surface roughness promotes uneven layer deposition of subsequent 

layers and can trigger the formation of defects. The choice of process parameters, the 

quality of powder material, and the powder deposition system can all influence surface 

roughness [203]-[206]. This section investigates the influence of process parameters on 

the top surface roughness of the samples manufactured. The area surface roughness 

measurements obtained using micro-CT, as described in Chapter 3.4.4, are summarized 

in Figure 5.1 for the samples manufactured using high-power and low-power systems.  

Figure 5.1 shows that the bulk of the samples produced had surface roughness ranging 

between 6.5–18 µm, with only a small number of samples having a surface roughness of 

more than 25 µm. It should be noted that Figure 5.1 was designed to provide an overview 

of the surface roughness assessment findings rather than to compare the samples directly.  
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Figure 5.1: Summary of surface roughness measurements obtained. 

 

The areal surface roughness is plotted in Figure 5.2 for different process parameters used 

to manufacture the samples using the high-power system. It is seen that at 600 W, the 

surface roughness decreased from 32 µm to 14.5 µm when the interaction time was 

increased from 0.417 ms to 0.625 ms. At 750 W, the surface roughness produced was 

almost identical for the two interaction times. The influence of percentage overlap, at 

2000 W, on the surface roughness produced was also found to be insignificant when the 

overlap was changed between 70-80%. The lowest surface roughness of 14.5 µm was 

obtained at 600 W and 2000 W, at an interaction time and percentage overlap of 0.625 ms 

and 75% overlap, respectively. 
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Figure 5.2: Variation of surface roughness with process parameters used to manufacture 

the samples using the high-power system. 

 

The surface roughness can develop for several reasons, the most common of which is the 

periodic humps representing adjacent tracks on the top surface. The formation of these 

humps is controlled by the amount of heat input and solidification time available  [203]-

[206]. High energy would melt the powder and form a large enough melt pool to ensure 

melt flow and wetting of adjacent tracks, thus good overlap with previously formed tracks. 

Therefore, to have a high enough heat input, either by increasing the interaction time, 

increasing the laser power, or a combination of both is needed. Figure 5.3 shows the 

surface morphology of the samples manufactured at 600 W as the interaction time 

increases. At the lowest interaction time, the periodic humps representing the scan lines 

are evident and protruding from the surface, thus resulting in high surface roughness. 

There is also the added effect of satellite powders sintering to the top surface which can 

influence the quality of the subsequent powder layer and adds to the surface roughness. 

However, it can be observed that the solidified melt pool tracks are smoothed out as the 
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interaction time increases. At 2000 W and higher overlap, the solidified melt pool tracks 

were completely smoothed to a point where the tracks were no longer recognizable, as 

shown in Figure 5.4 (see Appendix I for all samples manufactured with the high-power 

system). 

  

 
Figure 5.3: Surface morphology of samples manufactured at 600 W at different 

interaction times, (a) 0.417 ms, (b) 0.500 ms, and (c) 0.625 ms. 

 

 
Figure 5.4 Surface morphology of samples manufactured at 2000 W at different percent 

overlap, (a) 70%, (b) 75%, and (c) 80%. 
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Figure 5.5 shows the relation between the surface roughness and interaction time, for the 

samples manufactured using the low-power system. The relationship, where the laser 

power was kept constant, is such that the surface roughness decreased with an increase 

in the interaction time, and then increased as the interaction time continued to increase. 

However, at 85 W laser power, the surface roughness was almost the same when the 

interaction time was increased from 0.13 ms to 0.200 ms, then increased slightly as the 

interaction time increased further. It is also seen that the highest laser power (340 W) 

produced the worst surface roughness on either side of the minima. The lowest surface 

roughness of 6.5 µm was obtained at a laser power of 170 W and an interaction time of 

0.080 ms. Overall, these results show that both the laser power and interaction time 

significantly influence surface roughness. When the interaction time is low at a low laser 

power, there is insufficient heat input to ensure sufficient melt flow and wetting of the 

adjacent tracks; thus, the surface roughness will be high due to the balling phenomenon. 

On the other hand, excessive interaction time and heat input can induce oscillations and 

the Marangoni effect in the melt pool [206], thereby creating an unstable molten pool, 

which will increase the surface roughness. These examples are shown in Figure 5.6, where 

the surface roughness was found to be high on either side of the minima due to balling or 

an unstable molten pool formed.  
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Figure 5.5: Variation of surface roughness with process parameters used to manufacture 

the samples using the low-power system. 

 

 
Figure 5.6: Surface morphology of samples manufactured at 340 W at different 

interaction times, (a) 0.04 ms, (b) 0.0500 ms, and (c) 0.067 ms (see Appendix II). 
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5.3.2 Porosity  

The porosity associated with the different process parameters used was evaluated using 

X-ray micro-computed tomography. The results, summarized in Figure 5.7, show that the 

porosity for most of the samples was below 0.1%. Sample 3H, from the high-power 

system, was the only one with a porosity higher than 0.1%, while samples 7L and 9L were 

the worst for the low-power system, with porosity higher than 0.5%. The influence of 

process parameters used to manufacture the samples using the high-power system on 

porosity is plotted in Figure 5.8. It can be seen that porosity, at 600 W and 750 W, 

decreases with increasing the interaction time and then stays almost the same with a 

further increase in the interaction time. On the other hand, changing the overlap percent 

at 2000 W did not yield a significant difference in porosity, as the values obtained were 

quite low when the overlap changed from 70 to 80%. The highest porosity recorded was 

0.17% (sample 3H) at a laser power and interaction time of 600 W and 0.417 ms, 

respectively. It is noted that sample 3H also had the highest surface roughness, which 

possibly contributed to high porosity within the bulk of the sample.  

 
Figure 5.7: Summary of porosity measurement results. 

 

Two main types of pores were dominant in the current investigation. First was the lack- 

of-fusion (LOF) pores which occur due to insufficient laser energy input. Usually, the 
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large non-circular shape with some sharp edges and were found to be dominant in the 

samples manufactured with the high-power system. They were found using the values of 

pore diameter and sphericity. The criteria selected were pores greater than 0.1 mm in 

diameter and less than 0.6 in sphericity [207]-[209]. 

