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Abstract

A hybrid processing method named AddFAST has been developed for producing novel microstructures and properties in metal parts. The process combines Field-Assisted Sintering Technology (FAST) with Additive Manufacturing (AM) to bond a complex AM lattice structure with a bed of powder, combining them into one composite item. The aim of this project is to assess the viability of this method and investigate the practical knowledge necessary for it to develop into a reliable, applicable industrial process.
	AddFAST samples were investigated initially using a Ti-6-4 AM lattice infiltrated with Ti-6-4 powder. The microstructure of the sintered parts showed two clear regions of contrasting grain morphology and texture, in an arrangement based on the AM lattice’s structure. The interface between the regions was dense and well-bonded. A parametric study of the FAST process showed that when sintered above the alloy’s beta transus temperature, the two regions normalise and their distinction is lost. Processing at lower temperatures for long dwell periods produced dense items with the desired microstructure, but also with much higher energy demands. Process temperature was found to be of greater significance than process time in determining the final part quality. Investigation of practical factors found that the process is tolerant of powder size for infiltrating fine AM structures, and that the FAST process stage can compress the original AM structure by a third.
Combining the AM lattice with powder of different alloy composition showed that the AddFAST process can be used to combine multiple alloys into one part, whether alloys of the same system or different ones. Bonding at the composition interface was dense and high-quality, but required the heat and load of the FAST processing to smooth the AM structure’s surface to do so. Without this effect, interfacial bonding was limited. The well-bonded mixed-composition samples showed an interdiffusion region at the interface, but no evidence of intermetallic formation.
	Compression testing on single-composition samples found that the AM regions’ presence only impacted mechanical properties when they occupied a sufficient volume fraction. The prior β grains of the AM region caused a decrease in strength, which was more pronounced at high temperature. Mixed-composition samples showed the addition’s impact as a load-bearing reinforcement, even at low volume fractions. Excess difference in mechanical properties, however, led to catastrophic failure.
	AddFAST processing has been demonstrated as a viable route to create complex, architectured microstructures in metal parts. This has the potential to produce novel behaviours with a high degree of control in a variety of alloy systems.
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1. Introduction

1.1 Background

Field-Assisted Sintering Technology (FAST) is one of numerous sintering processes for the consolidation of metal and ceramic powder into solids. Like most sintering processes it heats the powder to a high temperature to promote densification, but unlike most processes it releases this heat through the use of electricity. An applied current through the powder bed creates Joule heating at points of resistance, such as particle-particle contacts, within the sample. This, combined with the applied uniaxial force, leads to the densification of the part. FAST has been noted for its high heating rate and rapid consolidation of conductive and non-conductive powders [1], especially compared with similar sintering technologies. The process is also very energy efficient, partly due to the nature of the resistance heating [2], and the rapid heating encourages short process times [3] and desirable microstructure in the final part [4]. These advantages, for both fabrication and application, have generated a lot of interest in researching and applying the FAST process.
	An area of potential for sintering processes like FAST is increasing the application of valuable but expensive alloys, of which a prime example is titanium. Titanium alloys have a variety of desirable properties, such as their strength, low density, corrosion resistance, resistance to high temperatures and bio-inertness for medical uses [5]–[7]. However, their industrial usage is heavily restricted by price, which comes from the difficulty of their processing. Extracting the titanium from the ore is currently achieved by the energy-intensive and inefficient Kroll and Hunter processes [8]. Subsequent processing consists of a series of expensive purification, casting, forging and machining stages, with machining in particular leading to ten times more material being removed and returned directly to furnace than used in the final part. Some machining ratios are much steeper [9], [10]. The processing energy and inefficiencies are major contributors to the cost breakdown of fabricating titanium parts [11]. Such prices restrict titanium alloys to only the most performance-demanding applications, where cost is secondary. Reducing the cost of titanium processing, therefore, must be pursued alongside reducing the cost of extraction. Producing parts by densifying powder has potential to reduce process stages such as melting and forging, and FAST has useful advantages within the sintering technology set due to its processing speed and energy efficiency.
	Another advantage of FAST processing is its strength in creating diffusion bonds. Joining different microstructural regions together by diffusion bonding creates properties in the final part that combine the two regions and produce behaviours unavailable to either by themself. Diffusion bonds created in the FAST process have been found to be dense and well-bonded [12], as well as strong and well-suited for load-bearing use [13]. This has also been seen when powder has been sintered by FAST with solid monolithic items, with a high-quality bond formed [14]. This raises the question of sintering powder with more-complex solid items by FAST, which could provide novel microstructures and effects. The aptitude of the FAST process in this area makes it suitable for testing these different additions, while also making use of the advantages of FAST itself.
	One way to produce additions such as these would be by Additive Manufacturing (AM, also known as ‘3D Printing’). This is a process of building parts in a series of layers, adding material to produce the final structure. AM technologies encompass a wide range of processes and can be performed with different classes of materials. In this thesis, laser powder bed fusion will be the exclusive focus. This method operates by using a laser to selectively melt areas of a powder bed, which solidify together as they rapidly cool. The powder bed is then lowered, a new layer applied and the features of the part on that layer are melted with the laser. Subsequent layers are bonded together as appropriate through this melting [15], [16]. The freeform processing nature of AM and lack of conventional tooling means that a vast range of design possibilities are available, allowing the production of parts of great complexity, high fineness and design features not practically achievable by normal processing.
	AM processes do possess some significant drawbacks. The rapid heating and cooling of the deposited material creates strong temperature gradients, which encourage growth of columnar grains. This leads to AM parts often having anisotropic microstructures and aligned grain orientation [16], [17]. Choice of process parameters can lead to insufficient energy density and lack of complete fusion, leaving pores; too great an energy density can instead lead to vaporisation and gas porosity within the sample. Powder can also cause lack of fusion if it does not pack densely in the bed [18]. The gap between edges of the layers and protruding ‘satellite’ particles also create surface roughness [18], [19]. However, if a structure fabricated by AM was embedded in a matrix of powder and sintered, the fine grains of the surrounding matrix would contrast with the large, anisotropic AM grains. This would create a complex microstructure of different grain features, combined in an arrangement based on the shape of the AM item. The heat and pressure of the sintering stage could also close porous defects in the AM structure, with the surrounding powder also covering its rough outer surface. This process, therefore, involves placing an AM structure into a mould of FAST powder so that the powder bonds with it during sintering, infiltrating openings in design to bond throughout if needed. This allows employment of the advantages of both FAST processing alone and creating more-complex addition structures that can lead to more-novel behaviours by AM, with AM grains also creating the potential for a complex microstructure of different grain features. This processing method was given the name ‘AddFAST’, and the schematic diagram of the process is shown in Figure 1.1. Understanding and developing this process is this focus of this research project, including identifying the practical information needed for AddFAST to be a viable processing technology that can be reliably and consistently applied in industry.Figure 1.1: Schematic diagram of the proposed AddFAST processing method.



     1.2   Project Aims and Objectives

The aim of this thesis is to investigate the viability of the AddFAST process to create items with a complex microstructure of combined, architectured microstructural features, with a view to establishing the practical knowledge needed to help development of the process so it can be reliably used in industry.
	The objectives were:
- Investigate whether the AddFAST process can create dense, well-bonded parts that show a difference in microstructure from the AM lattice’s addition.
- Establish some of the processing limits and guidelines that would allow an industrial engineer to use the process confident that a high-quality, fit-for-service part with the desired complex microstructure would be produced.
- Assess the effect of the features of different AM structures on the microstructure and behaviour of the sintered sample, and how this can make use of the design possibilities of AM.
- Investigate the effects of the AM structure’s addition on the mechanical properties of the sintered part.

     1.3   Thesis Outline

After the introductory chapter, a literature review covers the current knowledge in the field, addressing the key topics of this project and detailing how they function, as well as discussing prior research on similar combinations of process technologies.
	Chapter 3 provides an overview of the experimental and analytical methods that will be used in the subsequent chapters, as well as details of the material supplies that will be used.
	Chapter 4 is the initial investigative work on the microstructure created in the AddFAST item as a result of its processing, including crystallographic texture. This chapter also focuses on how variations in process parameters affect the quality of the sintered item and identifies guidelines applicable to future samples and production to inform successful processing.
	Chapter 5 considers the effect of other factors of the process on the AddFAST part and its sintered microstructure. The effect of producing samples with different alloy compositions in the matrix and addition regions is analysed and their suitability determined, with further guidance for future choice of composition pairings identified. The limits of the process on the use of large powder to infiltrate and bond with fine Additive structures was investigated, and the effect of applied load at temperature in the FAST process on deformation of the Additive inclusion was also studied.
	Chapter 6 addresses the effect of the AddFAST process on the mechanical properties of the part. Samples with the same alloy compositions in the lattice and matrix regions and those that used different alloys in each region were each investigated. Testing was performed at both room and elevated temperatures. The effect of the deformation on the microstructure of the samples was also investigated.
	Chapter 7 is the conclusion of the thesis, listing the findings of the research and pathways for future potential research in the subject.


2. Literature Review

2.1    Titanium and its Alloys

2.1.1   Alloy additions and phase stability
Like many metals, titanium exists in multiple allotropic crystal structures. At lower temperatures titanium exists as a hexagonal close-packed crystal structure known as alpha (α) phase, but as temperature increases it transforms to a body-centred cubic structure known as beta (β) phase. This β phase remains until melting. In pure titanium, the α-β transformation occurs at a ‘beta transus’ temperature of 882 oC, but this is heavily influenced by alloying additions [20]. Since α is the low temperature phase, this is the phase of titanium that is thermodynamically stable at room temperature and that will preferentially be formed during slow cooling. This, however, is also heavily manipulated by the addition of other elements to the alloy.
Titanium can be alloyed with a wide range of solute additions, which allows a spectrum of achievable behaviours to be created across varied compositions. These additions will also, in the majority of cases, stabilise either of the two main phases with different degrees of effectiveness. Alloying elements in titanium are known as either α-stabilisers or β-stabilisers, depending on whether they raise the alloy’s β-transus temperature or depress it towards room temperature. Examples of β-stabilising elements include H, V, Nb, Mo, Ta and Re and examples of α-stabilising elements include Al, C, Zr, Sn, O and N. The extent to which a given element will stabilise a phase (for a given amount of addition) will vary in each case, leading to the cumulative effect of all the different additions on potential stabilisation. This can be calculated based on the concept of the ‘Aluminium equivalent’ and ‘Molybdenum equivalent’ for the α and β phases respectively, which accounts for the relative effectiveness of each alloy and its amount to determine overall stabilisation. The equivalents can be calculated via. Equations 1 and 2:





	Where all elemental amounts are given in weight percent [21]. Some additions have no substantial effect on the β-transus or the stabilisation of different phases, and are hence considered neutral additions. Examples of these include Zr and Hf [22].
	Making blanket statements about the properties of titanium microstructures is difficult due to the potential for variation within phase fields. Generally speaking, an α-rich titanium microstructure is noted as being stronger than a β-rich microstructure [23]. The β titanium phase, on the other hand, is generally notable for ductility and toughness, as well as hardenability through potential formation of martensite and precipitate of fine-scale α (though usually at the cost of some toughness). β-rich alloys generally also have poor creep resistance [24].
     2.1.2   Classes of titanium alloy
Between pure α or pure β titanium microstructures, a spectrum of microstructures can be found due to the ability to stabilise and/or quench β phases into room temperature α. This progression is usually summarised as α, near-α, α+β, near-β (also known as metastable β) and β. A schematic phase diagram of the Ti system is shown in Figure 2.1.












Figure 2.1: Schematic phase diagram of the Ti alloy system.

       2.1.2.1 α alloys   
α titanium alloys are those predominantly composed of α phase at room temperature. At the greatest extent of this is pure titanium, although this will still contain trace levels of elements like C, N, H, O and Fe. These trace additions are a source of strengthening, and pure titanium is organised into Grades based on degree of microstructural purity. For the main Grades, numbered 1-4, this is based on the level of oxygen addition. Purer Grades will be of greater corrosion resistance but lower in strength. Overall, commercially-pure titanium is utilised in applications where corrosion resistance is crucial but material strength is less significant, such as pressure vessels [25].
	α alloys, as opposed to pure titanium, contain some β-stabilising elements in very low volume percentage. This creates solid-state hardening effects, leading to further increases in strength [26]. α alloys are not sensitive to heat treatment, which makes them very useful for applications involving welding. However, this also means that heat treating does not increase their strength, either. Treatments, therefore, are mostly limited to annealing and recrystallisation to remove the residual stress of cold working. α alloys are also well-suited to use at both high and cryogenic temperatures [27].
	Near-α alloys are similar to α alloys, but contain sufficient β-stabilising additions for small levels of β phase to be present in the microstructure. α and near-α alloys both exhibit high resistance to creep, and near-α alloys are utilised for applications that combine this creep resistance with the strengthening that comes from minor levels of β phase addition. These include gas turbine compressor components and rocket propulsion systems that operate up to 600 oC [28].
       2.1.2.2 α+β alloys
The properties of titanium alloys become more complex as the interaction of the α and β phases produces behaviour beyond that of the phases individually. However, it is these properties that also make α+β alloys the centrepoint of the titanium industry. Ti-6Al-4V, containing one α-stabiliser (Al) and one β-stabiliser (V), is responsible for 50% of all titanium alloy use and represents the majority of titanium use in aerospace [29]. α+β alloys are usually processed by solution treatment at high temperatures in the β phase region, which also allows the use of β titanium’s high forgability, before quenching at a sufficient rate to retain some or even all of the β phase. This is then followed by aging treatments at high temperatures in the α phase region, precipitating small regions of α titanium throughout and generating a mixed microstructure [27].
	The popularity of α+β alloys stems from their excellent combination of properties. The mixing of the two phases individually allows the combination of α titanium’s ductility and creep strength with β titanium’s high strength and fatigue resistance [28]. The interface between phases, though, is also a barrier to dislocation motion, and formation of fine α in aging allows this barrier to permeate densely throughout the microstructure. This, therefore, provides an important strengthening effect additional to that of the phases by themselves [30]. These alloys and their properties also rely less on heavy solute elements than β alloys, meaning the low part density is not compromised. Separately, α+β alloys in industry also benefit from entirely pragmatic advantages – decades of industrial experience and an extensive, thorough research base that greatly helps application.
2.1.2.3 β alloys
β alloys are generally defined as those that allow the metastable β phase to be retained when quenching the part. Like α alloys, this grouping incorporates some sub-groups, which are based on the level of β-stabilising additions and thus on the level of retained β resulting from a similar process route. These sub-groups are referred to, with increasing β-stabiliser level, as near-β, metastable β and β alloys. Technically, this description is slightly mis-leading, as the β phase is metastable in almost all of these cases – alternative descriptors based on ‘lean β’ and ‘rich β’ have been proposed to try and reduce this [31]. Regardless of terminology, these alloys groups show a variety of valuable properties. A general property of the β Ti phase is excellent toughness and formability [32], the latter of which makes the β transformation very valuable for rolling and forging high-strength titanium parts. The strength of β alloys is fairly complex. Although 100% β-phase titanium has relatively low strength, aging treatments and the precipitation of α-Ti throughout the microstructure can give strengths (and strength-to-weight ratios) exceeding any other Ti alloy group [33]. This microstructural strengthening leads to lower ductilities, though, as well as lower creep strength than other Ti alloy classifications [32]. β alloys also tend to be higher in density and more expensive than most Ti classifications, a significant part of which is the need for a high level of expensive (and dense) alloying additions. As such, β alloys see valuable use in various applications such as aerospace [23] and medical devices [34], but have not and are unlikely to supplant α+β alloys as the premier Ti classification.
     2.1.3   Titanium material properties
The material properties of Ti vary significantly with the alloy type, as described in the previous section. However, a general summary of a range of properties of Ti and its alloys is given in Table 2.1.
Table 2.1: Basic properties of titanium-based alloys (reproduced from data from Callister [35]).     
	Property
	Value

	Melting point (°C)
	1670

	Density (g/cm3)
	4.5

	Room temperature E (GPa)
	115

	UTS (MPa)
	990

	Yield stress level (MPa)
	830-1000

	Elongation (%)
	14

	Poisson's ratio
	0.34

	Coefficient of linear thermal expansion (μm/m ⋅ K) (20-650°C)
	9.7

	Thermal conductivity (W/m)
	6.7

	Electrical resistivity (μΩm)
	1.71



	These properties encompass a range of very useful behaviours, both mechanically and functionally. As well as individual values, the combination of behaviours makes Ti alloys extremely appealing; their combination of strength and low density gives them a degree of specific strength that few other metal systems can compete with, while also showing excellent corrosion resistance [36]. This resistance makes it suitable for various challenging operating environments, such as marine structures or aerospace engine components. Ti is also bio-inert, which opened the door to putting it to use in biomedical implants [7] – this has become a major application of alloys like Ti-6Al-4V. As previously mentioned, as well, Ti alloys cover a wide range of behaviours, microstructures and property values. This creates far more opportunities for application than only what is suggested by the data in this section. However, Ti application is held back by some controlling practical factors – these will be discussed in Section 2.2.
2.1.4 Impact of grain morphology and texture
One of the most well-known equations in assessing the microstructure of materials is the Hall-Petch relationship, given in Equation 3.
 
Where  is the yield stress,  is a material-specific constant relating to the lattice’s inherent resistance to dislocation movement (representing the strength of a large, undeformed and untextured single crystal),  is a material-specific strengthening coefficient and  is the grain diameter.
The equation describes how as grain diameter decreases, the yield strength will increase correspondingly for any given material. This is due to the grain boundaries acting as barriers to dislocation motion. As a result, items requiring high strength will be processed to possess microstructures of fine grains, as well as the choice of a high-strength material. Indeed, both of these are vital to creating the strength of the final part that makes it fit for service. Items with large grains, conversely, will have fewer barriers to dislocation motion in their microstructure, leading to lower strength. In some situations larger grains may be preferable, such as easier dislocation motion leading to greater toughness, but in others excessive grain diameter can severely reduce the needed behaviour of materials that would otherwise meet performance requirements. The process of creating the desired final microstructure in an engineering part is just as extensive and important as that of selecting the material of choice or shaping it into the correct design. 
Anisotropic microstructures can also present a challenge to engineers, largely by adding complexity to the issue described previously. When grain diameters are different in different axes, this means that all material properties based on or affected by grain diameter are also different in those axes. This can lead to a serious variance in part behaviour simply based on which direction it is loaded in. In load-bearing applications where the stress balance leads to loads effectively being applied from many axes (which is most of them), this leads to unacceptable or hazardous part performance. This can be directly created by the processing methods, as well, such as the significant anisotropy in rolled sheet products. This is caused by the rolling process substantially deforming grains along the rolling direction, which is not matched in the perpendicular directions. Fortunately, many bulk-forming processes do not naturally create this potential issue.
The grain microstructure of an engineering part is also composed of its grain orientations, as well as their size and morphological shape. The orientation of a grain is based on the directions of its atomic packing, in particular the directions along with atomic density is highest. If the overall microstructure has a preference towards certain directions, it is described as having a crystallographic texture. This can be weak, strong or any degree of alignment bias in-between. The orientation of grains has a significant effect on their mechanical properties, depending on the direction in which the appropriate stimulus is applied to the lattice. This then affects the properties of the material and the part as a whole, especially if grain texture is strongly aligned throughout the microstructure. Larger microstructure grains also naturally lead to larger areas of aligned texture, as grain boundaries are by nature boundaries where grain alignment changes. Heat treatment processes such as recrystallisation sometimes seek to break up areas of undesired texture alignment as much as they intend to affect grain morphology.
	It should be noted that grain size, shape and alignment area also extremely important in determining the item's functional properties, as well as its mechanical ones. The relationship between these factors and the mechanisms involved are covered extensively in the literature, and functional material properties will not be addressed in this thesis. Nonetheless, the significance of these microstructural features to this group of important material behaviours should be noted.
 
2.2 Conventional Titanium Production

2.2.1 Extraction processes
Naturally-occurring titanium appears as multiple ores, but its high reactivity as an element means that the metal occurs as TiO2 in all of them. Processing and purifying this oxide is extremely difficult, so the first stage of standard titanium production is chlorination to convert the TiO2 into TiCl4 (or ‘tickle’ as it is industrially known). After phase separation and fractional distillation processes to remove the impurities in the metal, the TiCl4 must then be reduced to titanium metal for use as an alloy [37]. This is, of course, not the case if the Ti is intended for use in pigments, which is actually the vast majority of commercial titanium use [38] – for this thesis, however, only Ti’s use in metal and alloy applications will be considered.
	The chief industrial processes that have been used for reducing TiCl4 to titanium metal are the Hunter process and Kroll process. In both processes, the TiCl4 is loaded into a reaction vessel with liquid reductant, which then reacts to form a chloride and remove the chlorine contaminant from the TiCl4. In the original Hunter process, this reductant was molten Na; this has been replaced by Mg in the Kroll process, which has gradually superseded and replaced use of the Hunter process in industry. In both cases, Ti metal is formed in the reaction vessel as a ‘sponge’ of fine particles [39]. This must be removed, usually by pressing or manually chipping out, and then purified and leached to remove chloride salt contaminants – this, again, applies in both processes [37]. The difference between the Kroll and Hunter processes in these stages that lead to the former superseding the latter were mostly practical and economic-driven; Mg reductant is much more economic to commercially acquire than Na, is easier to handle in the process and is much more easy to reclaim after leaching, allowing reuse of reactants [40].
	However, the Kroll process still possesses major practical drawbacks, ultimately having a crucial consequence for the cost of the final titanium metal. It has a very low process efficiency at approximately 1 ton of titanium per day per reactor (by comparison, an integrated steel mill is considered economically viable if it can produce two million tons per year, around 5,500 tons per day). At the same time, the process is very energetically demanding at 71.61 kWh per kg, leading to process with low throughput but high running costs. Material at the walls of the furnace is usually contaminated and must be downgraded, while Mg is still an expensive reactant despite being comparatively cheaper than Na [8], [37], [41]. Despite being the only commercially-viable extraction method for titanium at present, the Kroll process has clear and significant issues that carry on into the all-controlling final cost of the titanium alloy product. Extensive research is going into prospective replacement technologies for extraction of titanium; these efforts are detailed elsewhere in the literature [42]–[45], and will not be discussed in this thesis.
2.2.2 Purification processes
Even after the titanium sponge has been produced and leached, it will still contain a significant level of impurities. These must be removed, for which the standard method is the Vacuum Arc Remelting (VAR) process. Despite the name, this actually describes the first time the sponge is melted. The VAR process also acts as a stage to introduce alloying elements and improve homogenisation of the alloy/metal [46]. The process operates by compressing the titanium sponge and alloying additions into briquettes before welding them together. The ingot is placed in a vacuum chamber (some variants allow performance under an inert atmosphere) and melted by an electric arc, with the solidified ingot acting as one of the electrodes of the arc. The molten metal drips into a copper crucible, acting as the other electrode, and rapidly solidifies [47], [48]. The microstructure of the newly-solidified ingot consists of a region of relatively-equiaxed grains in the ingot’s centre, transitioning to a columnar grain region near its surface [49]. Unfortunately, the nature of electric arc processing means that the purification stage is energy-intensive, especially since sufficient purity usually requires at least two melt processes.
A alternative process to VAR is Electroslag Remelting, which involves immersing the electrode end in a liquid slag that an electric arc flows through. Rather than contaminating the metal, correctly-chosen slag composition can protect the melt from contamination as it flows through to the crucible, and even react with it to remove further contaminations [48]. Alternative technologies for greater purification of titanium alloys and the removal of even the most challenging inclusions (thus preserving component lifespan as well as performance) are also being studied, such as electron-beam cold hearth melting [50] and plasma arc melting [51].  At present, VAR remains the chief technology for this process stage.
2.2.3 Forging and shaping processes
Processes at this stage can be very significant for the both the shaping and creating the overall quality of the final titanium product. Conditioning the surface to remove sites of potential stress concentration is a benefit that follows through all subsequent processing – this is usually done by grinding the ingot surface [52]. ‘Cogging’ is a thermomechanical process used to alter the shape of the VAR-melted ingot, deforming it rotationally to reduce the diameter and increase its length. As well as physical deformation, however, this also breaks up the large β grains from the remelting, helping to create the desired microstructure and set up further operations to continue to improve it. β titanium’s comparative ease of deformation means most of this operation takes place above β transformation temperatures [53]. Homogenisation is also important before further operations to improve compositional homogeneity after the melt. High-quality homogenisation also improves the part’s response to further mechanical working, and so carries benefits for the remaining process route as well [54]. Further milling converts the conditioned ingot into the shape most suitable for further production: billets (large-diameter rounded product used in further shaping operations), bar (large-diameter product that is finished at this stage; contrary to name, bars can be rounded), plate and sheet (flat-rolled products, with plate being thicker than 25 mm and sheet being thinner) [55]. This set of operations is generally known as ‘primary fabrication’.
	The ‘secondary fabrication’ operations that follow are chiefly dependent on the desired type and form of the product. Sheet-forming and rolling are used for flat products, while extrusion, drawing and similar processes are useful for items like tubes with long sections and particular cross-section shapes. For many products, the next step is forging. This can be either open- or closed-die, which simply depends on whether the shaping tools are open or constrained at the edges. Forging can be either α+β or β forging, depending on whether it is above or below the transus [56], [57]. 
	The relationship between fabrication processes and resultant microstructure is highly complex, due to the numerous factors that have an impact on the properties of the final alloy: α and β phase presence, the morphology of the two phases, how each phase is distributed relative to the other (alternating laths, separated α and β regions, a combination of both), the size of the grains, degree of recrystallisation and more. Forging within the β phase region is practically advantageous to make use of its relative ease of deformation, but the intended final microstructure may mean that this cannot be employed. Working in the α+β range is preferable for a microstructure with separate α Ti regions, while working above the β transus and cooling allows transformed β to be converted by further heating into interspersed α and β laths [58], [59]. Whether this cooling is slow or rapid will also affect the size of the resultant grains. Quenching of residual β in an α+β-worked part can also allow it to be transformed in further operations for greater microstructural complexity as well. Addition of ageing treatments allow further control of grain size. The degree of work and energy imparted during shaping, as well as the speed of cooling, also governs recrystallisation. Recrystallisation is a very important part of creating a final fine-grained microstructure, if this is so desired, and is often induced as a dynamic process within manufacturing and shaping [58], [60]. Engineering the part’s microstructure during fabrication follows a complex series of operations but is vitally important to control, as further processes have comparatively small impacts on the overall microstructure [24]. Processes such as rolling can heavily deform the part’s grain structure and morphology, but processes at this stage will determine what arrangement of grains exists within the part at the beginning.
The other critical issue at this stage of processing is that all of these process steps each involve their own energy costs and increase in production time [56], [61]. Indeed, although they are crucial for producing the desired performance of a part that makes titanium so valuable, the high temperatures, load requirements and energy usage of thermomechanical processing means that this process stage is a major contributor to the final cost of titanium parts, as well as the extraction [62].
2.2.4 Machining processes
The final fabrication stage is the final shape of the product, utilising intensive machining stages. Commonly-used materials for industrial machining of titanium include cemented carbides, tungsten carbide, cubic boron nitride (known as CBN), titanium carbide coatings and diamond [63]. Machining is a very significant and costly step in the fabrication process for titanium components because it causes some major and important difficulties. The first is the physical difficulty of cutting titanium forgings, which incorporates a number of smaller individual issues. Titanium alloys retain a significant degree of strength at temperatures of around 500 °C [64], which is usually where cutting operations take place. As such, a property that makes them desirable in service also makes them hard to cut to prepare for that service. Titanium alloys also have low thermal conductivity and form narrow machining chips that absorb little of the heat of cutting - this leads to high temperatures at the cutting interface and increased tool wear [65], [66]. The reactivity of unoxidised titanium - such as titanium that has just had its outer oxide surface removed - at high temperature also cripples the service life of some potential tool materials, due to reacting with them and increasing the tool wear so that those otherwise-viable compositions cannot be considered practical [63]. All of these factors combine to make machining titanium parts very difficult and rapidly wear the tools involved; this is exacerbated by the main uses of titanium at present being high-performance items, which require high-quality surfaces with more thorough and precise processing.
	The second important difficulty associated with machining titanium is the material inefficiency. Titanium parts experience very steep buy-to-fly ratios - the ratio of starting material pre-machining to the amount of material remaining in the final shaped part. This ratio begins at values of 10:1 or 15:1 and increases significantly, depending on part. Some parts record ratios of 25:1 or 30:1, with some cases going higher still [9]–[11]. This machining scrap, and all of the energetic input required for its processing so far, is returned to the furnace. The amount of material processed that is not used in the finished part cripples process efficiency, creating a significant contribution to the cost of the product that controls potential for application.
	A schematic overflow summarising the steps of titanium processing is shown in Figure 2.2.







Figure 2.2: Schematic overview of titanium processing method.











2.3 Sintering and Field-Assisted Sintering Technology

2.3.1 Field-Assisted Sintering Technology (FAST)
Among the varied processing methods for sintering powder together into a densified part, Field-Assisted Sintering Technology (FAST) has gained significant interest. The FAST process is a rapid sintering method that densifies powder by the combined use of a uniaxial applied force and a pulsed electric current [3]. The current generates heat due to the electrical resistance at the contact points between particles. The rapid Joule heating at these ‘spot weld’ points causes grain growth and element diffusion in the local area at the contact surface, joining the powder particles together [67], [68]. The applied force deforms the particles so that they compress against each other, increasing the contact surface and so encouraging the weld. A schematic diagram of the FAST process is shown in Figure 2.3.

Figure 2.3: Schematic diagram of Field-Assisted Sintering Technology.














