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Introduction

Countless metallic components are regularly produced every day in different industries by arc melting, casting, or plastic deformation. However, due to restriction in the design options in such processes, intricate geometries are difficult to generate. Designing novel materials with complicated geometries is a crucial component of creative new technical applications solutions. Additive manufacturing seems to have taken a leap in this direction to provide innovative solutions. The term "additive manufacturing" (AM) is an umbrella term for production processes that can create components directly from 3D computer-aided design (CAD) data by layering material until a completed component is obtained. The design options for additive manufacturing (AM) are theoretically infinite, and geometries that are impossible to produce using conventional manufacturing processes are now available. According to Srivastava, since its inception, this technology has now permeated almost every aspect of existence [1].

As seen in fig. 1, the key advantages of AM over conventional manufacturing are innovation, reduced waste, shorter lead times, the manufacture of complicated shapes, low cost for small batch production, one step operation, great flexibility, and customisation [2].

Figure 1: Benefits of additive manufacturing over conventional [2]- [4].

Moreover, AM is presently used in a variety of sectors, including automotive, medical, aerospace, military, electrical and electronics, building, architecture, construction, and food, among others. Fig. 2 depicts the percentage of AM applications in each industry [1]. For the automotive and aerospace sectors, recent advancements in AM technology have opened the door to lighter, stronger, and more resilient designs that save cost, and lead time as well as enhances environmentally friendly commercialisation [2]. Whereas in the medical industry, AM allows for more personalization based on the needs of each unique patient. Furthermore, in the electronics industry, AM aids with project modification and functional testing during production by enabling small-batch manufacturing [2].

Various studies [5]- [6] project that the use of AM in the industrial environment is expected to grow as new AM techniques emerge, but also as a more detailed understanding of the processes allows for increased manufacturing possibilities and a better understanding of the relationship between process and properties. There are numerous AM processes, which differ in terms of the starting material and the consolidation process [7]. [1].

The building material is often an alloy in the form of a powder or a wire that is deposited layer by layer. Powder processes are divided into two types: powder-feed and powder-bed systems. In the powder-bed systems, the energy source could be a laser or an electron beam gun. The Laser Powder Bed Fusion (LPBF) technology selectively melts a thin layer of metal powder in the build region using a laser.

For better application of LPBF process in each domains of industry it is necessary to have a deep sense of understanding of material behaviour with respect to the process parameters and the microstructure that is being generated. Unique manufacturing conditions involved in LPBF such as extremely high cooling rate, cyclic heating and cooling of solidified layers and out of equilibrium conditions can give rise to unique microstructure. Such a unique microstructure leads to changes in mechanical properties. Hence to understand the application in any industrial domain, one must know how to fit mechanical properties by tailoring desired microstructure. The global objective of this work is to contribute to the general understanding of the processmicrostructure-properties relationship. A Ni20Cr alloy with simplified microstructure and planar gliding tendency is investigated in this work. This alloy is utilised in a variety of industrial industries for high temperature applications, most notably as a heating resistor. Moreover, this alloy is theoretically monophasic which paves the way to study a model Nibased alloy by avoiding complex chemistry and precipitates in Ni-superalloys.

The manuscript is organised as follows:

• The literature review chapter describes the research context by introducing key concepts based on additive manufacturing, unique microstructure of alloys fabricated with LPBF, references of properties of Ni20Cr, pedagogical explanation of FCC materials and, lastly, summarise the approach to the PhD objectives. The result chapters of the manuscript are provided in article format. • The first article (published) discusses about the link between microstructural features of LPBFed Ni20Cr with its enhanced yield stress and strain hardening compared to its cast counterpart. The total yield strength is predicted on the contributions of individual microstructural features. Kocks-Mecking model is employed to understand the major contributing factor of microstructural features to modified mechanical properties. • The second article (submitted) validates the model published in the first article by quantifying the contribution of microstructural features for LPBFed Ni20Cr fabricated with different processing parameters.

• The third article (submitted) discusses high temperature tensile properties of Ni20Cr alloy fabricated by LPBF. It also describes the Portevin-Le Chatelier effect observed for LPBFed Ni20Cr alloy and associates it with its microstructure. • The fourth article (submitted) deep dives into the influence of LPBF process and its generated microstructure on cyclic and fatigue properties of Ni20Cr alloy compared to its cast counterpart. Despite being a planar system, Ni20Cr experiences softening behaviour for low cycle fatigue conditions and this behaviour is discussed with changes in dislocations cells and microstructure. A section of this work also takes into account the influence of recycling of powder on the fatigue properties of LPBFed Ni20Cr alloy.

Finally, the PhD manuscript will finish by providing the main conclusions of this work as well as future perspectives.

Chapter 1

Literature review

This chapter provides the state-of-the-art of metallic processing with a link to microstructure and mechanical properties. In the first section, the basics of additive manufacturing techniques are provided. Secondly, detailed analysis of Laser Powder Bed Fusion (LPBF) process and an overview of processing parameters involved in the process with description of resulted defects is proposed. In the third section, the modified microstructure and mechanical properties of LPBF materials are covered. In the fourth section, the need of Ni20Cr alloy has been introduced with a review of mechanical properties and microstructure of alloy produced conventionally and via additive manufacturing. In the fifth section, fundamentals of FCC metals have been studied to understand the deformation mechanisms of Ni20Cr alloy. This chapter concludes with a summary of the work's objectives. As the manuscript chapters are based on published scientific articles, each chapter includes a literature review section. As a result, in order to avoid redundancy, the current chapter excludes some of the literature and concepts discussed in the articles.

Additive manufacturing

Additive Manufacturing is a set of processes that manufactures 3D components slice by slice, often known as layer by layer manufacturing as shown in fig.

1 [1]. Three-dimensional computer-aided design (CAD) outputs are generated based on the required geometry of the end product or part of the end product. Further they are sliced into 2D designs and the metallic powder is melted to fabricate the component layer by layer [2]. Rapid prototyping (RP) has been the most widely utilized application for the longest time. For nearly 30 years, RP has been creating unique functional prototypes [3]. It facilitates the rapid and low-cost creation of products. Making tools and moulds is another area of application of RP. Indeed, tools and moulds can be made quickly and cheaply with RP. The next stage is the expanding branch of rapid manufacturing (RM). The RM's responsibilities include the creation of fully operating end products aimed towards customers. This branch has numerous applications in aerospace and space technology, automobile, and medicine [4].

Figure 3: Instance of a typical additive manufacturing process [1].

Every manufacturing technique has both advantages and limitations, and of course additive manufacturing is no exception. The merits of additive manufacturing are seen where conventional manufacturing fails due to a lack of intricate design constraints, for example, casting [5]. AM considerably shortens the design and product delivery cycles [5]. Product development can be done remotely on a computer, and low-cost prototypes can be created.

When the development phase is over, a finished product can be generated [6]. Complex geometric constructions can be produced more cost-effectively and in less time [4]. Small adjustments to the Computer-aided design (CAD) model are possible to adapt to customer requirements, even in smaller batch sizes or even individual parts can be generated without additional effort [4]. All these advantages make additive manufacturing for small series and individual parts account for cheaper and more economical options than that of conventional processes. The biggest advantage is that material is constructed only where it is most necessary according to the loads and stresses required with topological optimization. This significantly favours lightweight construction and thus benefits the environment as it enables reduction in CO2 emissions [3].

Several metal additive manufacturing processes are classified in fig. 2, but only a few techniques are discussed in this section and LPBF is discussed in detail as the focus in this work in on LPBF fabrication of material.

Direct Energy Deposition (DED) is a 3D printing technology that includes a coaxial feed of powder or wire to an energetic source in order to generate a melted or sintered layer on a substrate [7]. Powder bed fusion (PBF) is a subset of additive manufacturing (AM) in which a heat source, such as a laser or electron beam, is used to blend powdered materials to form threedimensional (3D) structures. Laser powder bed fusion provides the unique potential to produce near-net form structures without the extra and seemingly needless step of machining that is required in traditional casting and manufacturing procedures. The layered structure of the product can now be classified by the various adding procedures (fig. 2).

Figure 4: Metal additive manufacturing processes [8] 1

.1. Wire and Arc Additive Manufacturing (WAAM)

Wire is the starting material for this type of manufacturing process system. The processing could involve the use of a laser, an electron beam, or plasma. Other arc processes (TIG, MIG) are also potential options. The wire is laid out on the construction platform, and then the new wire feed is put, deposited, and welded on top of the previously formed layers. The procedure is carried out in the presence of a protective gas [9]. The basic structure of this system is depicted in fig. 3. Due to its rapid construction rate, the method distinguished itself from other AM processes; nonetheless, there is only limited area available for large components [9]. The time saved by high build-up rates is offset by a higher post-processing required in this procedure.

Figure 5: Wire is placed on to the substrate plate by a wire source and with an energy beam welded to the underlying layer [10].

Electron beam melting (EBM)

EBM is a powder bed-based process, where an electron beam is used to melt the powder. The process is carried out under vacuum to ensure the stability of the electron beam and the purity of the metallic powder. The installation space is first evacuated and heated to a temperature determined by the material to be treated. The building process is often divided into four parts that are repeated until the final component is created. The powder is dispersed with a rake in the first stage, then the applied layer is warmed and sintered. According to the CAD model, the powder is then selectively melted and fused using the energy deposited by an electron beam. The construction platform is finally lowered and the whole cycle is repeated [11]. Fig. 4 depicts the schematic organization of an EBM system.

Figure 6: Electron beam melting system schematic setup [12].

Selective laser melting (or Laser Powder Bed Fusion)

Selective laser melting (SLM) is a powder-based additive manufacturing method that specializes in metallic materials. The laser melts the powder spread on the powder bed and the liquid melt track solidifies and hardens quickly due to heat dissipation in the surrounding material. Interestingly, the laser melts a thicker layer than the applied powder layer, hence, the previously solidified layers are partially melted again, giving the bottom layers an extra cyclic heating effect. Any defects that were created in the lower layers can thus be removed (theoretically). A powder layer to be spread can be 30 to 250 µm thick. This is determined by the powder particle diameter, and the laser components [13]. Moreover, thicker the layer, lower is the building time required. Following CAD model input, selective laser melting is comprised of three cyclic and continuous processes until the product reaches the finishing stage. Firstly, the construction platform is lowered by a certain layer thickness. Secondly, the recoater spreads a homogenous powder layer and finally, the laser melts powder in the area specified in the slicing data. It is shown schematically in fig. 5. The process chamber is flooded with an inert gas such as argon (Ar) or nitrogen (N2) prior to the process to reduce the oxygen content and hence to prevent the detrimental oxidation of powder and component. The noble gas utilized in the process is determined by the material to be treated, and may have some implications in terms of microstructure [14]. After the process is completed, the printed component must be cleaned of excess and unmelted powder. This powder is collected in overflow containers, sieved, recycled, and used for future printing jobs. This implies that almost all of the powder gets utilized for printing, which is cost effective over traditional manufacturing procedures like milling or turning. After the finished component has been removed, if necessary, posttreatments can be performed to decrease surface roughness or to remove residual stresses.

Figure 7: Laser powder bed fusion schematic setup [15].

Specifications of LPBF process

As LPBF process is the major manufacturing process employed in this study and is the point of focus in this investigation, it is discussed in detailed in the following parts.

LPBF process chain

Additive Layer Manufacturing (ALM) associated with LPBF is separated into three major processes: pre-processing, main processing, and post-processing (stages 1-3) as shown in fig. 6, which are further subdivided. It is clear from this that additive manufacturing is a chain of numerous complex sub-processes, rather than a single process.

• Stage 1: Pre-processing: The component is planned, optimized, and prepped for construction in the CAD program at this step. The process of converting a solid into an irreversible surface model by transforming it into the STL format. This stride also determines the precise ALM technique. To elaborate, all essential preliminary work is completed in order to introduce the desired component to manufacturing. This involves the development of data for the component suitable for the system's software, as well as any hardware-related tasks (material filling, etc.) completed prior to the commencement of the assembly process. The major activity in the pre-process is to generate data for the component using a CAD (Computer Aided Design) application. The component is subsequently saved as an STL file (standard triangulation Language) and imported into the CAM application (Computer Aided Manufacturing) or system program. Triangles (triangulation) and their recorded point coordinates are used to describe the surface. The STL file's basic mathematical description makes it simple to divide into equal layers [16].

The "slicing process" is required for all additive processes. Following the slicing process, the component is positioned in the virtual installation space and given support structures using the system program. The support structures help to stabilize the part and aid in heat dissipation in the building board, where residual stresses occur and are decreased during the construction process. The support structures, which are normally free and easy to cut through, make it even easier to separate the component from the building board. Finally, the component, along with the support structure, is exported and loaded into the SLM Machine as a system-specific format. The system must be filled with powdered material before to construction, and a build-plate must be linked to the lifting or moving platform.

The process chamber was inundated with a protective gas to prevent contamination and oxidation of the material. All of the necessary preparations have been completed, and the system is now ready for the laser powder bed fusion process.

• Stage 2: Main processing: The manufacturing and characterisation of powder and the AM processing are part of this stage. The operation begins when the build-plate is precisely at a height (Z = 0 mm). The printing powder is stored in a powder tower or, in certain cases, in a barrel and is dropped into the recoater via a pipe. This recoater has two sets of sensors located on the bottom and top sides of the interior construction of the recoater. When the sensor indicates that there is sufficient powder in the recoater, the powder dropping stops.

Because the machine can be used for a variety of materials with varying densities and weights, the sensor should be manually calibrated based on the weight and density of the powder so that the sensor understands there is enough powder in the recoater. The laser's X-Y scanning optics form a two-dimensional exposure blanket on the component contour of the deposited powder layer of the corresponding layer. The powder particles totally melt and form a molten liquid as a result of the laser's heat input. Because of the tiny melt pool volume, this liquid cools quickly and forms into a new solid body. As the building platform lowers, the already frozen layer is lowered by the given layer thickness, resulting in an empty volume in the powder bed. This is loaded with new powder from the recoater and spread throughout the platform using the polymer lip. The contour of the new powder layer is exposed once more by the laser, and the underlying layer is similarly melted and fused.

Repetitive bonding of such molten and solidified layers result in the formation of the complete component with the specified height [16]. The "additive" construction of the component results from the repeated and cyclic lowering of the building platform. The three sub-processes of powder spreading, exposing the powder layer to the laser, and lowering the building platform comprise a process loop that runs until the entire component is completed [17]. The component is withdrawn from the system once the printing process is completed. After removing the component from the process chamber, it must be free of loose powder particles, which might be hazardous during post-processing [18]. This can be accomplished using either an ultrasonic bath or compressed air sprays [19]. Their support structures are shattered, and the components are separated from the build-plate. Slight shape aberrations, certain process features, and a rough surface occur in SLM components. If a good surface is required a subtractive technique such as turning or milling can be used [20].

And now the component is ready for the next steps, and the main processing is complete [21].

• Stage 3: Post-processing: The final phase involves quality assurance of the AM components such as post-printing heat treatments, non-destructive tests, mechanical tests etc. The dusted powder and powder collected in the bottles located at the bottom of the SLM machine are then sieved and blended with the original powder to create new ALM products. Furthermore, the component receives the final steps required to obtain the desired component qualities during the post process. The mechanical qualities of the additively built component can be improved with a subsequent heat treatment. Depending on the material and desired qualities, the component is heated and subsequently cooled, for example, solution annealing (T6, T7 heat treatments for Al-alloys). Further densification of printed samples is possible using a particular heat treatment based on pressure and temperature known as hot isostatic pressing. So, this whole chain of the SLM process signals the end. The full SLM process is depicted in the image, which includes the three process steps.

Figure 8: Illustration of a laser powder bed fusion process chain [22]- [24].

Process parameters in the LPBF process

The next section presents and explains the most critical parameters in the LPBF process. These have distinct effects on the quality of the created components.

Layer thickness Ds (μm):

The thickness of the powder Ds is the height of each individual layer that the component was previously placed in. In the procedure, the build platform is lowered layer by layer by this height (Ds). Based on the geometry of the CAD model, reducing the layer thickness increases the component's accuracy. When the layer thickness is increased, the required building time decreases, as does the component's overall quality, and vice versa [5].

Laser power PL (W):

The power PL describes the amount of energy that the laser emits per time t. It should be sufficient to melt both the newly deposited and the underlying solid body. As a result, the layers become fused to one another. If the employed laser power is too high, alloy elements with low melting points evaporate or burn off, causing disruption in the melting process. The laser power in the SLM process varies based on the material, powder layer thickness, and system [5].

Hatch distance h (μm):

The hatch distance h denotes the separation between each laser process track. The overlap of the succeeding linear track melt pools is fixed to each other, along with the diameter of the laser beam. The hatching distance should not be set too high, as this can result in component defects. As the heat input is high, the powder adjacent to the laser-exposed powder track that is being melted does not always correspond to the width of the melt pool [5].

Scanning speed VS (mm/s):

The scanning speed is the speed at which the laser scans the powder bed and melts the specified contour is denoted by VS. To be more specific, it is the distance melted in the powder bed per unit of time. Deep and extensive melting trails can be seen at slow speeds. If the pace is too fast, the laser will no longer be able to melt the powder to its full depth at any given place. Weld seams become flatter, or problems such as porosity or inhomogeneous weld beads appear [5].