 

  
Figure 5.8: Variation of porosity with process parameters used to manufacture the 

samples using the high-power system. 
 

Figure 5.9 shows the distribution and sphericity of pores in the samples manufactured 

using the high-power system (see Appendix III and V for separate graphs). It was found 

that most of the pores were indeed irregular in shape and ranged between 0.1 mm to 0.5 

mm in size, with sample 3H having the highest count of pores. LOF defects can also form 

stochastically because of the irregular spreading of powder, and as such, their distribution 

cannot be anticipated as their formation is not driven by user-defined parameters. The 

high-power system used in this study is not a fully developed machine and occasionally 

suffers from powder delivery discrepancies, which can trigger the formation of stochastic 
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defects. This can clearly be seen in the images presented in Figure 5.10, where in some 

cases, the pores were localized, closer to the base of the sample. This could indicate that 

the layer delivery was not good enough at the beginning of the build and gradually 

improved as the samples were built up.  

 
Figure 5.9: Characteristics of pores for high-power samples. 
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Figure 5.11-Figure 5.14 show the influence of process parameters on porosity for the 

samples manufactured using the low-power system. At 85 W and 170 W, porosity was 

lower than 0.1% for all the interaction times. However, porosity can be seen to be 

decreasing when the interaction time was increased at a laser power of 85 W, while at 

170 W, porosity increased with increasing the interaction time. These show that the 

influence of interaction time on porosity also depends on the laser power. At low laser 

power (85 W) and low interaction time, the energy input is insufficient to melt the powder 

completely, and as such, porosity develops mainly due to the LOF defects. The second 

type of pores is formed when the energy input is very high, such as at high laser power 

and high interaction time and triggers the formation of porosity mainly due to keyhole 

[194,196]. Excessive energy input causes excessive penetration of the previous layer, 

which, after solidification, leaves a pore near the bottom of the melt pool [208], [210]. The 

result is relatively large pores (> 100 µm) that are usually elongated in the vertical 

direction [208]- [211]. Hence, porosity increased when the interaction time was increased 

at a laser power of 170 W. 
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Figure 5.10: 3D micro-CT images of the samples manufactured using the high-power system. 
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Figure 5.11: Variation of porosity with process parameters used to manufacture the 

samples using the low-power system. 
 

Figure 5.12 shows the distribution and sphericity of pores in the samples manufactured 

using the low-power system (see Appendix IV and VI for separate graphs). It was found 

that most of the pores were irregular in shape and ranged between 0.1 mm to 0.4 mm in 

size, with samples 7L and 9L, manufactured at 340 W, having the highest count of pores. 

These high porosity levels are formed due to a mismatch between the laser power and 

interaction time at 340 W (see Figure 5.14, samples 7L and 9L). When the interaction time 

is low, the energy input is insufficient to melt the powder completely. As such, porosity 

develops mainly due to a lack of fusion (sample 9L). Conversely, when the interaction is 

very high (sample 7L), the energy input becomes excessive, and porosity develops mainly 

due to keyhole.  

Lastly, it is noted that the influence of surface roughness on porosity cannot be 

overlooked. The increased surface roughness could cause inhomogeneous powder 
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influence of surface roughness on porosity was almost insignificant when the surface 

roughness was below 30 µm, as shown in Figure 5.13. 

 
 Figure 5.12: Characteristics of pores for samples manufactured using the low-power 

system. 
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Figure 5.13: Influence of surface roughness on porosity. 
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Figure 5.14: 3D micro-CT images of the samples manufactured using the low-power system. 
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5.3.3 Residual stress on the top surface 

Surface residual stress was measured at the center of the top surface at three angles (0°, 

45°, 90°) from which the maximum principal residual stress was determined. The 90° 

angle represents the direction parallel to the scan tracks. The residual stress on the top 

surface was found to be tensile in nature, as shown in Figure 5.15. This is because the 

shrinkage of the top layers was restricted by the underlying layers during solidification 

and cooling, as described by the temperature gradient mechanism [60]. The highest 

residual stresses (1138 MPa and 999 MPa) were found in samples 4L and 7L 

manufactured using the low-power system. For the high-power system, the residual stress 

varied between 445 MPa and a maximum of 720 MPa as the process parameters were 

changed.  

 
Figure 5.15 Summary of principal residual stress measurements obtained. 

 
 

Residual stress during LPBF is mainly thermal stress, and therefore, the stress at one point 

is related to its corresponding thermal history, which is also influenced by the process 

parameters. In other studies [60]-[61], it was summarized that increasing the cross-

sectional area of the melt pool either by decreasing the scan speed (equivalent to 

increasing the interaction time) or increasing the laser power leads to a reduction in 

cooling rate, more uniform shrinkage of the metal in and around the melt pool, and thus 

lower residual stress. This was consistent with the results obtained at a laser power of 

600 W, as shown in Figure 5.15, although the difference between the residual stress values 
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residual stress slightly increased with increasing the interaction time and then decreased 

with a further increase in interaction (Figure 5.16). However, the overall trend is that 

residual stress decreased slightly as the interaction time was increased. The effect of 

overlap on residual stress can be seen on the samples manufactured at a laser power of 

2000 W, where residual stress decreased with increasing the percent overlap (equivalent 

to decreasing the hatch distance). This decrease in residual stress can be attributed to the 

increased remelting of the neighbouring tracks as the overlap increases. At high overlap, 

the heat accumulation effect becomes relatively marked and thus increases the initial 

temperature of the solidified layers. Accordingly, the thermal gradients of the remelted 

zones become much lower, effectively reducing the corresponding residual stress [61].  

Generally, residual stresses are high in the scan direction since the tracks shrink along 

the scanning direction during solidification and cooling [60], [212]-[213]. This was also 

consistent with the results shown in Figure 5.17. Interesting to note is that the residual 

stresses developed at a laser power of 2000 W and higher percent overlap (sample 7H) 

were less anisotropic, as shown by the dotted circle. 