	In conductive powders, the Joule heating is generated at the point of resistance (ie. at the contact points). For non-conductive powders, instead of penetrating the powder bed, the current flows around the chamber exterior. This heats the powder from outside from the resistance of the die [69]. The applied electrical current also continues to affect sintering beyond the first stages of the densification. Beyond the heat generated by resistive effects, the electrical current improves rates of mass transport during sintering. This has been attributed to electromigration theory in some works [12], [70] but Munir et al [71] identify that during FAST the process temperature and current are not independent, meaning that the assumptions of electromigration theory do not apply well to the situation. Applied current has been noted to reduce activation energy of ionic mobility [72], which offers a more-likely explanation for the effect of current on FAST phase formation. Experiments with formation of Mo-Si intermetallics [73] emphasised that the effect of current was specifically in the increased creation and mobility of defects, as the activation energy of forming the product phase was similar with and without the applied current.
	A number of methods exist for producing the powder material used in the FAST process. In Ti industry, the central techniques of interest are gas atomisation, plasma atomisation, Plasma Rotating Electrode Process (PREP) and Hydride-Dehydride process (HDH) [74]. Atomisation processes are all based on the concept of melting the alloy and allowing it to form a free-flowing stream (usually by letting it fall through a nozzle under gravity) and disrupting the stream as it flows with appropriate jets. The resulting spray solidifies into individual powder particles. Water atomisation and gas atomisation use water jets and inert gas jets, respectively, to break up the stream [75], although water atomisation is not commonly used for Ti powder. Plasma atomisation is an alternate option that uses high-energy plasma torches to melt and break up the alloy [74], [76]. The PREP process uses a plasma arc to melt the alloy in a similar way to standard atomisation, but uses a rotating apparatus and centrifugal motion to break up the spray instead [77], [78]. The HDH process is based on reacting the original alloy with hydrogen to form a hydride, which can then be crushed and mechanically milled to the desired fineness with greater ease compared to the original composition. HDH powder can be checked for the desired fineness by standard screening and sieving methods. At the end of this process, the powder is then de-hydrided to restore its original composition [79]. Atomisation methods can produce spherical powder morphologies with a high degree of consistency, while the HDH process usually produces more angular and blocky powder morphology. Of the major atomisation processes, gas atomisation tends to produce a wider range of powder sizes and an increased likelihood of satellites or agglomeration, while plasma-based methods produce very fine powder within a narrow size distribution range. However, the nature of plasma processing also makes them more expensive than gas atomised powder. As such, the choice between powder properties and cost is usually driven by the requirement of the application. HDH processing is used more often for commercially-pure Ti powders (which are weaker and easier to mechanically mill), while atomised powders are used for alloy materials, particularly for applications where powder fineness, flow and packing density are crucial.
In sintering methods, an important factor of the powder is the tap density of the powder. This determines the density of the powder bed in the mould before sintering begins. A low-density powder bed at the start of sintering will lead to either residual porosity in the final part or a need for intensive processing conditions to remove the voids between powder particles. This makes fine powder particles very advantageous and significant for sintering, since they can fill into openings and pack closely with each other in the powder bed. A bimodial powder size arrangement can be used as well, where fine powders pack into the voids in between the coarse powder – this does, however, still require fine powder particles to be produced, so they can be combined with the coarse [80], [81]. As such, atomised powders are preferred for sintering technologies, with the exact atomisation method depending on the level of powder fineness required. HDH powders can give a similar tap density to atomised powders, but are less consistent in doing so due to their angular morphologies.
To take note of other powder fabrication technologies that are not commonly used for Ti, other powder materials can also be processed by water jet atomisation [75], electrolysis [82], centrifugal atomisation [83], mechanical milling [84] and chemical vapour deposition [85].
	The name ‘Spark Plasma Sintering’ was coined in the early stages of application, research and commercialisation of the technique. Since then, the presence of both spark discharge and plasma have each come under scrutiny. Evidence of these phenomena has, in fact, been found lacking. Even in publications as recent as the last five to ten years, the discussion around these events’ presence is described as being ongoing and having no clear consensus. A number of arguments for their presence are theoretical-based rather than experimental, and in many cases their occurrence is taken more as a matter of faith. Some work, such as Hulbert et al [86], have provided measurements that appear to demonstrate the lack of spark discharge or plasma; some results, conversely, appear to witness it either indirectly (such as Omori’s results with discharge-like patterns on the surface of powder [87]) or directly (such as Zhang et al capturing an apparent visible spark discharge within the rig when sintering a single layer of ceramic particles [88]). The most-accurate statement that can be put forward is that comprehensive and conclusive evidence for neither side of the discussion has, at present, been provided.
	A further beneficial effect of the FAST process that has been reported is cleaning of the particle surfaces. Several results have reported that as the particles in FAST densify, the sintering process leads to the oxide scale on their surfaces and similar impurities being removed. This leads to the final joints within the body of the sintered product being clean and lacking contamination. Multiple publications attribute this to the effect of spark discharge and plasma [89]-[91], but evidence for these phenomena occurring in FAST is uncertain as described previously. Other sources propose that the removal of surface impurities is due to dielectric breakdown [92], [93] where creation and trapping of defects (supported by the electric field) leads to depletion of oxygen from the surface and breakdown of the oxide layer. Although a specific explanation has yet to reach general consensus on how this process occurs, it is nonetheless apparent that FAST sintering can lead to breakdown of powder surface impurities and cleaning of the sample joins, leading to reduced contamination in the final product.
	For the processing of titanium, the chief potential for FAST is the reduction of process costs. Densifying powder directly into a single part bypasses or reduces the expensive melting, casting and thermomechanical working stages of production, which has significant consequences for the final cost of the part. The use of Joule heating coupled with the fact energy is released directly where it is needed within the powder bed gives FAST excellent energy efficiency among sintering methods, creating a particular advantage in reducing costs. Using shaped graphite moulds can allow the post-FAST part shape to be optimised so that further forging works are significantly reduced; the FAST development company Norimat has filed a patent for creating counterform elements to go in the FAST mould by using AM (albeit out of materials other than graphite) that can lead to complex designs [94]. Processes such as FAST-forge combine shaping dies in the FAST mould with a simple subsequent forging operation to produce near-net shape parts by a two-step process, in place of the complex process used in conventional processing [95]. A schematic diagram of the process is shown in Figure 2.4. Bowden and Peter’s [96] analysis of the costs of conventional and near-net shape powder manufacturing of titanium parts shows that even though particle feedstock for FAST is more expensive than mill product, the vastly-superior material efficiency leads to overall cost reductions. This means that there is a great deal of potential for FAST to benefit processing of titanium parts, and a significant amount of research is ongoing into realising this opportunity.Figure 2.4: Schematic diagram outlining the two-step hybrid “FAST-forge” process [78].



2.3.2 Diffusion bonding and addition of solid inclusions in FAST
As well as densifying conventional beds of powder into one, another advantage of FAST is its effectiveness in bonding different regions together during sintering. Areas of different composition, structure or similar can be joined together by dense, clear diffusion bonds, creating a single part combining the two into one sintered item. Section 2.3.3 gives further consideration of the interphase and interstitial regions that can form due to the joining of two compositions by this method.
	Firstly, diffusion bonds produced by FAST are of good quality. Bonds between the two phases in FAST diffusion bonds have been shown to be defect-free, strength-imparting and with a high degree of contact [12], [14], [97]. Studies comparing images of the diffusion bond interface with the bond strength showed that bond strength increased with degree of interface contact [12], [97]. Grain growth also has the potential to be a very useful mechanism for improving join quality in FAST, as grains can grow between regions and create a connection that crosses the physical boundary of the materials, as shown in Figure 2.5. This helps create a high-strength, good-quality join [13]. To this end, controlling secondary phases like carbides is important to encourage enough grain growth to create this join [98]. Mechanical tests on these bonds demonstrated their strength and suitability for load bearing, whether bonding powders [13] or solid monolith interfaces [12], [99]. Since the bond point between two regions can be strong and high-quality, this means that the presence of the bonds does not deteriorate the quality and performance of the overall part. When the mechanical properties of the bond are comparable to the properties of the main materials, the bonding region will be no more a preferential site for failure than any other. However, this requires some very significant factors to be controlled. Firstly, the material must be well-bonded and bonding process complete, rather than inconsistent bonding and remaining voids at any interfacial area. Secondly, the region at the interface must be of equivalent mechanical properties to the surroundings. Interdiffusion of material may lead to the interfacial region having comparable properties to the main materials, but depending on the materials in question it may alternatively be less desirable in behaviour. This can lead to severe consequences for the overall quality of the part. Control of these issues is very important for diffusion-bonded material, in FAST as in other technologies, and the process parameters that give the best behaviour will depend on the exact materials in use each time.Figure 2.5: Grain boundary growth across the diffusion bond interface for a. Ti-5553 – CP-Ti pairing, b. Ti-5553 – Ti-6-4 pairing and c. Ti-64 – CP-Ti pairing [13]. 


Diffusion bonding can take place between regions of differing forms, which creates a lot of flexibility and possibility. As mentioned previously, interfaces between powders sintered by FAST are dense and show grain growth between particles, encouraging a strong bond [13]. However, it has also been demonstrated that powder can be densified with solid inclusions added to the matrix. Powders sintered alongside pre-fabricated rods and fibres have shown sintered joins between the two areas that are void-free and good-quality [14]. This demonstrates some of the utility available through FAST beyond simplification of the process route, which prompts the question of investigating further ways this diffusion bonding can be used to benefit the finished part while also improving its processing. Since FAST has already been used to bond powder with pre-made fibres, providing reinforcement and improving mechanical properties, powder could also be bonded with other kinds of structures. These could possess more-complex geometry or different grain microstructure, to create effects or properties unavailable in service to the powder sintered by itself.
2.3.3 Interphase formation during FAST
Like most sintering and joining processes, FAST may provide a driving force for the formation of new phases at the interface of the joining powders. As well as encouraging grain growth and increased interface contact, the high temperature applied also encourages solid solute ions to diffuse towards the grain boundaries at the interface. This results in a chemical segregation of the solute ions forming at the interface, with a differing composition to the bulk material. This can be detected by elemental mapping and profiling [12]. If necessary, these interfacial solid solutions can be modified by an appropriate heat treatment. The behaviour of this diffusion, like in conventional diffusion interfaces and bonds, is controlled by the diffusivity of the respective species. Diffusion-bonded samples of multiple compositions often show an interdiffusion region at their interface. This interdiffusion behaviour is controlled by the conditions used in the FAST processing, as well. Higher temperatures and longer processing times lead to increased material interdiffusion [12], [14], [99]. The electric field used in FAST also has an effect on the elemental diffusion, as mentioned in Section 2.3.1.
This interfacial region leads to an inhomogeneity of material properties, as the interdiffusion regions demonstrate behaviour exactly matching neither one side nor the other. Whether this behaviour is problematic depends on the materials in question and the extensiveness of their interdiffusion [12], [14], [98], [99]. The interfacial region may show properties perfectly up to the requirement of the intended application, and may be narrow enough that any variation is of little consequence. However, their being variant from the materials on either side has the potential to cause complications for the part and for the engineer producing them, and create areas of material with undesired properties. As such, attention to these regions and any consequences of their presence is very important when combining multiple compositions, and this is true in FAST as in many other bonding methods.
	As well as regions forming in the grains near the interface, a very important issue in solid sintering of this kind is that phases form within the interface itself. If the amount of a dissolved solute in the alloys is high enough, an interlayer of that solute may form as a precipitated layer in the grain boundary. This will increase in thickness and uniformity with increasing solute content and the time and temperature of processing [97]. Often, though, the formation of intermetallic interphases is seen instead. The smoothness of the physical join between the intermetallic and its surrounding regions is dependent on which region it pushes out into as it forms [99]. Like solid solutions, intermetallic interlayers become wider and more uniform with increased time and temperature, with uniformity of layer encouraging uniformity of properties [97]. An example of the growth of intermetallic phases with different processing temperature and time is shown in Figure 2.6.
Figure 2.6: SEM-BSE images of the diffusion bonded joints between stainless steel (SS), Al and Ti, processed at 650 °C temperature for (a) 15 min, (b) 45 min, (c) 90 min, (d) 120 min, (e) 150 min. The white arrows highlight the interdiffusion layer, while the black arrows highlight particles formed within the Al and intermetallic layers. The intermetallic phase is FeAl2 [83].

	These intermetallic interphases can convey beneficial mechanical properties. As the interphase grows, the effective contact surface between the two grains increases, leading to better join quality and bonding strength [97], [100]. However, in many varieties of metal-metal and alloy-alloy pairings, intermetallics were found to be negative overall. While they carry a benefit in small quantities, large intermetallic interfaces have consistently been causes and locations of brittle fracture in otherwise ductile alloys [100]-[111]. This would be disastrous for high-performance parts that encounter high stresses and where ductility is desirable to prevent catastrophic failure. Lee et al [105] observed that failure around the join comprised of ductile and brittle failure, with ductile failure occurring in the solid solution around the join and brittle failure occurring within the intermetallic interphase. This provides an illuminating demonstration of the two results of diffusion during FAST and the relative nature of their consequences for the part. Ideally, the diffusion bond in FAST should consist mostly of ductile solid solution regions providing strength and composition transition, with a thin layer of interphase providing bond contact but not inhibiting properties. Various modifications to the material chemistry can be made to reduce the formation of intermetallics, either by modifying the chemistry of the stable phases that would naturally form or the nucleation process that would occur as they do so [112]-[114]]. However, modification of alloy chemistry is not always a viable option given the part’s requirements. Processing at low temperatures will inhibit the formation of intermetallics, although this has obvious consequences for the main processing operation as well [115]. A diffusion barrier layer applied to the contacting surfaces is effective at preventing the interdiffusion of atoms that leads to intermetallic formation. This is easier to apply practically to monolithic interfaces meeting than powder and creates the risk of fine internal layers of diffusion barrier material within the body of the sintered part [116]. The degree of hazard this poses depends on the nature of the barrier material chosen. Results have shown that some intermetallics, once formed, can be dissolved either fully or partially by solution treatment, although this is not always possible with all intermetallic phases [112], [113], [117]-[120]. 
2.3.4 FAST advantages and disadvantages
An important strength of the FAST process is the degree of densification. FAST can produce parts with microstructures of 99% density and higher. Tests with commercially-pure (CP) titanium [1], [121], Ti-6-4 alloy [122], [123] and Ti-45Al-5Nb-0.2B-0.2C alloy [124] have produced results with these high densities and good-quality bonding of powders with dwell times of ten minutes or less. Good-quality, high-density results have also been reported from applying FAST to other alloy systems such as Al-Cu [14]. However, porosity in the powder used will result in porosity in the final part, regardless of the quality of powder-powder fusion [125], so good feedstock supply is still crucial. The resultant density is dependent on and directly proportional to both temperature and pressure for a given processing time [126].
	As well as the degree of densification (and quite possibly because of it), FAST produces high-quality material properties in the final product. In experiments with Al powder, the bond quality was such that properties were comparable to an alloy that had never been atomised in the first place [14]. Various experiments have reported improvements in hardness and wear resistance [127], microstructural refinement [128], [129] and corrosion and oxidation resistance [130] compared to conventionally-sintered components. A variety of high-quality functional properties have also been demonstrated in parts made by FAST [131]-[134]. The rapid heating rates from this method mean that the part spends less time at lower temperatures, where microstructural processes are more related to grain coarsening and surface diffusion, and moves directly into consolidation mechanisms at high temperatures [4]. This means that microstructural control and retention of prior microstructure is easier, since the duration of microstructure-altering mechanisms is shorter. Limited time spent at lower temperatures, thanks to the rapid heating rates, means that the final microstructure will be finer and of smaller grain size - this is likely to be the source of the beneficial mechanical and functional properties reported above. Naturally, the size of final microstructural features will depend on other process factors (microstructural pinning, grain deformation from applied pressure etc.) as well. Beyond the potential of significantly reducing the costs involved with titanium processing, this technique is also very beneficial towards improving or retaining useful material properties of the final part.
	The use of Joule heating in the FAST process creates certain benefits. Joule heating is a method where the heat is released at points of resistance, which for conductive powders is directly within the bed at the particle contact points. This improves efficiency and reduces energy wastage, since the heat is released directly where it is needed and does not have to penetrate through the material from an external source. For non-conductive powders, the heating of the powder from the resistance of the die surrounding means that the heating distribution is closer to homogenous that is achieved with usual heat sources [73], [135], meaning the current still has a significant effect even for non-conductive powders. This method is also the source of the rapid heating rates described previously.
	The great advantage of FAST compared to conventional processing routes, as mentioned in Section 2.3.1, is the potential reduction of costs. The major role that processing and the cost of fabrication play in the overall cost of titanium components means that the ability to reduce or remove elements of the processing chain is extremely significant. Powder metallurgy methods and FAST allow for production of primary fabrication products directly from the powder. This allows the bypassing of several melting, purification and thermomechanical processing stages, along with the associated energy costs. The result is the potential for significant process cost savings [136], [137]. Near-net shaping methods in the mould can reduce the amount of required process stages further, due to forming the sintered part closer to the desired final component shape [94], [95]. Producing parts closer to the final shape of the component also reduces the amount of material required to fabricate a given item, as less will be wasted. This increases processing efficiency and is another significant element of potentially reducing costs [136], [137]. Although powder alloy supplies are more expensive, the reduction in material requirements for FAST can still lead to cost savings on material usage [96]. The opportunity to create efficiency and expensive savings while still retaining service-ready component properties makes powder densification methods and FAST of great value to titanium industry and research, demonstrated by the increasing rate of publications on the subject with time [138].
	FAST is not without its problems compared to conventional manufacturing, however. The benefit of reducing forming, thermomechanical processing and machining stages is, by nature, dependent on the amount of these stages required by conventional methods to produce the component [139]. Whilst conventional processing methods would require significant simplifications for there to not be major differences between them and powder fabrication routes, this still means that the degree of benefit is dependent on the nature of the original processing. The closer the component is to near-net shape when leaving the FAST sintering furnace, the greater this benefit to fabrication costs will be as well [136]. Powder sintering methods that consolidate powder with long dwell periods at high temperature followed by slow cooling can be very effective at consolidation, but can also lead to significant microstructural coarsening [74]. These large grains can then have problematic consequences for performance, although the rapid heating and short process times in FAST reduce this problem significantly compared to similar sintering technologies [4]. Although methods of manipulating the part’s shape in the FAST vessel are being developed, the nature of sintering processing means that the size and, to an extent, shape of the components produced is affected by the dimensions of the sintering furnace used. Additionally, the reactivity of Ti requires careful atmospheric control in both conventional and powder fabrication methods, to prevent the pickup of oxygen and interstitials that can severely degrade properties [140].
	There are certain practical advantages to the FAST method compared to alternative powder densification technologies like Hot Isostatic Pressing (HIP). Firstly, FAST requires lower temperatures and much shorter hold times to achieve similar levels of densification to HIP. This is partly due to the use of applied force to increase densification and partly due to the use of applied current, which (as discussed previously) uses energy more efficiently and heats the sample rapidly [71]. The efficient use of heat in FAST – including not wasting heat on heating the tooling – also means that less energy is required for an average run, since less is wasted [2]. FAST sintering runs can usually be conducted in a matter of minutes, whereas hot pressing and Hot Isostatic Pressing processes can take hours [3]. The respective dwell times for processing Ti-6-4 by HIP and FAST are illustrated in Figure 2.7. Canning and decanning in processes like HIP also adds further stages of complexity and time consumption; FAST only requires removing of graphite outerlayers, which is significantly easier [3].


Figure 2.7: Graphical representation of the dwell periods used to process Ti-6-4 by Hot Isostatic Pressing and Field-Assisted Sintering Technology [141], [142].





 
	





However, the FAST process does have its own disadvantages. Precise control and tracking of temperature distribution should be sought to encourage consistency of microstructure, but temperature measurements in FAST are usually done from the surface using pyrometers. This makes it hard to know what temperature is experienced inside the sample [143]. This is also why recording the tool setup used in various experiments is very important in order to interpret the results, such as the use of graphite pads and lining to prevent (or at least reduce) current leakage [143] and ensuring appropriate insulation was used. Although FAST processes can heat rapidly and reach high temperatures efficiently, temperature distribution within the sample is usually inhomogeneous. This is caused by a combination of factors: radial losses through the outer mould and axial losses in the area of the punches, smaller sample sizes on average that mean the aforementioned loss regions have a greater overall impact on the sample and short process times with rapid heating giving less opportunity for thermal distribution to homogenise. This is complicated by the previously-mentioned issue of measuring temperature from the sample exterior [144]-[146]. If the required process window is strict enough, this gradient could potentially cause significant difference in the microstructure or composition. It is also important to apply an appropriate degree of force in FAST, as well as temperature. Too little force can lead to small weld areas that limit diffusion bonding and atomic transfer, while too much force increases the area of contact so much that electrical resistance decreases and ‘kiss-bond welds’ with little actual adherence or connection are formed [14]. Developing reliable process maps and establishing minimal values of various parameters will be a useful long-term objective as FAST application increases. There may potentially be a significant difference between the temperature that produces the ideal microstructure or properties and the temperature that promotes efficient sintering of a large FAST part, which will add further complications.
 
2.4 Additive Manufacturing

2.4.1 Additive Manufacturing (AM) technology 
Additive Manufacturing is a set of technologies, rather than a single technology, and have created a great deal of attention in academia, industry and among the general public. ASTM defines AM as “process of joining materials to make parts from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing and formative manufacturing methodologies” [147], with the focus being that the part is built in a series of layers [148]. These are created using computer-aided design (CAD) packages, which guide the equipment in creating each layer and joining them together. In the early AM commercialisation, plastic and polymer-printing systems were by far the more-extensively used [149]; however, metal-based AM systems have increased in pace and usage more recently. The nature of this processing approach creates a unique opportunity through its ability to create extremely fine and complex structures with far greater ease than subtractive manufacturing, as well as the potential to precisely tailor a structure to fit the application.
	AM incorporates a varied set of processes and methods, each of which have their own advantages and disadvantages. Different processes are also, crucially, more suited to processing different types of material. A number of polymer-specific AM methods have been developed, utilising a variety of properties and behaviours and building on the early research focus on polymer AM systems [150]-[153]. Other techniques such as robocasting have been developed for ceramic or composite AM devices [154]. For metal-based AM, powder bed methods are a high-profile set of techniques. These operate by the spreading of a layer of powder across a build surface, followed by joining selected areas of the bed together to create the features of each layer. The powder is melted together in the selected areas by a targeted beam, creating a high degree of precision. Lasers or electron beams are usually used for this purpose. These methods are the focus of this current work and are considered further in Section 2.4.2. The Laser Engineering Net Shaping (LENS) and Direct Metal Deposition (DMD) methods combine elements of powder bed methods with extrusion, in a sense, as they use jets of powder blown from a nozzle directly onto the substrate. This is then treated with a laser beam in the same unit that melts the powder on the substrate as it lands. Schematic diagrams of these processes are shown in Figure 2.8. The beam and the jet move across the surface of the part, building up the layer as they go [155], [156]. Metal AM techniques also exist based on joining powder with a binding agent, rather than through state changes or direct particle bonding. After spraying the agent onto selected areas of the powder bed, the areas are then threated thermally for full consolidation. This binds the particles into the features of the layer [157]. The technologies and approaches used for AM processing and construction are varied and numerous, and this is merely intended as a summary of some of the more-notable techniques and processes available. A full review that does justice to the entire spread of the field is far beyond the scope of this discussion.Figure 2.8: Schematic diagrams of a. the LENS process [158] and b. the DMD process [159].
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The ‘vertical construction’ nature of AM also means that support structures are often included in the design that are not part of the final structure. The most obvious use of these is to support overhanging features during building, but they also provide additional routes for dissipating heat and supporting tall and/or thin sections that might be snapped by the wiper that removes excess powder [160]. Support structures can be difficult and time-consuming to remove, though, as well as blocking ways for unfused powder to leave the structure [160].
2.4.2 Laser powder-bed AM 
As discussed previously, the term 'Additive Manufacturing' encompasses a broad range of technologies with varying degrees of disparity. This thesis, however, will focus exclusively on powder bed AM methods. To be more specific, laser powder bed fusion will be the only AM method used in the experimental work for this project, and so will be the only method discussed specifically in this section. Laser powder bed fusion AM uses a high-intensity heat source to melt small areas of a bed of powder so that they melt together, which then cool into one solid [15]. The bed is then lowered, another layer of powder is applied above and the process repeated with the next layer, melting with the layer below to join both layers together where appropriate [16]. Laser powder bed fusion AM allows a high degree of precision when working with metal powder, allowing features of ~100 μm in size [18], in addition to the freedom from conventional tooling that most AM methods enjoy. A schematic diagram of the powder-bed AM is shown in Figure 2.9.
Figure 2.9: Schematic diagram of the laser powder bed fusion AM process.











	Laser powder bed fusion AM is performed under an inert atmosphere in the build chamber. This is a detail where it varies in a secondary, minor way from electron beam powder bed methods; electron beams strictly require vacuums in the chamber, whereas lasers permit an inert environment using argon or similar [161]. The height of each layer of powder is controlled by rollers, wipers or height-restricting doctor blades as it is applied [162]. The evenness of the powder over the surface, thickness of the layer and density of the packing of the powder when on the surface are controlled by the powder’s flow and spreadability, parameters whose importance for desirable structures and influence on the subsequent stages are evidenced by the volume of work that has gone into understanding and characterising them [163]-[169]. High powder packing density is required for low porosity in the initial powder bed, which then reduces resultant porosity in the printed part and is important for increasing final part quality. Inconsistent powder density across the build plate will lead to inconsistent printing, print quality and remaining porosity, even in areas that were printed according to identical methods. Since the powder layers are spread across the plate before printing, good flow characteristics are essential for the particles to settle into an equal and dense packing arrangement reliably across the surface with every layer. Fine particles of spherical morphology enhance of both these requirements, increasing packing density and particle spreadability. However, the flow behaviour requirement means that there is a lower limit on the fineness of the usable powder as well. For overly-fine particles the spreading quality deteriorates sharply, as interactions between the particles and increased chance for agglomeration inhibit flow behaviour [170], [171]]. As a result, atomised powder is a common choice for powder bed AM printing, but the process must be well-controlled and the powders used chosen carefully to ensure an appropriate powder density, in order to give a consistent, high-quality final product. The nature of the atomisation process must be chosen to help meet these requirements.
Scanning the beam across the sample surface can be done by various methods and patterns, which can vary significantly. These are important to the overall process, however, as by definition they dictate the nature of heat input into the bed and how that is experienced by particular areas. This is crucial for both densification and influencing the final microstructure. Simple scan strategies are single-directional or bi-directional strokes over the desired area, sometimes breaking the bed surface into equal-sized ‘islands’ that are scanned as appropriate in turn [172], [173]. More-complex scan strategies exist that can also provide sufficient densification and properties [173], [174]. These, however, are harder to design for the operator to ensure they cover the appropriate area and can be challenging to program into the AM machine.
	Cooling and solidifying each layer is a very quick process [175], since the narrow width of the beam means that only a small area is heated at any time. This means it rapidly loses heat to the cooler surrounding powder [161]. The temperature gradients created by this rapid heat evolution and loss are crucial for development of the final microstructure and construction of the part, and dependent on several processing factors. This means good process control is required to ensure the resultant part is of sufficient quality and desirable microstructure. These critical process factors include the beam’s power, scan pattern, width and movement speed. The wide variety of influential parameters involved mean powder-bed AM is a challenging process that is heavily-reliant on technical expertise and understanding, not all of which is easy to monitor or is even fully available to researchers.
2.4.3 Effect on the resulting microstructure
Additive manufacture is a process of rapidly heating and cooling areas of a part, which has a major effect on the grain growth and nature of the microstructure. Since the powder in each new layer is being heated from above and sits on top of a cooler layer beneath, this creates a significant natural temperature gradient. This leads to an environment that encourages growth of columnar grains [16], a morphology that is unsuitable for many applications due to the grains’ anisotropy and ease of deformation. An inequality has been derived that gives conditions that favour vertical or equiaxed grain growth in the melt pool environment [176], shown in Equation 4:

	Where  is the temperature gradient,  is the solidification front velocity and  and  are material parameters [176].  is a parameter that incorporates , the characteristic density of nuclei formation when the alloy solidifies, and , a separate material parameter.  can be identified from remelting experiments.  and  can identified by fitting Equation 5 to the Ivanstov-Marginal-stability model for dendrite undercooling [177]: 

Where  is the constitutional undercooling at the dendrite tip. When the inequality given in Equation 4 is true, vertical growth is favoured. Examples of the columnar grains formed in various AM methods are shown in Figure 2.10. 







Figure 2.10: The morphology of prior β grains formed in (a) Direct Energy Deposited Ti-6Al-4V [178], (b) Laser beam Ti-6Al-4V [179], (c) Electron beam Ti-6Al-4V [180].
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The two non-constant parameters in Equation 4 that determines the columnar-to-equiaxed transition are the temperature gradient and the solidification front velocity. Both of these are controlled by the rate of heat flow into and out of the melt pool. A greater heat flow from the melt pool to the surroundings will increase solidification and temperature gradient, while a greater initial heat input will also increase thermal gradient due to the greater starting value. As a result, control of the heat flow and energy input are highly important for influencing AM fabricated microstructure, as well as full densification. The energy input of the beam is controlled by its power and width (which affects its diffusiveness), as well as the speed at which it travels across the surface and the distance between adjacent hatches as it travels. Preheating the powder bed will also have significant consequences for the rate of heat loss from the melt pool, but this is only regarded as regular practice in electron beam fusion methods and is not applied in laser beam fusion.
Since grains at the surface of the alloy are in proximity to the point at which heat leaves the structure, cooling will be faster [153], [161]. This is also prevalent in thin part sections, such as thin struts in a lattice design [175]. Grains in these areas tend to be thin in width, as the faster heat loss leads to reduced growth [175].
The problem of columnar growth can be especially acute if the grains grow along certain crystallographic directions, which will have a greater effect on properties that are based on the flow of heat, material or similar [16]. The orientation of the dendrites in the solidifying structure will be skewed by the grain’s direction of favourable growth that is closest to the direction of heat flow [17], [181]. Post-processing heat treatment would be appropriate to nucleate new, randomly-oriented grains to break up an undesirable long-distance alignment. Supertransus heat treatment, such as at 1050 °C for 0.5-2 hours, can break up the prior β grain structure into regions that transform into α colonies after air/furnace cooling [182],[183]. In cases where a post-processing treatment like this would not be feasible, there is the possibility to use the crystal system of the alloy to predict – or, at least, estimate – the orientation texture that will be formed. Although removal of the problem is more desirable, a prediction of the structure that may be formed can allow the engineering designer to accommodate the likely properties that will result if their removal is not feasible. The high temperature β Ti phase has a cubic crystal structure, which as a crystal system has a preferred growth axis of <001> [180], [184]-[187]. Although it would not guarantee that every AM grain would lie precisely along this axis, this preference still allows us to predict the probable grain orientations for considering the final AM structures’ texture. If the additional costs can be accommodated, the use of epitaxial base plates in the AM process could encourage the smooth and more-consistent formation of new grains along the <001> direction at nucleation, letting the layer-by-layer epitaxy continue this influence once the base plate no longer has a direct effect. However, predicting the final texture is significantly more complicated due to the formation of the α’ needles as the part cools rapidly. These break up and convolute the long-range orientation. When transforming from BCC β to HCP α, the needles form in accordance with the Burgers orientation relationship, which leads to twelve different possible orientations for the new grains [16], [180] [188], [189]. If reducing this random disruption was desired, research work has shown that the grain orientations in transformation can group together so that adjacent laths are similar [189] and can also be biased (‘variant selection’) through the thermal stresses in the transforming part [190], [191]. Significant further research, however, would be required before these methods could be used to consistently influence orientations in new parts. Although some prediction and influence of probable final texture is possible, a great degree of complexity remains in the issue that would be extremely challenging to reduce.
2.4.4 AM advantages, disadvantages and technical challenges
As an overall process, AM (specifically, powder bed AM for this research) carries some distinct advantages. One of the most crucial and high-profile is the near-endless possibilities for design. The ability to build the structure up from zero without having to produce it from a larger monolithic block allows for designs, structures and design features that would be unviable to produce by standard processing equipment (in some cases, such as complex internal features, these may not be possible for standard methods). For the majority of designs, all that is needed is a Computer-Assisted Design (CAD) file containing the design data and software that can break it down into a series of printing layers. The beam gives a wide variety of designs and build patterns, giving great design flexibility [192]. The use of a small, high-resolution beam to fuse powder means that precise, geometrically-complex parts can be created – although feature size is limited to the beam diameter, this still allows production of features on the scale of hundreds of microns [18]. Since these designs are read from a CAD file each time, they can also be adjusted between runs by changing the file, creating the potential for customisation and tailoring. CAD files also allow for easy sharing and transferring of ideas and designs. A crucial advantage is the major reduction in machining – the part can be directly produced from powder into near-net shapes [193], [194]. This leads to a reduction in material waste, which is especially important given the cost and energy usage of producing titanium [195], [196]. Reduced machining also reduces tool wear, along with the associated expense and energy of producing replacement tools.
	However, there are some disadvantages to AM in its current state, and some of them are hard to remove due to being inherent to the process. The layered nature of AM naturally leads to anisotropic properties, requiring further processing to try and remediate these [193]. Although lead-time for AM projects is generally quite short, the AM process itself takes a significant amount of time [194] – a cubic structure 5 cm in height can take upwards of six hours to produce, due to requiring over 1000 layers to build [197]. Efficiency can be improved by building multiple parts at once in one chamber to employ the economy of scale, although time for any given part will be unaffected. The base plate must also be chosen correctly. Not only should the plate have a composition that does not react with the part at high temperature, it should also adhere the powder to its surface in an appropriate fashion [161]. The crystallographic orientation of the grains at the surface of the plate must also be chosen appropriately due to the effect of epitaxy on the growing part, which is very important for its overall crystallographic texture and subsequent mechanical performance.
	Several significant microstructural defects can be created in AM by the nature of the process. The layer-based construction of the part leads to a high surface roughness, as the distance between the edges of two subsequent layers creates a step effect. Each layer can also be rough by itself due to the inclusion of satellites – powder particles that adhere to the melt pool and fuse to it at the edge without melting. As a result, they stick out from the edge of the solidified pool and increase the roughness of the layer [18], [19]. Defects are also easily caused by the improper choice of process variables. If insufficient energy is supplied, the powder bed will fail to fuse correctly and pores will be left within [18]. This is dependent on beam power but also on other parameters that determine energy density. If the beam speed is too fast [198], the beam diameter is too wide (and thus diffuse) or the distance between two beam tracks is too great [199], insufficient energy density can lead to porosity and lack of fusion. If powders pack poorly, the gap between them may not be filled by the molten metal flowing in before it rapidly solidifies; this ‘hot tearing’ is another source of voids [18]. If energy density is too high, however, a different set of defects can emerge in both the surface and sub-surface regions. Particles can boil off the surface causing defects, known as ‘spatter ejection’ [18]. Any of this material that then lands on the surface again creates new vertical satellites – if scraped off the by powder-applying blade, they instead create a surface pit [199]. Vaporising elements of lower boiling point can cause gas bubbles to form in the melt that fail to escape before the top surface solidifies [200], [201]. These can be distinguished by their spherical/near-spherical shape. High bed temperature reduces formation of these bubbles [199]. A set of examples of microstructural defects created by powder beam AM is shown in Figure 2.11. Further processing can be used to close voids and areas of poor fusion. Re-scanning the build in situ can prove effective [202], although it can require a lot of process data for suitable results. Post-processing treatments like Hot Isostatic Pressing have also been effective, although this adds further steps to a processing method already known to be time-intensive.Figure 2.11: Examples of defects encountered in powder bed AM. a. shows gas porosity and lack of fusion (LOF) defects [203], b. and c. show surface satellites [204], d. shows a schematic diagram of the step effect on the part’s surface [205], with e. showing a physical example [205].