Energy density Ev:

In additive manufacturing, energy density refers to the quantity of energy delivered into the material per section, area, or volume. According to King et al. [5], the relative density of AM components decreases with increasing speed, resulting in low line energy densities. As a result, low area and volume energy densities, in which track spacing and powder layer thickness also play a role, result in lower relative densities [25]. The powder layer thickness (eq. 1) also influences the volume energy density [5].

Volumetric energy density;

𝐸 𝑣 = 𝑃 𝐿 𝑉 𝑠 ℎ𝐷 𝑠 (1) 

Focus position (mm):

A laser beam's diameter does not remain constant over its length. The lower the intensity of the laser beam, the wider the cross section. The size of the beam's crosssection is determined by the focus position. It specifies the location of the laser beam's smallest cross-section, known as the focus point. The intensity is directly related to the focus, which impacts the shape of the welding bead. With a focus position of 0 mm, the focal point is located on the powder surface with the highest feasible intensity for the set laser power [5]. Process atmosphere with inert gas: Processing of material systems which have an acute tendency for reacting with oxygen can have a huge critical influence on AM components. Hence, it is of utmost importance for an inert gas atmosphere to protect alloy powder during processing. Even at high temperatures, argon or nitrogen gas could be employed, and the composition of the inert gas should have the least amount of O2 gas feasible. Shielding gas is also important to remove fumes and sputters.

Scanning strategy:

The scan technique depicts the pattern and order of laser exposure of the powder layer. Stripes, meander, and chessboard hatchings are the most frequent scanning strategies. Each form of exposure method has a considerable impact on energy input and thus component quality [5]. To achieve collective melting without residual stresses, proper energy distribution is critical [5]. The laser exposure on the powder layer plane can be rotated by a predefined angle. The scan technique is set after each shift of an angle rotated throughout the entire height. This rotation is intended to ensure that the various layers are completely connected when they are mutually aligned. Rotation is also applied to reduce texture intensity and defects. A change in the angle or checkerboard arrangement of the layers and melting routes in the component can prevent faults from spreading over many layers. An example would be a 90° angle increments every layer.

Laser-Powder interaction: Materials are processed in the LPBF process beginning with their powder state, which has a more complex behaviour with respect to laser than that of bulk material. Because the interaction between the laser and the powder bed is difficult to analyse experimentally, it is not fully understood. There are no specific mathematical models for the absorption and reflection of electromagnetic energy. The interaction of the laser with the material or powder becomes incredibly crucial since it affects the intensity of processing parameters. When the laser beam passes over the powder layer, it mostly melts previously melted and powder particles of new layer. However, it does not melt all of the powder in its path, leaving some loose powder that scatters in an area surrounding the moving laser beam due to the process dynamics of the process gas flow and the laser scan. The loose powder particles then fall into the already molten pool and either melt completely or partially. However, it is vital to notice that the absorption behaviour of powder differs significantly from that of bulk material. In the case of solids such as plates or sheets, the absorption is computed using the following eq. 2, with the transmission component set to zero because the solid surface is assumed to be 100% opaque. That is, the entire incident laser beam is distributed between absorption and reflection. Multiple reflections occur in the case of powder material due to the presence of an inhomogeneous surface, which greatly affects the absorption behaviour. However, in this instance with powder particles, transmission cannot be ignored. The degree of absorption is determined not only by the material's state, but also by the material. For instance, the powder bed with Hastealloy X has a laser absorptivity that can range from 0.45 to 0.64 depending on a number of variables [26].

Absorption + Reflection + Transmission = 1 (2) 
The interaction between the powder and laser is greatly influenced by the beam intensity I (W/cm 2 ). This is determined by eq. 3 and is dependent on the laser power PL and beam cross section S in the processing plane. During the laser melting, new layer and previously solidified layer is also melted, as mentioned before. Hence to understand the mode of melting, principles of welding method is studies which is classified into two types based on the intensity introduced: conduction welding mode and laser deep welding, also known as key-hole welding mode. For simplicity, the words Conduction mode and Key-hole mode are more commonly used.

𝐼 = 𝑃 𝐿 𝑆 (3) 
As a result of the highly dynamic melting and extremely quick solidification processes, as well as the related defects created by the melting process, it is critical to discover optimum process parameters that provide a stable process in order to achieve the requisite mechanical properties and material quality.

Powder characteristics: Powder composition, morphology, particle size distribution (PSD), and rheological qualities can all have an impact on component printing quality. The larger the powder particle, the more irregular the shape [27]. Following the paper of Riener et al., the biggest differences between the powders are in the particle size distribution and particle shape, not in the number of satellites. As a result, differences in the properties of the powder feedstock and the printed parts can be attributed primarily to differences in particle size distributions or shapes and less to satellites. According to [28], surface quality, too, is affected by particle size distribution. Narrow PSD is therefore better for good quality of printing process. Xue et al. printed dense Ti64 via LPBF with a narrow PSD of 15 to 105 µm size range of powder [29].

Defects caused due to LPBF process

This section intends to discuss the defects that could be caused due to the process flaws associated to LPBF processing of metallic alloys.

Process cavities: When the metal powder layer melts, it generates a less viscous-molten phase. It has a relatively small melt pool capacity yet a quick solidification cooling rate. Different temperatures occur in the melting track during laser processing, and as a result, flow fields emerge during material transport in the meltpool [30]. The extremely high cooling rates used in AM do not allow enough time for the meltpool to pass through the heat affected zone (HAZ) and flow together again. It solidifies beforehand, resulting in out-of-round angular voids known as process cavities. Such voids diminish the material cross section and, as a result, the strength. These defects can be prevented by choosing appropriate process parameters [31]. Fig. 8 depicts the fluid forces involved in a meltpool after laser melting of powder particles [30].

The primary forces driving molten metal movement in LPBF are buoyancy and Marangoni stress [32]. When compared to the Marangoni flow in LPBF, the effects of buoyancy on fluid motion were minor. The flow created by Marangoni stress is depicted in fig. 8. Mush zone is the zone between previously solidified part and melt pool.

Figure 10: Forces in motion within the weld pool [30].

Process pores and melt pool ejections: As previously stated, there are two types of melting modes used throughout the process: conduction mode and keyhole mode. The depth to width ratio in conduction mode can reach 1:1, whereas in keyhole mode it can range from 1:1 to 1:15. For example, due to high heat conductivity and low absorption, aluminium's shift between melting modes is abrupt. The technique operates in conduction welding mode and just the surface is melted. However, when the thermal energy of the laser exceeds a particular threshold of energy level, the material evaporates. This results in the formation of metal vapor capillaries, which allows for greater absorption of laser energy. Scalmalloy®, for example, mostly creates magnesium vapor due to magnesium's lower melting point in comparison to melt pool temperature. The shape of the heat affected zone changes due to the rebound pressure of the evaporating material [21]. The capillary's vapour pressure keeps the melt's hydrostatic and dynamic pressures overlaid. However, as the energy input increases, the vapour pressure rises to the point where, in extreme situations, melt pool ejection occurs, reducing the welding depth.

The transition point from conduction to Keyhole welding mode is also affected by the material type and surface parameters [33]. Plasma generation occurs as the energy density of the input increases. Plasma is a gaseous medium in which atoms ionise. The liberated electrons interact with the electromagnetic radiations created by the laser, allowing more energy to enter the plasma and constantly heat it up. This causes variations in the properties and modes of the melting process. The plasma significantly modifies the energy coupling and, eventually, the process result [34].

Aluminium's strong thermal conductivity narrows the transition window between conduction and keyhole welding. Alloying components with low melting points can have a significant impact on this window between conduction welding and keyhole welding, as well as create challenges for a steady welding process. The threshold value for a powder layer is considerably more difficult to estimate than the threshold value for a solid surface, making the deep penetration or Keyhole welding process far more unstable. Because smaller particles have a smaller volume and evaporate faster than larger particles, poor and inhomogeneous particle distribution promotes process instability. As a result, the powder layer increases the variability in the creation of streamlined capillaries. If the energy density of the material drops during such mentioned variations, deep welding mode returns to conduction mode. The melt solidifies as a result of capillary collapse, and so-called process pores form in the lower sections of the weld. Such a change during processing can only result in the formation of process pores, which impedes the stability melting process.

Bonding defects:

The inclusion of oxides or nitrides in the melting phase is another defect that manifests itself in additively manufactured components. Oxides could enter the powder during the manufacturing process. Nitrogen can be used as a protective gas to create nitrides. Because only Argon is used as a protective gas in this investigation, the main focus is on oxide inclusions. Oxides enter the system during powder manufacture due to its affinity to chemical elements. The LPBF process cannot remove these inclusions. In the event of weak protective gas conditions, oxides can potentially enter the system during the laser melting process. Despite the protective gas environment (0.03 to 0.08% O2 by volume), residual oxygen is always present within the building chamber. Because oxides have ceramic qualities, they have a lower elongation to failure in the material. The oxide skins formed during the melting process infiltrate the structure, allowing crack formation and propagation in the material. Consolidation defects refer to places that have a poor bonding with the molten layer. These flaws can be prevented by keeping the powder's oxygen level below 500 ppm.

Lack of fusion (LOFs):

Unmelted particles or satellites, balling, shrinkage porosity, and oxide inclusions can all contribute to a lack of fusion porosity [35]. Unmelted particles might attach to the melt track and add pre-existing gaps seen between particles. As explained before, keyhole pores form due to turbulence in this meltpool created majorly by increasing the laser power;

similarly, the LOFs are created at very low energy densities [36]. Oxidation or nitridation of the powder particles, depending upon the processing gas that has been used, can produce unwanted by-products like fumes, etc. if the inert gas is unable to remove such by-products, then they can absorb some laser energy, leaving less energy for the powder particle zones with CAD model with lower energy. Such a lower energy availability in some zones can create LOFs too [35]. Ziri et al. investigated the LPBF processing 316L associated with various powder morphologies and sizes [25]. As shown in fig. 9, map of LOFs and porosity found associated with conduction and keyhole modes of melting [25]. Further, the authors discovered that the powder size affects the keyhole and LOF limits [25].

Figure 11: Variations in 316L SS samples' porosity and defect sizes in relation to effective volumetric energy density [25].

Focus-Shift:

The laser energy delivered into the system during the laser melting process in the SLM process can vary the evaporation temperature of the material. As a result of the alloying elements burning, smoke is produced. The vapour created is spread as smoke throughout the building chamber and on the component, eventually settling as a thin coating on the laser entry glass. The laser beam collides with the particles in the smoke, causing local heating of the glass. The heating caused by increased absorption on the smoke shortens the focal length and distorts the beam profile [37]. This is referred to as the Focus shift in laser welding [37]. This defect occurs to varying degrees in the LPBF process, depending on the LPBF system and material type. The phenomenon is depicted in fig. 10.

Figure 12: Focus shift phenomenon in Selective laser melting [37].

Microstructure and mechanical properties of LPBF alloys

Figure 13: (a) Image of different length scales discovered in LPBF 316L SS; (b) Grain orientation map (IPF) of the as-built LPBF 316L SS; (c) A scanning electron microscopy (SEM) image showing fusion boundaries, high-angle grain boundaries (HAGBs), and solidification cellular structures. The cellular structure is seen in greater detail in the inset; (d) A transmission electron microscopy (TEM) image of solidification cells; (e) A scanning TEM (STEM) image of the solidification cells depicted in (d) in high-angle annular dark-field (HAADF); (f) An IPF map; (g) An EBSD image quality (IQ) map layered with HAGBs and low-angle grain boundaries (LAGBs); (h) Kernel average misorientation (KAM) map; (i) A HAADF STEM (Z contrast) image demonstrating Mo and Cr segregation to solidification cellular walls and an LAGB, with accompanying Fe, Mo, and Cr energy-dispersive

spectroscopy (EDS) maps confirming this segregation. The EDS map further confirms that particles are mostly rich in Si, O, and Mn [38].

Rapid solidification and far-from-equilibrium features of LPBF process generate extensively modified microstructures. Further, these modified microstructures bring about changes in the mechanical properties of materials compared to those fabricated via conventional manufacturing processes. Wang et al [38], discuss different scales of microstructure which is affected by LPBF process of 316L Stainless Steel as shown in fig. 11 To understand the improved mechanical properties, the author affirms the need for a fundamental understanding of the structure-property relationship in AM metals to better understand and utilize this modern technology. In fact several studies [39]- [44] report such improved mechanical properties of different types of materials fabricated by LPBF process. In literature, such improvement has generally been attributed to a single source of strengthening, such as solidification cellular walls [45], dislocations [40], microstructure refinement [46], or nanoprecipitates [47]. The investigation is concluded with the superior mechanical properties achieved in LPBF 316L SS could be associated with collective effects of solidification cellular structure, LAGBs, and dislocations (multi-scaled heterogeneous microstructures), leaving the question answered of which microstructural feature(s) contribute to these modified properties.

Stegman et al. studied the impact of volumetric energy densities (VEDs) on mechanical properties of IN718 alloy fabricated via LPBF process, and showed variation in grain size and shape, LAGB/HAGB ratio in different planes with respect to building direction and with change in energy density (see fig. 13(a)-(f)) [48]. The work showed that with increasing VED, grain size increases and morphology of grains has a significant alteration. The author argues that a change in grain aspect ratio will most likely alter the material's deformation behaviour [48]. In addition, fig. 14(a)-(b) depict tensile behaviour of LPBF IN 718 samples in engineering stress strain and true stress strain framework with corresponding work hardening rates. 30 and 93 J/mm 3 achieve similar YS whereas 46 J/mm 3 achieves higher YS and UTS, indicting the effect of optimization of parameters on mechanical properties [48]. This can be directly connected to the microstructure being tailored by 46 J/mm 3 VED as input, signifying the influence of VED on mechanical properties. Besides YS and UTS, work hardening rate is also affected with clear distinction as shown in fig. 14(b). This paper also discusses effect of cellular structures with elemental micro-segregation and residual stresses, yet again leaving the direct association between microstructural features and mechanical properties unanswered. [48].

Another investigation was conducted by comparing the predicted values of yield strength of LPBF materials by employing the Hall-Petch (HP) relationship based on either dislocation cells or grain size [49]. The authors analysed 316L SS, pure aluminium and AlSi10Mg fabricated by LPBF process. The HP law was modified using the contribution of solid solution, dislocation strengthening and grain boundary strengthening for 316L.

Figure 17: Predicted yield strength values of 316L printed samples [49].

Fig. 15 indicates the predicted YS of 316L, with 4.1% error in grain size approach whereas 11.9% error in cell size approach. Similar analysis done on Pure Al fabricated via LPFB is shown in fig. 14 (b). In this analysis, solid solution contribution was removed as there is no other alloying element introduced. The microstructure formed in LPBFed Al consists dislocation network, and cellular structures of dendrites as shown in fig. 16(a) [49]. The YS prediction by grain size underestimates the value with a negative error of 9.17%; whereas the cell size approach overestimates the YS value with an error of 118.2%. strengthening (interaction of dislocations with precipitates), and grain boundary strengthening contributions were used to modify the HP law for AlSi10Mg. Grain size approach of HP law was found to be closer to the experimental value with an error of 1.6%; whereas cell size approach contributed to a 10.3% overestimation of YS value as shown in fig. 17(c). This study quantifiably indicates that grain size is a major contributing factor to enhanced mechanical properties of LPBF alloys, which compliments several studies shown before [40][46] [47].

According to Šmíd et al. [50], besides tensile properties, cyclic behaviour of LPBFed alloys is more challenging to be understood because of the dynamic nature of the loading and the wellknown sensitivity of overall fatigue performance on structural defects, which are frequently introduced into as-built structures during the LPBF process. Furthermore, the back-and-forth dislocation movement in complex dislocation cell substructures makes microstructural characterisation difficult when only as-built and post-mortem observations are used. Hence, a few cases of modified fatigue properties of LPBFed alloys have been reviewed to see an overview.

Ngnekou et al. characterised four microstructural features to associate with fatigue properties of LPBFed AlSi10Mg alloy: 'melt-pools, crystallographic grains, dendritic structure and precipitates' [51]. The authors also investigated the vertical and horizontal building configurations. The α-Al matrix surrounded by eutectic silicon defines the dendritic structure shown in fig. 18(a). According to [51], in contrast to cast aluminium alloys, the rapid solidification involved in the LPBF process does not allow the formation of a dendritic structure with secondary arms. In this study, a Dendritic Arm Spacing (DAS) of between 0.5 and 2 µm was observed, which is significantly smaller than the typical Secondary Dendritic Arm Spacing SDAS parameter in cast Al-Si alloys (30-100 µm depending on cooling rate). Previous research [52]- [55] has shown that this parameter has a significant impact on fatigue behaviour. Ngnekou et al. presented S-N curves (as in fig. 19), associating with building orientation, process parameters, and precipitates (due to T6 heat-treatment). They concluded that fatigue limit is modified with building directions, whereas precipitation increases the limit owing to T6 heat treatment. Moreover, following a T6 heat treatment, a significant effect of building direction on fatigue life is observed, favouring vertically printed specimens. Figure 21: The effect of building orientation, process parameters, and T6 heat-treatment on fatigue properties [51].

Another group investigated the fatigue properties of maraging steel [56], and concluded that LPBFed alloy printed both in vertical and horizontal building direction attains much lower fatigue strength than the conventionally manufactured alloy. The study also presented the chemical differences in the microstructure as LPBFed alloy showed Ti/Al-O type with sizes ranging from 10 to 40 nm, as opposed to conventionally manufactured samples with only TiN defects [56]. Fig. 18 also depicts the role of cellular dendrites in crack propagation.