 
Figure 5.16: Influence of interaction time on residual stress for samples manufactured 

using the high-power system. 
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Figure 5.17: Directional stresses measured at the top surface of samples manufactured 
using the high-power system. Red-dashed area shows isotropic residual stresses 

measured on sample 7 manufactured at 2000 W. 
 

The relationship between residual stress and process parameters differed in the samples 

manufactured using the low-power system, as shown in Figure 5.18. At first, residual 

stress did not change a lot as the interaction time was increased, and then increased with 

a further increase in the interaction time, especially at a laser power of 170 W and 340 W. 

This contradicts the results found on the samples manufactured using the high-power 

system; and shows that the effect of process parameters on residual stress is not 

monotonous. The complex relationship between residual stress and process parameters 

could be the reason for the contradictory parametric effects reported in the literature. 

Fast scanning (i.e. low interaction time) will provide insufficient melting and poor density 

at a given laser power, whereas slow scanning will produce overheating and keyholing. 

Thermal gradients, cooling rates, and build time are other variables that influence how 

residual stress develops. 

The shape of the laser beam profile can also influence the shape of the molten pool and 

temperature gradients [214]-[215] and thus affect residual stress as well. When a gaussian 
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steep temperature gradients due to keyholing [216]-[218], which could lead to the 
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surface. As seen in Figure 5.18, the increase in residual stress could indicate keyholing 

generated at higher energy input, which becomes prevalent at high laser powers and high 
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interaction time. Residual stresses were also high in the direction parallel to the scan 

tracks (90º), as shown in Figure 5.19. It is noted that high porosity in the sample can also 

lead to stress relaxation and lowering of residual stress. The sample manufactured at a 

laser power of 340 W and interaction time of 0.04 ms also had the highest porosity (3.94%) 

and possibly contributed to the lower residual stress measured.  

 

Figure 5.18: Influence of interaction time on residual stress for samples manufactured 
using the low-power system. 

 

 
Figure 5.19: Directional stresses measured at the top surface of samples manufactured 

using the low-power system. 
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5.3.4 Influence of energy density  

The energy density, ratio of laser power to the product of scanning, layer thickness, and 

hatch distance is commonly used by many researchers as design parameter for the 

process. It is used to predict the minimum energy required to avoid LOF defects and to 

describe parameters that lead to a stable process and dense parts [219]-[225]. However, 

this parameter does not consider other important factors such as the scan strategy, the 

interaction time between the laser and material, the laser beam diameter and its offset at 

the surface of the melt, and other essential material properties [226]-[229]. As a result, the 

same energy density can lead to LOF porosity, stable process, or keyhole, depending on 

the actual process parameters used. Figure 5.20 shows the influence of energy density on 

the response variables investigated in this study (porosity, surface roughness, and residual 

stress). When the energy density is varied by changing the process parameters 

simultaneously, there is no distinct relationship between the energy density and any of 

the response variables.   

 

 

Figure 5.20: Influence of energy density on (a) surface roughness, (b) porosity, and (c) 
residual stress magnitude. 
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The same energy density can produce different results depending on the actual 

parameters used, as shown by other researchers in recent years on different materials 

[221]-[224], [230]-[232] which was in agreement with the results in this study. For 

example, at a laser power of 170 W and energy density of 81.0 J/mm3, porosity was below 

0.1%, thus indicating that there was sufficient energy supplied to avoid lack-of-fusion 

defects. However, the same energy density at 340 W increased porosity (3.94 %) due to 

a mismatch between the laser power and interaction, thus resulting in LOF defects.  Table 

5.3 shows other cases where different results were obtained at the same energy density. 

Figure 5.21 shows mico-CT images of the samples representing the worst-case scenarios 

where the same energy density produced different results. 

 

Table 5.3: Variation of response variables at the same energy density levels 

Laser 

power 

(W) 

Interaction 

time 

(ms) 

Sample  

number 

Energy 

density 

(J/mm3) 

Bulk 

porosity 

(%) 

Surface 

roughness 

(µm) 

Maximum 

residual 

stress (MPa) 

600 0.625 1H  

166.7 

0.05 14.5 563 

750 0.500 4H 0.01 15.1 640 

2000 0.075 7H 0.01 15.3 445 

600 0.500 2H  

133.3 

0.04 25.8 626 

750 0.400 5H 0.01 21.9 720 

2000 0.075 8H 0.00 15.3 445 

600 0.417 3H  

111.1 

0.17 32.0 632 

750 0.333 6H 0.05 15.4 622 

2000 0.075 9H 0.01 16.0 601 

85 0.267 1L 134.9 0.022 15.6 579 

340 0.067 7L 0.594 25.1 999 

85 0.200 2L  

101.2 

0.022 12.1 394 

170 0.100 4L 0.078 14.8 1138 

340 0.050 8L 0.001 10.1 525 

85 0.133 3L 67.5 0.059 12.3 427 

170 0.067 6L 0.001 7.9 490 

170 0.080 5L 81.0 0.001 6.5 496 

340 0.040 9L 3.935 18.0 487 
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High-power samples  

111.1 J/mm3 

Low-power samples  

81.0 J/mm3 

Sample 3H 

 

Sample 5L 

 
Sample 9H 

 

Sample 9L 

 

Figure 5.21: Micro-CT images show scenarios where the same energy density produced 

different results. 

 

5.3.5 Influence on productivity 

The primary goal of this investigation was to determine the maximum achievable build 
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systems. The amount of material that the process can melt in a given amount of time, in 

this case, the build rate, was used to evaluate productivity. High scan speeds, long hatch 

distances, and thick layers are typically associated with the process parameters with the 
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fastest build rates [35], [233]-[236]. In the context of the current investigation, this is 

equivalent to decreasing the interaction time and percent overlap. Since the productivity 

of the LPBF process is primarily linked to the build rate, the influence of build rate on the 

response variable, and porosity, were also evaluated to determine the maximum 

achievable build rates. 

