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Abstract 

Direct Metal Laser Sintering (DMLS) and Selective Laser Melting (SLM) are an Additive 

Manufacturing (AM) technique that produces complex three- dimensional parts by adding 

layer upon layer of powder materials from bottom to top. Recently, AM has received a 

significant amount of press and is set to have an enormous impact such as decreasing the cost 

of production, fast and flexible, design freedom and increase the innovation opportunities. 

The powder base nature allows these techniques to process a variant of materials as well as 

produce complex composite parts and develop new materials system for Aerospace 

industries.  

The biggest problems in the process is limited surface quality, and residual porosity in SLM 

and DMLS parts that are undesirable for some applications where fatigue resistance and high 

strength are essential. This research aims to improve the fracture toughness, ductility and 

fatigue for the metallic components, which is essential to be able to exploit the potential of 

the SLM and DMLS of these alloys for aerospace applications. In additional development of 

the AM technology is not only limited to new machines but also processes, new materials, 

and methods, as it offers high mechanical properties and performance.  

This research focuses on DMLS and SLM of titanium and stainless steel alloys to investigate 

the effect of processes parameter and different build direction on toughness and fatigue crack 

growth property to change the physical and mechanical properties. Also, manipulate the 

process parameters and their effect on strength, fracture toughness and quality for both bulk 

and cellular lattice structure parts. The novelty in this study lies in using additive 

manufacturing process to evaluate the local failure mechanism of 316L bulk and cellular 

lattice structures made by SLM under uniaxial tension and three-point bending load. The 

effect of different build directions of the 316L lattice structure on the fracture toughness 

properties is compared to the Ashby and Gibson models. The findings demonstrate that the 

build direction does have an effect on the microstructure of parts, which subsequently has an 

effect upon mechanical properties and the surface quality of manufactured parts. 

Results found in this study will enable the designer to understand the important factors which 

affect the SLM and DMLS process and quality of final parts at different build direction. The 

comparison between micromechanics model and experimental results will help the designer 

to predict fracture toughness of AM cellular structures without need of experimental tests. 

Finally the results of mechanical properties of these bulk and lightweight parts will give a 

confidence to the designer to use and tailor their properties to specific applications.  
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Introduction 

 

The aerospace industry uses many materials and it is critical to consider all the possible 

advantages and disadvantages of such materials. Improvements in manufacturing processes 

for aerospace have led to better aircrafts, which in turn has contributed to the massive 

changes seen in the last 20 years in medium and long distance air travel. Recently, many 

developments in the aerospace sector have been in materials. These improvements have 

stimulated the development of new technologies such as composite bodied aircraft, and 

processes such as near final shape manufacturing. There are lot of materials used in aerospace 

applications, the best of which combine low density and a competitive pricing; for example, 

titanium, stainless steel, and aluminum alloys. New methods of manufacture using such 

materials have become more widespread and commercially competitive, such as Additive 

Manufacturing (AM). In the AM process layers of material are built up sequentially into a 

near final shape component.   

Additive Manufacturing is defined by the American Society for Testing and Materials 

(ASTM) as “The process of joining materials to make objects from 3D model data usually 

layer upon layer, as opposed to subtractive manufacturing technologies such as traditional 

machining.” (ASTM, 2014). The recent growth of AM in aerospace is in part because of its 

potential i) for the manufacture of components with complex geometries, ii) its 

competitiveness for small volumes of parts, iii) the lack of requirement for specialist tooling 

– one AM machine can produce many kinds of parts. On the other hand, it is apparent that the 

capability for a broad range of materials lacks for some aerospace parts. Therefore, many 

researchers in industry and academia are attempting to enhance the AM process and its 

materials capability. The work described herein uses an AM process which has the ability for 

use with a wide range of materials attractive to the aerospace industry (Bradbury, 2012, 

Johns, 2009).       

Rapid fabrication of prototypes has been the aim of much new technology development in the 

last 30 years. Previously, rapid prototyping (RP) was a generic name to produce prototype 

parts via AM techniques, and this then developed in the late 1980s into processes such as 

stereolithography (SLA). Later, this technology was extended to manufacture functional tools 

and dies (i.e. not just prototypes for testing), and it was renamed rapid tooling. Finally, rapid 

manufacturing (RM) has become a popular term to describe processes used to produce 

functional products mostly in AM techniques (Levy et al., 2003). This technology has 
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advanced quickly since and is now in use across many industrial and medical domains. Along 

the way different names have been given to this technology, for instance: digital 

manufacturing, 3D printing, additive fabrication, additive techniques, additive layer 

manufacturing (ALM), and free form fabrication (Choi et al., 2011, Dahotre and Harimkar, 

2008, ASTM, 2012). These different names have arisen because the technology has passed 

beyond its original purpose.  

Many technologies have been developed following stereolithography; 3D printing, fused 

deposition modeling (FDM), selective laser sintering (SLS), selective laser melting (SLM), 

electron beam melting (EBM) and laminated object modelling (LOM). However, some of 

these technologies are no longer used whereas some are still in use and are present in the 

market today. Furthermore, most of the metal AM based processes, for instance, laser 

engineering net shape (LENS), SLM and EBM, are used to produce dies and moulds for die 

casting and injection moulding, or for tooling processes (Zhang, 2014). 

Selective Laser Melting, one of the AM methods, is possibly the technology that best fits the 

particular needs of the aerospace sector (Peters et al., 2003). This is mainly because the 

process can produce fully melted high density materials, and thus strong parts, at the same 

time as offering great design freedom (Williams et al., 2005). SLM has advanced from SLS. 

It has the capability to manufacture high value, low volume and end use parts (Santos et al., 

2006). Selective laser melting can create three-dimensional parts from metals and metal 

matrix composites (Dadbakhsh and Hao, 2012). In essence, it works by building up the 

required geometry layer-over-layer from a powder material (Alsalla et al., 2016). The 

greatest advantage of SLM is its flexibility in the choice of materials, which has stimulated 

much research on new compatible materials. Selective laser melting is capable of fully 

consolidating metals;, parts  can be fabricated with specific properties, for instance, strength, 

hardness, and ductility. Furthermore, the time and effort invested in aerospace materials for 

SLM seem to be the most efficient regarding cost for current research, with shorter 

development times owing to the ease of mixing elements (Olakanmi et al., 2015). Selective 

Laser Melting is now one of the most commonly used AM processes, and it has presented the 

aerospace industry with the potential to produce lightweight and high-strength near net-

shaped aerospace components.  

Recently, a trend has been observed in material improvements for the SLM process, of 

process development for use with necessary materials. This has been developed to either 

allow application into new parts or to improve the physical properties of the materials 

themselves (Hao et al., 2009, Dadbakhsh et al., 2012b). Developments such as these allow 
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weight reduction of parts without sacrificing performance, the lowering of production costs, 

or a blend of both. Early investigations have been undertaken by colleagues from the 

University of Exeter, for instance, adapting existing SLM machines so they can produce 

titanium and stainless steel parts. Powders of such metals are relatively easy to use in SLM 

processes. Various publications describe work on these metals in the SLM process, 

investigating the effects of parameter processes, environment, and post-processing treatment 

on the parts produced. Also, the influence of adding alloying elements, and their composition 

in the consolidation, has been investigated. The effect of the process parameters and 

consolidation on the different cell sizes of the periodic cellular structure (Dadbakhsh et al., 

2012b, Yan et al., 2014b, Hussein et al., 2013). However, one of the major problems that 

have been noted is the limited surface quality and residual porosity in SLM parts. This may 

be undesirable for some applications where fatigue resistance and high strength are essential 

(Lewandowski and Seifi, 2016). Titanium has been extensively researched owing to its 

excellent corrosion and oxidation resistance, its low density and high melting temperature. 

However, its behaviour under cyclic loading and its high cycle hence fatigue behaviour is not 

well covered in the literature and thus requires some attention. Similarly, stainless steel has 

not been widely used in SLM technology, despite the fact it is cost effective, non-hazardous 

to health, and easy to process. Furthermore, there are economic drivers to encourage the 

reduction of carbon dioxide and other emissions and to increase engine efficiency, both of 

which are well-served by the weight reductions possible via AM of aerospace components 

(Chris Carey, 2013).  

The work described in this thesis investigates the effect of the build direction of AM 

produced parts on their mechanical properties. This will investigate the capability of AM, 

such as the SLM technique, to improve the mechanical properties of aerospace components 

vs existing methods. The critical mechanical properties of these AM produced aerospace 

components, specifically fracture toughness and fatigue life, have not been well described in 

the literature, and few have been qualified for flight on commercial aircraft. This thesis will 

characterise and demonstrate enhancement of the fracture toughness and fatigue life of SLM 

manufactured aerospace components. The study will involve analysis of materials, 

experimental investigation and theoretical development of the SLM titanium alloy (Ti6Al4V) 

and stainless steel 316L, as well as an investigation of failure mechanisms of an example 

316L stainless steel cellular structure. 

In terms of 316L stainless steel cellular structure, fracture toughness, testing was conducted 

to evaluate the effect of different cell sizes and build directions in the 316L AM cellular parts 
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on fracture toughness. These data are then compared with the Ashby and Gibson models for 

such cellular solids. The tensile strength and elongation of the 316L stainless steel cellular 

lattice structure and bulk material were also addressed. Scanning Electron Microscopy 

(SEM), X-ray Computed Tomography (CT) scanning and optical microscopy (OM) was used 

to examine the microstructural changes in both tensile test samples and Single Edge Notch 

Bend (SENB) samples during fracture. 

Regardless of recent advances in SLM manufacturing of metal alloys, there is still a lack of 

understanding about the consolidation behaviour of these alloys and their mechanical 

properties regarding fracture toughness, ductility and fatigue crack growth. These aspects still 

require more data and ought to be addressed in more detail. Therefore, this work focuses on 

mechanical properties and performance of these metals made via SLM. The research data 

here on mechanical properties and any enhancements via AM fabrication will hopefully help 

extend the capacity of the SLM process for the production of high performance, lightweight 

components for commercial application in the aerospace sector.  
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Chapter 1: Additive Manufacturing 

 

The aim of this chapter is to provide the important background regarding AM. This necessary 

background includes general over view on AM technology, which is addressed in Section 1.1, 

and the benefit and limits of the AM technology are outlined in Section 1.2. Section 1.3 

discusses the environmental impact of AM processes and energy consumption, both in the 

fabrication processes and through their capability to produce lightweight parts for the 

aerospace application.  The state of the art about the metal AM processes is discussed in 

Section 1.4. Section 1.5 explained the capability of AM technology to fabricate lightweight 

and complex components that can be used in aerospace application. Section 1.6 summaries 

the main conclusion of this chapter. 

 

1.1 General over view 

Additive manufacture is a name that describes the technology that builds 3D objects by 

adding layer upon layer of material, whether it is metal, ceramic or plastic. Additive 

manufacture technology has received a significant amount of press in recent times and is set 

to have an enormous impact on the way future products are made, decreasing the cost of 

production and increasing the innovation opportunities (Elahinia et al., 2016). 

Additive Manufacturing is also known as ALM, RM, and RP, in addition to other names that 

are currently presented since the ASTM group F42 has been in existence (ASTM, 2016). 

Moreover, AM has the capability to manufacture complex geometries completely without the 

need for tooling, which results in a reduction in the manufacturing times; this is hugely 

significant for the overall production costs for such items. Additive manufacturing will allow 

fast, flexible, reconfigurable processing and distribution of a component including economic 

low volume production, increased flexibility and conductivity, and design freedom (Gebhardt 

et al., 2010), more details about metal AM process in section 1.4. 

The AM manufacturing process begins to consolidate the layer of material deposited using a 

scanning laser. After the cross section of the component that corresponds to the layer, height 

position is fully consolidated, the platform on which the model rests moves down one layer 

thickness and the next layer of material is deposited for consolidation. This layer adheres to 

the previous one once the process has been finished. Any consolidated material and 

supporting structure are then removed.  Post process procedures that may have to be used to 

improve the surface roughness are then applied.  
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1.2 The benefits and limits of AM technology 

Metal AM technologies offer many key benefits as follows (Gong et al., 2014, Sacristán et 

al., 2014, Shapiro et al., 2016): 

• No tooling is needed, unlike other conventional metallurgy processes. These typically 

need forming and removal tools. 

• Additive manufacturing increases design freedom in comparison to conventional 

machining and casting. 

• Enables the designing of parts where the material is only where it needs to be, without 

other constraints. 

• Enables the production of lightweight structures by use of lattice structure designs. 

• Helps create complex parts built in one step thus reducing the number of assembly 

processes such as brazing and welding. 

• Net shape and less material consumption; up to 25 times less than machining. 

• Save production times for complex parts over conventional metallurgy processes 

which can often take several months 

Figure 1.1 shows some examples of complex parts that have been produced by AM 

It is  important to be aware of some limitations and disadvantages of AM technologies, such 

as the following (Steen, 1991): 

• Surface roughness and internal pores, consequently, AM parts often require post-

processing machining or polishing. 

• Expensive lasers are required to provide high power and better beam quality. 

• The part sizes are limited to the powder bed size. For instance, standard powder bed 

systems are typically square 250 × 250 × 300 mm. However, greater parts’ sizes can be 

fabricated with laser metal deposition processes, but it takes a long time to build tall parts due 

to the small thickness of powder layers 

• Removal of the support structure is needed in case of overhang angle is below 45°, 

discussed in section 3.2. 

• Material properties of AM parts tend to show anisotropy in the z-axis (building 

direction) and are anisotropic between the in-plane and out of plane direction discussed in 

section 3.3. 
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Fig1.1: Some typical complex parts made by AM. (a) A Ti6Al4V lightweight support part to 

a satellite antenna made by EBM, (b and c) 316L stainless steel vacuum permeators produced 

by SLM, which is impossible to produce by conventional processes. Reproduced from 

(Shapiro et al., 2016, Sacristán et al., 2014) 

 

 

1.3 Environment, Energy Consumption, and Carbon Footprint 

Different studies have been carried to measure the environmental impact of AM processes. 

Morrow et al. examined the environmental impact of laser based AM versus conventional 

manufacturing for the production of dies and tools (Morrow et al., 2007). Many case studies 

have been approached and quantitative analysis undertaken of the emissions produced and 

energy consumed during these processes. It has been found that the ALM of tooling had the 

greatest potential for reducing environmental impact and production costs (Morrow et al., 

2007). Kellens et al. have studied the energy efficiencies of the SLM and SLS processes. The 

method they employed was a cooperative effort on process emissions in manufacturing 

initiatives. They found that the detailed information required for energy consumption and 

emissions is very limited (Kellens et al., 2011).  

Frazier has examined the variety of environmental impacts of AM. Their study defined the 

system level boundaries for which environmental impacts are measured. “The energy 

efficiency is the ratio of output energy content of the Product/the total energy used in 

fabrication. For these processes, it found that the energy efficiency was 8.6% into the part. 

While this is an excellent approach at the system level, it does not provide for a holistic life 

cycle assessment” (Frazier, 2014).  Dupont has investigated the efficiency of the Laser 

Engineered Net Shaping process (LENS) applied to the manufacture of copper and tool steel 

A 

B 

C 
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powder deposits. The measured efficiency of laser energy transfer ranged from 30-50%. They 

report that the maximum deposition efficiency is 14% (Unocic and DuPont, 2004). Bourell 

and Sreenivasan investigated the energy used by the SLS process. The average power used 

was 19.6 kW, and the primary sources of energy used were the laser 16%, the stepper motors 

26%, the chamber heater 36%, and the roller drives 16%. They found that the SLS process 

consumed little energy and had minimal waste products. These findings mean that SLM was 

a sustainable system. 

Up to date AM leads to a reduction in the carbon footprint due to a decrease in the material 

waste and design optimisation. The ATKINS project found that good design could result in a 

material and weight saving of up to 40% (ATKINS, 2007).  Also, their investigations 

revealed that over the lifetime of the aircraft, reducing of 100 kg of an airplane mass results 

in a 2.5 m dollar saving in fuel and a 1.3 MtCO2 was saving. This project is set to develop 

how the components for the aerospace and automotive sectors are made, leading to reduction 

in weight, wastage and CO2 emissions both at the manufacturing period and throughout use. 

The aim of the project is to apply an additive manufacturing approach, especially SLM of 

metal components, to ensure the production, and design of fully improved aerospace 

components that are more sustainable and with a reduced carbon footprint (ATKINS, 2009). 

The components designed to achieve the unique weight savings characteristics of AM have 

greatest potential to reduce environmental impact. However, more research needs to be 

conducted to capture the real benefit and possible pitfalls of using AM technologies. 

 

1.4 Metallic additive manufacturing systems 

Metal AM systems may be categorized regarding the build volume; material feedstock, 

energy source, etc. The production systems are divided into three categories (although there 

is much more such as VAT Photopolymerisation, Sheet Lamination binder jetting): (i) wire 

feed systems, (ii) powder feed systems, (iii) powder bed systems.  

 

1.4.1 Wire feed systems  

The energy source for these systems can include a laser beam, an electron beam, and plasma 

arc, and the feedstock is a wire. Initially, a single wire of material is deposited, and upon 

subsequent passes, this is built upon to develop a three-dimensional structure. They are well 

suited for high deposition rate processing and can produce large volumes such as in electron 

beam freeform fabrication (EBF), but the processed product requires more machining than the 
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powder feed and powder bed systems (Frazier, 2014). Figure 1.2 shows the EBF process 

(Ding et al., 2015). 

 

 

Fig 1.2: Schematic of the EBF system components (Ding et al., 2015) 

 

1.4.2 Powder feed systems  

These systems use focused thermal energy to fuse materials by melting as the material is 

being deposited; such as Direct Energy Deposition (DED) including LENS and laser cladding 

(LC). These systems can build enormous volumes, for instance; > 1.2 m3 for the Optomec 

LENS 850-R unit. These systems lend themselves more readily to create more major volume 

scales compared to powder bed systems. In the powder feed systems, powders are transferred 

through a nozzle onto the build surface. A laser is used to melt a monolayer or more of the 

powder into the shape desired, and the process is repeated to produce a solid three-

dimensional part (see Figure 1.3). There are two types of processes; (i) the deposition head 

moves and the workpiece remains fixed. (ii) The workpiece is moved, and the deposition 

head remains fixed. This type of system can build large volumes and can be used to repair 

damaged or refurbish worn components (Frazier, 2014, Liao et al., 2006).         

 

1.4.3 Powder bed systems  

Figure 1.4 shows a diagram of a primary powder bed system. The build volumes of this 

equipment are dependent on the manufacturing and requirements. A powder bed is created by 

taking the powder across the work area. These systems have two energy sources (laser beam, 

electron beam), which are programmed to deliver energy power to the bed surface by 

sintering or to melt the powder into the pre-selected shape. The additional powder is raked 

across the work area, and the process repeated to manufacture a three-dimensional part. The 
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benefits of these systems are its ability to manufacture complex and high resolution features 

and to maintain dimensional control and internal passages. The resolution depends on the 

feature size and material, which mean accuracy is better with features that are ˃ 0.5 mm 

(PartNet, 2009). The powder bed system is divided into three processes as following:  

Selective Laser Melting (SLM) or Direct Metal Laser Sintering (DMLS)   

The SLM process was commercialised by the MTT technology group of Stones in 2003. It is 

similar to the SLS process technique, but in the SLM process the laser does not sinter but 

melts the powder. In the SLM process, a metal powder is melted by the laser on a powder bed 

and the parts built are produced, layer upon layer, until the part is completely formed 

(Hopkinson et al., 2006). The ranges of materials that can be used in this process are 

aluminum alloys, titanium alloys, stainless steel and tool steel. SLM can produce fully dense 

parts that contribute to improving the bulk materials’ properties (Osakada and Shiomi, 2006).   

Direct metal laser sintering, is a registered trademark of Electron Optical System (EOS) 

GmbH (Germany), its use would donate a specific vendor, not a process. It is an AM 

technology that produces components fully dense in a layer-by-layer process by selectively 

fusing and consolidation of thin layers of powders with a scanning laser beam. DMLS and 

SLS are essentially the same things, whereas DMLS refers to the process as applied to metal 

alloys. However, in a DMLS process, the laser is sintering apart from melting, in which the 

sintering processes do not fully melt the powder, but heat it to the point that the single 

powder grains (crystals) can fuse together on an atomistic scale. After the DMLS process has 

completed, the manufactured parts are left to cool, and then excess powder can be removed 

from the build chamber and recycled (Ghosh and Saha, 2011).  

Electron Beam Melting (EBM)  

Electron beam melting is an AM process that is very similar to SLM. The main difference 

between two techniques is that EBM uses electron beam rather than a laser to melt the metal 

powder. The EBM process is based on a high power electron beam that generates the energy 

required for a high melting capacity and productivity. It produces models that are very dense. 

The EBM process takes place in a vacuum and at high temperature, resulting in stress 

relieved parts. The electron beam heats the entire powder bed for each layer to an optimal 

ambient temperature, specific for the type of material used. The parts produced by the EBM 

process approximately have a microstructure free from a martensitic structure and free from 

residual stress (Murr et al., 2012a). 
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Fig 1.3: Schematic showing the generic illustration of an AM powder feed system (Frazier, 

2014) 

 

 

 

Fig 1.4: Schematic of powder bed system (PartNet, 2009) 

 

 

   Main process steps 

Figure 1.5 presents a schematic flowchart of the metal components manufacturing with AM 

technologies starting with 3D modelling designed by Computer Aided Design (CAD) 

software. Then data preparation is carried out and organized, such as the positioning of the 
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support structure, part orientation definition and the model slicing. After manufacturing of the 

part, post processing procedures are carried out, if needed, for some applications. 

                            

 

Fig 1.5: Schematic flow diagram of a typical AM process. 

               

                                    

1.5 Additive manufacturing in aerospace industry 

Aerospace industries are increasingly using AM for functional aircraft components. The 

primary interest in using AM or 3D printing to produce parts for the aerospace sectors is to 

reduce weight through the ability to manufacture complex parts and light weight structures. A 

reduction in weight leads to reduced fuel consumption, which leads to a decrease in cost and 

carbon emissions. AM allows for rapid prototyping, conceptual design review, and 

validation, and also one can go straight to finished parts without the need for tooling. 

Currently, the limited use of AM in aerospace applications is due to the lack of a proven track 

record, which requires more studies from the AM aerospace engineers to make changes. For 
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instance, AM uses are limited to applications where a potential failure is not of concern in the 

components. The following examples illustrate the use of AM for aerospace applications.  

 

Fuel Nozzles GE LEAP engine 

In early 2016, the new LEAP engines were using up to 20 AM fuel nozzles (Fig 1.6), and GE 

will need to manufacture around 25,000 annually within the next three years. The AM 

technology has been chosen by GE to manufacture the nozzles, because it uses less material 

than a conventional product and there is an opportunity in reducing weight, which would 

otherwise require more steps, i.e., welding about twenty small pieces together. AM reduces 

the cost of production and makes the parts lighter, which leads to significant fuel saving and 

thus saves money for the airlines. Other divisions of GE make gas and wind turbines. These 

parts have already been identified and can be done using the AM process (Seifi et al., 2016b, 

Herderick, 2016). 

 

Fig 1.6: Fuel Nozzle made by AM (Seifi et al., 2016b) 

 

 

F/A-18E/F Super Hornet cooling duct 

The US Navy has wanted to reduce the cost of manufacturing and to service as well as into 

import new systems in the F/A-18 section. The additional systems require extra cooling ducts 

that would comply with the limited boundaries of the aircraft. These ducts are not structural 

components but need a guarantee of minimum material strength. They also have to be 

accurate enough to fit correctly into the aircraft.  



33 
 

The advantages of AM technology in manufacturing ducts is; i) assemblies that would have 

to be produced as two or three parts by conventional manufacturing that can be merged into 

one part, ii) it can simply manufacture a complex geometry to fit the cooling ducts around the 

obstructions, iii) the parts can be modified, or updated and weight saving achieved, if 

compared to conventional products. Figure 1.7 shows the duct components made by SLS 

(Hopkinson et al., 2006). 

  

 

Fig 1.7: Cooling ducts for the F/A-18E/F Super Hornet manufactured from Duraform 

PA, produced using SLS (Hopkinson et al., 2006) 

 

 

Airbus A380 bracket made of stainless-steel using 3D printing 

Researchers at North-western University have used design optimization and AM to reduce 

the weight of an airplane bracket. This is a new way to help airline companies save money 

and the environment by using 3D printing to manufacture aircraft parts. According to their 

case study, using AM to make a bracket from stainless steel as a replacement for the standard 

cast steel reduces its weight from 1.09 kilograms to 380 grams (see Figure 1.8). The case 

study showed that if the possible AM components are used to their full potential, the 

airplane’s fuel consumption could be reduced by as much as 6.4 percent. Furthermore, their 

life-cycle analysis found that the AM components use as little as one-third to one-half of the 

energy that is presently employed by the conventional methods (Van Noort, 2012, Thompson 

et al., 2016).   
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Fig 1.8: Typical AM parts of an optimised Airbus A380 bracket made of stainless-steel 

powder (Thompson et al., 2016) 

 

 

1.6  Summary  

Metal AM especially powder bed systems such as DMLS, SLM and EBM are capable of 

fabricating nearly/fully dense aerospace components directly from computer-aided design 

(CAD) models using arrange of metallic powders. The primary interest in using AM to 

fabricate aerospace components is to reduce weight during the ability to produce complex 

and lightweight structure. A reduction in weight of aerospace components leads to reduce 

fuel consumption, which leads to save money and reduce carbon emissions.  
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2 Chapter 2: Material consolidation processes 

 

Chapter 2 provides a review of the metal AM process and defects to validate the relevance of 

this research. The most common materials used in aerospace have to withstand harsh 

environmental are addressed in Section 2.1. In section 2.2, the essential process parameters 

used in SLM and DMLS are discussed which are needed to optimise the interaction between 

the materials and laser to achieve an appropriate quality and properties of the aerospace AM 

components are addressed. The principle of laser melting of powders and the melt pool 

formation also explained in Section 2.2. Section 2.3 discusses the common issues that can be 

found in DMLS and SLM metallic parts resulting from incorrect process parameters such as 

insufficient powder quality, laser parameter, build strategies, etc. The summary of this 

chapter is given in Section 2.4 

  

2.1 Metals used within aerospace additive manufacturing 

The aerospace industry uses many materials for parts. It is critical to take into account all of 

the possible advantages and disadvantages of these different materials (Barrington and Black, 

2001). Metals intended for the aerospace industry must have the right chemical and physical 

properties to withstand the harsh environments, i.e. they should be strong, fatigue resistant, 

creep resistant, stiff, lightweight and resistant to corrosion. Several metal such as titanium, 

stainless steel, nickel and aluminium alloys possess these qualities and are thus often the top 

choice for aerospace applications (Contrepois and Lecomte-Beckers, 2011, Nakai and Eto, 

2000). A subset of these alloys is available for use in AM machines due to limited availability 

in powder form. More information including of some examples for each of these alloys now 

follows: 

 

Nickel base superalloys such as Inconel 625, 718, etc. have significant mechanical strength, 

high performance at high temperatures and can operate under load bearing conditions at 85% 

of their melting temperatures (Campbell Jr, 2011). The properties of superalloys are corrosion 

resistance, creep, fatigue, high strength and withstanding high temperatures for long periods. 

On the other hand, superalloys have the disadvantage that they are difficult to machine, due 

to their relatively high density and high strength. This is however offset by their other 

outstanding properties at elevated temperatures. However, many of these obstacles may be 

circumvented during the use of AM, for components which would conventionally large 
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quantities of material to be removed by subtractive machining. AM has been known by many 

as a promising fabrication route for nickel alloy parts with complex geometries or short 

production runs (Carter et al., 2012) using these difficult to process materials (Jia and Gu, 

2014). Nickel base superalloys are often used in aerospace engines, high temperature 

recuperates, power generation turbine components  (Boyer, 1996), and Fuel Nozzle as shown 

in Section 1.5 figure 1.6.  

 

Aluminium alloys are considered to be primary materials for use in aerospace applications 

because of their useful features such as low cost, high specific strength, high thermal and 

electrical conductivity, and ease of fabrication. Also, aluminium alloys have excellent 

corrosion resistance, since they naturally form an oxide layer instantaneously when exposed 

to oxygen. 

Aluminium alloys perform well in structural aerospace applications because of their strength, 

the fact that they are lightweight and their flexibility. The primary uses of some aluminium 

alloys in the aerospace application are structural. Some examples of common alloys are 

(Dursun and Soutis 2014): 

• 2024 alloy is the most typical of the high strength aluminium alloys and used for the 

fuselage. 

• 6061 alloys had an excellent corrosion resistance and used for aircraft landing mats, 

structural components, truck bodies and frames 

• Other aluminium alloys also used for structural applications such as 5052, 3003 and 

7075 series (Nakai and Eto, 2000, Murr et al., 2010).    

Additive manufacturing of aluminium alloys has raised increasing research interest most 

recently due to its lightweight property and relative low cost (Brandl et al., 2012, Buchbinder 

et al., 2011). There are a number of difficulties in the SLM processing of aluminium powder 

such as poor flowability of aluminium powder especially in the presence of moisture, the 

high reflectivity of aluminium increases the laser power for melting, and the major problem 

in processing of aluminium is reported to be oxidation and thin oxide films on both solid and 

molten materials. The oxide layers reduce the wettability and act as a barrier for diffusion 

(Louvis et al., 2011).     

   

Titanium alloys are corrosion resistant, have good fatigue strength, high specific strength, 

and high operating temperatures. They are known for their high strength-to-weight ratios and 
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are extremely resistant to heat and wear. Titanium does not corrode in chlorine or sea water, 

so they can be taken into consideration as being suitable for aerospace applications. They are 

used in numerous applications, such as structural airframes including wing structures, 

hydraulic tubing, landing gear components and parts requiring low pressures and 

temperatures in engine turbines. They have a relatively high cost, because of their excellent 

properties and difficulties in removing and cleaning parts made from them. (Caron and 

Staley, 1997).   

Presently titanium alloys often make up to 10% of an aircraft’s weight, such as for the Boeing 

777. The Ti6Al4V alloy also known as grade 5, as used in this work, is the most commonly 

used titanium alloy in aerospace applications for general purpose because it is stronger than 

other commercial titanium alloys and pure titanium materials. It is also still retaining the 

same excellent thermal properties and stiffness as well as resistance to corrosion and high 

strength-to-weight ratio. These promising properties make Ti6Al4V of considerable interest 

for the AM process, and as such have been intensively investigated (Peters et al., 2003, 

Khanna and Davim, 2015, Inagaki et al., 2014).  The alloy Ti6Al4V processed by SLM has 

been demonstrated with approximately 240 HV hardness, which is higher than that of 

wrought version of the alloy, and can have comparable fatigue strength if the post treatment 

hot isostatic pressing (HIP) is used (Santos et al., 2004). Microstructural investigation on 

Ti6Al4V components revealed a significant influence of SLM conditions (i.e. fast cooling 

from high temperature) on microstructure characteristics such as orientation of grains, 

morphology of phases, and secondary phases which explained in more details below (Thijs et 

al., 2010). More information about the chemical composition, material powder, and 

mechanical properties of SLM Ti6Al4V are explained in chapter 4 section 4.1.1 and chapter 3 

Section 3.3, respectively. On the other hand, Ti6Al4V ELI (grade 23) is a popular alloy 

where medium strength and good ductility are required. 

Of note is the Ti6Al4 ELI grade which is also used in aerospace applications and is usually 

specified for seawater and medical applications. Titanium Grade 23 is similar to Grade 5 but 

with lower oxygen, nitrogen and iron content, with lower strength but better ductility and 

fracture toughness(Yavari et al., 2013). The Ti6Al4V ELI alloys are among the most widely 

used alloys in SLM for medical application due to their high toughness(Wauthle et al., 2015, 

Krakhmalev et al., 2016). Previous reports in the literature on SLM of Ti6Al4 ELI, have 

focused on the influence of process parameters on the microstructure and related mechanical 

properties (Thijs et al., 2010, Vrancken et al., 2012). 
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In general, the alloying behaviour of elements with titanium is defined by their effects on the 

α (hexagonal-close-packed hcp crystal structure) and β (body-centred-cubic bcc crystal 

structure) phases. Elements such as aluminium and zirconium added to titanium increase or 

maintain the temperature range of stability of α phase and are called α-stabilizers. Elements 

that stabilize the β phase are called β-stabilizers and include vanadium, iron and 

molybdenum. Oxygen and hydrogen are also important impurity elements, where oxygen is 

an α-stabilizer and hydrogen is a β-stabilizer. Oxygen and hydrogen occur as interstitial 

atoms because their atomic sizes are such that they fit in the spaces between the 

crystallographic positions of the metal atoms in the both the β and α phases.  