Figure 22: The orientation of the cellular structure in relation to the build orientation, the grain growth orientation in relation to the melt pool, and the grain boundary orientation and crack growth direction in relation to the load direction [56].

Further, several studies of LPBFed Ni-alloys have been presented due to their superior mechanical properties at high temperature useful in several segments of industry like aerospace in turbine field, high temperature sensors, etc. This quality places them at a good position to replace steel in various applications. Nickel-based superalloys are a class of current aircraft engine materials that combine high-temperature strength, toughness, creep, and oxidation/corrosion resistance [57], [58]. Extensive review of Ni-superalloys by Sanchez et al. [59] reports about Nimonic 75, that was created in the 1940s by Henry Wiggin Ltd, UK, was among the first generation of nickel-based superalloys designed for high-temperature usage in jet engines [57]. Since then, nickel-based superalloys have been constantly developed, investigated, and employed in the manufacture of turbine blades, turbine discs, seals, rings, and other gas turbine components. A typical jet engine now contains almost 1.8 tonnes of nickelbased superalloys. Good weldability of Ni-superalloys like IN625, IN718, Hastealloy X, etc translate potentially successfully fabrication via additive manufacturing techniques [59].

Complex geometries and low production volumes are usually associated with Nickel-based aeronautical components. Furthermore, due to the exceptional mechanical qualities of Nickelsuperalloys designed for use in safety-critical applications, these parts are difficult and expensive to process using traditional machining techniques. This paves a way for the requirement of usage of additive manufacturing of Ni-alloys [60]- [63].

However, the ideal fabrication of Ni-Superalloys via LPBF is far from reached as of now owing to the extreme physical conditions of AM and the major issues are residual stress (RS), defects and complex laves phases [64], [65]. They suffer a lot in the form of RS and their mitigation even with post welding heat treatments is not possible, according to some studies [66]. This issue is not just limited to Ni-superalloys but is generally witnessed in LPBF, but what makes it special in Ni-superalloys is heat treatment strategies become more complicated because of the presence of several precipitates and particles. In general, LPBF induces defects like porosity which acts like crack nucleation sites and balling which is linked to the formation of oxides occurring due to low wettability, low laser power, increased surface tension, insufficient gas shielding, and surface porosity [66]. Other defects in LPBF are found to be solidification cracking, liquation cracking, and ductility dip cracking depending upon the material systems and parameters selected. But Ni-superalloys exclusively experience keyhole porosity defect that mainly occurs due to large melting range generated by various alloying elements added in the superalloy mix [65]. Some studies show the presence of post weld heat treatment cracking in Ni superalloys which is linked to γ′ fraction [66], [67]. Interdendritic segregation or other unfavourable solidification-induced complex phases, which are laves phases in Ni-Superalloys, are the last problem that causes the most controversy. Post processing techniques like solution and aging heat treatments and Hot isostatic pressing (HIP) are required to heal and resolve the negative impact of such phases and further to manipulate these phases towards achieving better productivity especially in high temperature applications. Such postprocessing conditions obviously add the costing of the whole AM process chain making it slightly unwelcomed in the commercial manufacturing industry. Attallah et al. reported about Inconel 718 typed superalloy fabricated via LPBF, the poor tensile strength of the as-built specimens as compared to the required standard [67]. It can be improved with HIP and other post processing techniques but as already been mentioned these steps add the costs and elongate the manufacturing chain.

All the aforementioned studies of tensile and fatigue behaviour of several LPBFed materials owing to unique microstructural features. This points out the lack of understanding that exists currently to tailor microstructure to achieve desired mechanical properties of LPBF materials especially Ni-alloys. It is important to carry out a thorough investigation that deals with all microstructural features that influence yielding, strain hardening behaviour, and fatigue strength and failure. These issues have given rise to an additional motivation to investigate a separate Ni based alloy system namely Ni-20wt.%Cr alloy (or simply Ni20Cr) which intends to form a fundamental level analysis of microstructure to mechanical properties-based relationship with successfully eliminating the issues mentioned above.

Ni20Cr alloy

Nichrome (Ni20wt%Cr or simply Ni20Cr) is a binary alloy which forms the predecessor material system of Ni-Superalloys. Calvarin-Amiri et al., describe this material system a model material for superalloys, at least in terms of matrix chromium content [68]. Ni20Cr traditionally have found applications in dentistry uses and prosthetic devices in medical applications; as metal wires, ovens, furnace, afterburners, exhaust fans in metal processing mills [59]; in microelectro-mechanical systems [69]. Chromium provides excellent resistance against both corrosion and temperature. Furthermore, its solubility in nickel is greater than that of elements with comparable characteristics such as aluminium or silicon. Finally, its tendency of forming intermetallic compounds is the lowest with nickel. Owing to these characteristics combined with strong creep resistance and exceptional electrical properties at high temperature, this alloy has application in the actuator and sensor industries too [69]. Table 1 presents some physical properties of Ni20Cr.

Table 1: Summary of various physical characteristics of the Ni20wt.% Cr alloy [70].

Properties of Ni20Cr Value Melting point (°C)

1355-1413 Specific Heat (J / kg.K) 444 Average thermal expansion coefficient (μ/mK) 13.3 Electrical resistance (nΩm) 14.9 Order-disorder transition temperature (°C) 500-550 Fig. 21 shows the phase diagram of Ni-Cr and the red dotted line marks the Ni20Cr. Over 500°C, Ni20Cr forms a solid solution of Ni and Cr with a completely disordered state investigated via X-ray diffraction and neutron diffraction [71]. With increment in chromium content Ni2Cr, stoichiometric compound, is formed as γ' as shown in the phase diagram. The crystal structure of this phase can be seen in fig. 22, from literature [72]. This γ' forms Long Range Order (LRO). However, this material system also shows a Short Range Order (SRO) between 500-600°C and Clément et al. mentions that SRO and LRO cannot exist together [71].

Figure 24: Crystal structure of the ordered Ni2Cr phase [72].

Chemically, Song et al. reported the formation of FCC NiCr solid solution phase (a = 0.359 nm, space group of Fm-3m with space number 225) with strong cube solidification when fabricated via additive manufacturing [73].

Figure 25: Tensile curves of Ni20Cr thin strips from room temperature to 900°C [68].

Mechanical properties of Ni20Cr in different forms of samples are reviewed in the following paragraph. Tensile experiments on Ni -20Cr thin strips done by Calvarin-Amiri et al. [68] ideate that Ni20Cr is susceptible to the ductility loss seen in nickel base alloys; with lowest ductility observed at around 800°C. The tensile behaviours of thin strips of Ni20Cr are seen in fig. 23, with ductility decreasing till 800°C. The fractography conducted in fig. 24 of the sample tensile tested at 600°C indicated inter-granular cracks. Dudova et al [79], [80] investigated the tensile mechanical characteristics of the alloy at temperatures ranging from 400°C to 850°C. Fig. 26 depicts the curves obtained at the various temperatures. In this temperature range, yield strength exhibits a little drop, but ductility increases with a modification in strain hardening, demonstrating a shift in deformation mechanisms beyond 600°C. The mechanical behaviour of Ni20Cr is influenced by the ordered Ni2Cr phase. Oscillations are detected between 400°C and 600°C and are related to interaction between dislocations and SRO [81].

Figure 28: Tensile temperature graphs with serrations for tests performed at temperatures ranging from 400°C to 600°C [79], [82].

Bulloch et al. studied Ni20Cr as a plasma spray material for surface corrosion protection on diverse engineering components [83]. The study intended to assess the fatigue crack extension characteristics of the samples. This study found that porosity increased intermediate fatigue crack growth rates and decreased threshold fatigue stress intensity levels when compared to dense pure nickel.

Laser powder bed fusion processing of Ni20Cr alloy

Song et al. provided the first insights on LPBF processing of Ni20Cr alloy with the formation of columnar grains across the melting pools corresponding to the (200) plane [73]. The author and his team investigated three scanning speeds using other parameters constant to investigate surface morphology, hardness analysis, and tensile behaviour. The surface morphology seems modified at different scanning speeds. Despite the formation of numerous micro-sized balls at a scanning speed of 100 mm/s, the continuous heads of melt traces are regular and have a low roughness (fig. 27(a)). At 200 mm/s, continuous and regular beads of melt traces developed, and some splashed particles (fig. 27(b)) formed at the surface. Larger balls and splashing particles can be identified at a scanning speed of 300 mm/s. Surface roughness measurement analysis concluded that surface roughness values increase with increment in the scanning speed [73]. Fig. 27(e) depicts the tensile behaviour of LPBF Ni20Cr samples fabricated via different scanning speeds. The samples with highest scanning speed achieved higher ultimate tensile strength with similar elongation to failure values. The excellent printability of Ni20Cr was further shown by Hug et al. [74] as they investigated properties of LPBF with a wider range of volumetric energy densities as shown in fig. 28.

Porosity was found to be the least at 60-120 J/mm 3 , indicating optimization of process parameters. Tensile behaviour of LPBF Ni20Cr has been shown in fig. 30 and depicts higher UTS values achieved by the lowest energy density sample, whereas the highest energy density sample achieved highest value of elongation to failure [74]. Comparing the mechanical behaviour of conventionally produced Ni20Cr alloy discussed in previous section and LPBF fabricated samples clearly indicate the huge differences in microstructure and mechanical properties despite being chemically identical. This poses a need to investigate such differences in detail to better understand the behaviour of this alloy.

FCC materials

To understand the association between microstructural features and strain hardening, it is utterly important to understand the fundamentals of plastic deformation of FCC materials as Ni20Cr forms an FCC matrix as mentioned before. Hence this section will discuss pedagogically the plastic deformation features right from strain hardening of single crystals to polycrystals with the influence of grain boundaries, basics of dislocation formation, and their interaction with other microstructural features.

Transition of liquid to solid state for some materials define the arrangement and location of atoms at a larger scale, known as long range order (LRO). This LRO is a feature of crystallisation of materials. In the crystalline state, the constituent atoms of a material are regarded as hard spheres that organize themselves in a certain pattern. Depending on the position of the atoms within the different elementary cells, crystals could be classified into fourteen Bravais lattices based on the position of the atoms within the distinct elementary cells, allowing the geometry of the set of crystalline solids to be described as shown in fig. 31. Three of these networks are widely observed in metallic materials: the face centred cubic lattice (FCC), the body centred cubic lattice (BCC), and hexagonal closed packed structure (HCP).

Figure 33: The schematic illustrations of fourteen Bravais lattices in three dimensions [84].

For FCC crystals, the packing fraction, which is explained as the ratio of the volume of atoms in a cell to the total volume of a cell, is 0.74. Aluminium, copper, gold, iridium, lead, nickel, platinum, and silver are examples of metals with the FCC structure.

Plastic deformation

Metallic materials can plastically deform with the application of loads or stresses due to movement of the dislocations. Simplest form of load which is uniaxial tension when applied to a material deforms plastically and it is interesting to note that this deformation does not modify its crystal structure. This uniaxial load applied to a material can be translated to a 'engineering stress-strain curve' to investigate material behaviour like young's modulus, yield stress (YS), ultimate tensile stress (UTS), necking point, elongation to fracture, etc. Plastic deformation in metals is often accomplished by sliding from one plane of atoms to another under shear. On the surface, this slide's activity involves the formation of steps known as slip lines [75]. Slip lines are formed with the movement of dislocations within the slip system. Pelleg [85] describes that the dislocation line reaches the end of crystal due to the progress of slip inside a crystal, this paves the way for formation of a slip band. Besides slipping, twinning is another mechanism which leads to plastic deformation. The mechanism which gets activated depends on which particular one has relatively lower critical stress. The phenomenon of twinning occurs only for metals and alloys with low stacking fault energies. The FCC metals which show twinning are silver, copper, many low alloyed steels, etc.

However, it is important to quantify the stress at which such non-reversible deformation will start. This is explained by Critically resolved shear stress (CRSS). CRSS is only applicable for slipping mechanism and is explained via fig. 27. Consider P is a tensile force which is externally applied on a sample. In that case, the slip area is defined by eq. 4.

Slip area, A* =

𝐴 cos ∅ (4) 
Moreover, the resolved force is predicted by eq. 5.

Resolved force in the slip direction, P* = Pcos 𝜆 (5)

𝜎 = 𝐴 * 𝑃 * (6) 
𝜏 = 𝜎 cos ∅ cos 𝜆 (7)

Figure 34: Schematic figure of the bar with applied load and the resolved shear stress [85].

Eq. 7 denotes the resolved shear stress and the term 'cos ∅ cos 𝜆' is known as 'Schmid factor', whose value is between 0 and 0.5, and this determines if the orientation of grain is favourable to slip or not. A material's slip system is defined by its slip plane and slip direction. It is important to note that the slip plane is theoretically the most densely packed plane in a specific structure; the slip direction is almost always the closely packed direction of the atoms; and the functional slip system in a structure is the one with the highest CRSS [85]. FCC system has 12 slip systems comprising of four {111} planes and three <111> directions. Typical slip bands are shown in fig. 33, using a Scanning electron microscope of Hastealloy C22 after fatigue testing.

Figure 35: Scanning electron micrographs showing planar bands after fatigue testing of Hastelloy C22 specimens [86].

Another kind of mechanism that is involved in deformation of metallic systems is twinning as discussed briefly above. Deformation by twinning occurs when atoms move a fractional atomic distance, causing a rearrangement of the lattice structure. They are typically observed under an electron microscope as wide bands or lines. It is connected with variations in the stacking sequence, and these changes are associated with atom motion. Two types of twins which are commonly investigated in materials science are annealing twins and deformation twins. Twinning becomes prominent deformation mechanisms when the stress required for twinning is lower than that of slipping, and vice versa. The selection of deformation mechanism is also associated with the stacking fault energy of the materials. Preferred plane for FCC system for twinning is {111} whereas the preferred direction is <112 ̅ > [85]. A TEM micrograph of twinning has been shown in fig. 34 of single crystal of Hadfield steel (FCC) [87]. 

Strain hardening of FCC single crystals

The ability of a crystal to deform plastically is determined by the unimpeded movement of dislocations. However, metal plastic deformation is related with a continual increase in the shear stress necessary to cause slip as shear strain increases. Strain hardening, also known as work hardening, is the increase in stress required to create slide as a result of earlier plastic deformation [START_REF]Introduction to Dislocations -5th Edition[END_REF]. Dislocations interact with one other and with barriers that obstruct their movement through the crystal lattice, causing strain hardening. Whereas, Pelleg describes that hardening entail dislocation formation, dislocation movement, and dislocation interactions with one another to obstruct free motion [85]. The Frank-Read source allows the dislocations that are originally present in the crystal as a result of growth to generate enough dislocations to account for the observed strain hardening [START_REF]Introduction to Dislocations -5th Edition[END_REF]. In FCC single crystal oriented for single glide, typically three stages of hardening are observed as shown in fig. 35 The mobility of the dislocations on distinct slip systems and their interactions characterise these three stages, which determine the shape of the curve in fig. 35.

Figure 37: The stress-strain curve of an FCC single crystal with distinct three hardening stages [89].

Stage I: Stage I has an almost negligible hardening rate and has been linked to single slip [90].

In such condition, the CRSS has been reached for this one slip system, which provides unobstructed dislocation mobility. Hence this stage is known as easy glide region. Dislocations are expected to interact elastically with each other. Pelleg iterates the longevity of this stage to be associated with crystal structure, orientation, temperature, purity, size and the absence of oxides on the external surface of the specimen [85]. The hardening rate 𝜃 𝐼 is given by (𝜏 is the shear stress and 𝛾 is the shear strain):

𝜃 𝐼 = 𝑑𝜏 𝑑𝛾 (8) 
With the progress of plastic deformation, dislocation density (𝜌) is ought to increase, hence the shear stress with respect to dislocation density is given by the Taylor's equation (where 𝐺 is shear modulus and 𝑏 is the burgers vector):

𝜏 = 𝐺𝑏𝜌 1/2 (9)
Stage II: It is an almost linear region of the stain-hardening curve, as seen in fig. 35. Stage II has an essentially constant hardening rate (about 𝐺/100, where 𝐺 is the material's shear modulus) and is related with the early phases of multiple slip [90].

Stage II is associated to forest dislocation, Lomer-Cottrell locks and jogs [85]. So, the stress connected with this stage can be analysed as the stress required to overcome these dislocation features.

Stage III: This stage is related with dynamic recovery processes and has a steadily decreasing strain hardening rate [90]. The decrement in the hardening rate can be seen in the tensile curve with parabolic state. The parabolic form of stage III relates to the hardening associated with a polycrystal material [85]. Stage III continues until stress saturation is reached.

Cross slip or dislocation climb is a phenomenon of dislocation annihilation which decreases the strain hardening rate but in planar materials, absence of cross slip can modify this rate in the stage III slightly. For materials who show cross slip, this stage is also associated with temperature as cross slip is a thermally assisted mechanism. Stage III does not exist in this with cross slip case. Same trend is seen for cryogenic tests.