	
Some significant issues with AM are related to its effect on the properties of the final part, as well as the practical factors of production. It is easy to assume that performance of AM parts is viewed entirely negatively, especially given the previously-mentioned issues with porosity. In fact, research has reported good comparison between the mechanical properties of AM and wrought parts in a number of mechanical properties [99], [206], [207]. However, there are significant concerns regarding performance of AM parts as well, which are based on very common microstructural issues. One of these is the challenge of residual stress. Since material is rapidly heated then rapidly cooled again, high thermal variations lead to the accumulation of residual stress - an easy source of failure [160]. Proposed methods to reduce residual stress have varied in effectiveness. Rotating the beam hatching by 90o (respective to the vertical view) with each layer reduces stress, but also skews grain growth towards the beam direction creating ‘wavy’ grains [16]. An example of this grain shape created by AM is shown in Figure 2.10. Re-melting layers after they have been applied has been cited as a way to remove up to 55% of the residual stress [208], but this has been contested by others who claim that re-melting only removes around 10% of residual stress [209]. Given the need for a very high energy per unit volume to relieve meaningful amounts of stress, requiring either a long processing time or a high beam energy, the re-melting technique seems to leave a lot to be desired even when it is effective. Post-removal heat treatment in a furnace can be highly effective as an alternative method for relieving residual stress [208], [209]. However, the heat treatments to be used are complicated by the fact that rapid cooling, especially in very thin AM parts, increases the likelihood of forming martensitic microstructures in the built part. These require different treatment conditions than treating standard microstructures to create a desired final product [182]. An example of martensitic structures formed in AM Ti-6-4 is shown in Figure 2.12. Additionally, the fact that such a heat treatment can only be done after removal means that it cannot protect the part from any failure that might occur in the AM chamber itself. Pre-heating the chamber and maintaining a high temperature during the AM process has been found to be highly effective at reducing thermal stress, including protecting the part during the process itself [16], [208]. However, this method is only considered standard in electron beam powder bed fusion. Preheating the powder bed for laser powder bed fusion is not conventional practice.  No matter what method is chosen, any thermal treatments for reducing residual stress must be balanced against creating the intended microstructure in the printed part, which as discussed in Section 2.4.3 is also dependent on the thermal exposure.



Figure 2.12: SEM images of microstructures of Ti–6Al–4V processed by (a) laser powder bed fusion [175] and (b) electron beam powder bed fusion [210]. 
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Further issues with the properties from additive manufacture are those of anisotropy. Beyond, and complicating, the naturally-anisotropic properties of lattice structures is the fact that the layering in additive manufacture creates anisotropy of its own [193]. This anisotropy normally appears as a difference between the properties expressed along the beam direction (which will be normal to the layer itself) and in directions tangential to it [148]. Since strength and tensile properties can vary anisotropically, this means that the stability of the whole part can depend on this behaviour – not only with critical effect on application safety, but even during manufacturing stages. All lattice designs and applications must be tested in all appropriate directions and axes to ensure they are fully suitable for service. Since the anisotropy from the AM process is independent of the component structure and hard to include in simulations, this means that physical tests will be an important aspect of this as well as data simulations – otherwise, the information may not be accurate enough for safe application.
	To make note of some of the potential challenges in the greater scope of the technology, AM faces the same challenges that all new technologies face in early application: limited proven experience, industrial uncertainty to invest, affordability (current AM machines can be very expensive, especially those for metals) and lack of official standards. Reliable process maps of how to control part microstructure and form will be crucial in wide-scale adoption, but there is a significant lack of information available on the connection between process inputs and outputs [211], as well as understanding how parameters interact with each other beyond their individual effects. As such, little data is currently organised and available in a suitable form for this purpose [212]. While the variety of materials that can be processed by AM and the means available to do so are a distinct benefit, it also means that a vast amount of data will be needed to know what desirable performance routes look like in each scenario.
2.5 Combinations of AM and Field-Assisted Sintering  

This research focuses on the combination of FAST and AM together in one combined process method, and so it is worthwhile to consider existing ways these technologies have been used in conjunction already. In several cases, this occurs with one technique acting as the main central focus, with the other merely present to benefit or improve the former. FAST, as a densification technology, can be used to remove porosity from monolithic AM items, as has been demonstrated with laminated steel parts [213]. AM has, likewise, been used to improve FAST operations. Torresani et al [214] demonstrate how building a graphite mould by AM allows FAST powder to be sintered into more-complex designs than normally achieved due to the complex mould shape. Norimat, whose patent for densifying AM items through FAST by introduction of sacrificial powder was mentioned in Section 2.3.1, have also filed a patent for a process of building a countermould design for the FAST process by AM, allowing complex FAST items to be shaped in the mould and successfully retain their shape in compression [94]. Hernández-Nava et al used AM to print the complex outline of their intended part into a powder bed, and then used HIP to densify the remaining powder within the skin into a solid part. They could even print detailed designs into the powder area within the skin, subsequently altering mechanical properties [215]. 
It is worth briefly noting that composite samples using AM preforms have also been produced by placing the preform structure in the mould and infiltrating not with powder, but with molten liquid metal [216]-[220]. This produces bonding throughout, as the liquid can flow through the AM structure easily. However, some of these samples reported porosity issues with the final part. The nature of the process also makes same-metal pairings impossible, due to the need for one of the phases to be molten. As such, this process is not appropriate for the intended method and will not be considered further in this thesis, but is worth noting as a development in methods for producing AM-containing structures.
In comparison, very little research has been done on combining FAST processing with pre-built AM items to produce one combined part. Observations, experimental work and simulations on specifically combining the FAST process with AM in this way occur almost entirely within the last decade. The method of including a pre-built AM structure in the FAST mould and filling it with powder has been investigated. In some cases the AM structure has been a loose item, while in a small number of other experiments the lattice has been attached to and sat atop a solid metal base. After FAST sintering, these produced hybrid composite samples, with the metal AM lattice interpenetrating continuously throughout the densified matrix material. However, in these research works, the features of the AM lattice were almost entirely treated as insignificant. The research interest for these studies was in creating new component properties by producing composites of two high-performance materials. The combined processing method was employed as a way to create interpenetrating, well-bonded composites of materials that would be hard to combine by standard process methods [221]-[226]. The behaviour, features and nature of the AM lattice itself did not factor into the focus of and had little consideration in these research works. Experiments in which the lattice sat on top of a solid monolithic base utilised the lattice to increase joinability. A dense metallic base that could be welded or bolted gave way to a graded lattice that continuously decreased in strut thickness and volume density, allowing the matrix material’s mechanical properties to dominate at the contact faces [226], [227]. In these cases the lattice’s function was as a framework that allowed continuous material bonding and to reduce abruptness of the interface.
Very little work has been done on the AM lattice as a structure and on how its features and behaviour affect the final part in this method. The printed lattice unit within the composite is, as well as a controlled arrangement of material composition, a structural item that can bear mechanical load and has an internal microstructure. Introducing it to the sintered FAST part can affect properties and grain architecture beyond the presence it has as a second material composition. Introducing these structure items to specific areas of the microstructure has potential to influence and adjust the mechanical properties in that area of the component, creating localised performance improvement. The ability to manipulate material properties in specific locations allows the creation of more-efficient structures and localised property optimisation, with tailorable component performance that reduces the need for over-designing and using excessively-challenging materials, and can create opportunity for varied material combinations. The different features of different lattice designs allow structures with widely-varying behaviours to be created, which they then can impart to the composite when included. Strong lattice structures with high degrees of connectivity may increase structural reinforcement compared to less-connected designs, which in turn may be easier to infiltrate with FAST powder and give higher-quality bonding. Complex structure designs may interfere with crack growth, deformation behaviour of the individual lattice may affect loading response of the composite component and anisotropic structures can create tailored properties specific to the load direction. The design of different lattice structures allows a high level of control over the extent of the properties expressed – the features and strength of a lattice can be chosen for the level of reinforcement it is intended to provide. The solid lattice features allow an extremely-high level of precision over the distribution of site-specific properties, as the structures will affect the area in which they were directly added. 
The use of AM to create the structural additions creates a new level of opportunity. AM allows very small, very complex items to be built with a high degree of precision, allowing this hybrid processing method to be applied to components of a large range of sizes including fine structural parts. The freeform, open-ended design abilities of AM fabrication allow the structural additions to take on almost any design the engineer wishes, allowing for a vast range of structural features and, in turn, properties, fully realising the opportunity for tailoring the inclusion’s effect on the sintered composite through the behaviour of the original lattice. AM also creates distinctive microstructural features, as described in Section 2.4.3. These are normally incompatible with close proximity to fine grains, but placement of an AM structure into powder allows large AM grains and columnar morphologies to potentially sit within short distance of small equiaxed grains from the powder. This allows for an architecture of grain size and morphology to be potentially created by combining AM and powder grains that would be unachievable by normal processing. This architecture could be created with a high degree of complexity due to the freeform and precise design of the AM lattice structure. This complex control over the microstructure and potential to create an architectured structure of different grain morphologies and features has the potential to create novel mechanical and functional behaviours. These will also be designable as site-specific behaviour by the position of the addition in the composite. Combining grain morphology in this way can potentially create behaviour alteration in materials of one composition, where the lattice and matrix are of the same alloy but significantly different grain structure. Although the interface between the ‘composite’ regions may be not as pronounced in same-composition parts, this can create site-specific behaviour nonetheless as large, columnar AM grains alter the properties of the part in a controllable manner in the specific area they are included in. Exposure to a sintering step as part of the process will also help reduce issues of residual porosity after building that AM parts often contend with, while the sintered matrix surrounding the lattice also covers the rough outer surface that AM parts naturally possess. Martin et al’s work [122] is, to the authors’ knowledge, the only research on using this combined AM and FAST processing method to create a complex microstructure rather than to combine two materials, as well as considering the features of the lattice’s design. However, their work focused primarily on describing the variation of grain structure between the two regions and did not analyse their behaviour, with their only property measurement – microhardness testing of the matrix and lattice regions – acknowledged as being determined by the oxygen content in the original powders. This thesis marks an investigation intended to develop this process method and opportunity further to understand the inherent properties, behaviours, limits and application potential of this combined processing approach, with the ‘AddFAST’ emphasis being on the microstructure and features of the AM lattice itself beyond the direct composite of two materials’ properties.

3. Methodology

     3.1  Materials

The chief material used in these tests was the α+β alloy Ti-6Al-4V (Ti-6-4). The titanium alloy system was chosen as a set with particular existing potential for FAST, as discussed in Section 2.3.1, and Ti-6-4 was considered the key alloy for this work due to its prevalence in application. Same-alloy pairings in each region of the composite - that is, Ti-6-4 powder surrounding a Ti-6-4 structure - were used for the majority of the work. This was to facilitate analysis of the process microstructure, its quality and its behaviours, without complicating the initial results by additionally mixing different materials.
A specific set of tests, as will be discussed in Sections 5.2 and 6.4, were performed using powder of different compositions. These were intended to test the ability of this method to combine different alloy compositions together, as well as investigate the parameters and alloy property mismatches that may limit combination options. The composition of the lattice addition - Ti-6-4 - was unchanged in all of these cases. The powder compositions in question were the near-α titanium alloy Ti-6Al-2Sn-4Zr-2Mo (Ti-6-2-4-2), 316L steel, A205 Al alloy and Inconel 718 Ni-based superalloy. The nominal compositions of the 316L, A205 Al and Inconel 718 alloys are given in Tables 3.1, 3.2 and 3.3.

Table 3.1: Nominal composition of the 316L steel powder.
	Element
	Fe
	C
	Si
	Mn
	P

	Wt%
	Balance
	0.03
	1.00
	2.00
	0.05



	Element
	S
	Cr
	Ni
	N
	Mo

	Wt%
	0.02
	16.5-18.5
	10-13
	0.10
	2.00-2.50



Table 3.2: Nominal composition of the A205 Al alloy powder.
	Element
	Al
	Cu
	Mg
	Ag
	Ti

	Wt%
	Balance
	4.2-5.0
	0.20-0.33
	0.6-0.9
	3.00-3.85



	Element
	B
	Si
	Fe
	Others

	Wt%
	1.25-1.55
	0.1 max
	0.08  max
	0.17 max total



Table 3.3: Nominal composition of the Inconel 718 powder.
	Element
	Ni
	Cr
	Mo
	Nb
	Ti

	Wt%
	50-55
	17-21
	2.8-3.3
	4.75-5.5
	0.65-1.15



	Element
	Al
	C
	Mn
	P
	S

	Wt%
	0.2-0.8
	0.08 max
	0.35 max
	0.02 max
	0.02 max



	Element
	Si
	Co
	B
	Cu
	Ta
	Fe

	Wt%
	0.35 max
	1.00 max
	0.01 max
	0.30 max
	0.05 max
	Balance



These alloys were chosen to investigate a set of material properties and the impact of varying these matrix properties on the behaviour of the whole. Identifying guidelines of the material properties that produce satisfactory performance, and then those that produce notable improvements, will allow broadening of application in developing the AddFAST process. To this end, identifying factors that lead to significant deterioration or failure is also significant. If the factors controlling these behaviours can be established, this will allow identifying new viable compositions much more easily than having to test every alloy of interest independently. The behaviours should also be considered in terms of how they compare to those of the lattice material, Ti-6-4, that they will form a composite with. Property mismatch within a composite is just as much a route to enhanced performance, or catastrophic failure, as the behaviours of the two materials individually, and so the behaviours investigated should be considered in terms of how they relate to those of Ti-6-4 as well as the straightforward values. This allows guidelines of viable property combinations to be identified, which are likely to be more significant in terms of both establishing opportunities for performance and establishing alloy sets that can be combined. These alloys were chosen to investigate this range of properties and identify guidelines for future property selections, rather than for any particular planned application. The ability to apply the AddFAST process to a variety of alloy compositions and to parts containing multiple alloys in one would expand the application range and potential vastly, theoretically to as many applications as there are industrial uses for FAST sintering.
The initial investigation used Ti-6-2-4-2 powder as a minor difference from the Ti-6-4 lattice composition, to establish if this low level of difference caused major consequences. Ti-6-2-4-2 was chosen as a near-α alloy; testing with a near-β alloy was planned as well, but available supplies meant that this could not be conducted with a material whose Particle Size Distribution would make the different samples comparable. Near-α alloys differ in their properties from α+β alloys mostly in their mechanical strength, creep resistance and corrosion resistance. Since, at the stage of mechanical testing, other alloys had been introduced that would allow us to investigate this and other behaviours simultaneously, however, Ti-6-2-4-2 alloy was not used for any mechanical investigation.
The 316L steel, A205 Al alloy and Inconel 718 Ni superalloy allowed us to investigate a variety of properties in as small a range of samples as possible. The Inconel matrix alloy would require a FAST process temperature and duration significantly above that used for the Ti-6-4 material, A205 would require a process temperature significantly lower and 316L would require a relatively similar set of conditions. In light of results that had already been acquired by this stage of the project, 316L and Inconel matrices would allow us to investigate the effect of sintering treatments that were required to be above the beta transus temperature of the lattice region’s material. The A205 matrix material would present a notable difference in both thermal conductivity and coefficient of thermal expansion to those of the Ti-6-4 lattice material’s values. All three of these alloys’ primary elements – Fe, Al and Ni – were capable of forming an intermetallic phase with Ti, a phenomenon that was intended for investigation to see if it occurred within these composites at the interface. The alloys also allowed for a variety of mechanical property responses: Inconel would be higher in strength than the Ti-6-4 lattice region, while 316L would be slightly lower in strength and A205 drastically so. This was true at both low and high temperatures, each of which were investigated. The selection factors are summarised in Table 3.4. However, resource availability meant that for mechanical property investigation of these samples, no Inconel 718 matrix samples could be tested. Mechanical testing was only performed on the 316L steel and A205 Al alloy matrix samples as a result of this practical restriction.









Table 3.4: Material selection factors for selecting alloy compositions in this thesis and the behaviours/parameters intended for investigation.
	Parameter
	316L Steel
	A205 Al
	Inconel 718 Ni

	FAST process conditions, relative to Ti-6-4
	Similar
	Lower temperature
	Higher temperature and process time

	FAST processing above Ti-6-4’s beta transus
	Yes
	No
	Yes

	Thermal conductivity and expansion, relative to Ti-6-4
	Similar
	Significantly higher
	Similar

	Primary element’s ability to form intermetallics with Ti
	Capable
	Capable
	Capable

	Room temperature strength, relative to Ti-6-4
	Mildly lower
	Significantly lower
	Significantly higher

	High temperature strength, relative to Ti-6-4
	Mildly lower
	Significantly lower
	Significantly lower



One set of samples were produced using Ti-3Al-8V-6Cr-4Zr-4Mo powder (also known as Beta C), still using Ti-6-4 addition structures. The focus of this testing was not the composition of the alloys, but attempting to infiltrate the fine lattice structure with very large powder. As such, two Beta C powder samples were used, each with their own size distribution; these are referred to as ‘finer’ and ‘coarser’. It should be noted that the ‘finer’ Beta C was still significantly more coarse than most of the other powders used in this work.
All powders used were prealloyed and had spherical morphologies. The powders were fabricated by Renishaw plc (Ti-6-4), LPW Technology Ltd (Ti-6-2-4-2 and Inconel 718), Atomising Systems Limited (316L steel), Aluminium Materials Technologies Ltd (A205 Al alloy) and TLS Technik Spezialpulver (both Beta C samples). Their particle size distributions are given in Table 3.5, which were determined using a Malvern Mastersizer 3000 with a wet dispersion method. Full PSD data is provided in Appendix 1.
Table 3.5: Particle size distribution of the powders used in this thesis. Dx(10), Dx(50) and Dx(90) are the diameter values that 10%, 50% and 90% of the particles fell below respectively
	Material
	Dx(10) average (μm)
	Dx(50) average (μm)
	Dx(90) average (μm)
	Relative span average

	Ti-6-4
	19.5
	30
	45
	0.85

	Ti-6-4-2-4
	24.4
	38.4
	58.4
	0.89

	Beta C, ‘finer’
	29.3
	101
	267
	2.35

	Beta C, ‘coarser’
	217
	313
	435
	0.70

	316L steel
	6.75
	17.8
	161
	8.67

	A205 Al alloy
	40.7
	66.1
	106
	0.99

	Inconel 718 Ni superalloy
	12.1
	31
	73.2
	1.97




     3.2   Addition Structures

The AM structure used in the first stage of testing was a Ti-6-4 diamond cubic lattice with a strut thickness of 1 mm and a relative density of 0.08 (ratio of solid material volume to unit cell volume). This is referred to hereafter as the DC lattice. This had been fabricated prior to the start of the project and was used in this work to streamline the acquiring of fundamental results, intended to be replaced by other designs in later testing. The lattice was sectioned with a water jet cutter, then into 1 cm cubes with an Abrasimet 250 using a diamond wafer blade. This was leftover test material from previous research, as described in Chapter 8 of [228], using a beam current of 17 mA and a speed of 500 mm/s. The hatch distance was 0.2 mm and the layer thickness was 70 μm [229], [230]. Its structure is shown in Figure 3.1.



Figure 3.1: The diamond cubic (DC) lattice used for most of the testing. (a) shows a schematic image of the unit cell. (b) shows the structure in AutoCAD.










For compression testing the set of AM additions was expanded to probe the effect of different structures on the composite’s properties. A variety of lattice designs were investigated in linear compression simulation. This was carried out following the process and simulation parameters described in Section 3.3, but using only the lattice workpiece. Samples were compressed to half their original height at a rate of 0.1 mm/step. 
The strut-based design set was directly inspired by crystallographic forms, converted into strut lattice designs. This was due to their being repeated lattice structural units that were simple in concept but highly-varied in nature, as well as being more familiar and easy to interpret the behaviour of than more-complex lattice designs such as periodic minimal surface designs. A set of lattice designs were created based on crystallographic unit cell structures: Body-Centred Cubic (BCC), Face-Centred Cubic (FCC) and Hexagonal Close-Packed (HCP). The BCC and HCP were also convoluted by dividing the same structure volume into multiple unit cells, which were designated Compound BCC and Compound HCP. The relative impact of this convolution on the FCC structure was considered less likely to be significant, and so no Compound FCC structure was produced. These lattice designs are shown in Figure 3.2. Note that at this stage of design the sample dimensions were not finalised, so the lattices shown at this stage do not match the dimensions of those used in the final set and in the experimental work of this thesis.
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Figure 3.2: Strut-based designs from the original AM structure investigation, showing the a. BCC, b. FCC, c. HCP, d. Compound BCC and e. Compound HCP structures.














Another set of lattice designs were created based on the honeycomb structure, as another complex strut arrangement with regular tessellation. Since the hexagonal honeycomb design does not perfectly pack into a square/rectangular face, multiple ways to arrange and centre the pattern were created. These were designated Honeycomb Design 1 and 2, and are shown in Figure 3.3. For a large component, it would be apt to print the Honeycomb designs as one large tessellating pattern rather than as a series of unit cells making up the overall structure. At large enough part dimensions, the effect of centring the design and the difference between Designs 1 and 2 will be non-existent. However, an investigation of any potential difference between these designs for smaller lattice structures and smaller components was intended, to identify any guidelines that would be applicable for lattices in future composites of a similar size.
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Figure 3.3: Honeycomb lattice design variants, designated a. Design 1 (centred) and b. Design 2 (off-centred).










Since the honeycomb pattern is two-dimensional, multiple methods were used to convert it to a three-dimensional lattice. Arrangement 1 was created by repeating the honeycomb pattern at multiple layers and adding upright supports. Arrangement 2 was created by copying the pattern onto each face of the cube and adding another, vertical layer of the pattern in the centre. Arrangement 3 was created by converting the two-dimensional pattern directly into a three-dimensional vertical structure by adding z-axis length to the honeycomb’s struts.  The three Arrangements, and six overall designs from their combination with the two Designs, are shown in Figure 3.4.
Figure 3.4: Honeycomb lattice variants, incorporating all Design and Arrangement versions.











The goal of using different lattice designs in this thesis was to investigate the effect of different lattice behaviours and properties on the combined AddFAST part when sintered. Identifying an appropriate lattice structure from the uncountable number of possibilities requires an understanding of how the features of the lattice impact on the quality, properties and practicality of the resulting composite. Selecting a final lattice set for experimental work, therefore, required identifying a set of designs that would let allow investigation of a range of properties in these practical factors, with a multiple values of each behaviour. The objective, rather than identifying one optimum structure, was to establish guidelines that could be used to assess further samples and lattice structure options in the future, allowing wider application beyond the limited set of items that can be examined within this thesis. These tools for wider assessment and expanding application are crucial for further development of the process and increasing industrial viability as a reliable, practical manufacturing process. To this end, it was crucial to investigate structures that gave a range of values for each behaviour, for example lattices of both low and high strength.
After simulated compression of the lattice designs to half their height, following the process described in Section 3.3 but using only the lattice workpiece, the stress-strain curves of the samples were compared. These graphs are shown in Figure 3.5. Note the difference in stress values on the y-axes. Although the z-axis and x/y-axis plots were both taken for the HCP and Honeycomb samples, only the z-axis curves are shown in Figure 3.5 for visual clarity.











Figure 3.5: Stress-strain curves of the lattice designs in simulation. a. BCC, b. Compound BCC, c. FCC, d. HCP, e. Compound HCP, f. Honeycomb Design 1 Arrangement 1, g. Honeycomb Design 1 Arrangement 2, h. Honeycomb Design 1 Arrangement 3, i. Honeycomb Design 2 Arrangement 1, j. Honeycomb Design 2 Arrangement 2, k. Honeycomb Design 2 Arrangement 3.
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The strength of the lattice was a key element of the selection process, to investigate the effect of the mechanical strength of the addition on the strength of the final AddFAST composite. The loading trend and deformation behaviour of the lattice was another element. If the deformation behaviour of the addition affected how it bore mechanical load, then it had the potential to influence the loading behaviour of the overall part. The remaining selection criteria was the structural complexity of the lattice. In order to create an AddFAST part using a lattice structure addition, the FAST powder must be able to infiltrate and fill the addition in the mould. Inability of the powder to enter the entire structure would leave areas of unfilled void in the final part, with potentially-severe consequences for usability. As well as the specific investigation intended to ‘stress-test’ this possibility, described in Section 5.3, overall lattice selection included general testing of infiltration into different types of structures by considering the relative pore size and path tortuosity of different lattices. The designs chosen, as described, should allow a range of outcomes for each of these criteria to be investigated, in order to build up a greater view of the behaviour and guidelines of our process method. The design set should also, for practical reasons, allow these factors to be considered in as small a set of designs as possible. Fabricating additional parts for additional lattice designs creates additional requirements in resources, materials and laboratory time, and the set of lattices in this thesis’ experimental work was intended to allow investigation of as many significant properties and behaviours as possible within a small design set to minimise practical costs and requirements.
After this investigation, three lattice designs were selected for use in experimental work to replace the DC structure: Compound Body-Centred Cubic (BCC), Hexagonal Close-Packed (HCP) and Honeycomb Design 1 Arrangement 3 (referred to hereafter as the ‘Honeycomb’ lattice, all other Honeycomb designs and arrangements have no further role in this thesis). The HCP design represented one unit cell, while the Compound BCC consisted of a small BCC unit cell repeated twelve times (four columns of three). These are shown in Figure 3.6.
Figure 3.6: AM lattice addition structures used in TMC testing, as shown in AutoCAD.         (a) Compound BCC, (b) HCP, (c) Honeycomb.
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All of these had heights of 8.49 mm and base diagonals of 8 mm, meaning that the Compound BCC and Honeycomb had base edge length 5.66 mm and the HCP had base edge length 4 mm. Structure heights varied due to investigations of how to maximise the addition’s impact on the properties of the overall part; heights of 8.49 mm, 11.31 mm and 14.13 mm. These heights were chosen based on the height created by adding new layers to the Compound BCC design, as the nature of the other two designs allowed them to take on any value. These designs were chosen on the basis of the loading data and loading trends identified by simulation, shown in Figure 3.5 and Figure 3.7, as they would allow us to test a variety of significant mechanical properties using a small number of samples. From the simulations the Compound BCC lattice was found to have a high strength, the HCP was lower in strength and the Honeycomb was in-between, allowing us to see the effect of different inclusion strengths on the resulting strength of the composite. These would also let us test whether the deformation trend of the lattice would affect deformation of the composite, as each lattice had a distinct deformation trend: sharp exponential stiffness increase in the Compound BCC, a slower exponential increase with a longer linear deformation section in the Honeycomb and structural collapse in the HCP. The structure of the HCP and Honeycomb lattices would also let us see what effect lattice anisotropy would have on the composite, as shown in Figure 3.7. For practical aspects of the AddFAST method, the relative complexity of the three structures and the size of their openings would let us test how the design of the addition affected the ease of powder infiltration. The Compound BCC also met the requirements for a design that would allow comparison of microstructural observations with the previous DC lattice, as it was sufficiently similar in design, approximate complexity and structural openness for testing requirements. As such, it became the default design for microstructural observation samples once it became available, replacing the DC lattice.
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Figure 3.7: Stress-strain curves of the Compound-BCC, HCP and Honeycomb lattice designs from simulation, shown a. without and b. with the anisotropy of the HCP and Honeycomb lattices for visual clarity.
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An example of these three lattice designs on the AM build plate shortly after the end of a fabrication run is shown in Figure 3.8.
Figure 3.8: Example set of the Compound BCC, HCP and Honeycomb AM lattice (build height 8.49 mm) on the AM build plate.

Later in the project, it became desirable to test samples with large, continuous volumes of AM material that did not have complex lattice structures. This was to see what effect the integration of AM grains had on the part without the additional factor of the lattice structure’s design. A large continuous volume would also occupy a greater volume fraction of the AddFAST part than a lattice, making its effect on final properties more-pronounced and so easier to judge the impact of different factors. For this, AM additions were built as large cylinders of 8 mm diameter. The top and bottom edges of these cylinders were rounded, to reduce stress concentrations (8 mm was used as the diameter of the main cylinder body, rather than the chamfered top surface). These were printed to heights of 8.49 mm, 11.31 mm and 14.13 mm, as the previous designs had been. A CAD file example of these parts is shown in Figure 3.9.





Figure 3.9: Cylindrical addition structure, as shown in AutoCAD.









The lattice designs, other than the DC lattice, were built as individual items in an Aconity3D AconityMINI SLM machine, shown in Figure 3.10. This build used a laser power of 190 W and a speed of 1200 mm/s. The hatch distance used was 80 μm and the layer thickness was 30 μm. All addition parts were made from Ti-6-4.

Figure 3.10: Photograph of the Aconity3D AconityMINI machine used for producing AM samples in this work.











     3.3   Finite Element Modelling (FEM)

The samples used for compression testing were simulated in linear compression tests using DEFORM 3D v.11.2 finite element modelling software. Sample files were created in AutoCAD software and imported to DEFORM as STL files. The effect of the AddFAST structure was created with two workpiece parts: the AM structure and a larger surrounding cylinder (of height 15 mm and diameter 10 mm). The centres of the cylinder and lattice were mated in AutoCAD and the lattice part was removed from the cylinder with Boolean subtraction, leaving a cavity in the shape of the lattice at the cylinder’s centre. In DEFORM this cylinder then had its centre aligned with that of the lattice part, causing the lattice workpiece to sit exactly in the shaped cavity within the cylinder workpiece. An example of the simulated lattice and matrix parts using the BCC structure are shown in Figure 3.11. The two workpieces were then joined with a sticking surface contact using a constant shear friction of 0.3, to retain the possibility of the two regions pulling apart under duress. Due to the varying complexity of the lattice parts and their corresponding matrices, mesh convergence for each simulation was conducted independently, with the lattice and cylinder parts being meshed separately and a standard boundary curvature weighting factor of 0.5 being used in all parts. 
Figure 3.11: Images of the a. lattice and b. matrix parts used in simulation, using the BCC structure as an example.













The workpiece was compressed in simulation between a stationary large bottom die and a vertically-moving large top die. The shear friction factor between the dies and the workpiece was set at a constant value of 0.3, as an appropriate value for hot forging of metals. Material parameters were assigned using DEFORM’s internal database of ‘Ti-6Al-4V [70-1850F(20-1000 °C)]’ values.
	Samples were compressed in simulation to half their original height, at a rate of 0.1 mm/step. Data was recorded at each step of the simulation.
The temperature of the simulation was set as 20 °C. Although this does not match the hot forging conditions used in likely applications, these results were only intended to be indicative and to allow comparison between lattices; as long as these parameters were consistent between samples, this deviation from practical conditions was considered acceptable.

     3.4   Field Assisted Sintering and AddFAST

The FAST process was conducted with an FCT Systeme GmbH SPS Furnace Type HP D 25 machine, shown in Figure 3.12. The machine measured temperature with a vertical pyrometer, positioned 3 mm from the contact surface. This was fed through the hydraulic rams at the top and bottom of the assembly. The rams were the source of both manual compression and direct electrical current that created the Joule heating. The assembly in the machine consisted of a 20 mm diameter mould, lined inside with graphite foil and wrapped in a graphite felt jacket to reduce heat losses. The rams, ram support wear pads and pad-powder contacts were also lined with graphite discs, as illustrated previously in Figure 2.2. Powder was added by pouring enough to visually obscure the bottom graphite disc, shaking the mould gently to spread the powder evenly, placing the AM structure in the mould centre on top of this base, then pouring so as to infiltrate the structure as evenly as possible until the whole structure was visually obscured. Again, the mould was gently shaken to flatten the top surface after pouring.  Given the unusual method of powder layup and the presence of the AM parts, the mass of powder to be used could not (for most samples) be determined from the intended final sample volume. Powder mass was instead determined by measuring the mass of a powder batch with a balance, pouring the appropriate amount into the mould and then measuring the change in mass. Photographs of the lattice, mould, the mould during and at the end of layup and the samples inside the FAST machine are shown in Figure 3.13.
Figure 3.12: Photograph of the FCT Systeme GmbH SPS Furnace Type HP D 25 machine used for producing FAST samples in this project.












Figure 3.13: Photographs of a. the FAST mould and an example Compound BCC lattice (14.13 mm height), b. the FAST mould during AddFAST layup with the AM lattice sat on a layer of powder and with further powder being poured onto and around it, c. the AddFAST sample at the end of layup and preparation and d. the FAST sample in the FAST machine, prior to the start of a run.