Figure 5.22 shows the variation of porosity over different build rates. From the results, 

one can see that there was no distinct relationship between porosity and build rate. This 

was in good agreement with the results obtained by Wishcheropp et al. [215] using 

different beam profiles on aluminium alloys. This is because the build rate alone is not 

good enough to describe the behaviour of the process, as it does not account for the laser 

power and other essential material properties that affect the melting process. It is merely 

a parameter that can be used to measure the productivity of the process. Therefore, the 

maximum achievable build rate depends on the interaction between the actual process 

parameters, ensuring a stable process and producing highly dense parts. Accordingly, the 

maximum achievable build rates in the current investigation were 18 mm3/s for the high-

power system and 3.4 mm3/s for the low-power system. Micro-CT images of these 

samples are shown in Figure 5.23. 

 

 
Figure 5.22: Comparison of porosity levels in the samples produced at different build 

rates. Green-dashed rectangle shows the optimal process window in terms of porosity 
<0.1%, while the green arrows show the maximum achievable build rates. 
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Figure 5.23: Micro-CT images of samples manufactured at maximum achievable build 

rates: (a) 18 mm3/s high-power system, 3.4 mm3/s low-power system. 

 

5.3.6 Microstructure: prior-beta grain size 

The microstructure evolution of Ti-6Al-4V primarily depends on the cooling rate. The 

typical microstructure formed in the as-built condition consists of columnar prior-beta 

grains that grow epitaxially across several layers. The transformation of Ti-6Al-4V into 

needle-like martensite (α’) occurs at high cooling rates greater than 410 °C/s while 

lamellar Widmanstätten (α) forms at intermediate cooling rates between 20 and 410 °C/s 

[168]. Generally, the LPBF process has high cooling rates that exceed the critical cooling 

rate, which favours the transformation to martensite α’. 

Figure 5.24 shows the microstructures of samples manufactured at maximum achievable 

build rates along the build direction (see Appendix VII and VIII for all samples). The 

microstructure showed a dominant presence of martensitic α’ needles that formed due to 

the fast-cooling rates. The prior-beta grains were also found to span a few layers parallel 

to the build direction. A comparative plot of the prior-beta grain width is presented in 

Figure 5.25. Here it can be seen that material from the high-power system has a larger 

prior beta-grain size than the material built using the low-power system. 
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Figure 5.24: Optical micrographs of samples manufactured at (a) 2000 W, 18 mm3/s and 
(b) 340 W, 3.4 mm3/s, Z is a build direction. 

 

 

Figure 5.25: Prior-beta grain width measurements for samples manufactured using the 
high-power and low-power systems. 

The size of prior-beta grains is an important microstructural feature that can influence the 

mechanical properties of Ti-6Al-4V, as this can affect the α-colony size and texture, as 

well as texture heterogeneity in the final product [161]. It is mainly determined by the 

time the material is exposed to temperatures above the beta (β) transus temperature. 

Longer time and increased temperature above β transus temperature lead to increased 

beta-grain size [161]-[163]. It is possible that the material built at high laser powers 

endured a longer time above the β transus temperature, and the melt pool size may also 

have influenced the prior-beta grain size. Similarly, when the interaction time or overlap 
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rate is high, the material is expected to endure a longer time above the β transus 

temperature and thus lead to an increased prior-beta grain size. Figure 5.26 shows the 

effect of interaction time and overlap on the prior-beta grain size.  

 

  
Figure 5.26: Influence of interaction time (a) and overlap (b) on the prior beta grain size. 
 

5.4 Summary and conclusion 

The purpose of this investigation was to characterize and compare the samples 

manufactured at high- and low-laser powers using two independent systems operating at 

different parameter regimes to improve productivity. Advanced characterization 

techniques such as X-ray computed tomography and X-ray diffraction were used to 

investigate the top surface roughness, bulk porosity in samples, and residual stress on the 

centre of the top surface. The microstructure in the as-built condition was also 

investigated using light optical microscopy to measure the size of prior beta grains. The 

influence of process parameters on the response variables was presented and discussed. 

Therefore, the most important findings can be summarized as follows: 

1. The top surface roughness of the samples manufactured using the high-power 

system ranged between 14.4 to 32.0 µm and 6.5 to 25.1 µm for the samples 

manufactured using the low-power system. 

2. The influence of process parameters on the surface roughness and porosity 

depends on the balance between the interaction time and laser power. At low 

interaction time and low power, the surface roughness and porosity increased due 

to balling effect, while at high interaction time and high laser power, the surface 

roughness and porosity increased due to unstable molten pool and keyhole effect. 
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3. The bulk porosity in the samples manufactured using the high-power system 

ranged between 0 to 0.17% and 0 to 3.94% for the samples manufactured using 

the low-power system. 

4. Changing the percentage overlap at high laser power (2000 W) did not have a 

significant effect on the surface roughness (14.4 to 16.0 µm) and porosity (<0.1%). 

5. The maximum residual stresses measured on the top surface were tensile and 

varied between 445 to 720 MPa at high laser powers and 394 to 1138 MPa at low 

laser powers. Residual stresses were found to be higher along the scan direction. 

6. Increasing the percentage overlap at high laser power (2000 W) led to a reduction 

in residual stress (601 to 445 MPa).  

7. There was no clear relationship between the energy density and any of the 

response variables. This shows that the energy density is not a good parameter to 

describe the behaviour of the LPBF process.  

8. The maximum achievable build rates for porosity were 18 mm3/s for the high-

power system and 3.4 mm3/s for the low-power system.  

9. The size of prior-beta grains was larger for the samples manufactured using the 

high-power system. 

10. The size of prior-beta grains increased when the interaction time, laser power, and 

overlap were increased. 
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Chapter 6   

Effect of post-processing on the surface roughness 

and mechanical properties of Ti-6Al-4V 

manufactured with high laser power system 

6.1 Introduction  
 

The use of high-powered laser systems in AM presents a unique opportunity to improve 

the build rate and productivity of the process. However, the larger beam spot size 

produced parts with a higher surface roughness in the as-built condition. Such roughness 

can be as high as ~25 µm Ra and can negatively affect the mechanical properties and the 

resolution of parts manufactured. Post-processing is therefore required to improve the 

surface integrity of LPBF parts as it affects the mechanical properties, especially the 

fatigue strength of the material. The material strength and corrosion resistance were also 

proved sensitive to the surface quality, as shown in the literature review. Some common 

surface improvement techniques were also reviewed and discussed in detail in Chapter 

2. Some of these techniques come with the disadvantages of being skilled-operator 

dependent, labour-intensive, and requiring heavy investment in facilities which may be a 

limitation for other entities. Centrifugal barrel finish (CBF) provides an alternative method 

with low equipment cost and versatility and can apply uniform finish even on complex 

geometries. The finishing operation is automatic and almost independent of the 

component’s shape complexity, and the part does not need to be fixed. This chapter 

investigates the evolution of the vertical surface morphology of Ti-6Al-4V test parts 

processed by CBF and its effect on mechanical properties.  