Plasticity associated with polycrystalline materials

The deformation mechanisms of polycrystals differ from those of single crystals. Material are polycrystals which are made up of several grains, hence the slip system (i.e., slip direction and slip plane) varies from grain to grain (crystal). This means even the CRSS will vary from grain to grain. Nickel alloys with the FCC system have been observed to have considerably higher strain hardening rates and ductility, making them commercially valuable for a variety of structural applications [90]. In the case of crystallographic texture, plasticity will begin at the level of the most favourably oriented grains. It will then spread from grain to grain as the stress increases. The requirement for stress and deformation continuity on both sides of the grain boundaries necessitates the simultaneous activation of several slip systems. The whole schematic process has been depicted in fig. 36 [91]. This results in the presence of dislocations known as geometrically necessary dislocations [92]. Polycrystal strain hardening can be divided into three distinct stages, which are not necessarily equivalent to those relating to single crystals.

• Stage I: In terms of activated slip systems, this stage is comparable to stage I of the single crystal. Only the activation of primary slip system {111} <110> can accommodate the plasticity, resulting in an increase in the number of slip lines and the formation of weakly hardening dipoles and multipoles. Nevertheless, it is not linear because of the hardening caused by the presence of grain boundaries. The strain hardening rate is important because of deformation incompatibilities between grains, which are absent in a single crystal. Fig.

37 (a) depicts the type of dislocations at this stage. This is valid for well oriented grains. In this stage there is a transition between elasticity and plasticity. Well oriented grains yield the first and later the other grains do • Stage II: This stage is associated with the activation of a number of secondary slip systems.

The activation of the multiple slip, like the activation of the single crystal, results in the formation of dense structures of dislocations, such as clusters as shown in fig. 37(b), walls, and cells. This stage is not linear at the tensile curve level, unlike single crystals, due to the contribution of grain boundaries to strain hardening, except in the case of polycrystals with few grains in the thickness deformed at low temperature [92], [93]. In stage II, all the grains are supposed to be plastically deformed. • Stage III: This stage is linked to arrangement of the dislocations in cells as seen in fig.

37(c). At the microscopic level, mechanical behaviour becomes highly heterogeneous, with "hard" zones of high dislocation density that are difficult to deform forming alongside "soft" zones of lower dislocation density and are easily deformed. Overviewing all the three stages of hardening, the most important takeaway is that the development of the mechanisms for dislocation production is logically the first necessity step for understanding strain hardening. In the following section, we would discuss dislocation production mechanisms.

Dislocation production

Taylor, Orowan, and Polanyi independently proposed the concept of dislocation in 1934. Since then, dislocations have been intensively researched and utilised to nearly every area of metal plastic deformation. The burgers vector 𝒃 ⃗ ⃗ represents the magnitude and direction of slip, a crucial trait of a dislocation. It has already been demonstrated that 𝒃 ⃗ ⃗ for a pure edge dislocation is perpendicular to the dislocation line, but that of a pure screw dislocation is parallel to the dislocation line. Dislocations in actual crystals are rarely pure dislocations, but typically partially edge and partially screw in character [START_REF]Introduction to Dislocations -5th Edition[END_REF].

Dislocation production has several different mechanisms in crystals. Literature, on the basis of theoretical and experimental evidences, points out to dislocation production via grain boundary steps. In early stages of plasticity, this dislocation production mechanism is predominant. Small surface steps that operate as stress raisers in single crystals can also act as dislocation sources [START_REF]Introduction to Dislocations -5th Edition[END_REF]. Mughrabi showed that for single crystals, the dislocation density at the surface is higher than that of interior region [START_REF] Mughrabi | Investigations of Plastically Deformed Copper Single Crystals in the Stress-Applied State. I. A Study of the Dislocation Behaviour in the Surface Region and in the Bulk[END_REF]. But this mechanism is not significant for polycrystal as majority of the grains are not in contact with the surface and dislocation slip between two grains start at later stages of plastic deformation. Another method of producing dislocations is by clustering and collapse of vacancies or point defects to form a prismatic loop [START_REF] Lee | In-situ observation of the initiation of plasticity by nucleation of prismatic dislocation loops[END_REF]. These loops arise on {111} planes in FCC materials and are known as Frank partials [START_REF] Sigler | Calculations on the Mechanical Energy of Vacancy Condensation Loops, Stacking Fault Tetrahedra, and Voids[END_REF], [START_REF] Robertson | On the formation of vacancy type dislocation loops from displacement cascades in nickel[END_REF]. Along with production it is necessary for the crystal to multiply the dislocations to maintain the plastic deformation of a crystal. Frank and Read [START_REF] Frank | Multiplication Processes for Slow Moving Dislocations[END_REF] proposed such a mechanism for generation or multiplication of dislocations from already existing dislocations, this is known as a Frank-Read source. The mechanisms can be explained via an example; when a tensile stress is applied to a single crystal, shear stress is applied on the pinned dislocation line, assuming that dislocation is pinned at both the ends. This makes the dislocation line to bow outwards, and when this shear stress gets to a maximum, then this dislocation segment becomes a semicircle. Geometrically necessary dislocations (GNDs) are associated to produced dislocations to accommodate plastic deformation for polycrystalline FCC materials. It has provided a physical foundation for the behaviour of strain-gradient-dependent materials [91]. Dislocations in crystals could be classified into two types: GNDs that appeared in strain gradient fields due to geometrical constraints of the crystal lattice, and statistically-stored dislocations (SSDs) that evolved from random trapping processes during plastic deformation [91], [START_REF] Arsenlis | Crystallographic aspects of geometrically-necessary and statistically-stored dislocation density[END_REF].

Finally, several different microstructural features can enable dislocation production like grain boundary, existing dislocation cells, forest dislocations, cellular dendritic structures, etc.

Dislocation movement and interaction

As already explained, the slip system of an FCC lattice is with {111} plane and <110> direction. The burgers vector 𝒃 ⃗ ⃗ is given as (ao/2)[11 ̅ 0] [START_REF]Introduction to Dislocations -5th Edition[END_REF]. Dislocations can be dissociated into partial dislocations if the dissociation is energetically favoured. This reaction also depends on stacking fault energy of the material as it influences the separation between the two partials. These dissociated dislocations have two different burgers vector 𝒃 ⃗ ⃗ and are known as partial dislocations or Shockley partials. Lomer discussed that if dislocations or partial dislocations which are moving on intersecting slip planes can attract and combine given their burgers vectors have favourable orientations, to eventually form a dislocation with reduced energy [START_REF] Lomer | Defects in pure metals[END_REF]. However Cottrel mentioned how the reaction suggested by Lomer can be modified to truly immobile dislocations if the partial dislocations are sessile [START_REF]Introduction to Dislocations -5th Edition[END_REF], [START_REF] Cottrell | Theory of dislocations[END_REF].

In FCC crystals, a specific kind of partial dislocation is present which is known as Frank partial dislocation [START_REF] Hirth | A brief history of dislocation theory[END_REF]. It is also called as sessile dislocation because its burger vector is normal to its glide plane and hence it cannot glide. The movement for such dislocations can only occur by the diffusion of atoms or vacancies to or from the stacking fault, by the process of climb (or cross slip) [START_REF]Introduction to Dislocations -5th Edition[END_REF]. Sessile dislocations obstruct the mobility of other dislocations since climb is not a plausible mechanism at normal temperatures [START_REF]Introduction to Dislocations -5th Edition[END_REF]. These are also known as Cottrell-Lomer barriers [START_REF]Introduction to Dislocations -5th Edition[END_REF]. High stresses and/or temperatures are required to overcome these barriers. The dislocations or partial dislocations which can move freely in the slip plane are known as glissile dislocations [START_REF]Introduction to Dislocations -5th Edition[END_REF], [START_REF] Hirth | A brief history of dislocation theory[END_REF]. Irrespective of their nature, it is natural for dislocations to encounter several barriers during their movement and such interaction has been discussed in the following.

1. Dislocation-Vacancy interaction: Point defects such as vacancies are generated during plastic deformation as well as due to thermal activation. Jogs in dislocation lines are found to be sources and/or sinks for such point defects. Dieter [START_REF]Introduction to Dislocations -5th Edition[END_REF] described how the corner in a jog makes it favourable for the annihilation of vacancies. Moreover, jog formation creates vacancies due to the climb of dislocation. Whereas, the intersection between jogs and screw dislocations can create interstitials [START_REF] Authier ; Johnston | Dislocations and mechanical properties of Crystals, par Fisher[END_REF]. In general, there is an attractive force between vacancies and dislocations. Vacancies, like solute atoms, can build atmospheres surrounding dislocations generating a force-field.

2. Dislocation-Solute interaction: Dislocations in a crystal also interact with the solute atoms, where solute atoms could be either interstitial or substitutional [107]. This interaction is also known as solid solution strengthening. An enlarged atom will be drawn to the tension zone of an edge dislocation and repelled from the compression region as a result of this interaction. Schematically, it has been shown in tension in fig.

39. In both circumstances, an energetically advantageous arrangement of the dislocation and the solute atom is generated, which tends to survive since it reduces the system's energy. This action slows dislocation motion, requiring more shear force to move the dislocation from this position than was required to move it [107]. Moreover, segregation of the solute atoms to dislocations reduces the system's strain energy. Further, these atoms can move along dislocations until they come upon a barrier. When an external force attempts to move a dislocation line away from the solute cloud, this cloud produces a restoring force that resists such a movement [START_REF]Introduction to Dislocations -5th Edition[END_REF]. This means that a stress is required to unpin dislocation from a solute atom. At high temperature, a dislocation can continuously be pinned and unpinned from a solute atom which generates serrations in the flow curve (meaning variation in the stress) [START_REF] Li | The role of dislocation-solute interactions on the creep behaviour of binary Mg-RE alloys[END_REF]. The necessary shear stress associated with continued deformation can be analysed using the eq. 10 [90]- [91] (whereas 𝜏 0 is frictionless stress blocking the motion of dislocations and 𝛼 is a constant accounting for dislocation interactions) [85]:

𝜏 = 𝜏 0 + 𝛼𝐺𝑏𝜌 1/2 (10)
Figure 41: A solute atom interacts with an edge dislocation. Tension-induced attraction between dislocation and solute atom fields [START_REF] Siddique | Multi-scale modeling of solute atom strengthening using 3D discrete dislocation dynamics[END_REF].

Dislocation-dislocation interaction:

The dissociation of the dislocations into partial dislocations/ stacking faults and the categorisation of sessile and glissile dislocation, which already has been discussed comes under the banner of dislocation-dislocation interaction. Moreover, during stage II of a single crystal's deformation, two slip systems are activated, as mentioned before. The plastic deformation is primarily driven by the primary active slip system with free movement of primary dislocations. Whereas, the dislocations in the second slip system are immobile and are known as forest dislocations [112]. In the stage II of plastic deformation, forest hardening is considered to the leading mechanism [112], [START_REF] Teplyakova | Dislocation structure and deformation hardening alloy fcc single crystals at the mesolevel[END_REF]. When the active dislocations gliding in the primary slip plane collide with the forest dislocations, they become trapped. Theoretically, these obstacles are either jogs (dislocations intersection) or Lomer locks (dislocations reaction) [112]. Further, the amount of such fixed hindrances will increase during stage II with the activation of Frank-Read sources, resulting in an increase in the number of forest dislocations [112]. Furthermore, Teplyakova et al. points out to 'substructure hardening' resulted due to interaction between forest dislocations and slipping (contributed to dislocation intersection) [18].

Dislocation-grain boundary interaction:

In polycrystals, dislocations move along its slip plane till they react a grain boundary. Dislocations accumulate near the grain boundary and produce a pile up because the grain boundary acts as a barrier to dislocation mobility. Similar dislocations will oppose each other on the same slip plane. If a pile up contains n dislocations, the stress at the grain boundary will be n times the applied stress. When the stress on the neighbouring grain reaches a certain threshold, a new slip system could be activated. Dislocations in neighbouring grains can travel along the slip plane and reconstruct the pile. This procedure is repeated until slide has begun in all grains. This corresponds to the onset of yielding [114]. This is known as 'Grain boundary' strengthening and can be given by Hall-Petch relationship (where 𝜎 𝑦 is yield stress, 𝜎 0 is intrinsic yield stress, 𝑘 is material constant and 𝐷 is grain size) [START_REF] Cracknell | Frictional forces on dislocation arrays at the lower yield point in iron[END_REF], [START_REF] Takeuchi | The mechanism of the inverse Hall-Petch relation of nanocrystals[END_REF].

A dislocation-grain boundary interaction for strained 304 SS at room temperature can be seen in fig. 40 [START_REF] Kacher | Quasi-four-dimensional analysis of dislocation interactions with grain boundaries in 304 stainless steel[END_REF].

𝜎 𝑦 = 𝜎 0 + 𝑘 √𝐷 ( 11 
)
Figure 42: TEM image of the dislocation-grain boundary interaction in 304 stainless steel [START_REF] Kacher | Quasi-four-dimensional analysis of dislocation interactions with grain boundaries in 304 stainless steel[END_REF].

5. Dislocation-precipitate interaction: When a dislocation line comes in contact with a precipitate, it can either shear the soft precipitate or circumvent/ bypass it [START_REF] Lehtinen | Effects of precipitates and dislocation loops on the yield stress of irradiated iron[END_REF]. The predominated action of a dislocation on a precipitate depends on several factors but is mainly influenced by precipitate size and coherency with the matrix [START_REF] Lehtinen | Effects of precipitates and dislocation loops on the yield stress of irradiated iron[END_REF]. Such an interaction between dislocation and precipitate can induce hardening, which is also called as 'Orowan precipitation strengthening mechanism', and is given by Orowan-Ashby equation [START_REF] Mabuchi | Strengthening mechanisms of Mg Si alloys[END_REF], [START_REF] Zhao | Selective laser melting of Cu-Ni-Sn: A comprehensive study on the microstructure, mechanical properties, and deformation behavior[END_REF]. Both of such phenomena can be schematically seen in fig.

41(a)-(b). In the eq. 12; 𝑣 is Poisson's ratio, 𝐺 is shear modulus of the bulk material, 𝑏 is burgers vector, 𝑑 𝑝 is average radius of precipitate, and 𝜆 is spacing between two precipitates.

𝜏 𝑝 = 0.81 𝐺𝑏 2𝜋(1-𝑣) 1/2 ln ( 𝑑 𝑝 𝑏 ) 𝜆-𝑑 𝑝 (12)

Figure 43: A schematic illustration depicts the interaction between the dislocation and precipitates during dislocation movement (a) shearing or (b) bypassing, and (c) the relationship between precipitate radius and particle strength to resist shearing or bypassing

by dislocations [START_REF] Sjölander | The heat treatment of Al-Si-Cu-Mg casting alloys[END_REF].

Flow stress partioning

According to the literature [START_REF] Feaugas | On the origin of the tensile flow stress in the stainless steel AISI 316L at 300 K: back stress and effective stress[END_REF], [START_REF] Mughrabi | Dislocation wall and cell structures and long-range internal stresses in deformed metal crystals[END_REF] (Mughrabi, 1983;[START_REF] Dickson | A comparison of two simple methods for measuring cyclic internal and effective stresses[END_REF][START_REF] Polák | Effective and internal stresses in cyclic straining of 316 stainless steel[END_REF]Feaugas, 1999), flow stress (𝜎 𝑚𝑎𝑥 ) can be divided into two parts: back stress (𝑋) and effective stress (𝜎 𝑒𝑓𝑓 ), which correspond to the various types of interactions of microstructural features with mobile dislocations. This partition can be carried out on the basis of unloading sequence of a loading-unloading testing of a material.

Effective stress:

The stress required to move a dislocation away from short-range obstacles (forest dislocations, coherent precipitates, etc.) is known as effective stress. The soft zones (also known as the matrix) are then associated with effective stress. Now, the same dislocation in the soft zone (indicated in black) will also have short range interaction. This interaction could be with forest dislocations situated in the matrix (indicated in red) and coherent precipitates as shown in fig. 42(a). Effective stress can be calculated using the following eq. 13.

𝜎 𝑒𝑓𝑓 = (𝜎 𝑚𝑎𝑥 -𝜎 𝑟 ) 2 - (𝜎 * ) 2 (13) 
Back stress: Back stress is the stress required to overcome long-distance repulsive interactions of mobile dislocations with grain boundaries, heterogeneous dislocation structures, or incoherent precipitates [START_REF] Feaugas | The Effects of Grain Size on Dislocations organization and Internal Stresses developed under Tensile Loading in f.c.c. metals[END_REF]. Schematically it has been explained in the fig. 42(b). Consider that there is a dislocation in the soft zone (indicated in black), it will have long range interaction with grain boundaries, incoherent precipitates, dislocation structures and this can be associated with back stress. Back stress can be calculated using the following eq. 14.

𝑋 = (𝜎 𝑚𝑎𝑥 -𝜎 𝑒𝑓𝑓 )

Back stress is a kinematic component whereas effective stress is an isotropic one. Investigation the position and radius of the yield surface (𝜎 𝑟 ), enable the estimation of these two components as given in eq. 13 and eq. 14.

Figure 44: A schematic illustration of dislocation interactions associated to (a) effective stress; and (b) back stress.