Based on the two phases, titanium alloys are classified into four categories; α-alloys, near-α 

alloys, α-β alloys, and β-alloys. The mechanical properties of titanium alloys depend on the 

distribution and relative amounts of the α and β phases (Wanhill, 2011). However, the α+β 

alloys contain limited amount of β-stabilizers, the majority of which cannot strengthen the α 

phase.  

These variations in phases are controlled by processing and heat treatment. Figure 2.1 shows 

the phase diagram of Ti6Al4V (α+β alloy), above the β transus the alloy is 100% β and the 

amount of α is increased by decreasing the temperature. The mechanical properties of α+β 

alloys depend on the relative amounts and distribution of α and β phases (Leyens, 2003) and 

these will depend strongly on the thermal processing and heat treatment temperatures in the 

(α + β) phase field.  

Since vanadium is a β stabilizer, the higher the temperature the more readily β transform to α 

through cooling after thermal processing. When the β transforms to α, the morphology after 

the transformation is different from that of the primary α, as shown in Figure 2.2, which 

shows the prior β grains have transformed to co-oriented α lamellae separated by ribs of 

retained β (Wanhill, 2012).  

 

Stainless steel is a combination of steel and different metal elements such as nickel, 

chromium, carbon, etc., that improves certain properties of the base material, such as 

strength, formability, and corrosion resistance. Stainless steels are iron alloys with a 

minimum of 10.5% chromium. It comes in different grades and has a long history of use in 

the aerospace industry because of its low-cost, availability, high temperature oxidation, and it 

maintains its mechanical properties over a wide temperature range. Stainless steel is usually 

divided into five types, the last of which austenitic is used in this work. 
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(i) Ferritic - these steels are based on chromium with carbon contents less than 0.1%. They 

are often chosen for their resistance to stress corrosion cracking. Ferritic steels are magnetic 

but not formable as austenitic stainless steels. Ferritic steels have different grades such as 

430,439, 409, etc. 

 

 

Fig 2.1: Pseudo-binary equilibrium phase diagram (schematic) for Ti6Al4V (Leyens, 2003) 

 

 



40 
 

 

Fig 2.2: Illustration of an α-β titanium alloy microstructure, showing more or less equiaxed 

grains of primary α and transformed β. The transformation of β results in co-oriented α 

lamellae (transformation α) separated by ‘‘ribs’’ of retained β ( Wanhill, 2012) 

 

 (ii) Martensitic - these steels are magnetic and have higher levels of carbon (up as high as 

1% and 12% of chromium).  They are used where moderate corrosion resistance and high 

strength are required but have low formability and weldability. Martensitic steels have 

different grades such as 2205, (Baddoo, 2008). 

(iii) Duplex - they have a microstructure which is around 50% austenitic and 50% ferritic. 

This microstructure gives them a higher strength than austenitic or ferritic steels. Duplex 

steels are magnetic but not as much as martensitic and ferritic materials due to the 50% of an 

austenitic phase. They are weldable and are used where high strength and stress corrosion 

cracking are required. 

(iv) Precipitation hardening - these steels can achieve great strength by adding elements 

like copper, aluminium and niobium to the steels but their corrosion resistance is similar to 

standard austenitic steels. They have different grades such as 15-5PH, 17-4PH, and 15-7PH 

(Villanueva et al., 2006). 

(v) Austenitic - these common steels have the useful property of being able to be work 

hardened to high strength levels whilst retaining a significant level of toughness and ductility. 

They also have increased resistance to corrosion cracking due to a high degree of nickel and 

corrosion resistance can be improved by adding chromium, molybdenum, and nitrogen. 

Austenitic stainless steels are nominally non-magnetic steels and have austenite as the 

primary phase (face centred cubic crystal) (Takeda et al., 2006). Table 2.1 reports some 
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austenite stainless steels used in aerospace applications. This combination of strength and 

toughness, and corrosion resistance is the primary reason for its widespread use in AM. There 

are many studies which have tried to improve the density of 316L stainless steel, for instance, 

it has been reported that the lower scan sped, higher laser power, thinner layer thickness, and 

narrower hatch spacing could enable a much smoother melting surface and higher 

densification (Sun et al., 2014, Shang et al., 2017). There have been some efforts to improve 

functionability during the SLM of steel powder mixtures such as an experimental study on 

the SLM of austenitic and martensitic stainless steel powder mixtures with varying 

composition ratios has discussed in next Section 2.2.2.1 (Jerrard et al., 2009). More details 

about why used this material in this work here in, and the exact composition are given in 

chapter 4 Section 4.1.2. Further discussion regarding the mechanical properties of 316L 

stainless steel parts fabricated by AM are explained in chapter 3 Sections 3.3 and 3.4.  

 

Table 2.1: Austenitic stainless steel grades and their aerospace applications (Xavior and 

Adithan, 20091, Tiamiyu et al., 2016, Sathyajith, 2015). 

Aerospace Application/Use Austenitic Stainless Steel grade 

Fuel tanks1 (AISI* 304) (AISI 304L) 

Exhaust components, high temperature 

engine and structural parts 

(AISI   309)  (AISI   310) 

(AISI   321) (AISI   316) (AISI   316L) 

*American iron and steel institute 

 

2.2 Process parameters  

The process parameters are imperative to operate the interaction between the laser and the 

materials and to ensure a suitable quality and good properties of the AM parts. This section 

illustrates the parameters used in the SLM and DMLS processes, the effect of environmental 

conditions on those processes and the powder materials used. 

 

2.2.1 Principle of laser melting of metal powders 

Throughout laser beam melting, a beam with a chosen diameter locally melts the upper 

powder layer on the powder bed. The laser is absorbed by the metal powder particles creating 

a melted pool which solidifies rapidly, as shown in Figure 2.3a. In SLM, the metal powder is 

applied free of fluxing agents and binders. The metal powder is heated by the laser beam to 
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its melting temperature. The laser powder typically varies, and the energy of the laser beam is 

selective in such a way that the metal powder layer is fully molten. On the other hand, in the 

SLS process,  the mechanism is a partial melting and then fusing of the powdered materials, 

as shown in Figure 2.3 b. (Hunt et al., 2015, Fu and Guo, 2014).       

The melted zone diameter is usually higher than the laser diameter, especially in the SLM 

process, so it is necessary to recover the dimensional error and must shift the laser beam by 

half the width from the contour to the inside to confirm that the contour of the next part will 

agree to the original data entered. This correction of the position is known as the Beam Offset 

value (BO), (see Figure 2.4). If this BO value is less or higher than the correct value, the 

powder particles in the irradiated zone might be over-melted or partially/not melted. During 

hatching, the laser beam moves line after line several times until it completely melts the 

designated areas. The distance between the scan lines are known as the hatching distance or 

spacing (hd) (Aumund-Kopp and Petzoldt, 2008).  

 

     

 

Fig 2.3:  The fundamental consolidation mechanisms during (a) laser beam melting, and (b) 

laser beam sintering. Taken from (Fu and Guo, 2014) 
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Fig 2.4: Diagram showing exposer strategy of laser pattern scanning. Taken from (Aumund-

Kopp and Petzoldt, 2008) 

 

 

2.2.2 Material parameters 

Metal powder plays a paramount role in the AM processes. Indeed, the quality of the metal 

powder applied will have a major effect on mechanical properties, production of defect-free 

parts and manufacturing defects on the surface. Key metal powder characteristics for AM can 

be classified in three categories; chemical composition, powder size distribution, and physical 

properties. There are other useful existing standards to consider when selecting metal 

particles for AM processes such as their storage, health and safety, and their reusability after 

AM cycles (Wei et al., 2015).  

 

2.2.2.1 Chemical composition of metal powders 

Few metals powders are used in their pure state. Other elements are typically added to pure 

metals to convert them into alloys and for improving their mechanical properties. The 

alloying elements usually dissolve in the pure essential metal to form a solid solution; their 

solubility can change depending on different elements (Jones and Ashby, 2005). These 

elements can also affect the mechanism of bonding and the alloys’ microstructure. 

In the laser beam melting process, dissolved elements sometimes cause a solidification 

problem due to their significant influence on the material in the melt pool; for instance 

solidification cracks and delamination (Rombouts et al., 2006). Moreover, the differences in 

the melting temperatures of each element and the interaction between these elements can 

result in the formation of a heterogeneous microstructure. Some elements have an adverse 

effect on the densification due to the high reflectivity of the laser beam. Some elements can 
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also influence the behaviour of the melt pool resulting in porosity and roughness on the top 

surface of the components. For instance, Rombouts et al studied the effects of elements such 

as oxygen, carbon, silicon, titanium and copper on the quality of iron based objects. They 

found that titanium and silicon have a negative effect on the surface quality of Fe-based parts, 

both elements increase the irregular porosity due to their high tendency to form carbides and 

oxides. Copper has a negative effect on the densification if added as pure powder because 

pure Cu is highly reflective for Nd:YAG laser radiation, but there is a positive effect if the Cu 

is added in pre-alloyed form. Also, they found that the oxygen in the atmosphere of the SLM 

chamber increase the melt volume formed during SLM, and this was attributed to exothermic 

oxidation of Fe, which deteriorates the surface quality of parts (Rombouts et al., 2006, 

Schaffer et al., 2001). Jerrard et al investigated the effects of varying the ratio of austenitic 

and martensitic powder mixtures on the laser consolidation of steel parts see Figure 2.5. 

Specimens were fabricated by SLM processing from 316L austenitic and 17-4PH martensitic 

stainless steel powder mixtures with varying composition ratios. Mechanical and magnetic 

properties of the specimens were assessed by micro-hardness testing and comparison of 

‘magnetic adherence’ forces. The composition ratios of the mixed powders have been found 

to influence the laser consolidation mechanisms and the resulting microstructures in the 

specimens (Jerrard et al., 2009).  

 

Fig 2.5: shows the influence of austenitic stainless steel (316L) mixed with different 

martensitic stainless steel (17-4PH) on the hardness and magnetic properties (Jerrard et al., 

2009) 
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2.2.2.2  Powder, size, and particle distribution 

The powder shape, size, and particle distribution play a critical role in the SLM and DMLS 

processes. Powder size distribution has a significant influence on powder bed density and 

fluidity. It also affects the surface roughness, density of the components produced, energy 

input determination and layer thickness determination. Smaller particle sizes can fill the gaps 

in between larger particles resulting in a higher packing density. A different range of particle 

sizes may conversely lead to increase the amount of porosity as larger particles can fully or 

partially melt while smaller particles may vaporise (Gibson et al., 2010). Previous work has 

reported that using a particle size range of 20-50 μm can achieve the performance of parts 

produced, and meet basic acceptance when building fully functional high density metal 

components (Khaing et al., 2001, Hauser et al., 2005). 

The smaller the size of the powder particle the higher surface quality on the side and top of 

produced parts due to the ability to deposit thinner layers (Gong et al., 2014, Zhou et al., 

2015). Therefore the smaller the particle size and consequently layer thickness leads to an 

improvement in the accuracy of the parts as the width of the melt area and the shrinkage 

variance between the top and bottom of each layer is smaller (Pinkerton, 2007).  

 

2.2.2.3  Powder flowability  

Through the SLM and DMLS process, the wiper spread the powder layer uniformly. 

Therefore the flowability can influence the melting/sintering process, the distribution of the 

powder particles on the substrate and the laser energy absorption (Das, 2003). The spherical 

particles with smooth surfaces and same size spread and move quickly within the powder 

system and lead to make a uniform bed density. The small size of powder particles leads to a 

high flowability. However, the mixture of different particle sizes increases the powder bed 

density SLM (Steen and Mazumder, 2010). Therefore, for optimum processing, an excellent 

balance between these two parameters should be made; for instance, in some SLM process, 

the powder deposited by gravity during a system of valves. If the power is irregular, it will 

stick in the valves it this make it impossible to generate a smooth layer (see Figure 2.6) 

(Simchi, 2004, Kurzynowski et al., 2012).   

The powder flowability is also affected by moisture. This means it is very important to store 

the powder in a dry place. Also, pre-heating the substrate can reduce the moisture through the 

process.    
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Fig 2.6: Schematic of the layer deposition process for (a) a spherical powder, and (b) an 

irregular powder (Kurzynowski et al., 2012) 

 

2.2.3 Laser and scan parameters 

2.2.3.1  Laser power, beam profile and beam energy intensity 

Some factors in the powder bed process are controllable such as the laser power, the laser 

focus position, and the beam energy density. Some factors are, however, not controllable 

such as laser efficiency, focal lens properties, and laser beam profile. Today the lasers used in 

SLM and DMLS processes are either a short pulse or continuous waves of laser energy. The 

continuous wave laser (CW) has a continuous laser output through the continuous excitation 

of the reactive medium where the energy output is theoretically constant. In this condition, 

the continuous stable power input received by the powder bed to be heated and can melt the 

powder continuously (Yadroitsev et al., 2007). On the other hand, in some SLM/DMLS 

processes, the laser energy is emitted in a pulse mode only by adjusting the exposure time 

and the distance between exposures. This kind of laser energy delivery is carried out such that 

the melt pool width and heat build up is minimised (Huang et al., 2016). 

In SLM and DMLS processes, the laser energy density Eρ, is an important factor, which 

affects the final quality of parts produced. More details about the effect of different laser 

powers on parts produced will be given in Section 3.1. The laser energy density is given by 

the equation 

Eρ =
P

νδ
 (

J

mm2)                                                                                                                2.1 

where P is the incident laser power (J/s), δ is the spot size of the laser beam on the powder 

bed (mm), and ν is the laser scanning speed (mm−s). 

The laser power, scanning speed, and beam spot size can be controlled via the process using 

machine control software.  Laser beam spot sizes on the powder bed are controlled by 
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adjusting the distance between the lenses in the beam expander and by setting the position of 

a lens. In addition, the change in the angle of incidence changes the laser spot geometry from 

circular to a large elliptical area, resulting in a reduction of the energy flux, (see Figure 2.7) 

(Steen and Mazumder, 2010).   In some powder bed systems, the beam offset is used to 

compensate for the laser beam focal diameter at the scanned section boundaries, as discussed 

in Section 2.2.1  (Steen and Mazumder, 2010).  

 

 

Fig 2.7: Schematic showing the change in the angle of incidence with a change in laser spot 

geometry. Reproduced from (Steen and Mazumder, 2010). 

 

2.2.3.2 Process scanning strategy  

The process parameters of SLM and DMLS can be controlled and varied to enhance the parts 

produced. Numerous studies focused on different input parameter have been carried out to 

improve the material properties, such as accuracy, density, mechanical properties and surface 

finish (Yadroitsev and Smurov, 2011). These studies’ controllable input parameters include 

scan direction, hatch distance, powder layer thickness, laser exposer time, point distance, 

beam offset and others. Table 2.2 and Figure 2.4 summarise some of these parameters briefly. 

Different scanning strategies are possible in metal AM processes, as seen in Figure 2.8. The 

microstructure, porosity level, surface roughness, residual stress and cracking in the 

completed metal parts are influenced by the laser scanning patterns (Li et al., 2014, Thijs et 

al., 2013, Aboulkhair et al., 2014). To control the fabrication of unwrapped and uncracked 

layers, and at the same time control the thermal gradient through the powder heating and 

cooling process. Different studies (Su et al., 2003, Dewidar et al., 2003) have investigated the 

relationship between the scanning strategies and the properties of SLM processed parts. For 

instance, Dewider et al. discovered that the adoption of different scan patterns culminated in 

different times which affected the microstructures obtained for the parts produced by laser 

sintering (Dewidar et al., 2003). To make a uniform distribution of energy inputs in SLM, Su 
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and Yang (Su and Yang, 2012) identified three types of overlap regime: intra-layer, inter-

layer and mixed, overlapping regimes with a coexistence of the first two categories (see 

Figure 2.9). Su and Yang found that the inter-layer overlapping regime could be found when 

the track space was less than 200 μm, which lead to a high relative density with the specified 

process parameters.   

 

 

 

Fig 2.8: The scanning strategy used in the laser beam melting process. (a) Scanned with long 

unidirectional vectors. (b) Extended bidirectional vectors. (c) first scanned with long 

bidirectional vectors in TD and secondly scanned with long bidirectional vectors in SD (d) 

scanned with island strategy with 90° rotation but without shift (e) scanned with island 

strategy with 90° rotation and a 1 mm shift between the layers. (TD = first layer direction, 

SD= second layer direction, BD= bidirectional) (Thijs et al., 2013) 
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Fig 2.9: Three types of overlapping regimes. (a) The intra-layer overlapping regime, (b) inter-

layer overlapping regime, (c) Mixed overlapping regime (Su and Yang, 2012). 

    

Scanning speed and hatch distance are key factors that can affect the laser energy density. It 

must be mentioned that a nominal laser energy density can be produced by a range of 

scanning speeds and laser powers. However, the absorption and back radiation of the laser 

combine with the laser scanning speed and power to affect the process of particle melting  

(Arısoy et al., 2016). The most important objective when controlling the energy density is to 

ensure that sufficient heat is absorbed by the powder densification without over-heating. High 

energy inputs can cause undesirable deformation of the parts through large thermal gradients 

and resulting thermal stresses. This can also cause the surface powder to start vaporising 

before a significant depth of molten material is achieved. Reducing the energy density input 

can be accomplished by increasing the scanning speed, increasing the hatch distance and 

reducing the laser power. The melt powder layer thickness decreases with increasing hatch 

distance; this thickness also decreases with increasing the scanning speed because of shorter 

interaction times (Arısoy et al., 2016, Savalani and Pizarro, 2016).   

 

Table 2.2: Summary of input process parameters for SLM and DMLS (Yadroitsev and 

Smurov, 2011) 

Input Parameters Description Input Parameters Description 

Exposure time  Determines the time of laser exposure into 

each point. 

Point distance  Each hatch line is divided into a series of 

points; point centres are separated by the 

point distance. 

Scanning speed   Defines the speed of the scanning laser. 

Layer thickness   Specifies the layer incremental distance 

during processing. 

Hatch type  Controls the scanning strategy such as 

scanning direction, re-melting scan,  etc. 

Hatch distance  Controls the distance between two adjacent 

lines of the scan. 
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The process parameters are important factors that need to be considered for the wetability for 

preventing balling phenomena. Balling is when melting is induced by the laser beam. In this 

process, the molten material rapidly consolidates into spheres with diameters approximately 

the same as the diameter of the laser beam, instead of consolidating into the previous layer. 

Previous work has revealed that the spherical structures increase in number with an increase 

in the laser power and a decrease in the scanning speed (Makoana et al., 2016, Olakanmi, 

2013). Dadbakhsh et al. also reported that the scanning speed plays a crucial role in 

determining or avoiding the balling phenomena shown in Figure 2.10. This process window 

reveals that high scan speeds combined with high laser power result in less balling attributed 

to the melt pool which rapidly solidifies behind the laser spot, while the length of the molten 

track remains to a suitable degree (Dadbakhsh et al., 2012a). Balling can also be reduced by 

appropriate high scanning speeds, even using the same energy density.  More details about 

balling is provided in Section 2.3.2. 

 

 

Fig 2.10: Process window for SLM of Iron-based powder in continuous wave operation 

(Dadbakhsh et al., 2012a) 

 

 

A range scanning strategies can affect the melt pool behaviour and material properties of the 

parts produced (Guan et al., 2013). A re-melting strategy is also used to re-melt the part 

surface to reduce the residual stress, porosity and the top surface roughness (Krakhmalev et 

al., 2014). To ensure effective re-melting occurs, control of the process parameters such as 



51 
 

input laser power and scanning speed is required. Figure 2.11 shows the difference between 

SLM only and laser re-melting of 316L stainless steel. The surface roughness value reduced 

to 1.5 μm, the microstructure was improved, and the amount of porosity was reduced by 90%  

(Yasa et al., 2011b, Hao et al., 2009). 

 

 

Fig 2.11: (a) Single pass melting; (b) laser re-melted part with 200 𝑚𝑚 𝑠⁄  and 95 W (Yasa et 

al., 2011b) 

 

2.2.4 Process environment 

During the fabrication in the DMLS and SLM processes, the gas chamber should be filled 

with a protecting gas to help minimise oxidation. Oxygen ( O2) can react with the molten 

material causing oxidation on the surface which will influence the properties of the parts 

produced. Oxidation during the process leads to a reduction of the molten material’s 

wettability, which can cause balling, porosity, tearing and delamination because of surface 

tension defects due to unsuccessful layer fusion (Gajalakshmi and Sriram, 2015); more 

details about these defects are given in Section 2.3. Some studies have focused on the effect 

of O2 through the SLM process (Louvis et al., 2011, Van Bael et al., 2012, Fetoni et al., 

2013). It is reported that the oxygen level within a SLM process should be less than 0.3% to 

help oxidation reduction.  

Different shield gasses can be used to fill the building area such as nitrogen (N2), helium (He) 

and argon (Ar). Argon is denser than air enabling an effective shielding for molten powder 

material (Campbell et al., 2013). Nitrogen can react and form nitrides with numerous 

elements such as chromium (Cr), manganese (Mn) and titanium (Ti) (Azman et al., 2014). 

Nitrogen cannot be used in fabricating carbon steel because it reacts with C and Fe, causing 

porosity in the parts produced. Helium is not usually used because it is lighter than air and it  
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is hard to protect molten material during the fabrication. In comparison to other gasses, Ar is 

widely employed in SLM processes due to its cost effectiveness and better densification 

results. On the other hand, Kurgan et al. in a study of powder metallurgy investigated the 

effect of the sintering atmosphere on the densification of 316L powder. They showed higher 

tensile strength but lower ductility were obtained with an N2 the atmosphere at 1300 ºC (see 

Figure 2.12) (Kurgan, 2013).  

 

 

Fig 2.12: Stress-strain curves for 316L stainless steel compacts sintered in argon and nitrogen 

atmospheres at 1300 ºC (Kurgan, 2013) 

 

Some previous work has reported that pre-heating the base plate can improve the surface 

roughness and the parts accuracy due to reduced thermal gradients and shrinkage. This is due 

to the requirement of less heat energy input by the laser to change the powder from a solid to 

liquid phase (Basak et al., 2016, McNutt, 2015). On the other hand, other research has 

indicated that pre-heating does not necessary improve the properties of parts as the pre-

heating temperature is only raised up to 100-250 ºC, while the melting temperature of the 

metal is above 1000 ºC (McDonald, 2015). Pre-heating the building substrate typically 

improves the flowability of powder as it reduces the moisture content of the powder as 

discussed in Section 2.2.2.3. 
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2.3 Specific defects in materials found in metal AM process 

Some common defects can be found in materials resulting from incorrect build strategies, 

process parameters, part orientation or insufficient powder quality, as discussed in Section 

2.2. Common metallurgical defects in DMLS and SLM processed metallic parts are porosity, 

cracking, surface roughness, and residual stress. 

 

2.3.1 Porosity 

This is a common defect in metal AM components, and it has a negative influence on 

mechanical properties. Porosity occurs as result of incorrect processing, poor powder quality 

or a solidification artefact, as shown in Figure 2.13 (Sames et al., 2014). Regarding powder 

induced porosity, pores of gas may form inside the feedstock of the powder through 

atomization (Gong et al., 2014). These pores of gas can translate directly to the as-built parts. 

Numerous studies (Gong et al., 2014, Yasa et al., 2011b, Li et al., 2010) have reported that 

porosity formation is controlled by the techniques employed. Pores created by processing 

techniques or incorrect processes are formed when the input energy is insufficient for 

complete melting or sputter ejection take place when energy input is high. Theses pores are 

usually non-spherical and have different sizes (submicron to macroscopic). To avoid a range 

of mechanisms that can cause pores, suitable process parameters must be selected. 

When the energy input applied to a region of powder is not sufficient, a lack of fusion can 

occur. Lack of fusion regions can be revealed by unmelted powder particles visible in or near 

the pore. When the energy input applied to an area of powder is too high, sputter ejection 

may happen in a process known as keyhole formation. In SLM, keyhole formation can be 

observed during the process that can produce a trail of voids over the operating region (King 

et al., 2014). Spatter ejection can be avoided by watching the process and adjusting the 

parameters while improving new processing strategies. Processed-induced porosity can also 

occur when the powder distributed into the processing surface has particles larger in diameter 

than the layer thickness, which is intended to consolidate into a layer of the correct height 

during the melting (Körner et al., 2013). Shrinkage porosity, sometimes known as ‘hot 

tearing’ occurs through solidification as a consequence of adequate metal feeding, or 

incomplete flow of material into the selected melt region. With optimised process parameters, 

process-induced porosity can be reduced to less than 1% in EBM and SLM (Vilaro et al., 

2011, Frazier, 2014, Svensson, 2009b); more detail will be given on the process parameter 

optimisation in Section 3.1.       
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2.3.2 Cracking, delamination, and swelling 

Defect creation depends on the process temperature. Microstructure cracking may happen 

through solidification or subsequent heating. Macroscopic cracks may relate to other defects 

such as porosity. Delamination leads to interlayer cracking. Swelling may be linked to a 

combination of surface tension and melt pool size when the process temperature is too high. 

These defects can be avoided by tightly controlling the process conditions, for more details 

see sections 3.1and 3.2.1. Also, microstructural cracking is material dependent, and the 

cracking may be unavoidable in some processing cases (Sames et al., 2014).  

 

 

 

 

Fig 2.13: Optical micrograph showing process induced porosity which is due to  lack of 

complete fusion, and gas induced porosity transferred from the powder feedstock (Sames et 

al., 2014) 

 

Various material-dependent mechanisms are leading to the formation of cracks in AM 

material (Carter et al., 2012). Solidification cracking occurs for some materials when the 

input energy applied is too high and emerges from the stress induced between solidified 

regions of the melt pool and areas that have yet to solidify. This type of cracking is caused by 

high strain on the melt pool or flow obstruction by solidified grains (Rickenbacher et al., 

2013).  Grain boundary cracking is cracking that occurs along material grain boundaries. It is 

dependent on the grain boundary morphology and the formation or dislocation of participate 

phases. Both solidification and grain boundary cracking occurs within the microstructure. 
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(Carter et al., 2012). These cracks may nucleate from other macroscopic defects such as 

delamination events, which are not related to excessive energy inputs (Kempen et al., 2013). 

 

Delamination is the separation of adjacent layers due to a lack of melting between the layers 

or insufficient re-melting of the underlying solid. The lack of fusion means defects will 

usually be localised within the interior of the part but can be minimised with post-processing. 

However, delamination cracking is macroscopic and cannot be repaired by post processing 

(see Figure 2.14 a), it is usually reduced by using substrate heating (Kempen et al., 2013). 

Excessive laser power can lead to overheating of the material which is mostly due to 

overhangs in the geometry, as seen in Figure 2.14b (Hussein et al., 2013). Swelling ‘is the rise 

of melted material above the plane of powder distribution, and occurs due to surface tension 

effects related to the melt pool geometry (see Figure 2.14c) (Sames et al., 2014). Recently, 

lattice structures have been discovered to support overhangs in geometries (Hussein et al., 

2013). Melt ball or balling formation, as defined in Section 2.2.3.2, is the solidification of 

melted material into spheres instead of wetting into the underlying parts (see Figure 2.14 d). 

Balling occurs due to surface tension, which is directly linked to the dimensions of the melt 

pool (Kruth et al., 2004). For instance, the melt pool transition from a wetting bed to spherical 

balling, occurs when the ration of length (l) to diameter (d) ratio is greater than 2.1 (l d⁄  

>2.1). However, these conditions are purely conjectural; depending on assumptions such as 

chemical homogeneity and smooth surfaces (Zäh and Lutzmann, 2010). 

Kruth et al proposed that the best way to address this phenomenon was by reducing the 

length-to-diameter ratio of the melt pool. Melt pool formation, as seen in Figure 2.14d, is a 

condition typically observed through material development. It occurs with higher 

temperatures or with lower temperatures alongside delamination (Kruth et al., 2004). 

Capillary and wetting forces have been recognised as contributors to both swelling and baling 

(Bauereiß et al., 2014). It could be difficult to identify the reasons for defects post-build, 

because one kind of defect may change the local heat transfer conditions and lead to the 

compounding of flaws. Moreover, the formation of porosity, which can lead to minimised 

thermal conductivity, causing swelling or melt pool formation on succeeding layers because 

of unexpected thermal resistance (Zäh and Lutzmann, 2010).    
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Fig 2.14: (a) Delamination cracking in SLM of tool steel (Kempen et al., 2013), (b) 

overhangs printed on the side of the Ti6Al4V part fabricated by EBM (Hussein et al., 2013), 

(c) swelling formation in SLM of 316L stainless steel (Sames et al., 2014), (d) balling 

formation in EBM 316L stainless steel (Kruth et al., 2004) 

 

2.3.3 Residual stress 

Residual stress is common in metal AM parts due to large thermal gradients that occur 

through processing, which negatively influences mechanical properties and lead to geometric 

distortion (Gnäupel-Herold et al., 2014, Sochalski-Kolbus et al., 2015, Brice and Hofmeister, 

2013). Residual stress remains in the material after the removal of an applied stress. When 

the stress exceeds the local ultimate tensile stress (UTS) of material, it may cause cracking or 

other defects. When the stress exceeds the local yield stress (σs) of material, it may cause 

plastic deformation or warping.  Residual stress occurs in metal AM either by differential 

heating of the solid or by differential cooling through and after solidification (see Figure 

2.15) (Kruth et al., 2004). Accordingly, in SLM manufacturing, residual stress has an 

undesirable effect on the final parts. Some methods can be used to relieve residual stress, 

mostly multiple laser scanning of layers, the base plate and the powder bed heating, and post 

processing or heat treatment. 
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Fig 2.15: Schematic of the cause of residual stress in an SLM process.  𝜀𝑡ℎ indicates the 

thermal strain, , 𝜀𝑝𝑙  indicates the plastic strain resulting from thermal strain exceeding the 

yield limit, 𝜎𝑡𝑒𝑛𝑠    indicates the tension stress, and 𝜎𝑐𝑜𝑚𝑝 indicates the compression stress 

(Kruth et al., 2004) 

 

Multiple scanning of laser or re-melting of one layer leads to a reduction of the remaining 

stress by 55% for some steels. Increasing the laser power during the second scan also relieves 

the stress (Manfredi et al., 2014, Zaeh and Branner, 2010).   

Powder bed and the base plate heating contribute to a reduced cooling rate, which leads to a 

reduction in residual stress. Experiments have shown that the residual stress of steel parts 

fabricated by SLM can be reduced by 40%, if the powder material and base plate are heated 

to 160 °C, which is comparatively small given the high melting point of steel is 

approximately 1500 ˚C (Manfredi et al., 2014, Shiomi et al., 2004).  

Heat treatment is another approach that is commonly used for conventionally produced parts. 

Heating a steel part built by SLM in the range 600 - 700 °C for an hour reduces the residual 

stress by approximately 70%, which can contribute to a reduction in the temperature 

gradients (Riemer et al., 2014, Manfredi et al., 2014). However, to apply all of these three 

techniques requires an increase in energy, which increases the environmental impact of a 

processed part.  

      

2.3.4 Surface roughness 

The surface roughness of the components typically concerns for machines operators. In some 

applications, however, this property is not an issue because the parts will be machined and 

post processed. Surface roughness has two different contributors as shown in Figure 2.16, (a) 

layer roughness or non-flat layer edges (b) the actual roughness of the metal surface due to 

unmelted/partially melted powder particles. The non-flat layer effect may be reduced by 

using smaller layer thicknesses. This negatively affects the build time because the layer 
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thickness dictates the division of the part into a number of layers. The actual roughness of a 

material depends upon the equipment producing the part. Direct energy deposition typically 

has large layer thickness, which tends to limit this technology to near net shapes. Near net 

shape (close to the desired part geometry) processing is different from conventional methods 

where the full bulk of part is machined to final geometry. PBF technology typically has finer 

resolution layer thickness, but is prone to satellite formation because of the sintering of 

powder at the edges of parts (50). SLM machines use smaller layer thickness and finer 

powder which lead to less surface roughness, but this may add to process time and cost, and 

may still require machining in critical applications.   Furthermore, a smooth surface is limited 

by the balling formation that can happen due to laser melting (see Figure 2.14d). The balling 

phenomena influence the SLM process because it leads to the creation of discontinuous 

tracks and is responsible for the non-uniform deposition of powder on the previous layers. 