All FAST samples in this work were fabricated with a heating rate of 100 °C/min and a vacuum environment. For the samples with a Ti-6-4 matrix (the significant majority), all samples were processed with an applied pressure of 35 MPa. Unless specified, Ti-6-4 matrix samples were processed with a dwell period of 10 mins - varied times were used with specific samples to investigate the processing surface, as will be described in Section 4.2. Dwell temperature varied from 850-1100 °C between samples, as will also be discussed in Section 4.2.
For samples with matrices of another composition, the Ti-6-2-4-2 and Ti-3-8-6-4-4 samples used the same parameters as the ‘standard’ Ti-6-4 set: 950 °C, 35 MPa and 10 mins dwell. 316L steel matrix samples were processed at 1050 °C and 50 MPa for 5 mins. A205 Al alloy samples were processed at 500 °C and 20 MPa for 10 mins. Inconel 718 samples were processed at 1000 °C and 50 MPa for 60 mins; this was intended to ensure full densification while avoiding the high-temperature Ti-Ni eutectic that would lead to chemical reactions between the regions and remove the desired microstructure.
An example of an as-built AddFAST sample is shown in Figure 3.14.

Figure 3.14: Photograph of an example of an as-built AddFAST sample.









     3.5   Compression Testing
  
     3.5.1   Compression Test Procedure
After FAST processing, compression samples were machined out with a lathe from the 20 mm diameter FAST billet. These were machined to standard ASTM dimensions of 15 mm height, 10 mm diameter, and for AddFAST samples were machined to ensure that the AM lattice remained in the centre of the final part.
Axisymmetric compression of the samples was carried out with a purpose-built servo hydraulic-controlled compression machine at the University of Sheffield, as also described in [95] and shown in Figure 3.15. Deformation occurred between two platens, one of which remained stationary and the other applied a constant strain-rate through a closed-loop control system. These were performed under a constant strain rate of 0.1 s-1. Deformation data such as time, load, displacement and similar parameters were logged at regular intervals. Before the start of each test, the machine stiffness was recorded and entered into the data-logging system. This allowed for correction of load-deformation data to account for the deformation of the compression machine rig, which was performed by the data-logging system as the data was exported from the equipment. The displacement transducer was also zeroed before testing, to ensure the accuracy of the displacement measurements. This was done by bringing the test platens into contact under their own weight, which was then marked as the zero location position. Specific sets of samples, as will be discussed in Sections 6.3 and 6.4, were tested at higher temperatures – unless specified, however, room temperature was the standard testing condition in this thesis. The high-temperature samples were induction heated in a fast-thermal treatment unit directly in front of the compression machine, and temperature was controlled using an N-type thermocouple. Once compression was complete (at the appropriate strain value), high-temperature samples were removed immediately from the testing furnace and quenched with water spray to room temperature. 









[bookmark: _Hlk145973842]Figure 3.15: Photograph of the axisymmetric compression machine used for compression testing.













AddFAST samples containing the DC lattice were also produced and tested in compression testing, but due to sample dimension inaccuracies their strength data was unsuitable for publication.
     3.5.2   Corrections of Compression Data
Data from compression tests required post-processing corrections to ensure its accuracy. As previously mentioned, all compression test data was automatically corrected by the data-logging equipment to account for the compliance of the machine to account for potential deformation of the test equipment under its own load. After exporting, high-temperature results were also corrected for the thermal expansion of the sample, potential drift from the zero position specified by the user and potential discrepancy between the machine-recorded and user-recorded final height of the sample. Data from compression tests at all temperatures were also corrected for friction effects.
For high-temperature compression data, the first correction stage is to correct the initial height and radius of the testpiece for the thermal expansion. This can be done simply through the material's coefficient of thermal expansion, using Equations (6) and (7).  and  are the testpiece's initial cold height and radius respectively, and  and  are the corresponding initial hot height and radius.  and  are the testing temperature and the room temperature at which the initial dimensions were manually measured. at is the material's coefficient of thermal expansion.


Conventionally for force measurements, compressive actions are represented as negative. This means that the load values recorded by the equipment will be negative. For convenience and ease of visualisation, it is preferred to take the absolute of the load values to convert them all into positive values that increase in load as the test progresses.
The displacement values recorded by the equipment, by default, relate to the displacement between the testing platens. It is also convenient, for visualisation, to convert this into values that represent the displacement of the sample's top surface from its original position. This will give an increasing value of displacement as the sample's height is reduced in the test, as the top surface is displaced progressively further from its initial position. This can be done by subtracting the recorded displacement values from the initial hot height of the specimen, using Equation (8). The uncorrected displacement of the top surface, , will now give an increasing value as the test progresses.

The uncorrected displacement  is plotted against the load at this stage, to give an initial load-displacement curve. It is necessary to correct this curve so that the initial linear elastic region intercepts the origin - that is, the curve should show zero load at zero displacement. Although machine zeroing should address this before testing, there is usually still a small discrepancy due to issues such as slight misalignments within the test equipment. The curve is corrected manually to intercept the origin by fitting a linear trend line (, where  is the gradient and  is the y-intercept) to the initial elastic region of the curve. When the line does not intercept the origin, there will be a non-zero value of  when  = 0. This zero-offset value of  can then be subtracted from every  value to correct this trend and cause the linear elastic region of the graph to pass through the origin. The equation for these zero-offset corrected displacement values, , is given in Equation (9).

There is usually still a small discrepancy in the  values between the maximum displacement recorded by the machine () and the maximum height change of the sample as measured by the user. This may arise due to very slight misalignments between the tool platens and specimens, if the sample and tool surfaces are not perfectly parallel. A scaling correction can be applied to all displacement values to ensure the machine-recorded data is in line with the physical measurements that would be recorded by the user. This is identified by manually measuring the specimen height after testing, , and then correcting for thermal expansion in the same way as Equation (6) to find the final specimen hot height, . The discrepancy between  and the greatest value of  () can be found as a ratio of the two values. All the values of  can then by multiplied by this ratio to scale them to the actual behaviour of the hot sample, giving the fully corrected displacement . An example graph showing the machine stiffness-corrected data, zero-offset corrected data  and fully corrected data  is shown in Figure 3.16.
Figure 3.16: Graph illustrating the required corrections to load-displacement data recorded from high-temperature compression data.
















The corrected displacement values can now be converted into strain values by dividing the displacement by the initial hot height. The initial hot radius of the sample can be used to find the initial hot area, which allows the load values to be converted to stress values.
For room-temperature samples, converting the force data from the conventional negative values is also carried out. As mentioned previously, this is for ease of visualisation, given the convention for compressive action to be recorded as negative. The correction is simply performed by taking the absolute value of the load data. Likewise, as with high-temperature data, the displacement values are converted to show the displacement (and, subsequently, strain) of the sample’s top surface relative to its original position as compression continues, rather than showing its displacement from the sample’s bottom surface. This, again, is to aid visualisation and comprehension of the data. This displacement correction is performed by subtracting the recorded displacement from the initial height of the sample at the start of compression, then setting the original height value to zero and the subtracted differences to be the increasing values of displacement. This should lead to the load and displacement data each being a set of increasing positive values.
It is necessary for all compression samples, regardless of process temperature, to correct for friction effects. These can otherwise cause the load required for deformation to be increased. This is done by Equation (10), where  is the friction-corrected stress value,  is the uncorrected stress value,  is the friction factor,  is the initial radius and  is the initial height (for high-temperature testing,  and  are the hot initial values).

The friction factor  in Equation (10) can be determined from the measured (and corrected) height and radius of the sample, before and after testing. This is determined with Equation (11) and Equation (12).  is the barrelling parameter,  and  are the initial and final radius values,  is the value of difference between these radius values,  and  are the initial and final height values and  is the value of difference between these height values. For high-temperature testing, these measurements should use the expansion-adjusted hot measurements.




     3.6   Analysis Techniques

After removal from the sintering machine, the AddFAST samples not intended for further compression testing were sectioned in half vertically through the flat face of the disc, using an Abrasimet 250 and diamond wafer blade. Samples that had been tested in compression were too small for the Abrasimet to section reliably, due to their dimensions being reduced to ASTM compression workpiece standards (10 mm diameter, 15 mm height). These items were sectioned instead with a Struers Sectom-50 with a Struers 10S20 SiC cut-off wheel. Sectioned samples were then mounted in Bakelite with the through-thickness surface facing up. The mounted samples were polished to P2500 with SiC paper by standard metallographic procedure, followed by polishing with a polishing medium of 0.04-0.06 μm Silico suspended in hydrogen peroxide. Grinding and polishing were carried out on EcoMet 30 and Tegramin 25 machines. Figure 3.17 illustrates the plane through which the samples were sectioned for microstructural analysis and how it relates to the compression direction in FAST.
Figure 3.17: Schematic illustration of the how the FAST compression direction relates to the plane through which the samples were sectioned for microstructural analysis.
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Light microscopy was conducted on a Nikon ECLIPSE LV150/LV150A microscope, and contrast adjustments (to accentuate microstructural features and boundaries) were done using ImageJ software. All light microscopy images were taken under cross-polarised light. Porosity measurements were determined using a set of five micrographs for each sample, chosen randomly after removing from selection ones that did not show the required microstructural areas. Porosity was measured using threshold measuring in ImageJ. To measure porosity in the matrix area of the image, non-matrix regions were outlined manually (ie. directly by the researcher) and subtracted from the image before threshold analysis, and vice versa for measuring lattice areas of the image. Measurements of the overall porosity were measured directly from micrographs with no section removal, rather than by adding together results from the lattice and matrix areas.
Grain size measurements were performed using the light micrographs by the Linear Intercept Method. Given the columnar grain shape seen in areas of almost all samples, lines used for the Linear Intercept Method were chosen in three sets: randomly-oriented lines, lines chosen to lie parallel to the columnar grain direction and lines chosen to lie perpendicular to their direction. All three sets are reported independently.
Grain texture analysis was performed by Electron Backscattered Diffraction (EBSD) in a JEOL JSM-7900F SEM equipped with a symmetry detector and AZtecHKL software for data collection. Low-resolution texture maps were obtained covering areas of 600x450 μm2 and 2x4 mm2, using 2 and 5 μm step sizes, respectively. Further post-processing was performed with MTEX open source software [231] to obtain the orientation maps, as well as the pole figures. IPF (Inverse Pole Figure) orientation maps are plotted regarding the Y direction (which is equivalent to the compression direction during the FAST processing).


4. Results and Discussion: AddFAST Microstructure and Effect of Process Parameters

A level of material from each chapter of this thesis have been previously published in a Journal of Materials Processing Technology article by Barrie et al: “C. Barrie, B. Fernandez-Silva, R. Snell, I. Todd, and M. Jackson, AddFAST: A hybrid technique for tailoring microstructures in titanium-titanium composites, JMPT, 2023, 315, Article no. 117920” [232]. Although not all content present in this thesis was used, this chapter is the section from which the content of the paper most heavily drew.

     4.1   AddFAST Microstructure and Interface 

The AddFAST sample sintered at 950 °C with the DC lattice is shown in Figure 4.1. The micrographs clearly show two distinct regions of grain structure: one of small, relatively-equiaxed grains and one of large, columnar grains. These two regions are characteristic of post-sintered fine powder and AM structures built under high thermal gradients, respectively. From this, therefore, the successful creation of a contrasting microstructure of interpenetrating grain structures through this method is clear, confirmed by the distinctive grain morphologies of the two regions. The arrangement of the two regions also indicates that the architecture of the AM part’s struts is retained into the composite – the regions of large grains form the shape of the AM addition. This means that the distribution of these large grains in the composite can be manipulated by altering the design of the original lattice, with these alterations being retained in the final part, and controlled in their extent by the boundaries of the inclusion. A micrograph showing a larger-scale area of the microstructure with multiple AM regions visible is shown in Figure 4.2. Since one of AM’s chief strengths is its freedom of design paired with great structural precision, this means that AddFAST composites can benefit from a huge range of possible microstructures and architectures through AM, with excellent tailorability. The placement of the lattices into the powder mould also means that the wider part architecture can also be controlled, introducing AM morphologies and texture into specific areas and potentially designing site-specific properties into the part by adding the inclusion to different regions where certain responses are desired.


Figure 4.1: Cross-polarised light micrographs of AddFAST samples sintered at 950 °C, using Ti-6-4 powder and the DC lattice. The coarse grains seen originate from the AM strut and the fine grains originate from the FAST powder. c. and d. are taken from different areas of the microstructure to a. and b. and are not insets. The arrows show the direction of the FAST compression.
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Figure 4.2: Polarised light micrograph of the sample sintered at 950 °C using the DC lattice showing a larger area of the microstructure, created by combining multiple adjacent small micrographs together. The arrow shows the direction of the FAST compression.
























Another feature visible from these micrographs is the quality of the densification and interface between the two regions. In these conditions, both the matrix and the lattice region are of high density with only a few notable pores. The porosity of the AddFAST sample is given in Table 4.1, as well as the porosity of the DC lattice that was sectioned without powder addition or FAST treatment. This is also represented visually in Figure 4.3. The level of density seen indicates a good suitability for service, but also importantly shows that the AddFAST process can naturally close internal porosity in the AM region. Being able to reduce a significant drawback of AM items as a natural stage of the process gives great potential to utilise the unique strengths of AM in these parts, without also introducing its well-known drawbacks. This could lead to a promising opportunity to increase the industrial application of AM, if the factors that usually inhibit use can be easily reduced this way. Additionally, the interface is consistently dense and void-free at all points in the microstructure. This means that as well as the intended complex microstructure being created and the architecture of the AM lattice being retained in the final sample, the join between the two regions is also good-quality and suitable for load-bearing applications. As such, the potential complications of designing and performing further process stages to heal the interface are removed. This dense interface, as well as the resolution of the lattice micro- and macrostructure, was achieved with a straightforward process of placing the lattice into the powder mould and infiltrating the structure with powder. The lack of need for complex process stages, bonding additives or a more-complicated FAST treatment means that this process can achieve high-quality results while being simple and easy to perform at an industrial scale, although production of AM lattices will still be required.

Table 4.1: Porosity by %age area of the AddFAST sample in different regions of the microstructure, as well as in the untreated DC lattice.
	Sample and Region of Microstructure
	Porosity (%age by Area)

	
	Average
	Standard Deviation

	AddFAST, overall
	0.02
	0.01

	AddFAST, matrix
	0.02
	0.00

	AddFAST, DC lattice
	0.04
	0.03

	Untreated DC Lattice
	0.91
	0.31





Figure 4.3: Porosity by %age area of the AddFAST sample in different regions and the untreated DC lattice, represented visually.

The creation of this complex microstructure has the potential to introduce some novel behaviours. The introduction of coarse, columnar grains into a fine-grained microstructure would not be expected to increase mechanical strength; the more-probable effect, in fact, would be for that area of the part to lose strength. The AM addition, however, allows the distribution and extent of these grains to be finely controlled – the coarse grains would only be in the area occupied by the addition with a clear cut-off interface, as seen in Figures 4.1 and 4.2. This means that the placement of AM additions in the part could create site-specific properties across its volume with very high control over the spatial distribution. Designing site-specific properties into the part can allow for local optimisation of performance, controlled property combinations and more-efficient structures where locally-adjusted behaviour reduces the need for over-designing the part as a whole. Reduced mechanical strength could be beneficial for modifying formability and functional grading of strength across the part; coarse grains could also create localised tailoring of creep strength. A preliminary investigation of the effect on mechanical properties in these parts is described in Chapter 6, as well as discussion of how it may be increased in future items. A controlled distribution of large, coarse grains throughout the part may also have significant results for functional properties such as thermal or magnetic behaviour. Grain size and grain aspect ratio is very significant for these behaviours, and a complex, controllable distribution of grain morphology with sharply-defined limits may allow for interesting, tailorable properties. Open lattice designs, employing AM’s design freedom, would allow the additions to form an 'interpenetrating composite’ where the grain structures are intertwined in continuous regions throughout the microstructure. This would cause their corresponding properties to affect the microstructure continuously in an integrated fashion with the fine-grained matrix, with the option of building monolithic addition parts if non-continuous combination would be desired. The ability to create this complex composite structure has potential to lead to a variety of novel and open-ended behaviours – however, it will also require a great deal of practical processing information in order to become a practically viable method for use in industry.
Figure 4.1c. and d. also shows within the columnar grains of the AddFAST samples that a number of smaller sub-structures were also present. Although the long-distance alignment of the large grains from which they form is still distinctive, the cross-polarised light images shows that these structures are generally not of the same orientation as this background. To identify their origin, images of the original DC lattice’s microstructure prior to the FAST step were taken. Micrographs of the lattice’s microstructure are shown in Figure 4.4. As well as the boundaries of the large columnar grains, the micrographs of the untreated lattice show a microstructure with many martensitic α’ needles, which is expected from the cooling rates of the AM process. The transition from these into the sub-grain features seen in the 950 °C AddFAST sample directly correlates with α’ martensite’s transformation into laths on heating [56], [233], [234]. It was considered that these features could possibly recovered or recrystallised grains as the residual stress of the AM step was annealed out during the FAST heating cycle. However, they bore a closer resemblance to the α+β lath microstructure [235] than they did to recovered grains in other titanium alloy samples [180], [236]; recrystallised grains would also be characteristically equiaxed in morphology compared to these elongated features. From this inspection, it was determined that the sub-grain features seen inside the columnar additive grains are transformed laths from the previous martensite microstructure, which occurs due to the FAST process cycle. This means that after the FAST stage it should be expected that the microstructure will be transformed, but that the change will be in line with standard microstructural transformations and so should be easy to predict. If the long continuous grains were deemed to be concerning in an application where other aspects of this process would be useful, the ability to create a network of internal sub-grains in a simple manner may be a useful as a tool to give further control over the behaviour and properties of the part. Since these are transformed from the α’ structures formed in the AM process, it was also identified that attempts to create, control or remove these lath features have to begin at the AM stage and its processing parameters, rather than the FAST process.


Figure 4.4: Polarised light micrographs of the AM DC lattice microstructure. The black region in a. is mounting resin used for metallographic preparation.
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To see if the lattice's inclusion affected densification during FAST, the piston displacement against time data was taken from the machine's logs. This is compared against that of several 'Blank' samples of solely Ti-6-4 powder without lattice addition in Figure 4.5. As not all of these samples were filled to identical initial height, the piston displacement was converted into compressive strain to allow data to be compared. The densification trend is evidently the same in both AddFAST and normal samples, and the compressive strain in the AddFAST runs is within a small range of that of the Blank samples. This gives confidence that the presence of the lattice does not modify response to processing load and densification behaviour during the FAST process, which allows conventional predictions to be applied to this method as well.
Figure 4.5: Compressive strain vs. process time curves during FAST processing of the AddFAST samples and several 'Blank' samples containing only Ti-6-4 powder and no lattice addition.



    4.2   Effect of Processing Parameters on AddFAST Microstructure

A series of samples were fabricated using Ti-6-4 powder and the DC lattice to investigate the effect of dwell temperature on the resulting microstructure. These were sintered at 850 °C, 900 °C, 950 °C, 1000 °C and 1100 °C. The 1100 °C was the first sample fabricated in this thesis, but due to observations from this sample regarding the quality of its composite microstructure, the 950 °C sample was produced to see the effect of a significant reduction in processing temperature. The difference in microstructure between these samples lead to the other samples in the set being fabricated to investigate the effect of controlled variations in temperature. Due to observations on the effect of the 1000 °C and 1100 °C processing on retention of microstructural features, a further sample was sintered at 1000 °C for fifteen mins’ dwell, rather than ten. The micrographs of these are shown in Figure 4.6. The porosity of each sample, for the lattice and matrix regions and over the combined microstructure, is given in Table 4.2 and is represented visually in Figure 4.7. The full set of porosity measurements are given in Appendix 2.
Figure 4.6: Polarised light micrographs of AddFAST samples containing the DC lattice sintered at a. 850 °C, b. 900 °C, c. 950 °C, d. 1000 °C 10 mins, e. 1000 °C 15 mins and f. 1100 °C. The arrows show the direction of the FAST compression.
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Table 4.2: Porosity by %age area of the samples produced at different processing conditions, including the two regions of the microstructure and the microstructure overall. As the different regions are not distinct in the 1100 °C sample, this area of the table is omitted.
	Process Conditions
	Overall (%age by area)
	Matrix Region (%age by area)
	DC Lattice Region (%age by area)

	
	Average
	Standard Deviation
	Average
	Standard Deviation
	Average
	Standard Deviation

	850 °C
	7.49
	3.67
	6.26
	1.61
	2.74
	1.39

	900 °C
	2.37
	1.76
	3.03
	2.03
	0.26
	0.33

	950 °C
	0.03
	0.01
	0.02
	0.00
	0.04
	0.03

	1000 °C, 10 min
	0.05
	0.04
	0.03
	0.02
	0.08
	0.06

	1000 °C, 15 min
	0.05
	0.05
	0.03
	0.01
	0.01
	0.09

	1100 °C
	0.04
	0.01
	


Figure 4.7: Porosity by %age area of the samples produced at different processing conditions, represented visually.

The effect on the composite’s microstructure is clearly visible. The first and clearest result is that full densification was not reached until 950 °C. In the 850 °C and 900 °C samples, an unacceptable level of porosity is easily visible in both the surrounding powder and the lattice region. This provides us with an important limit of viable process temperature for this alloy when processed under these conditions, creating a useful starting point for identifying the wider processing surface, as well as the fineness of temperature difference that can have a significant effect on quality of these parts. With regards to porosity, the 850 °C and 900 °C samples lattice and matrix both showed more pores than the 950 °C sample’s, but fewer than the un-treated DC lattice by itself. This is further encouragement that the FAST stage of AddFAST can close porous defects in the AM, but also a guideline of the kind of temperature that gives the best-quality result in this important alloy and the fineness of difference in processing temperature that can have a meaningful effect on the final quality. It is also worth noting that in both the 850 °C and 900 °C samples the matrix was more porous, but pores still did not gather at or segregate to the interface. This gives further encouragement in the safety of the part and the suitability of the interfacial join in fully-dense parts. Additionally, as temperature increased in these samples the internal sub-grains grew slightly so that the proportion of broad to narrow laths increased with temperature, as shown in Figure 4.8. This is a comparatively minor result, but helps with establishing and predicting the microstructure resulting from different processing treatments.Figure 4.8: Polarised optical micrographs comparing the sub-grain features in AddFAST samples containing the DC lattice processed at a. 850 oC and b. 950 oC. The arrows show the direction of the FAST compression.


Secondly, the distinction between the two regions of the composite is easy to see in the 850 °C, 900 °C and 950 °C samples. Above Ti-6-4’s beta transus temperature of 980 °C, however, the clear change in structure starts to become lost. By the 1100 °C sample the clear and distinct regions of varying microstructure are no longer distinguishable, which means that the intended composite properties from the contrast between these regions are also lost. Heating the composites above the beta transus temperature effectively serves as a normalisation process, similar to the use of austenite transition to simplify the microstructure of steels. The 1000 °C sample with a dwell time of fifteen minutes was fabricated to try and capture this transformation mid-process; as it shows, the formation of new beta grains causes the previous regions’ boundary to lose distinction and breaks up the columnar AM morphology and texture. After converting both prior regions to beta titanium, the two regions then transform as one into (α+β) during cooling and lose their previous contrast. In the 1000 °C sample with a 10 min dwell, though, the distinct composite structure has not yet been lost; under these processing conditions normalisation did not proceed far enough to disrupt the microstructure, despite the dwell temperature being above beta transus. Even in the 1000 °C 15 min sample some visible distinction remains, showing that although the AM grains are lost the normalisation process is still not complete in these conditions. A set of microstructures from the 1000 °C 10 min, 1000 °C 15 min and 1100 °C samples that illustrate this change are shown in Figure 4.9. From these images, therefore, this identifies another important limit on the processing surface for this method: normalisation will destroy the desired grain architecture, and so processing above the beta transus must only be performed for very limited time/excess temperature so that the beta transformation does not have time to progress. By extension it can be concluded that the AddFAST method should be applied with discretion to parts that would otherwise require high-temperature homogenisation treatment. With the lack of density below 950 °C identified previously, these results establish a simple processing window for Ti-6-4 in these conditions – a useful tool for considering application of this technique to the premier titanium alloy. 
Figure 4.9: Additional micrographs showing the microstructural transition in the a-c. 1000 °C 10 min, d-f. 1000 °C 15 min and g-i. 1100 °C samples.













After identifying the significance of the beta transformation in the process, the effect of processing AddFAST samples at lower temperatures but for extremely long dwell times was investigated, well beyond the dwells required by standard production. Samples were produced at dwell temperatures of 850 °C and 900 °C for dwell times of 30, 45, 60 and 75 mins. These were all fabricated with Ti-6-4 powder and used the BCC lattice design, as described in Section 3.2. All other processing parameters were the same as described previously. Since these samples had been fabricated after the samples that contained the BCC lattice that are discussed in Section 5.3, it was already determined to be extremely likely that this structure could be successfully infiltrated throughout by powder and densified to a high quality of matrix and interface. The intention, therefore, was to apply the method to the finer complex samples with the knowledge that this complexity would not affect the densification (and result quality) by itself. The microstructures of the samples in this set are shown in Figure 4.10.Figure 4.10: Polarised light micrographs showing the microstructure of AddFAST samples containing the BCC lattice, processed at 850 and 900 °C for dwell periods between 30-75 mins. The arrow shows the direction of the FAST compression in all samples.


In all of the samples processed this way, the distinct composite structure is clearly visible. The two regions and their individual grain structures are clear and easy to identify, as well as still possessing a dense, high-quality interface. The shape of the regions and structure of the lattice addition is also retained in all of these parts. Although it was found that the beta transformation was destructive for these parts, and so that processing around the beta transus temperature was a potential risk, processing at these lower temperatures for longer times was safe and lead to clear retention of the parts’ micro- and macrostructure even when dwell times vastly exceeded what would be economical from a process standpoint. This identifies the dwell temperature as by far the more important parameter for retaining the composite structure in AddFAST, with an excess increase in time having a much smaller effect than an increase in process temperature. Only once the samples begin to approach their beta transus does processing time become more significant, as shown with the two 1000 °C images in Figure 4.6.  The 950 °C samples are particularly significant, as they were processed only 30 °C from Ti-6-4’s beta transus temperature for a very long period, but showed no significant effect on the quality of the microstructure. As shown in Figure 4.6, processing at only 50 °C higher for significantly less time had caused the clarity of the complex microstructure to be lost, which shows even more clearly that the critical processing factor is the temperature. Even with the greater overall energetic input of processing at 950 °C for 45 mins, value of the temperature and the crossing of the beta transus threshold had far more impact on the microstructure, its transformations and the overall quality of the final item. Identifying the relative importance of different processing parameters will be very important for having reliable process control and confidence in the ability to guarantee part quality, as well as establishing where process control efforts should be concentrated. As with previous results regarding the effect of the beta transus, this guideline should be applicable to other alloy systems, helping increase the ease of expanding application.
However, almost all of the samples processed this way also showed some significant pores surviving at the end of the process, with porosity only reduced to acceptable levels in the 900 °C 60 min and 75 min samples and the 950 °C samples. Although using lower temperatures and very long dwell times could be a viable way to consolidate powders that would normally be hard to densify at sub-transus temperatures, these results indicate that the time may have to be drastically increased to achieve satisfactory results and that some temperatures (850 °C, in this case) may be ineffective options regardless of dwell period.
The 950 °C samples, as mentioned, were successfully processed close to the beta transus for a long dwell period without deterioration of the microstructure. It is important to consider, though, that a known concern with FAST is temperature inhomogeneity. Even the sample temperature may read as a particular value, this does not mean it can be guaranteed that the entire sample will be at that temperature throughout. If the sample is processed just below the beta transus temperature for a long period, temperature inhomogeneity may cause areas of the sample to actually be above the transus for a significant amount of time. This could lead to damage to the quality of the composite. Although it has been shown that this processing parameter approach is certainly viable, it is worth noting that it should be applied with caution and that this prospect of inhomogeneity should be considered to ensure the final product quality.
The highest-quality microstructures (the 900 °C 60 min and 75 min samples and the two 950 °C samples) also show that there was no limit on the degree of densification achievable caused by the use of the BCC lattice in these samples rather than the DC lattice. The finer structure with smaller open pores was still fully infiltrated and densified with a high quality interface, as the DC lattice samples had been. This demonstrates that the BCC lattice does not affect the degree of infiltration and so allows these results to be comparable to the quality of the DC results, as mentioned previously – if infiltration degree had been affected, these highest-quality results would not have been achievable. This also shows generally that the AddFAST method can successfully apply to smaller addition structures with smaller openings and complex designs. Investigation of the degree of size mismatch between powder and opening size that makes infiltration incomplete via. this method is discussed further in Section 5.3.
As well as the retention of the composite as a whole, the effect of lower temperature and longer dwell time on the structure within the AM regions was also investigated. In the 850 °C samples, the internal columnar grains can still clearly be seen in all samples, even after 75 mins of processing. Even extremely lengthy process times did not remove the complex microstructure in these conditions. In the 900 °C samples, the columnar grains were easy to identify throughout the part in the samples processed for 45 and 75 mins, while in the 30 and 60 min samples they were clear in some locations, possible to identify in others and almost indistinguishable in others. Since the 45 and 75 min samples still showed the structure clearly and unambiguously, it does not appear that there was a critical process time above which the grain morphology was lost for this temperature either – the difference in structural consistency for the 30 and 60 min samples must be due to another factor. This was confirmed by the clear visibility of the columnar grains in both of the 950 °C samples, which were processed at higher temperature but retained their clear structure. Comparing the AM region grains in the 900 °C 30 and 60 min samples to those of samples processed at other temperatures, the 30 and 60 min samples were closer to the 1000 °C 15 min and 1100 °C samples than other samples processed at 950 °C or below. This is visible in the grain size and morphology in the respective samples, as well as the appearance of the sub-grain laths (particularly compared to the 1000 °C 15 min, which is in the process of microstructural transformation). This indicates that a thermal inhomogeneity occurred in the 900 °C 30 min and 60 min samples during FAST processing, causing the AM grains to be brought above the beta transus temperature and begin normalisation of their structure. Overall, it appears that processing AddFAST samples at lower temperatures allows the survival of the previous columnar morphology, even after extremely-long dwell periods. The beta transformation does not appear to be the standard response of the composite microstructure to these processing conditions. However, the variance seen in the 900 °C 30 and 60 min samples show that thermal inhomogeneities during FAST can cause normalisation to begin to occur. Since these inhomogeneities are hard to design for and control, and thus hard to remove from the process, they must be noted given the consequences they may lead to for the grain morphology and composite microstructure.
The size of the grains within the AM regions of these samples was of interest, as a potential way the process could be controlled and tailored by the engineer. If different process conditions, including a wide range of temperature and dwell periods, produced microstructure features of differing size then it would be possible to finely control the final microstructure and the performance of individual parts through choice of the process conditions in FAST. The size of the grains in the samples were measured by the Linear Intercept Method, as described in Section 2.5. As the grain size within the AM lattice regions was the area of interest, measurements and averages were taken only using grains from AM regions of the micrographs. As described previously, measurements were taken using both randomly-orientated lines and line orientations chosen to measure the length and width of the columnar grains. The grain sizes measured by each approach are given in Tables 4.3, 4.4 and 4.5.

Table 4.3: Grain sizes measured in the AM regions of different samples, using randomly-orientated lines.
	
	850 °C
	900 °C
	950 °C
	1000 °C
	1100 °C

	10 mins
	175.0μm
	176.1μm
	122.6μm
	197.2μm
	107.1μm

	15 mins
	162.3μm
	
	
	105.5μm
	

	30 mins
	256.5μm
	185.1μm
	
	
	

	45 mins
	194.8μm
	270.4μm
	
	
	

	60 mins
	174.2μm
	254.0μm
	
	
	

	75 mins
	163.2μm
	147.1μm
	
	
	



Table 4.4: Grain sizes measured in the AM regions of different samples, using lines deliberately chosen to lie along the long axis of columnar AM grains.
	
	850 °C
	900 °C
	950 °C
	1000 °C
	1100 °C

	10 mins
	222.9μm
	540.7μm
	323.1μm
	205.4μm
	107.1μm

	15 mins
	272.0μm
	
	
	174.3μm
	

	30 mins
	373.7μm
	193.6μm
	
	
	

	45 mins
	349.8μm
	222.3μm
	
	
	

	60 mins
	298.0μm
	266.4μm
	
	
	

	75 mins
	196.4μm
	297.4μm
	
	
	




Table 4.5: Grain sizes measured in the AM regions of different samples, using lines deliberately chosen to lie perpendicular to the long axis of columnar AM grains.
	