Summary and PhD objectives

The aforementioned sections intend to overview the new age manufacturing technology of laser powder bed fusion (LPBF) process. LPBF is proving to be a game changer in the field of manufacturing especially for applications in aerospace, automotive and medical industry. Due to the flexibility brought out by the technique, it is increasingly possible to carve out additively intrinsic designs of components. The previous section discussed several process parameters which are involved in manufacturing like laser power, scanning speed, powder thickness, hatch distance, combined effect of volumetric energy density, scanning strategy, etc. The defects that are brought out by the rapid solidification and far-from-equilibrium features of LPBF process are also stated. New microstructures need to be tailored for attaining specific mechanical properties.

Further, the material-based advantages of Ni-alloys have been stated but the issues of LPBF processing of Ni-superalloys have also been described. Additive manufacturing brings in microstructural complexities like different scale of modified microstructures like grain sizes and morphologies, crystallographic textures, solidification features, dislocation network, precipitates, supersaturated solid solution, etc and modified mechanical properties. Furthermore, Ni-superalloys add to that complexity with its multifaceted chemistry like laves phases and other undesirable phases causing cracking and premature failures. Despite studying LPBF and AM processing of metallic alloys for decades, there are several open questions exist related to modified mechanical properties. This knowledge is of first importance to optimize processing in order to tailor the microstructure for the control of mechanical properties. Hence, Ni20wt.%Cr (FCC alloy) which could serve as a predecessor to Ni-superalloys have been considered for the investigation to understand the link between mechanical properties and microstructure. Microstructure and mechanical properties of Ni20Cr and other Ni-Cr alloys fabricated via conventional techniques and LPBF process have been compared. Yet the major questions are unanswered as which microstructural features govern the changed mechanical properties. This study intends to investigate this link between microstructures and mechanical properties of Ni20Cr alloy fabricated via LPBF.

To this aim, the previous section pedagogically lays out the fundamentals of plastic deformation of FCC alloys, stages of plastic deformation, dislocation production mechanisms and finally the interaction of dislocations.

The following points could be stated as the primary research topics to be addressed in this work, based on the previous summary:

• To establish a relationship between flow stress (back stress, effective stress, etc.) and microstructure at yielding. 

On the origin of the strain hardening mechanisms of Ni20Cr alloy manufactured by laser powder bed fusion

Abstract: Additively Manufactured (AM) metallic alloys differ from their conventionally produced counterparts by complex multi-scaled microstructures leading to deeply modified mechanical behavior. The characterization of these new links between microstructure and mechanical properties is of first importance. Nevertheless, many alloys produced by Laser Powder Bed Fusion (LPBF) process exhibit multi-phase microstructures which makes difficult the understanding of these links. In this article, we aimed at simplifying this complexity by investigating the basic strain hardening mechanisms of AM (LPBF) alloys of a theoretically monophasic Ni20Cr alloy manufactured by laser powder bed fusion. Based on the analysis of the microstructure and the tensile mechanical behavior including loading-unloading-relaxation tests, a comparison with conventionally manufactured Ni20Cr alloy is performed. First, an increase in yield stress for the LPBF samples is observed due to both effective stress and backstress modification. Second, the strain hardening mechanisms are modified for LPBF manufactured samples compared to cast ones. Kocks-Mecking model is then employed to reproduce the tensile curves and better analyze the strain hardening mechanisms. Results are discussed in terms of specific LPBF microstructure feature contributions to stress and strain hardening. We reveal that dislocation cells associated to dendrites are proved to be responsible for about 50% of the improved yield stress of LPBF material and seem to control the dislocation production, forest interactions being inoperative for those materials.

Introduction

Additive Manufacturing (AM) consists in a belt of techniques that produces 3D components slice by slice or more familiarly called as layer by layer manufacturing [1] [2]. Out of the many currently available techniques, Laser Powder Bed Fusion (LPBF) process is a laser assisted powder-based AM technique that specializes in metallic materials. In this process, due to extremely high cooling rates, the liquid melt track solidifies and hardens quickly [3] [4]. The most common differences in terms of microstructure that LPBF process brings out are high initial dislocation density, solute segregation, dendritic solidification, presence of high residual stresses, morphological and crystallographic textures, distinctive meltpool features, regular or irregular shaped porosities, stable or metastable precipitates, etc. [1]. The understanding of the influence of the specific LPBF microstructure on the mechanical properties is of first importance to tailor specific microstructures and properties for a correct design of mechanically reliable metallic parts in different industrial applications.

Gorsse et. al. [5] describe a basic two-point criterion for a metallic system to be successfully processed via LPBF: good weldability to avoid solidification cracking and input of micronlevel homogeneously spherical metal powders. Special attention has been paid to the additive manufacturing of alloys that fulfil these conditions and also have great industrial interest.

Hence, the alloy systems which are mostly investigated and produced are Ni-superalloys, Co-Cr-Mo alloys, steels, Ti-alloys, Al-alloys, Cu-alloys, refractory high entropy alloys, etc.

Despite the generally multi-phased character of these materials, the dependence of the mechanical behavior on basic microstructural features related to LPBF manufacturing such as melt pools, crystallographic and morphological texture, grain size, dendrite size or initial dislocation density, etc. has been investigated. Considering the melt pools, there is a consensus on the almost no direct influence of this parameter on the plastic behavior [6], [7]. On the contrary, the crystallographic texture clearly impacts the mechanical properties. Depending on the manufacturing strategy, i.e. applied volumetric energy and orientation between lasing planes, equiaxed grains without preferential orientations or columnar grains sharing similar orientations can be obtained [6], [8]- [11]. In that case, cubic or Goss textures are generally reported [6], [8], [11], [12] inducing anisotropic mechanical behavior (influence of building direction).

At a lower scale, the grain size was also reported to influence the mechanical behavior for LPBF alloys. In particular, some researchers applied the Hall-Petch (HP) relationship to model the grain size dependence and different trends were reported. On the one hand, it has been proved that the HP relationship can be applied successfully for LPBF alloys, with either similar [9], [13] or different [14] HP constants compared to the same alloys produced by conventional methods. Independently of the HP relationship modeling, the grain size strengthening is expected to be low [15]. Furthermore, for heavily textured materials with columnar grains, an effective grain size was proposed to take into account the average distance between grain boundaries alongside the mechanical loading direction [14], [16].

At the intragranular level, dislocation cells associated to dendrite growth during solidification were reported to significantly affect the mechanical behavior. Firstly, as for texture, there is a clear consensus on the strengthening effect of dislocation cells [13], [17]- [19]. HP relationship was also successfully applied using the cell size instead of the grain size suggesting similar strengthening mechanisms [17]. Moreover, dedicated investigation on this microstructural feature reveals that they are responsible for the large ductility generally observed for as-built AM alloys despite their elevated yield stress [17], [19]. For LPBF 316L, dislocation cells were reported to participate in strain hardening due to restrictions of the average dislocation mean free path [20]. Finally, the large dislocation density of LPBF alloys, ranging between 10 8 -10 9 mm -2 is also responsible for the large yield stress of those materials [6].

Despite the efforts of the 'mechanics of materials' community, the intrinsic multi-scale character of LPBF microstructure and its dependence with the manufacturing process prevented the quantitative estimation of the influence of each microstructure feature on the mechanical properties. For instance, increment in applied volumetric energy leads to a combined increase in grain size, in dislocation cell diameter and in texture index, which impede any understanding of the microstructural feature, i.e. average grain or dislocation cell diameter to be associated to the HP relationship [21]. Moreover, the presence of different phases such as γ' or γ" in Ni-based superalloys can also modify the influence of the LPBF microstructure on the mechanical properties. It is thus difficult to understand the specific role played by each LPBF microstructure at different scales on the mechanical behavior.

To improve the understanding of the basic relationship between microstructure and mechanical properties for LPBF materials, modelling can be employed. In literature, several articles using Kocks-Mecking (KM) models for mechanical behavior analysis have been published for such purpose for stainless steels [16], titanium alloys [22], [23] and aluminum alloys [24]- [26]. In particular, this model was employed for 316L to understand the building orientation influence on the tensile curve [16]. Authors reported that differences in dynamic recovery and twinning ability is responsible of the mechanical behavior anisotropy. For LPBF processed Al-Si alloys, a lower dislocation storage for as-built samples compared to heat treated ones was reported using KM models [24]. Nevertheless, regarding the role played by each microstructural characteristic (isolated dislocations, dendrites, grain size...) on the strain hardening for LPBF alloys, no sounded conclusions have been reported. Indeed, those works considered basic contribution of forest dislocation and dislocation annihilation on the strain hardening owing to other contributions such as initial dislocation structures (dendrites) or twins which have been proved to deeply influence the mechanical behavior. Other works using crystalline plasticity have been also published. Using complex 3D virtual microstructures and either empirical or physical based models, those works were able to reproduce, for instance, the effect of texture, grain morphology [27], [28] as well as anisotropy in tension/compression [27], [29]. Nevertheless, no result was reported on the effect of dendrites due to the difficulty to generate polycrystalline aggregates considering the different microstructural length scales. Moreover, the absence of clear identification of the most influent internal scale on the mechanical behavior, both in terms of flow stress and strain hardening alongside with the large computation cost associated to realistic 3D microstructures, leads to the arrest of development of specific constitutive laws for additively manufactured materials.

One way to improve our knowledge about the strain mechanisms of LPBF materials is to investigate the mechanical behavior of alloys with simplified microstructures. Face-Centered Cubic (FCC) alloys without precipitation hardening and low amounts of secondary phases are 'good candidates' for such purpose. In that aspect, Ni-Cr binary alloy, Ni20Cr (80 wt.% Ni and 20 wt.% Cr) which is widely employed industrially can be considered. Ni20Cr is mostly known for its excellent mechanical properties, enhanced electrical resistance at high temperature thanks to Ni, good corrosion resistance due to the presence of Cr [30], [31] and can be produced by LPBF [9], [32]. A dominant FCC phase with small chromium precipitates in dendrite walls were reported in these previous works. Moreover, the addition of chromium into nickel leads to a low stacking fault energy () of about 13 J/cm 2 [33]. The inverse of associated partial dissociation distance is proportional to the ratio of µb² and was approximately calculated to be 2×10 6 m -1 [34] leading to a very pronounced planar glide. Ni20Cr behaves in contradictory manner to 316L which exhibits very similar microstructure but enables cross-slip. Henceforth, restricted dislocation annihilation is expected for Ni20Cr. For Ni20Cr, all strain mechanisms are based on dislocation production mechanisms related to interactions between mobile dislocations and each LPBF microstructural feature without any influence of length scales (such as partial dissociation distance), which do not depend on the manufacturing process.

Hence this study is based on the experimental characterization of strain hardening mechanisms of Ni20Cr fabricated by LPBF. The objectives are to analyze and quantify the contribution of microstructural features like grain size, initial dislocation cells (dendrites), initial dislocation density in soft zones, etc. on both flow stress and strain hardening. To this aim, the mechanical behavior in tension was characterized using Loading-Relaxation-Unloading (LRU) tests alongside with the microstructure using scanning and transmission electron microscopy. These properties were then compared with those of the same alloy produced conventionally (via casting) to highlight the specificity of the strain hardening mechanisms associated with additive manufacturing. The tensile behavior of both alloys is then successfully modelled using the Kocks-Mecking formalisms to understand the relationship between the two investigated microstructural parameters and mechanical properties.

The paper is organized as follows. In a first section, the material and the experimental methods are described; then in second section, the Kocks-Mecking model employed in this study is detailed. Further, results, both in terms of mechanical behavior and microstructure characterization are proposed in a third section; and they are finally discussed in fourth section.

Material, experiments and methods

Material fabrication

The additively manufactured LPBF Ni20Cr samples were produced using the SLM125 HL machine at CRISMAT laboratory in Caen, France. The parameter set is summarized in table 1 and has been optimized in a previous study by Hug and co-authors [9] to reduce the sample porosity. In particular, the 62 J/mm 3 volumetric energy give rise to a crystallographic texture free material. The building platform was preheated at 200°C to avoid occurrence of cold cracking due to residual stresses. Cubic samples with edge length of 20 mm were fabricated for initial microstructural characterization and density measurement using Archimedes method. Cylindrical samples of diameter 20 mm and length 100 mm were fabricated and then machined to achieve dog-bone specimens with dimensions according to the ISO-12106:2017 standard. The aforementioned fabricated cubic and cylindrical samples (in the pre-machined state) can be seen schematically in fig. 1 The cast Ni20Cr samples were obtained from the provider in the machined condition with similar dimensions as mentioned above. The cast rods were cold drawn prior to machining and were completely homogenized at 1150°C for 10h to dissolve all the solidification heterogeneities and to generate an almost defect-free fully recrystallized microstructure. The homogenization temperature was selected according to the typical standards of wrought and cast Ni-based alloys in industry [35]. This heat-treatment was performed in secondary vacuum with a low cooling rate (furnace switch off).

Microstructure

The microstructural characterization was done using For the SEM, the samples were subjected to metallographic preparation starting from mechanical grinding and polishing using SiC abrasive papers followed by electropolishing in a Struers A2 electrolyte at 15 V for 30 s. Electron Back-Scattered Diffraction (EBSD) was performed to investigate both morphological and crystallographic textures as well as crystal orientation distribution analysis. A step size of 1 µm alongside with a 5° misorientation criteria for grain boundary characterization have been considered for data acquisition and treatment. Dislocations were also imaged at low magnification using SEM and Electron Channeling Contrast Imaging (ECCI) technique. Those analysis were performed at an 8 mm working distance with an acceleration voltage of 25 V associated to an electron current of 8-12 nA (read using Probe current detector) and emission current of 102.4 µA.

At high magnification, dislocations were observed by conventional TEM and Scanning-TEM (STEM). To that aim, samples were cut using precision cutting machine into 500 µm slices and were mechanically ground using SiC paper up to grit size 2400 until the thickness of 100 µm was obtained. Then thin discs of 3 mm in diameter were extracted using a punch hole device, followed by electropolishing at 24 V and -40 °C using Struers TenuPol-5 (jet polishing system) with a 90% methanol and 10% perchloric acid electrolyte. This step induces a hole formation in these thin discs ensuring electron transparency. Finally, Gatan precision ion polishing system (PIPS-2) was employed for post processing of electropolished discs intended to prepare plainview thin areas subsequent to the hole for better characterization. The milling parameters selected were 0.5 eV energy with milling angles of ± 3°. The acceleration voltage condition for CTEM and STEM systems was 200 kV. The probe size employed for the STEM analysis was 6C.

Mechanical tests

Monotonic tensile and Loading-Relaxation-Unloading tests (LRU) were performed on MTS servo-hydraulic machine with a load capacity of 100 kN in strain-controlled conditions with the help of a "clip-on" extensometer with the strain limit of 0.15. The strain rate employed for both kinds of tests was 10 -3 s -1 . This value was set up to reduce the LRU test time without enhancing viscous effects.

For LRU, at the end of each loading sequence, the total strain is hold during 2 minutes leading to sudden stress diminution if thermally activated plastic deformation mechanisms are operating. The applied relaxation time is a compromise between overall test time and thermal stress release. This time is expected to enable more than 98% of the thermal stress release calculated using extrapolation of curve fitting. At the end of the relaxation the stress is decreased down to 0 MPa. By ensuring a high strain rate during unloading, a mechanical quenching is expected leading to almost no changes in the microstructural features especially in dislocation density and movement keeping the same microstructural history for the next sequence [36]. Such tests are hence useful to investigate the loading surface in tension, both in terms of radius and center position. In this study, a total of 21 loading-relaxation-unloading cycle sequences (hysteresis loop) were performed with an average total strain step of about 0.016. This number of sequences correspond to the apparition of necking for LPBF samples. A typical LRU sequence is displayed in fig. 2.

Finally, in order to obtain statistically significant data, multiple monotonic and LRU tests were performed for each kind of material as following:

LPBF Ni20Cr: Three monotonic and four LRU tests Cast Ni20Cr: Three monotonic and two LRU tests.

As LRU sequences do not affect the flow stress evolution with strain, all macroscopically mechanical parameters presented on the following paragraphs (average values and error bars) are based on the analysis of all available data irrespective of the kind of mechanical tests.

Flow stress partitioning

Following literature [37] [38], [39] [40], the flow stress (σmax) can be divided into two parts namely back stress (X) and effective stress (σeff) linking to the different kinds of interactions of microstructural features with mobile dislocations [36]. Back stress relates to the stress required for local straining to overcome long distance repulsive interactions of mobile dislocations with grain boundaries, heterogeneous dislocation structures or incoherent precipitates [41]. Whereas, effective stress is the stress required to move a dislocation from short range obstacles, (forest dislocations, coherent precipitates, etc.). Effective stress is then associated with the soft zones (also called matrix). As illustrated in fig. 2, back stress is a directional or kinematic component of hardening and is associated to the translation of the elastic domain (yield surface center position), whereas the latter is an isotropic component and corresponds to the radius of this domain [42].

Back stress is related to long range interactions between dislocations and microstructure and can be further classified into intragranular and intergranular components [40]. The former is associated with heterogeneous dislocation structures (dislocation walls or cells) whereas the latter is related to strain incompatibilities between grains. Intergranular component is supposed to be dominant at the onset of plasticity while the intragranular becomes dominant as soon as plastic strain incompatibilities (related to the difference in crystal orientation or shape) are accommodated [41]. This accommodation depends, however, on the cross-slip ability of the material. High stacking fault energy materials such as nickel or aluminum are less sensitive to the grain size as strain incompatibilities are easily accommodated by cross-slip [41].