This induces a possible delamination and porosity between the layers (Mumtaz and 

Hopkinson, 2009). Also swelling formation as shown in Figure 2.14c makes the part surface 

rough and a non-net shape. The surface roughness is also influenced by different parameters 

such as laser power, build orientation, scan speed and hatch spacing (Bacchewar et al., 2007). 

 

 

Fig 2.16: Schematics of surface roughness by (a) layer roughness and (b) actual surface 

roughness. 

 

 



59 
 

2.4  Summary  

Metal AM technologies have been employed to build more advanced metallic parts using 

several materials such as stainless steel, aluminium, nickel, titanium alloys, etc. The 316L 

stainless steel is low-cost and available, as well as their excellent mechanical properties such 

as high temperature oxidation, strength and corrosion resistance make it one of the main and 

the best material to focus under the title of this thesis. Ti6Al4V alloy also have a high specific 

strength to weight ratios, corrosion resistance and is extremely resistant to heat and wear, so 

they can be taken into consideration as being suitable for aerospace applications. Ti6Al4V 

has relatively high cost and this issue make it the best area to focus in AM, because one of the 

main benefits of the AM is enabling the designing and manufacturing of parts where the 

material is needed to resolving in, net shape and less material consumption than machining. 

Thus, the Ti6Al4V powder used in the SLM process is normally recycled and reused, to 

reduce the amount of raw materials needed, and increasing the sustainability of the SLM 

process.  

 

The controlled process parameters such as laser power, scan speed, focus position, beam 

energy density, etc play a critical role in the SLM and DMLS process to fabricate high 

quality aerospace components.some of these process are not controlable such as laser beam 

profile, focal lense properties and laser efficincy. The common metallurigical defects in SLM 

and DMLS processed metallic parts are residual stress, surface roughness, cracking and 

porosity, which required a suitiale process obtimisation to minimise them as discussed in 

chapter 3 Section 3.1.   
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3 Chapter 3: Development of Aerospace Metal Alloys 

Processed by AM 

 

Development of aerospace metal alloys may generate additional properties, either, reductions 

in weight for some parts, with the same properties in the case of structural materials, or, 

greater efficiency of the engine parts, as well as resistance to higher temperatures. The 

property improvement for aerospace metals reflects improved efficiency and has led to the 

high performance of the modern aircraft sector. Very recently, an economic driver to reduce 

carbon dioxide emissions, such as through increasing engine efficiency and reducing the fuel 

burnt, has been achieved by a reduction in the weight of aircraft and the reduced drag of 

components (King and Carey, 2009).  Moreover, the development of the processing and 

production of aerospace metal alloys has allowed the application of new parts and roles to 

improve the physical properties of these materials. 

This chapter discusses the necessary guidelines to successfully fabricate lightweight and bulk 

aerospace components from 316L stainless steel and Ti6Al4V, and addresses the comments 

of previous studies on the process control parameters to fabricate these materials. To provide 

guidelines how to optimize the process parameters, which improve material properties, and 

the important guidelines that must follow through the fabrication. Section 3.1 and 3.2 give an 

overview of AM techniques to produce high quality parts. Also, the recent and previous 

studies including the mechanical properties obtained with 316L stainless steel and Ti6Al4V 

AM process is discussed in Section 3.3. Section 3.4 addresses the development and previous 

studies of lightweight cellular structures made by AM. Finally, Section 3.5 and 3.6 present 

the conclusion of this chapter, which puts the important findings into perspective, formulating 

concrete goals and guidelines about this research, respectively.       

 

3.1 Process Parameter Optimization to Improve Material 

Properties 

To achieve effective mechanical properties, it is important to fabricate high-density parts with 

an optimal surface quality and to avoid defects during the process of parameters optimization. 

To optimize parameters, it is common practice to fabricate simple geometries such as cubes 

with varying laser power, scanning speed, hatch spacing, and layer thickness. Thus, each 

cube is fabricated with a different energy density. Thereafter, the cubes produced are 
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characterized where interior density, sub-surface density, and roughness are investigated to 

identify the corresponding parameters and right energy window. Energy density is a key 

factor in the laser process which is defined in Section 2.2.3.1 and equation 2.1. Sufficient 

energy density is needed to fully melt the powder particles of the layer being processed and 

the previous layer, to assure joining between successive layers and avoid lack of fusion, 

porosity, and cracks; excessive energy can lead to material vaporization, creating defects. 

Several studies have examined the effects of processing parameters on the part’s porosity, 

surface roughness and mechanical properties (Dadbakhsh et al., 2012a, Safdar et al., 2012, 

Bourell et al., 2011, Strano et al., 2013b, Mumtaz and Hopkinson, 2009, Song et al., 2012, 

Yang et al., 2012a, Yang et al., 2012b, Hao et al., 2009). These reports have studied the 

effective factors on the SLM process of 316L and Ti6Al4V alloys, including the material 

properties such as: particle shape and size, particle distribution, chemical composition and so 

forth. They have also included laser processing parameters such as: laser power, spot size, 

scan line spacing, scan speed and vector length.  For instance, Hao et al studied the effect of 

SLM parameters on the properties of 316L stainless steel (Figure 3.1) (Hao et al., 2009). The 

parts were manufactured using laser powers of 46.7, 53.3, 60.4, 67.2 and 73.6 W and 

scanning speeds of 0.125, 0.138, 0.154, 0.174 and 0.200m−s. Visual inspection, hardness 

tests, density measurements, microstructural examination and tensile tests were conducted. 

Their results found that the parts’ particles varied from slightly, to completely, melted in such 

a manner that, at a scanning speed of 0.154 m−s, the particles fabricated by a power of 29.6 

W were slightly melted; the parts fabricated using 39.9 W were partially melted and there 

were distinguishable necks between particles. The parts fabricated using 60.4 W were almost 

fully melted with small particles stuck on the surface. 

 

 

Fig 3.1: Set of 316L stainless steel samples fabricated with different laser powers and scan 

speeds (Hao et al., 2009) 
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Yasa et al. investigated the influence of different operating parameters for laser re-melting 

such as scan speed, laser power and scan spacing (Yasa et al., 2011a). Surface quality, 

microstructure, and density of SLM Ti6Al4V parts were also investigated. After each layer 

was fully molten, similar slice data were used to re-melt the layer. Their study concluded that 

laser re-melting is a promising method to improve the density and surface quality of SLM 

Ti6Al4V at a cost of longer fabrication times. Laser re-melting enhances the density by 

almost 100%, while the surface quality is enhanced by 90% after laser re-melting. Figure 3.2 

shows an example of the average roughness Ra of a Ti6Al4V alloy with standard deviations 

at different laser powers and scan speeds. It is clear that there is no simple relationship 

between laser power and surface quality (i.e, roughness) and porosity. Since this is still one of 

the major defects in current AM process, it is important that further work be done on 

understanding these complex interactions. 

 

Fig 3.2: Average roughness (Ra) of a Ti6Al4V alloy with a change in different process 

parameters. Where (P) is a power and (V) is velocity (Yasa et al., 2011a) 
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3.2 Important guidelines to design lightweight and bulk parts for 

metal AM 

These design guidelines are related to the SLM and DMLS processes. 

 

3.2.1 Holes and internal channels 

As mentioned in Section 2.3.2, designing holes in metal parts made by AM depends on the 

resolution of the metal AM machine. There are limits to the minimum and maximum hole 

diameters that can be built vertically and horizontally, respectively (Figure 3.3). For instance, 

the smallest vertical hole diameter for DMLS (EOS M 280) is 0.5 mm and for SLM (concept 

laser M1) it is 0.4 mm (Ghani et al., 2017). The acceptable range of circular horizontal hole 

diameters for the EOS M 280 process is from 0.5 to 6 mm without a support structure, while 

in the concept laser M1 process this is from 0.4 to 10 mm. For hole diameters above the 

maximum range, support structures are required, which can be difficult to remove in the case 

of non-linear holes. If the hole  is not required to be circular, in this case, there is possible 

option to design self-support structures by modifying the hole shape such as teardrop profile 

or many types of self-supporting profiles to minimize the overhang area (Figure 3.3c)  

(Leutenecker-Twelsiek et al., 2016).    

 

 

Fig 3.3: Schematics of (a) a round hole without a support structure, (b) a round hole above 10 

mm diameter with a support structure, and (c) a teardrop profile to avoid support structures 

(Leutenecker-Twelsiek et al., 2016) 

 

3.2.2 Wall thicknesses and height ratios    

Minimum wall thickness can vary depending on the material, machine and powder used. If 

the wall section is thin and not supported, this may cause buckling in the surface. For the 

concept laser M1 process the recommended minimum wall thickness is 0.2 mm and for EOS 

M 280 it is 0.35 mm (Calignano et al., 2016, LLC, 2013). On the other hand, it is important 
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to consider the height to width or diameter ratios when designing thin vertical walls or pins to 

avoid buckling or distortion. The recommended height to width ratio usually does not exceed 

8:1 for both SLM and DMLS processes (Adam and Zimmer, 2015).  

 

3.2.3 Minimum strut diameter, support structures, and build orientation 

Cellular lattice structures are key factors in reducing the weight of parts without reducing part 

strength, which is very important in aerospace and transportation industries. The minimum 

strut diameters for cellular lattices or support structures that can be achieved is usually 0.15 

mm (Soe et al., 2015). Support structures have some function such as supporting the part in 

the case of overhangs, preventing complete failure or warping and fixing the geometry to the 

building platform. Figure 3.4 shows the support structures on parts, based on different 

positions and directions. These support structures can be difficult to remove in some cases 

(Strano et al., 2013a).   

The parts’ orientation in the powder bed is an important factor and must be considered for 

quality and cost. Certainly, part orientation affects the build time, surface roughness, and a 

number of the support structures. For instance, the low number of layers minimize the build 

time. The minimal amount of support reduces the material consumed, and easy access to 

supports for remove.  Also, the best build orientation may reduce the surface roughness by 

reducing the staircase (Senthilkumaran et al., 2007), which is explained in more detail 

Section 3.2.4. 

 

Fig 3.4: Schematic showing the support structure through an AM part (Strano et al., 2013a). 
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3.2.4 Overhangs and surface finish  

Overhangs are a feature of parts without supports below them such as archways. An 

important rule when building parts layer-upon-layer is to avoid too low an overhang angle in 

the part to minimize the support structure. It is better to keep overhangs within the threshold 

that the machine of choice can produce if one type of overhang doesn’t fit with the range of 

the desired machine. Another type of overhang may be be used instead such as an angular, 

convex, or concave type as shown in Figure 3.5. There are different limitations to these 

overhangs types for each machine upon which they are built. The both EOS M 280 and 

concept laser M1 machines are capable of producing parts with a minimum value of 45° for 

angular overhangs, while for concave and convex overhangs, the radius is the limiting value 

(Caulfield et al., 2007, McKown et al., 2008). The complete concave or convex overhangs 

(which complete 90° of a circle) will be lower than the minimum overhang angle either at the 

tip for concave or the base for convex overhangs; they are too difficult to build at large sizes. 

Therefore better concave or convex overhangs are produced with a smaller radius, and the 

design should be oriented to reduce the amount of down-facing surface as much as possible 

(Matsumoto et al., 2002, Atzeni and Salmi, 2015).  

 

 

Fig 3.5: Three different types of overhangs; angular, concave and convex. Reproduced from 

(Caulfield et al., 2007) 

 

The surface finish is also likely to be different between build materials. The worst surface 

finish on a part appears on the down facing surface while the better surface finish on the up 

facing surface, as shown in Figure 3.3c. The up facing surface is a surface that is parallel to 

the substrate, which has the highest quality surface finish (Calignano, 2014). On the other 

hand, angled or curved up facing surfaces (not parallel to the substrate) have a staircase 

stepping pattern in some cases as shown in Figure 3.6. These steps are related to the layer 
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thickness since the metal AM is typically produced by a layer upon layer process. Similar 

steps are created for curved or angled down facing surfaces. Down facing surfaces are also 

parallel to the substrate and typically overhang, which need support structures beneath them 

during the build process (Yan et al., 2014b).     

   

 

Fig 3.6: Staircase structures formed during metal AM processing; (a) SEM micrograph of the 

concave strut and (b) a schematic illustration of the staircase in an SLM processing of the 

circular strut (Yan et al., 2014b) 

 

In brief, to take full advantage of AM design possibilities and limitations, design optimization 

is important to reduce the total number of parts, to ease fabrication, provide lightweight parts 

with functionality and for topological optimization, etc. For instance, topology optimization 

firstly minimizes the part into its basic functional requirements (functional surface, load-

case). Secondly, the minimum volume of parts produced is designed to sustain the load case. 

This is usually achieved by using topology optimization tools, which suggest the ability of 

geometries to sustain the loads with minimum volume. Finally, the optimized volume is 

redesigned in order to comply with the above design guidelines such as machines allowance, 

angular, orientations, etc. (Lindemann et al., 2015, Douter et al., 2017).   

 

3.3  Mechanical properties obtained with metal AM processes 

Several studies have published mechanical properties measurements of AM metallic 

materials. Previous literature also shows that most of the published works have focused on 

density, compression, tension and hardness, (Wang et al., 2015, Zhao et al., 2015, Seifi et al., 

2015, Challis et al., 2014, Facchini et al., 2010, Fu and Guo, 2014) with a few recent works 

focussing on fatigue and fracture toughness. This section will focus on the mechanical 

properties of powder bed fusion (PBF) processed 316L stainless and Ti6Al4V alloys using 
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different build strategies. The effect of specimens or build orientations on mechanical 

properties are documented using x, y, z designations according to the ASTM standard 

(ASTM, 2016), Different literature uses only vertical orientation (parallel to build direction) 

or horizontal orientation (perpendicular to build direction), while some literature uses two or 

three letters such as (xy, or xyz) to provide a complete orientation designation (Brif et al., 

2015). In this terminology, the first letter designates the axis parallel to the longest overall 

dimension. The second letter designates the second-longest overall dimension (Lu et al., 

2015, Markl et al., 2015, Mohammadhosseini et al., 2013). The third letter designates the 

third-longest overall dimension of the coupon. 

 

3.3.1 Tensile and hardness    

 Given the defects, microstructure, and complex crystal orientation, parts manufactured by 

PBF revealed different mechanical properties than casting or wrought parts. The PBF parts 

achieved high tensile strength, low ductility, and anisotropy related to build orientation. The 

tensile properties of the parts processed by PBF are comparable with wrought parts. Table 3.1 

reveals previous studies of tensile properties for 316L stainless steel and Ti6Al4V processed 

by PBF, and include hardness property data where obtained from the he literature. The 

ultimate tensile strength (UTS), yield strength, and hardness of the PBF processed 316L 

stainless steel and Ti6Al4V are higher than those of the cast or wrought alloys. The 

improvement in ultimate tensile strength, yield strength, and hardness is mainly attributed to 

the grain refinement in the PBF parts (Prashanth et al., 2014, Monroy et al., 2014). 

Conversely, ductility is slightly lower than that of the wrought or conventional product parts, 

and strong anisotropy is found in these two alloys. For strong anisotropy, some literature 

reported that the residual stress remaining in the parts causes the different mechanical 

properties associated with the building orientation (Vrancken et al., 2014). On the other hand, 

some literature has reported that the special microstructure of Ti6Al4V causes the anisotropy 

(Mertens et al., 2014, Shifeng et al., 2014, Leuders et al., 2014, Riemer et al., 2014). For 

instance, Mertens et al studied the mechanical anisotropy of two sets of Ti6Al4V specimens 

oriented perpendicular to each other in the deposition plan. They found the anisotropy of 

elongation between the x and y specimens was attributed to their microstructural difference, 

and to a tilt of the primary β with respect to the building orientation in the x samples (Mertens 

et al., 2014).  Vilaro et al also reported that anisotropy between samples oriented in the 

deposition plan or along the building direction could be attributed to the very strong 
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anisotropy of primary β grains that where elongated parallel to the building direction (Vilaro 

et al., 201). 

 

Table 3.1: Tensile and hardness properties of the PBF-processed and wrought 316L stainless 

and Ti6Al4V 

Material Machine and 

build direction 

Yield 

strength/MPa 

Tensile 

strength/MPa 

Elongation/

% 

Vickers 

Hardness 

References 

 

Ti6Al4V Wrought 828 897 15 342 (Frazier, 

2014) 

 SLM 990±5 1095±10 8.1±0.3 380 (Aerospace, 

2010) 

 SLM xy 1093±13 1200±8 6±0.7 360 (Cain et al., 

2015) 
zx 1120±22 1216 6±0.4 351 

 EOS 

M280 

 

zx 

1017±7 1069±7 12±0.5 NA (Greitemeier 

et al., 2016) 

 Concept 

laser M2 

x 1070±40 1200±40 5.5±1 NA (Qiu et al., 

2013) 
z 1050±40 1180±30 8.5±1.5 NA 

 Renisha

w 

AM250 

xz 879±5 1143±6 11.8±0.5 NA (Simonelli et 

al., 2014b) 
zx 967±10 1117±3 8.9±0.4 NA 

xy 1075±25 1199±25 7.6±0.5 NA 

316L 

Stainless 

steel 

Wrought 170-290 480-560 40 218 (Yadroitsev I, 

2009) 

Realizer M250 465 555 13.5 230 (Yadroitsev I, 

2009) 

  x 534±6 653±3 16.2±0.8 NA (Mertens et 

al., 2014) 
SLM y 528±4 659±3 16.6±0.4 NA 

 z 444±20 567±19 8±2.9 NA 

 EOS 

M270 

x-y 624 680 31 250 (Wang, 2011) 

z 520 561 19 275 

  x 534±6 653±3 16.2±0.8 256 (Mertens et 

al., 2014, Liu 

et al., 2014) 
SLM y 528±4 659±3 16.6±0.4 256 

 z 444±27 567±19 8±2.9 272 

 

The summary in Table 3.1 for PBF reveals orientation dependent values for ultimate tensile 

strength, yield strength, and elongation to failure for all of the as-built conditions. The 

reported elongations to failure are difficult to compare because of variances in the specimens’ 
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gauge lengths between the different investigations. The orientation dependent variances in the 

texture, microstructure, and defects contribute to some of these tensile property differences 

(Simonelli et al., 2014b).  They however become more important in the high cycle fatigue 

(HCF), fatigue crack growth (FCG), and fracture toughness studies (more details are given in 

Section 3.3.2). 

From Table 3.1 the PBF of Ti6Al4V exhibited features are presented (machine effects, 

orientation dependent properties) (Aerospace, 2010, Cain et al., 2015, Greitemeier et al., 

2016, Simonelli et al., 2014b). Highly non-equilibrium microstructures (e.g., martensite), 

along with essential residual stress, which increases the strength and reduces the elongation 

values, are possible in as-built Ti6Al4V. Also, the tensile specimens manufactured at 

different orientations exhibited very strong anisotropy, particularly in terms of their 

elongation. Previous researchers have reported the anisotropy between different build 

orientation specimens (Mertens et al., 2012).  They found that mechanical anisotropy could 

be related to the very strong anisotropy of the primary β grains that were elongated parallel to 

the build direction (vertical samples)  (Vilaro et al., 2011).  Post-processing such as heat 

treatment and the use of a HIP  can produce more desirable microstructures and reduce the 

amount of defects, e.g., isolated porosity, lack of fusion, residual stress, but this lead to extra 

cost that affects the process (Beuth et al., 2013, Gockel and Beuth, 2013, Gockel et al., 

2014).    

The average value of the tensile properties at three different orientations exhibited low 

ductility, see Table 3.1. For instance, Mertens et al. report that the x and y samples exhibited 

very similar properties, especially in ductility, whereas the z samples reveal lower strength 

and elongations (Mertens et al., 2014).  Their study concluded that this drop in the 

mechanical properties in the z samples’ orientation can be attributed to their high volume of 

‘lack of melting’ defects, and the increased number of pores. Two different types of porosity 

were observed. Spherical pores associated with the gas bubbles. Larger and more elongated 

pores were located between melt pools corresponding to two successive layers. These 

elongated pores remain rare in the x and y specimens. 

 

3.3.2 Fracture toughness 

The majority of fracture toughness values that have been reported in literature are not valid 

because the thickness requirements for such measurements are not met for PBF of 316L 

stainless steel and Ti6Al4V (Seifi et al., 2015). For instance, equation 3.1 shows the validity 
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check method after the stress intensity factor 𝐾𝑄 is determined. If the plain strain condition is 

valid for the test, the fracture toughness is considered as KIC= KQ. This method was exactly 

used for the conventional material test (Marsavina and Linul, 2010), where  a is the crack 

length,  B is the thickness, W is the width (= 2B), and σys is the yield strength.  

 

a, B, (W − a) ≥ 2.5 (
KQ

σys
)

2

                                                                      (3.1) 

 

Therefore, directly comparing fracture toughness values between different works is difficult 

because a few of the reported fracture toughness values were valid to meet the plain strain 

conditions for a valid 𝐾IC determination. . Measurements in the majority of studies are for a 

non-plane strain condition and inflate the values of KIC due to a plain stress condition.  

Table 3.2 summarizes some fracture toughness KIC values obtained for 316L stainless steel 

and Ti6Al4V processed by PBF, again using different orientations x, y, z as discussed in 

Section 3.3.1. The Ti6Al4V processed by SLM reveals fracture toughness value below those 

of conventionally-manufactured Ti6Al4V (Seifi et al., 2015, Seifi et al., 2016a, Welsch et al., 

1993) and exhibits orientation dependent values and strong effects of machine type. The low 

values of fracture toughness were due to a combination of significant residual stress, 

nonequilibrium microstructures, and process induced defects (Dahar et al., 2015).  The 

highest reported toughness values for Ti6Al4V in Table 3.2 belonged to the EBM Arcam 

process (96 MPa m1/2), while the Realizer MTT250 and EOS M280 exhibit the lowest values 

of toughness. This may be attributed to the ability of EBM to produce very dense parts and 

operate in a vacuum environment to minimize oxidation. Moreover, the preheating the 

powder bed in EBM processes lead to reduce the residual stress of parts (Becker et al., 2015, 

Cain et al., 2015, Edwards and Ramulu, 2015). In contrast, the EBM Arcam A2 process 

(Seifi et al., 2015) reveals higher toughness values for Ti6Al4V. A very recent study by Seifi 

et al. reported that texture, microstructure and the number of defects vary with different 

machines, build orientations, and locations, thus affecting the magnitude of fracture 

toughness (Seifi et al., 2016b). Figure 3.7 reveals the evident defects that are perpendicular to 

the build direction samples, which contribute to the orientation fracture toughness values. 

Figure 3.8 shows the large electron backscatter diffraction (EBSD) scan used to produce 3D 

images of the as-built sample. The microstructural variances along and perpendicular to the 

build direction contribute to decreasing the fracture toughness values. The defect that is 

evident perpendicular to the build direction in the sample likely contributes to the orientation 
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dependent toughness value. Figure 3.8 clearly reveals the crack path which propagated 

perpendicular to the β grains (Seifi et al., 2016b).  On the other hand, the fracture toughness 

of 316L stainless steels manufactured by the PBF process are based on Charpy V-notch 

impact toughness tests because the available literature on fracture toughness of 316L stainless 

steel is limited. Based on the limited literature in Table 3.2, it can be seen that the 316L 

stainless steels manufactured by PBF generally have lower toughness  compared to 

conventionally produced parts (Kruth et al., 2010, Tolosa et al., 2010). In conclusion, to 

improve the toughness values, stress relief, heat treatment or HIP post processing could 

enhance the toughness values by reducing residual stress, by generating preferable 

microstructures, and by reducing induced process defects (Zhang et al., 2009, Qiu et al., 

2013).  

 

Table 3.2: Fracture toughness of 316L stainless steel and Ti6Al4V manufactured by PBF 

process, * joules units 

Material Machine and build 

direction 

Fracture toughness 

(MPa m1/2) 

References 

Ti6Al4V Annealed 75 (AMS, 2015) 

SLM xy 28±2 (Cain et al., 2015) 

xz 23±1 

zx 16±1 

 SLM 

MTT250 

xy 66.9±2.6 (Edwards and Ramulu, 

2015) 
xz 64.8±16.9 

zy 41.8±1.7 

 EOS 

M280 

xy 37.5±5 (Becker et al., 2015) 

 EBM 

Arcam 

xy 96.9 (Svensson, 2009a) 

zx 78.1 

 EBM 

Arcam 

A2 

xyz 68.8 (Seifi et al., 2015) 

xzy 76 

zxy 79 

316L Stainless steel Wrought 112-210 (Maloy et al., 2001). 

 SLM 60* (Kruth et al., 2010) 

 SLM 56.8* (Tolosa et al., 2010) 
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Fig 3.7: Defects evident on the fracture surface of EBM Ti6Al4V toughness specimens tested 

in zx direction; (a) low magnification (b) high magnification images (Seifi et al., 2016b) 

 

 

 

 

Fig 3.8: Large-area of Electron Backscatter Diffraction EBSD of a PBF (EBM) produced 

Ti6Al4V specimen showing crack growth direction perpendicular to β grains and build 

orientation. Taken from reference (Seifi et al., 2016b)  
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3.3.3 High cycle fatigue and fatigue crack growth 

As discussed in Section 3.3.2, process-induced defects and microstructural variations can 

affect the toughness and tensile properties. However, such defects along with residual stress 

and surface roughness can obscure microstructural effects (Kobryn PA, 2001). They can also 

dominate the cyclic behavior and degrade the HCF performance by providing potent fatigue 

initiation sites along with harmful residual stress (Kobryn PA, 2001). A recent review 

summarized the stress-controlled fatigue behavior of SLM, DMLS, EBM, and DED- 

processed Ti6Al4V (Lewandowski, 2016). This review also covered the effects of defects 

(e.g., as a built vs HIP), and surface roughness (e.g., as a built vs machined) in comparison to 

wrought Ti6Al4V with machined surfaces by Li et al (Li et al., 2016). Li et al reported that 

Orientation dependent fatigue behavior resulted and the properties were enhanced with 

polished and machined surfaces. Poor performance in comparison to the data collected in 

their study was expected to result from defects produced during the process. In addition, Li et 

al. indicate that strong improvements in fatigue data were found by machining the as built 

surfaces after optimization of the PBF process for Ti6Al4V. The variance in laser process 

parameters generated either a fine α microstructure or martensitic microstructure. A fine α 

microstructure resulted in superior fatigue performance compared to martensitic 

microstructures (Li et al., 2016, Fodran E, 2015). 

Figure 3.9 displays the fatigue properties of SLM manufactured 316L stainless steel and 

Ti6Al4V parts. The fatigue properties of SLM processed parts are lower than those of the 

wrought alloys by 77% (Spierings et al., 2013). Furthermore, the fatigue properties in 

different orientations of the parts yielded anisotropy. The amount of porosity in parts 

produced was the key contributor to the decreasing fatigue life, and the surface roughness and 

residual stress needed to be improved for a better fatigue performance. From Figure 3.10 𝐾t 

is the theoretical stress concentration factor and R is the ratio of minimum stress and 

maximum stress through the loading procedure (Spierings et al., 2013, Edwards and Ramulu, 

2014).       
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Fig 3.9: Fatigue results for SLM processes (a) max stress vs cycles to failure and S-N curve 

of Ti6Al4V samples built at different direction with and without post treatment (R= -0.2, Kt= 

1.0) (Edwards, 2014), and (b) max stress vs cycles to failure and S-N curve of 316L stainless 

steel, with and without post treatment (Spierings et al., 2013) 

 

 

3.4  Development of lightweight structures 

One of the largest potential areas that can gain from AM is using a lightweight, cellular 

lattice structure. This is due to their low weight, the use of less material, and a reduction in 

the energy consumed through manufacturing. The manufacture of these lightweight cellular 

structures from high strength light alloys offers a high strength internal structure 
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accompanied by low mass (Chu et al., 2008). These lightweight structures can provide good 

energy absorption and good thermal and acoustic insulation properties (Gibson and Ashby, 

1999). Recently, different types of lattice structures have been designed and manufactured 

using AM as seen in Figure 3.10. These structures had different cell types, sizes, and volume 

fractions for specific applications, as well as improving the weight to stiffness or strength 

ratio of the cellular structure (Evans et al., 1998, Hussein et al., 2013, Yan et al., 2012). For 

instance, Hussein et al. studied the mechanical properties of advanced lightweight cellular 

structures in 316L stainless steel SLM processes and their application as low-density support 

structures for internal and overhanging geometries. The most suitable cell structure for metal 

AM is a curved beam or strut, as it has little change in the subsequent layers through the 

build. This continuous curve in the strut or beam allows the part to be self-supporting through 

the build (see Figure 3.10) (Hussein et al., 2013, Yan et al., 2012). 

 

 

Fig 3.10: Different cell types; (a) Schwarz's Primitive (left), and (b) Diamond (centre) and (c) 

Schoen's Gyroid (right) (Hussein et al., 2013,) 

 

 

3.4.1 Mechanical Properties of Lightweight Structures 

The most common properties measured for lightweight structures are the yield strength, 

Young modulus, and energy absorption. (Yan et al., 2015). It may be very hard to 

experimentally describe the mechanical behavior of different shapes of cellular structure with 

a wide range of cell sizes, cell orientations, and volume fractions. A unified mathematical 

model that can predict the properties of large cell sizes and volume fractions and can 

characterize them with less experimental testing would be useful to direct the selection of 

cellular structures for particular applications (Marsavina and Linul, 2010). The Ashby and 
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Gibson model that has been developed since 1997 is the model that is most commonly used 

to predict the mechanical behavior of porous structures with reasonable accuracy. This model 

is based on the cubic unit cell, where the deformation is controlled by the bending of the 

individual struts within the unit cell. It is also useful when a few experimental data on the 

density effect are available as this can be used to improve the accuracy of the model. Of 

course, there are different cell shapes, often more complex than the cubic cell. If they 

however deform and fail by the same mechanisms, their properties can be understood using 

dimensional arguments which omit all of the constants arising from the specific cell 

geometry. The Ashby and Gibson model uses a simple dimensional approaches to 

characterize the mechanical behavior in terms of the strut dimensions that are related to the 

relative density of the cell  
ρ∗

ρs
 , which is equivalent to the volume fraction (Gibson et al., 

1997). Where ρ ∗ is the density of strut, and ρs  is the density of materials. 

 

3.4.1.1  Gibson and Ashby model comparisons with data for mechanical properties of 

cellular structures 

In terms of fracture toughness, a brittle fracture in tension is quite low compared with that in 

compression. In tension, it fails due to the propagation of the single crack; in compression, 

the cellular or foam crushes progressively. Brittle cellular foams are linear elastic in tension 

right up to fracture, so tensile failure can be treated by the techniques of linear elastic fracture 

mechanics (Gibson et al., 1997). Eq 3.2 gives an expression for the fracture toughness of the 

foam, 𝐾IC in terms of the fracture strength of the cell walls, 𝜎𝑓 ,  the relative density, 
ρ∗

ρs
 , and 

C8 a constant (= 0.65) . 

 

KIC = C8σf √πl   (
ρ∗

ρs
)

3
2⁄

                                                                             (3.2) 

 

Brezny and Green also have investigated Young’s modulus, strength and fracture toughness, 

of brittle reticulated vitreous carbon foams and compared them to the theoretical model. The 

fracture toughness and Young’s modulus were found to be independent of the cell size. They 

concluded that a fracture mechanics approach (Eq 3.2) best describes the tensile properties of 

brittle cellular materials. The model was found to accurately describe the toughness behavior 

of these materials once the variation in strut strength with cell size was incorporated into the 

analysis (Brezny and Green, 1990). Furthermore, Kucherov and Ryvkin have studied the 
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brittle fracture behavior of perfect open cell Kelvin foams. The  result found for mode I  

agreed with the experimental data and theoretical predictions  of Ashby and Gibson 

(Kucherov and Ryvkin, 2014). In general, various studies have reported the mode I fracture 

toughness of carbon and aluminum foams experimentally using SENB samples. These tests 

were similar to ASTM E 399-90 plain strain fracture toughness experiments. The results of 

these tests were compared with the finite element and Ashby and Gibson micromechanics 

model to study the variation of fracture toughness as a function of the solidity of the foam. 