	850 °C
	900 °C
	950 °C
	1000 °C
	1100 °C

	10 mins
	138.1μm
	113.6μm
	109.5μm
	108.6μm
	107.1μm

	15 mins
	94.3μm
	
	
	123.5μm
	

	30 mins
	108.2μm
	106.2μm
	
	
	

	45 mins
	122.9μm
	89.2μm
	
	
	

	60 mins
	136.7μm
	121.0μm
	
	
	

	75 mins
	92.9μm
	83.2μm
	
	
	



Tables 4.3, 4.4 and 4.5 show that there was no clear trend of grain size with processing, regardless of how line orientations were chosen. This is the case when comparing variation in both time and temperature. These results show that rather than the prediction that microstructures would vary in feature size with processing, the grain features in the AM regions were actually insensitive to the FAST treatment (assuming that they were not removed entirely by normalisation). This shows us how the effect of the FAST on the microstructure of AM parts can be predicted in this method, and that it is indeed a very simple prediction – it will be largely unaffected. This removes a complicating factor of this method, which is concern over the effect of the FAST stage on grain size. This is especially valuable given its importance for the final part behaviour, and creates viability for process parameter combinations that may otherwise have been avoided to prevent this growth. Additionally, although this lack of change diminishes an element of tailorability in the technique that had been hoped for, it does also show that any microstructure engineered and deliberately created in the AM stage – that is, while building the addition part – will survive through to the final item with minimal change. Therefore, it was found that to control the grain morphology of the AddFAST composite, process control and design efforts should be directed at the AM fabrication stage, as the results of these are then generally unaltered by further FAST processing.
Within these grains, as well, it can also be seen that the sub-grain lath structures have also survived being processed in these conditions. The size of the sub-grain laths measured in various samples processed from 850 °C to 950 °C is given in Tables 4.6 and 4.7. Comparing the sub-grain lath structures in both the 850 °C and 900 °C sample sets, the laths initially appear to be significantly longer after the long dwell times than in the 10 min samples. However, looking at the grains in which the laths are contained shows that lath length is ultimately constrained by the width of the grain that they form in, with this behaviour being consistent across samples of all processing conditions and times. Comparing laths that formed in grains of equivalent width showed that lath length was actually comparable in samples of a given temperature regardless of the dwell period that they were processed for. Prediction of the final lath structure in any given part, however, will be complicated by the fact that the columnar grains originate in the AM processing step, for which process control and precise prediction is a continuous and ongoing challenge. Fundamentally, though, it can be seen that the internal sub-grain laths have survived exposure this processing in much the same way as the columnar grains within with they were formed, and that they show relatively little response to the extensive process times. If sufficient density could be ensured, which these results indicate may not yet be guaranteed, it has been found that a lower FAST temperature and longer dwell time acts as another way to create the composite microstructure with similar features to the samples processed for 10 mins. However, it was also seen differences between these samples and those processed for 10 mins, namely the growth of sub-grain features and potential variance in clarity of the columnar grain morphology.

Table 4.6: Sub-grain lath lengths measured in the AM regions of different samples.
	
	10 min
	30 min
	45 min
	60 min
	75 min

	850 °C
	22.5μm
	30.8μm
	50.9μm
	54.2μm
	47.5μm

	900 °C
	25.1μm
	33.8μm
	53.7μm
	63.2μm
	36.5μm

	950 °C
	27.9μm
	
	
	
	




Table 4.7: Sub-grain lath widths measured in the AM regions of different samples.
	
	10 min
	30 min
	45 min
	60 min
	75 min

	850 °C
	4.5μm
	3.9μm
	5.2μm
	3.8μm
	3.8μm

	900 °C
	5.3μm
	4.2μm
	3.9μm
	4.0μm
	3.5μm

	950 °C
	4.9μm
	
	
	
	



Overall, these reveal the relative importance of different AddFAST processing parameters and expands knowledge of the safe processing surface, potentially helping predict its other regions. This result also identifies an alternative processing approach to create an AddFAST microstructure, for situations such as material choices that limit high temperature processing.
[bookmark: _heading=h.3znysh7]While considering the potential for different FAST parameter combinations to produce parts, the energy use in the FAST process was determined for each sample. If two processes produced similar parts but required significantly different amounts of energy, this would help inform industrial processing and choice of production route. Energy use for each run was determined by using the data logs of the FAST machine. Summing the power used at each one-second step gave the total energy use for all steps in the heating and dwell sections of the process. Energy required for water-cooling of the electrodes, which would be greater at higher temperatures, could not be tracked by the data-logging equipment. However, this level of energy is likely to be very small compared to the energy requirement of the FAST densification processes, even at higher temperatures, and so has been deemed safe to omit from analysis. The graphite felt jacket, used with all samples, significantly reduces thermal loss; for this insulation arrangement, the insulating effect should be similar for all temperatures [135]. Even when the temperature is increased dramatically, the effectiveness of the insulation should be the same at all values rather than deteriorating. More-complex insulation arrangements may lead to a differing relationship between values at different temperatures, but these arrangements are not standard practice. A contour plot of the process energy and some of the resulting microstructures is shown in Figure 4.11.
[bookmark: _heading=h.80xmtzr7xjyp]

Figure 4.11: Contour plot of the energy requirements of different FAST process parameters, including resulting microstructures from different conditions.

Figure 4.11 clearly shows that the energy use in processing depends far more strongly on process time than it does on temperature. Although there is a predictable increase in energy needed when processing at higher temperatures, this was revealed to be very small compared to the energy increase of processing for longer dwell periods. This has major consequences for choice of FAST processing conditions, as the two approaches that produced suitable quality of microstructure were 950/1000 °C for 10 min and 900 °C for 60/75 min. However, the 900 °C approach uses 3.4 to 4.5 times the amount of energy, and so incurs 3.4 to 4.5 times the cost in energy charges, as the 950/1000 °C approach to produce parts of equal quality. From this, it can be recommend for future production that although AddFAST parts can be produced by processing at low temperatures for a long dwell period, it is far more cost-effective to produce the parts at higher temperature for a shorter dwell time. Such a method would also allow for a higher throughput, providing another crucial economic advantage. This also gives direction to investigations of AddFAST process surface, as the priority should evidently be to find process temperatures that give high-quality results in a shorter dwell time. This is a guideline that, crucially, can be applied to the development and use of other alloys as well as Ti-6-4 – though precise values will vary with the alloy under investigation, AddFAST processes to produce the same part are likely to be cheaper to operate as shorter, higher-temperature runs than longer, lower-temperature methods.
As well as investigating the process surface of variation in time and temperature, future work on the effect of process parameters should also address variation (chiefly the increase) of applied pressure and heating rate during FAST. These can also improve densification with comparatively-low increase in the energy requirement, particularly higher heating rates that can trigger densification mechanisms such as grain boundary diffusion. These may be of particular importance when considering other alloy compositions that do not sinter as effectively below their beta transus as Ti-6-4.

     4.3   Effect of AddFAST Process on Texture

As well as grain morphology, another important factor of adding AM structures to a sintered matrix is the complexity of grain texture. As discussed in the literature review, the nature of AM fabrication affects the texture and grain orientations of the part as well as the morphologies of the growing grains. In the polarised light micrographs in Figure 4.1, the contrast indicates that each of the large columnar AM grains has a distinctive orientation visible throughout their height, vastly different to the mixed texture of the surrounding powder grains. EBSD analysis of these samples, shown in Figure 4.12, was used to gain a more-precise mapping of grain texture.






Figure 4.12: Texture analysis performed in the 950 °C AddFAST sample containing the DC lattice showing (a) IPF-Y orientation maps covering a large area of 2x4 mm2, (b) high resolution IPF-Y orientation maps at location A and pole figure plots of (c) the overall texture of the sample and (d) texture of the lattice region only. The Y direction is equivalent to the consolidation direction during sintering.

The EBSD mapping clearly reveals the effect of the AM additions on the overall texture of the sample. The grains in the lattice regions show large areas of continued background orientation, strongly contrasting to the random texture of the surrounding matrix (Fig. 4.12a and b). The pole figure plots of the entire sample’s data set (Fig. 4.12c) show a weak compression texture commonly observed in FAST-processed material, with a slight variation inherited from the texture observed in the lattice (Fig. 4.12d). The controlled layout of each region, following the shape of the additive regions, is also clearly visible in Fig. 4.11a and b. This means that as well as a complex arrangement of different grain sizes and shapes, the AddFAST technique can be used to create a complex arrangement of texture throughout the composite as well. The open-ended design possibilities of Additive Manufacturing again mean that the spatial distribution of the regions of different texture can be controlled by the engineer, through the shape and architecture of the AM structure that controls the boundary between the lattice and powder regions. As well as being controllable, it can also take on complex and freeform designs through the AM process. This creates potential for tailoring of novel properties for both mechanical and functional applications. As with the differing grain morphologies, the ability to place the lattice into the powder mould can also allow for creating these complex texture distributions in certain regions of the part, leading to the potential for site-specific properties.
The complex arrangement of texture in the AddFAST part leads to considering the potential for producing specific, controlled grain orientations in certain regions of the microstructure. Doing so would create even more control over the behaviour of the final item. However, this is not a process that can be easily controlled, not least because of the formation of sub-structures within the large grains. As these sub-structures are formed, their grain orientation often changes from that of the grain from which they originated. This is clearly visible in Fig. 4.11a and b, where internal structures can be seen as specks and small regions of other colours against the background of the larger grain. Section 2.4.3 discusses some of the factors that control the grain orientation in AM parts and how it is changed in forming the α laths, and ways - theoretically - that they could be influenced. Even with the use of controlled epitaxial building and variant selection in cooling and sub-grain formation, though, the precise grain orientation will be very hard to select and control with confidence. Significant investment in process control equipment and theory would be required for reliable and consistent control. This would become even more challenging with a complex AM structure shape with small features that alter heat flow further, compared to grain orientation control in a monolithic AM items. As EBSD analysis was performed with external assistance in this thesis, sufficient data was also not available to discuss the relationship between large ‘parent’ grain and sub-grain lath orientations significantly. As such, even if grain orientation selection is possible for items of this size, the ability to do so with consistency and certainty for these kinds of structures would require significant degrees of further development. While it is an interesting prospect for the future of this AddFAST technique, it is currently beyond the scope of the current thesis.
EBSD analysis was used with the sample processed at 1100 °C to investigate if the AM regions’ texture was retained even if the grain structure had been lost. The results are shown in Figure 4.13. Overall, the complex contrast in texture appears to have been lost in the 1100 °C sample in the same way that the microstructural contrast was lost. This further reiterates the importance of preventing beta normalisation in these parts, as it removes both of the complex arrangements that were intended.
Figure 4.13: Texture analysis performed in the 1100 °C AddFAST sample containing the DC lattice showing (a) IPF-Y orientation maps covering a large area of 2x4 mm2, (b) high resolution IPF-Y orientation maps at location A and pole figure plots of (c) the overall texture of the sample and (d) texture of the lattice region only. The Y direction is equivalent to the consolidation direction during sintering. 

There is a visible area of large grains just below Location A in Figure 4.13 that resembles an area of the prior lattice. This morphology would be unlikely to occur naturally from grain growth in the FAST process, and so indicates that even in these decisively-supertransus conditions it is still possible for some lattice features to survive. The inhomogeneous temperature distribution of FAST is already a well-known phenomenon, and when processing close to the limits of the processing surface for AddFAST it will be important to account for this variation to prevent unexpected loss of features by fluctuating above the safe parameters. However, it is crucial to note that across the 1100 °C sample the majority of the microstructure is one of large, normalised grains. Even in the areas where features are retained, they provide much less contrast to the surrounding microstructure due to both the smaller size of those areas and the growth of the surrounding ‘matrix’ grains. An example of this, showing the average grain structure in the 1100 °C, locations where thermal inhomogeneity has led to some AM grains surviving and the state of the ‘matrix’ grains that surround them is shown in Figure 4.14. On this basis it appears that the previous assessment of extensive supertransus treatment being destructive to the AddFAST composite’s function is still true, even when variations in the temperature distribution can cause some features to survive.
[bookmark: _Hlk146096808]Figure 4.14: Polarised optical micrographs of the microstructure in multiple different regions of the 1100 °C AddFAST sample containing the DC lattice. a. shows an area with large grains retained from the AM structure. b.-d. show the microstructure that occurs in the majority of the sample. The black region in c. is mounting resin at the edge of the sample. The arrows show the direction of the FAST compression.

















4.4   Chapter Summary

In this chapter, it has been shown that the AddFAST process method can successfully create a complex, interpenetrating microstructure of contrasting grain shapes and sizes. The grain morphologies of the two regions are characteristic of large, columnar grains from AM processing and small, equiaxed grains from FAST processing in the inclusion and matrix regions, respectively. The distribution of the AM grains indicate that the structure of the AM lattice is retained in the final AddFAST part, creating a complex arrangement of regions. The interface between the two regions, rather than become a point of pore segregation and void formation, is seen to be dense and well-bonded throughout the microstructure. The FAST processing stage has also reduced porosity levels in the as-printed AM structures. The presence of the AM structure did not affect densification rates in the FAST process. Sub-grain structures identified in the large AM grains were identified to be α+β laths that were transformed from α’ martensitic structures in the AM lattice.
	At FAST process temperatures below 950 °C, the density of the sintered titanium matrix was found to deteriorate with even a small temperature reduction in these parts. Above 950 °C, the two regions of the composite lost clarity and, eventually, lost their distinction entirely. This was determined to be due to beta transformation for the microstructure, causing the two regions to normalise in cooling. Processing the AddFAST samples at 850 °C, 900 °C and 950 °C for dwell periods between 30 and 75 mins found that a dense matrix was not produced at 850 °C at any dwell time, but could be produced in the 900 °C at dwell times over 60 mins. Processing at 950 °C  for 30 and 45 mins did not see beta transformation occur regardless of the dwell period that would be considered extremely long by industrial standards. The two regions of the microstructure remained distinct after the longest dwell period at all temperatures. Grain growth was minimal in all samples, regardless of process time or temperature. Comparing the energy usage of different AddFAST processes that produced microstructures of sufficient density showed that longer processes at lower temperatures (eg. 900°C, 60 mins) used 3.4-4.5 times the amount of energy as shorter processes at higher temperatures (eg. 950 °C, 10 mins dwell), incurring significant additional energy costs to produce microstructures of similar quality.
EBSD analysis of the AddFAST samples showed that the process can create a complex arrangement of texture, as well as grain morphology. Large AM grains of consistent background orientation were clearly distinguishable in a surrounding matrix of smaller, randomly-oriented FAST grains. A weak compression texture of the overall microstructure was seen in all samples, which is common of material processed by FAST. The sub-grains within the large AM grains broke up the consistent long-range orientation, creating areas of random orientation. EBSD analysis of the samples processed at 1100 °C showed that the complex texture arrangement of the two combined regions was removed by beta normalisation, as well as the complex morphology arrangement.

5. Effect of Processing Factors on AddFAST Microstructure

     5.1   Effect of Matrix Powder Composition - Alternate Titanium Alloys

A set of AddFAST samples with the DC lattice were fabricated using a powder matrix of near-α type alloy Ti-6-2-4-2 powder, as opposed to the Ti-6-4 powder used in the majority of this thesis. This was intended as a brief investigation of the potential to produce AddFAST parts with two alloys of different composition. Ti-6-2-4-2 powder was used to examine the effect of combining a near-α alloy with the (α+β) alloy in the lattice; Ti-5-5-5-3 powder was intended to examine the effect of a near-β alloy powder, but resource availability meant this could not be achieved in this project. As described in Section 3.4, sintering was performed at 950 °C for a dwell time of 10 mins. Micrographs of the sample are shown in Figure 5.1.

 










Figure 5.1: Polarised light micrographs of AddFAST samples containing the DC lattice with a Ti-6-2-4-2 matrix, sintered at 950 °C. Pores are highlighted with circles for visual clarity. The arrows show the direction of FAST compression.















As with the previous results, the Ti-6-2-4-2 matrix sample clearly retains the visible distinction between the powder and AM regions. The crucial composite structure and variation of grains in the two regions is also retained, and the interface between the two regions is again dense and indicates suitability for service. This is a very significant result, as it shows that fundamentally the AddFAST technique can be applied to both similar and dissimilar alloy composition pairings and produce the desired microstructure in both cases. The ability to combine different alloys and produce the same quality of composite architecture greatly multiplies the possibilities for this technique. Use of AM to create the additions, as well creating a complex grain morphology arrangement, will allow composites to be created with small, well-defined additions that could lead to controlled site-specific properties throughout as described before; the AM process can also allow for fine, freeform addition designs that will have an impact on resulting properties beyond the combination of materials. In this case, dissimilar alloy pairing was demonstrated with two Ti alloys; Sections 5.2, 6.4 and 6.5.1 will consider samples intended to investigate combining alloys of entirely separate base systems by AddFAST, as well as some of the material behaviours and processing factors that may impose limits and identify guidelines for the alloy combinations that can be paired effectively in this method.
However, there are also important practical issues. Although the composite structure – clear, distinguished regions of varying grains with a dense interface – is of excellent quality in the 6-2-4-2 sample, its matrix also contains a nontrivial level of porosity. Further sintering, at either increased time or temperature, would be needed before this part could be used in service. These pores varied in size from 6.9 to 38.7 µm. A number of the pores seen were circular in shape, but several pores were globular in shape at both large and small sizes, with some thin, elongated pores seen. These pores were seen in this sample despite being sintered in conditions that produced a highly-dense sample with the Ti-6-4 matrix. Multiple potential reasons for this result were considered, in order to understand the mechanisms or properties responsible and to identify the controlling parameters in this method. Although the difference in thermal conductivity could have lead to the pre-fabricated part acting as a heat sink, previous research has managed to sinter alloy pairs through FAST that had greater conductivity differences without any notable porosity [97], [222]. It was also considered that the different powders may have deformed more-readily to increase particle contact surface, potentially improving sintering kinetics. However, in the formula for the deformation of two material spheres in contact [237], the only material parameters that affect the deformation are the Young’s Modulus and Poisson’s ratio; the material parameter-related term of the deformation is given in Equation 13.

For Ti-6-4 and Ti-6-2-4-2, the value of this term in each case is 0.03912 and 0.03951 respectively. Such a small difference between these terms means a difference in particle deformation is unlikely to be the source of the variation in density between these samples. Olevsky et al’s work on densifying micrometric powders [238], like the ones used in this study, shows that in the sintering mechanisms the dominant mechanism for mass transfer is power-law creep. Therefore, one of the things that the degree of sintering in these samples will depend on is Q, the activation energy for power-law dislocation creep controlled by dislocation movement and climb. These have been identified as 188 kJ/mol for Ti-6-4 [239] and 300-375 kJ/mol for Ti-6-2-4-2 [240]. Although data was unfortunately not available for creep energy measurements in identical conditions, these values nonetheless correlate with the general observation of near-alpha titanium alloys having higher creep strength due to their crystal structure. This higher creep strength would reduce creep and mass transfer in sintering, and so would lead to the remaining porosity seen in Figure 5.1. As a result, the key parameter likely to have caused the difference in sintering quality with this composition was identified – the material’s creep strain rate – alongside the relative unimportance of these other potential influences. As investigation continues on combinations of different materials in AddFAST, identifying an important parameter for successful FAST sintering will be useful for predicting materials that will require greater intensity to complete densification, as well as giving a guideline for viable choices. This result also shows the importance of tailoring AddFAST parameters with the less-sinterable alloy of the pair in mind, as insufficient densification may result.

     5.2   Effect of Matrix Powder Composition - Other Alloy Systems

Most of the samples in this thesis were prepared using Ti-6-4 for both the lattice and the surrounding matrix. This was to simplify and streamline gathering fundamental information about the process and ensuring its viability. However, an area of significant opportunity for this process is if it can be applied to samples that combine multiple compositions: one in the additive structure, the other in the surrounding powder. This, if achieved, will greatly expand the application potential and the range of properties that may be achieved by this method.
	To investigate this opportunity, a set of samples were produced by AddFAST with varying powder compositions. All additive lattices in these samples were made of Ti-6-4. Although there is the potential to investigate the effect of retaining the Ti-6-4 matrix and changing the composition of the lattice, resource availability did not allow us to investigate this in this work. The powder compositions used were 316L stainless steel, A205 Al alloy and Inconel 718 Ni superalloy. Their nominal compositions are given in Section 3.1. All AddFAST samples in this set used the BCC lattice. The 316L steel matrix samples were processed at 1050 °C and 50 MPa for 5 mins, the A205 Al alloy samples were processed at 500 °C and 20 MPa for 10 mins and Inconel 718 samples were processed at 1000 °C and 50 MPa for 60 mins.
These alloys were chosen from those available to us to investigate a variety of potential behaviours in combination with, and comparison to, the Ti-6-4 alloy. When combining materials, various properties will contribute to both the performance and processability of the part - that is, the final part's behaviour and the ease of successfully fabricating the part at all. The alloys used for this investigation differed from Ti-6-4 in a selection of important properties that would affect both of these categories - as such, they were intended to identify any guidelines that could be used to consider other material combinations with similar mismatches. Identifying these guidelines allows rapid assessment and consideration of material pairings in terms of their ability to be processed together for a high-quality result, the benefits created in the resultant properties of the combined composite (or, indeed, the lack thereof) and what kind of conditions may affect these benefits, such as behaviour at high or low temperatures. The specific guidelines and factors of interest intended to be investigated with these samples are discussed in Section 3.1, and summarised briefly in Table 5.1 (reproduced from Section 3.1) for convenience.

Table 5.1: Material selection factors for selecting alloy compositions in this thesis and the behaviours/parameters intended for investigation.
	Parameter
	316L Steel
	A205 Al
	Inconel 718 Ni

	FAST process conditions, relative to Ti-6-4
	Similar
	Lower temperature
	Higher temperature and process time

	FAST processing above Ti-6-4’s beta transus
	Yes
	No
	Yes

	Thermal conductivity and expansion, relative to Ti-6-4
	Similar
	Significantly higher
	Similar

	Primary element’s ability to form intermetallics with Ti
	Capable
	Capable
	Capable

	Room temperature strength, relative to Ti-6-4
	Mildly lower
	Significantly lower
	Significantly higher

	High temperature strength, relative to Ti-6-4
	Mildly lower
	Significantly lower
	Significantly lower



The analysis of these samples has been divided into two sections for this thesis: the microstructure and the processing factors of the samples, discussed in this section, and the mechanical properties of the samples, discussed in Sections 6.4 and 6.5.1.
The sintered microstructure of the mixed-composition AddFAST samples is shown in Figure 5.2.

Figure 5.2: Cross-polarised light micrographs of AddFAST samples containing the BCC lattice with matrices of a-c. 316L Steel, d-f. Inconel 718 Ni superalloy and g-i. A205 Al alloy. The arrows show the direction of the FAST compression.
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In all three samples, the different regions of the AddFAST microstructure are visible. The lattice and matrix regions are clear and easily distinguishable, and in the steel and Inconel samples the two are bonded together with a dense interface. This result fundamentally confirms that AddFAST processing can be used to successfully combine different alloys together into one part, and that it can create the desired combination of different microstructural regions in one item as it does so. Even when some pores remained within the 316L and Inconel matrices they did not segregate to the interface, as also seen with Ti-6-4 matrix samples in Section 4.2. The lack of this debilitating mechanism in varied samples is promising for the use of AddFAST parts in load-bearing roles. The lattice region of the steel and Inconel samples shows large grains within the area, which is one of the notable features of processing by this method and means that previous investigation of preserving the combined grain microstructure and potential uses of it in application are applicable here as well. This result confirms that this method can produce parts that combine multiple materials into one, consolidated item and possess features that show the effect of being processed in this specific way. A separate benefit of creating a sample with combined composition in this way is designing of the internal structure in a freeform, complex, precise manner. Most composite-reinforcing phases used in industry are particulate, whiskers or fibres - very simple shapes, distributed dispersedly throughout the matrix. Using AM to build the lattice structures allows for more-complex designs with precise layout that can create more-complex, more-consistent or simply more-useful properties from the combination of two phases, even in an engineering material matrix. This will also be controllable due to the flexible nature of AM printing, as well as have the potential for tailorability to design the internal structure toward the needs of the specific application. The large-scale printed features of the AM structure allow a level of complexity and precision in the part’s architecture that regular dispersants would require exceptional levels of process control to achieve. This includes their distribution across the microstructure and potential localising of the addition to specific areas for site-specific behaviour. Overall, these results confirm the fundamental possibility to apply this method towards a category of materials that increase application potential greatly.
	However, Figure 5.2g-i shows the samples with the A205 Al powder matrix. In these, the interface between the matrix and lattice is not consistently well-bonded and several pores are visible, which would not be appropriate for service. The stark difference between this and the previous samples, including those with the Ti-6-4 matrix, prompts the question of why the Al sample is so different in quality. It was considered that the difference in coefficient of thermal expansion between Ti-6-4 and A205 alloy may have caused damage to the interface as the matrix material attempted to contract significantly during cooling. Dong et al [14], however, sintered TiNi wire with 2024 Al powder by FAST with very similar contrast in CTE, and reported no such loss of quality at the interface - indeed, their microstructural interfaces were very well-bonded. One of the reasons for choosing A205 Al alloy as a matrix was the potential effect of sintering a matrix and lattice with very different thermal conductivities. The significantly higher conductivity of the A205, if it had any effect, would cause the matrix to heat more and so facilitate material transport, deformation and increased particle contact, which would improve sintering in the matrix and bonding with the lattice surface. 
Inspecting the AM lattice region in the A205 sample, the edge of the lattice region is significantly rougher, with a much more uneven surface and more large surface features than in the other samples. This is much closer in nature to edge of the untreated AM lattice before any FAST processing, as shown in Figure 5.3. The edge of the lattice region is much smoother and has fewer large, uneven features in the steel and Inconel matrix samples, as well as in the Ti-6-4 matrix samples described previously (even those processed at only 850 °C). These samples are also shown in Figure 5.3. The roughness of the surface of the AM lattice makes it more difficult for the powder to bond properly and form a cohesive, good-quality join all the way along its length. This leads to the porosity seen above. The surface of the Al matrix sample’s lattice, as mentioned, resembles that of the as-printed item that was not processed further. This means that in the samples where the lattice edge was smoother and had fewer large features, an alteration to the lattice surface due to processing occurred, and this alteration did not manage to take place in the Al matrix sample. The Al sample, due to the risk of powder melting, was processed at 500 °C for 10 mins, significantly lower than the 850-1100 °C used to process the other samples. It is suggested, therefore, that the load in the FAST process at high temperatures smoothed the edges of the lattice, performing simple thermomechanical work on the surface. This smoother surface was then easier for the powder to form a dense, high-quality bond with all the way along the interface. As such, this result has identified a very important guideline for the process conditions used in the FAST stage of AddFAST: the temperature must be high enough that the load applied will be able to work the surfaces of the lattice part and smooth them, or else porosity at the interface risks making the part unfit for application. This may impose a limit on the alloy pairings that are viable for fabrication, since there will be combinations where the processing requirements for sufficient smoothing of the lattice are not viable for the matrix material – indeed, the Ti-Al combination shown here is an example due to Al’s low melting temperature. Finding restrictions like this that provide guidelines for composition combination will be valuable for the development of this process, as they are in all its other aspects. Further investigation will also be valuable in finding whether certain process parameter combinations could allow pairings of this kind to be sintered by methods like low temperature processing for very long periods, and identifying clearer guidelines for what temperature a lattice material will need for surface smoothing to be feasible (eg. homologous temperature values) that can be easily drawn upon.






Figure 5.3: Micrographs showing the edge of the AM lattice. a. and b. are the lattice by itself (the surrounding black region is mounting resin), c. and d. are with the Ti-6-4 matrix, e. and f. are with the 316L steel, g. and h. with the Inconel 718 matrix and i. and j. the A205 Al matrix. a. and b. contain the DC lattice, c.-j. contain the BCC lattice. The arrows show the direction of the FAST compression.
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In light of the results in Section 4.2, one of the questions intended for investigation was what might happen if the matrix material required processing above the beta transus of the lattice. The 316L steel and Inconel 718 samples both provided an opportunity to investigate this, as they were both processed at 1050 °C and 1000 °C respectively – indeed, materials that would give the chance to do so was part of the matrix material selection process. The Inconel matrix samples were the most suitable for this question, as they were processed for an hour dwell time compared to the 5 min dwell used for the steel matrix. In Figure 5.2d-f, the two areas of the microstructure are still easily distinguished, with a clear boundary and a difference in contrast between them. Although a simple observation, this gives a clear confirmation that processing above the β transus temperature is not as deleterious for mixed-composition samples as it is for single composition samples. This means that engineers can use a greater variety and greater intensity of processing conditions for such samples, increasing process efficiency and allowing for material combinations that may not be possible if they must be processed below the transus temperatures of both components. However, another important observation for these samples is the AM grains within the lattice. The grains are visibly very large in size, and similar to those of the Ti-6-4 matrix samples discussed and shown throughout Chapter 4. This is visibly an effect of the AM process used for fabrication, as FAST processing would not produce grain sizes of this kind (especially since grains of this kind are also visible in the steel matrix samples in Figure 5.2a-c, which was only processed for five minutes dwell). The grain morphology, however, is more rounded and equiaxed, and compared to the samples shown in Chapter 4 the columnar grain shape that frequently appeared there is not seen. Processing above that lattice’s beta transus, therefore, does appear to have had an effect on the microstructure. Although the impact of AM production is still seen on the microstructure, and so the process is not entirely deleterious, the super-transus processing appears to have been enough for the AM grains to normalise to a certain degree and lose the distinctive columnar grain shape. Therefore, the importance of avoiding this event - and thus these processing conditions - depends on the intent of the designer. If the emphasis is merely the combination of grain sizes, or more significantly the control of the two materials in a complex and precise distribution through the AM lattice, the removal of these grain shapes is less likely to be significant. If the columnar shape of the grains is intended to be part of the final part, though, it has been shown that these process conditions should be avoided during the FAST processing, as they can lead to the intended morphology being removed.
	A significant question in parts that involve two compositions meeting at an interface is the prospect of interphases. As discussed in the literature review, processing of two compositions together creates the chance of a new phase, such as an intermetallic, being produced between the two at various lengthscales. This can have undesirable effects on the final item. Part of the matrix composition selection process was to include alloys whose chief element could form intermetallics with Ti. Hence, the interfacial region of these samples was examined to inspect whether or not interphases were formed after FAST processing.
	For each composition pairing, Scanning Electron Microscopy and EDS linescan analysis was used to investigate and establish the composition across the join. The results are shown in Figure 5.4, including the location of the EDS linescans. Only one linescan has been chosen as a representative example for each composition pairing in this Figure (Linescans number 23, 7 and 12) - the full set of linescan results are included in Appendix 3. The linescans used as examples in Figure 5.4 are highlighted on the corresponding SEM micrograph.















Figure 5.4: Scanning Electron Microscopy images of the interface of a. the Ti64-316L steel bond, c. the Ti64-Inconel 718 bond and e. the Ti64-A205 Al bond, with the locations of EDS composition analysis linescans. b., d. and f. show an example linescan mapping of composition for each corresponding bond. The linescans used for the examples are circled on the micrographs.
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The linescans across the 316L steel and Inconel 718 interfaces show a gradual development from one material’s composition to the other. This shows the diffusion of elements across the interface during FAST processing. The A205 interface also shows a composition gradient between alloys, but its gradient is far sharper and indicates a very narrow diffusion zone. This is likely due to the issues with interfacial bonding described previously, reducing the scope for interdiffusion to occur.
	However, much more significant were the composition plateaus on some of the linescan images. Since intermetallic phases have fixed stoichiometry, these phases would be visible on composition mappings as areas where two elements’ concentration would plateau across the phase’s width, and would do so in a fixed composition ratio to each other. Firstly, these plateaus were not seen in any linescans across the A205 interface. This is part of the limited diffusion in this pairing and is likely a result of the difficulties in bonding described previously. In the 316L steel and Inconel 718 linescans, composition plateaus were seen in multiple linescans. However, in all of these cases, the composition ratio did not correspond to the stoichiometry of any intermetallic phase. The phase diagram for Ti-Fe and Ti-Ni pairings indicates several potential intermetallic phases for the appropriate fabrication temperature that are stable after processing, but the stoichiometric ratio of none of these phases is reflected in the Ti:Fe or Ti:Ni ratios that occur in the composition plateaus of the linescan mappings. This is also true of the metastable intermetallic phases of each element pairing: Ti2Fe in the Ti-Fe system [241], and Ti3Ni4 and Ti2Ni3 in the Ti-Ni system[242]. These could have formed during processing and been quenched into the microstructure, but none of their stoichiometries are reflected in the linescans of the interface either. This means that the compositional regions formed do not correspond to any intermetallic phase of the appropriate phase diagrams. There are also linescans from each pairing where no plateau is seen at all - although the progression of composition is not a simple linear line, there is no region where the composition of these two elements flattens out in any ratio. From these results, therefore, it appears that there are no intermetallic regions formed in the AddFAST samples. A clear interdiffusion zone is visible at the sample interfaces under even regular optical microscopy, but results indicate that this region does not include any intermetallic phases. This is an encouraging result for this technique, as intermetallics in the interface are often a source of brittle fracture and overall toughness reduction in the final part. Their lack of appearance in these samples means that they will be more-suitable for load-bearing service and lets us use parts created through AddFAST with greater confidence in their reliability of mechanical properties. The opportunity to study phase evolution through methods such as Differential Scanning Calorimetry, X-Ray Diffraction or Transmission Electron Microscopy was not available in this research; deeper analysis through these techniques, as employed in other works on intermetallic analysis [243], [244], [245], will allow greater understanding of behaviours and phase formation, or lack thereof, at the interface in AddFAST composites and allow new continued investigation.
	It should be noted that the lack of intermetallic presence in these alloy pairs is not necessarily a unique advantage of this process. Other results in the literature indicate that the same alloy pairs processed under conventional hot diffusion bonding conditions showed the same results regarding potential intermetallic formation at the interface. The Ti-Fe, Ti-Ni and Ti-Al all show various intermetallic phases that may be formed at high temperature, but this does not include the secondary alloy elements used in the second alloy of each pairing - diffusion inhibiting elements in the alloys will hinder the formation of these phases compared to what is predicted from the binary phase diagram. As such, although it has been considered the short processing times of FAST may inhibit intermetallic formation that may otherwise have been problematic, it cannot be determined with confidence for these samples; however, it is clear that formation of problematic intermetallics has been prevented nonetheless. From these results, therefore, it cannot be claimed that intermetallic suppression is a unique advantage of AddFAST process conditions, but it is still evident that intermetallics have not been formed in these samples and that this increases their viability and applicability to load-bearing applications.
Further work will involve investigating whether a difference in thermal conductivity between the two alloys can lead to the lattice addition acting as a heat sink, and what effect that has on densification. Unfortunately, it was not possible to produce a set of control samples processed under the same conditions with no lattice addition to investigate whether this was the case in the current study. Further investigation using purer elemental powders to see if AddFAST process conditions can inhibit intermetallic formation in composition pairings that would usually see their formation in normal hot diffusion bonding will also be of interest. Material supplies available in this thesis, however, mean that this could not be tested in the current work.