 

6.2 Experimental designs 

6.2.1 Surface finishing 

Ti-6Al-4V cylindrical test coupons manufactured using optimal parameters (laser power 

of 2000 W, interaction time of 0.075 ms, and build rate of 18 mm3/s) were used to 

investigate the vertical surface morphology under different parameters during CBF. Two 

main parameters, rotational speed and polishing time were chosen for this investigation 

and were varied, as shown in Table 6.1, to establish the combination that results in low 
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surface roughness. The vertical surface roughness of each sample was measured using a 

stylus portable roughness tester in accordance with ISO 4287 international standard. Each 

sample was measured at least eight times to obtain average surface roughness. The 

samples were further characterized using a scanning electron microscope (SEM) to reveal 

the surface morphology. 

Table 6.1: Surface polishing experimental conditions and sample ID 

Rotational speed  

(rmp) 

Polishing time  

(hr.) 

Sample  

ID 

45 1 A 

45 2 B 

45 3 C 

45 4 D 

45 5 E 

85 1 F 

85 2 G 

85 3 H 

85 4 I 

85 5 J 

 

 

6.2.2 Post-heat treatment and mechanical testing 

Standard post-annealing and HIP heat treatments (Table 6.2) were applied on vertical 

tensile and fatigue testing specimens using the conditions in Table 6.1 to investigate the 

combined effect of surface finishing and heat treatment on mechanical properties. 

Annealing and HIP heat treatments were carried out under an argon atmosphere using a 

Carbolite tube furnace and EPSI HIP vessel shown in Chapter 3. Room temperature 

tensile tests and high-cycle tension-tension fatigue tests were conducted using an Instron 

1342 servo-hydraulic testing machine. Figure 6.1 shows some of the tensile samples that 

were manufactured and tested. 
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Table 6.2: Heat treatment and surface conditions used in this study 

Batch 

number 

Heat treatment condition Surface 

condition 

Number of 

samples 

1 Annealing 

(950 °C, 2 hours, furnace cooling) 

As-built 12 

2 Annealing 

(950 °C, 2 hours, furnace cooling) 

Polished 12 

3 Hot isostatic pressing 

(950 °C, 100 MPa, 2 hours, furnace cooling) 

Polished  12 

 

 

Figure 6.1: Image showing some of the test pieces manufactured. 

 

6.3 Results and discussion  

6.3.1 Surface finishing 

The SEM images of the test pieces polished at different CBF parameters are presented in 

Figure 6.2. In the as-built condition, the surface was dominated by partially melted 

particles, resulting in high surface roughness. It is expected that during barrel finishing, 

the impacting media to the surface of the samples would result in the removal of some of 

the partially melted particles and roughness peaks due to plastic deformation and/or 

fracture of materials making repeated contact with the abrasive media. After the barrel 

finishing at a speed of 45 rpm, only a few of these particles are removed after the first 

hour and remain almost the same with increased processing time. At 85 rpm, the cutting 
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action is faster, and most of the partially melted particles are removed from the surface, 

with some roughness peaks deformed and flattened, but some valleys are still visible and 

open to the surface. The combination of rotational speed and time had a stronger effect 

on the surface roughness, and this was mainly because the speed affects the cutting force 

while longer polishing time increases the contact area, which in turn helps to lower the 

surface roughness [236]. 

One of the traits of post-treated surfaces is the disappearance of the peaks while valleys 

remain, which is due to the nature of the abrasive process. Increasing the processing time 

efficiently reduces the number of valleys exposed to the surface. Surface roughness 

measurements confirm the microscopic observations in Figure 6.3. The Ra value was 

reduced by up to 27% at 45 rpm and up to 90% at 85 rpm after 5 hours of processing. 

Figure 6.4 shows the cross-sectional views of the surface region of the as-built sample and 

samples polished at 45 rpm and 85 rpm, respectively. Although the surface quality at 85 

rpm after 5 hours was significantly improved, the polishing process struggled to 

completely remove the troughs and peaks believed to be associated with the subsurface 

partially melted particles and laser contouring defects, resulting in residual cavities on the 

surface like the ones shown in Figure 6.4c. 
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A F 

100µm  

100µm  100µm  
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Figure 6.2: SEM micrographs showing the surface morphology of the samples processed (see 

Table 6.1 for sample ID). 

 

B 

C 

D 

E 

G 

H 

I 

J 

100µm  100µm  

100µm  100µm  

100µm  100µm  

100µm  100µm  

© Central University of Technology, Free State



 

117 
 

 
Figure 6.3: Surface roughness values as a function of polishing speed and time. 

 

   

Figure 6.4: Cross-sectional views of (a) as-built sample, (b) sample processed at 45 rpm 
for 5 hours, and (c) sample processed at 85 rpm for 5 hours.  

 

 

6.3.2 Tensile properties  

Tensile tests were performed to evaluate the performance of the specimens following 

post-processing. Table 6.3 shows the tensile results visually represented in Figure 6.5 (see 

Appendix IX for the stress-strain graphs). The specimens that had only been annealed 

and tested with the inherent surface roughness (Batch 1) displayed low tensile properties 

in YS, UTS, and elongation. The measured YS and UTS of annealed and polished 

specimens (Batch 2) were above the minimum requirements of ASTM F2924-14, but the 

elongation was still less than the minimum criteria of 6.0%. The final batch of HIPed and 
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polished specimens had an average elongation of 6%, while the YS and UTS were lowered 

somewhat but remained over the minimal criteria. 