For viscoplastic materials, effective stress partial can further be classified into athermal (σµ) and thermal stresses (σ * ). The thermal stress partial is connected to the viscous behavior and is associated with thermal gliding mechanisms [36], [40]. The quantification of all these partials is based on Dickson's method [43] and requires the estimation of the reverse yield stress (σr) which is computed in the unloading portion of the hysteresis loop linked to loading-unloadingrelaxation tests with a specific plastic strain offset (10 -4 in this study). Based on the reverse yield stress (σr), flow stress (σmax) and thermal stress (σ * ), relaxed during the relaxation step, effective stress and backstress can be estimated, for each relaxation-unloading sequence, using eq. 1 and eq. 2, respectively.

𝜎 𝑒𝑓𝑓 = (𝜎 𝑚𝑎𝑥 -𝜎 𝑟 ) 2 - (𝜎 * ) 2 (1) 
𝑋 = (𝜎 𝑚𝑎𝑥 -𝜎 𝑒𝑓𝑓 )

(2) 

Activation volume

Physically, the activation volume is associated to the macroscopic sensitivity of viscoplastic flow brought about by stress application [40] and can be understood as free volume that mobile dislocations can travel under thermal activation between two thermally activated events [36].

For polycrystals, the activation volume can be expressed following eq. 3 [40] with 𝑀 the Taylor factor, 𝑏 the Burgers vector modulus, 𝑘 𝐵 the Boltzmann constant, T is the testing temperature and 𝜎 * is the thermal stress. The value of the activation volume is expressed in 𝑏 3 .

𝑉 = 𝑀 𝑘 𝐵 𝑇 𝑏 3 ( 𝜕𝑙𝑛𝜀 ∂𝜎 * ) (3) 

Kocks-Mecking model description

When it comes to the analysis of the strain hardening mechanisms, analytical models based on dislocation densities can provide valuable information complementary to mechanical tests or microstructure observations. In this framework, Kocks-Mecking (KM) based models were successfully employed for conventional FCC alloys in the past years to reproduce and understand the strain hardening mechanisms [44], [45]. The scalar character of the model and the possibility to consider the influence of several microstructural features on strain hardening, i.e. forest dislocations, grain boundaries, initial dislocation structures or precipitate networks as well as sinks such as free surfaces, make it suitable for the analysis of the mechanical behavior without need of finite element modelling associated to crystalline plasticity models.

The first constitutive equation of the Kocks-Mecking formalism relates the flow stress, 𝜎, with the dislocation density 𝜌 following the Taylor relationship [45]:

𝜎 = 𝜎 0 + 𝛼µ𝑏𝑀√𝜌 (4) 
Here, 𝑀 is the Taylor factor, 𝑏 the Burgers vector magnitude, µ is the shear modulus and 𝛼 is a material parameter considering the dislocation arrangement and the different kinds of interactions between slip systems (Lomer Cottrel locks, Hirth locks, glissile junctions...). 𝜎0 is an initial stress value which can be introduced to take into account the contribution of stress of secondary phases or solid solution hardening. In the case of Ni20Cr, this term will be mostly related to former contribution to the flow stress. 𝜌 represents the average dislocation density.

The second constitutive equation is the evolution rate of the dislocation density with plastic strain. This equation, introduced by Essmann and Mughrabi [46], initially consisted of two terms, one related to the dislocation storage due to dislocation interactions and a second one linked to the dislocation annihilation processes (by dislocation climb or cross-slip). In the last decades, improvements of the KM model were proposed to this specific equation considering other microstructural features' contributions to strain hardening [47]- [53]. Hence, this equation can be written as the sum of six different terms following eq. 5:

𝑑𝜌 𝑑𝜖 𝑝 = 𝑀 √ 𝜌 𝛽𝑏 + 𝑀𝑘 𝑔 𝑏𝑑 + 𝑀 𝑏𝑙 0 -𝐾 2 𝜌 - 𝑀 𝑏𝑠 + 1 2𝑒𝑏 • 𝑓 𝑡𝑤 (1-𝑓 𝑡𝑤 ) (5) 
The first term on the right-hand side is related to the athermal storage of dislocations. In that case, 𝛽 represents the ratio between the mean free path of gliding dislocations L and the average dislocation distance l, assumed to be equal to the inverse of the square root of dislocation density. 𝛽 is then introduced to take into account the fact that a dislocation may travel over a distance larger than the average space between dislocation. It is significant to mention that all forest dislocation interactions do not immobilize mobile dislocations.

The second term represents the contribution of grain boundaries to the strain hardening due to the geometrically necessary dislocations (GNDs) created to accommodate strain incompatibilities between grains [54]. This contribution is characterized by the constant 𝑘 𝑔 linked, among others parameters, to the grain shape and stacking fault energy [55]. This second term is supposed to be dominant at the beginning of plasticity when strain incompatibilities between grains are important.

The third term is related to the presence of initial dislocation structures generated during previous forming processes or to a precipitate network. In this term, 𝑙 0 represents the characteristic dimensions of the initial dislocation structures or the average distance between precipitates.

The fourth term is associated with the third stage of hardening linked to the annihilation of dislocations due to cross-slip or climb during dynamic recovery [40], [46], [56]. 𝐾 2 is the rate of the annihilation process. This parameter is linked to the dislocation annihilation distance which depends on the SFE of the material, on the temperature and on the stress level.

The fifth term governs the rate of dislocation annihilation due to free surfaces as initially formulated by Mecking [50] and then employed in literature to investigate surface effects for

Ni multicrystals [57]. This rate is governed by the average distance between free surfaces s.

The last term is introduced to take into account the contribution of mechanical twinning on strain hardening [16], [47]. In that term, e denotes the twin width and 𝑓 𝑡𝑤 the twin fraction which is supposed to depend on plastic strain. This term is restricted to low staking fault energy alloys.

These two equations, eq. 4 and eq. 5, form the conventional one-internal variable (i.e. 𝜌) KM model employed in the following sections to investigate the microstructure contribution to strain hardening. To solve this system of non-linear differential equations, a script using the Opensource software Scilab was implemented to compute the numerical tensile curve using a square root optimization process (Fourth order Range Kutta method) between the experimental data and the numerical tensile curves. For the optimization process, the root mean square deviation is minimized. This minimization process takes into account the flow stress values and associated strain hardening rate. As this parameter is larger than the stress level, the strain hardening rate influence on the identification is larger compared to the stress level one and must help to accurately investigate the strain hardening mechanisms [57]. The dendrites found in LPBF specimens were analyzed and the average value of dendritic primary arm spacing (λ) was found to be 0.47 µm with subsequently calculated process cooling rate (Ṫ) was (2.78±0.85)×10 6 ks -1 using eq. 6 [58], in agreement with literature [9].

Results
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𝜆 = 97Ṫ -0.36 (6) 
The possible dendritic solidification in cast was dissolved in the heat treatment to form a homogeneous microstructure. Error values shown in the cooling rate calculation has been computed using confidence interval of 95% [START_REF] Ulm | SIMPLE METHOD TO CALCULATE THE CONFIDENCE INTERVAL OF A STANDARDIZED MORTALITY RATIO (SMR)[END_REF]. Electron Back-Scattered Diffraction analysis (fig. 5) shows grain orientation maps, pole figures, Kernel average misorientation maps and grain orientation spread maps for both kind of samples (perpendicular to the sample axis). For LPBF, (fig. 5(a)), grains are almost equiaxed with a low maximum intensity of pole figure of about 2.598 for the XY plane (plane perpendicular to the building direction) as seen in fig. 5(c). Similar values (2.636) were found for the YZ plane (plane parallel to the building direction, not shown here), indicating that there is no crystallographic texture for Ni20Cr produced by LPBF.

Grain orientation maps, inverse pole figure maps, texture intensity maps, Kernel average misorientation maps, grain orientation spread maps for XY plane have been included below in fig. 5. Such grain structure was already reported in the case for LPBF of Inconel 718 [10], whereas Inconel 625 via LPBF showed higher maximum intensity indicating a crystallographic texture [63]. However, this texture emerging is also a function of input volumetric energy, hence comparison of texture behavior across different materials needs comparative energy. On the contrary for cast samples of Ni20Cr, huge grains are observed (fig. 5 

Monotonic tensile behavior

The comparison of the tensile curves between cast and LPBF samples in provided in fig. 7. Out of the multiple monotonic and LRU tensile tests done on LPBF and cast samples, only one stress-strain curve for each type was selected and shown in that figure. Fig. 7(a) shows that, as expected, the LPBF samples exhibit larger flow stress than cast. Such difference is still observed using the true stress and true strain formalism (see fig. 7(b)) but, in that case, ultimate tensile strength is increased for cast due to its larger necking strain. optimized manufacturing parameters has similar or higher values than those from the literature for the same manufacturing process [9], [32]. Marginal difference in engineering fracture strain values was observed whereas necking strain is significantly affected by the manufacturing process. Necking starts just above 22% engineering strain (indicated by blue arrow) whereas beyond 55% for cast (indicated by grey arrow). True stress and true strain have been employed for LRU analysis and Kocks-Mecking modelling, hence respective true strain true stress data for monotonic test for LPBF and Cast Ni20Cr has been given for comparison in table 3. Notably high degree of strain hardening is seen in cast unlike in LPBF specimens. Small fluctuations visible in the stress-strain curves belong to forced unloading and loading occurred due to manual reset and re-clipping of extensometer after attainment of its maximum limit. It can be also observed in fig. 7(b) that LPBF sample exhibit non-linear hardening contrarily to cast with an almost linear hardening in agreement with the strong planar glide of this material. Fig. 8 also shows fracture surfaces of both kinds of tested specimens having conventional cupand-cone shaped necking zones with dimples implying the presence of ductile mode of fracture, also confirmed by other studies [32]. The dimples found on LPBF specimens are much finer than that of the cast specimens. Moreover, the nucleation sites for fracture in cast specimen seems to be micro pores or inclusion particles [67]. Similar fracture properties have been shown in the studies of other LPBF Ni-alloys [68].

Loading-Relaxation-Unloading test analysis

The loading-relaxation-unloading tests were carried out on LPBF and cast specimens till close to 30% true strain, which corresponds to the region just before necking for LPBF. Yield stress and strain hardening for both samples are very similar to those characterized using conventional tensile tests presented in the previous section.

Based on those LRU tests, the stress components partition reported in the former section has been applied to both kind of samples in order to estimate the back stress, effective stress, athermal stress, and thermal stress evolutions with strain.

Back stress (X) evolution can be seen in fig. 9. X shows higher initial value for LPBF than that of Cast, whereas the degree of hardening is higher in cast than in LPBF. The total increment in X value during the course of strain increment is about 137 MPa for LPBF whereas that in cast is close to 370 MPa, with comparable final X values in both cases. LPBF Ni20Cr shows nonlinear kinematic hardening, contrary to an almost linear behavior for cast specimen. As shown in fig. 10, the effective stress (σeff) evolution depicts similar slope of increment for both specimens with higher initial value (238 MPa) for LPBF than that of cast (135 MPa). Finally, activation volume is analyzed and compared for the two types of samples. This parameter enables us to characterize the possible contributing mechanism for dislocation mobility [69], [70]. Physically it can be understood as a volume covered by a dislocation from initial condition to an activated state post deformation [71]. 

Deformation microstructures in LPBF and Cast Ni20Cr

Deformation twins, stacking faults (SFs), slip bands are the most common features observed in FCC systems with low stacking fault energy [73], which is the case of Ni20Cr [72], [74]. In fig. Figure 59: Illustration of the 0.3 deformed microstructure of LPBF specimen using CTEM observed close to a [START_REF] Kuhlmann-Wilsdorf | Theory of workhardening 1934-1984[END_REF] zone axis.

Compared to cast, LPBF specimen subjected to 30% of plastic true strain in tension shows a different dislocation evolution behavior with no occurrence of twinning and no stacking faults related to partial dislocations. This feature is probably due to the enhanced twinning activity due to Short Range Order (SRO) [76], which is larger for cast than LPBF for this material [9], [77]. A large dislocation density is observed alongside with cells as seen in fig. 15. 

Kocks-Mecking modelling of the tensile behavior

The tensile curves of cast and LPBF samples presented in the section 4.2 were employed to identify the KM model presented in section 3. Based on the microstructure analysis presented in the former paragraphs, eq. 5 related to the derivative of the dislocation density with strain can be simplified. First, bulk specimens are not affected by free surfaces (average distance between free surfaces several orders of magnitude larger than the other microstructure features) and the associated strain hardening term was dismissed for cast and LPBF specimens. Then, for both kind of samples, twinning influence on strain hardening was not considered as only few mechanical twins were evidenced for cast by TEM. Regarding the influence of precipitates on strain hardening, as no precipitation evidence was found for cast, this contribution on eq.5 was not considered. For LPBF samples, Cr-rich precipitates have been characterized inside the dendrite walls. Nevertheless, their influence on strain hardening is supposed to be low as only reduced interaction with mobile dislocations is expected due to the high dislocation density surrounding the precipitates. Consequently, no precipitation contribution to strain hardening was considered for both kind of samples in first approximation. Contrarily to cast exhibiting a full recrystallized character, an initial dislocation structure associated to dendrites was characterized for LPBF samples. Its contribution to strain hardening has been then taken into account for this kind of sample. To sum up, dislocation forest interactions, dislocation annihilation, grain boundaries and initial dislocation structures were considered for strain hardening for LPBF whereas the latter contribution was not considered for cast. Table 4 summarizes the different parameters of the model alongside to their values resulting from literature identification or microstructure characterization. For Taylor factor a value of 3 has been considered (no texture) whereas 0.3 has been employed for  (average value considering all dislocation interaction [45]. Shear modulus [78] and Burgers vector modulus [79] was taken from literature. Kg was considered following the work of Rudloff [80]. The grain size d is the average one estimated in this work by Electron Back-Scattered Diffraction analysis for both kind of samples. Based on those values, the optimization process returns the values for β, K2 and l0. Table 5 summarizes the values of these three parameters for each experimental tensile curve considered in this study as well as average values with associated errors (90% of confidence interval). Once identified, the model returns the flow stress and dislocation density evolution with strain. Fig. 18 illustrates an example of the comparison between one experimental tensile curve and the corresponding predicted one for each manufacturing process. For both LPBF and cast samples, the KM model is able to accurately reproduce the tensile curve. The agreement is better for LPBF than cast, as in the case of cast, the large grain size induces transient behavior (strain hardening stages with inflection point similar to single crystals ones [57]). The evolution of the dislocation density with strain is displayed in fig. 18(b). The initial value of the dislocation density returned by the KM model for the LPBF sample (6.2×10 8 mm -2 ) is about three orders of magnitude higher than the value for cast (1.5×10 5 mm -2 ) in agreement with the TEM observations for both samples. For the LPBF sample, the initial value of the dislocation density is close to the one reported in literature for 316L (6×10 8 mm -2 [16]) and for IN718 (1.6×10 8 mm -2 [22]). At fracture, the dislocation density is similar for the two samples revealing a larger storage of dislocations in the case of cast compared to LPBF. For stress higher than 600 MPa corresponding to the onset of plasticity for LPBF, cast and LPBF samples do not exhibit the same strain hardening and dislocation density evolution revealing different strain hardening mechanisms. In agreement with their same chemical compositions, the dislocation annihilation rate is similar for the two kinds of sample. Similar KM analysis performed on high purity polycrystalline nickel data from literature [81] returns a K2 value about 3.3. This much lower value for Ni20Cr is in agreement with its planar glide character which restricts the dislocation annihilation events.

Discussion

Initial microstructure for LPBF samples and its influence on the yield stress

The huge difference in all the microstructural features like grain size, dendrites, initial dislocation density, and dislocation substructures has been clearly seen by electron microscopy between LPBF and cast specimens.

At the sub-grain scale, dislocation substructures like stacking fault tetrahedrons (SFTs) and dislocation dipoles as well as dendrites associated to precipitation marks the most important differences between the two kinds of samples. At a larger scale, melting pools found in as-built LPBF specimens can also modify the strain mechanisms for this kind of samples. The formation of SFTs could correspond to a local migration and clustering of vacancies which formed due to intense quenching from high temperatures or from heavy plastic deformation (dislocation reactions and entanglement) [61], [62]. LPBF is known to have extremely high solidification rates of about 10 6 K/s as estimated using the interdendritic arm spacing for Ni20Cr in section 4. Therefore, the presence of these tetrahedrons makes sense even if they have been reported so far mainly for irradiated LPBF manufactured alloys. Their size was found to be around 10 nm, in agreement with literature in conventionally produced materials [60] or irradiated IN718 produced by LPBF [82]. Nevertheless, their average spacing is too large to play a role on plasticity. Besides, several studies describe that dislocation loops form when oversaturated vacancies accumulate in a plate form on densely packed lattice planes [83], [84]. Their observations in fig. 4(b) alongside SFTs seems then to prove that LPBF induces large amount of vacancies.

At the grain level, Electron Back-Scattered Diffraction analysis carried out for LPBF returns a relatively lower value of texture intensity (2.6) compared to cast (7.1) implying the absence of dominant crystallographic orientations, in agreement with the low manufacturing volumetric energy. Taylor's factors computed for the two materials from EBSD analysis are very similar with value of about 3.1 for LPBF and 3.4 for cast. Those values ensure a similar contribution of grain orientation distribution over the mechanical behavior of the two kinds of samples. The large KAM and GOS values for LBPF compared to cast relates to the high mechanical quenching inducing misorientation via layer-by-layer high cooling rate assisted manufacturing. Several studies account [35], [85] that such a huge multi-fold difference in GOS values manifests the presence of higher residual stress in LPBF initial state than that of its cast counterpart. In contrast, for cast, an almost defect free microstructure is observed.