     5.3   Powder Infiltration of AM Structures

An important element of the AddFAST process is the infiltration of powder into the AM structure, before the FAST processing actually occurs. The ease of this process is significant for the ease of the AddFAST process as a whole due to its position as a critical (both in terms of importance and rate-determination) process element - although delays here to ensure good infiltration may not inherently impact the speed of future stages, they also cannot be recouped by time-savings elsewhere. The limits on viable powder infiltration are also very important for the properties of the final part. If powder cannot enter certain areas of the structure, or is restricted in its ability to pack in those areas, all but the most intensive (and expensive) FAST treatments will be unable to prevent large areas of unfilled porosity. With this in mind, an initial investigation was performed into the ease of infiltrating fine structural openings with large-diameter powders for AddFAST processing.
It should be noted that the process of infiltrating powders into the structure for this experiment was unchanged (with an initial view to adjusting the method if results indicated it would be necessary). Powders were infiltrated by placing the AM lattice into the FAST mould (on a base layer of powder), pouring powder into the mould and shaking gently by hand. The BCC lattice was used for this investigation, due to having the smallest structural openings. The narrowest openings in the lattice whose infiltration would be required for full density were in the shape of isosceles triangles, with a base of 0.63 mm and legs of 0.54 mm. The inscribed circle of these triangles, representing the largest circle that could pass through the opening (and so, theoretically, representing the largest spherical particle that could pass through), had a radius of 0.16 mm and an area of 0.08 mm2. These details are shown in Figure 5.5.Figure 5.5: CAD images of the BCC structure. a. shows an example of the smallest opening required for infiltration in white, b. shows the dimensions of the opening and its inscribed circle representing the limits on a spherical shape that could pass through.


Two powder sets were chosen with large powder diameters, based on availability - these would then help test the limits of powder:pore size ratio that allowed successful infiltration. Both powder sets were of Ti-3Al-8V-6Cr-4Zr-4Mo (Beta C) alloy composition, although this was not significant to the focus of this specific investigation. The PSD of each set was described in Section 3.1 and has been reproduced in Table 5.2 for convenience. The sets were noted as ‘finer’ and ‘coarser’ based on their PSD; it should be clarified that even the ‘finer’ set was significantly more coarse than most of the powder used in this thesis.

Table 5.2: Particle size distribution of the Beta C powders used in this thesis. Dx(10), Dx(50) and Dx(90) are the diameter values the 10%, 50% and 90% of the particles fell below respectively.
	Material
	Dx(10) average (μm)
	Dx(50) average (μm)
	Dx(90) average (μm)
	Relative span average

	Beta C, ‘finer’
	29.3
	101
	267
	2.35

	Beta C, ‘coarser’
	217
	313
	435
	0.70



	The through-thickness microstructure of the FAST-processed samples produced with these powder sets is shown in Figure 5.6.
Figure 5.6: Microstructure of AddFAST samples containing the BCC lattice sintered with a-c. the Beta C ‘finer’ powder and the d-f. the Beta C ‘coarser’ powder. The arrows show the direction of the FAST compression.

The micrographs show that in both cases, the powder has managed to infiltrate the structure. The sintered matrix region is visible on both sides of the lattice and throughout its structure, visible in the aperture openings in Figures 5.6a, c, d and f. Not only is the matrix present throughout, it has the form of a sintered matrix rather than isolated powder particles. This indicates that the powder was able to infiltrate with at least some degree of consistency, rather than as one-off lucky instances of a single particle making it into the structure. The matrix is highly-porous and would require further treatment to be suitable for application, but this is the consequence of sintering with larger particles 

that would leave larger inter-particle gaps in the bed. This can be confirmed by the way that large pores are visible in matrix areas beyond the extent of the AM structure, on the left or right side of most micrographs in Figure 5.6 - this is beyond the region where insufficient packing density would be caused by obstruction from the lattice. 
In terms of infiltration through the lattice, this investigation shows that this was successful without a change in procedure, even with very fine structures and a tortuous opening network. This is an excellent result that shows the AddFAST process is very forgiving for combining oversized powder with precisely-detailed structures. A very significant result, though, is that the coarser Beta C powder managed to infiltrate openings it was theoretically too large for. The Dx(10), Dx(50) and Dx(90) values of powder diameter for the coarser batch were 0.217 mm, 0.313 mm and 0.435 mm, respectively. Assuming that the particles were perfectly spherical, an assumption which is more valid for gas atomised powders than those produced by other methods, these correspond to cross-section areas of 0.148 mm2, 0.308 mm2 and 0.594 mm2. At the narrowest point of the opening, the inscribed circle has a radius of 0.163 mm and an area of 0.0835 mm2. The sintered sample, though, still shows that the matrix penetrates throughout the structure. This, apparently, occurred with powders where the statistically-vast majority could not make it through the physical openings. This important result shows that successful processing occurs not only with powder:opening ratios at the limit of successful match, but also beyond it. The heating of the powder in FAST allows them to flow under the process’ load, allowing the opening to be infiltrated. This is similar to the way that FAST powders can flow under high temperature load to fill tight regions like the sharp corner between two struts, despite beginning with spherical powder that lack the ability to pack into such a space. Overall, these results show that large diameter powders can be used to pack into very fine structural features of the AM structures, including internal cavities, beyond even the limit of particles physically fitting through openings. This means that engineering designers can confidently design AM structures with fine, precise and complex designs for use in this process, having a greater degree of confidence that they can still be infiltrated and produce a dense, thoroughly-bonded structure that can be used in practice. It also makes processing easier for the engineer because they can use larger powders that may be available to them and reduce the need for producing very fine powder (at additional expense) if they want to use a finely-detailed AM structure. Further investigation will be worth performing into how well powder infiltrates by this method through fine openings into large internal cavities, given the demonstrated reliance on material flow.

     5.4   Deformation of the Internal Lattice Structure

 One of the significant advantages of using AM to build the addition structures is the control over their structure, in both precision and complexity. As well as creating the large columnar variant grains, the AM process allows their distribution to be defined and controlled throughout the sample, creating new possibilities compared to a simple microstructure gradient. To be able to control the distribution of AM grains in the final part, it is important to investigate how it is affected by the loads in processing. The combination of high temperature and pressure in the FAST process will deform the arrangement of AM grains in the final microstructure, and so being able to predict any deformation of this kind is important to be able to build AM structures that produce the desired final arrangement.
	To investigate this, a set of samples was fabricated using the BCC, HCP and Honeycomb designs. All samples used the lattices printed at 14.13 mm height, to maximise the visibility of deformations. These were processed by FAST with Ti-6-4 powder matrix at 950°C for 10 mins dwell and 35 MPa pressure, the standard process parameters for most samples in this work. These were sectioned through their thickness and mosaic microstructural imaging was used to create images of their microstructures, which could be used to measure the difference in spacing between features. As the samples were sectioned through their middle, both halves could be mounted and the through-thickness face of each half imaged to take a spacing measurement average for each sample. The mosaic microstructures of these samples are shown in Figures 5.7, 5.8 and 5.9.
















Figure 5.7: Mosaic optical micrograph of the BCC samples showing the internal microstructure. AM grain regions are outlined in white.

























Figure 5.8: Mosaic optical micrograph of the HCP samples showing the internal microstructure. AM grain regions are outlined in white.

























Figure 5.9: Mosaic optical micrograph of the Honeycomb samples showing the internal microstructure. AM grain regions are outlined in white.
























	Some practical difficulties did make it difficult to acquire certain results from these samples, though. When sectioning, it was difficult to know how the angle of the cut compared to the geometry of the lattice - a slice could be parallel to the edge of the sample, across its diagonal or any angle in-between. It is also difficult to know whether the cut passed through the middle of the lattice, close to its edge or through a different area, as well. These made it unfeasible for some designs to measure features like the width of the lattice as seen in the microstructure, as it would not be possible to know which area of the original geometry to compare it to. Measurements were also inconvenienced slightly by the mosaic-image generation process that combined multiple micrographs into one image - if contrast was increased to bring out microstructural features, edge effects from the mosaic-generating process could also become more prominent. Nonetheless, results were successfully taken - these observations simply affected which measurements were achieveable, and should be noted for improvement of methodology when attempting similar studies in the future.
	Measurements taken from the mosaic microstructures are shown in Table 5.3, averaged between the two samples for each design.

Table 5.3: Sample height and structure deformation measurements taken from samples after FAST sintering in this study.
	Lattice
	Full sample height (mm)
	Lattice height (mm)
	Full sample width (mm)
	Lattice width (mm)

	BCC
	9.23
	6.46
	12.6
	8.96

	HCP
	9.84
	5.71
	13.3
	9.16

	Honeycomb
	10.1
	5.95
	10.8
	10.2



An unexpected complication arose in these samples that significantly interfered with ability to investigate the behaviour as intended. Examination of the AM grain regions’ layout in the BCC samples showed that during the FAST processing, the BCC lattice appears to have fallen over by 90° and is lying on its long end in the final sample, its x/y-axis now parallel to the z-axis of the AddFAST part. This can be confirmed from the fact that five repeated units of AM grains are visible across the width of the sample and two units in its height, in contrast to the two horizontal, five vertical arrangement of units in the AM structure as printed (and as placed into the mould). On inspection of the HCP and Honeycomb samples, it appears that this was the case in these samples as well. While it could be possible that the HCP and Honeycomb samples were compressed significantly vertically and expanded laterally in response, this can only be described as a possibility alongside the very real possibility that they also toppled through 90°. The Poisson's ratio of the lattice designs under compression is not known, as well as its lateral expansion having to account for the presence of the surrounding powder matrix. The toppling of the BCC lattice can be confirmed regardless, due to the arrangement of structural repeating units as described previously. For this analysis, it was considered more likely that the HCP and Honeycomb lattices also toppled and lie on their long axis in the final sintered sample.
This severely hindered the intended attempts to investigate this behaviour from these samples, but this event does reveal significant results on the behaviour of AM lattices in FAST compression. The first result is that such a fall is possible. For all prior AddFAST samples in the project, microstructural examination had indicated that the addition remaining upright throughout FAST, supported by the surrounding powder - in some samples, such as particularly porous matrices, the lattice features in an upright arrangement were visible simply to the eye after polishing. These samples were the first in which it appeared a lattice structure had toppled during processing. The fact that this can happen is important to be aware of by itself, to ensure that the desired microstructure arrangement in the composite is created successfully even if the lattice design and post-compression spacing are exactly as they need to be.
It is obvious to say that the lattice structure would only be able to fall over in the early stages of sintering, but it is also necessary. After the initial stages of the process, the densification of the matrix and the forming of diffusion bonds would make this impossible. However, this is significant because it means that the early events of the process were sufficient to cause this topple to occur. It is also apparent that a non-trivial level of compression must have happened to the lattice before it fell. The height of the lattice when upright corresponds to its recorded width in Table 5.2, due to having fallen by 90°. The three lattice designs were printed to a height of 14.13 mm, but the microstructure measurements show that the BCC lattice was compressed to 8.96 mm, the HCP lattice to 9.16 mm and the Honeycomb lattice to 10.2 mm. These differences correspond to loss of 37%, 35% and 27% of their original height. This means that the lattice’s topple occurred at a point between the load-temperature combination becoming enough to compress the structure by a notable fraction, and the matrix densifying too much for the fall to be possible.
This toppling of the lattice confounds attempts for these samples to give a direct answer of what degree of deformation the FAST process caused. As the lattice must have toppled before matrix densification was complete, as mentioned previously, then it must have also toppled while a significant amount of the process and further compression were ongoing. As such, the compression of the structure will have been spread between the two axes of the lattice in what is very likely to be an uneven ratio. This means it is not possible take a measurement that states that the FAST process conditions described caused a specific, singular amount of structural distortion. However, the measurements that have been successfully taken indicate certain important behaviours, even if they do not assign a precise value to them.
As mentioned previously, before toppling the lattice designs were compressed by 37%, 35% and 27%. As further compression will have occurred after their fall, this is not likely to be the full extent of deformation that would occur to the sample. The FAST process compressing the as-printed lattice designs by over a third of their height is a very important result. This means that significant attention and planning must be given when designing the original printed lattice, so that they form the intended final arrangement in use. If lattice designs had intended whose final arrangement had a height of 14.13 mm, it would be necessary to print the original lattice with an addition factor of a third applied to their height and the spacing between features, perhaps more. Although this does not give a final result to use for calculations and design, this is a very important result, as it underlines the extent to which deformation of the addition can occur in FAST. This then underlines the important of accounting for it as well, to ensure the final microstructure will have the architecture desired.
The deformations seen and described previously were also seen in relatively simple and unaggressive processing conditions. Samples produced by FAST for this investigation, as described before, were processed at 950 °C and 35 MPa pressure for a 10 min dwell time. Despite these low values of pressure and processing time, the internal lattices were nonetheless compressed by over a third of their height. This is much higher than would be expected for a metal lattice surrounded and infilled by a matrix in these conditions. This is important for these Ti-6-4 samples because, as shown in Section 4.2, processing below 950 °C affected sintering and the quality of densification. Processing at lower temperatures for longer dwell periods could produce the needed sintering quality, but the longer processing time may lead to large degrees of deformation by a different route instead. This means that as well as relatively non-intensive processing parameters leading to a large deformation of the structure, it may be challenging to identify parameters where this extent of deformation does not occur. It may be important to note that processing at high temperature with low strain rates (in this case, due to the low applied stress) reduces the stress required for a given deformation [246]-[248]. Low stresses, by the standards of many process methods, are required in FAST or the applied load will fracture the graphite tooling. This, if validated, means that processing at high temperatures by FAST is very likely to produce these high deformations, further emphasising the importance of anticipating and accounting for this effect in designing of AddFAST parts. Whether this issue remains when other lattice materials are used will be an important question for further work. If so, it would likely mean that all AM lattices built for AddFAST purposes must be built to a notably larger scale so that they can take on the final intended arrangement in the finished part.
It should be noted that the risk of the addition falling as identified here is not very impactful on the other results in this thesis and their interpretation. As mentioned previously, some samples’ microstructure could confirm visually that the lattice remained upright. Regardless, for results analysing the different microstructural regions, the effect of process conditions, the texture and the interface, the orientation of the lattice itself does not have an impact on these results. For samples used in mechanical testing, as discussed in Chapter 6, it was found experimentally that the orientation of the lattice within the sample had no significant effect on the mechanical properties for this arrangement that was tested, shown in Section 6.2 and Figure 6.4. This means that the lattice falling would not affect the results that are analysed in this thesis. Additionally, an interface between the lattice and matrix regions was not visible on the surface of any of the mechanical testing samples in Chapter 6 after machining to ASTM standard testpiece dimensions. The lattice addition projecting out of the testpiece would create a theoretical point of weakness from the exposed interface – this, however, was not seen on any of the samples in this work.

     5.5   Chapter Summary
 
In this chapter, various practical factors of the AddFAST process were considered and their impact on the microstructure and quality of the composite part investigated. Combining multiple alloys into one AddFAST part – one in the powder matrix, the other in the lattice structure – was investigated first by combining the Ti-6-4 lattice with the near-α Ti alloy Ti-6-2-4-2 in the matrix. This small composition variation was used as an initial test, and demonstrated that the AddFAST sample could successfully combine alloys in this manner. The two regions were clear, with distinctive interface and visible variation in grain morphology. As with same-composition samples, the interface between regions was still well-bonded rather than becoming an area of pore segregation. Porosity in the matrix, however, showed that a modification in processing conditions would be necessary for this sample. The remaining porosity was identified as being due to Ti-6-2-4-2’s increased creep resistance compared to the previous Ti-6-4 matrices, identifying a material property that can be used to identify material choices that require increased process intensity.
Samples were produced with more-varied matrix compositions, using alloys of different alloy systems to the Ti-6-4 lattice: 316L stainless steel, A205 Al alloy and Inconel 718 Ni superalloy. The regions of the composite microstructure were still clearly visible, which demonstrated that the AddFAST process can be used to combine alloys of separate alloy systems into one part. Porosity, again, did not segregate to the interface. Some normalisation appeared to occur in the AM regions of the 316L and Inconel 718 matrix samples due to the processing temperature, as the large AM grains were had altered, more-rounded morphology. These were still distinctive and very different to those of the matrix, but were not the same as the original columnar grain morphologies.
 The A205 alloy matrix, however, showed poor bonding with the lattice inclusion and numerous large voids at the interface. High process temperatures and applied force in the FAST process had smoothed the surface of the lattice in the Ti-6-4, Ti-6-2-4-2, 316L and Inconel 718 matrix samples compared to the as-printed structure. This allowed for closer bonding of the interface and fewer interfacial voids. The lower process temperature requirement of the A205 alloy (due to its lower melting temperature) meant that the thermomechanical working on the lattice in this sample was not enough to smooth its surface roughness. This led to poorer-quality bonding and large interfacial pores.
Energy-Dispersive Spectroscopy linescans were used to analyse whether intermetallic phases had formed at the interface between the Ti-6-4 lattice and the surrounding matrix powder. No intermetallics were identified at the interface. No compositional plateau identified, in samples were any were present, correlated with the stoichiometry of any intermetallic phase of the Ti:Fe, Ti:Al and Ti:Ni systems. The interfacial region between the lattice and matrix was identified as an interdiffusion zone. The other elements in the alloy composition, however, may have inhibited diffusion and so hindered the formation of intermetallics; while it can be stated that no intermetallics were seen in these samples’ interfacial regions, it cannot be said with certainty that this was caused solely by the short processing times used in FAST.
The ability of large powder particles to infiltrate small openings in the AM lattice structure was investigated using the BCC lattices. Using simple infiltration methods of pouring and gentle manual shaking, powder was able to infiltrate throughout the complex structure and fine openings BCC lattice in a continuous matrix, albeit one that was not completely dense. The ability of the powder to infiltrate through openings that should have been too narrow for them to enter through was identified as due to the heat of the FAST process allowing the powder to flow under the applied load. The AddFAST process was found to be very tolerant of large powder particles with high diameters, even in a fine lattice structure with narrow openings.
The deformation of the lattice addition under the load of the FAST processing was investigated using samples containing the BCC, HCP and Honeycomb designs. The load of the FAST process was found, in these samples, to have caused the AM lattice inclusion to have toppled by 90°, lying with their z-axis aligned to the AddFAST samples’ x/y-axis after sintering. Although this is not expected to have had significant consequences for other results in this thesis, the possibility of this topple occurring must be noted. The conditions of the earlier stages of the FAST process must have been sufficient for this to occur, before densification of the matrix would have made it impossible. Although this fall frustrated ability to take a single measurement of how much the lattice was compressed by the whole process, the level of deformation of the lattice before toppling – 27-37% – shows that the FAST stage can significantly distort the size of the original lattice and its original features. This highlights the importance of correcting the original design and increasing feature spacing beyond the intended final arrangement, in order to allow for this distortion.



6. Effect on Mechanical Properties

   6.1     Effect of AddFAST Process on Mechanical Properties
     
The stress-strain curves of sintered AddFAST samples containing the BCC lattice design are shown in Figure 6.1. These were gathered from room-temperature compression, as described in Section 3.5. The lattices used in these samples were from the 11.31 mm set. Compression curves from samples of only FAST-processed Ti-6-4 powder, designated as ‘Blank’, are shown as well.Figure 6.1: Stress-strain curves of AddFAST samples produced with the BCC lattice, compared to 'Blank' samples of purely FAST-processed Ti-6-4 powder. All testing performed in room temperature compression.


The goal of this testing was not to establish a conclusive value for the flow stress of these samples, but rather to understand the effect that the presence of the AM lattice and its design features had on the part. As shown in Figure 6.1, however, almost no difference in mechanical properties was seen. Comparing the stress-strain curves to those of standard FAST-produced Ti-6-4 samples, the deformation curves of the AddFAST samples were extremely similar to those of the blanks. Despite the presence of large columnar grains from the AM addition, the strength in mechanical testing of these samples does not appear to have been affected in any significant way. It would not, therefore, be likely to see the difference in deformation or machinability for these particular samples that was anticipated being possible from introducing the large AM grains to the fine sintered microstructure. This is a highly important result for understanding the fundamental behaviour for the mechanical properties of these AddFAST composites, especially since it is contrary to previous predictions at this stage.
[bookmark: _heading=h.3vewc86h58z9]As shown in the results in Chapter 4, these samples in which minimal mechanical difference was observed are also those in which a very clear composite microstructure was retained. Even though, in these conditions, there was no complex mechanical response, the controlled arrangement of grain morphologies and complex grain texture are still present and can still be utilised for other behaviours. If this behaviour is the intended goal, such as for designing complex functional properties dependent on grain texture, the lack of mechanical difference is potentially advantageous; it would allow the microstructure to be manipulated with confidence that physical performance of the part would still be consistent. Consistent properties would also allow AddFAST parts to be used reliably in load-bearing applications similar to conventional FAST items. These results also make it easier for engineering designers to apply this process to creating new products as well, as they can use existing predictions for the structural suitability of their intended parts and need only investigate the complex microstructural properties. The ability to apply existing knowledge to a new process is extremely useful in industry, and for these levels of modification it was found to potentially be possible here while making significant and complex differences to the microstructure of the part.

     6.2   Effect of Lattice Design on Mechanical Properties 

AddFAST samples containing the HCP and Honeycomb lattice were fabricated and tested in compression, for intended comparison to the BCC lattice sample. The stress-strain graphs of these samples are shown in Figure 6.2.
 Figure 6.2: Stress-strain curves from room-temperature compression of AddFAST samples produced with the HCP and Honeycomb lattices, as well as Blank samples.






















As seen with the BCC samples, the HCP and Honeycomb AddFAST samples showed almost identical properties to the Blank Ti-6-4 parts. Although some specific samples appeared to show a significant change, such as the HCP 1 curve, the spread of the results means that these cannot be identified as consistent modified behaviours. This further establishes the observation from the BCC AddFAST set, where the lattice addition had no meaningful effect on mechanical properties in this condition. The results from all three sample designs, though, show that this is unaffected by significant variation in the lattice structure’s strength and features. As shown in Figure 3.3, each structure design showed very different strength in both yield strength and UTS when simulated. The compression trend of each design with increasing deformation was also very different: exponential stiffness increase in the BCC, loss in strength in the HCP and linear stiffness increase in the Honeycomb. These features, however, were not reflected in the behaviour of the different AddFAST parts. This shows that modifying the lattice, in these conditions, does not affect the lack of change in mechanical strength seen in Section 6.1. Even with significant differences in the addition used, this consistency of properties is likely to remain the same. This result removes the potential for tailorability of the mechanical strength in these circumstances, which is unfortunate as an area of potential advantage where the AM process could create many possibilities. However, as mentioned previously, the microstructure and complex arrangement of grain morphology remains even when the mechanical properties are unaltered. Each of the lattice designs used in this test represent a very different distribution of AM grains throughout the AddFAST sample, but show the same behaviour in mechanical strength. This means that as well as the designer being able to use the complex morphology arrangement with consistent and predictable load-bearing properties, these results indicate that a wide variety of design possibilities making use of AM’s freeform potential can be used for this purpose while still giving consistent mechanical strength. This is an important result for understanding the mechanical behaviour of AddFAST parts and, while constraining application opportunities in some situations, creates potential for interesting and varied behaviour in others and re-introduces the possibility of tailoring the result while still having predictable, reliable response.
As described in Section 3.2, a set of AddFAST samples were made with solid cylindrical AM structures of two different heights (8.49 and 14.13 mm). These were intended for comparison with the effect of using a shaped lattice design, and were tested in room-temperature compression in the same way as the lattice-containing samples. The stress-strain graphs of the cylinder-containing samples are shown in Figure 6.3.
Figure 6.3: Stress-strain curves from room-temperature compression of the AddFAST samples produced with the cylinder AM additions, as well as Blank samples.




















The mechanical strength of the cylinder-containing samples, like the lattice-containing set, is close to that of the Blank samples. However, in both the large and small cylinder groups there is a slight decrease in yield stress and a slight increase in strain to failure in two of the three AddFAST curves. This, as mentioned, is a minor result in both the degree of magnitude and degree of consistency, although it should be noted that these differences are seen in both cylinder sample sets. If further testing increases the evidence for this difference, then it is possible that the cylinder additions have caused a change in mechanical behaviour that the lattice structure additions did not. There is a potential theoretical basis for a difference being seen here, if verified, when it did not occur with the lattice sample set: the respective volume fraction of the additions. The compression samples were machined to ASTM standard dimensions of 10 mm diameter and 15 mm height, leading to the 11.31 mm lattice additions occupying volume fractions of 18% (BCC design), 6% (HCP design) and 16% (Honeycomb design). By comparison, the cylinder additions occupied volume fractions of 48% (8.49 mm height) and 60% (14.13 mm height). It is possible that the effect of the process on mechanical properties is only present when enough of the sample’s volume is occupied by the AM addition’s grains, and that this level is above that created by any of the lattices used in this thesis. The effect that appears to take place at this level is a reduction in mechanical properties, which would likely be due to introducing the large prior beta grains in place of the fine sintered microstructure. The strength difference at these volume fractions is relatively minor rather than catastrophic due to the internal sub-structures within the AM grains, mentioned previously in Sections 4.1 and 4.2. These mean that within the large prior beta grain regions, there is a high number of boundaries between laths and lath colonies – these may preserve a notable amount of the resistance to dislocation and the strength properties of these microstructure areas. If further evidence supports these observations, it is possible that a way for the AddFAST process to impact on the part’s mechanical properties may have been identified despite limited results with the lattice designs, with a theoretical basis for the cause of the effect identified as well.
Compression samples containing the three AM lattice designs were tested to investigate the potential effect of the lattice’s anisotropy on the properties of the composite. This was performed by testing samples where the lattice was either stood upright in the FAST mould or laid on its long edge, so that the testpiece’s z-axis aligned with either the sample’s own z-axis or its x/y-axis. The stress-strain graphs comparing the results in the z-axis or x/y-axis alignment for each sample are shown in Figure 6.4. In all cases, there was no significant difference between each orientation, even for the anisotropic HCP and Honeycomb lattices; this is more likely to reflect the lack of impact that the lattices had on mechanical properties of the AddFAST part in any arrangement, rather than the potential behaviours caused by lattice anisotropy. If the process is developed so that the lattice properties have a greater effect on the properties of the composite part, investigating the effect of structural anisotropy will be important to address in future work.
 Figure 6.4: Stress-strain curves from room-temperature compression of the AddFAST samples produced with the different AM lattice designs. ‘Z’ refers to samples where the lattice’s z-axis was aligned with the height of the sample, and ‘XY’ refers to samples where the lattice is laid on its edge so the x/y-axis axis was aligned with the sample height.
























It should be noted that, as well as increasing the volume fraction of AM grains, another way the lattice addition may cause a greater change to mechanical properties is if it were surface treated before addition. A treatment process such as nitriding or carburising that creates a hard outer surface on the lattice may then lead to a strong internal interface within the part, effectively acting as a reinforcement structure in the shape of the AM addition. If proven effective, such a method would have potential for more impact on behaviour and reintroduce the effect of the AM lattice design, allowing the tailorability and potential complexity of AM structures to be employed without the potential issue of volume fractions described previously. However, this investigation is beyond the scope of the current work.

     6.3   Effect of AddFAST Process on High-Temperature Properties

AddFAST samples containing lattices of 14.13 mm height were tested at 950 °C to evaluate their high-temperature mechanical properties. This is important for thermomechanical stages in processing (especially for high-strength metals like titanium), as well as any applications in high-temperature conditions. The corrections applied to the high-temperature compression test data after exporting are described in Section 3.5.2. The high–temperature stress-strain curves are shown in Figure 6.5. Due to failures in machining, some sample designs only had two samples available for testing rather than the full three. For visual clarity, Figure 6.5a shows a single example for each sample design, while Figure 6.5b shows the full set of results.









Figure 6.5: Stress-strain curves of AddFAST and Blank FAST-processed Ti-6-4 samples tested at 950°C. a. shows a single example curve for each AddFAST sample for visual clarity, b. shows the full sample set, with results for each addition structure grouped by colour.
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	Although the various samples in Figure 6.5 show two different curve profiles, one of sharper initial gradient than the other, both of these curve profiles are seen in the Blank sample set. Since this variation is consistently seen in the samples that were made solely by FAST sintering, it is evidently determined by factors not based in the AddFAST process. Therefore, a variation in curve profile in this manner between AddFAST samples is likely to be based on factors in the FAST process itself, rather than the AddFAST stage. In order to focus this discussion on behaviour relating to the AddFAST process, this variation in gradient steepness will not be included in the analysis of these results.
	All three lattice designs show similar high-temperature properties to the Blank samples. The yield strengths of all three AddFAST lattice structures are within the range bracketed by the Blank sample strengths, and their elastic moduli all follow a near-identical gradient. Although the final strengths of the lattices vary noticeably, this is due to the difference in curve profile discussed previously and so cannot be confidently identified as an effect of the AddFAST process. However, for the samples with a cylindrical AM addition, a difference between the AddFAST and Blank samples becomes apparent. The small cylinder samples show a reduction in yield strength from the Blank sample set and are consistently lower in strength throughout the deformation. The larger cylinder samples show the same effect, but to an even greater degree. The cylindrical addition samples also show a slight increase in the maximum strain to failure, which is again more-pronounced in the large cylinder samples than in the small. The occupation of the microstructure with large prior β grains causes a decrease in strength in accordance with the Hall-Petch effect, with the internal sub-structures in the grains (shown and discussed in Sections 4.1 and 4.2) giving strength and preventing catastrophic loss of properties. The larger grains also lead to the slight increase in deformation at failure. The difference between the lattice and cylinder addition samples and, more importantly, the difference between the large and small cylinder samples that are identical other than in height, indicates that the crucial factor for this variance is the fraction of the sample occupied by the AM structure. As a larger proportion of the grains are replaced by the prior β grains with their internal sub-structures, the difference in properties that results becomes more and more significant. The difference in behaviour seen here gives support to the previous theoretical explanation in Section 6.2, where the volume fraction of the AM structure was proposed to produce the difference in room temperature mechanical properties. These results provide further support for the previously proposed explanation for this difference in behaviour, and gives us greater confidence in proposing this as a crucial factor in the mechanical behaviour of the AddFAST part.
	The decrease in high-temperature strength seen here creates the possibility of a controlled mechanical property variation in different areas of the sample. Positioning the AM structure within the FAST mould allows the potential for a spatially-distributed variation in hot strength, which can be controlled with a high level of precision. This would allow deformability to be increased in areas where it is beneficial while still retaining strength throughout the remaining body of the part. The high-temperature graphs for the cylinder additions, compared to room temperature in Figure 6.3, also show a greater difference in strength proportional to the equivalent Blank, unaltered samples. This indicates that the samples with sufficient AM grain additions show more change in mechanical strength at higher temperatures than at low. If parts that are required to have high mechanical properties are processed by this method, as is frequent in titanium and numerous other alloy systems, these results indicate that the AM grain additions can give these parts an increased deformability for high-temperature forging, machining and similar processes while still retaining room temperature values closer to those of the original alloy. In alloy systems like titanium, shaping and similar secondary fabrication stages significantly contribute to process difficulty and expense. An alteration that improves these processes without an equal loss in service properties, therefore, could be beneficial. This would also benefit from the degree of control and precise spatial distribution achievable via. this method. In these results, such a difference between hot and cold deformation is relatively limited. Investigating potential ways to increase and optimise this behaviour is a valuable question for future research in this process.
 