Table 6.3: Summary of tensile results obtained 

Specimens Tensile stress 
at yield (Offset 
0.2%) (MPa) 

Modulus of 
(Chord 200– 

600 MPa) 
(Gpa) 

UTS 
(MPa) 

Elongation 
(%) 

Reduction 
of area 

(%) 

Batch 1 
average 
±S.D. 

CV 

     
842.2 ± 31.1 112.4 ± 4.0 883.5 ± 5.4 1.6 ± 0.4 5.9 ± 1.6 

0.0369 0.0357 0.006 0.248 0.265 

Batch 2 
average±S.D. 

CV 

     
937.4 ± 1.2 113.5 ± 1.4 973.5 ± 7.3 5.7±0.2 9.1±3.1 

0.021 0.001 0.012 0.0075 0.037 
Batch 3 

average±S.D. 
CV 

     
824.5 ± 16.3 117.3 ± 1.8 931.7 ± 

13.7 
6.2 ± 1.1 11.1 ± 5.9 

0.0197 0.0134 0.0147 0.184 0.529 
 

 
Figure 6.5: Graphical representation of the tensile results obtained. 

 
 

After the tensile test, the fracture surfaces of the broken test pieces were analyzed under 

the SEM. It was found that most of the samples had interlayer defects on the fracture 

surface dominated by LOF, open pores, and unmelted particles, while the fractured area 

showed ductile-type fracture characterized by dimples (see Figure 6.6). Large pores 
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occupied by unmelted particles were also observed in some areas closer to the surface 

(see Figure 6.6c). The central area was clearly distinguishable from the shear lips on the 

periphery. To establish whether these defects were localized or distributed throughout 

the specimen, the gripping area of the tensile specimens was sectioned and analyzed 

under the optical microscope. This area of the specimens did not reveal any evidence of 

LOF defects, as shown in Figure 6.7, thus indicating that the defects present in the 

samples were rather localized. Powder delivery is an important step in the LPBF process 

and is closely linked to the quality of the parts. Defects in the powder bed often translate 

into defects in the manufactured parts due to the detrimental effects on the physical 

interaction between the laser beam and the powder bed. Unfortunately, the high-power 

experimental system used in this study occasionally suffers from powder delivery 

inconsistencies, i.e. incomplete powder spreading, which possibly contributed to the 

observed LOF defects.   
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(b)  

 
 

 
 

 
 

(c)  

 

 

 

Figure 6.6: Fracture surfaces of tensile specimens: (a) annealed/not polished, (b) 
annealed/polished, and (c) HIPed/polished. 
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The elongation at fracture is generally more sensitive to porosity than strength. The 

detrimental nature of pores is typically explained through (i) a reduction in the true load-

bearing area, (ii) the facilitation of pore coalescence leading to premature failure, (iii) 

increased stress concentration points, (iv) acting as initiation sites for microcracking, and 

(iv) providing a preferential path for crack propagation. These issues are frequently 

reported to be worse for vertically built samples due to the orientation of LOF pores 

and/or interlayer pores. It is known that as the porosity/defect population decreases, 

tensile behaviour generally improves. However, the type, rather than amount, of pores 

may matter more, as LOF pores are frequently reported to be far more detrimental to 

tensile properties. Because of how the primary axis of LOF pores is positioned relative to 

the tensile axis, as shown in Figure 6.8, LOF pores are particularly harmful to vertically 

built samples. As observed in Figure 6.8, the actual load-bearing cross-sectional area is 

much smaller, and the pore is also stretched apart perpendicularly to its major axis in 

tension which can lead to crack initiation. The cracks quickly coalesce and fracture 

prematurely with minimal necking. This inability to neck might also be why LOF defects 

affected elongation more than strength. 

HIP is often proposed to close the pores after LPBF manufacturing [92]. The main issue 

with HIP is that pore closure is only effective when a high temperature is used and has 

been shown to coarsen the microstructure. To facilitate deformation, a temperature of 

950oC was det during HIP treatment, which is higher than the phase transition 

temperature (882oC) of Ti6Al4V. From literature, it has been reported that standard HIP 

treatment results in coarsening of grain boundary α and nucleation of coarse intra 

granular α laths, which results in a decrease in yield and ultimate strength tensile from a 

Hall-Petch effect [92]-[97]. Additionally, the dislocation densities and twin crystals, which 

are strengthening factors, were also reported to reduce significantly after HIP treatment 

[98]. While reducing strengthening factors, plastic deformation becomes much easier, 

thus leading to an increase in elongation at the expense of strength. Figure 6.7 clearly 

shows that the microstructure of the HIPed sample was coarser compared to the other 

samples, and consequently resulted in reduced strength. Although the YS and UTS were 

somewhat lowered after HIP, they remained above the minimal criteria. Therefore, the 

reduction in strength after HIP can be attributed to structure coarsening and the reduction 

of dislocation densities and twin crystals, consequently resulting in better elongation. 
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Figure 6.7: Optical micrographs and the microstructures of the broken test pieces in the 

gripping area: (a) annealed/not polished sample, (b) annealed/polished sample, and (c) 

HIPed/polished sample. 

 
Figure 6.8: Schematic illustration of LOF defects’ coalescence during tensile loading 

[237]. 
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6.3.3 Fatigue performance  

The tension-tension fatigue behaviour of the material has been investigated in the present 

study for samples with as-built and polished surfaces. Post-annealing heat treatment and 

HIP were also applied in the order shown in Table 6.2. Table 6.4 shows the fatigue 

stresses and the corresponding number of load cycles to failure of all the specimens. The 

data is shown graphically on a semi-log S-N curve of maximum stress against the number 

of life cycles in Figure 6.9. 

Table 6.4: Tension-tension fatigue results obtained in this study 

Batch 

number 

Maximum stress 

σmax  

(MPa) 

Stress range  

∆σ  

(MPa) 

Stress amplitude 

 σa  

(MPa) 

Fatigue life 

Nf  

(cycles) 

 

 

1 

660 594 297 2149 

495 445.5 222.8 4781 

330 297 148.5 5927 

281 252.9 126.5 34478 

239 215.1 107.6 45394 

206 185.4 92.7 85610 

 

 

2 

660 594 297 3080 

495 445.5 222.8 5420 

330 297 148.5 17888 

281 252.9 126.5 41674 

239 215.1 107.6 65073 

206 185.4 92.7 140248 

 

 

3 

660 594 297 6252 

495 445.5 222.8 14245 

330 297 148.5 78167 

281 252.9 126.5 266195 

239 215.1 107.6 241962 

206 185.4 92.7 run-out 
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Figure 6.9: S-N curve showing fatigue performance of the specimens. 