High fraction of Low angle grain boundaries (LAGBs) was found in as-built LPBF (around 76% in area) set till 15° misorientation as mentioned in previous section. Kernel average map of LPBF specimens as shown in fig. 5(e) indicates the presence of GNDs close to these LAGBs as discussed in literature for LPBF 316L [73], which can be associated to high initial dislocation density observed in as-built of LPBF specimens. High thermal stresses formed due to cyclic tension and compression during the LPBF process need to be accommodated with the help dislocation generation and formation of LAGBs [73], [86].

This multiscale microstructure characterization enables the estimation of each microstructure feature contribution to the yield stress. Using the flow stress partition described in section 3, the yield stress σ y can be written as a sum of the effective stress and backstress components (intragranular component, Xintra and intergranular component, Xinter) at yield point:

𝜎 𝑦 = 𝜎 𝑒𝑓𝑓 𝑦 + 𝑋 𝑖𝑛𝑡𝑟𝑎 𝑦 + 𝑋 𝑖𝑛𝑡𝑒𝑟 𝑦 (7) 
Considering the different defects characterized in the LPBF samples and assuming that the grain size strengthening is low for this stress component [87] and can be neglected, the value of the effective stress at the yield point can be also expressed following eq. 8.

𝜎 𝑒𝑓𝑓 𝑦 = 𝜎 𝑠.𝑠. + 𝜎 𝑟.𝑠.𝑑. (8) where 𝜎 𝑠.𝑠. represents the solid solution contribution to stress and 𝜎 𝑟.𝑠.𝑑. the contribution of the regularly spaced defects (r.s.d.) such as isolated dislocations, small precipitates... which is theoretically written as 𝜎 𝑟.𝑠.𝑑. = 𝑀µ𝑏 𝑙 𝑑 ⁄ with 𝑙 𝑑 the average defect distance [START_REF]Introduction to Dislocations -5th Edition[END_REF].

In the case of LPBF Ni20Cr those regularly spaced defects are related to dislocations in the soft zones 𝜌 𝑠 (𝑙 𝑑 = 1/√𝜌 𝑠 ) and the dendrite walls (separated by the distance l0). As precipitates are localized inside those walls, their contribution on stress is supposed to be negligible, as already justified in section 4.5. Hence, one could write the initial value of the effective stress such as [40], [START_REF]Introduction to Dislocations -5th Edition[END_REF]:

𝜎 𝑒𝑓𝑓 𝑦 = 𝜎 𝑠.𝑠. + 𝛼𝑀µ𝑏√𝜌 𝑠 (9) 
For Ni20Cr 𝜎 𝑠.𝑠. can be estimated using the extrapolation of the cast effective stress for zero strain (fig. 10) and is about 115 MPa. This latter is in good agreement with the value reported in literature [41][87] and employed for the KM modelling. TEM images also enable the estimation of the dislocation density in the soft zones. Using the method based on dislocation intercepts with a line network [89], [90] applied at five different locations, an average value 𝜌 𝑠 = (4 ± 1) × 10 7 mm -2 was obtained. To compute this dislocation density, an average value of foil thickness of 200 nm has been considered. This value of dislocation density is soft zone is lower than the average one estimated by the KM modelling (section 4). The value returned by KM model is, indeed, the total dislocation density which take into account the value of this parameter in soft and hard zones. These two values are then consistent.

Using the M, , µ and b values reported in table 4, the contribution of dislocations on the initial value of the effective stress is about 117 MPa. Solid solution contribution is approximated to be 115 MPa. Hence, at the onset of plasticity, the estimation of the effective stress based on the theoretical contribution of microstructure returns a value of about 232 MPa. This value is in fairly good agreement with the 216 MPa which can be extrapolated from fig. 10 for LPBF samples. Then, the larger value of effective stress for LPBF compared to cast at the onset of plasticity is due to the larger initial dislocation density in soft zone.

When it comes to the backstress, as mentioned in eq. 10, the intergranular component can be expressed using a Hall-Petch formalism, with kHP the slope of the Hall-Petch plot for yield stress. For Ni20Cr, a similar value of about 950 MPa.µm -1/2 was reported for cast [87] and LPBF [9]. For the intragranular backstress, following the works of Feaugas [40] and Keller et. al. [81], [91] on FCC materials with wavy slip tendency, the intragranular backstress can be expressed as a function of the average hard zones spacing l0 (see eq. 11). In that case 𝑓 𝑔 represents the volume fraction of grains presenting such hard zones (here, 𝑓 𝑔 =1 as all grains exhibit cell structures) and 𝐾 𝑠 a constant depending on the stacking fault energy. For planar glide materials such as Ni20Cr, this relationship is supposed to be also valid [52].

𝑋 𝑖𝑛𝑡𝑒𝑟 𝑦 = 𝑘 𝐻𝑃 √𝑑 ( 10 
)
𝑋 𝑖𝑛𝑡𝑟𝑎 𝑦 = 𝑓 𝑔 𝐾 𝑠 µ𝑏𝑀 𝑙 0 (11) 
For LPBF Ni20Cr this average distance l0 corresponds to the interdendritic arm spacing estimated in section 3. Using kHP value reported in literature for this material, the grain size estimated by Electron Back-Scattered Diffraction, considering in first approximation 𝐾 𝑠 = 2 [40] (value for 316L with low stacking fault energy) and the M, , µ and b values reported in table 4, the two backstress components can be estimated: 𝑋 𝑖𝑛𝑡𝑒𝑟 𝑦 =111 MPa and 𝑋 𝑖𝑛𝑡𝑟𝑎 𝑦 = 258 MPa. Those values correspond to a total initial backstress of about 369 MPa in good agreement with the extrapolated value of 𝑋 about 350 MPa for zero strain in fig. 9 for LPBF samples. The larger backstress value at the onset of plasticity for LPBF compared to cast is due, first, to the reduced grain size for LPBF and, second, to the dendrite walls with a large dislocation density.

Finally, all those contributions to the yield stress enable the estimation of this parameter from a microstructural framework. Those contributions are summarized in table 6. In that case, σ y is about 601 MPa whereas the value estimated for the tensile curve is 566 MPa. These two values are in very well agreement. Then table 6 clearly illustrates that about 43% the yield stress for LPBF samples is associated to the presence of dendrites mostly due to the intragranular backstress arising from the differences in dislocation density in the hard zones (dendrite walls) and soft zones. Compared to already reported estimation of dislocation contributions in the yield stress for LPBF alloys considering only the average dislocation density [16], the results obtained for that study clearly show that both absolute value of dislocation density and dislocation distribution into hard (dendrite walls) and soft (dendrite center) zones, are responsible for the enhanced yield stress of LPBF Ni20Cr. Moreover, the grain size contribution to the yield stress is significant but lower than the one related to dendrites, as supposed by other researchers [15]. Based on this first modeling attempt, other microstructure contributions to yield stress such as the fraction of LAGBs should be introduced to estimate more accurately the contribution of specific LPBF microstructure features.

Strain hardening mechanisms

As reported in the former section regarding yield stress, the different microstructural features of LPBF material can play a role on the strain hardening. Nevertheless, contrarily to the yield stress estimation, strain hardening mechanisms can be hardly analyzed using microstructural data. In this case, flow stress, evolution of flow stress components with respect to strain and finally Kocks-Mecking model can be used.

As observed in fig. 7(b), the strain hardening rate for cast specimen shows a constant character (linear relationship between stress and strain) till 30% true strain indicating a very low annihilation of dislocations in agreement with the planar glide character of the material (restricted cross-slip) [52], [73]. Similar analysis done for the LPBF specimens indicates almost non-linear behavior since the beginning of plasticity. As the stacking fault energy is mainly due to the material chemical composition and that this parameter is not very sensitive to slight Cr content variation [75], no difference in cross-slip ability is expected between cast and LPBF samples. The similar K2 parameter of Kocks-Mecking model confirm this hypothesis (0.97 ± 0.12 for LPBF versus 1.69 ± 0.29 for cast). Contrarily to other papers published in literature for which different values of K2 have been reported for the same material depending on the manufacturing conditions [16], [24], [92], the introduction of all the microstructure contributions into eq. 5 returns a similar value of this parameter, in agreement with the similar average chemical composition and same mechanical test temperature. The low dislocation annihilation by cross-slip cannot be responsible for this difference in strain hardening (linear vs non-linear).

The analysis of the evolution of the effective stress with strain in fig. 10 can provide valuable information about the strain hardening mechanisms in the soft zones. For the effective stress, as mentioned in the former section of the discussion, the grain size strengthening is expected to be low and is then neglected. For the two samples, linear hardening is observed revealing no dislocation annihilation. Hence, in the soft zones, the evolution of the dislocation density with strain can be expressed, in first approximation, by eq. 12 considering only one term related to forest dislocation contribution.

𝑑𝜌 𝑠 𝑑𝜖 = 𝑀 𝑏 • √𝜌𝑠 𝛽 (12) 
In the soft zones, following the previous section and eq. 9, the effective stress can be written following eq. 13.

𝜎 𝑒𝑓𝑓 (𝜀) = 𝜎 𝑠.𝑠. + 𝛼𝑀µ𝑏 √ 𝜌 𝑠(𝜀) (13) Considering that the contribution of the solid solution (first term on the right-hand side of eq.

13) does not depend on strain, the strain hardening rate 𝑑𝜎 𝑒𝑓𝑓 𝑑𝜀 can be formulated as follows (eq. 14):

𝑑𝜎 𝑑𝜀 = 𝛼µ𝑀 2 2𝛽 = 𝑘 (14) 𝛽 = 𝛼µ𝑀² 2𝑘 (15) 
Using fig. 10,k, which is the strain hardening rate, is estimated to 498 ± 8 MPa and 487 ± 18 MPa for cast and LPBF samples respectively. Using those values and eq. 15, similar values of β of about 219 ± 4 and 224 ± 8 for cast and LPBF samples in the order given. These two values, corresponding to the ratio between the dislocation mean free path and average dislocation distance, illustrates that same dislocation production based on the forest interactions could be responsible of the strain hardening in the soft zones. The SFTs, dipoles and loops observed in the LPBF compared to cast seem, hence, not to affect the dislocation production at this scale.

The initial dislocation mean free path L0 can be estimated using β and the average dislocation density in the soft zones: 𝐿 0 = 𝛽 √𝜌 𝑠 ⁄

. For cast, no experimental measurements of the initial dislocation density have been done. Nevertheless, considering the initial value computed by the KM model in fig. 18(b), the initial value of the dislocation mean free path for the cast material is about 570 µm, in the same order of magnitude than the grain size, in agreement with the almost defect free microstructure for that material.

For LPBF samples, considering the 𝜌 𝑠 experimental value reported in the previous section for the as-built state, L0 is about 13 µm. Nevertheless, this value is more than one order of magnitude larger than the dendritic primary arm spacing which must restrict the dislocation glide. Considering that dendrite grows following the {001} direction for f.c.c. metals, slip directions (i.e. {110} directions) with respect to the dendrite walls are inclined by either 90° or 45°. The maximal average distance between two dendrites walls alongside the dislocation slip direction is then of about 0.7 µm. This value is far lower than the L0 value obtained here. Hence, another dislocation production mechanism can be also operating for LPBF samples in the soft zones.

To better analyze the microstructure contribution to dislocation production, the general Kocks-Mecking formalism applied to the flow stress (described in sections 3 and 4.5) can be employed. Once the model identified on experimental tensile curves (see fig. 18), the estimation of each microstructure contribution to dislocation evolution with strain can be obtained. For cast, as explained in section 4.5, the derivative of the dislocation with plastic strain can be written following eq. 16 whereas the one for LPBF can be expresses by eq. 17. Using the KM model parameters identified in section 4.5 (table 4 andtable 5), it is possible to compute the value of each terms of eq. 16 and eq. 17 (for cast and LPBF samples, respectively) as a function of strain. Fig. 19 illustrates the positive contributions to dislocation production for the two samples. For cast, following eq. 16, only two terms associated to forest dislocation interaction and grain size participate to the dislocation production with strain. For that material, the grain size contribution is lower than the forest dislocation terms due to the large grain size for this sample (400 µm). The average  value associated to the KM model for cast is about 46 (see table 5) which is lower than the value computed for effective stress only and in good agreement with values reported for this material [50].

For LPBF,  tends to infinity meaning that the dislocation production based on forest interaction is neglectable compared to other dislocation production mechanisms. In that case, the dislocation production rate is dominated by the term related to the initial dislocation structures and, considering the model formulation, this can be only achieved by an infinite value of  (which, in that case, does not correspond to a physical value) This result is in agreement with the experimental work of Bean and co-workers [20] who identified dendrites as source mechanisms for strain hardening for 316L. The identification of the l0 value using KM model returns a value of about 2 µm which is four times the value characterized experimentally (see table 4). The non-linear strain hardening for LPBF samples is then due to the dislocation production related to dendrites. The larger predicted value of the dendrite size based on the Kocks-Mecking model could be due to the fact that dendrite walls can be crossed by dislocations. This feature is in agreement with the five times larger dislocation mean free path prediction using crystalline plasticity models and dislocation cells measurements for pure nickel [93]. Considering the flow stress components evolution with strain, this dendrite dislocation production must affect the backstress and, in particular, the dislocation density in the hard zones, as observed in TEM analysis fig. 16 and fig. 17 When it comes to finite element modelling of LPBF mechanical behavior using crystalline plasticity constitutive laws, results obtained in these two sections proved that the microstructural length associated to dendrites has to be considered both for stress and strain hardening for an accurate and physical modelling.

Conclusions

Using a Ni20Cr alloy with a simplified microstructure and planar glide tendency, this work has point out a clear distinction in mechanical behavior brought about by process change i.e. Laser Powder Bed Fusion process with respect to that of conventional manufacturing techniques. Using tensile tests, dislocation analysis and Kocks-Mecking formalism, the relationship between the basic microstructural features and the flow stress as well as the strain hardening have been clarified for additive manufacturing alloys. The main conclusions of this work are listed as follows:

➢ The large cooling rates involved by the laser powder bed fusion process induce various dislocation features like dipoles and stacking fault tetrahedra.

➢ The enhanced yield stress of as-built LPBF samples compared to cast is due to both increments in the effective stress and backstress.

➢ The effective stress is higher for LPBF compared to cast due to the increase in dislocation density in soft zones but also the presence of solid solution hardening. The difference in dislocation density between soft zones and dendrite walls is responsible for the strong increase in backstress for samples processed by LPBF. Close to 43% of the yield stress for LPBF is related to the presence of solidification dendrites.

➢ No dislocation production based on forest interaction seems to be operating for LPBF samples and strain hardening is mostly related to dislocation production linked to the dendrites. Consequently, despite pronounced planar glide, Ni20Cr samples produced by LPBF do not prompt any linear strain hardening.

➢ LPBF Ni20Cr shows higher activation volume than Cast Ni20Cr due to enhanced Short Range Order in cast which could also promotes mechanical twinning compared to LPBF.

Ackowledgements

The Labex EMC3 is greatly acknowledged for the financial support of the Nichrofab project.

Chapter 3

Influence of volumetric energy on mechanical properties of LPBFed Ni20Cr

Chapter 2 clearly exhibited the contribution of dendritic cellular structures on enhanced Yield Strength (YS) and altered strain hardening behaviour of LPBFed Ni20Cr alloy. Other microstructural features which also contributed towards the enhanced YS are solid solution, grain size strengthening, and by dislocation in soft zones. Further these dendritic cellular structures had major influence on strain hardening behaviour of LPBF Ni20Cr samples, whereas the cast samples experienced dislocation production via forest dislocations, highlighting the impact of processing on mechanical properties. However, this study focussed on LPBFed Ni20Cr fabricated with one set of process parameters with a volumetric energy density (VED) of 62 J/mm 

Introduction

Recently, new avenues for a scrap-free and lightweight design fabrication have emerged as a result of the development of additive manufacturing (AM) processes [1]- [2]. Laser Powder Bed Fusion (LPBF) process is one of the techniques of AM dealing with metal powder as a feedstock to build complex parts. Process parameters like laser power, hatch spacing, laser scanning speed, powder layer thickness deliver unique applied Volumetric Energy Densities (VEDs) as input during laser melting [3]. These parameters are optimized so as to fabricate parts with least porosity possible. LPBF is a layer-by-layer manufacturing process meaning that every layer of powder is melted with the help of laser and further solidified, henceforth the laser inputs such volumetric energy to melt every layer of powder [4]. Therefore, formerly solidified powder layers below undergo repetitive heating-cooling cycles. LPBF process, due to this rapid melting and solidification and out of equilibrium process conditions, induces unique microstructure like heterogeneous grain structure, columnar dendrites, dendritic cellular structures, high dislocation density, precipitates, meltpools. These microstructural features have a strong impact on mechanical properties. Donik et al. [5] reviews how grain size [3]- [4], meltpool dimensions [6], dislocation cell walls [8], and texture [3][5] are associated with the process parameters and several studies were evaluated focussing on each feature of multiscale microstructure. Aforementioned process parameters combined with scanning strategies, scanning angle, etc. are considered to be responsible for such a microstructure. Many VEDs with different sets of process parameters can induce 'minimum' porosity parts which may fulfil industry criteria. However, with change in VEDs, it is possible to bring about microstructural changes in the fabricated parts. Mechanical properties of LPBFed materials are directly connected to the generated microstructure. So, selection of VEDs or tailoring the microstructure depends on desired mechanical properties. Intensive studies have been, hence, performed to investigate the process-microstructure-properties link of AM or LPBF [1][6]. Specifically, many such studies investigated the influence of process parameters on microstructure and mechanical properties of AlSi10Mg [10], Al binary alloys [11], NiTi alloy [12], CuCrZr alloy [13], IN718 [14]. Nevertheless, the question of the quantification of the different AM microstructures to mechanical properties is still a remaining question. This quantification is of prime importance to select the VEDs and to tailor the microstructure to achieve desired properties.