The studies found that a micromechanics simulation can be a powerful tool in predicting the 

fracture behavior and crack propagation in the foams and in other cellular solids (Olurin et 

al., 2000, Marsavina and Linul, 2010, Choi and Sankar, 2003).   

On the other hand, Yan et al. have used the Gibson and Ashby model to estimate the 

compression stiffness of a different relative density of DMLS produced AlSi10Mg gyroid 

cellular lattice structure.  They found that the model fitted perfectly with the experimental 

data (Yan et al., 2015). Different studies by Yan et al. and Hussein et al. used the Gibson and 

Ashby model to estimate the compressive modulus and strength of cellular lattice structure of 

616L. It was found that there are small differences in theoretical and experimentally tested 

values, and they attributed this to the residual stress inherent to the SLM manufactured 316L 

stainless steel parts and the roughness of the strut surface (see Figure 3.11) (Hussein et al., 

2013,Yan et al., 2014b)  

 

 

Fig 3.11: Comparison of experimentally tested and Gibson and Ashby model estimated 

results: (a) compressive modulus, and (b) compressive strength as a function of the relative 

density (Yan et al., 2014b) 
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3.5 Summary 

Additive manufacturing delivers many benefits if compared to conventional production. 

Some of these advantages have been stated in Section 1.2. AM has great potential for 

manufacturing metal parts with complicated geometries, as well as being associated with 

rapid solidification phenomena, through the short time period of laser-material interaction 

and the quick movement of the laser after solidification. Current research into the SLM and 

DMLS processes have focused on either titanium or stainless steel alloys since these metal 

powders are relatively easy to use. Some work has been done on these metals and their use in 

the SLM/DMLS process. This has been done in order to investigate the effect of parameter 

processes, the environment and post-processing treatments on the parts produced. In addition, 

the influence of adding alloying elements and their composition on consolidation is one of the 

major problems that became evident during processing. These major problems are the limited 

surface quality and the residual porosity in SLM/DMLS parts which may be undesirable for 

some applications where fatigue resistance and high strength are essential. 

From previous literature, some aspects of the modeling of cellular materials’ methods were 

thus discussed and were compared to the experimental testing of foams’ fracture toughness. 

This means that methods and procedures are available for the estimation of the mechanical 

behavior, especially fracture toughness of AM metal cellular structures which have not been 

reported previously. In additional, a limited information regarding the FCG and the fracture 

toughness of 316L stainless steel manufactured by AM. This information is based on Charpy 

V-notch impact toughness test and need to address in more details. The mechanical properties 

values of the previous literature on the AM parts produced need to be improved in 

comparison to conventional process parts produced. 

 

3.6 Definition and Aims of the research  

This research investigates the manufacturability and mechanical properties of high strength 

low alloy metals produced using AM. The study includes the microstructure and mechanical 

properties analysis of bulk and lightweight cellular structures made of Ti6Al4V and 316L 

stainless steel in different build directions. This study wills contribute to new knowledge on 

mechanical properties, especially on the fracture toughness and FCG properties of 316L 

stainless steel in different build directions. Additionally, the fracture toughness and tensile 

strength of lightweight cellular structured 316L stainless steel in different building directions 

and with different cell sizes will be investigated. These mechanical properties will help 
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designers to choose the appropriate build direction, cell size and volume fraction to suit the 

requirements of aerospace applications. Further this study will contribute to an understanding 

of the mechanical behaviour, especially in regard to the fracture toughness of cellular 

structures with different cell sizes and different build orientations. The fracture toughness and 

tensile properties of cellular structure made by SLM in different build directions will be 

compared with Ashby and Gibson micromechanics models. This comparison will help the 

researchers to use this model to predict the fracture toughness and tensile strength properties 

of cellular structure made by AM without need to experimental tests, and give a confidence to 

the designer to use and tailor their properties to specific applications.  
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4 Chapter 4: Materials and Experimental Methods 

 

This chapter describes the equipment, methods and procedures used during the experiments 

carried out in this research. The material powders and experimental procedures used to 

produce the samples by SLM and DMLS process as discussed in Section 4.1, 4.2 and 4.3, 

respectively. Section 4.4 illustrates the post-processing steps used for the bulk and cellular 

structures parts such as wire-EDM cutting, Air/bead blasting operations, and specimen’s 

preparation. Section 4.5 also describes the setup procedures for the equipment and the tests 

which were applied to measure and the products’ performance and the microstructure 

examination, which presented in Section 4.5. The conclusion is presented at the end of this 

chapter (Section 4.6). 

 

4.1 Powders material   

4.1.1 Ti6Al4V 

The different alloys of titanium commonly available, their nomenclature and compositions 

are set out in Chapter 2 (Table 2.1). Titanium (Ti6Al4V) was used in this study. The decision 

to use Ti6Al4V alloy in this PhD project was based on the material properties that make it 

suitable for aerospace applications, such as withstanding high temperatures and a high 

strength to weight ratio (Polmear, 2006a). In addition to this, there is more research need to 

be done that considers how to improve the performance and mechanical properties of the 

material. Since the titanium powders can be manufactured by AM technology, so the AM 

technique was found to be suitable for producing solid parts by laser melting or sintering, this 

material was also deemed appropriate to this project. However, the application of titanium 

could be increased by an improvement in the production and manufacturing of the material, 

to achieve the aerospace application standards and requirements.  Therefore, an additional 

investigation of its behaviour and properties is required. 

The powdered Ti6Al4V was supplied by the AM research group in Chongqing University, 

China, who collaborate with the University of Exeter. They also supplied the composition 

data in Table 4.1, and the images in Figure 4.1 to confirm particle composition and size 

distributions. The diameter of the titanium powder was measured across approximatelty 150 

particles in the SEM, given an average particle size of 28 μm, and as seen in Figure 4.1. The 

composition of the Ti6Al4V as supplied falls into the usual range (see Table 4.1).  
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Table 4.1: Chemical composition of Titanium (Ti6Al4V) powder (via Chongqing University) 

 Ti-6Al-4V Ti C Fe N Al O V H Y Other 

Weight % 
balance 0.08 0.03 0.05 

5.5-

6.75 
0.20 

3.5-

4.5 
0.015 0.005 0.40 

 

 

 

 

Fig 4.1: Typical SEM images of Ti6Al4V powder, (a) scale bar is 200 m, and (b) scale bar 

is 50 m (courtesy of Chongqing University, China) 

 

4.1.2  316L Stainless Steel 

Recently, stainless steels have been one of the several common materials used in AM 

processes. This steel is also used in aerospace applications (Jerrard et al., 2009, Eisen et al., 

1998).   The decision to use stainless steel in this research because is the most material used 

in SLM technology recently due to its cost effectiveness, safety, and ease of processing. 

These advantages are key factors to investigate this material and improve their properties. 

Some previous research has been done on this material (see Chapter 3). On the other hand, 

there is still a lack of detail about the toughness properties of parts made by SLM. Some 

research questions also need to be addressed further, such as; new capabilities to understand 
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the consolidation mechanisms, the microstructures of parts produced by SLM in different 

building directions and their effects on their fatigue life and toughness properties. The 316L 

stainless steel used for this research was supplied in the form of powder (Concept Laser Ltd, 

German). Before the SEM was used to analyse the particle size distribution and geometry, as 

seen in Figure. 4.2. The particle size of the 316L stainless steel powder was analysed and 

measured across approximatelty 150 particles in the SEM, giving an average particle size of 

25 μm. The elemental composition of the powder reported in Table 4.2 in wt.% was 

confirmed by Concept Laser Ltd. The powder showed no signs of agglomeration based on the 

SEM images (see Figure 4.2) which would prevent them from being easily deposited during 

the experiments. 

 

Table 4.2: Chemical composition of 316L Stainless Steel powder (confirmed by Concept 

Laser Ltd, Germany) 

Element Fe Cr Ni Mo Mn Si P  C S 

Max 

Typical 

Balance 18.5 

16.5 

13.0 

10.0 

2.5 

2.0 

2.0 

0 

1.0 

0 

0.045 

0 

 0.030 

0 

0.030 

0 

 

 

 

Fig 4.2: Typical SEM micrographs of 316L stainless steel powder, (a) at low magnification, 

and (b) high magnification 
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4.2 CAD software, SolidWorks, and SimpleWare  

The standard manufacturing technique starts by generating a CAD model. This can be 

prepared by any method, so long as the file can be read or translated by the machine used. 

Presently, the de facto file format for AM is the STL file. STL, originally an abbreviation of 

‘stereolithography’, is now treated as a backronym standing for ‘standard triangle layout’ (or 

an equivalent nomenclature), which is converting a CAD file into an STL translates it into an 

approximated surface model consisting of linked triangles. After created the CAD model, 

then processed by software running the AM machine. This involves digitally slicing the 

model into discrete layers that typically different from 20 to 100 μm (Yan and Gu, 1996); 

each layer then translated into machine code. 

In this study, SolidWorks and SimpleWare software were used in this research to design and 

generate the samples. SolidWorks was utilised for the bulk materials samples, and 

SimpleWare was used to generate the lightweight cellular structure samples. These software 

packages generate high-quality 3D models from image data and are suitable for a range of 

design uses. The resulting models can then be exported as STL files to a 3D printing machine 

as mentioned above. These software packages have been used extensively for applications for 

different materials. All the bulk samples were designed in various xz, yx and zx directions in 

which the samples that were designed in the zx direction are also described as being 

“parallel” to the build direction. The ones in the xz and yx direction are “perpendicular”, 

according to the ASTM for samples designation at different build direction (Brif et al., 2015). 

The lightweight samples were designed in two directions; i) parallel to the build direction and 

perpendicular to the build direction. 

 

4.3  Machine setup and processing apparatus 

4.3.1  EOS M280 –DMLS Machine 

The SLM Ti6Al4V specimens were manufactured using a commercial DMLS machine (EOS 

M280, GmbH Electrooptical Systems Ltd), which melts the fine metal powder and builds up 

the parts layer-by-layer, as shown in Figure 4.3. More details about DMLS process were 

given in Section 1.4. The parameters used in these machines are specified in Chapter 5, 

section 5.2. 

Figure 4.4a, shows a close-up view of the open processing chamber, with a build chamber 

area of 250 ×250 mm2.Parts can be built to a height of 325 mm, and the EOS M 280 has a 
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scan speed of up to 7.0 m s-1. The visual practice of the DMLS process in the act of the laser 

melting of samples can be seen in Figure 4.4.b.  

 

 

Fig 4.3: The DMLS machine at Chongqing University 

 

 

Fig 4.4: (a): Close up view of the build chamber. (b) An example of the DMLS process in the 

act of laser melting the samples. 

 

Laser 

The laser in the EOS M280 is a fibre laser, operating continuously at 1060-1100 nm 

wavelengths; pulsed modes are not available. The laser emits a laser beam which is guided by 

an optical fibre, a beam expander optic, the scanner mirrors and a focusing objective. All 

optical surfaces have special coatings to guarantee effective beam guidance. The nominal 
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powers are from 200 W to 400 W. The laser beam’s diameter at the building area is variable 

from 100 μm to 500 μm, the size being manually selected depending on the material being 

used.  

Laser scanning     

A scanner is a high-speed unit comprising a precision galvanometer scanner with temperature 

compensation, actively cooled ultra-high reflection mirrors, integrated servo and interface 

electronics, digital data transfer from the system's control computer and digital signal 

processing. It also incorporates an integrated home-in sensor, which detects and corrects any 

scanner drift at regular intervals. The high positional stability of the laser beam is thereby 

maintained, even under varying environmental conditions or with high thermal loading due to 

long exposure times and large building jobs. The EOS M280 DMLS machine has a scanning 

strategy for separate layers that begins at the front left corner of the part and builds vertically 

towards the back. The routine of scan alternates, for instance; the first layer is in the x-

direction and then the second layer in the y direction, and so on.  The ZIGZAG scanning 

strategy was set up and carried out for all of the specimens to obtain parts with good 

metallurgical bonding, microstructure and to improve the density (Chen et al., 2017, Qi et al., 

2007). Figure 4.5 shows the schematic pattern of the scanning strategy for single and additive 

layers.  Fill line offset and scan line offset are boundary scanning parameters to improve the 

precision and quality of the borders. Scan line offset was used to compensate where partial 

milling had taken place at the boundary. Fill line offset was used to correct sample 

dimensions and improve the quality.  

 

 

Fig 4.5: a schematic of a typical scanning strategy 
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4.3.2 M1 Cusing Machine 

The samples for investigation were fabricated using a commercial SLM machine (M1 Cusing 

Metal laser melting machine available at Concept Laser – ES Technology Ltd.) see Figure 

4.6. The M1 Cusing machine has a build area of 250 × 250 mm2 and can build to a height of 

250 mm.  

 

Fig 4.6: The M1 Cusing machine at ES Technology Ltd 

 

Laser 

The laser in the M1 CUSING machine is a fibre optic system, operating continuously at a 

wavelength of 1060 nm; pulsed modes are not available. The nominal power is 200 W, the 

focusing diameter is in the range 50 – 200 μm and the sizes are manually selected depending 

on the materials that are being used. The process parameters used for this machine are 

specified in Chapters 6 to 9, Sections 6.2, 7.2, 8.2, and 9.2. 

Laser scanning     

The M1 CUSING machine has a high-speed scanner unit comprising a precision 

galvanometer scanner with temperature compensation, actively cooled ultra-high reflection 

mirrors, integrated servo and interface electronics, digital data transfer from the system's 

control computer and digital signal processing. The exposure area is 250 mm × 250 mm2 and 

an exposure speed up to 7000 mm s-1. The M1 CUSING machine has a scanning strategy for 

separate layers (scanned with island strategy with 90° rotation) that begins in the front left 



88 
 

corner of the part and is built vertically towards the back. The routine of scanning in an 

alternating fashion is completed, for instance by forming the first layer in the y-direction and 

then the second layer in the x-direction, and so on.  These scanning strategies were carried 

out for all specimens. The schematic pattern of the scanning strategy for single and additive 

layers can be seen in Figure 4.7.  This strategy is better for the M1 Cusing system than the 

zigzag that was used in DMLS system, Section 4.3.1 because of less rippling of molten 

material which effected the surface roughness of the parts produced. Both strategies were 

used to reduce the anisotropy.  

 

 

 

Fig 4.7: Schematic of the scanning strategy using in the M1 Cusing Machine 

 

Inert environment control 

  The M1 CUSING machine uses Nitrogen gas inside the chamber, which is maintained by a 

simple inlet valve which can monitor the rate of gas flow, while the EOS M280 DMLS 

machine uses Argon gas, which is pumped into the processing chamber of the DMLS 

machine to reduce the air pressure. In both machines, the pressure (and the oxygen) is read by 

an internal sensor plus an analogue gauge that is attached to the outside of the build chamber. 

The internal gas was also constantly filtered to remove volatile powder particles and 

vaporised material. It should be noted that the oxygen level was kept below 0.8% in all 

circumstances. 
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4.4 Post Processing 

4.4.1 Wire-Electric Discharge Machine (Wire – EDM) 

A Wire-Electric Discharge Machine (EDM) was used to remove the samples from the base 

plate and the support structure. In this, a thin strand metal wire, usually brass is fed through 

the workpiece which is either submerged in a tank of electric fluid or electricity is supplied 

through the nozzle. The Wire-EDM is typically fed from a spool and is held between the 

lower and upper diamond guides. Through the inherent properties of the process, the wire-

EDM can easily machine parts with complex shapes. The phenomenon of erosion is the same 

in the wire-EDM process, however; and the tool electrode takes the form of wire, typically 

100 to 300 μm in diameter. Wire-EDM is used when low residual stress is desired, due to it 

not requiring the force needed to remove material. The dimensional accuracy of the samples 

will not be affected if machining takes place after heat treatment.  

 

4.4.2 Specimens preparation 

Specimen preparation comprises different steps. The first step in the sample preparation 

process is grinding by a number of sand papers to remove the rough surface after cutting. The 

second stage is polishing with very smooth cloths and different grades of liquid to polish 

from 9 to 1 μm. The liquid polishes help to absorb the friction heat and dilute the lapping 

residue of the laser during the work. Metallographic etching was carried out for the 316L 

samples in a solution containing 122 ml alcohol, 122 ml hydrochloric acid, and 6 ml nitric 

acid for 5 to 10 second. Rinsed thoroughly in clean water and blown dry with clean 

compressed air (etchant procedure repeated two -three times).  The Ti6Al4V specimens were 

etched in a solution containing 2 ml hydrofluoric acid, 6 ml nitric acid and 96 ml distilled 

water for 1-2 minutes. Rinsed thoroughly in clean water and blown dry with clean 

compressed air (etchant procedure repeated two times).  The etched preparation was used at 

room temperature according to a standard method (ASM Handbook) to characterise the 

surface morphology and microstructural features of the specimens (Vander et al., 2004, 

Gammon et al., 2004). 
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4.5 Experimental Measurements and Characterisation  

4.5.1 Density and porosity measurements 

The densities of the samples were calculated by determining their volume and mass 

(mass/volume). Also, Archimedes’ Principle was used to determine the density of the 

samples. Averages of five samples for each build direction were measured by both methods. 

After careful metallographic preparations were made, such as polishing, micro CT scan 

images were used and analysed to determine the area fraction of porosity. This can be 

equated to the volume fraction of porosity and equal to the porosity calculated by the actual 

measured density (ASM, 1998). 

 

4.5.2 Surface roughness measurements    

A Talyscan-150 (Taylor Hobson Precision Ltd.) was used to measure the surface roughness, 

with a non-contact laser probe to measure any vertical displacement. The roughness was 

tested in both 2D and 3D modes. The 2D roughness parameter of Ra was reported from an 

average of five samples for each build direction. At least ten tests for each sample in different 

positions (5 tests in perpendicular and 5 tests in parallel surface to build direction) were 

obtained. On the other hand, the 3D measurements were carried out on an area of 16 mm × 5 

mm2, resulting in a 3D profile and surface roughness parameter of Ra. This parameter is, in 

fact, the arithmetic average of the 3D and 2D roughness profiles, respectively, demonstrating 

the magnitude of surface roughness. Figure 4.8 shows a picture of the Talyscan-150 machine.  
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Fig 4.8:  The Talyscan-150 surface roughness measurement equipment (at Exeter University). 

 

 

4.5.3 Hardness 

Hardness testing was carried out by using a Vickers’ Hardness test (5 kg load was applied to 

15 s). This was applied after well metallographic polishing had taken place, as mentioned in 

Section 4.4.2. The test was achieved by measuring the size of the indent effect on the sample 

and then converting it to Vickers Hardness (VH) using conversion tables recommended by 

the Exeter University Laboratory. The conversion table was based on Equation 4.1, where F 

is the load in Kg, ⅆ is the arithmetic mean of two diagonals, ⅆ1 and ⅆ2 are in mm, and 1.845 

is a constant value depending on the angle between the pyramid’s opposite faces, which is 

136⁰.  Mean values were determined from at least five hardness readings for each sample, and 

at least five samples were tested in each build direction.  

 

HV = 1.845
𝐹

d2
                                                                                          (4.1) 

4.5.4 Tensile, fracture toughness, and fatigue crack growth testing 

Tensile and fracture toughness testing were carried out using an Instron Instruments 

Mechanical Testing Machine (3300 Dual column universal testing systems) at the University 



92 
 

of Exeter, to deform the specimens in tension and three point bending (Figure 4.10a). The 

tensile specimens were prepared and tested at a crosshead speed of 0.5 mm min−1 according 

to the ASTM-E8 standard (ASTM, 2009). The load cells used were 20 kN and 50 kN for 

316L stainless steel and Ti6Al4V, respectively. Specimens was prepared and tested at 

crosshead speeds of 0.5 mm min−1 according to ASTM E399 Standard (ASTM, 2003) for 

both stainless steel and Ti6Al4V with the same load cells used for each tensile test.  

The FCG testing was carried out using an Instron hydraulic machine (8874 25KN/100 NM- 

Servo-hydraulic system) at the University of Exeter, see Figure 4.10 b). This was carried to 

estimate the lifetime of a component produced by 3D printing, as the presence of a crack can 

significantly reduce the lifetime of both parts and structures. This test was performed 

according to ASTM E647. All the samples were designed as compact tension specimens 

(CT), see Figure 4.9, which are single edge notch samples and were subjected to cyclical 

loading and crack growth until a critical crack size is reached and causes a fracture (ASTM 

E647, 2016). All FCG tests were carried out at a frequency of 10 Hz, minimum load 0.6 kN, 

maximum load six kN, for a load cycle, and a stress intensity factor ratio of R = 0.1. 

 

 

 

Fig 4.9: Schematic of a compact tension sample for a pre-crack fatigue test (taken from 

ASTM E647, 2016) 

 

https://www.google.co.uk/search?client=firefox-b&q=instron+hydraulic+machine&spell=1&sa=X&ved=0ahUKEwjEhcf7jcHPAhUJShQKHQB_A4oQvwUIGygA&biw=1920&bih=969
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Fig 4.10: The tensile testing equipment at Exeter University; (a) Instron machine for tensile 

testing, and (3300 Dual column universal testing systems)  (b) Instron Hydraulic machine for 

cyclical loading (8874 25KN/100 NM- Servo-hydraulic system) 

 

4.5.5 Metallographic Analysis 

The microstructure and macrostructure analyses were carried out on the specimens by using 

both SEM and OM.  A Hitachi S-3200 SEM, which is equipped with energy dispersive 

spectrometry (EDS), was utilised for the microstructural analysis. Sample cross-sections were 

polished and viewed both before and after the chemical etching as mentioned in Section 

4.4.2. All the samples are conductive, and no coating was required before they were used 

except for the proper cleaning process. The optical investigation used a Zeiss Axioplan 2 OM 

to investigate the microstructures of the samples.  

 

4.5.6 Micro-CT scanning  

A micro-CT scanning system (Bench top CT 160Xi, x-Tek) was used to reveal the porosity 

formation in three dimensions of the manufactured parts. This equipment was used to 

calculate the samples’ relative densities by the CT-scanned images following the procedure: 

(stet up machine, insert sample and filter, x ray on, set projection + frames, CT scan takes 2D 

projection/images, sample rotates 360⁰, repeat process then the 2D images are converted into 

a 3D structure automatically, checking the quality, and select area of interest). The VG Studio 
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MAX 2.1 software was used to reconstruct three-dimensional models of the samples using 

two-dimensional slice image data that was obtained from the micro-CT scans. By analysis of 

the three-dimensional models, the amount of internal porosity could be identified (select the 

whole/ 3D section, use adaptive rectangle, create a new region of interest, extract ROI, 

analysis and coloured bar chart to get % of material or pores in sample). All the bulk samples 

were of 4×4×3 mm, which were cut from a larger sample, the cellular structure samples were 

scanned as built. The Figure 4.11, shows the micro-CT scanner used in this research.  

 

 

Fig 4.11: The micro-CT scanner at the University of Exeter. 

 

 

4.6 Summary 

Experiments were carried out to gain better understanding of the main factors which affect 

the DMLS and SLM processes. This understanding helps to optimise the DMLS and SLM 

processes and produce the final part’s quality. The optical scanning system was examined to 

find the relationship between the input laser energy density and the manufactured part’s 

physical and mechanical properties. Then Building strategies were studied to gain the 

knowledge of their influence on the melting process. After studying the SLM and DMLS 

process parameters, an experimental procedure was carried out to investigate the materials 

properties, especially density. The microstructure of the built parts was examined 

experimentally by OM, SEM and micro CT scan. Results found in this testing process gave 

better understanding of the laser melting process, and also were used to validate the 
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prediction from the mechanical properties tests. Finally, the mechanical properties 

experiments enable to understand the important factors which affect the SLM and DMLS 

process and quality of final parts at different build direction. These are the main which are 

discussed in more detail in chapters 5 – 10. 
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5 Chapter 5: The Effect of Different Building Orientation on 

the Consolidation, Tensile and Fracture Toughness 

Properties of Direct Metal Laser Sintering Ti6Al4V 
 

  

 

Chapter 5 presents experimental work on DMLS of Ti6Al4V built at different directions. The 

work demonstrates the importance of the processing parameters in obtaining fully dense parts 

in Ti6Al4V by DMLS, see Section 5.2. It also investigated the effect of different build 

direction on density, microstructure, hardness, surface roughness, tensile strength and fracture 

toughness. The result and discussion of these investigations are addressed in Section 5.3, and 

the main findings of this study are addressed in Section 5.4. After the Ti6Al4V samples have 

been fabricated, the EOS M280 machine had a sudden failure. This means an alternative 

production process was sought for the specimens. It was found that these materials were 

difficult to build with alternative companies due to the high cost of the Ti6Al4V alloy. So, the 

specimens tested in this Chapter will be just the xz, yx, zx samples, for tensile and fracture 

toughness, as shown in Figures 5.3a and 5.3b. However, for the 316L stainless steel, all the 

bulk samples (xz, yx, and zx orientations) and cellular structure samples (vertical and 

horizontal orientation) were available to test as designed in the research proposal (chapters 6 

to 9), due to the availability of a suitable machine for this material. For more details see 

section 5.2. 

 

5.1 Introduction  

Titanium alloys have been commonly used for aerospace applications due to their excellent 

properties, such as their resistance to high temperatures and their high strength to weight 

ratios. Ti6Al4V has been considered to be the most suitable of the aerospace titanium alloys, 

when it was used in the manufacture of airframe structural components and skins, aircraft 

hydraulic systems, and air engine components. A conventional processing method, casting, 

has been used to fabricate Ti6Al4V aerospace components. However, casting technology 

needs the preparation of a complex mould and is associated with risks. These risks include 

oxidisation, decomposition, and grain growth, which are caused by the long high temperature 

holding time. Furthermore, the use of this alloy faces competition from aluminium alloys on 
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the basis of cost. An increased adoption of titanium alloys relies on new improved and 

advanced material production and manufacturing technologies (Polmear, 2006b). 

 

Recently, Direct Laser Melting Sintering (DMLS), as one of AM technique, has been 

extensively researched in order to consolidate titanium powder materials directly and to 

produce lightweight components for aerospace applications (Rehme and Emmelmann, 2010). 

However, there are some remaining challenges, especially regarding mechanical properties. 

This has an impact on the change of build direction and the relation between the 

microstructures produced in different manufacturing processes and their effect on the tensile, 

hardness and fracture toughness properties. During DMLS consolidation and melting, the 

edges of the parts produced are typically thicker than those in the middle; however, there is 

no report of this defect and its relationship with the consolidation of the quality and 

mechanical properties of the parts produced. As declared, DMLS may be associated with 

issues such as porosity, balling, and the delamination of the layers (Kruth et al., 2007). It is 

necessary to investigate the consolidation between the particles and the resulting porosity and 

balling phenomena, as well as their effects on the quality and mechanical properties. To meet 

the requirements of aerospace applications, further investigations of the properties and 

behaviours of the titanium material made by DMLS need to be undertaken. There is also little 

research on the fracture toughness and fatigue property of titanium parts made by DMLS (for 

more details, see Sections 3.4.2 and 3.4.3). The effect of different build directions on the 

fracture toughness properties of Ti6Al4V alloys made by DMLS, and especially its 

relationship to the microstructure has been little studied. There are a limited number of 

studies in this area, which are addressed in Section 3.4.2. 

This chapter presents a research study that is set up to understand the working principle of the 

DMLS machine and to investigate the process’s capabilities, the resultant shape of the parts 

and their properties. The work demonstrates the importance of the processing parameters in 

obtaining fully dense parts in Ti6Al4V by DMLS. Mechanical tests were carried out to 

evaluate the effect of consolidation on the mechanical performance of the DMLS specimens 

made with three different build directions (see Sections 5.3.3 and 5.3.4). Material analysis 

was carried out to investigate the microstructure of the DMLS specimens and their effects on 

the fracture properties will be explained in Sections 5.31, 5.32, and 5.3.4.  
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5.2 Experimental Procedures 

5.2.1 Material design and fabrication 

The Ti6Al4V powder that was used in this research has a spherical shape, and the distribution 

size was between 10 and 45 μm, with an average particle size of 28 μm ± 7 μm (see chapter 4 

Figure 4.1). The Ti6Al4V that was received was supplied in the form of a powder, and all the 

samples were produced by a DMLS machine (EOSINT 280) at the University of Chongqing, 

China. This machine is equipped with a Yb-Fibre laser, and has a maximum power of 400 W 

in continuous laser mode, with a spot size of 100 to 500 μm, as explained in Section 4.3.1. 

Samples were made with a scanning speed ν of 1250 mm s−1, hatch spacing h (distance 

between two scan lines) of 100 m, a laser power of 170 W, a layer thickness (t) of 30 m, 

and a spot size of 100 m. 

 

Layers were scanned using a continuous laser mode, and two adjacent layers that have a 

rotated angle of 67° with respect to each other (see Figure 5.1 for a Schematic of the scanning 

strategy). This rotating angle was selected so as to achieve the full density of the specimens 

and to minimise the anisotropy of microstructure (Chen et al., 2017, Qi et al., 2007), as 

explained in Section 4.3.1. The fracture toughness samples were built in different xz, yx and 

zx directions; the specimens that were built in the zx direction are also described as being 

“parallel” to the build direction. The specimens in the xz and yx direction are “perpendicular” 

to the build direction; more details are given in Section 4.2 for the designation of samples 

with different build directions according to the ASTM standard. Since the laser beam 

scanning direction changes with each layer, a smaller difference between the xz and yx 

direction of the tensile samples might be expected. However, it was decided to build and test 

samples with both xz and yx orientations in order to investigate what other potential factors 

associated with the DMLS process might contribute to the anisotropy of the resulting 

products. Figure 5.2 illustrates the build directions of the tensile and fracture toughness 

samples produced by DMLS. In each xz, yx, zx direction, ten samples were made to test the 

tensile strength and fracture toughness, respectively. As mentioned above the EOS M280 

machine had a sudden failure.  
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Fig 5.1: Schematic of scanning strategy 

 

 

5.2.2 Mechanical and Materials Testing 

After removing the ‘as built’ specimens (no-post treatments were applied) from the build 

plate, the density of the specimens was measured by two methods as explained in 

experimental measurements, Section 4.5. All tensile specimens (see Figure 5.2a) were 

deformed in tension until fracture. The fracture toughness test was carried out to determine 

the ability of the material to resist the growth of cracks. Figure 5.2b shows the single edge 

notched bend specimens. Vickers hardness testing was carried out on the specimens using a 

pyramidal indenter as explained in Section 4.5.3. Surface roughness and metallographic 

analysis were carried out to evaluate the surfaces’ quality and the consolidation behaviour of 

the as-sintered specimens. For more details about the mechanical and material testing, see 

Section 4.5.  
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Fig 5.2: Schematics of the (a) tensile testing specimens and their build directions, and (b) the 

build directions for SENB specimens. 

 

5.3 Result and discussion  

5.3.1 Density analysis, surface roughness and morphology 

The densities of the DMLS specimens built in different directions exhibited the same values; 

for the xz, yx and zx directions, this was a value of 4.5 g cm−3,, which was obtained with an 

average standard deviation of 0.1 g cm−3, see Table 5.1. However, the influence of build 

direction on the density of parts becomes less apparent. The samples were built in the zx 

direction, with a large building height and several layers. The area of the layers of the zx 

sample exposed to laser sintering was smaller than the area of the layers of the xz and yx 

samples. After exposure and interaction with the laser beam, while scanning its external 

surface boundary, it is more likely to be bonded with the semi-melted particles. So, these 

loose particles should be removed as they have a negligible effect on the part density. The 

experiment results reveal no effect from the building direction on the density of metal 

powders in DMLS fabrication. The density value presented in this study is slightly higher 

than the annealed Ti6Al4V alloy, at 4.43 g cm−3. This value is also higher than those of the 

SLM of Ti6Al4V alloys that were made in previous studies, and, as a result, there was a high 

number of pores and semi-melted particles due to the large hatch spacing (100 μm) (Song et 

al., 2012, Chlebus et al., 2011). Figure 5.3 shows the amount of porosity formed in the 

Ti6Al4V parts during the DMLS process, measured by CT scanning. Figure 5.3 reveals a 

small number of pores in all the samples with three different build directions. These pores are 

spherical with size approximately 6 to 8 µm and are known to be produced by escaping gas or 

powder induced porosity, as shown in Figures 5.9a and b. They may form inside the 

feedstock of the powder during the atomisation process and then translate directly to the as-
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built parts. Furthermore, porosity is a common defect in AM components, which has a 

negative influence on the mechanical properties. A lack of fusion due to insufficient energy 

input can also lead to porosity in the parts. When the energy applied to an area of the powder 

is too high, sputter ejection may also happen in the process, known as a keyhole formation, 

and can produce a trail of voids (Gong et al., 2014, Yasa et al., 2011b, Li et al., 2010). 