     6.4   Mechanical Properties of Mixed-Composition Samples

As well as investigating the microstructural features and quality created by combining two alloy compositions by AddFAST, discussed in Section 5.2, compression testing was used to evaluate their mechanical properties. One of the reasons that the 316L and A205 alloys were chosen for this work was to investigate the effect on mechanical properties of matrix materials that were lower in strength than the Ti-6-4 lattice, at both room and high temperatures. Resource availability meant that it was not possible to investigate this with the Inconel 718 matrix alloy in this thesis (which had been intended to study the effect of a composition pairing where the matrix material was the stronger of the two). Availability also meant that for the high temperature mechanical tests, all samples were made with the Honeycomb lattice structure rather than the BCC. Since the properties of these high-temperature samples were only being compared within their set, which all used the same lattice design, the results were still appropriate for their purpose despite this change in the lattice structure.
     6.4.1   Room-Temperature Properties
The stress-strain curves for the samples tested at room temperature are shown in Figure 6.6, as well as the simulated stress-strain curve of the lattice structure by itself. The simulation of the lattice structure was conducted in accordance with the process described in Section 3.3. Literature data for the mechanical properties of 316L steel and A205 Al are given in Table 6.1. The stress-strain curves of the Ti-6-4 Blank samples are also included in Figure 6.6 to provide context of the general properties of the lattice and matrix regions’ materials and how they compare, although this analysis will focus specifically on how the behaviour of the lattice inclusion structures modified the behaviour of the matrix alloys into which they were sintered.

Table 6.1: Mechanical properties of 316L steel and A205 Al alloys [249]-[253].
	Property
	316L steel
	A205 Al

	Young’s Modulus (GPa)
	200
	75

	Ultimate strength (MPa)
	485
	388

	Yield strength (MPa)
	170
	315







 

 








Figure 6.6: Stress-strain curves of a. the 316L steel matrix sample tested at room temperature, b. the A205 Al matrix sample tested at room temperature, c. the Ti-6-4 lattice by itself that was used as an addition in the AddFAST samples, simulated at room temperature, and the Ti-6-4 Blanks tested at room temperature for context.
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Both sets of the AddFAST samples show that the AM lattice had an effect on mechanical performance. Compared to literature values, the yield strength and ultimate strength of the 316L steel matrix samples are increased significantly by the addition of the BCC AM structure. The Young’s Modulus of the steel samples is also much closer to that of the Ti-6-4 lattice, even though this means a decrease from monolithic 316L’s stiffness. The deformation trend of the AddFAST samples in Figure 6.6a is influenced by the presence of the lattice addition, as well – 316L’s conventional stress-strain curve tends towards a plateau as strain increases, but the AddFAST samples show a continuous increase in stress required for deformation, reflecting the behaviour shown by the BCC lattice itself in Figure 6.6c. In the second 316L AddFAST sample, it appears that at high degrees of strain the deformation trend of the lattice takes over and dominates further behaviour, instead of following the behaviour of the steel matrix. These factors indicate that the AddFAST sample containing an interpenetrating lattice structure in a lower-strength matrix follows the behaviour of conventional hard-reinforcement composites. The matrix, when loaded, transfers stress to the stronger reinforcement (although the steel’s Young’s Modulus is higher than the lattice addition’s, it is only more resistant during the elastic deformation region – at the point of yielding and beyond, the lattice is stronger of the two regions). The stronger reinforcement receives the load and so increases the strength of the overall part. When deformation occurs, the softer matrix accommodates the strain and allows the overall part to deform more than the reinforcement’s strength would allow by itself. The result of this, through the transfer interactions between regions and the interpenetration of reinforcement throughout the matrix, is a behaviour that combines the two regions’ properties into a result unachievable by either region alone [219], [254]-[257]. In these samples, similar behaviour can be seen: the stronger lattice addition is surrounded by a softer matrix that transfers stress to it, increasing the strength of the whole item. This means that combining the AM addition with a sintered matrix of different composition has created beneficial mechanical properties that combine the behaviour of the two materials. As has been discussed previously with introducing large AM grains to specific areas of same-alloy pairings to affect deformation, the ability to add the AM structure to particular areas of the sample allows the mechanical response of the part to be controlled and tailored with site-specific behaviours as meets the application’s needs. Addition structures, as used in AddFAST, allow this location-specific behaviour to be controlled with a great degree of precision, both in where it occurs and how sharply it ends, allowing behaviour to be modified in exactly the intended region as the designer proposes.
	It is also very important to note, however, that the behaviour of the AddFAST part has been significantly influenced by the addition of the lattice in this arrangement. The lattice used here was 11.31 mm in height, the same addition size that had no significant difference on mechanical properties in Section 6.1 when sintered with a same-composition matrix of Ti-6-4 powder. Here, the addition’s presence has caused a difference in the yield strength, ultimate strength, Young’s Modulus and overall deformation trend of the composite. This shows that AM additions of this size and occupying this volume fraction can impact the mechanical properties of the whole, and that the factor that controlled this is the degree of difference between the properties of lattice and reinforcement. With the fine difference between FAST-sintered Ti-6-4 grains and large prior β grains containing sub-grain structures, a large volume of AM grains was needed to see an impact on the overall behaviour. In this sample, an addition that occupies only 18% of the sample by volume has a significant effect on behaviour. This confirms fundamentally that the AddFAST process can impact and engineer the mechanical properties of a part and that it is simply a case of identifying the practical factors in different arrangements that allow it to do so. These results also show and make use of the benefits of using AM to produce the additions. Creating an open structure, such as a lattice, allows the two regions to interpenetrate, maximising the combination of both phase throughout their area of the part. AM production allows these structures to be built on a very fine scale with a high degree of complexity, without loss of resolution or extensive tooling. Designing the addition structure by AM allows for complex and freeform designs that can create a vast range of potential outcomes, which can influence the final part – these additions would be adjustable and tailorable, allowing them to be adapted to the needs of a different item. While previous combinations of FAST and AM, as discussed in Section 2.5, have used an AM structure as a way to create combined interpenetrating properties throughout the body of the sample, this result allows us to use the potential for an AM-controlled distribution of materials to create localised behaviour and incorporate the properties of the lattice design itself into the behaviour of the final part.
	The Al sample (Figure 6.6b) shows certain similar behaviours. Compared to literature values for A205 alloy, the AddFAST sample shows higher ultimate strength and a deformation trend towards increasing resistance to deformation, rather than the shallow plateau that A205 exhibits by itself. However, beyond 0.07 strain there is clear, in one case exaggerated, instability in the deformation trend of the Al matrix samples. This is because at this degree of loading, the sample begins to split apart, with the Al matrix cracking and beginning to fracture under pressure. A photograph of an Al sample after compression testing is shown in Figure 6.7. The matrix, as can be seen in the image, has cracked and, in some places, split entirely. As the matrix fractures, its contribution to the mechanical properties is massively reduced, with the deformation from the point of fracture onwards being largely that of Ti-6-4 lattice with minimal matrix contribution. The load requirement to deform the AM lattice exceeded the limits of what the Al matrix could withstand, even with load transferral to the reinforcement, and fracture and chipping resulted. This catastrophic failure of the sample would void this alloy combination for any potential use in load-bearing applications. From these results it was found that, although the Ti-6-4 and A205 Al regions could be joined successfully into one sample, the degree of difference in mechanical properties was too great for them to be usable in load-bearing applications. This would likely make them also unusable for any application that would require forging processes during manufacturing to create the desired shape of the final component. Products formed mainly by machining post-FAST may be possible, although this would require caution. More generally, these findings indicate that just as predictions of composite behaviour for strong reinforcements in softer matrices appear to apply to AddFAST samples, the limitations on what level of property difference is still viable appear to apply in these composites as well. Too great a difference in properties is just as destructive to these AddFAST samples if it leads to critical mismatches, and this must be accounted for in creating parts this way in the future.Figure 6.7: Photographs of one of the Al matrix AddFAST samples after room temperature compression, showing two angles. The wire projecting out of one side of the sample is part of the thermocouple used to ensure the desired temperature and to guarantee both room and high-temperature samples had the same indent for comparability – this wire could not be removed after testing and had to be severed.


However, it is also important to consider a specific aspect of the Al samples that is due to the AddFAST process. As shown previously in Section 5.2, the interface in the A205 matrix samples was poor-quality and highly porous compared to the Ti-6-4, 316L and Inconel matrix samples in this project (Figures 5.2 and 5.3 show the result directly). This poor interface will have contributed significantly to the loss of mechanical properties shown previously. Not only does the severe lack of bonding cause extensive porosity throughout the sample, it will also prevent the transfer of forces from matrix to reinforcement that lead to desirable properties. Although the lattice does still have an impact on the load-bearing properties of the composite, comparing ultimate strength and deformation trend to literature data, there will be large regions of the interface where minimal force is transferred from region to region due to lack of contact. This poor bonding was identified as being due to how the AddFAST processing was performed. As described in Section 5.2, insufficient combination of heat and applied pressure in the FAST stage left the addition structure with a rough outer surface, which the matrix was unable to bond with closely. This was due to the need to process at lower temperatures to avoid Al melting. Thus, the mismatch of the alloys’ viable process conditions in FAST has led to poor interface bonding, which contributes to the mechanical weakness. The previous discussion about mismatch of intrinsic material properties also applies, however, as some of the deterioration was caused by fracture within the matrix away from the interface – Figure 6.7 shows visible breakage within the matrix body. Alongside the observations on mismatch of material properties, the effect of the porous interface caused specifically by the materials’ processing requirements must be noted as a factor that can affect the mechanical strength of mixed-composition samples. This is especially significant if the intrinsic material properties can be combined without risk – the process conditions of the two alloys for densification in FAST must also be capable of smoothing the AM interface, to ensure good-quality bonding and prevent loss of mechanical strength.
     6.4.2   High-Temperature Properties
The stress-strain curves for the samples tested at high temperature are shown in Figure 6.8, as well as the simulated stress-strain curve of the lattice structure by itself. The 316L sample was tested at 350 °C and the A205 sample was tested at 380 °C – this was to avoid issues with melting temperature and enable comparison with available literature data, which is given is Table 6.2. Adjusting the process conditions was deemed practicable since the strength of the two sample sets would not be compared directly. All other testing parameters were as described previously. High-temperature stress-strain curves could not be provided for the Ti-6-4 Blanks in Figure 6.8, due to the Blank samples not being tested at the 350/380 °C temperatures used in these tests. This is due to the focus of the interpretation and analysis being on the comparison with the lattice design included in the composites, and hence it was not deemed necessary to fabricate and test additional samples to provide more-general context in these experiments.
Table 6.2: High temperature mechanical properties of 316L steel and A205 Al alloys [252], [258]-[262].
	Property
	316L steel
	A205 Al

	Young’s Modulus (GPa)
	172
	2.47

	Ultimate strength (MPa)
	490
	92.5

	Yield strength (MPa)
	215
	71.9



Figure 6.8: Stress-strain curves of a. the 316L steel matrix sample tested at 380 °C, b. the A205 Al matrix sample tested at 350 °C, c. the Ti-6-4 lattice by itself that was used as an addition in the AddFAST samples, simulated at 350 and 380 °C (both simulations produced the same data).
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The 316L matrix sample shows a significant increase in its ultimate strength compared to literature values. The yield strength and the shape of the samples’ deformation trend, however, are more similar to those of monolithic 316L in these conditions. The Young’s Modulus of the samples is closer to that of the AM lattice, despite this being lower than that of the steel. From these, it is apparent that the point at which the structure yields and the behaviour it follows after yielding are controlled by the matrix, but the loading required to achieve different degrees of deformation (other than the yield point of the matrix material) is affected by the AM lattice addition. This shows that the AddFAST process can affect the mechanical behaviour at high temperatures as well as low, in a way that combines the properties of both regions and utilises their advantages together. Seeing this behaviour at high temperature means that this composite behaviour can be utilised in high-temperature applications as well as low, but also that it will apply to the thermomechanical processing stages of manufacturing for parts whose service use is at low temperature. Being able to affect multiple stages of the component lifespan creates additional benefits of the AddFAST process and helps increase the process’ value.
In the A205 matrix sample, the impact of combining the Ti-6-4 addition with a matrix of much lower strength is again visible. The Young’s Modulus and ultimate strength of these samples are increased compared to literature values, and in Sample 2 the yield strength is significantly higher. All of these demonstrate the reinforcing effect of the Ti-6-4 AM structure in the composite. However, in Sample 1 the yield strength is very similar to conventional A205 in these conditions, and both samples show instability in the deformation very shortly after yield indicative of fracture and collapse in the sample. This shows that the difference in the lattice and matrix’s mechanical properties is still too great for both regions to survive the stresses required for deformation. The level of property disparity between alloys here is not suitable for either high or low temperature application/processing. The creation of an interpenetrating microstructural arrangement does not mitigate this effect. It is important to note that these properties will also be influenced by the poor-quality bonding between regions, as described previously – this will also lead to a significant loss in mechanical strength and toughness. This may also be the cause of Sample 1 yielding at a significantly lower stress, as particularly weak bonding in this sample may have led to less load transfer and reinforcement from the lattice. Overall, these results show that AddFAST parts that combine multiple alloy compositions can influence the part’s mechanical behaviour through combining the matrix and AM addition’s properties. This effect has been seen at both low and high temperatures, but combining properties that are too disparate can have significant consequences for the usability of the final item.
Resources available to us meant that it was not possible to investigate the effect of sintering an AM lattice into a matrix that had higher strength than the addition. Current results indicate that the mixed-composition samples’ behaviour follows that predicted by conventional composite theory – that is, the behaviour predicted from bonding a strong reinforcement throughout a softer matrix. Whether the behaviour of AddFAST samples with a stronger surrounding matrix also follow standard predictions will be a valuable question for future research.

     6.5   Microstructure of Post-Compression Samples

In all cases in this research, the compression tests ended in the samples fracturing. The fractured samples were sectioned through their thickness, polished and imaged to identify any significant fracture behaviours that occurred due to the composite microstructure. An example of a compression sample before and after testing is shown in Figure 6.9. All samples fractured in a diagonal shear crack through the middle of the sample, despite load being applied vertically. This is likely due to friction of the sample top and bottom surfaces against the flat platens of the compression test rig. The white dashed line on the fractured sample in Figure 6.9 shows an approximation of the plane that samples were sectioned along to view their microstructure, as described.
Figure 6.9: AddFAST compression samples before and after compression testing, with a representation of the sectioning plane used to inspect the through-thickness microstructure.












          6.5.1   Ti-6-4 Matrix Samples
The micrographs of the fractured Ti-6-4 matrix samples with the BCC lattice are shown in Figure 6.10. The crack is marked in white at the top of the images, and extends diagonally out of the page. Figure 6.10: Through-thickness polarised optical micrographs of the fractured Ti-6-4 compression samples containing the BCC lattice.


Although the lattice additions were positioned in the middle of their respective samples, there was no clear preference for the crack surface to pass through the AM grains or to avoid them. It was anticipated that larger, weaker AM grains may alter crack behaviour, possibly even acting as a channel for cracks to easily crack grow through (and be contained within). In these samples, however, overall fracture was similar to what would be expected if the AM lattice was not present. While this means that in this case the predicted complex behaviour did not appear, it also means that behaviour in fracture will be easy to predict for samples of this kind. When modifying sample microstructure in this way, any significant behaviours that the industrial designer can still reliably predict will improve the ease of application, even if the potential for that novel behaviour may be diminished. Similarly to the flow stress results, the composite may have a more-pronounced effect on fracture in other conditions, but for these samples it was confirmed that overall fracture was unaffected by AddFAST treatment.
	However, Figure 6.10 also shows the integrity of the composite structure even under a high degree of strain. The addition of an interface into the microstructure risked creating a site for delamination or tearing under load, causing the composite to come apart with reduced toughness. In these micrographs, however, it can be seen that the interface between composite regions is high-quality and has retained integrity even when strained to half height. This is an excellent and highly-important result for these samples, as it shows that a potential source of weakness in the composite was not seen and that the risk of internal delamination in the AddFAST composite parts does not create an inherent safety hazard. This means that they can safely be used in applications or forming procedures where high deformation strains may occur without causing safety concerns. Figure 6.10 also shows that the columnar grains from the AM and some features of the lattice structure can be seen in the fractured samples, which shows the level of deformation that the composite structures can withstand while still retaining features of the complex microstructure. However, intense shearing around the crack caused shear band formation, which disrupted or made less clear several of these features in multiple samples. As such, these results indicate that AM grain survival at these deformations is possible, but how often or clearly it occurs requires further investigation. Investigation will also be needed on whether the lack of delamination is still the case if the lattice-matrix interface becomes more pronounced, such as after surface treatment of the lattice.
	In a small number of these samples, smaller secondary cracks were also seen, as shown in Figure 6.11. These can serve to potentially indicate the behaviour of normal-sized cracks in larger items, compared to fracture in these small compression test cylinders. Secondary cracks in these samples sometimes originated from the larger crack surface at the top of the image, as seen in images b and c, but not in every case as shown in image a. Very small internal cracks can also be seen in images c-e. The micrographs show that the crack tip can penetrate the interface between the composite regions, made especially clear in images a and c – the cracks do not appear to be diverted or even significantly blunted. However, in image b and at the crack origin in image c the crack appears to grow along the direction of the interface for a period before eventually breaking away from it. The microcracks in images d and e also show this growth along the direction of the interface. These images together indicate that the composite grain interface could serve as a weak channel or guide for the crack growth. The crack following the shape of the interface indicates that it does not ignore the interface’s presence entirely, but the images showing it deviating away from or penetrating through it show that the interface does not have a strong effect on the crack. The crack path follows the interface shape until it become energetically easier for it to divert away from it, and when coming into contact with the interface it penetrates the interface if it would be energetically easier than being redirected to follow along it. The way that the cracks separate from or penetrate the interface also suggests that this is not delamination behaviour of the interface itself, supporting the previous conclusions. The behaviour seen shows that the interface can potentially channel cracks and encourage them to take a more-complex path, slowing their overall rate of growth through the part. However, it is apparent in these images that the energetic channel/barrier of the interface appears to be fairly small, given the lack of deviation of the crack path when it diverts from the interface or penetrates through it. In image c, the crack visibly diverts from the interface after only a short distance of following along it. As such, for this same-material pairing and process it should be expected to have a limited effect on properties. As with many other behaviours of these composites, the effect of changing the nature of the composite pairing and interface on this behaviour remains a significant question, in order to understand how much this effect varies or can be increased, which conditions or process alterations control this variation and what property trade-offs may accompany being able to increase the effect of this (or any other) behaviour.












Figure 6.11: Through-thickness polarised optical micrographs of the fractured Ti-6-4 compression samples containing the BCC lattice, showing secondary cracks of varying size. Smaller microcracks and notable interfacial features are circled in white.
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     6.5.2   Mixed-Composition Samples
The micrographs of the fractured 316L matrix samples are shown in Figure 6.12. 


Figure 6.12: Through-thickness polarised optical micrographs of the microstructure of the Ti-6-4 lattice/316L steel matrix samples containing the BCC lattice after room temperature compression.















For both the 316L and A205 samples, the emphasis was on understanding the effect of the deformation on the microstructural interface, rather than on the crack behaviour in the sample. Figure 6.12 shows that, after being deformed to half their height, the interfaces within the 316L samples were mostly, but not entirely, well-joined. For most of the interfacial region within the composite, the interfacial bond was dense, cohesive and high-quality. However, at several points notable pores had formed at the interface and grown to hazardous size. These would render the sample unfit for service if this deformation level was encountered. The observation that these pores appear at the interface in specific locations, rather than along the interface’s length, indicates that these are due to localised accumulation of plastic strain. Increasing strain levels as the soft matrix and hard reinforcement continue to deform leads to a higher effective stress on the interface, causing defects near the interface to grow and open up [263]. This effect was identified as present in AddFAST samples as it is in regular composites, once the items are deformed to a sufficient extent. ‘Sufficient’ refers to a level that will vary depending on the properties and bonding of the materials in question, and so must be considered for each combination. The risk of matrix decohesion must be accounted for when deforming mixed-composition samples, even for those whose properties and microstructure are high-quality under less-intensive conditions. This is especially significant for parts that encounter relatively little deformation in service, but significant levels in their manufacturing and shaping processes. 
However, it is still important to note that most of the interface remained high-quality and well-bonded. Although this would not eliminate the fact that the pore openings make the part unsuitable for service, it shows the quality of the bond in the original sample that much of it remains cohesive after a major degree of deformation. The creation of bonds this strong is promising for AddFAST processing, but it is clearly visible here that this is only true up to a critical degree of strain. The fact that the interface separates in locally-growing pores, rather than delamination cracks that spread along the interface, indicates that composite failure by this method would be gradual in nature rather than catastrophic. This means the onset of deteriorating mechanical properties would be slower and give more time to respond or retire the part, which is valuable in important components.
The micrographs of the fractured A205 Al matrix samples are shown in Figure 6.13.
Figure 6.13: Through-thickness polarised optical micrographs of the microstructure of the Ti-6-4 lattice/A205 Al matrix samples containing the BCC lattice after room temperature compression.












The effect in this Figure of the difference in strength between the two regions is clear. Under the loads required to compress the composite, with the strength provided by the Ti-6-4 reinforcement, the A205 matrix has collapsed and fractured leaving large cavities. This will likely have been aided by the poor bonding at the interface between regions. Such catastrophic failure makes clear the unsuitability of the A205 matrix part in this project for load-bearing use, and shows the consequence for AddFAST parts of combining materials that have too great a difference in strengths – the weaker matrix will fail under the required load of the reinforcement. Confirming that this effect is present in AddFAST mixed-composition items identifies an important guideline, or confirms the applicability of a known guideline to this process, and demonstrates the crucial necessity of it being followed. These results also further confirm the importance of ensuring high-quality bonding between the matrix and addition structure, as it contributes to such a significant loss in quality. This bonding factor is controlled by careful and appropriate selection of parameters at the FAST stage of processing, based on the choice of materials.

     6.6   Chapter Summary

In this chapter, AddFAST samples were tested in compression to examine the effect of the process on the part’s mechanical properties. In the samples containing Ti-6-4 lattice and matrix, almost no difference was seen between the AddFAST samples and the blank samples of purely FAST-processed powder containing no lattice addition. This was the same regardless of the lattice structure used in the samples, despite the difference in structural features and strength of each lattice by themselves. This lack of variation confounded attempts to investigate the effects of lattice design anisotropy on the strength of the overall AddFAST composite. A slight increase in strain to failure and decrease in yield stress was seen in the samples containing cylindrical monoliths of solid AM material. This was theorised to be due to the increased volume fraction occupied by AM grains in these samples. These samples would all possess the complex grain architecture created by the AddFAST process. The lack of difference in mechanical strength would mean that their mechanical behaviour would be consistent and easy to predict, while allowing use of the complex microstructure of the parts.
Compression testing was performed on the AddFAST samples at 950 °C to investigate high-temperature mechanical performance. The samples containing BCC, HCP and Honeycomb lattice designs showed similar properties to the blank samples, as they did at low temperature. The samples containing the monolithic AM cylinders, however, showed a reduction in yield strength and an increase in strain to failure. These effects were more pronounced in the samples containing the larger cylinder design. This supported the previous theory that the effect of the AM inclusions on mechanical properties only became apparent when they occupied a sufficient volume fraction, especially since the larger AM cylinder had more impact on properties despite only differing from the smaller AM cylinder in its height.
Compression testing was performed on samples that used 316L steel and A205 Al alloy for the matrix material, combined with the Ti-6-4 lattices. At room temperature, the 316L steel matrix sample showed increased yield strength and ultimate strength from the inclusion of the Ti-6-4 lattice, and the Young’s Modulus and deformation trend of the composite were closer to the behaviour of the lattice inclusion than the matrix. This showed that the mixed-composition samples followed the conventional behaviour of composites with strong reinforcements and softer matrix. Conventional predictions of load transfer behaviour in hard-soft composites, therefore, were found to be applicable to these AddFAST samples. The Ti-6-4 lattices in these samples only occupied a small volume fraction of the sample, compared to the monolithic AM cylinders in the Ti-6-4 matrix samples, demonstrating that the lattice inclusion’s properties can impact on the mechanical properties of the AddFAST composite sample. The lack of effect in the same-composition samples is due to the lesser difference between the matrix and reinforcement’s properties.
The A205 matrix samples also showed an increase in ultimate strength from the addition of the Ti-6-4 lattice, as well as its deformation trend being affected by the presence of the lattice. This indicates the lattice’s presence has again affected the properties of the part, increasing the strength of the composite by receiving the increased load. However, at a low level of strain the A205 matrix composites showed deformation instability due to the matrix cracking and beginning to fracture. This catastrophic failure would make them unusable in load-bearing applications. The difference between the two materials’ mechanical properties was too great to be applicable in service, as the stress required to deform the lattice addition became too much for the matrix to bear without failure. These findings underlined the importance of matching the properties of materials carefully for mixed-composition samples in AddFAST. It should, however, be noted that the poor interfacial bonding identified in Chapter 5 in the A205 matrix samples will also have impacted this structural weakness, although it is highly unlikely to have been the only source.
316L and A205 matrix samples were tested in compression at high temperature. The 316L steel matrix samples showed that the ultimate strength and Young’s Modulus of the composites were affected by the presence of the lattice addition, while the yield behaviour was controlled by the 316L matrix. The load transfer behaviour that would be predicted from the reinforcement is present at high temperature. In the A205 matrix samples, the high-temperature compression again shows a reinforcement effect from the lattice addition, with an increase in the composite’s ultimate strength and yield strength. However, these samples show instability and fracturing of the matrix, as seen with the room-temperature compression.
The through-thickness microstructure of the compressed samples were studied. The passage of the macro-scale failure crack through the testpieces appeared to be unaffected by the presence of the AM lattice. However, even after compression to half their height, the AM and lattice regions of the sample remained well-bonded. The two microstructure regions were cohesive and still joined rather than delaminating or splitting. The two regions were also still easy to identify and the structure of the AM lattice could still be made out, rather than becoming lost due to the deformation of the part. Large grain features could still be identified in the AM regions, although shearing around the crack caused some disruption of the microstructure and loss of feature clarity.
In some samples, small sub-cracks were seen within the microstructure. In some cases, the sub-cracks would penetrate straight through the interface between the two regions without being diverted. In others, however, the sub-crack appeared to follow the direction of the interface for brief periods before breaking away. These indicate that the lattice-matrix interface could potentially serve as a weak guide or channel for crack growth. However, this would only be likely to be a low-energy barrier.
In the 316L matrix samples, the compressed microstructure showed a cohesive bond between the lattice and matrix in most areas. However, in some places, large pores had opened at the interface that would cause a significant hazard in application. This was determined to be due to strain accumulation at the interface. At high levels of deformation, a mismatch between mechanical properties that does not lead to macroscale fracture may lead to void opening at the microstructural interface. The A205 matrix samples showed large cavities due to collapse of the matrix under the applied loads, further demonstrating the importance of matching properties appropriately when combining alloys to prevent catastrophic failure of the part.