 
The fatigue properties of LPBF parts depend on the manufacturing process and post-

processing procedures, and the fatigue life can be reduced due to, for example, the rough 

as-built surface, geometrical notches, or material defects inside the material. All these 

features lead to an increased local stress concentration which promotes fatigue crack 

initiation. Moreover, the fatigue properties of AM materials with rough as-built surfaces 

can be dominated by surface roughness rather than by internal defects.  

Fatigue specimens with rough as-built surfaces generally have lower fatigue life. However, 

in the current investigation, it was found that the difference between the fatigue life of 

specimens with as-built surfaces (Batch 1) and specimens with polished surfaces (Batch 

2) was insignificant. This could be explained by the presence of multiple LOF defects in 

the samples, see Figure 6.10. Even though the cracks start from the rough surface, LOF 

defects reduce the true load-bearing area of the fatigue specimen and thereby reduce the 

apparent fatigue strength.  

HIP improves fatigue life of LPBF parts by eliminating internal pores and voids. Figure 

6.9 shows a noticeable tendency of improved fatigue life for specimens that underwent 

HIP and polishing (Batch 3). LOF defects were reduced by HIP treatment, but not 

completely removed, especially closer to the surface as shown in Figure 6.10. Therefore, 

the results obtained with Batch 3 samples can mainly be attributed to the reduction of 

internal defects after HIP, which increase the effective cross-sectional area for crack 

propagation thus leading to an improvement in fatigue strength. 
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Figure 6.10: Examples of crack initiation sites observed near the surfaces of specimens 
from (a) Batch 1, (b) Batch 2, and (c) Batch 3 (see Appendix X and XI for other samples). 
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Three specimens, one from each batch, were selected for analysis using micro-CT to 

investigate the distribution of pores in the specimens. Figure 6.11 and Figure 6.12 shows 

the micro-CT images of the specimens and graphical representation of pore size 

distribution, respectively. It can be seen that most of the pores were located closer to the 

surface, and the specimens that were not HIPed had a high count of pores ranging from 

0.1 mm to 0.6 mm.  

   

Figure 6.11: Top view micro-CT images showing defects near the surface in specimens 
from (a) Batch 1, (b) Batch 2, and (c) Batch 3.  

 

 
Figure 6.12: Pore size distribution in the specimens. 

 

It is widely known that the fatigue life of materials is more sensitive to the surface 

condition. The shape and size of internal defects can be equally detrimental to the fatigue 

strength since they reduce the true load-bearing cross-sectional area and act as stress 

raisers. In the current study, LOF defects inside the material were found to be the 

dominating factor in the fatigue strength of specimens that were not HIPed, regardless of 
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the surface condition (Batch 1 compared to Batch 2). Even though HIP and surface 

polishing slightly improved the fatigue life of the specimens by reducing internal LOF and 

surface defects, the pores embedded closer to the surface were not completely removed. 

Consequently, the fatigue strength of HIPed specimens was severely affected by the 

presence of near-surface pores that could not be removed by barrel polishing. These 

pores were also aligned vertically on one side of the specimen, as shown in Figure 6.13. 

The origin of LOF pores in the contour is unclear but could be attributed to a lack of 

sufficient bead overlap between the starting and end point of the circular contour. 

    

Figure 6.13: Side view micro-CT images of fractured specimens from (a) Batch 1, (b) 

Batch 2, and (c) Batch 3 (see Appendix XIII to XV).  

 

6.4 Summary and conclusion  

The focus of this chapter was to investigate the effect of CBS finishing and post-heat 

treatment on the surface roughness and mechanical properties of Ti-6Al-4V samples 

manufactured at high laser power and high build rate. The surface roughness of the 

samples in the as-built condition was high due to partially melted particles sticking to the 

surface, thus resulting in an average surface roughness of 22 µm Ra. CBF was used to 
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investigate the effect of polishing speed and time on the surface morphology and surface 

roughness. The lowest surface roughness obtained was 2.27 µm Ra when the polishing 

speed was set at 85 rpm for 5 hours, thus yielding a 90% reduction in the surface 

roughness. These parameters were then used to polish tensile and fatigue specimens 

manufactured to evaluate the mechanical properties. The tensile properties of the 

specimens with the as-built and polished surface were found to have low ductility mainly 

due to LOF defects that were present in the samples. After HIP, the ductility was slightly 

improved to obtain an average elongation of 6%. Even though HIP reduced the LOF 

defects in the samples, residual pores were still present inside and closer to the surface 

of the samples. It was also observed that the defects present in the samples were localized 

in specific areas, possibly due to machine instabilities, such as powder dosing and 

recoating errors. Dimples on the fracture surface were also observed, indicating that the 

failure mode occurred by ductile fracture. LOF defects were also observed on the fracture 

surfaces of the fatigue specimens, especially the ones that were not HIPed. As such, the 

fatigue properties of specimens without HIP were low regardless of the surface condition. 

Even though HIP and surface polishing slightly improved the fatigue life of the specimens 

by reducing internal LOF and surface defects, the pores embedded closer to the surface 

were not completely removed. Consequently, the fatigue strength of HIPed specimens 

was also affected by the presence of near-surface pores that could not be removed by 

barrel polishing. Analysis with micro-CT revealed an array of pores aligned vertically on 

one side of the specimens. The origin of these pores in the contour is unclear at this stage 

but could be attributed to a lack of sufficient bead overlap between the starting and end 

point of the circular contour. Overall, this investigation has revealed that surface finishing 

by CBF can substantially reduce the surface roughness of parts manufactured at high 

power and high build rate. However, the presence of stochastic LOF defects and near-

surface defects in the samples were critical to the achievable mechanical properties. 