 

Table 5.1: Density of Ti6Al4V processed by DMLS at xz, yx, and zx directions 

Build direction Density g 𝐜𝐦−𝟑 Standard deviation g 𝐜𝐦−𝟑 

Xz 4.5 ±0.04 

Yx 4.5 ±0.10 

Zx 4.5 ±0.06 

 

 

 

Fig 5.3: Typical 2D CT scan slices of an as built Ti6Al4V part processed by DMLS 

 

Table 5.2 illustrates the typical surface roughness in both parallel and perpendicular 

directions to the build direction for xz, yx, and zx specimens (see Figure 5.4). An average 

surface roughness value (Ra) of ~7 μm (±0.3 μm) was found parallel to the build direction, 

and ~3 μm (±0.2 μm) to the perpendicular surface of the build directions. This difference was 

due to some powder particles that were stacked on the parallel surface during the melting 

process. 

 

 

Pores 

Pores 
Pores 
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Table 5.2: Surface roughness results for the DMLS Ti6Al4V alloy built in different 

orientations 

AS-Built Direction Average Surface Roughness 

Ra 

Standard deviation μm 

xz 

 

Parallel 7.2 μm ±0.22 

Perpendicular 3.0 μm ±0.3 

yx 

 

Parallel 7.1 μm ±0.3 

Perpendicular 3.2 μm ±0.1 

zx 

 

Parallel 6.8μm ±0.39 

Perpendicular 2.8 μm ±1.47 

 

 

The roughness profiles of the as-built parts of Ti6Al4V made by DMLS are shown in Figures 

5.5 and 5.6. The surface parallel to the build direction in the zx series sample appeared to be 

rougher than the perpendicular surface of the same specimen. The as-built parallel surface 

showed a higher amplitude value of 150 μm (A profile) than the perpendicular surface (B 

profile) of 80 μm.  

 

 

Fig 5.4: As-built Ti6Al4Vsamples produced in (a) the zx, and (b) the yx directions. 
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Fig 5.5: Typical 3D surface morphologies of a Ti6Al4V DMLS component produced a) 

parallel, and b) perpendicular to the build direction, in the zx orientation. 

 

 

 

Fig 5. 6: The maximum height (Rt) of the as-built sample in the zx direction: a) parallel, and 

b) perpendicular, to the build direction. 

 

y 
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The surface finish of the as built Ti6Al4V DMLS parts is shown in Figure 5.7. The large 

semi-melted particles have bonded onto the surfaces that are parallel to the build direction, 

whereas the surfaces perpendicular to the build direction (top surface) have few semi-melted 

particles and contain a smooth region that is associated with a rippled rough area. This 

explains why the Ra values of the sample parallel surface are relatively higher than the 

perpendicular surface. Moreover, Figures 5.8a and 5.8b show the top surface, and 

demonstrates how the high speed movement of the laser at 1250 mm s-1 leads to pouring 

some of the molten material around the outer boundary and on the parallel surface of the 

samples. This molten material makes the powder particles adhere to the parallel surface of the 

sample, which was clear in the parallel surface images, as seen in Figures 5.7d. This leads to 

the production of sharp and prominent edges at the side of the sample edges (see Figure 5.8a), 

and this makes the upper surfaces of the samples those directly exposed to the laser semi-

concave, due to having edges higher than the middle. 

  

 

 

Fig 5.7: Typical surface finish of the as built Ti6Al4V DMLS parts revealing rippled rough 

area and unmelted powder particles (a, b) perpendicular, and (c, d) parallel, to build direction 
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Fig 5.8: Show the prominent edges in the Ti6Al4V top surface of the parts produced by 

DMLS, (a) at 600 μm scale, and (b) at 100 μm scale. 

 

Ti6Al4V is a common alloy used in the aerospace industries, and this is due to its excellent 

mechanical properties to weight ratio (Peters et al., 2003). Despite this, the surface finish of 

the part produced by DMLS is poor, and it usually requires a post process finishing operation 

for critical applications. For instance, the internal parts that are used in the aircraft engine 

(pipes, cylinders, etc.), and those parts may then leak some fluid and cause the risk of fire. 

According to previous research, a few approaches have been used to improve the surface 

finish. For instance, it small powder particles may be used for the part’s fabrication. 

Alternatively, post-processing can be used, such as machining and polishing, to enhance the 

surface and reduce the roughness.  

 

5.3.2 Microstructure analysis        

Figures 5.9a, and 5.9b show the view of the microstructure of the top surface of as built 

Ti6Al4V, fabricated by DMLS. The top surface view reveals that a fully acicular α` phase of 

martensitic, is produced through the DMLS process. For more details about titanium phases, 

see Section 2.1. This production of an α` phase is probably due to the high temperature 

gradients that occurred (Murr et al., 2009). The side view in Figure 5.9c shows long 

columnar grains that are oriented in the build direction and up to 350 μm long, i.e., much 

longer than the layer thickness. These grains are identified as former β phases that grew 

epitaxially through the material during the melting and consolidation process. Columnar 
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grains with epitaxial growth on successive layers are due to the rapid cooling rate, as 

explained in Section 3.4.2 and Figure 3.9 (Seifi et al., 2016b). 

 

 

 

 

Fig 5. 9: Typical grain microstructures of as built samples of the Ti6Al4V alloy (A, B) top 

surface (C) side surface. 
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Fig 5. 10: Typical defects revealed in the Ti6Al4V DMLS component, a) gas pores, and 

shrinkage cavities, and, b) an SEM image of un-melted powder in the first few layers. 

 

 

Small dark bands also appeared in the DMLS parts, as shown in Figure 5.9a. These are 

produced by the etching chemicals used on the Ti6Al4V parts. Figure 5.10a, reveals 

shrinkage cavities, and gas porosity in the DMLS parts that were trapped within the parts due 

to the rapid solidification rates at a high scan speed. At a very high scanning speed, the 

cooling rate is significantly higher, and so this is not preferable. The vulnerability to pore 

formation may be one of the reasons for the presence of unmelted powder in the first few 

layers (Figure 5.10b). The structure becomes more uniform and stable after the first few 

layers.  

The interaction between the powder and the laser beam, the laser spot size and the scan 

velocity determine the size and behaviour of the melt pool. Consequently, it consolidates the 

microstructure. It has been revealed, through previous studies, that a large spot size (0.12 

mm.) and a higher laser power (200 W) will produce a combination of equiaxed and 

columnar grains. While fully columnar grains will be produced, as in Figure 5.9c, when there 

is a small spot size and lower laser power, such as those used in this study, 0.1 mm. and 170 

W, respectively (Kobryn and Semiatin, 2001, Lewis and Schlienger, 2000). High scan 

velocity 1250 mm s-1 will reduce the energy density input into the laser beam focused area 

and will result in a smaller melt pool, whereas a low scan velocity will produce a larger melt 

pool (Murr et al., 2012b). The grain size distribution is greater when the laser scanning is 

performed in different directions, such as by using a zigzag scanning strategy. The zigzag 

scanning strategy used in this study had a rotating angle of 67°, while it is smaller when there 

is deposition in the same direction, as revealed in Figures 5.9a, 5.9b and 5.9c (Dinda et al., 
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2012). This increase in the grain size is due to the increase in the traverse speed and the 

incident energy. On the other hand, a higher cooling rate results in a martensitic structure and 

fine grains, which may enhance the mechanical properties of the Ti6Al4V parts.  

 

5.3.3 Tensile and Hardness properties  

The tensile properties (yield stress (Ys), UTS and % of strain) of the as built DMLS Ti6Al4V 

alloy are shown in Figure 5.11 and Table 5.3. The tensile stress was in three different 

directions: xz, yx and zx. The result indicates that there is no significant difference in ductility, 

yield strength, and UTS between the specimens built in the xz and yx orientations, and the zx 

specimen shows low values of elongation, yield strength, and UTS. This reveals that the 

samples which were built in the xz and yx directions have very similar properties. This 

isotropic behaviour is due to the same consolidation and fabrication, since the xz and yx 

directions were built horizontally on the base plate, and seemed to have the same strategy. 

The sharp edges, along with the semi-melted particles at the boundary of the xz and yx 

samples, also led to cracks being intiated and then propagated under the tensile load. 

However, the samples that were built in the zx direction presented lower values in the UTS 

and yield strength than did the others. This is because of the residual stress that remains in the 

zx parts  higher than the residual stress in the  yx and xz samples The different microstructure 

that occurs during the zx samples’ production also influences the yield strength and UTS. 

This anisotropy in the mechanical properties has also been previously reported, as discussed 

in Section 3.4. Furthermore, the zx samples that were built in a vertical direction have the 

highest number of layers, and revealed shrinkage and some cracks that are aligned with scan 

tracks (seen in Figure 5.15). These defects make the crack initiate and propagate easily. A 

small number of pores was also presented in the samples, as seen Figure 5.3, and these have a 

negative effect on the mechanical properties of the parts produced. 

 

The resulting ultimate tensile strength (UTS), and yielding stress (Ys) are relatively higher if 

compared to previous reports relating to the DMLS of the Ti6Al4V alloy (Chauke et al., 

2013). However, the % of strain is relatively lower, and this could be due to flaws, such as 

internal and external pores, un-melted or semi-melted powder particles, and the high degree 

of roughness that was found in previous research. Additionally, the tensile testing  data that 

were obtained in this study show a higher mechanical strength in comparison with the 

Aerospace Specification Metals of Ti6Al4V(AMS 4911) due to the high temperature 
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gradients that occur as result of the DMLS. For instance, AMS shows a 950 MPa UTS and 

880 MPa yield strength (ASM, 2015), higher than the wrouth Ti6Al4V, see Section 3.4.1 

(Table 3.1). Moreover, the results of aerospace specification metals are certified to ISO9001 

and ISO9120 industry quality standards for samples fabricated by conventional processes. 

The improvement in ultimate tensile strength and yield strength could be attributed to the 

grain refinement in the DMLS parts due to the high temperature gradient and fast cooling 

rate. 

 

The tensile values that have resulted from this study are higher than the conventionally 

quoted values because of the rapid cooling and consolidation employed during DMLS (or 

SLM), which leads to an improved microstructure. This phenomenon has previously been 

reported for various metallic materials, including Ti6Al4V, AISI 316 Stainless Steel and 

AlSi10Mg (Simonelli et al., 2014a, de Lima and Sankaré, 2014). Note that the ultimate 

tensile strength values in the xz and yx samples is higher than the yield strength of 100 MPa, 

indicating high strength with plastic deformation. The 55 MPa difference between the UTS 

and the yield strength of the samples built in the zx direction indicates a low strength with 

plastic deformation, due to some cracks being revealed, see Figure 5.15. All of these samples 

have a lower ductility in comparison to DMLS of Ti6Al4V, which is heat treated by a HIP, 

(Chauke et al., 2013, Gregolin et al., 2013). The crack path deviates during fracture; and this 

may be due to a poor alloying element in some of the zones of the α phase, causing rapid 

formation of cracks and the early failure of the material (Vrancken et al., 2012, Meier and 

Haberland, 2008). Thermal treatment may need to enhance the microstructure and to release 

the residual stress of the as-built Ti6Al4V alloy made by DMLS. 
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Fig 5.11: The graph for Ti6Al4V DMLS tensile specimens built to the net-dimensions in the 

xz, yx, and zx - build directions. 

 

 

Table 5. 3: Mean tensile properties obtained from the as built Ti6Al4V made by DMLS. 

        

                      

The graph in Figure 5.12 shows the average hardness value of Ti6Al4V. Hardness is the term 

used to describe the amount of energy required to permanently deform (stretch, bend, 

compress, etc.) a material. All of the samples were tested on both the cross-section surface 

and the top surface after polishing. The number of measurements for each sample was 

discussed in Section 4.5.3. The as-built condition specimens had hardness (Vicker’s 

hardness) of 401.6 ±4 HV in the xz direction, with no significant difference in 400.3 ± 5.1 

HV, in the yx direction. On the other hand, the zx direction records the smallest value (376.5 

± 5.2 HV), whereas a relatively lower hardness value may be due to a higher amount of 

porosity and the semi-melted particles that are presented in this orientation. The differences 

in the surface area of the layers built in the specimens with different building orientations will 

As Built Sample UTS (MPa) ±SD    Yield strength (MPa) 

±SD 

Elongation % ±SD 

xz 1254 ±7.2 1151 ±3.3 7.3 ± 0.4 

yx 1250 ±9.3 1150 ±7.4 7.4 ±0.7 

zx 1225 ±8.2 1117 ±2.4 7.1 ±0.5 
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also result in the differentiated thermal history of the consolidated metallic material. This thus 

leads to the difference in hardness values (Chlebus et al., 2011). The hardness values found in 

this study are higher than those values reported in conventional Ti6Al4V alloys for aerospace 

specification materials (ASM 4911) of 349 HV, and the Ti6Al4V parts fabricated by EBM 

(from 270HV to 370 HV) (Barreda et al., 2001). The hardness values in the samples of those 

built in the xz and yx directions are much superior to those of the Ti6Al4V parts made by 

SLM (306 HV) (Yu et al., 2007). The DMLS process, and its equipment, could be considered 

to be an excellent potential method for manufacturing high performance Ti6Al4V parts with 

controlled mechanical properties. 

 

 

 

 

Fig 5.12: Vickers Hardness values for DMLS Ti6Al4V specimens built in the xz, yx, and zx - 

build directions. 

  

5.3.4 Toughness and Fracture surface 

Table 5.4 reveals that the Ti6Al4V fracture toughness values vary in samples built using 

different building directions. Samples built in the xz direction recorded the highest fracture 

toughness (132 MPa m1/2), whereas the yx samples exhibited a medium value (118 MPa m1/2 

and the zx samples presented the lowest values (65 MPa m1/2). For Ti6Al4V, the fracture 

toughness is in the order of 75 MPa m1/2 (AMS 2015), and thus the DMLS samples have 

superior fracture toughness. This higher fracture toughness is probably related to the coarse-

grained α` microstructure that formed during the high cooling rate. For more details about 
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titanium phases and structures see Section 2.1. These  values of fracture toughness are also 

slightly higher if compared to previous research relating to Ti6Al4V made by EBM, which 

recorded 96.9 MPa m1/2 in the horizontal direction, and 78.1 MPa m1/2  in the vertical 

direction (Edwards et al., 2013).  The present data are also higher than for Ti6Al4V alloys 

that were processed previously using different SLM processes that are discussed in the 

literature review, see Section 3.4.2. The fracture toughness values reported in this study are 

valid. For more details about their validity see Equation 3.1 and Section 3.4.2.  

 

Table 5. 4: shows the Plane-Strain Fracture toughness values of Ti6Al4V made by DMLS. 

 

These toughness values highlight the dependence of the fracture toughness property on the 

samples’ direction. The xz orientation was the highest value, sustaining toughness that was 

50% greater than the zx direction, and 10% greater than the yx direction. The fracture 

toughness value of the zx direction samples represents 86%, in comparison to the fracture 

toughness value of the annealed Ti6Al4V (Welsch et al., 1993) (ASM, 2016). The low values 

in the zx direction were due to significant residual stress that remains in the non-equilibrium 

microstructure which is formed in several layers. Some induced defects, such as cracks, are 

shown in Figures 5.14 and 5.15. A very recent study by Seifi et al also reported that the 

texture, microstructure and some of the defects, vary with different machines, build 

orientations, and locations, thus affecting the magnitude of the fracture toughness (Seifi et al., 

2016b).  

The fracture surface evaluation revealed that different sizes of voids and cracking are present 

in samples yx and zx. The fracture surface of the yx sample (Figure 5.14) discloses a 35 μm 

crack length and an 8 μm crack width, while in the zx specimen a 68 μm crack length and 8 

μm width length is revealed. This difference is due to the crack in the zx direction being 

between the two scan lines, and it is in alignment with the building layer. The regular voids, 

with average sizes of 4 μm, were clearly seen on the fracture surface of the samples in the xz, 

yx and zx directions (see Figures 5.14 and 5.15). Small pores with an average size of 2 μm 

were present in the fracture surfaces of all samples. These defects could be the reason for the 

Orientation KIC ( MPa  m1/2) Stnd Dev ± 

xz                          132   2.6 

yx 118               1.8 

zx 65   3.1 



113 
 

earlier fracturing and the low ductility, which reduce the fracture toughness value also. 

Dimples were observed in the xz and yx specimens (Figures 5.13 and 5.14), which are 

indicative of a ductile plastic failure in some regions.  

 

 

Fig 5.13: Typical SEM images of the fracture surfaces taken from the xz direction as built 

condition specimens at different magnifications.  
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Fig 5.14: Typical SEM images of the fracture surface taken from the yx direction as built 

condition specimens at different magnifications. 

 

 

Fig 5.15: Typical SEM images of the fracture surface taken from the zx direction as built 

condition specimens at different magnifications. 
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It is believed that the surface roughness, and tensile strength, will have important effects on 

the fracture toughness results of the samples built in different directions. Microstructurally, 

Figure 5.9 reveals that the acicular needle of the martensitic structure in the DMLS samples is 

comparable to that of the wrought material. The microstructure observed in these parts is the 

same as that found in previous studies on the SLM of Ti6Al4V (Thijs et al., 2010, Edwards 

and Ramulu, 2014). The difference in the fracture toughness of the samples is in the three 

different directions that are affected by the microstructure of the parts produced. For instance, 

the crack present in the zx sample was aligned with a columnar grains structure, instead of 

that of the xz sample, which is perpendicular to the columnar grains’ structure. This 

alignment eases the crack growth during the boundary of the α` grain. The zx direction 

samples were prone to more cracks than those in the xz and yx direction, and all of these 

cracks are aligned with the layer level as well as with a columnar grains’ structure. The 

significant residual stress remaining in the zx samples was another reason to reduce the 

fracture toughness value. This is because, in the zx samples, the number of layers is too high, 

and the scanned area is smaller, which means the energy input that is applied to a region of 

powder is higher than the yx and xz samples. So the residual stress in the zx samples is the 

highest (King et al., 2014, Körner et al., 2013). However, suitable heat treatment can be 

applied to improve ductility by transforming the martensitic phase into α-β phase, and by 

reducing the internal stress and the enhancement of the ductility, since, typically, a ductility 

increase is also associated with a toughness increase. 

Although it is hard to define the crack initiation site on the surface of each sample, it is 

assumed that the rough surface will play a role in this mechanism. The internal defects will 

also be the primary contributor to the crack initiation within the samples. Furthermore, the 

small amount of porosity that is embedded within the samples, shown in Figures 5.9 and 

5.10, is still a key contributor to poor mechanical properties, since these pores serve as sites 

for crack initiation. 

Table 5.3 reveals that the tensile properties of the Ti6Al4V parts produced by DMLS are 

higher than those for the wrought material, (Welsch et al., 1993). These values are also 

greater than those reported in previous studies on the SLM of Ti6Al4V (Edwards and 

Ramulu, 2014, Koike et al., 2011, Leuders et al., 2013). The high strength of these samples 

would suggest a promising fracture toughness performance, which is comparable to cast 

materials, since fracture toughness typically correlates to strength. However, the low 

ductility, 7.1%, would indicate the material’s tendency towards brittle behaviour, which is 

related to the sensitivity to notches. In-depth material and microstructure characterisation and 
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the evaluation of samples built in different directions are thus essential in explaining why 

fracture toughness is reduced by loading in the columnar direction. Minimising the surface 

roughness by machining and polishing may also lead to slightly enhanced fracture toughness 

and mechanical performance. Future work could be carried out to investigate the influence of 

a rough surface on the fracture toughness properties.  

 

5.4 Conclusion 

This chapter has been investigated the density, surface quality, microstructure and 

mechanical properties of the components of the DMLS parts made using different building 

orientations. It has been illustrated that the effects of different build orientations influence the 

microstructures and the mechanical properties, especially the fracture toughness of the 

Ti6Al4V. The major findings are summarised below:  

 

The density of the xz, yx and zx samples that are presented in this study exhibited the 

same value at 4.5 g cm−3 This value is also slightly higher than the annealed Ti6Al4V 

alloy, (grade 5) at 4.43 g cm−3. 

 

The surface roughness value, Ra, was found to be the same in all of the build 

directions. The surfaces parallel to the build direction in the xz, yx and zx samples 

were however found to be rougher than those on the surfaces that were perpendicular 

to the building direction.  

 

The microstructure analysis in the three different building directions reveals a fully 

acicular α` of martensitic and long columnar grains that are oriented in the build 

directions, which are 350 μm long, due to high temperature gradients and a rapid 

cooling rate.  

 

A small number of pores were present in all of the samples. They were of a small size 

and irregular in shape, and the shrinkage cavities that were revealed in the samples 

were built in the zx direction. Un-melted powder particles were presented in the first 

few layers only, and at the side edges of the samples, due to the very high scanning 

speed and cooling rates used to produce the samples.  
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The high speed movement of the laser beam makes the molten material move fast and 

adhere to the neighbouring particles surrounding the outer boundary of the parts, 

producing sharp and prominent edges.  

 

The fracture toughness’ of the DMLS Ti6Al4V materials that are evaluated in this 

research were higher than that of the cast material in the xz and yx directions, while 

they were slightly lower in the zx direction, due to cracks, porosity and surface finish. 

They were also slightly higher than those in the Ti6Al4V that were made by EBM, 

and this leads to superior mechanical properties of those made using the DMLS 

technique rather than those made with EBM (Edwards et al., 2013) (Seifi et al., 

2016b).  

 

The tensile strength of the as built samples was found to be higher than those of the 

wrought material. All of the samples also exhibited brittle fracture morphologies, 

which, linked to the martensitic phase, which was found in all of the build directions, 

as was expected, due to the high gradients of temperature that occur as a result of the 

DMLS process.  

 

The influence of the surface roughness of the as-built condition samples on the 

fracture toughness property is not clear from this experimental procedure due to the 

porosity, cracks and the residual stresses that are present.  

 

The mechanical properties change with the change in the microstructure due to the 

different build directions. Furthermore, the samples that were built in the vertical 

direction (parallel to the building direction) have a lower performance than those 

samples that were built in a horizontal direction (perpendicular to the building 

direction).  

 

Low ductility indicates the high susceptibility of the Ti6Al4V to fracture. This, 

therefore, results in a requirement that more testing be done on samples with stress 

relief and less porosity.  
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6 Chapter 6: Effect of build orientation on the surface 

quality, microstructure and mechanical properties of 

selective laser melting 316L stainless steel 

  

Chapter 6 studies the effect of different build direction on the parts quality and mechanical 

properties of 316L stainless steel processed by SLM. The process parameters for samples 

fabrication and the tests procedures are addressed in Section 6.2. Section 6.3 discussed the 

main result and compared to the previous literature of the same material made by SLM and 

conventional process. The most important findings are concluded and outlined in Section 6.4. 

 

6.1 Introduction  

Stainless steels are widely used as a feed powder material in SLM due to their comparatively 

low cost, their safety and their ease of use. 316L stainless steel is a common alloy that is used 

in aerospace applications due to its resistance to corrosion and its good specific strength (Yan 

et al., 2012). The SLM of 316L stainless steel was previously investigated in order to 

illustrate the effect of the process parameters on the density, the mechanical properties 

(Childs and Hauser, 2005, Childs et al., 2005), and in order to look for defects, such as 

porosity, cracks and balling, which were found to occur in SLM produced parts. Different 

SLM processing parameters, including laser power, scan speed, layer thickness, and hatch 

distance, have been examined in previous studies, however, the understanding of the inter-

relationship between these parameters is still not clear, in particular, in relation to the effect 

of balling (Tolochko et al., 2004), the interaction mechanism between material and laser 

beam (Fischer et al., 2003), and the powder solidification on the substrate (Schoinochoritis et 

al., 2015). Earlier studies have yet to apply SLM to making 316 stainless steel parts with 

mechanical properties that are sufficient for use in applications (Zhang et al., 2011). There is 

also a limited characterisation of the critical mechanical properties for aerospace applications, 

particularly for fracture toughness, which hasn’t been tested in different build directions 

(Kruth et al., 2010). So, there is a need for an in-depth and systematic study of the SLM 

processing of stainless steel for aerospace applications. This is essential, both in order to 

further improve the capability of SLM to process 316L, and for the resulting properties of 

parts for aerospace applications. A systematic study is required to provide a clear 
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understanding of the fundamental process mechanisms governing the resulting 

microstructure; and thus, the properties of 316L parts.  

The research presented in this chapter has focused on the analysis of the mechanical 

properties and microstructures of SLM fabricated parts made with 316L steel, and, in 

particular, on the effect of build orientation on these properties. Firstly, the effect of build 

orientation on the toughness properties, strength and ductility of the SLM fabricated stainless 

steels was investigated. Secondly, the microstructure of the SLM parts was characterised, and 

their effects on the mechanical properties, in particular on fracture toughness, were evaluated. 

These measured properties were compared with previous research, providing an 

understanding of SLM processing for different metal alloys. The findings of this study 

provide new information about the use of the SLM process for the fabrication of stainless 

steel aerospace components.  

 

6.2 Experimental Procedures 

Fifteen sets of 316L stainless steel flat samples for tensile testing, and fifteen sets of SENB 

samples for fracture toughness testing, were produced, see Figure 6.1. The samples, made in 

three different build directions, were produced with a laser power of 180 W, a scan speed of 

1600 mm s-1, a layer thickness of 30 μm, and a scanning laser spot with a 75 μm diameter. 

The SLM machine had a base plate with axes x and y, and a build direction in the z axis. The 

naming convention uses two letters. The first letter is the axis of the machine, on which the 

longest axis of the sample lies. The second letter is the machine axis, on which the second 

longest sample axis lies.  

 

                                               (a)                                      (b) 

Fig 6.1: The SLM fabrication of (a) tensile, and (b) fracture toughness testing samples 

produced at the yx, xz and zx building orientations 
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After removal from the plate, all the SLM fabricated samples were machined to remove the 

remaining support structure and they were then tested in an as-built condition; for more 

details see Section 4.4.1. For each direction, five specimens were built for tensile testing and 

five for fracture toughness testing. The densities of these specimens were evaluated by two 

methods, as explained in experimental measurements, Section 4.5.1. All the specimens were 

deformed until fracture during the tensile testing, and the toughness notched specimens were 

subjected to a three points test, under compression, to failure. These tests were carried out 

according to ASTM E8 and ASTM E399-9, for tensile and fracture toughness tests, 

respectively. For full details for the tests’ specifications see the experimental measurements’ 

Section, 4.5.4. 

 

Metallographic investigations were carried out on the samples that were etched, as explained 

in Section 4.4.2. SEM and OM were used to characterise the surface morphology and 

microstructural features of the specimens. The surface roughness was measured for the as-

built surfaces (top and side surface), as explained in Section 4.5.2. The average values of Ra 

were obtained from both the parallel surface (side) and the perpendicular surface (top). 

 

6.3 Result and discussion  

6.3.1 Density Analysis 

The same density, of 7.7gcm-3, was found for for yx, xz and zx parts, with a standard deviation 

of ± 0.01. This result (7.7g cm−3), for the SLM 316L stainless steel, accounts for 96% of the 

density of 8 g cm-3 for 316L stainless steels made by conventional production processes. On 

the other hand, the density results in this study are slightly lower in comparison to a previous 

study, which achieved 99% of the density of 8 g cm-3 (Yasa and Kruth, 2011) after some post 

process treatment was applied. Yasa and Kruth (2011) showed that the preheating 

temperature plays a major role in the SLM process, and high-density parts are made when 

preheating the powder bed to 200 °C. The laser re-melting may be another approach to 

enhance the density of SLM parts, as it reduces the porosity  from 0.77% for the parts with no 

laser re-melting to 0.04% when the parameters are selected properly (Boisselier and Sankaré, 

2012). 
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The effect of the build directions on the density of the SLM parts is very minimal. The 

samples that were built in the zx direction are exposed to semi-melted and loose particles that 

are bonded on their external surface boundaries after its exposure to, and interaction with, the 

scanning of the laser beam. The zx direction represents a larger building height and, 

consequently, there are a greater number of layers for these specimens. Each layer of the zx 

built group has a relatively smaller cross section than that of the yx and xz groups, and its 

external surface boundary is more likely to be bonded with the semi-melted particles. 

 

In general, the SLM process is required to produce fully dense parts in order to meet strict 

mechanical property requirements for aerospace applications. However, it may be difficult to 

achieve complete metal powder densification during the SLM process, since there is no 

mechanical pressure applied to the metal powder, as in the moulding process. The metal 

powder densification during SLM is predominantly influenced by temperature, capillary 

force and gravity (Kruth et al., 2010). Gas bubbles can be entrapped in the powder material 

through the SLM’s solidification. Hence, further research and development on SLM is still 

required in order to deliver high-density stainless steel components for aerospace 

applications. To provide an in-depth understanding of the laser material interaction 

mechanism, to manipulate the powder consolidation and to achieve enhanced densification, is 

also needed.  

 

6.3.2 Surface and cross-section microstructure  

Figure 6.2 shows different views (parallel and perpendicular to the build direction) of the yx, 

xz, and zx samples’ microstructures. The scan tracks are clearly distinguishable in Figure 6.2 

(b), and (c) through a few irregular pores that are caused by the process. The dark band areas 

are created due to sample preparation (etchant). The processed induced porosity occurs when 

the powder is distributed into the processing surface. This is because the powder particles 

have different diameters. Some particles are also not spherical, and these are intended to be 

consolidated into a layer of the correct height during the melting (Körner, 2013). The cross-

section images show that the stainless steel powder particles also readily melt. Densification 

is clearly complete in the samples, and the overlapping (this phenomenon occurs when there 

is a short distance between the scan tracks) takes place between the scan tracks. This 

overlapping means that the additional heat was transferred from the melted track to the 

previously solidified track, leading to better consolidation and densification.  
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Fig 6.2: Typical metallography images showing parallel and perpendicular to build direction 

side wall views of 316L stainless steel SLM samples (polished and etched);(a) In the yx, (b) 

xz, and (c) the zx build directions. 

 

Figure 6.3 presents the region between the scanning tracks of the material where the melting 

shows good diffusion. An anisotropic microstructure was observed along the different 

directions in this study. Fine dendritic structures are presented in the perpendicular to build 

direction (top surface) view in the very dense xz samples. These anisotropic and dendritic 

microstructures were confirmed by Gäumann et al., who reported that the quality of metal 

parts formed by laser melting depends on the thermal gradient and growth speed (Gäumann et 

al., 1999). Rombouts also found similar microstructures had formed as a result of rapid 

solidification caused by a high cooling rate (Rombouts et al., 2006). The small pores found in 

samples can occur during the process and they are explained through two different resources: 

i) shrinkage, and ii) the composition of gas voids (balling) (Hao et al., 2009), for more details 

about shrinkage porosity, see Section 2.3.1. The irregular pores have a size up to 8μm in the 

zx samples. These pores are probably produced because of the shrinkage that occurs in the 

solidification process. Furthermore, Figure 6.3 reveals that the pores in the zx samples have 
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an irregular shape and appear more frequently than in samples built in the yx direction. 

Samples built in the xz direction reveal no pores in the same regions, implying good 

consolidation, which can be observed through the dendritic microstructure. This porosity may 

concentrate stress through mechanical loading, and this can increase during applied stress. 

Soboyejo reported that the growth of three dimensional defects may finally lead to a 

catastrophic failure in the structure and in engineering components (Soboyejo, 2002). 