7. Conclusions and Future Work
 
     7.1   Conclusions

In this thesis, a processing method called ‘AddFAST’ has been demonstrated and shown to be a viable process for producing parts with complex arranged microstructures. This has been demonstrated primarily with Ti-6-4 and simple unit cell designs, but the process has the ability to be applied to other compositions and structures that expand application. A selection of processing parameters and practical processing factors have been varied to establish their effect on the final AddFAST part. This has identified not only an initial processing surface for this sample set, but also guidelines that can be applied more widely and used to inform material and processing selection for samples and structures that have not been investigated. The mechanical suitability and effect of the AddFAST process on mechanical properties of these parts have also been tested, and guidelines that can test viable applications and their opportunities have been determined.
7.1.1   Microstructure of AddFAST Parts
The AddFAST sample sintered at 950 °C with Ti-6-4 matrix and lattice showed a complex microstructure of different grain regions. The sintered sample showed two clear regions of grain morphology: one of small, equiaxed grains from the sintered powder and the other of large, columnar grains from the AM lattice. The interface between the two regions was well-bonded with no pore segregation in this or any of the other samples; it was also clear and sharp, with a precise boundary between regions. The arrangement and distribution of the AM regions indicates that the architecture of the lattice addition survives into the final part, with the shape of the addition creating the interpenetrating distribution of AM grains in the AddFAST part. The results, overall, demonstrate that the AddFAST process can create complex microstructures combining different microstructural regions with a high level of microstructural quality and control over its arrangement.
	As well as the densification of the matrix and quality of the interface, the AddFAST sintering stage closed porosity in the AM lattice that was residual from its own production. Porosity in the AM regions of the AddFAST sample was significantly lower than in the original lattice with no further treatment. The large grains in the AM lattice region of the microstructure included a number of small sub-grain structures. These were identified as α’ martensitic grains from the original AM lattice, caused by rapid cooling in the AM process, which were subsequently transformed into α laths due to the heat of FAST processing. Compressive strain in FAST was found to be unaffected by the presence of the lattice addition, indicating that mechanical response to the processing load will be the same, and thus predictable, in AddFAST samples compared to conventional FAST parts.
	Crystallographic texture of the AddFAST sample was mapped by EBSD analysis. Contrasting to the random texture of the surrounding matrix grains, the columnar AM grains showed long regions of continued background orientation. The sub-grain laths within the AM grains create small areas of different orientation within the larger aligned region. The texture distribution, like the grain morphology distribution, follows the design of the AM lattice with a clear, sharp interface between the matrix and the addition.
	The ease of powder infiltration into lattice structures by simple pouring methods was investigated using powder with very high particle size distribution, infiltrating into the fine BCC lattice structure. Powder was able to infiltrate into the structure consistently despite powder diameters being 1.7-7.1 times larger than the access point through the openings. This was attributed to the heat in the FAST process allowing powders to flow under the applied load.
	The FAST processing caused the AM structures within the samples to be compressed by 27-37% of their original size under the standard FAST conditions of this project (950 °C, 10 mins dwell and 35 MPa). In all of these samples, the AM structures within the part also fell through 90° during FAST, resting on its long edge in the final part before bonding with the matrix was completed. The forces applied during the early stages of compression must have been sufficient to cause this fall, and the observation that the structure was compressed by 37% of its original height before toppling shows that it did encounter this applied force. The change in dimensions by 27-37% before falling, which may not be the full extent of deformation that would have been encountered had they remained upright, shows that the final AM arrangement of grains can be significantly deformed from the original printed structure after the FAST process. This process stage requires that margins and expanded proportions be built into the original AM structure to account for deformation that occurs in processing.
7.1.2   Effect of FAST Process Parameters
AddFAST samples were processed at a series of temperatures between 850-1100 °C. Below 950 °C, the samples’ matrices were highly porous and inappropriate for service. The lattice regions of these samples were also more porous than in the 950 °C sample, but less porous than in the original AM lattice. This further demonstrates the FAST stage’s ability to close residual AM porosity, as it illustrates the densification of this region in progress. The sub-grain features within the AM region also broadened slightly with increasing FAST temperature.
	Above 950 °C, the separate regions of the composite microstructure started to become less clear. By 1100 °C, the distinction was lost entirely – the different regions of the microstructure no longer had a discernible difference. Processing the samples in FAST above the beta transus temperature of Ti-6-4, which is 980 °C, caused the two regions of the microstructure to begin transforming to β titanium. This caused the microstructure to normalise as the two parts transformed as one when cooling. Samples processed at 1000 °C for 15 mins, increased from 10, showed the two regions become less clear but not be normalised entirely which demonstrates this effect in progress. Processing above the beta transus did not immediately cause distinction to be lost in the final sample – enough time and heat in processing was required for the microstructure to transform. Preventing the beta transformation and avoiding processing above the beta transus for extended times or temperatures was identified as a guideline for production of AddFAST parts in the future, when using the same composition in both regions.
	Crystallographic texture of the 1100 °C sample was mapped by EBSD. The complex arrangement of texture was also absent from this sample, as well as the morphology. This mapping also made apparent that temperature inhomogeneity can cause small areas of AM grains to survive even these process conditions above the beta transus, but also that these grains will be surrounded by large grains with much less contrast to the matrix and effect on properties from their presence.
	Samples were processed at 850 and 900 °C for dwell times between 30 and 75 mins, and at 950 °C for 30 and 45 mins. The composite structure, with its different regions of highly-contrasting grain structure, were apparent and identifiable in all samples. Two samples processed at 900 °C showed some reduced clarity of the columnar grains in the AM region, but this trait was not consistent or correlated with any other parameters or factors. The interface between the composite regions was also dense and well-bonded in all of these samples, including a continued lack of pore segregation. Grain size within the AM regions of the composites was found to be unchanged for all samples, while sub-grain laths grew longer ultimately constrained by the size of the grain into which they formed. The relative importance of the FAST dwell temperature over the dwell time was established, as a small variation in process temperature had a much greater impact on the composite quality compared to a large variation in time that would theoretically lead to more overall energetic input.
	The 850-950 °C samples processed for very long dwell periods also showed unacceptable levels of porosity in the matrices for all of the 850 °C samples and the 900 °C samples processed for less than 60 mins. The need to use very long dwell periods to ensure consolidation when processing at these temperatures, and that some temperatures may never achieve densification within time periods that are economically viable, were identified.
	Energy use of different parameter combinations that were used for the FAST processing stage in this work were determined. Samples processed at higher temperatures (1100 °C compared to 950 °C, for example) required more energy as expected, but samples processed for longer dwell periods (60 mins compared to 10 mins, for example) required a much greater energy input both flatly and when compared to producing similar microstructures by raising process temperature. The lack of energy efficiency and increased associated costs establish that processing at high temperatures for a shorter period is preferable compared to longer low-temperature processing, if both options are available for a particular sample.
7.1.3   Effect of Matrix Composition
Samples produced with a near-α Ti alloy (Ti-6-2-4-2) and the Ti-6-4 lattice showed a clear composite structure and visible distinction between the AM grains and matrix. Bonding was also dense and high-quality without pore segregation. This confirmed fundamentally that AddFAST processing can be used to combine different material compositions together into one sample, one in each of the two different microstructural regions. The Ti-6-2-4-2 matrix showed hazardous levels of porosity, however, and notably more porosity than in the Ti-6-4 samples processed in the same conditions. This demonstrated the need to choose process conditions for AddFAST mixed-composition samples with the less-sinterable of the materials in mind. The porosity was determined to be due to Ti-6-2-4-2’s higher creep resistance, increasing the activation energy needed for mass transfer processes in sintering. This has identified a parameter that controls the intensity of process parameters a sample will require, creating a guideline of one way to identify samples whose processing requirements may be too disparate to sinter together that applies to this processing method as in others.
	Samples were produced using 316L stainless steel, A205 Al alloy and Inconel 718 Ni superalloy as matrix powder. The two regions of the microstructure were visible and distinctive in all samples, with the large AM grains still clear in the lattice region of the samples. The samples were able to combine alloys of different main elements into one part with the intended combination of microstructural regions. In the 316L and Inconel matrix samples, the interface was dense and well-bonded, indicating that these samples would be potentially applicable to load-bearing applications. In the A205 matrix samples, the interface was poor quality and several large regions of pores were visible. This was determined to be due to the processing parameters used in FAST for the A205 samples. The temperature suited for densifying the Al alloy was not enough, with the applied load of the process, to thermomechanically smooth the rough outer edge of the Ti-6-4 lattice addition. This meant that the A205 was less able to bond cohesively with the rough surface of the addition and lead to a poor-quality interface. This identifies the importance of this smoothing effect on the quality of the final composite part, and a process guideline for prospective material combinations for AddFAST items: the processing parameters to densify the sample thoroughly must also be enough to thermomechanically deform the outer surface of the rough AM structure, or final part quality will be insufficient for mechanical application.
	The 316L steel and Inconel 718 mixed-composition samples which required processing above Ti-6-4’s beta transus (in order to sinter the matrix fully) still showed the clear composite microstructure and distinction in regions. The AM regions still showed large grain features beyond what would be achievable purely by FAST, but the grains were now more rounded and equiaxed in shape compared to columnar morphologies seen in the original lattice and sub-transus AddFAST microstructures. This means that the high-temperature homogenisation and loss of the composite above the transus is only a hazard to same-composition samples. However, the exact morphology of these grains had changed from columnar to more-equiaxed in shape.
	The interface between the lattice and matrix in the 316L and Inconel 718 samples showed a small, but easily visible, interfacial region in the lattice. EDS analysis determined that these were elemental interdiffusion zones. Intermetallic phases were not detected at the interface of any of the mixed-composition samples, despite the principal elements of each matrix alloy being capable of forming intermetallics with Ti. This indicates that intermetallic formation is limited or suppressed in the AddFAST samples, which is beneficial for mechanical properties and service life.
7.1.4   Mechanical Properties of Same-Composition AddFAST Parts
Mechanical strength of AddFAST samples with a Ti-6-4 matrix and addition was found to depend on the nature of the addition used. With lattice designs, the AddFAST samples showed no difference in strength or deformation compared to samples of FAST-processed Ti-6-4 that had no AM addition. This was the same regardless of lattice design and lattice orientation. These samples that had no difference in mechanical strength were the same as those that showed complex arrangements in microstructure. In the samples whose AM addition were solid cylindrical monoliths, there was a small decrease in strength and increase in deformability. This difference in mechanical properties was proposed to be due to the large prior β grains in the AM regions of the composite, with the internal sub-grain laths potentially mitigating their impact and altering the extent of the strength loss. The higher volume fraction occupied by the AM addition by the cylindrical samples (48-60%, compared to 6-18% for the lattice designs) increased the degree of AM grain presence in the composite and so may have been the source of the increased effect on mechanical properties.
	Mechanical testing was performed at high temperature to see how the AM additions affected performance in this range. The samples containing the lattice designs, similar to the room-temperature processing, showed no meaningful difference to the samples of pure FAST-processed Ti-6-4. In the samples containing monolithic AM cylinders, the composite’s strength was lower and its deformability increased compared to the FAST-processed Ti-6-4. This result was also more pronounced in the samples containing the larger design of the two monolithic structures used. This gives greater confidence that the AM grain region can impact on the mechanical properties of the part, when the sample’s design allows, and that this is increased with a higher volume fraction occupied by the large AM grains.
	Through-thickness microscopy showed that after compressive straining to half their height, the AddFAST composite fractured but continued to show a high-quality join between lattice and matrix regions. The interface did not delaminate or create a point of weakness under high degrees of deformation. The large columnar grains of the AM regions and the shape of the lattice structure were also still visible, although shearing in the immediate area around the crack surface did disrupt or reduce the clarity of grain structures in this area.
	The progress of the fracture crack through the composite when failing was a direct route through the body of the part. The crack’s progression did not appear to be affected by the inclusion of the AM grain regions from the lattice addition. When small sub-cracks occurred in the sample, however, they appeared to have a weak interaction with the composite interface. In some areas the cracks penetrated the interface and continued without even diversion, but in some the crack appears to briefly follow the interface before breaking away from it and progressing. This indicates that the interface can have a potential interaction with cracks to alter or hinder their progression, but that in this arrangement it is too weak to have a significant effect.
7.1.5   Mechanical Properties of Mixed-Composition AddFAST Parts
Samples with matrices of 316L steel and A205 Al matrix were tested in mechanical compression to see how the AddFAST process and Ti-6-4 addition affected their properties. For the 316L steel, the AddFAST sample showed an increased yield strength and ultimate strength compared to literature values of 316L, and the composite’s Young’s Modulus was closer in value to that of the AM lattice addition. The sample followed a deformation trend based more on that of the lattice than the matrix material by itself. The lattice addition had a major impact on the properties of the matrix material, in line with the behaviour of conventional composites combining a soft matrix with a harder reinforcement. The 316L matrix, in turn, increased the deformability and overall strength of the sample compared to the original AM lattice by itself.
	The A205 Al matrix sample also showed an increase in ultimate strength from the inclusion of the AM lattice as well as its deformation trend being influenced by that of the addition. However, the samples also fractured shortly into the testing with the A205 matrix splitting or cracking as the required load to deform the composite became too much for the matrix material to bear. The effect that too great a disparity in mechanical properties has on the sample identified an important guideline for choosing viable composition pairings in the future, and confirms that behaviours expected in normal composites for these conditions apply to these AddFAST composites as well. Structural weakness and crumbling of the structure will also have been affected by the poor-quality bonding and porosity of the A205 samples’ interface.
	AddFAST parts with 316L and A205 matrices were tested mechanically at high temperature as well. The 316L samples again showed that the ultimate strength, the Young’s Modulus and the level of stress required for different deformations were affected by the presence of the lattice, with the overall strength increasing from its presence. The yield strength and shape of the deformation trend, however, were closer to those of the 316L steel. The AddFAST composite impacted on the high temperature behaviour as well as room temperature, with the matrix material impacting the deformation of the part and the reinforcement impacting the stress required to do so. This also suggests again that predictions for conventional composites can be applied to these AddFAST parts as well.
	The A205 alloy matrix samples show an increased Young’s Modulus before yield and ultimate strength due to the addition of the AM structure, demonstrating its effect as a reinforcement in this pairing. However, the samples showed instability and fracture shortly after yield. This effect of combining materials with too great a difference in mechanical strength was found to be true at high temperature as well as in room temperature deformation. This, like the room temperature results, will have been impacted by the poor bonding and porosity at the internal interface between composite regions.
Through-thickness micrographs of the deformed samples’ microstructure showed that the two distinct areas of the composite were visible in both the 316L and A205 matrix samples. After deformation to half height, the interface between the addition and the matrix was still dense and well-bonded in most of the 316L samples. However, in some areas voids and porosity opened at the interface and grew to hazardous size due to accumulation of plastic strain at the interface with deformation. This identified an important guideline for processing and deforming mixed-composition samples made by AddFAST, which is in line with standard behaviour and predictions of highly deformed hard-soft reinforcement composites. The interface, however, did not delaminate or break apart entirely at any point in these samples, even as decohesion pores grew. In the A205 matrix samples, the samples show very large cavities from where the matrix has collapsed and fractured. The difference in load-bearing capacity and weakness of the interface caused catastrophic failure of the matrix as the composite deformed to the levels required by the compression testing. These results identified some limitations on the disparity between the mechanical properties of materials that can be combined together for load-bearing applications by this method, as well as the seriousness of the failure when these limits are not observed.
7.1.6   AddFAST Toolkit: Principles for Effective Fabrication
When using the AddFAST process to create industrial parts, the engineer should consider the following principles to ensure the production of high-quality parts which are suitable for use and allow the complex composite microstructure to be utilised:
· Phase transformations (in these samples, the beta transus temperature) should be avoided if they could cause the complex microstructure to be normalised.
· Processing near the phase transformation temperature for lengthy periods may damage the composite microstructure. This is due to thermal inhomogeneities in the FAST process leading to transformation and normalisation in local areas of the composite.
· The FAST process parameters must be sufficient to densify the matrix material fully. Creep strain rate can be used to help identify compositions that may require more-intensive processing.
· Samples can be successfully processed at both higher FAST temperatures for shorter dwell durations and lower temperatures for longer dwell durations. However, lower temperatures and longer dwell periods use significantly more energy for similar final sintering quality.
· The rough outer surface of the AM lattice should be smoothed to create strong bonding. The applied load in the process means this can be done within the FAST processing stage, but only if the lattice material is softened sufficiently. The dwell temperature, therefore, must be high enough for the load in the FAST process to be able to thermomechanically work and smooth the lattice's rough outer surface.
· If combining multiple alloys in FAST, the conditions required to densify the matrix material effectively has to be balanced with the need to heat the lattice sufficiently for smoothing of the surface. If retaining the columnar AM grains within the lattice is intended, the lattice material's phase transformation temperature values must also be considered.
· When combining multiple alloys in one composite, the values of their significant properties should be close enough that the materials can be combined. For example, in this thesis a large difference in strength between the lattice and matrix lead to the matrix fracturing under the load required for deforming the lattice.
· The AM structure should be built to a size that will allow its properties to be expressed in the final composite. If the difference in properties between the AM addition and the matrix is only small, the addition may have to occupy a large volume fraction to begin to have an effect on behaviour of the sintered part. If the addition and matrix have a greater difference in properties, smaller additions will be needed to affect the properties of the composite.
· The original AM structure should be built taller and with greater spacing between its features in the z-axis than is intended in the final composite microstructure. This is to allow for the compression in the FAST process. Current estimates indicate that a scaling factor of at least a third should be applied, which may be an underestimate.
· If influencing the shape and size of the grains in the AM region is intended, this should be focused on the AM printing stage. The AM microstructure resulting from printing is largely unchanged by the subsequent FAST processing stage.

     7.2   Future Work

Research focused previously on combining AM and FAST in one part has chiefly been centred on a specific purpose – a particular process method, material combination or industrial part, designed to address a particular challenge. With little systematic study on how to apply this combined processing method more broadly and limitations on doing so, there is a great degree of future potential work on understanding guidelines and limits that inform the viable options for this process and its applications. Research potential is also apparent for ways to optimise and increase the effect of AddFAST processing on mechanical properties, particularly for single-composition samples, and to investigate other potential properties of the composites that this thesis was unable to discuss.
The major items of future research opportunity are listed below:
1. Investigation into the effect of varying FAST process parameters on the AddFAST part has focused in this work on the dwell temperature and dwell time. The effect of variations in heating rate, cooling rate and applied pressure will also be significant, and identifying an overall precedence of the importance of different FAST processing factors will be important for developing the process and increasing its application in industry with confidence.
2. When combining materials for FAST processing, there are numerous material properties that may have an impact when values are dissimilar to each other. Continuing to establish guidelines that identify viable combinations will be important for future process development.
3. AM structure designs for this project have been strut-based lattices based on simple designs. Although results in this work have demonstrated excellent ability for powder to infiltrate and densify within small openings of the structure compared to their own size, it will be significant to experimentally investigate degrees of structural fineness, complexity and tortuosity that may impose limits on the matrix’s ability to infiltrate and bond throughout cohesively. Ideally, this would identify guidelines on design features and structural elements that create problems (or are confirmed to not create problems), which can be used to inform future AM designs used for this purpose. Guidelines are particularly valuable for this purpose due to the freeform nature of AM fabrication meaning that comprehensive testing of all possible options is not even conceptually achievable.
4. Although bonding between various AM structures and the Ti-6-4 matrix was generally high-quality in this thesis, there will be potential AM features that would cause structural problems and lead to compromised behaviour after sintering. In particular, identifying types of features that can cause stress concentrations once the part is loaded in service will be significant. This includes concentrations that only become significant and damaging under extremely high loads or after long periods of continuous load application – if certain design choices will create hazards under certain conditions, guidelines of those features and conditions should be identified to ensure the part’s safety in application. Similar to previous comments, the freeform design possibilities of AM mean that the type of structural features that could lead to compromised integrity may not resemble elements from common structural design guidance, or even of common structural design at all.
5. The attempt to investigate whether anisotropy of the AM lattice affected behaviour of the AddFAST composite was frustrated in this work by issues identifying the effect of the AM lattice on the strength of the Ti-6-4 matrix samples regardless of orientation. Once the contribution of the lattice to the mechanical properties of the composite has been increased – or in mixed-composition samples where the addition’s impact is more evident – it will be important to understand the effect of the lattice anisotropy on the part’s loading response in different directions. Establishing whether and how the deformation trend of the lattice affects the deformation of the AddFAST part will also be useful, especially as a potential avenue to tailor the composite’s behaviour.
6. The need for the AM structure’s surface to be thermomechanically smoothed during FAST, as identified with the mixed-composition samples, prompts research into identifying limits and practical knowledge around this issue. If a temperature requirement difference between materials is too great for the AM surface to be deformed, for example, it may be possible for the matrix to still bond with the rough surface by providing sufficient sintering time.
7. The lack of intermetallic formation at the interface in mixed-composition samples is beneficial, but it is difficult to see from these results whether it is a unique benefit of the FAST processing route compared to other methods. Processing the Ti-6-4 lattice with pure Fe, Ni and Al powder, without diffusion-inhibiting alloy elements, may reveal whether the conditions and nature of the FAST process particularly suppress the formation of intermetallics. This, naturally, is investigable with other alloy element pairs as well – doing so will be beneficial to keep developing process guidelines for broadening application of this method. Electron Microscopy, X-Ray Diffraction and Differential Scanning Calorimetry may be valuable methods in investigating the formation, or lack thereof, of intermetallics at the region interface.
8. The mixed-composition samples that were mechanically tested in this project used matrix alloys that were weaker than Ti-6-4, both at room and high temperature. Investigating the behaviour of AddFAST composites where the matrix is higher in strength than the addition, and how this response can be tailored or optimised, will be useful in future research.
9. The ability to introduce areas of large grains to the microstructure from the AM structure may have potential effects on creep resistance. Large grains give greater resistance to creep and the design and placement of the AM lattice could allow for high levels of control and precision in their distribution in the microstructure. Examining and testing the creep response of AddFAST components could yield interesting results.
10. It was theorised before testing that large regions of larger, weaker AM grains may have an effect on the behaviour of cracks in the microstructure. Although the main body crack in the compression samples was not affected by the microstructure, the microcracks appear to be affected by the interface between the regions to a small degree. Whether this effect could be increased so that the interface obstructs the progression of cracks or, alternatively, the weaker material channels cracks and keeps them within a contained area of the microstructure, is a subject with potential for further investigation. This is especially the case given the ability to design the AM structure to form a complexly-shaped barrier. It may be that increasing the volume fraction occupied by the AM region, increasing the strength of the interface or using different materials with a greater difference between the properties of AM addition and matrix would make this effect more pronounced.
11. Understanding the behaviour of subcritical cracks that grow slowly through cyclic loading will also be important for these composites. Firstly, in order to be reliably applied in industry, the composites’ response to fatigue and safety in long-term service under cyclic loads must be understood and guaranteed to ensure the parts are safe for use. Secondly, if there is the potential for resistance to crack motion at the composite interface, it will be significant to investigate whether this affects the growth of slow subcritical fatigue cracks differently to its response to crucial catastrophic fractures.
12. The effect of time and temperature on the microstructure of AddFAST parts in this work has focused on the processing stage, where 45 minutes is considered a long dwell period. The effect of long-term exposure to high temperature, even ‘safe’ temperature values away from phase transformation temperatures, on the microstructure of the composites is crucial to establish security in the part’s performance throughout a service lifetime. Testing the effect of exposure to different temperatures over various extended periods will help determine the effect of time and temperature exposure on the composite after the processing step. High-resolution microstructure may be a valuable tool for future analysis to closely examine the development of fine microstructural features, possibly including electron microscopy. Cross-polarised optical microscopy was deemed appropriate for the main focus of analysis in this thesis, but more-powerful methods may become valuable in future development of the process.
13. Simulation of AddFAST composites in this work has consisted of very simple, low-complexity simulations to investigate the behaviour and effect of different lattice designs. Simulation work could be significantly expanded to obtain more-accurate information on the effect of different lattice designs on the AddFAST composites’ strength once sintered into a powder matrix, and thus to investigate the effect of new designs during the conceptual stage without less requirement for building of parts and physical testing (creation of the design in a CAD file is a necessary stage of AM building regardless, so virtual testing is easily-integrated). Simulations can also investigate, for example, how the lattice structure deforms within the component as it is compressed, or how stress and strain evolve at the composite interface as it is loaded and partition between the regions of the composite.
14. One potential way to alter the lattice’s impact on the sintered composite’s properties is to surface treat it before addition. Theoretically, this could create a complex-shaped reinforcement within the AddFAST part and increase its mechanical strength, perhaps even without an increase in AM volume fraction. However, it may also create issues such as increasing brittleness and the strong altered surface of the treated lattice being harder to deform, which may leave it rougher and have consequences for sintering quality.
15. The arrangement of AM grains in an architectured distribution within the sample could have interesting potential for functional properties. The AM grains are large, columnar and of consistent grain orientation for much greater distances than the surrounding matrix. These features are very significant for functional properties, such as thermal and electromagnetic behaviour, and there is a great deal of research potential for investigating if and how this microstructure impacts the functional properties of the part. If an effect is seen, the complex, controllable and precise arrangement of AM grain regions that can be created could lead to novel behaviours and applications.
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Appendix 1 – Particle Size Distribution Data

Ti-6-4:
	Measurement
	Dx(10) (μm)
	Dx(50) (μm)
	Dx(90) (μm)
	Relative Span
	Weighted Residual (%)
	Residual (%)

	1
	19.5
	30
	45
	0.85
	0.50
	0.54

	2
	19.5
	30
	45
	0.85
	0.51
	0.54

	3
	19.5
	30
	45
	0.85
	0.51
	0.54

	4
	19.5
	30
	45
	0.85
	0.51
	0.54

	5
	19.5
	30
	45
	0.85
	0.51
	0.54

	6
	19.5
	30
	45
	0.85
	0.51
	0.54

	7
	19.5
	30
	45
	0.85
	0.51
	0.54

	8
	19.5
	30
	45
	0.85
	0.51
	0.54

	9
	19.5
	30
	45
	0.85
	0.51
	0.54

	10
	19.5
	30
	45
	0.85
	0.51
	0.54

	Average
	19.5
	30
	45
	0.85
	0.51
	0.54











Ti-6-2-4-2:
	Measurement
	Dx(10) (μm)
	Dx(50) (μm)
	Dx(90) (μm)
	Relative Span
	Weighted Residual (%)
	Residual (%)

	1
	24.4
	38.4
	58.4
	0.89
	0.80
	0.87

	2
	24.4
	38.4
	58.5
	0.88
	0.80
	0.87

	3
	24.4
	38.4
	58.4
	0.89
	0.80
	0.87

	4
	24.4
	38.4
	58.4
	0.89
	0.80
	0.87

	5
	24.4
	38.4
	58.4
	0.89
	0.80
	0.87

	6
	24.4
	38.4
	58.4
	0.89
	0.80
	0.87

	7
	24.4
	38.4
	58.4
	0.89
	0.80
	0.87

	8
	24.4
	38.4
	58.5
	0.88
	0.80
	0.87

	9
	24.4
	38.3
	58.4
	0.89
	0.80
	0.87

	10
	24.4
	38.3
	58.4
	0.89
	0.80
	0.87

	Average
	24.4
	38.4
	58.4
	0.89
	0.80
	0.87



Ti-3-8-6-4-4, ‘finer’ sample:
	Measurement
	Dx(10) (μm)
	Dx(50) (μm)
	Dx(90) (μm)
	Relative Span
	Weighted Residual (%)
	Residual (%)

	1
	31.7
	108
	283
	2.33
	0.3
	0.31

	2
	28.7
	95.8
	253
	2.34
	0.26
	0.27

	3
	28.9
	99.2
	270
	2.43
	0.25
	0.27

	4
	27.8
	93.6
	253
	2.41
	0.24
	0.25

	5
	29.3
	103
	277
	2.40
	0.3
	0.31

	6
	28.5
	97.9
	257
	2.33
	0.29
	0.3

	7
	28.4
	97.1
	252
	2.30
	0.29
	0.3

	8
	30.2
	105
	267
	2.26
	0.35
	0.35

	9
	29.6
	106
	276
	2.32
	0.35
	0.36

	10
	30.2
	107
	285
	2.38
	0.33
	0.33

	Average
	29.3
	101
	267
	2.35
	0.3
	0.3



Ti-3-8-6-4-4, ‘coarser’ sample:
	Measurement
	Dx(10) (μm)
	Dx(50) (μm)
	Dx(90) (μm)
	Relative Span
	Weighted Residual (%)
	Residual (%)

	1
	200
	305
	432
	0.76
	1.29
	1.3

	2
	213
	307
	431
	0.71
	1.05
	1.09

	3
	201
	304
	431
	0.76
	1.16
	1.19

	4
	225
	317
	437
	0.67
	1.02
	1.05

	5
	196
	305
	427
	0.76
	1.38
	1.38

	6
	216
	310
	430
	0.68
	1.14
	1.18

	7
	228
	318
	436
	0.65
	1.07
	1.1

	8
	228
	322
	442
	0.66
	1.2
	1.18

	9
	225
	317
	435
	0.66
	1.19
	1.18

	10
	233
	323
	440
	0.64
	1.1
	1.11

	Average
	217
	313
	435
	0.70
	1.16
	1.18



316l Steel:
	Measurement
	Dx(10) (μm)
	Dx(50) (μm)
	Dx(90) (μm)
	Relative Span
	Weighted Residual (%)
	Residual (%)

	1
	6.09
	16.4
	159
	9.32
	0.66
	0.89

	2
	6.24
	16.9
	158
	8.98
	0.64
	0.61

	3
	6.42
	17.4
	158
	8.71
	0.93
	0.89

	4
	6.57
	17.6
	155
	8.43
	0.9
	0.86

	5
	6.83
	18.4
	171
	8.92
	0.88
	0.84

	6
	6.89
	18.2
	160
	8.41
	0.86
	0.82

	7
	7.12
	19.1
	175
	8.79
	0.79
	0.76

	8
	7.04
	18.1
	159
	8.40
	0.83
	0.79

	9
	7.13
	18.2
	157
	8.23
	0.83
	0.79

	10
	7.15
	17.9
	157
	8.37
	0.81
	0.78

	Average
	6.75
	17.8
	161
	8.67
	0.81
	0.8



A205 Al:
	Measurement
	Dx(10) (μm)
	Dx(50) (μm)
	Dx(90) (μm)
	Relative Span
	Weighted Residual (%)
	Residual (%)

	1
	40.8
	66.3
	107
	1.00
	0.57
	0.63

	2
	40.6
	66.1
	106
	0.99
	0.58
	0.64

	3
	40.7
	66.1
	107
	1.00
	0.58
	0.64

	4
	40.6
	66
	106
	0.99
	0.58
	0.63

	5
	40.7
	66.2
	107
	1.00
	0.57
	0.63

	6
	40.6
	65.8
	105
	0.98
	0.58
	0.63

	7
	40.7
	66.3
	107
	1.00
	0.57
	0.63

	8
	40.7
	66.2
	106
	0.99
	0.58
	0.63

	9
	40.7
	66
	106
	0.99
	0.57
	0.63

	10
	40.6
	65.9
	105
	0.98
	0.57
	0.63

	Average
	40.7
	66.1
	106
	0.99
	0.58
	0.63



Inconel 718:
	Measurement
	Dx(10) (μm)
	Dx(50) (μm)
	Dx(90) (μm)
	Relative Span
	Weighted Residual (%)
	Residual (%)

	1
	11.8
	31.5
	74.9
	2.00
	0.51
	0.51

	2
	12.2
	32.8
	76.2
	1.95
	0.57
	0.56

	3
	12.2
	32.4
	75.2
	1.94
	0.56
	0.56

	4
	12.1
	31.4
	73.6
	1.96
	0.62
	0.61

	5
	12.2
	31.3
	73.1
	1.95
	0.6
	0.58

	6
	12.2
	31
	72.5
	1.95
	0.62
	0.6

	7
	12.1
	30.2
	71.5
	1.97
	0.61
	0.59

	8
	12.1
	30.1
	71.4
	1.97
	0.58
	0.57

	9
	12.1
	29.5
	70.9
	1.99
	0.58
	0.57

	10
	12.1
	29.8
	71.8
	2.00
	0.59
	0.58

	Average
	12.1
	31
	73.2
	1.97
	0.58
	0.57




Appendix 2 – AddFAST Sample Porosity Data

DC lattice:
	Image
	Porosity

	Image 1
	0.76%

	Image 2
	1.06%

	Image 3
	0.55%

	Image 4
	1.35%

	Image 5
	0.81%



Average: 0.91.
Standard deviation: 0.31.

850 °C:
Image 1:
	Region of Microstructure
	Porosity

	Matrix
	6.56%

	Lattice
	4.04%

	Overall Sample
	6.96%



Image 2:
	Region of Microstructure
	Porosity

	Matrix
	8.06%

	Lattice
	1.17%

	Overall Sample
	13.89%



Image 3:
	Region of Microstructure
	Porosity

	Matrix
	6.62%

	Lattice
	3.76%

	Overall Sample
	5.43%



Image 4:
	Region of Microstructure
	Porosity

	Matrix
	6.41%

	Lattice
	3.44%

	Overall Sample
	4.84%



Image 5:
	Region of Microstructure
	Porosity

	Matrix
	3.63%

	Lattice
	1.30%

	Overall Sample
	6.31%



Final Results:
	Region of Microstructure
	Porosity Average
	Porosity Standard Deviation

	Matrix
	6.26
	1.61

	Lattice
	2.74
	1.39

	Overall Sample
	7.49
	3.67








900 °C:
Image 1:
	Region of Microstructure
	Porosity

	Matrix
	3.43%

	Lattice
	0.19%

	Overall Sample
	2.11%



Image 2:
	Region of Microstructure
	Porosity

	Matrix
	6.42%

	Lattice
	0.06%

	Overall Sample
	5.43%



Image 3:
	Region of Microstructure
	Porosity

	Matrix
	1.82%

	Lattice
	0.15%

	Overall Sample
	1.05%



Image 4:
	Region of Microstructure
	Porosity

	Matrix
	1.57%

	Lattice
	0.85%

	Overall Sample
	1.91%



Image 5:
	Region of Microstructure
	Porosity

	Matrix
	1.93%

	Lattice
	0.07%

	Overall Sample
	1.34%


Final Results:
	Region of Microstructure
	Porosity Average
	Porosity Standard Deviation

	Matrix
	3.03%
	2.03%

	Lattice
	0.26%
	0.33%

	Overall Sample
	2.37%
	1.76%





950 °C:
Image 1:
	Region of Microstructure
	Porosity

	Matrix
	0.02%

	Lattice
	0.02%

	Overall Sample
	0.02%



Image 2:
	Region of Microstructure
	Porosity

	Matrix
	0.02%

	Lattice
	0.06%

	Overall Sample
	0.04%



Image 3:
	Region of Microstructure
	Porosity

	Matrix
	0.02%

	Lattice
	0.02%

	Overall Sample
	0.01%





Image 4:
	Region of Microstructure
	Porosity

	Matrix
	0.02%

	Lattice
	0.04%

	Overall Sample
	0.03%



Image 5:
	Region of Microstructure
	Porosity

	Matrix
	0.02%

	Lattice
	0.08%

	Overall Sample
	0.04%



Final Results:
	Region of Microstructure
	Porosity Average
	Porosity Standard Deviation

	Matrix
	0.02%
	0.00%

	Lattice
	0.04%
	0.03%

	Overall Sample
	0.03%
	0.01%





1000 °C, 10 mins:
Image 1:
	Region of Microstructure
	Porosity

	Matrix
	0.01%

	Lattice
	0.13%

	Overall Sample
	0.03%





Image 2:
	Region of Microstructure
	Porosity

	Matrix
	0.02%

	Lattice
	0.02%

	Overall Sample
	0.01%



Image 3:
	Region of Microstructure
	Porosity

	Matrix
	0.00%

	Lattice
	0.11%

	Overall Sample
	0.11%



Image 4:
	Region of Microstructure
	Porosity

	Matrix
	0.04%

	Lattice
	0.13%

	Overall Sample
	0.03%



Image 5:
	Region of Microstructure
	Porosity

	Matrix
	0.06%

	Lattice
	0.00%

	Overall Sample
	0.05%



Final Results:
	Region of Microstructure
	Porosity Average
	Porosity Standard Deviation

	Matrix
	0.03%
	0.02%

	Lattice
	0.08%
	0.06%

	Overall Sample
	0.05%
	0.04%



1000 °C, 15 mins:
Image 1:
	Region of Microstructure
	Porosity

	Matrix
	0.05%

	Lattice
	0.07%

	Overall Sample
	0.03%



Image 2:
	Region of Microstructure
	Porosity

	Matrix
	0.02%

	Lattice
	0.25%

	Overall Sample
	0.07%



Image 3:
	Region of Microstructure
	Porosity

	Matrix
	0.01%

	Lattice
	0.06%

	Overall Sample
	0.02%



Image 4:
	Region of Microstructure
	Porosity

	Matrix
	0.03%

	Lattice
	0.03%

	Overall Sample
	0.02%



Image 5:
	Region of Microstructure
	Porosity

	Matrix
	0.03%

	Lattice
	0.10%

	Overall Sample
	0.13%



Final Results:
	Region of Microstructure
	Porosity Average
	Porosity Standard Deviation

	Matrix
	0.03%
	0.01%

	Lattice
	0.10%
	0.09%

	Overall Sample
	0.54%
	0.05%





1100 °C:
	Image
	Porosity

	Image 1
	0.02%

	Image 2
	0.04%

	Image 3
	0.04%

	Image 4
	0.03%

	Image 5
	0.05%



Average: 0.04.
Standard deviation: 0.01.






Appendix 3 – Energy-Dispersive Spectroscopy Composition Analysis, Full Linescan Dataset

Ti-6-4/316L steel bond:
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[image: ]











Ti-6-4/Inconel 718 bond:
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[image: ]Ti-6-4/A205 Al bond:
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image106.png
Figure NUMBER: CAD images of the Compound BCC structure. a. shows an example of the smallest opening
required for infiltration in white, b. shows the dimensions of the opening and its inscribed circle representing
the limits on a spherical shape that could pass through.
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Figure NUMBER: CAD images of the Compound BCC structure. a. shows an example of the smallest opening
required for infiltration in white, b. shows the dimensions of the opening and its inscribed circle representing
the limits on a spherical shape that could pass through.
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