Stochastic defects, as opposed to process-induced defects, usually form due to secondary 

factors unrelated to the process parameters. As such, it can be concluded that the 

formation of defects observed in the current study was not induced by the process 

parameters but possibly formed due to machine-related errors. 
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Chapter 7   

Conclusions and future outlook 

The use of high-powered lasers in LPBF presents an opportunity to improve productivity 

without significantly increasing equipment costs. This is because instead of using a multi-

beam system, a single laser equipped with a larger beam spot size can be used to increase 

the melt pool size, thus allowing the melt of a large area of powder to reduce the scanning 

time, which in turn will increase the build rate and productivity. However, random 

porosity, poor surface quality, high residual stresses, and inconsistent mechanical 

properties are some of the challenges in LPBF, and this can be made worse by the 

increased intensity at the processing zone when the laser power is increased without 

increasing the beam spot size. The purpose of this study was to investigate high-power 

laser powder bed fusion of Ti-6Al-4V alloy as a way of improving LPBF productivity. 

Based on the results obtained, the following key conclusions can be drawn in accordance 

with the study objectives: 

 

Objective 1 – To identify the process parameter window for low porosity and high 

build rate 

1. Single tracks processed at different parameter combinations revealed four 

characteristic morphologies, namely continuous tracks with keyhole mode, 

continuous tracks with conduction mode, humping effect, and balling effect. 

2. High laser power and longer interaction time favoured keyhole mode, while 

shorter interaction times provoked humping and balling effects. 

3. High power and shorter interaction times produced single layers with complex 

morphologies and high surface roughness. 

4. Increasing the percentage overlap effectively reduced the surface roughness of the 

single layer processed at high laser powers and shorter interaction, i.e. 2000 W 

and 0.075 ms. 

5. High laser power and shorter interaction accompanied by an increased overlap 

rate resulted in low porosity below 0.1%. 
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6. The maximum achievable build rates were 18 mm3/s at 2000 W for the high-power 

system and 3.4 mm3/s at 340 W for the low-power system. 

 

Objective 2 – To characterize the top surface roughness, residual stress, and 

microstructure 

1. The top surface roughness of the samples manufactured using the high-power 

system ranged between 14.4 to 32.0 µm and 6.5 to 25.1 µm for the low-power 

system. 

2. The influence of process parameters on surface roughness depends on the 

combination of laser power and interaction time. At low power and low interaction 

time, the surface roughness increased due to balling effect, while at high power 

and high interaction time, the surface roughness increased due to the unstable 

molten pool formed at excessive heat input. 

3. The maximum residual stresses measured on the top surface were tensile and 

varied between 445 to 720 MPa at high laser powers and 394 to 1138 MPa at low 

laser powers. Residual stresses were found to be higher along the scan direction. 

4. High laser powers produced microstructures with large prior-beta grains. 

5. The size of prior-beta grains increased when the interaction time, laser power, and 

overlap were increased. 

 

Objective 3 – To investigate the effect of post-processing on the surface roughness 

and mechanical properties 

1. The vertical surface roughness in the as-built condition was high, Ra ~ 22µm, and 

was dominated by partially sintered particles. 

2. CBF at 85 rpm for 5 hours reduced the vertical roughness by 90%, with some small 

cavities remaining on the surface. 

3. The tensile and fatigue properties obtained were affected by the presence of 

localized and interlayer defects believed to be related to powder delivery and 

contouring errors. 

4. HIPing of the samples, followed by barrel finishing, improved the tensile properties 

to obtain the minimum requirements. 
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5. The fatigue strengths obtained were relatively low due to the presence of near-

surface and interlayer defects. However, the results indicate that surface finishing 

and HIPing can improve fatigue strength. 

 

Summary and recommendations 

This study has demonstrated the feasibility of improving productivity by using high laser 

power and shorter interaction time to gain a high build rate. It was shown that almost 

fully dense test coupons could be manufactured at a high build rate of 18 mm3/s, 

exhibiting low top surface roughness and residual stress below the YS, while the 

microstructure exhibited coarser prior-beta grains. The vertical surface roughness of the 

parts was found to be higher due to the presence of partially melted powder particles 

attached to the surface. Surface finishing by CBF was investigated to improve the surface 

quality, and it was shown that the surface roughness could be reduced by 90%, with some 

small cavities remaining on the surface. The application of HIPing helped to improve the 

tensile properties and fatigue strength. However, the presence of localized subsurface and 

interlayer defects drastically affected the fatigue strength. These defects are believed to 

be related to powder delivery and contouring errors. As such, the following 

recommendations are made: 

1. Investigate factors that prompt layer delivery defects and the development of a 

quality control framework to prevent process conditions that lead to interlayer or 

stochastic defects. 

2. Optimize contouring parameters/strategy to reduce surface defects. 

3. Robust mechanical testing of defect-free specimens for verification. 

4. Quantify the effect of a high build rate on part resolution and dimensional 

accuracy. 
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Appendices 

Appendix I: Surface tomography of samples manufactured with the high-power system 
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Appendix II: Surface tomography of samples manufactured with the EOS machine 
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Appendix III: Pore size distribution in the samples manufactured with the high-power system 
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Appendix IV: Pore size distribution in the samples manufactured with the EOS machine 
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Appendix V: Diameter-Sphericity trend in the samples manufactured with the high-power system 
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Appendix VI: Diameter-Sphericity trend in the samples manufactured with the EOS machine 
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Appendix VII: As-built microstructures of samples manufactured with the high-power system 
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Appendix VIII: As-built microstructures of samples manufactured with the EOS machine 
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Appendix IX: Stress-Strain curves, Batch 1, 2, and 3, respectively 
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Appendix X: Fatigue fracture surface - Batch 1 
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Appendix XI: Fatigue fracture surface - Batch 2 
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Appendix XII: Fatigue fracture surface - Batch 3 

   

 
 

 

© Central University of Technology, Free State



 

162 
 

Appendix XIII: Micro-CT images of fractured specimen from Batch 1 
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Appendix XIV: Micro-CT images of fractured specimen from Batch 2 
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Appendix XV: Micro-CT images of fractured specimen from Batch 3 
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Appendix XVI: Gas flow configuration for the High-power system 
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