Consequently, it is axiomatic that these pores affect the mechanical properties, especially the 

tensile strength, elongation and fracture toughness (this will be further clarified in Section 

6.3.4).   

 

 

Fig 6.3: Typical SEM images for top side walls’ views of 316L stainless steel parts built in 

the yx, xz, and zx directions. Images obtained at a 500× magnification. 

 

Figure 6.4 presents the OM and SEM images of the xz build direction sample where the 

dendrite arms were normal to the surface. This structure showed that the solidification is 

dendritic or cellular, with a size of about 3 μm. In addition, Figure 6.4b shows higher 

magnification that reveals that the intercellular spacing is less than 1 μm, which contributes 

to the excellent strength that can be achieved, both in processed and aged conditions (Gu and 

Shen, 2009, Kruth et al., 2010, Cherry et al., 2015). Through previous research on SLM 

processing, Takalo et al. have found that these microstructures are common, and are formed 

as result of high thermal gradients and rapid solidification, due to a very high cooling rate. 

Their results also found that this microstructure helps to reduce crack nucleation at the pores 

between the scan tracks (Takalo et al., 1979). The mechanical properties significantly 

increase as a result of the amount of primary austenite dendrites in the multi alloy. This 

microstructure has been reported in previous studies, and this was explained by the 

relationship between the dendrites and the mechanical properties (Kaiser et al., 2013).  
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Fig 6. 4: Metallographic and SEM images  of the microstructure of the xz build direction 

sample; (a) An OM (metallographic) image showing dendritic arms from the side view of the 

316L sample, and (b) an SEM image at 1000 × magnification reveals dendritic arms. 

 

 

To summarise, there is a correlation between dendrite arm spacing and mechanical properties, 

for instance, in the yield strength, hardness and ultimate tensile strength (Chirita et al., 2010). 

Generally, an improvement in the microstructure or grains leads to improved mechanical 

properties. The dendrite arm spacing was found to be significantly affected by the different 

cooling conditions (Ejiofor and Reddy, 1997). So, it is important to understand the 

microstructure of materials from different viewpoints, because the overlapping of the laser’s 

scanning track can produce defects, such as cracks and voids. Such defects, when located at 

the interface between the rows (previous melting tracks) and scanning tracks, are known to 

produce a point that is vulnerable to crack growth, since the temperature gradient and local 

heat transfer conditions determine the grain growth in the parts that are produced by SLM 

(Kruth et al., 2010). This means that changes in the process parameter, as well as in the build 

direction, affect the microstructure of the parts, which leads to changes in the mechanical 

properties. These changes could be increased with an augmentation in the cooling rate, while 

the ductility is decreased gradually (Osorio et al., 2006, Mallapur et al., 2010, Kaiser et al., 

2013).   

 

B A 



125 
 

6.3.3 Mechanical properties  

6.3.3.1 Tensile test 

Table 6.1 reveals the average of tensile test and Figure 6.5 reveals the tensile stress-strain 

curves for one test that were calculated for the yx, xz and zx build directions. The initial slope 

of the stress strain curve in this figure is usually called Young’s modulus. The total 

elongation to failure, the ultimate and the yield strengths were determined after examination 

of the plastic and elastic parts of the curve. The total elongations were found to be between 

35% and 41%, and these results agree with those from previous studies carried out by John 

and Yang et al. The ultimate tensile strength recorded a large difference from 564 MPa for 

the zx samples, to 695 MPa for the xz samples (standard deviation ±3 MPa) (John, 2001) 

(Yang et al., 2012b). The minimum value of UTS was recorded in the zx samples, because of 

the residual stress that remains in the parts, which influences the mechanical properties. The 

number of irregular pores and unique microstructures in the zx samples also influences the 

tensile properties. This variation in the microstructure related to the different build 

orientations causes the anisotropy (Vrancken, 2014, Leuders, 2014, Riemer, 2014). More 

details about the anisotropy for different build orientations were explained in Section 3.4.1. 

The presence of a weak region between the scanning tracks and the melted layers, where all 

the fractures occurred, can reduce the UTS value in the zx direction. On the other hand, the 

yield strength varied from 387 MPa, in the zx samples, to 423 MPa, in the xz samples. This 

value was  larger than previously published values of 261 MPa (de Lima and Sankaré, 2014, 

John, 2001) and those  for wrought 316L stainless steel (Yadroitsev, 2009). 

 

This enhancement in the tensile properties was due to the proper selection of the process 

parameters. For example, the width of the hatch spacing (70 μm) was reasonable in order to 

ensure good consolidation. This contrasted to a value of 120 μm, which had been applied 

previously by de Lima and Sankaré, and which was to leave some gaps where the metal was 

un-melted, or partially melted, between the tracks. In Table 6.1, it was noted that the samples 

built in the xz direction showed the highest performance. This is due to their having fewer 

defects, such as irregular pores and finer grains (dendritic microstructures), as shown in 

Figures 6.4(a) and 6.4(b), and that are key factors in the enhancement of the properties of the 

metal, as discussed in Section 3.4.1 for an anisotropic microstructure. Generally, the tensile 

properties obtained in this experiment are high, if compared to previous studies, and they 

seem to be usable for aerospace applications. Consequently, the mechanical properties of the 
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SLM of 316L stainless steel depend not only on the material composition, but also on the 

build direction. In the meantime, it must be borne in mind that the defects, such as cracks and 

pores, which occur following the SLM process, can be reduced by post-process treatment and 

residual stress relief, in order to further improve the tensile strength and the fracture 

toughness. For more details about these treatments see Section 2.3. 

  

 

Fig 6.5: Tensile stress–strain curve for the SLM of 316L stainless steel built in different 

directions. 

 

 

Table 6.1: Tensile properties obtained from the316L stainless steel made by SLM in different 

directions (±Stnd Dev). 

 

 

6.3.3.2  Fracture toughness test 

Fracture toughness results are presented in Table 6.2. These data were calculated according to 

the maximum flexural load by concentrating the stress in the area of the minimum cross 

section of the as built samples that were made in different build directions, (see Section 6.2 

As Built Samples UTS (MPa) Yield strength (MPa)  Elongation % 

Yx 668 ±3.4 397 ±4 37 ±1 

Xz 695 ±2.1 423 ±3.3 41 ±1.9 

Zx 564 ±2.5 387 ±1.8 35 ±0.6 

Wrought 170-290 480-560 40 
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for test conditions). The fracture toughness varied between 145.5 MPa m1/2 in the zx direction 

(standard deviation ± 1.1 MPa m1/2) and 176 MPa m1/2 in the xz direction (standard deviation 

±0.9). These values are lower compared to the conventional method of austenitic stainless 

steel grade 316L, from 112 up to 278 MPa m1/2  and for 316L annealed stainless steel at 210 

MPa m1/2  (Maloy et al., 2001). These low values will probably be caused by the cracks, 

pores and voids in the parts produced, as well as by the residual stress that remains in the 

316L parts after the SLM process. There are other reasons that affect the mechanical 

properties of materials, especially the fracture toughness and for more details see Section 

3.4.2. 

 

The differences in the fracture toughness values obtained in this study by the use of different 

build directions has been anticipated by previous investigations, as mentioned in Section 

6.3.2. The tensile test results also showed that the samples built in the xz direction recorded 

the highest values of UTS and elongation, meaning that there is a larger area under the stress-

strain curve, i.e., the material absorbs more energy before failure. These combined values 

enhance the fracture toughness of the parts built in the xz direction due to the fast cooling rate 

and the resulting dendritic grain structure (Seifi, 2016a). On the other hand, parts built in the 

yx and zx directions presented slightly lower values of fracture toughness than those built in 

the xz direction, because of the more prevalent and larger irregular pores and defects, 

especially in the samples built in the zx direction, as shown in Figure 6.6 in relation to the 

fracture surface, and which were subjected to loading perpendicularly to the build direction. 

The results in Table 6.2 reveal that the build orientation has a strong effect upon properties. 

For example, fracture toughness was smallest in the samples built in the zx direction, due to 

the defects present that are evident perpendicular to the build direction samples, which 

contribute to the reduction of the fracture toughness values. The microstructural variances 

along, and perpendicular to the build direction, can contribute to a decrease in the fracture 

toughness values (Seifi, 2016a). Furthermore, Figure 6.6(c) shows the fracture surface of the 

zx sample, which reveals process induced defects, such as pores, voids and cracks, present at 

the edge of the parts. 

 

In summary, the toughness is the ability of a material to resist the growth of cracks. The key 

to toughness is also a good combination of high ductility and strength, and, according to the 

results obtained in this study these alloys appear to have properties matching these criteria. 
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Further treatments, such as a HIP, could reduce the amount of residual stress. Re-melting of 

parts is could also reduce the defects that are mentioned above. 

 

Table 6.2: Mean fracture toughness of 316L stainless steel samples made by SLM in different 

build directions  

                                       

 

 

 

 

 

As Built Sample Fracture toughness (MPa m
1

2⁄  )  ±Stnd Dev (MPa m
1

2⁄ ) 

yx   152.6  ±1.16 

xz 176  ±0.9 

zx 145.5  ±1.1 
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Fig 6.6: Typical SEM images at 30× .magnification of the fracture surface of 316L stainless 

steel samples made by SLM, in the (a) yx, (b) xz, and (c) zx build directions. 

 

 

6.3.3.3 Vickers Hardness Test 

The VH test for as-built samples, built in different orientations, was found to demonstrate 

small differences; 226 HV was found for the yx samples, and 221 HV, in the xz and zx 

samples. The xz build had the lowest value of hardness, which means that the samples that 

were built in this direction have more ductility than those built in other directions (as can be 

noticed in Figure 6.5). The parts built in the zx direction also have a low hardness due to 

porosity (see Table 6.7). The result presented in this study is similar to those found in 

conventional products that are made from this alloy, and those shown in a previous study of 

SLM 316L (Cherry et al., 2015).  

 

Table 6.3: Vickers Hardness result of 316L stainless steel.  

Build Direction Vickers Hardness ±HV ±Stnd Dev HV 

yx 

xz 

zx 

226 

221 

221 

1.0 

1.2 

1.1 

 

As defined in Section 5.3.3, hardness is the term used to describe the amount of energy 

required to permanently deform (stretch, bend, compress, etc.) a material. Toughness 

describes the energy required for fracture. It is often the case that hard materials are not 

tough, and vice versa (Osakada and Shiomi, 2006) In this study, the xz samples paradoxically 

showed the lowest hardness, as shown in Figure 6.7, but they also demonstrated the highest 

fracture toughness, as well as the highest strength and ductility values at 695 MPa and 41 %, 

respectively.  

The low hardness samples achieve the highest fracture toughness, where the toughness is how 

much deformation a material can withstand before fracture. Hardness is a material’s 

resistance to plastic deformation and, strength is a maximum amount of stress a material can 

withstand before deforming (Necking). Since the ductility increased by reducing the yielding 

point of the material, and from Figure 6.5, there is no big difference between the yielding 

point for the xz and yx samples, the xz samples achieve the highest strength and ductility. 
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Thus, the difference in ductility values between xz and yx samples could be due to the 

difference in the build strategies, which make a different in the plastic deformation stages 

(Uniform deformation stage or Necking deformation stage).   

 

    

Fig 6.7: Fracture toughness of 316L stainless steel plotted against the hardness. 

 

6.3.4 Surface quality 

Figure 6.8 show that the surface roughness and the quality of the components produced by 

SLM of 316L stainless steel does not vary with build direction. Roughness does vary between 

surfaces parallel and perpendicular to the build direction. Perpendicular surfaces presented 

the highest values of roughness, with an average of Ra 4.25 μm (standard deviation of 0.5 

μm), while surfaces parallel to the build direction had an average Ra of 3.1 μm (standard 

deviation of 0.2 μm). These differences are related to the occurrence of an elevated 

solidification ridge at the edge of the sample, see Figure 6.9a. These ridges may affect the 

dimensional accuracy of a part. However, the parallel surfaces were affected by partially 

melted powder particles that were clinging to the surface. Mumtaz and Hopkinson found that 

surface roughness was generated by the rippling effect that can occur during SLM, when the 

laser, moving the temperature gradient between the solidifying zone, produces a shear force 

on the liquid surface, which is contrasted by the surface tension force (Mumtaz and 

Hopkinson, 2010). This shear force results in the formation of residual rippling on the 

surface, as the relaxation process could not be fully realised on occasions, due to the 

extremely short solidification times of the melt pool, (Kruth et al., 2010, Strano et al., 

2013b). These experimental results agree well with previous studies (Badrossamay and 

Childs, 2006, Rombouts et al., 2005, Chen et al., 2004), which showed that SLM has not yet 
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achieved a high surface quality of components. This is still one of the major drawbacks of the 

process, particularly in the fabrication of high performance aerospace components. This issue 

has to be further addressed by applying new process parameters, such as re melting, which 

has been applied previously, thus to reduce the surface roughness from 12 μm to 1.5 μm, as 

shown in Figure 6.9b (Kruth et al., 2010). A number of other surface modifications can also 

be applied to reduce surface roughness, such as machining and etching oxidisation. The 

etching solution could be applied post-processing to enhance the surface quality. In this 

experiment, all the investigations were done for as-built samples, and without any re-melting, 

in order to reduce the energy consumed and the production costs.  

 

 

Fig 6.8: Effect of different build directions on the surface roughness of the SLM of 316L 

stainless steel parts made by SLM 
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Fig 6.9: (a) A typical SEM image of an yx sample, and (b) Roughness values with and 

without laser i.e., -melting (Kruth et al., 2010). 

 

6.3.5 The effect of microstructure and fabrication on the quality and 

mechanical properties 

In terms of sample quality, the SLM process investigated in this study delivers a better 

surface roughness (Ra) on the surface that is parallel to the build direction. This means that 

the surfaces perpendicular to the laser are rougher, and this is due to the rippling effect, scan 

tracks and the elevated solidification ridges that arise at the edge of samples. Figure 6.9 

summarises this by showing how the surfaces perpendicular to the laser have rough surfaces. 

However, here, these differences in surface quality are not related directly to mechanical 

properties. On the other hand, these results have proven that the build direction has an 

influence on the microstructure of the samples produced, as shown in Figures 6.2 and 6.3. 

This is because the samples built in the zx direction have more irregular pores with a length 

of from 10 to 15 µm (see Figure 6.10), and they also have more partially melted particles 

stacked onto the parallel surface because of the powder surrounding the samples. In contrast, 

samples manufactured in the xz direction present fewer pores and dendritic grains due to good 

consolidation (see Figure 6.2 and 6.4). Most pores had a spherical shape, with an average size 

of 8µm in all samples as shown in Figure 6.10 for the zx build direction sample. These 

microstructures gave a very clear indication of how to predict the mechanical properties of 

the samples. So, under these conditions, it can be concluded that the influence of the build 
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direction on mechanical properties is greater, due to the difference of the microstructure, 

especially in relation to the fracture toughness and the ultimate tensile strength. 

 

The xz samples record the lowest value of hardness, which means the microstructure (the 

dendritic grains) have more ductility than the other samples in the zx and yx build directions, 

as well as high strength, see Table 6.2. This leads to a high fracture toughness value, due to 

the higher energy absorption of the material. 

 

In the context of previous research, it can be concluded that the mechanical properties of the 

SLM of 316L stainless steel components are comparable to those made from conventional 

materials.  (Cherry et al., 2015, Kalu, 2013, Soboyejo, 2002). All of the results discussed in 

this experiment are only valid for the range of experimental processes that are considered in 

this study.   

 

Fig 6.10: Typical SEM images reveal the pores size and shape of 316L stainless steel parts 

built in the yx, xz, and zx directions. 
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6.4 Conclusion 

This chapter has been discussed the influences of density, surface quality, microstructure and 

mechanical properties of the components of the SLM parts made using different building 

orientations. The effects of different build orientations on the microstructures and the 

mechanical properties, especially the fracture toughness of the 316L stainless steel after it 

was fabricated by SLM have been concluded below, and the major findings have been 

summarised:  

 

Samples fabricated in the yx and zx orientations present defects, such as pores and 

cracks, which affect the fracture toughness, strength and total elongation. 

 

The density of the SLM parts is around 96%, in comparison with the conventional 

product in AISI 316L stainless steel. 

 

The tensile and yield strengths are noted to be quite high, if compared to previous 

research. Special mention should also be given to the yield strength and the tensile 

strength, which are higher than those in conventional materials, while maintaining the 

high elongation values.  

 

The minimum values of fracture toughness found in this study are 145.5 MPa m1/2, 

and the maximum values are176 MPa m1/2, at room temperature. These values are 

slightly higher than the minimum of (112 MPa m1/2), for those in the conventional 

product (Maloy et al., 2001).   

 

Vickers Hardness test results are similar to those found in conventional products made 

of this alloy, and the value of the hardness decreases with an increase in toughness. 

 

The fracture surface and the microstructure show evidence of voids, cracks and pores 

in the samples produced in the yx and zx build orientations, and a few pores are 

present in samples with a xz build orientation, together with dendritic grains.  
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The orientation during the build affects the mechanical properties, particularly the 

fracture toughness. The weakest build strategy recorded was in the zx direction, due to 

the pores, voids and cracks that are present at the edges of the parts. 

 

Dendritic grains appear in the xz parts due to a high temperature gradient and fast 

cooling, which seem to increase the toughness and ductility, although the number of 

pores decreases. 

 

Most pores had aspherical shapes, with an average size of 8 μm in all parts, and in the 

zx built parts some irregular pores were present, with a length of from 10 to 15 μm.  

 

Build orientation has a slight effect on surface roughness, with the xz built samples 

having 3.8Ra roughness, while this is increased to 4.7Ra in the yx and zx built parts. 

Further work, such as HIP treatment or re-melting, could improve the mechanical 

properties and surface roughness, and may reduce the internal stress.  

 

With regard to the manufacture of stainless steel components for use in the aerospace 

industry, or in other industries where fracture toughness and strength are critical, it is 

clear that parts should be designed so they can be made in AM with the highest in-

service load carried in the build direction xz direction. Furthermore, designers and 

manufacturers should be aware that, because of the inherent limitations of AM in 

surface roughness, parts will require subsequent heat treatments in order to solve 

stress concentration problems at sharp corners and fillets. Solidification ridges near 

sample edges mean that post-processing may be required if such features are critical. 
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7 Chapter 7: The influence of different build direction on 

the microstructure and Fatigue Crack Growth of 316L 

Stainless Steel made by SLM 

 

This chapter is focused on the behaviour of 316L, made by SLM in new, different building 

directions under cyclical loading. Also, to understand the ability of the 316L stainless steel 

made by SLM to avoid early crack initiation to compensate for the remaining stress and 

porosity. Section 7.2 presents the experimental procedure including for samples fabrication 

and the FCG test. In Section 7.3.1, the results and discussion about the fatigue crack 

propagation test and the fracture mechanics experiments are addressed. The characteristics of 

the resulting microstructure to clarify the important factors of influence resulting from the 

microstructure and from fatigue crack propagation are addressed in Section 7.3.2. Section 7.4 

summaries the main findings of this chapter.  

 

7.1 Introduction 

Fatigue crack growth is an important selection criterion for aerospace applications, because it 

is the final stage before the failure of the material during a gradual and irreversible reduction 

in residual strength due to the cyclical stresses that are experienced by an aircraft (Schijve, 

1967). Currently, aerospace industries are focused on new processes that allow for the 

fabrication of larger parts, or of components with fairly high productivity, such as AM 

Technology. The advantage of this technology is in the high degree of design freedom and 

net shape. AM technologies are fast, and there is resource efficiency if compared to 

conventional methods. Consequently, AM technology offers great opportunities to meet the 

resource-efficient production of complex parts, particularly the SLM process, which employs 

a high energy laser source and metal powders (Schleifenbaum et al., 2011). Being able to use 

many different alloys to fabricate metal components, the success of the SLM process in 

recent years has mainly been attributed to a number of factors. New applications have been 

also discovered for SLM processes, e.g., the innovative fabrication of a moving coil cartridge 

using SLM (Riemer et al., 2014). In addition, these manufacturing processes have become 

more attractive, due to the increase in the productivity of the machines by the suppliers 

(Buchbinder et al., 2011). Finally, it has made a contribution through academic research in 
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order to innovate and to create a clean industrial environment (Thijs et al., 2013), The SLM 

processes through which you can manipulate the microstructure, as shown in recent research, 

can obtain mechanical properties similar to those of conventionally processed materials, as 

seen in Chapters 5 and 6. However, there are aspects that have strongly affected the 

mechanical properties of the components produced, for instance, internal stress resulting from 

high temperature gradients and high cooling rates, as well as pore defects that come with the 

parts produced, as discussed in Section 2.3. These defects have not been previously 

discussed, especially for components manufactured in different build directions, nor their 

effects on FCG and cyclical loading.  

 

Different alloys have been processed  using SLM, such as aluminium, titanium, steels and 

nickel alloys. Most of these studies that have been published have focussed on the process 

parameters, microstructure evaluation and material behaviour under constant loading. The 

fatigue properties of materials that have been processed using the DMLS and SLM methods 

are inadequately researched and require more study (Li et al., 2012, Van Hooreweder et al., 

2012, Leuders et al., 2013, Riemer et al., 2014).  

 

There are few studies available on stainless steel 316L, and those that are available mostly 

report on the effect of the remaining porosity and residual stress, the processing and effects of 

different surface modifications (Yasa and Kruth, 2011). There are a couple of published 

studies that demonstrate the FCG and HCF performance of stainless steel 316L processed by 

SLM (Riemer et al., 2014, Spierings et al., 2013). In addition, a recent review has 

summarized the FCG and HCF316L stainless steel parts produced by SLM; these studies 

have been discussed in Section 3.4.3. However, information on the effects of mechanical 

properties, crack initiation, and crack propagation under cyclical loading are needed for steel 

316L components. The important questions in this chapter are: what building direction 

presents the highest ductility of 316L? How are these alloys able to avoid early crack 

initiation to compensate for the remaining stress and porosity? The current study is focused 

on answering this question and it investigates the behaviour of 316L, made by SLM in new, 

different building directions under cyclical loading. The FCG test and the fracture mechanics 

experiments were carried out, and the characteristics of the resulting microstructure were 

investigated by optical and scanning electron microscopy to clarify the important factors of 

influence resulting from the microstructure and from FCG. 
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7.2 Sample preparation and experimental methods 

In this study, nine stainless steel 316L samples with standardized geometries were 

manufactured in three different building directions, yx, xz and zx, for the investigation of 

crack growth (see Figure 7.1). The samples were processed using SLM with a maximum 

power of 200W. Layers of 30 μm thickness were fabricated using a stainless steel 316L 

powder with a scan speed of 1600 mm s-1 , and a laser power of 180 W.  

 

Analyses of crack growth behaviour in SLM samples were carried out using CT-samples ( 

see Section 4.5.4 for design), manufactured according to ASTM E647-08 (Mohanty et al., 

2010) with a crack length of 11.7 mm., specimen thickness of 5 mm and width of 26 mm. 

Three different directions were considered. Crack growth was determined parallel and 

perpendicular to the build direction, with a minimum of three samples being used for each 

test series. All tests were carried out using an INSTRON servo hydraulic 8874 testing 

machines at a frequency of 10 Hz, minimum load 0.6 KN, maximum load 6 KN, for a load 

cycle, and a stress intensity factor ratio of R = 0.1. 

  

For the characterisation of the microstructure and fracture surface of all of the SLM samples 

an X-ray Diffraction (XRD) and SEM were used in this study. 

 

 

 

Fig 7.1: Schematic illustrations of CT samples in three different building directions for FC 

tests 
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7.3 Results and discussion  

7.3.1 Fatigue crack growth and failure behaviour  

Figure 7.2 shows the FCG data, the adjusted crack length values and the corresponding load 

cycles that were generated by the FCG testing. The total number of cycles prior to unstable 

crack growth was determined. The results obtained show different FCG behaviour for each 

orientation. The sample in the zx orientation revealed that the crack propagation 

perpendicular to the build direction withstood up to 600,000 cycles with no sign of cracking. 

Beyond this the cracks began to propagate to a length of 21 mm. at 1,550,000 cycles, and 

completely failed; thus, a cycle account of approximately 600,000 cycles was required to 

induce unstable crack propagation. The sample in the xz orientation, where a crack 

propagates parallel to the build direction, showed no sign of cracking up to 1,150,000 loading 

cycles. A crack then started to propagate gradually until 1,550,000 cycles with a 21mm 

length.  This means that this build direction showed good ductility performance. The samples 

built in the yx orientation recorded that there were no signs of cracking up to 700,000 cycles, 

and only a small amount of cracking started with a length of 1 mm. at 800,000 cycles. After 

820,000 cycles, the crack propagated suddenly to 18 mm. and the samples completely failed 

at 919,280 cycles. The samples in the zx and xz directions recorded the highest number of 

cycles, while the xy sample failure was noted at a low number of cycles and revealed that the 

crack growth behaviour was influenced by the different build directions; the build direction 

has been shown to affect the microstructure of the material produced, as described in Chapter 

6 and Section 3.4.3. The non-uniform grain structure and the presence of induced process 

defects; such as residual stress, were the main reasons for the decrease in the fatigue life, 

especially in samples built in the yx orientation. It is obvious that the number of cycles 

required for complete failure in the yx sample decreased by approximately 30% in 

comparison to samples in the zx and xz orientations. Previous literature on the FCG for 316L 

stainless steel found that the finer grains resulted in a decrease in the FCG rate (Riemer et al., 

2014). Consequently, the differences in the crack propagating behaviour between samples 

(see, Figure 3) with different building orientations must be clarified on a microstructural 

basis, emphasising the role of the grain shape and size (see Section 7.3.2). 
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7.3.2 Fracture surface and microstructure analysis 

The SEM analysis highlights different fracture surfaces that are invariant in appearance to 

build directions (see Figure 7.5a-f). The fracture surfaces of both vertical and horizontal 

samples indicate the role played by the microstructural features on the ductility and strength 

of SLM built samples. The overall view of the FCG in the fracture surfaces of the vertical 

direction samples showed a ductile topography, see (Figures 7.5c, d, e and f) and (Figures 

7.4a and 7.4b), which reveal the crack growth path and the microstructure of the samples. 

The fracture surfaces of the samples that were built in the zx direction show the main cause of 

fracture, micro cracks and voids, as is the case for typical SLM produced stainless steel parts 

(see Figures 7.5c and d) Plastic deformation coupled with shear deformation have been 

revealed in the fracture surfaces of zx samples because of the above work rate (the cyclical 

loading) of the alloy. The cracks propagate parallel to the build layers i.e. perpendicular to the 

build direction. It is also noted that the fatigue cracks that are initiated form shear slip bands, 

and these are followed by regions of stable crack propagation. Figures 7.5e and 7.5f reveal 

the fracture surfaces of samples in the xz series, which show that shallow dimples cover the 

overloading area, indicating the mechanism of the ductile rupture failure. The fracture surface 

is also free from any cracks or voids at low magnification, as seen in Figures 7.5e and 7.5f, 

which clearly distinguishes the region of crack initiation and the steady crack propagation 

with the final fracture. The samples that were built in the xz direction showed higher 

resistance to FCG. 

 

 

Fig 7.2: An FCG curves for 316L stainless steel samples produced in different build 

directions under cyclical loading. 
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Fig 7.3: An FCG samples in different orientations (a) before testing, (b) yx orientation, (c) xz 

orientation, and (d) zx orientation after testing 

 

The fracture surfaces of horizontally built samples reveal a fracture mode that is similar to 

those observed in the samples built in the vertical direction. Figures 7.5a and 7.5b show 

typical fracture surfaces of samples that were built in the yx direction. A mixed mode of 

ductile and brittle failure mechanisms was observed in these samples, and the voids present in 

some locations also act as crack initiation sites. Craters are also formed, and these are 

possibly caused by the pulling out of the material surrounding the voids. On the other hand, 

cleavage-like flat facets are present in the surface fractures of the yx samples, characteristic of 

brittle fracture (see Figure 7.4c). Previous studies have reported a similar fracture surfaces for 

austenitic stainless steel samples tested at a high strain rate (Ganesh et al., 2014, Tomota et 

al., 1998, Wang et al., 2008). In general, FCG is dependent on the initiation and growth of 

cracks, where crack initiation takes up much of the overall fatigue life (Oh et al., 2003). 

Crack initiation depends on various factors, for instance; microstructure, surface condition 

and the presence of secondary particles in the material, together with flaws (Rafi et al., 2013). 

However, in this study, the other reasons for crack initiation are likely to be due to the 

residual stress defect and the different build directions. These are factors that affect the 

fatigue life and can make fatigue failure easier in the case of the propagation of the crack 

perpendicularly to the build direction. In addition, the rapid cooling rate during SLM, 
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especially in the vertical direction samples, has a fine microstructure that leads to high 

toughness and stable crack growth during fatigue. More research is still required to 

understand the FCG of 316L stainless steel parts that are made by SLM using different 

processing and surface conditions.  

 

 

 

Fig 7.4: Shows crack path, microstructure and morphology dependent on building direction 

(a) xz orientation (b) zx orientation, and (c) yx orientation 
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Figure 7.5: Typical SEM images of the 316L stainless steel fracture surfaces at different build 

directions. (A, B) in the yx direction, (C, D) in the zx orientation, and (E, F) in the xz 

orientation 
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7.4 Conclusions  

The main study in this chapter was to evaluate the FCG behaviour of 316L stainless steel 

manufactured by SLM. Tests for the crack initiation, crack growth, microstructure and 

defects were conducted. After analysing the outcomes, the following conclusions can be 

drawn: 

 

A high number of cycles were recorded in the samples that were built in the zx and xz 

orientation, and the yx sample revealed a low number of cycles, which meant that the 

crack growth behaviour is influenced by different microstructures in different build 

directions. 

Ductility was higher than for other comparable materials, notably those built in the 

vertical orientation. These samples also have a fine microstructure leading to good 

fatigue performance, because of the rapid cooling rate during the SLM process. 

 

The fatigue life of samples built in the yx orientation decreased by approximately 30% 

in comparison to those samples that were built in the zx and xz orientations. This is 

attributed to the non-uniform grain structure, which is due to the different build 

orientations, and defects produced during the process, such as a presence of cracks, 

pores and the internal stress that remains. 

 

The fatigue life is affected by different build directions, which can make failure easier 

in the case of crack growth that runs perpendicularly to the build direction, and the 

highest resistance to FCG samples was shown in the xz orientation. It is recommended 

that uses of such components should be restricted to those built in the zx and xz 

directions. 

 

The fracture surfaces of the SLM 316L stainless steel samples reveal that plastic 

deformation is coupled with the shear deformation in the zx orientation sample, while 

cleavage present in the yx orientation sample is characteristic of a brittle fracture. 
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8 Chapter 8: Fracture toughness and the tensile strength 

of 316L stainless steel cellular lattice structures 

manufactured using the selective laser melting 

technique. 

 

Chapter 8 evaluates the manufacturability of 316L stainless steel cellular structure and the 

effect of different build orientations on mechanical properties of 316L stainless steel cellular 

structure made by SLM. The evaluation is given to the cellular structure for lightweight 

applications to provide understanding on their geometrical and mechanical characterisation. 

Also, is present a new method is presented to predict the fracture toughness of SLM 316L 

cellular structure by using Ashby and Gibson micromechanical modelling. The design 

procedure and software tools used for generating cellular structure are presented in Section 

8.2.1. The samples fabrication and mechanical tests procedure are addressed in Sections 8.2.2 

and 8.2.3, respectively. The result and discussion are addressed in Section 8.3, which include 

the effect of different build direction on density, tensile and fracture toughness of 316L 

cellular structure. Finally, the major findings are summarised in section 8.4. 

 

8.1 Introduction 

Today, most of the research into aerospace applications tends to be focused on increasing 

energy efficiency and reducing fuel consumption and exhaust emissions. Extensive efforts are 

still needed, however, to find ways of reducing the components’ overall material 

consumption and weight, thereby saving increasingly scarce natural resources and saving fuel 

consumption. Many previous studies have examined the use of high specific strength 

materials for this purpose, such as magnesium, aluminium, titanium and high strength steels 

(Brungs, 1997, Boyer, 1996, Kuziak et al., 2008). Other research has focused on structural 

design adaptations to the actual loading condition, such as sandwich design, which helps to 

reduce weight by stiffness or by reducing the numbers of joining elements (Degischer, 2009). 

These strategies still however require highly complex geometries to be reliably produced, and 

in practice this confronts the manufacturing method with substantial challenges.  
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Additive Manufacturing  Technologies, such as the SLM technique, allow complex 3D lattice 

structures to be produced (Osakada and Shiomi, 2006, Yan et al., 2012) while also reducing 

the time and costs of production. Parthasarathy (Parthasarathy et al., 2010) has found that 

AM technologies allow flexibility of design and provide very few feature sizes for the 

fabricating of closed or open cell structures with locally variable stiffness and optimized 

compatibility. Currently, there is great demand for lightweight components in aerospace 

applications in order to reduce the rate of fuel consumption and carbon emissions, and this 

requires more effort to improve the performance of the lightweight structures that are 

produced. In the aerospace sector, Ti6Al4V alloys are also promising, due to their balanced 

and well-studied properties. Current studies on lightweight structures in the field of AM have 

investigated the influence of process parameters on the quality of the parts produced, such as 

laser power and scanning speed, or the layer thickness of powder and the resulting 

mechanical behaviour (Yadroitsev and Smurov, 2010). 

 

Lattice structures are well known, and their excellent low density and thus good specific 

properties, are used widely in the aerospace and other transport sectors (Thijs, 2013, Su, 

2003, Ghosh, 2011). There are commercial suppliers of metallic lattice materials. The porous 

nature of these materials means they require a different set of manufacturing processes, 

tending to make them more expensive than conventional alternatives, such as honeycombs or 

advanced alloy solids. The influence of cell size and volume fraction on the quality of the 

parts and their effect on mechanical behaviour have also been explored (Hussein et al., 2013) 

(Yan et al., 2012). A few studies have addressed the failure mode and the mechanical 

performance of different 3D metallic AM lightweight structures (McKown et al., 2008). 

Brenne et al. studied the local deformation behaviour of cellular structures in order to 

investigate the failure characteristics of the parts that are subjected to uniaxial loading 

(Brenne et al., 2013). 

 

In this context, the present study has sought to investigate the local failure mechanism of a 

cellular 316L stainless steel structure that is manufactured by SLM under uniaxial tension 

loading. A fracture toughness test was conducted in order to evaluate the effect of utilising 

different build directions for the 316L AM cellular parts. The results obtained from the 

fracture toughness tests were compared with the Ashby and Gibson model(Gibson and 

Ashby, 1999). The tensile strength and the elongation of the 316L stainless steel cellular 

structure were also addressed. The SEM, X-ray Computed Tomography, and OM were used 
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to examine the microstructural changes in both tensile test samples and SENB samples during 

fracture.  

 

8.2 Experimental Procedure 

8.2.1 Materials and cellular lattice structure design 

All of the cellular lattice structure samples were made from a 316L stainless steel powder 

with an average particle size of 30 ± 10μm. The powder was almost spherical in shape, which 

led to good flow ability. This sample also had a narrow distribution of particle sizes and some 

irregular particles sticking to it, with the smaller sizes between 3 to 10μm, which resulted in a 

rough surface, as discussed in Section 4.1.2 and shown in Figure 4.2. The CAD software 

provided by Simpleware Ltd, UK, was used to generate the cellular lattice structure samples 

with the gyroid unit cell model, as shown in Figure 8.1. The gyroid unit cell (see Figure 8.1a) 

and the lattice structures, were mathematically defined, and studied at different cell sizes and 

volume fractions (Yan et al., 2012, Olurin et al., 2000), which process circular struts and 

spherical cores with the self-supported feature extending the capability of SLM to produce 

cellular lattice structures. The volume fraction, or volume percentage, of the solid material in 

the cellular lattice structure, with the same volume of 15%, was used in all periodic lattice 

structures at different building directions. The cell sizes were also kept constant at 3mm, as 

shown in Figure 8.1b & c. 

 

 

Fig 8.1: (A) CAD models of gyroid unit cell, (B) periodic cellular lattice structures, and (C) 

typical CAD models of samples at different design directions and their position on the 

platform. 
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8.2.2 The selective laser melting process 

The SLM fabricating process was carried out on a concept laser (M1, ES Technology Ltd, 

UK). The SLM machine used a fibre laser with a wavelength of 1060 nm, a nominal power of 

200W and a focussing diameter of between 50 to 200 μm. The laser power, scanning speed 

and layer thickness were 200 W, 7 m s-1 and 0.03 mm. respectively. Six gyroid cellular lattice 

structures with dimensions of 10 × 20 × 80 mm. for the SENB test, and another six with 

dimensions of 15 × 15 × 60 mm. were built on a base plate by the SLM process. All samples 

were cut off from the base plate using wire cutters (Electrical Discharge Machine EDM) - see 

Figure 6.2. 

 

 

Fig 6.2:  Periodic cellular lattice structures of 316L stainless steel samples in different 

building directions on the platform. 

 

 

8.2.3 Measurements and mechanical tests 

A micro-CT scanner was used to scan the lattice structure samples both before and after the 

mechanical testing, and two dimensional slice images were collected. Software (VGstudio 

MAX2.1) was used to reconstruct the three dimensional models of the manufactured lattice 

structure samples to determine their internal defects and the solid strut volume. The SEM was 

used to characterise the failure behaviour, the strut deformation and the size of the cellular 

lattice structure samples. An OM was used to investigate the morphologies of the 
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manufactured samples of the cellular lattice structures. More details about these 

measurements were explained in Section 4.5. The density, and the relative density, of the 

solid struts of the lattice cellular structures were measured. Six samples, manufactured in 

parallel and perpendicular to the build direction, were deformed under uniaxial tension using 

a 3300 Dual column universal material testing machine (Instron Instruments Ltd, UK) at a 

constant rate of loading 0.5 mm min-1. The fracture toughness test was carried out at room 

temperature using an Instron hydraulic machine at a constant displacement 0.5 mm min-1, the 

machine’s model and the tests’ specification were explained in Chapter 4, and for more 

details see Section 4.5.4. This test method was for Mode I (opening mode and pre-cracked 

specimens) of loading, and all data were recorded and measured to estimate the fracture 

toughness of the cellular lattice structures.  

 

8.3 Results and discussion 

8.3.1 Effect of different build direction on the density of the lattice 

structure and the solid struts  

The density of the solid struts and the density of the lattice structure within the gyroid cellular 

structures, with different building directions, are shown in Figure 8.3. The solid strut density 

7.7 g cm-3 was found in both the vertical and horizontal directions; while, for the lattice 

structures, the densities were found to be 1.35 g cm-3 with a standard deviation of 0.014 g cm-

3 for both samples and they were built in both the vertical and horizontal directions. For 

comparison, the density of cast 316L is 8.0 g cm-3 (Ji et al., 2001). The relative density of the 

solid struts vs bulk cast density is thus ~96%. This low value in the relative density is 

confirmed by the cross-section of the CT scan image in Figure 8.4, which indicates few pores 

inside the struts of the lattice structure. Compared to previous studies (Yan et al., 2012) on 

the same type and size of unit cell, these results remain great. increased density could thus be 

achieved by optimising the processing parameters of the SLM process and the higher the 

density of the struts, the  smaller the unit cell sizes they present (Yan et al., 2012).   

 

  

https://www.google.co.uk/search?client=firefox-b&q=instron+hydraulic+machine&spell=1&sa=X&ved=0ahUKEwjEhcf7jcHPAhUJShQKHQB_A4oQvwUIGygA&biw=1920&bih=969
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Fig 8.3: Variation of the struts’ and lattice structure densities with different build directions. 

 

 

 

 

Fig 8.4: Cross section images from the micro-CT scans of the gyroid cellular lattice structures 

with a volume fraction of 15% and a unit cell size of 3 mm made by SLM. 
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8.3.2 Effect of different building direction on the strength and elongation 

of the lattice structure 

The stress-strain curves of the tensile tests on the gyroid cellular lattice structures, with the 

same volume fraction of 15% and the unit cell size of 3mm, are shown in Figure 8.5. The 

ultimate tensile strength of bulk cast 316L is 485 MPa, and it is a ductile (Maloy et al., 2001), 

Yadroitsev, 2009). From the very beginning of the loading, the stress increases in a concave 

fashion and show a linear region with a high degree of linearity. This behaviour may be 

attributed to a good consolidation of the material.  Further indication of this was there was no 

distortion nor defects when the samples were cut off the base plate (McKown et al., 2008).  

 

The images in Figure 8.6 show the difference between the built samples and the elongation 

behaviour of the lattice structure samples after tensile loading. No brittle failure is visible in 

the photographs. The deformation throughout the testing process was a steady and smooth 

progression; the struts of the unit cells rotated by approximately 45°, and the alignment with 

the direction of the uniaxial tension load applied to the samples is attributed to the circular 

struts and the sphere core of the of the unit cell, as seen in Figure 8.6b. Furthermore, the area 

of the built samples (225 mm2) was reduced after the tensile test to 174 mm2 for the samples 

built in a vertical direction, and 169 mm2 for the samples built in a horizontal direction; this is 

due to the constriction of the struts to each other and to their being expanded longitudinally.  

 

This can be attributed to the sudden change in density and, thus, stiffness - forming a stress 

concentration. An SEM picture of a strut end, Figure 8.7, which shows an SEM image of a 

fracture strut, indicates that there was yield, ductile surface and some voids present. The 

centre of the sample, in Figure 8.6b, clearly shows how the end constraints affect the 

deformation of the cellular solid, and that the centre section is clearly not dominated by the 

constraint at the sample ends.    
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Fig 8.5: Stress-strain curves of the tensile tests on the cellular lattice structures with 15% of 

volume fraction and 3mm. of unit cell size. 

 

 

Fig 8.6: CT scans of the cellular lattice structure before and after a tensile test. Figures 8.6A 

and 8.6E show the sample after testing, with the detail of the rupture clearer in 8.6E. Figure 

8.6B is a 2D slice through the sample after rupture, showing the rotation of internal struts. 

Figures 8.6C and 8.6D show the sample before testing, with B showing the internal struts in 

the initial un-rotated configuration. 

 

E 
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Fig 8.7: Typical SEM image of a fracture strut, at (a) 45 × magnification, and (b) 1000 × 

magnification, which reveal some voids and ductile fracture 

 

Table 8.1, reveals the ultimate tensile strength, the yield strength and the elongation of the 

cellular lattice structures with the same volume fraction and unit cell size, 15% and 3mm., 

respectively. The mechanical properties of the cellular lattice structures samples that were 

built in a vertical orientation are higher than those built in the horizontal direction. This 

increase in the tensile properties is approximately 66%, and it can be attributed to the tension 

load direction that was applied parallel to the vertical building direction. This means the 

vertical struts in the vertical building direction samples that are subject to tensile tension are 

stronger than those built horizontally. In the samples that were built in the horizontal 

direction, the horizontal struts were subjected to tension load. This can cause weak struts 

because there was little overlap between the successive melted layers, leading to a fracture of 

the struts and ultimately of the structure when subjected to load. Consequently, the increase 

of unit cell size leads to an increase in the diameter of the struts. Thus the horizontal struts 

become very weak, due to the deformation of material without a support structure. The higher 

mechanical properties of the gyroid cellular lattice structure also further prove that the struts 

that are oriented parallel to the building direction, and which are perpendicular to the 

baseplate, have been well fabricated by SLM technology.    
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Table 8.1: Tensile properties obtained from the cellular lattice structures of 316L stainless 

steel with the same volume fraction (15%), and unit cell 3 mm. made by SLM at different 

building orientations. 

As Built Samples UTS (MPa) ±Stdev yield strength (MPa) 

±Stdev 

Elongation % ±Stdev 

Vertical 28.5 ±0.5 13 ±1 31 ±0.9 

Horizontal 19   ±1 6 ±1 24.5 ±0.5 

Bulk cast 316L 485 170 40 

 

 

8.3.3 Effect of different build direction on the fracture toughness of the 

cellular lattice structure 

Figure 8.8 shows two typical loads–displacement curves of a three point bend fracture 

toughness test on cellular lattice structures when built in either the vertical or the horizontal 

directions. For both build directions highly irregular load-elongation curves were obtained, 

where the curves fluctuate up and down, which mean the load increase and decrease up to 

100N after reaching the maximum load. This was expected from the periodic cellular 

structures, where strut failure occurs, and the sample therefore becomes weak after losing a 

set of struts, causing the load to descend. Ductile fracture was observed in all the tested 

samples, and plastic deformation was also confirmed during the test. For SENB samples with 

L/W = 4, the fracture toughness value was calculated using the following equation (Olurin et 

al., 2000, Quintana-Alonso et al., 2010, Marsavina and Linul, 2010): 

 

KQ = PQ

f(
a

W
)

BxW
1
2

                                                                                           (8.1) 

 

Where (0˂a/W˂1) and𝑃𝑄, B, W, a, L, are the load, specimen thickness, specimen width, crack 

length and span respectively. 

 

All of the tests were valid for plane strain conditions, and the fracture toughness was 

considered 𝐾IC=𝐾Q after conducting the validity check, as discussed in Section 3.4.2 by using 

Equation 3.1. 
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Fig 8.8: Load – displacement curves for different building directions of the cellular structure 

with the same volume fraction (15%) and cell size (3mm.). 

 

The maximum and minimum values of fracture toughness are 4.3 MPa m1/2 with a vertical 

build direction, and 3.3 MPa m1/2   with a horizontal build direction. For comparison, the 

fracture toughness of bulk cast 316L is 112 to 278 MPa m1/2     (Maloy et al., 2001). The 

fracture toughness result obtained from the SENB test was expected from the tensile test. As 

mentioned in Section 8.3.2, because the perpendicular struts in the vertical build direction 

samples are stronger (stiffness) than those in the horizontal; this means that these 

perpendicular struts are more vulnerable to the process of bending. Conversely, in the 

horizontal build direction samples, it was the horizontal struts that were the most vulnerable 

to the process of bending, due to the deformation during the fabrication process, as seen in 

Figure 8.9(a) for a horizontal build direction sample, and (b) for a vertical direction sample, 

which reveal larger crack lengths. 
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Fig 8.9: Images of the fracture toughness test samples (a) in the horizontal build direction, 

and, (b) the vertical build direction 

 

 

Figure 8.10 compares the SENB test result for fracture toughness in different build directions 

with the Ashby and Gibson micromechanical model. It can be seen that for both build 

directions there was a difference between the SENB test values and the Ashby and Gibson 

model predictions; this difference was smaller in the vertical build direction samples, (0.2 

MPa m1/2), however, than in the horizontal build direction samples (0.5 MPa m1/2). This 

difference is normal is was expected from tensile test, as that there is a variation in the 

ultimate tensile strength between the different build directions, as seen in Table 1, which 

reveals that the vertical build direction samples recorded higher tensile properties than the 

Ashby and Gibson model, as a function of the density and fracture strength of the cellular 

structures. The difference in fracture toughness between the Ashby and Gibson model and the 

SENB tested values may also be attributed to the roughness of the strut surfaces and the 

residual stress remaining in the SLM samples (Yan et al., 2014b). In additional, the Ashby 

and Gibson model used in this study is based on Cubic unit cell. The constant value (C) was 

used in Ashby and Gibson model (equation 8.2) to predict the fracture toughness of cellular 

structures is 0.65, for more details see discussion part in Section 10.1. The struts that were 

subjected to a tension load in the horizontal direction were weaker than those in the vertical 

direction, and this was due to the different build direction, see Figure 8.2. 
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Equation 8.2 (Gibson and Ashby, 1999) sets out a micromechanical model to predict the 

fracture toughness of an open cell lattice structure. This model relates the fracture toughness 

𝐾IC to the tensile strength of the cell walls σfs , the dimension of cell l and the relative density 

ρ∗

ρs
⁄ .   

KIc
∗

σfs√πl
= C (

ρ∗

ρs
⁄ )m                                                                                                  (8.2) 

 

where C is a constant value equal to 0.65. 

 

Extensive studies of micromechanical models for lightweight and cellular materials have 

been presented by Gibson and Ashby (Ashby and Medalist, 1983, Gibson and Ashby, 1999), 

and Mills (Mills, 2007). 

 

 

 

Fig 8.10: Experimental results of fracture toughness KICversus micromechanical models for 

cellular lattice structure of 316L stainless steel in different building directions with a constant 

cell size of 3mm. and a volume fraction of 15%. 
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8.4 Conclusion 

This study investigates the fracture toughness and tensile strength of 316L periodic cellular 

lattice structures that are fabricated by SLM. The effect of different build directions on the 

density, tensile strength and fracture toughness properties of the cellular lattice structure were 

investigated. The following observations were made: 

 

The cellular lattice structure’s density was found at 1.35 g cm−3 , for both vertical and 

horizontal building directions, while the relative density of the solid struts in both 

building directions was found 96.%. 

 

The ultimate tensile and yield strength in the vertical building direction samples are 

approximately 60% higher than those samples that were built in the horizontal build 

direction. The elongation of the samples that were built in the vertical direction is also 

approximately 40% higher than that of the samples built in the horizontal direction. 

This is because the struts of unit cells that were built horizontally were weaker than 

the struts that were built in the vertical building direction, which was parallel to the 

building direction.  

 

All the tensile samples eventually fractured close to the solid end plate, where the 

struts join the non-cellular end tabs, and this was due to the sudden change in density, 

and thus stiffness, which formed a stress concentration. 

 

The fracture toughness of the 316L stainless steel cellular lattice structure was 4.3 

MPa m1/2 and 3.3 MPa m1/2 in the vertical and horizontal build directions, 

respectively. This is due to the weaker struts in the horizontal build direction. Fracture 

toughness is strongly dependent on build direction, with other possible parameters 

influencing the fracture toughness being the strut density and the loading rate. 

 

The Ashby and Gibson micromechanical model that is used in this study is a useful 

tool to predict the fracture toughness of cellular lattice structure materials, and records 

small difference between the micromechanical model and the SENB results from 0.2 

to 0.5 MPa m1/2.  
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9 Chapter 9: Effect of the different cell size and build 

direction on the fracture toughness and strength of 

lightweight 316L stainless steel cellular lattice 

structures processed by selective laser melting 

 

This chapter is evaluating the manufacturability of 316L cellular structure made by SLM at 

different cell sizes and build direction. Also, the effect of different cell sizes of 316L stainless 

steel cellar structure on fracture toughness and tensile strength properties is addressed. The 

mechanical property results are compared with Ashby and Gibson micromechanical model 

results. The design procedure and software tools used for generating cellular structure are 

presented in Section 9.2. The samples fabrication and mechanical tests procedure also are 

addressed in Sections 9.2. The result and discussion are addressed in Section 9.3, which 

include the effect of different build direction and cell sizes on density, tensile and fracture 

toughness of 316L cellular structure. Finally, the major findings are given in section 9.4. 

 

9.1  Introduction  

Lightweight metal cellular structures can offer high performance, for instance, good impact 

energy absorption, high strength accompanied by low weight, and good acoustic and thermal 

insulation properties (Nakajima, 2007, Williams and Rosen, 2007, Williams et al., 2011), 

thus finding uses in aerospace structures (Zhou et al., 2004). Metal cellular structures are 

divided into two common types: periodic cellular lattice structures (uniform structure or 

repeating unit cell) and stochastic porous structures (with a random distribution of open or 

closed voids) (Yan et al., 2014a). Structures made by SLM methods can possess relatively 

complex geometries, enjoy wide design freedom, and exhibit the functionality to meet 

advanced applications. Previous research has investigated the manufacturability and 

mechanical properties of stainless steel cellular lattice structures with different cell sizes and 

unit cell geometries (Yadroitsev et al., 2009, Tsopanos et al., 2010). For instance, colleagues 

of Yan (Yan et al., 2012) recently evaluated the manufacturability and properties of 316L 

stainless steel cellular structures, finding that gyroid type unit cells are able to self-support 

without excessive deformation during manufacture in a wide range of unit cell seizes, 

specifically 2 - 8 mm. The same authors go on to examine AlSiMg alloy periodic cellular 
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structures that are made by direct metal sintering (Yan et al., 2014a), and found the 

compressive modulus and strength were positively correlated with the volume fraction, 

showing good agreement with predictions from the Gibson-Ashby model (Yan et al., 2014b). 

Considering applications in aerospace, where fracture toughness is considered a vitally 

important property, there are unfortunately no reports dealing with fracture toughness for any 

periodic metallic cellular lattice structures (although there is one report on foamed 

aluminium) (Yan et al., 2015). It is known that cell size and build direction strongly influence 

mechanical properties  (Gibson and Ashby, 1999), so it is of some importance to establish 

their effects on fracture toughness if considering such structures for use within Aerospace. 

This chapter evaluates the manufacturability of cellular lattice structures and the effect of unit 

cell size and build directions on tensile and fracture toughness properties. 

   

9.2 Experimental procedure 

All of the cellular lattice structure samples were made from a 316L stainless steel powder 

with an average particle size of 30 ±10μm. The material, and the design, that were used in 

this chapter were the same as that in Chapter 6 for a 3 mm. cell size (Alsalla et al., 2016). The 

15% of volume fraction, or the volume percentage of the solid material in the cellular lattice 

structure, was used in all of the periodic lattice structures in different building directions, and 

the cell sizes were used in different ranges of 3 mm, 4 mm, and 6 mm. The SLM fabricating 

process was carried out on a concept laser (M1, ES Technology Ltd, UK). The SLM machine 

used a fibre laser at 1060 nm wavelengths, with a nominal power of 200W and a focussing 

diameter of between 50 to 200 μm. The laser power, scanning speed and layer thickness were 

200 W, 7 m 𝑠−1 and 0.03 mm, respectively. Six gyroid cellular lattice structures with 

dimensions of 10 × 20 × 80 mm. for the SENB test, and another six with dimensions of 15 × 

15 × 60 mm., were built for the different cell sizes and different building directions on a base 

plate using the SLM process, and they were cut from the base plate using wire cutters 

(Electrical Discharge Machine EDM) - see Figure 9.1. 
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Fig 9.1:  Periodic cellular lattice structures of 316L stainless steel samples at different cell 

sizes and building directions after they had been removed from the platform. 

 

 

A micro-CT scanner (Benchtop CT 160Xi, X-Tek) at a voltage of 120KV, was used to scan 

the lattice structure samples before and after the mechanical testing, and two dimensional 

slice images were collected. The software (VGstudio MAX2.1) was used to reconstruct the 

three dimensional models of the manufactured lattice structure samples in order to determine 

the internal defects and the solid strut volume. An OM (Dino-lite Digital Microscope) was 

used to investigate the morphologies of the manufactured samples of the cellular lattice 

structures. The density and the relative density of the solid struts of the lattice cellular 

structures were measured. All tensile samples, both in parallel and perpendicularly to the 

building direction, were pulled under uniaxial tension tests using an Instron universal 

material testing machine at a constant loading rate of 0.5 mm. min−1. The Mode I (opening 

mode and pre-cracked specimens) fracture toughness test (ASTM E399) was carried out at 

room temperature using an Instron hydraulic testing machine, and all data were recorded and 

measured to estimate the fracture toughness of the cellular lattice structures in different 

building directions and cell sizes, ASTM E399 (ASTM., 2016), more detail about the test 

machines and set up have been given in the experimental procedure chapter in Section 4.5.  
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9.3 Results and discussion 

9.3.1 Effect of different cell sizes and building directions on the density of 

lattice structures and solid struts 

The density of the solid struts and the density of the lattice structure within the gyroid cellular 

structures, with different cell sizes and building directions, are shown in Figure 9.2. No 

difference in density was recorded between the horizontal and vertical direction samples. The 

solid struts’ densities at 2, 4 and 6 mm. cell sizes, are 7.9, 7.5 and 7.2 g. cm−3, respectively, 

and they were measured in both the vertical and horizontal directions with a standard 

deviation of 0.03; while, in the lattice structures, the densities of the 2, 4, 6 mm. cell size 

were measured as 1.63, 1.3 and 1.1 g cm−3, respectively, with a standard deviation of 0.010 

for both samples, and they were built in both the vertical and horizontal directions. For 

comparison, the density of cast 316L is 8.0 g cm−3 (Ji et al., 2001). The relative density of 

the 2 mm. samples of solid struts vs. bulk cast density is thus 98.75%, whereas the 6mm. cell 

size sample had a relative density of 90%. This decrease in the relative density is confirmed 

by the cross-section of the CT scan and the SEM images in Figures 9.3 and 9.4, which show a 

small number of pores inside the struts of the lattice structures in the samples of 4 and 6 mm. 

cell sizes, and very few pores in the samples of 2 mm cell sizes. It is clear that the density of 

the cellular structures, and the struts themselves, decreases with an increase in the cell size. 

The relative sparsity of pores in the smaller unit cell size samples may be attributed to the 

short scan vector length during the fabrication process, which means that the cross section 

area of the struts became smaller as the unit cell size decreased, see Figure 9.3. Higher 

densities could thus be achieved by optimising the SLM process processing parameters for 

the smaller unit cell sizes, (Nakajima, 2007). 
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Fig 9.2: Shows the variation of the struts’ density and the lattice structure density with 

different cell sizes and building directions 

 

 

 

 

Fig 9.3: Cross section images from the micro-CT scans of the gyroid cellular lattice structures 

with the volume fraction of 15% and unit cell sizes of 2, 4 and 6 mm. made by SLM. 
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Fig 9.4: SEM images of a fracture: struts at 200 × magnification, (a) 2 mm. cell size sample, 

(b) 4 mm, cell size sample, and (c) 6 mm cell size sample. 

  

 

9.3.2 The effect of the different cell sizes and build directions on the 

strength and elongation of the lattice structure 

The stress-strain curves of the tensile tests on the gyroid cellular lattice structures, with the 

same volume fraction of 15% and the unit cell sizes 2mm, 4mm and 6mm in the vertical and 

horizontal building directions, are shown in Figures 9.5a and 9.5b. from the stress/strain 

curves in Figures 9.5a and b, it is observed that the stress/strain curves in the horizontal build 

direction reveal an elastic region with a fairly high degree of linearity, followed by strain 

hardening that is extended up to ultimate strength, and finally to failure. It is also found that 

the lattice structure in the horizontal building direction offers lower tensile properties than the 

lattice structure in the vertical building direction, although both of them have the same cell 

sizes: 2 mm, 4 mm and 6 mm, and the same volume fraction of 15%. The struts of the 

horizontal samples which were subjected to less tension load than the vertical struts but had 

early failure because deformation through the SLM process is more likely to occur. 

Moreover, the samples with 6 mm cell size have overhang which require support structure 

while the samples with 2 mm cell size have a less overhang but their horizontal struts 

diameter are very thin in the middle (thickness approximately 6 to 8 layers rather than the 

vertical struts with the same thickness but several layers). The comparisons of the tensile test 

results show that the ultimate tensile strength and the yield strength decrease with an increase 

in the unit cell size of the lattice structure in both the horizontal and vertical building 
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direction, while the elongation increases with an increase in the unit cell size of the lattice 

structure for both the vertical and the horizontal building directions, see Table 9.1.  

 

 

 

Fig 9.5: Stress-strain curves of the tensile tests on the cellular lattice structures with 15% of 

volume fraction and 2, 4 and 6 mm. unit cell sizes, (a) in the horizontal building direction, (b) 

in the vertical building direction. 

 

 

The lattice structures were built in the horizontal direction, and the 2 mm. cell size exhibits 

the highest values of UTS and yield strength, which are 23.39 MPa and 12.29 MPa, 

respectively, while the lattice structures that were built in 4 mm. reveal the UTS and yield 

strength are 20.13 MPa and 9.77 MPa, and the lattice structure samples that were built in 6 

mm. reveal the UTS and yield strength are 12.25 MPa and 6.5 MPa, respectively. The 

elongations of the samples that were built in the horizontal direction at 2 mm, 4 mm. and 6 

mm. are 21.9 %, 25.11% and 26%, respectively, see Table 9.1. On the other hand, in the 

lattice structures that were built in the vertical direction, the 2 mm. cell size exhibits the 

highest values of UTS and yield strength, which are 34.97 MPa and 22.22 MPa, respectively, 

while the lattice structures that were built in 4 mm. reveal the UTS and yield strength are 

29.46 MPa and 13.48 MPa, and the lattice structure samples that were built in 6 mm. reveal 

the UTS and yield strength are 27.68 MPa and 6.8 MPa, respectively. The elongations of the 

samples that were built in a horizontal direction at 2 mm, 4 mm and 6 mm are 33 %, 40 % 

and 43.8 %, respectively, see Table 9.1.  

 

A B 
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Table 9.1: Tensile properties obtained from the cellular lattice structures of 316L stainless 

steel with the same volume fraction (15%) and unit cell (2, 4 and 6 mm.) made by SLM 

Cell Size Direction UTS (MPa) Yield Strength (MPa) Elongation (%) 

  2 mm Vertical 

Horizontal 

34.97 

22.39 

22.22 

12.29 

33 

21.97 

4 mm Vertical 

Horizontal 

29.47 

20.13 

13.48 

9.8 

40 

25.1 

6 mm Vertical 

Horizontal 

27.68 

12.85 

6.8 

6.5 

43.87 

26.1 

 

The images in Figure 9.6 show that the ductile failure and deformation throughout the testing 

process occurred in a steady and smooth progression, the struts of the unit cells rotating by 

approximately 45˚, and the alignment with the direction of uniaxial tension load applied to 

the samples is attributed to the circular struts and the sphere core of the unit cell, as shown in 

Chapter 8. All the samples’ areas are reduced due to the construction of the struts and the 

relationships to each other, and they expanded longitudinally after tensile test, the samples 

that were built at the 6 mm. cell size recorded the smallest area after tensile testing, while the 

samples that were built at the 2 mm. cell sizes recorded the highest area. This was to be 

expected from the elongation data in Table 9.1, as the samples that were built at 6 mm. for 

both the vertical and horizontal, reveal the highest value of elongation. From Figure 9.7 it can 

be seen that the samples that were built at the 2 mm. and 4 mm. cell sizes fractured close to 

the solid end plate, where the struts join the non-cellular end tabs, while the samples that 

were built at the 6 mm. cell size fractured in the middle of samples. This can be attributed to 

the sudden change in density and stiffness- forming a stress concentration in the samples of 

the 2 mm. and 4 mm. cell size. This difference in fracture position can be attributed to the 

differences in struts dimeters, which lead to a stress concentration between the solid plate and 

the lattice structure of the 2 mm cells because there is change in density for the solid material 

volume.  For the lattice structure samples with 4 mm cells, the fracture and stress 

concentration again occur at the interface between the solid plate and cellular structure, see 

Figure 9.7.  The samples were built with 6 mm cell  have the largest struts diameter which 

means they are strongest and most tightly joined to the sold plate, this means the fracture 
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does not occur at the interface between cells and solid plat but at some distance from the solid 

surface, as seen in Figure 9.7, in the cellular structure sample where the stress concentration 

is formed in the middle and the area of sample reduced by the tension load. 

 

 

 

Fig 9.6: Shows the CT scan (single 2D slice) of the cellular lattice structure after a tensile test 

showing the rotation of the internal struts 

 

 

Fig 9.7: Reconstructed 3D CT scans of the cellular lattice structure samples at different cell 

sizes after a tensile test, with the details of the rupture shown more clearly 
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From the results obtained, it is thus clear that the low mechanical properties of the tensile test 

are due to the weakness of the struts. Because there was little overlap between the successive 

melted layers during fabrication the struts and therefore the structures are weaker under 

loading, especially if the cell size is increased, and thus likely to fracture early. Consequently, 

the increase of the unit cell size lead to an increase of strut diameter. This result is based on 

fixed volume fraction of 15%, and when the volume fraction is set constant and the cell size 

is increased, the number of cells in the volume decreased and the struts become thicker. 

Consequently, the horizontal struts become very weak due to the deformation without a 

support structure. The higher mechanical properties of the gyroid cellular lattice structure 

further proves that the struts oriented parallel to the building direction and the struts 

perpendicular to the baseplate, have been well fabricated by SLM technology, at this small 

cell size.  

 

9.3.3 The effect of different cell sizes and building directions on the 

fracture toughness of the cellular lattice structure 

Figures 9.8a and 9.8b show the typical load–displacement of a three point bend fracture 

toughness test on the cellular lattice structure samples at different cells sizes (2 mm. 4 mm. 

and 6 mm.) built in either the vertical or horizontal direction. For all samples, over the whole 

range of cell sizes and build directions, nonlinear stress-strain curves were obtained wherein 

the load varied by between 50 and 100N after reaching the maximum load. This was to be 

expected because of the nature of the strut failure, with subsequent weakening after losing a 

number of struts and drop off in load. Ductile fracture was observed in all the tested samples, 

and plastic deformation was also confirmed during the test, see Figure 9.4. 

The fracture toughness values were calculated for SENB samples with L/W = 4 as shown in 

Chapters 6 and 8 (Alsalla et al., 2016), and all of the tests were valid for plain strain 

conditions and the fracture toughness was considered KIC=KQ after conducting the following 

validity check: 

 

A, B, (W-a) ≥2.5(
KQ

σys
)

2

                                                                                               (9.1) 

 

The maximum fracture toughness values in this study were recorded in the samples built with 

the 2 mm. cell size, in both the horizontal and vertical building direction, which are 5.4 MPa 
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m
1

2⁄  and 5.8 MPa m1/2, respectively, while the minimum fracture toughness values were 

recorded in the samples that were built with a cell size of 6 mm., which are 2.1 MPa m1/2 in 

the horizontal directions and 2.6 in the vertical directions. For comparison, the fracture 

toughness of bulk cast 316L is 112 to 278 MPa m1/2 (Miracle et al., 2001, Committee, 1997). 

 

Fig 9.8: Load – displacement curves for different building direction of cellular structures with 

the same volume fraction (15%) and cell sizes (2, 4 and 6 mm, in the (a) horizontal building 

direction, and (b) the vertical building direction 

 

From the tensile test result in Section 9.3.2, the fracture toughness values obtained from the 

SENB were expected, because the perpendicular struts in the samples that were built in the 

vertical direction were stronger that those struts that were built in the horizontal direction, 

meaning that these struts were more vulnerable to the process of bending. In contrast, in the 

horizontal build direction samples, it was the horizontal struts that were the most vulnerable 

A 

B 
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to the process of bending, due to deformation during the fabrication process, as discussed in 

Chapter 8 and by Alsalla et al (Alsalla et al., 2016). The fracture toughness result obtained in 

this study is less than the 15% of the fracture toughness of bulk cast 316L (16 MPa m1/2 to 41 

MPa m1/2), which does not obey the scaling laws. 

Figures 9.9a and 9.9b show that the increase of cell sizes in the cellular structure samples 

results in a decrease in the fracture toughness values for both in the horizontal and vertical 

building directions. This means that the fracture toughness increases with cell size and 

decreases at a constant volume fraction, and the fracture toughness decreases with cell size 

and increases at a constant volume fraction. These results are expected from the tensile tests, 

which reveal that the tensile ultimate and yield strengths increase as the unit cells of cellular 

structures decrease, and vice versa, at a constant volume fraction, see the Section 9.3.2.  

 

Figures 9.9a and 9.9b compare the SENB test results for the fracture toughness of the cellular 

lattice structure in the different build directions and cell sizes with the Ashby and Gibson 

micromechanics model. It can be seen that for both build directions at the different cell sizes 

there was a difference between the SENB test values and the Ashby and Gibson model 

predictions. However, this difference was smaller for both the horizontal and vertical samples 

built with a 2 mm. cell size, and which recorded a difference of 1 MPa m1/2. The samples 

built with the 4 mm. cell size recorded a difference of 0.4 MPa m1/2, and the samples built 

with the 6 mm. cell size recorded a difference of 0.3 MPa m1/2. From these results it can 

therefore be said that the difference in the fracture toughness value between the SENB test 

and the Ashby and Gibson model decrease with an increase in the size of the unit cells of the 

cellular structure samples, and vice versa. This could be expected considering the variation in 

the ultimate tensile strength between the different build directions and the different cell sizes, 

as seen in Figures 3a and 3b, which reveal that the vertical build direction samples and the 

small cell size recorded higher tensile strength than the Ashby and Gibson model, as a 

function of the density and fracture strength of the cellular structures. The difference in 

fracture toughness between the Ashby and Gibson model and the SENB tested values may 

also be attributed to the Ashby and Gibson model used in this study is based on Cubic unit 

cell as discussed in chapter 8 Section 8.3. The constant value (C) was used in Ashby and 

Gibson model (equation 9.2) to predict the fracture toughness of cellular structures is 0.65, 

for more details see discussion part in Section 10.1. The struts that were subjected to a 

tension load in the horizontal direction were weaker than those in the vertical direction, due 

to the different build direction (Alsalla et al., 2016). 
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Fig 9.9: Experimental results of fracture toughness 𝐾Icversus micromechanical models for the 

cellular lattice structure of 316L stainless steel at different cell sizes (2, 4 and 6 mm.), with a 

constant volume fraction of 15%, at (a) the horizontal building direction, and (b) the vertical 

building direction 

 

Furthermore, Figure 9.10 shows the fracture toughness sample fracture points, the 

perpendicular struts in the vertical build direction samples were stronger than those in the 

horizontal, meaning that these struts were more vulnerable to the process of bending. 

A 

B 
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Conversely, in the horizontal build direction samples, it was the horizontal struts that were 

the most vulnerable to the process of bending, due to deformation during the fabrication 

process, which meant they were weaker than the vertical struts and the cracks propagated 

quickly. The difference between the Ashby and Gibson model and the SENB test could be 

attributed to the density of the bulk cast 316L that was used in the model for all of the 

samples, instead of the density of the solid struts of each sample, and the properties changed 

with changes in the cell size during the laser melting.  

 

 Equation 9.2 (Gibson and Ashby, 1999) sets out a micromechanical model to predict the 

fracture toughness of an open cell lattice structure. This model relates the fracture toughness 

𝐾IC to the tensile strength of the cell walls σfs , the dimension of cell l and the relative density 

ρ∗

ρs
⁄ .   

KIc
∗

σfs√πl
= C (

ρ∗

ρs
⁄ )m                                                                                                 (9.2) 

where C has a constant value equal to 0.65 

 

Extensive studies of micromechanical models for lightweight and cellular materials are 

presented by Gibson and Ashby (Ashby and Medalist, 1983) and Mills (Mills, 2007). 

 

 

Fig 9.10: Shows the fracture toughness test samples, (a) in the horizontal building direction, 

and (b) in the vertical building direction (Alsalla et al., 2016) 
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9.4 Conclusion 

 This chapter has been investigated the density, fracture toughness and tensile strength of 

316L periodic cellular lattice structures made by SLM. The effect of different cell sizes and 

build directions on the density, tensile strength and fracture toughness properties of the 

periodic cellular lattice structure, were investigated. The major findings of this study are: 

 

That the maximum density of cellular lattice structure was found at 1.63 g cm−3 of 

the 2 mm. cell size samples for both the vertical and horizontal building directions, 

and the minimum was found at 1.1 g cm−3 of the 6 mm. cell size samples.  

 

The maximum solid strut density was found at 7.9 g cm−3 of the 2 mm. cell size 

samples, while the minimum solid strut density was found at 7.2 g cm−3of the 6 mm.’ 

cell size samples.  

 

Both the relative density of the solid struts and the cellular lattice structures’ density 

increase with a decrease in the cell size, but they are unaffected by the different 

building directions. 

 

The ultimate tensile and yield strength in the vertical building direction samples are 

higher than in those samples that were built in the horizontal building direction at all 

of the different cell sizes, while the ultimate tensile and yield strength of periodic 

cellular lattice structures increases with a decrease in the cell size of the lattice 

structure for both the vertical and horizontal building direction samples.  

 

The elongation of the samples that were built in the vertical direction is higher than 

that of the samples built in the horizontal building direction, and the elongation of the 

periodic cellular lattice structure increases with an increase in the cell size of the 

cellular lattice structure samples for both the vertical and horizontal building 

directions. This is because the struts of the unit cells that were built horizontally were 

weaker than the struts that were built in the vertical building direction, which was 

parallel to the building. 
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The tensile samples that were built at the 2 and 4 mm. cell sizes, for both the vertical 

and horizontal building directions, eventually fractured close to the sold end plate, 

where the struts join the non-cellular tabs, due to the sudden change in density, and 

therefore stiffness, so forming a stress concentration, while the 6 mm. samples 

fractured in the middle of the samples. 

 

The fracture toughness of the 316L stainless steel cellular lattice structure increased 

with a decrease in the cell size of the cellular lattice structure samples in both the 

vertical and horizontal building directions. 

 

The fracture toughness of the 316L stainless steel cellular lattice structure in the 

vertical building direction samples is higher than those that were built in the 

horizontal building direction 

 

The maximum difference in fracture toughness values between the SENB results and 

the Ashby and Gibson micromechanical model was recorded 1 MPa m1/2 at 2 mm. cell 

size samples, while the minimum difference in fracture toughness value was recorded 

as 0.3 MPa m1/2 in the 6 mm. cell size samples, for both samples built in the vertical 

and horizontal building directions.  

 

The Ashby and Gibson micromechanical model used in this study is a useful tool with 

which to predict the fracture toughness.  
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10 Chapter 10: Discussion, Conclusions and Future Work 

 

10.1 Discussion 

The focus of this research was to investigate how well the SLM and DMLS of titanium and 

steel alloys perform as fabrication methods for aerospace structures. This research 

demonstrates the mechanical properties of bulk titanium alloy and stainless steel and cellular 

lattice structures of stainless steel that are manufactured by AM. The results can help 

engineers and designers to identify appropriate mechanical properties and macroscopic 

morphology, along with process parameters, for the best use in aerospace components. 

 

The primary goal of this research was to investigate the critical mechanical properties of 

these AM parts of Ti6Al4V and 316L Stainless steel alloys, such as their fracture toughness 

and FCG in different building directions, as well as the effect of different cell sizes and build 

directions on the fracture toughness and local failure mechanism of 316L Stainless steel 

cellular structures under uniaxial tension loading were investigated. A secondary aim was to 

use modelling in material analysis to understand experimental investigation. The following 

steps illustrate and summarize the approach, which was taken in this thesis:  

 

• The DMLS and SLM techniques were identified as being appropriate AM processes 

for the manufacture of aerospace parts with advanced and complex geometries, 

particularly those using high strength materials. The excellent performance of sample 

geometries manufactured using these processes is shown in Chapters 5 and 6, e.g., the 

tensile strength and the fracture toughness for both titanium alloy and steel that are 

produced in AM is higher than that produced by conventional methods, see Tables 

5.3, 5.4, 6.1 and 6.2. The AM technology is as good and promises good mechanical 

properties.   

 

• Microstructure and failure behaviour were investigated to allow comparison to 

previous literature. A small amount of porosity was found along with cracks, 

shrinkages and voids in the fracture surfaces of samples.  

• Investigation of the effect of different build direction and cell size on the density, 

surface roughness, hardness, fracture toughness, strength and FCG properties was 
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undertaken to allow comparison with the existing literature. The results of tests show 

these samples are superior in comparison to others as discussed in chapter 3 Section 

3.3 

 

• Comparison was made of the mechanical properties of cellular lattice structured to the 

Ashby and Gibson micromechanical models. It indicates that the Ashby and Gibson 

model can be used to guide and predict trends in fracture toughness. 

 

• However, it is important to note that, for the stainless steel alloy used in this PhD 

project. The Concept laser machine was not suited to producing mixture powder of 

stainless steel or when mixed with other alloying elements. It is just suited to standard 

stainless steel and iron.  

  

DMLS of Ti6Al4V   

From the summary of Chapter 5, it can be concluded that the yield and ultimate tensile 

strength for the DMLS process Ti6Al4V exceeded the minimum limit that is given by AMS 

4911 for aerospace specification Ti6Al4V. The DMLS process has given the average YS and 

UTS for failure of 1148 MPa ±15 and 1235 MPa ±17, respectively, which were higher than 

the 880 MPa YS and 950 MPa UTS for the aerospace titanium specification (AMS 2015). In 

addition, the performance of all of the specimens in all of the different build directions 

exceeded the minimum specification that is defined for standard annealed Ti6Al4V. 

However, there was no significant variation in the tensile specimens with the same position in 

the build chamber, but in terms of the different build direction, the DMLS specimens were 

affected by the direction in the plane of the bed, which reveal that the low properties were in 

the z direction specimens. On the other hand, the elongation found in this research was 

relatively lower, at 7.3%. Overall, in comparison to the previous results reported by Al-

Bermani et al and Facchini et al (Al-Bermani et al., 2010, Facchini et al., 2009),  they report 

lower YS and UTS and higher ductility than this result. This may be due to the preheating 

temperature that was used in their experiments, leading to a coarsening of the α plates and 

transform to prior β phase in the microstructure (Al-Bermani et al., 2010). This result slightly 

increased the elongation of the fractures and decreased the strength. 
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From the results presented in Chapter 5 (accepted in rapid prototyping journal) , it can also be 

seen that the fracture toughness property of the DMLS specimens exceeded the standard 

annealed Ti6Al4V test data and showed better average results 105 MPa m1/2. This means that 

the DMLS has superior mechanical properties to other AM processes, which can be attributed 

to the coarse grained α microstructure. On the other hand, the presence of pores may be the 

reason for earlier fracturing and low ductility. From this investigation, it is clear that 

components that are made from titanium by DMLS are appropriate for use in aerospace 

applications where stresses are applied perpendicularly to the build direction.  

  

SLM of 316L stainless steel 

To understand the effect of the different build directions on the mechanical properties of 

316L stainless steel made by SLM, a set of specimens were produced and tested according to 

the ASTM standard, in three different build directions, in order to find the best direction for 

offering higher efficiency. From the results presented in Chapters 6 (also in Alsalla et al,. 

2017) and 7, it can be seen that the specimens that where built in the vertical direction and 

parallel to the build direction, show lower properties than others that were built in the 

horizontal direction and parallel to the build direction for all of the tests undertaken in this 

study.   

In comparison to wrought materials and to that report in the literature, these results indicate 

better or best performance in terms of tensile strength, fracture toughness and FCG. The 

tensile properties of specimens produced by SLM gave average UTS values of 642 MPa, YS 

values of 402 MPa, and elongation values of 37%. These values are higher than the minimum 

specification required for the tensile properties of the 316L austenitic stainless steel that is 

used in aerospace applications. The fracture toughness for all specimens gave average values 

of 157 MPa m1/2, which exceeded the minimum limit for the standard test data and showed 

better toughness performance, if compared to the annealed 316L stainless steel and the 

reports of previous literature (Maloy et al., 2001). In the SLM of 316L stainless steel, the 

specimens failed to survive 1,550,000 cycles along the different build directions, and it was 

only the specimens that were built in the vertical direction and parallel to the build direction 

that have earlier crack propagation than the other specimens in the horizontal direction, this is 

due to non-uniform grain structure and the presence of pores, which are the main reasons for 

the decrease in the fatigue life, as discussed in Chapter 7. This enhancement was due to the 

proper selection of the process parameter, which gave a finer grained microstructure in the 

specimens produced, and this result is considered good. 
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Since these structures demonstrate a high performance relative to existing cast structures it is 

likely that lightweight 316L components made by SLM may offer significant fuel efficiency 

savings for airline companies vs cast steel. Candidate structures for replacement with SLM 

made parts include exhaust components, high temperature engines and structural parts, e.g. 

the SLM-manufactured Airbus A380 bracket. In the example of the Airbus bracket the weight 

was reduced from 1.09 kg to 380 grams, and reductions such as this can have significant 

effects on fuel costs and CO2emissions over the long term such as an aiframe’s life span.  

 

Ti6Al4V and stainless steel 316L: comparison and influence of different build directions 

From the results discussed in Chapters 5 and 6, some differences can be highlighted between 

Ti6Al4V and 316L stainless steel that is manufactured by SLM under similar build 

directions: 

(i) Both materials are sensitive to the build-up of internal stress  

(ii) Stainless steel 316L appears to be more prone to the occurrence of mechanical 

anisotropy, both in the parallel to build direction (zx) and in the two perpendicular directions 

(xz, yx). 

(iii) Both materials appear to show the occurrence of microstructural anisotropy in relation 

to “lack of fusion or melting and porosity” defects, both in the parallel to build direction (zx) 

and in the two perpendicular directions (xz, yx). 

 

While the SLM technique has certain benefits, it also faced a number of problems, such as 

porosities that are due to entrapped gas, a lack of fusion and the poor wetting of a new layer 

on the previous solidified material (Alcisto, 2011, Frazier, 2010, Herderick, 2011). Another 

key problem of SLM is that the structure undergoes fast cooling once the laser beam leaves 

the melting of the fusing zone, thus producing out of equilibrium microstructures. The high 

residual stress may rise due to the high thermal gradients (Herderick, 2011) and the 

construction of a new layer upon cooling is constrained by the previous layers (NIST, 2013). 

This result support previous publication were they also reported that the thermal history of 

SLM parts show that the thermal conductivity is likely to play a role in the build-up of 

internal stresses (Mani, 2014, NIST, 2013). These various factors can affect the properties of 

metallic parts that are manufactured by SLM, and produce anisotropy of the mechanical 

properties (Vilaro, 2011, Zheng, 2008, Kobryn, 2001). 

 

SLM of 316L stainless steel cellular lattice structure 
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To meet these objectives, the effect of different build directions and cell sizes on the 316L 

stainless steel manufactured by SLM was addressed in Chapter 8 (Alsalla et al,. 2016) in 

order to explore how best to improve structural performance for strength/weight and fracture 

toughness. The results show that the YS, UTS, elongation and fracture toughness properties 

of 316L stainless steel cellular structures increase with a decreasing cell size in the cellular 

lattice structure for both the vertical and horizontal building directions, while the YS, UTS, 

elongation and fracture toughness properties in the vertical building direction specimens are 

higher than those specimens that were built in the horizontal direction. The difference in 

fracture toughness between materials produced in the experimental tests and the Ashby and 

Gibson micromechanical model was recorded as 1 MPa m1/2 at the 2 mm cell size, and this 

decreased with an increase in the cell size for both the vertical and horizontal building 

direction. The result generated by comparing the Ashby and Gibson model and experimental 

results show that the model slightly under-predict the fracture toughness and tensile property 

for 316L stainless steel cellular structures. The approach in these analyses is to identify a unit 

cell and assume a deformation mode leading to failure. The Ashby and Gibson model used in 

this study is based on Cubic unit cell, as seen in Figure 10.1, where the deformation is 

controlled by the bending of the individual struts within the unit cell. The unit cell shape 

(gyroid) used in this study is more complex than that cubic unit cell shown in Figure 10.1, but 

it deforms and fail by same mechanism, and can be using dimensional arguments which meet 

all constants arising from the specific cell geometry. The constant value (C) was used in 

Ashby and Gibson model (equation 8.2 Section 8.3.3) to predict the fracture toughness of 

cellular structures is 0.65.  This value was applied for cubic unit cell and could be required 

further modify and improve the accuracy to comply with different shapes of units cells. 

Generally, the Ashby and Gibson model can be used to guide and predict trends in fracture 

toughness. Understanding the build direction allows users to properly design sandwich 

structures, which make excellent use of lattices as low cost, and which have corrosion 

resistant low density cores.  
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Fig 10.1: A cubic model for an open-cell foam showing the edge length, l, and edge 

thickness, t (Gibson and Ashby, 1999). 

 

 

Comparison of the mechanical properties of bulk and cellular structure of stainless steel 

316L  

Table 10.1 reveals the percentage of the mechanical properties of the cellular structure parts 

compared to those of the bulk parts for stainless steel 316L manufactured by SLM. This 

comparison is especially noted in the tensile and fracture toughness of perpendicular and 

parallel to build direction parts. All tests were carried out in a similar specification and at 

room temperature, as discussed in Section 4.5.4. From Table 10.1, it can be seen that the 

mechanical properties of a cellular structure manufactured at 15% of volume fraction don’t 

meet the 15% of mechanical properties for the bulk parts, this could be attributed to the type 

of unit cell (Gyroid). The Gyroid unit cell was selected for this study due to its self-

supporting properties during the manufacturing process, but it has different strut diameters, 

especially in the middle, where it was very much thinner than at the corners and the sides. 

The Figure 9.10 in Chapter 9 showed that the crack was quickly propagated along the weak 

struts (thin side).  On the other hand, there is no big difference in the elongation and the 

cellular structures’ parts that are manufactured at 15% volume fraction and 6 mm. cell size, 

these reveal little higher elongation than the bulk samples, because of the ductility struts’ 

deformation. The tensile and fracture toughness result that has been obtained in this study are 
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less than the 15% of the fracture toughness and tensile of bulk cast 316L, which don’t obey 

scaling laws. 

 

 Table 10.1: comparison of mechanical properties between bulk and cellular structures of 

316L stainless steel made in the same build direction 

316L Build direction and 

cell size 

UTS (MPa) 

 

Yield 

strength 

(MPa) 

 

Elongation 

% 

 

Fracture 

toughness 

(MPa m1/2) 

Bulk Horizontal 695  423  

 

41  

 

152.6 

 Vertical 564  

 

387  

 

35  

 

145.5 

Cellular 

structure 

Horizontal 2 mm 22.4 (3.2%) 12.3 (3.0%) 21.9 (53%) 5.4 (3.5%) 

4 mm 20.1 (2.9%) 9.8 (2.3%) 25.1 (61%) 3.3 (2.2%) 

6 mm 12.9 (1.9%) 6.5 (1.5%) 26 (63%) 2.1 (1.4%) 

 Vertical 2 mm 34.9 (6.4%) 22.2 (5.7%) 33 (94%) 5.8 (4%) 

4 mm 29.5 (5.4%) 13.5 (3.5%) 40 (114%) 4.2 (2.8%) 

6 mm 27.7 (5.1%) 6.8 (1.7%) 43.9 (125%) 2.6 (1.8%) 

 

 

10.2 Conclusion 

This research has investigated the manufacturability and mechanical properties of Ti4V6Al 

and 316L stainless steel processed by AM. The 316L stainless steel used in this research was 

based on bulk and cellular lattice structure parts, while the Titanium based on bulk parts only. 

Comprehensive experimental tests were carried out at different build direction using standard 

available 316L stainless steel and Ti6Al4V metal powders. All the experiments were 

performed in commonly used AM systems (SLM M1 Concept laser and DMLS EOSINT 

M280). The SolidWork and SimpleWare software were used to design the parts built and 

transferred the files into STL files. The mechanical tests performed according to ASTM 

standard. The first work focused on Ti6Al4V alloy to allow observation and study of a 

material has been used previously in AM, then moved on to the 316L Stainless steel, which is 

costly effective material to find the proper build direction achieve the best mechanical 
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properties in both bulk and cellular lattice structure parts that would be able to show the 

strengths and fracture resistance comparable to high performance aerospace grade Stainless 

Steel. The primary contributions of this PhD are: 

• The DMLS of the ti6Al4V process showed more consistent and homogenous static 

properties in all of the build directions, and meet the minimum specification required 

for wrought and annealed Ti6Al4V, except in relation to the elongation. All of the 

DMLS of titanium samples were found to have the same surface roughness, but were 

slightly rougher in parallel to the build direction surfaces. The microstructure analysis 

shows fully the acicular α` of martensitic, and the long columnar grains that are 

oriented in the building direction, which are 350 μm long, due to high temperature 

gradients and a rapid cooling rate giving a small number of pores. The high speed 

movement of the laser beam makes the molten material adhere to the neighbouring 

particles that surround the outer boundary of the parts and produce sharp and 

prominent edges at the side of the part’s edges. Build direction is not an important 

factor in structures made using Ti6Al4V. 

• The Ti-6Al-4V test pieces produced using the DMLS process exhibited better fracture 

toughness values in the yx and xz direction, and lower values in the zx samples, in 

comparison to the annealed Ti6Al4V, while the tensile strength was found to be 

higher than that in the wrought material. In addition, low ductility and brittle fracture 

were found in all of the samples, which were linked to the martensitic phase, and this 

was expected due to the high gradients of temperature that occur as a result of the 

DMLS process. AM is thus seen to enhance the performance of materials.  

• The current SLM 316L stainless steel bulk parts have been shown to be able to 

compete with the wrought material, and the effect of the different build directions on 

the strength are seen to be quite high in comparison to previous research, as well as 

being higher than those in conventional material, while they maintain the high 

elongation values. The fracture toughness results are, on average, values from 145.5 

MPa m1/2 to 176 MPa m1/2 at room temperature, if compared to conventional material, 

but the Vickers’ Hardness Test shows results that are similar to those of conventional 

material. 

• The surface roughness of the SLM of 316L stainless steel parts shows different 

values, for instance, the xz direction parts proved to be the smoothest, while the yx and 

zx orientation parts are rougher, and there are fewer cracks and pores present in the xz 
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parts than those in the yx and zx orientations. The dendrites’ grain present in xz 

orientation parts are due to the high temperature gradient and fast cooling rate, also 

increased the toughness and ductility and decreased the number of pores. From a 

fracture toughness point of view, roughness was problematical and the parts may 

require secondary polishing for other reasons. 

• With regard to the manufacture of 316L stainless steel components for use in the 

aerospace industry and other industries where fracture toughness and strength are 

critical, it is clear that parts should be designed so they can be made by AM with the 

highest in- service load carried in the build direction, the xz direction. Furthermore, 

designers and manufacturers should be aware that, because of the inherent limitations 

of ALM in surface roughness, parts will require subsequent heat treatments in order to 

solve stress concentration problems at sharp corners and fillets. Solidification ridges 

near the sample edges mean that post-processing may be required if such features are 

critical. 

• The FCG of the 316L stainless steel parts that were produced by SLM showed a good 

fatigue performance. However, a high number of cycles were recorded in the xz and 

zx orientation parts when compared to the yx orientation parts, which means the crack 

growth behaviour is influenced by different microstructures in different build 

directions. This was attributed to the presence of pores and non-uniform grains in the 

yx orientation parts, which can make the crack propagate more easily than in the xz 

orientation parts. It is therefore advisable to select vertical orintation for components 

that are subjected to high cyclical loads.    

• In the manufacturability of the 316L stainless steel cellular structure it was found that 

this is good in SLM and this can be attributed to the curved struts that form the 

Gyroid unit cell, this means that the unit cells are self-supported in a wider range of 

cell sizes and volume fractions. Both the relative density of the solid struts and the 

cellular lattice structure density increase with a decrease in the cell size, but they are 

unaffected by the different building directions. The UTS, yield strength and 

elongation of the parts produced increase with a decrease in the cell size of the lattice 

structure in both the vertical and horizontal building directions, while these properties, 

in the vertical building direction, are higher than those that are built in the horizontal 

building direction. The tensile parts were built at 2, 3, and 6 mm. cell sizes in both the 

vertical and horizontal building directions, and eventually fractured in the middle 
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parts, in particular where the struts are thin. This was due to the sudden change in 

density, and therefore the stiffness that formed a stress concentration. It is therefore 

advisable to select smaller pore sizes for cellular structure components.  

• The fracture toughness of the 316L stainless steel cellular lattice structure in the 

vertical building direction gives parts higher than those that were built in the 

horizontal building direction, while the fracture toughness of the 316L stainless steel 

cellular lattice structure increase with a decrease in the cell size in both the vertical 

and horizontal building direction for parts.  

• The Ashby and Gibson micromechanical model that was used in this study is able to 

predict trends in the fracture toughness, with the maximum difference between the 

SENB result and the Ashby and Gibson micromechanical model being recorded at 1 

MPa m1/2 in the 2 mm cell size samples, while the minimum difference in fracture 

toughness value was recorded at 0.2 MPa m1/2 in the 6 mm cell size samples, in both 

the vertical and horizontal building directions. This very good agreement between 

experiments and modelling underpins the usefulness of the Ashby and Gibson model 

in the design of materials to estimate the fracture toughness of the cellular structure 

made by AM. 

• The mechanical properties change with the change in the microstructure due to the 

different build directions and the orientation during the build, which affects the 

mechanical properties, particularly the fracture toughness. The weakest build strategy 

recorded in the bulk parts produced was in the zx direction (vertical), because of the 

pores, voids and cracks that are present at the edges of the parts and aligned with the 

solidified layers, but the weakest build strategy recorded in the cellular lattice 

structure parts that were produced was in the horizontal direction. This is because the 

struts of unit cells that were built horizontally were weaker than the struts that were 

built in the vertical building direction, which was parallel to the building. 

• The tensile and fracture toughness of 316L stainless steel cellular structures result that 

has been obtained in this study are less than the 15% of the tensile and fracture 

toughness of bulk cast 316L, which don’t obey scaling laws. 

• The fracture toughness of 316L and titanium parts produced by AM is enhanced in 

comparison to literature. 
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10.3 Future work 

There is still a lot of work to be done in the optimization and design of materials for the 

aerospace sector. From the work presented in this thesis, further areas of research are 

suggested as follows: 

• The SLM and DMLS machines in the lab were able to process standard powders of 

stainless steel but couldn’t process a mixed powder of different stainless steel grades. 

An obvious next step would be to process stainless steel mixtures with PH 17-4, and 

with typical alloying elements, e.g. Cu, Si, Mg., as well as mixture titanium with Cu, 

in order to increase the ductility of 316L stainless steel and reduce the cost of the 

processing material. 

• Alternative materials and alloys, which the study has used in this thesis, could also be 

applied to different materials, such as 6061Al alloy as a standard material and mixed 

with typical alloying elements, i.e., Cu, Zn, Si, Mg and Li. It can be mixed with two 

or more powders at the same time. 

• A modelling study of the influence of process parameters and build direction, to check 

for changes in solidification behaviour in the SLM and DMLS powder bed processes, 

would be an important study. Simulation and modelling of process- property 

relationships in the SLM and DMLS processes, in order to produce parts with fewer 

defects by optimising the final microstructures would be fruitful. To develop a 

statistical model that includes the influence of the laser’s angle and beam on the 

consolidation behaviour would improve the reliability of the model and could help to 

optimize the process parameters in terms of reducing and predicting the residual 

stress, this represents an interesting topic on which to focus, and it could reduce the 

experimental work quantity that is required in order to evaluate the residual stress. 

• More specimens, with different cell types and thicknesses, can be tested in order to 

observe their effect on fracture toughness and FCG properties.  

• Defects and semi-melted powder present in parts produce poor flow behaviour of 

powders, and this can affect the performance and quality of DMLS and SLM made 

components. In order to increase part quality, powders could be heat treated before 

DMLS or SLM in order to improve the flowability and favour the degassing of the 

contaminants that can potentially be adsorbed on the powder surface.  

• This thesis has studied the relationship between the AM parts and microstructure 

development. More characterization could be used to investigate the relationship by 
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using a numerical model that is capable of predicting the temperature that is 

experienced by the layers in relation to the laser scan speed and energy density. This 

could be used to predict the grain growth direction under different process parameters, 

especially in titanium alloy, and would allow further control of the microstructure and 

the mechanical behaviour of the parts produced. This numerical thermal model would 

be good in order to estimate the cooling rate of each layer after solidification, and it 

can decrease the fast cooling rates of AM to reduce the thermal stress that occurs 

through AM and to produce more desirable microstructure specimens. 

• Further on non-destructive testing is required so as to evaluate the quality of the 

specimens and to detect the critical size of the pores and their relation to life 

prediction as well as to determine the real porosity in the specimens. The effect of the 

powder distribution and powder particle size on the manufacturability of the parts 

would be a good area on which to focus in future works. 

• The effect of the surface roughness on the mechanical properties of the cellular lattice 

structure is not considered in this research, and it will be important to focus future 

work on this in order to design high performance lightweight components, and to 

investigate the effect of rough surface on crack growth. the design and manufacturing 

of low density cellular lattice structures with various cell shapes, volume fractions and 

orientations that are gained from different metallic powders while using the DMLS 

and SLM processes so as to help the designer to use the right cell shape, size and 

volume fraction for the particular application is also needed. 

• An optimization project could be run to identify the best build direction from a 

manufacturability point of view, so as to improve the mechanical properties. Proper 

care should be used during the post processing of samples and, when cleaned, the very 

low volume fractions should reduce the risk of binding loose powders to the cell 

struts.    

• Further work, such as the HIP treatment or re-melting, could improve the mechanical 

properties, surface roughness and may reduce the internal stress.  
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