In a previous work, the authors employed analytical models such as Taylor or Kocks-Mecking on Ni20Cr fabricated by LPBF process to establish that 43% of yield stress and strain hardening in such alloys come from dendritic cellular structures. In that case, only one VED of 62 J/mm 3 was considered and conclusions may not be extended to other VED or microstructure. In this paper, the objective is to try to generalize the quantification of the microstructure feature to yield stress and strain hardening for different values of VEDs (from 46 J/mm 3 to 231 J/mm 3 ) generating different microstructures (another possibility could be manoeuvring different sets of parameters, keeping the volumetric energy constant) using similar analytical models and microstructure characterization. Ni20Cr (80 wt.% Ni and 20 wt.%Cr) is employed owing to its rather monophasic character and planar glide (restricted cross-slip) [15]. Moreover, this binary alloy has industrial applications owing to high temperature mechanical properties due to Ni [16] and enhanced corrosion resistance due to Cr [17] and its chemical composition is the base of several nickel superalloys. Results of this article can be then used to help to tailor the microstructure of such alloys for industrial applications manufactured by LPBF.

Experimental and numerical procedure 2.1. Material fabrication

Cylindrical samples of Ni20Cr with dimension of 20 mm × 100 mm (diameter × height) were fabricated at the CRISMAT laboratory in Caen, France, using a SLM125HL machine. Cuboids of dimensions 10 mm × 15 mm × 20 mm (length × width × height) were printed for density analysis. Table 1 summarizes different parameter sets giving out unique volumetric energy densities (VEDs). The parameter selection was done in a prior work by Hug and co-authors [18] to reduce porosity and get a range of parameters achieving similar relative densities close or larger than 99%. Volumetric energy density (VED or Ev) can be calculated using a printability map of process parameters like laser power (P), scanning speed (v), hatch distance (h), powder layer thickness (t) as follows (eq. 1): Moreover, inert gas velocity of 7 m/s (Argon) was used, and stripes was employed to be the scanning strategy with a rotation angle of 67°.

Ev = 𝑃 ℎ𝑣𝑡 (1)

Microstructural characterization and Mechanical testing

The microstructural characterization was carried out using a Scanning Electron Microscope (JEOL 7900F with secondary electron detector and Electron Back-Scattered Detector (EBSD)) and Scanning Transmission Electron Microscope (STEM) ((JEOL ARM), with a Transmission Electron Microscope (TEM)). For the SEM analysis, the samples were first mechanically ground and polished with SiC abrasive sheets, then they were electropolished in a Struers A2 electrolyte at 15 V for 30 s. Crystal orientation distribution analysis and morphological and crystallographic textures were investigated using electron back-scattered diffraction (EBSD) with a step size of 1.5 µm. With the help of SEM and the Electron Channelling Contrast Imaging (ECCI) method, dendritic cellular structures and dislocations were also imaged. These analyses were carried out at a working distance of 5 mm and a 25 V acceleration voltage. For TEM samples, following mechanical grinding, thin discs of 3 mm in diameter were obtained using a punch hole device, and finally electropolished at 24 V and -40 °C using Struers TenuPol-5 (jet polishing system) with a 90% methanol and 10% perchloric acid electrolyte. The acceleration voltage condition for TEM and STEM systems was 200 kV. For dendritic cellular size analysis, both the slices perpendicular and parallel to the building direction (plane XY and YZ) were considered. Dendrite size analysis was performed using Fiji [19], an open source package built on ImageJ software.

The LPBF samples were built vertically (building direction being parallel to z-axis) in a 'netshape' condition in a dog bone configuration (with a diameter of 6 mm and a gage length of 24 mm) [18]. These samples were not machined prior to testing. Monotonic tensile tests were conducted at room temperature using an electromechanical tensile machine with a 50 kN load cell in displacement-controlled condition with the help of a "clip-on" extensometer at a mean strain rate of 10 -3 s -1 . Three samples have been tested for each volumetric energy employed to ensure statistical significance of the results.

Kocks-Mecking model

For conventionally manufactured FCC alloys, Kocks-Mecking (KM) based models have been successfully used in the past to replicate and comprehend the mechanisms of strain hardening independently of the Stacking Fault Energy (SFE) [20]- [21]. It was successfully employed for Ni20Cr alloy fabricated via LPBF in a previous work [15] for one VED of 62 J/mm 3 .

The first constitutive equation of the Kocks-Mecking model associates the flow stress, 𝜎, with the dislocation density 𝜌 following the Taylor relationship [21] (eq. 2):

𝜎 = 𝜎 0 + 𝛼µ𝑏𝑀√𝜌 (2)
Where, 𝑀 is the Taylor factor, 𝑏 the Burgers vector magnitude, µ is the shear modulus and 𝛼 is a material parameter considering the dislocation arrangement and the different kinds of interactions between slip systems. 𝜎0 is an initial stress value denoting the contribution of stress of secondary phases or solid solution hardening. This contribution will be mostly related to former contribution to the flow stress for Ni20Cr. 𝜌 represents the average dislocation density.

The dislocation density evolution rate with plastic strain is represented by the second constitutive equation (eq. 3). When Essmann and Mughrabi first proposed this equation [22], it had two terms: one connected to the storage of dislocations as a result of dislocation interactions, and the other to the processes of annihilating dislocations (via dislocation climb or cross-slip). In recent decades, modifications to the KM model for this particular equation have been proposed [23]- [29], taking into account the contributions of other microstructural features to strain hardening, and can be expressed using eq. 3. All terms in this equation are described in table 2. (3)

Table 4: Summary of the values of the different parameters of the Kock-Mecking model identified from modelling of the experimental tensile curves

Right hand term

Contribution type Details

𝑀√𝜌 𝛽𝑏

Forest dislocation interaction

• 𝛽 : ratio between the mean free path of gliding dislocations L and the average dislocation distance l (Stage II of hardening) 𝑀𝑘 𝑔 𝑏𝑑

Strain hardening due to GB GNDs

• 𝑘 𝑔 : material dependent parameter related to grain shape and stacking fault energy [30] • Works when strain mismatches between grains are high. This contribution is crucial in the beginning of plasticity 𝑀 𝑏𝑙 0

Initial

Dislocations structure

• Due to the presence of initial dislocation structures generated during previous forming processes or to a precipitate network • 𝑙 0 : initial dislocation structures (associated with dendrite size for LPBF samples) or the average distance between precipitates 𝐾 2 𝜌 Dislocation annihilation

• Third stage of hardening linked to the annihilation of dislocations due to cross-slip or climb during dynamic recovery [22], [31], [32] • 𝐾 2 : rate of the annihilation process which depends on the SFE, temperature and stress of the material system 𝑀 𝑏𝑠

Dislocation annihilation due to free surfaces

• This rate is governed by the average distance between free surfaces s [26] • Only effective for thin samples 1 2𝑒𝑏

• 𝑓 𝑡𝑤 (1 -𝑓 𝑡𝑤 )

Mechanical twinning

• Impact on strain hardening [23], [33] • e = twin width and 𝑓 𝑡𝑤 = twin fraction; depends on plastic strain • Restricted to low staking fault energy alloys

The conventional one-internal variable (i.e. dislocation density) KM model, which is used in the next sections to assess the role of microstructure on strain hardening, is formed by these two equations, eq. 2 and 3. The numerical tensile curve was computed using a square root optimization technique (Fourth order Range Kutta method) between the experimental data and the numerical tensile curves using a script using the Opensource program Scilab to solve this system of non-linear differential equations [34]. The root mean square deviation is minimized during optimization. The flow stress levels and accompanying strain hardening rate are taken into consideration throughout this minimization.

Results and Discussion

Initial microstructural investigation

Fig. 1 shows SEM observations of the dendritic cellular structure for LPBF Ni20Cr for the five samples with different VEDs in the XY plane (perpendicular to the building direction). The dendrite size for sample with VED of 46 J/mm 3 was found to be close to 0.4 ± 0.05 µm and the trend was found to be increasing with increment in VED. Highest dendrite cell size of 1.08 ± 0.2 µm was observed for sample 5 with highest VED of 231 J/mm 3 . Similar trend in the increment in dendritic cellular size was observed in several studies [4]- [5] [30]. These dendritic cellular structures shown in fig. 1 are a part of a colony with same crystallographic orientation which depends upon the directional behaviour of solidification front. Cooling rates (Ṫ) associated with respective dendrite sizes (l0) can be computed using eq. 4 which is valid for Ni-alloys [37] and subsequent values for all VED samples are given in table 3. The cooling rates reported in this study for LPBF samples with different VEDs are in agreement with literature [13][32]. The black spherical particles are inter-dendritic precipitates of Cr-rich nature also categorized as Cr-rich oxides. Relative density values are also summarized in table 3 using values from a previous work [13].

𝑙 0 = 97Ṫ -0.36 (4)

Table 5: Dendrite sizes and associated cooling rates for all samples with different VEDs used for LPBF fabrication of Ni20Cr specimens. Errors are given with a confidence index of 95%.

Relative density analysis was carried out using Archimedes method and the values are extracted from a previous work [13].

Volumetric energy density (J/mm The texture intensity values follow an incrementing trend from 1.9 to 11.03 with increase in VEDs, as also observed for Ni-based Superalloys fabricated by LPBF [39]. Crystallographic texture intensity is relatively low till 90 J/mm 3 but grows extensively from 120 J/mm 3 and highest value is achieved at 231 J/mm 3 . Average grain size increases significantly from 30 µm to 200 µm as a function of VED, following the same trend as dendritic cellular structures and texture features. Similar findings are reported for LPBF 316L [5]. Higher VEDs of 120 J/mm 3 and 231 J/mm 3 show predominant columnar grain structures in the building direction. This can be associated to higher thermal gradient and relatively lower cooling rates as shown in table 3 [13][34].

The fraction of low angle grain boundaries (LAGBs) (misorientation <15°) was observed to increase from 60% to 84.3% with increasing VEDs as seen in table 4. Similar trend was reported by Chen et al. for Ni-Superalloy [39]. Barring a huge jump for 62 J/mm 3 , there is a steady increment till 231 J/mm 3 . Nevertheless, the value is in same order of magnitude for all samples. Fig. 3 shows how LPBF samples are rich in dislocations in 46 and 231 J/mm 3 (terminal conditions in this study). The heterogeneous dislocation structures are seen in rough cells whose size is observed to be increasing as a function of VED. Similar results were reported in literature for 316L [5]. Qualitatively, the dislocation density is soft zones are similar for both the samples as seen in fig. 3. 6) is affected by VEDs. Highest yield strength was observed for sample with 62 J/mm 3 (554 MPa) and decreases with increment in VED (till 231 J/mm 3 ). Similar decrement in YS with increment in VED has been observed for several different materials systems [4] [40]. Decreasing YS can be associated to increased cellular size of dislocations or grain size [41]. Yield strength achieved for 46 J/mm 3 (524 MPa) is slightly lower than that of 62 J/mm 3 but can be considered unchanged considering error bar. Same trend has been observed for Ultimate Tensile Strength (UTS) values as LPBF samples with VED of 62 J/mm 3 experiences maximum UTS with clear declining evolution with increasing VEDs, as seen in literature [41]. 'Cyan coloured' curve denotes tensile behaviour of cast Ni20Cr sample with significantly lower yield strength (267 MPa) than all the LPBF samples (least value of 421 MPa for 231 J/mm 3 ) due to its virgin microstructure at the beginning of the tensile test (recrystallized character). 

Monotonic tensile testing

Microstructure after interrupted tensile tests (5% strain)

Fig. 1 reveals the presence of Cr-rich precipitates for all volumetric energies. Generally, these precipitates are observed at the walls of dendritic cellular structures or inter-dendritic zones due to segregation of Cr, as shown in fig. 1. This location in dendrite walls may reduce their contribution to stress and strain hardening. In order to analyse the role played by such precipitates on plasticity and further model the microstructure contributions to yield stress and strain hardening accordingly, bright field TEM observations of dislocations after 5% of tensile strain were performed on sample 2 (62 J/mm 3 ). Fig. 5(a)-(c) represent field TEM micrographs of such strained samples in YZ plane (indicating upwards to the building direction). Firstly, in those figures, there are no evidences of mechanical twinning as already reported for this material [15]. Secondly, isolated dislocations can be observed as well as slip system trace as depicted by orange arrows. Finally, precipitates can be observed to interact with dislocations either by shearing or dislocation loop creation. Nevertheless, the occurrence of such dislocation interaction with precipitates is rather low and supposed to be of a second order compared to other dislocation-microstructure interactions. Precipitates may also indirectly influence the mechanical properties as they stabilize the dendritic cellular structures due to entanglement with initial dislocations. 

Yield stress prediction

To calculate the contribution of each microstructure feature to the yield stress, multiscale microstructure characterization has been used. Following the analytical model proposed in a previous work [15], the yield stress of the Ni20Cr samples can be estimated using equation 5, all terms being explained in table 5. In that case, following the previous section, mechanical twinning and precipitation were not considered as potential yield stress source.

𝜎 𝑦 = 𝜎 𝑠.𝑠. + 𝛼𝑀µ𝑏√𝜌 𝑠 + 𝑘 𝐻𝑃 √𝑑 + 𝑓 𝑔 𝐾 𝑠 µ𝑏𝑀 𝑙 0 (5) 

Table 7: Summary of the values of the different parameters of the Kock-Mecking model identified from modelling of the experimental tensile curves

Right hand term

Contribution type Details

𝜎 𝑠.𝑠.

Solid solution contribution

• Estimated using recrystallized cast tensile data [42][43] = 115 MPa 𝛼𝑀µ𝑏√𝜌 𝑠 Contribution of the regularly spaced defects

• Defects like isolated dislocations, small precipitates • Associated to dislocations in the soft zones 𝜌 𝑠 (inside the dendritic cells) • 𝛼 : parameter considering dislocation interaction = 0.3 [21] • M: Taylor factor = 3 (average value taken from EBSD analysis of LPBF samples) • µ = Shear modulus = 8.1×10 4 MPa [44] 𝑘 𝐻𝑃

√𝑑

Grain size strengthening

• kHP = slope of the Hall-Petch plot for yield stress • kHP = 950 MPa.µm -1/2 for cast [43] and LPBF [18] Ni20Cr

𝑓 𝑔 𝐾 𝑠 µ𝑏𝑀 𝑙 0

Dendrite long range backstress

• 𝑓 𝑔 : volume fraction of grains with hard zones = 1 (all grains reveal cell structures in LPBF metals) • l0: average hard zones spacing (dendritic cellular spacing) • 𝐾 𝑠 : constant depending on the SFE = 2 for LPBF Ni20Cr [9] • µ: 8.1×10 4 MPa= Shear modulus; value taken from literature [45] • 𝑏: 0.25 nm = Burgers vector modulus; value taken from literature [46] For this modelling, most of the parameters can be obtained using literature data (see table 5) except three microstructural parameters which have to be estimated, the dislocation density in the soft zone 𝜌 𝑠 , the grain size d as well as the dendrite size l0. For the last two parameters, values obtained in the previous sections can be employed. The measurement of the dislocation density in the soft zones has been performed by TEM analysis for a VED of 62 J/mm 3 . An average value of dislocation in soft zones 𝜌 𝑠 = 4 × 10 7 /mm 2 was obtained applying a line network-based technique based on dislocation intercepts at five separate places [46]- [47]. This value of dislocation density has been extracted from a previous work [15]. This dislocation density was calculated using an average foil thickness of 200 nm [15]. As observed in fig. 3, the dislocation density in soft zones seem to be qualitatively similar for the sample with the lowest and highest VED. Consequently, we assumed, in first approximation, the same value of 𝜌 𝑠 for all samples. Nevertheless, this value of 𝜌 𝑠 is sensitive to the foil thickness, location of the samples considered for microscopic characterisation, hence it might induce some scattering. So we believe that difference between the experimental values of 𝜌 𝑠 for all the samples built with different VEDs will be lower than that of such scattering. Kg (a value of 5) was considered from literature [44].

Following eq. 5, material parameters values summarized in table 5 as well as microstructural characterization, the yield stress has been estimated for all VEDs. Results are provided in table 6. As it only depends on chemistry, the solid solution contribution was calculated to be 115 MPa using cast material data and is applicable for all other samples. Then, regarding the contribution of dislocation density in soft zones to yield stress, as explained above, a similar value of about 111 MPa for LPBF fabricated via VED of 62 J/mm 3 was applied for all the Ni20Cr LPBF samples.

When it comes to the grain size strengthening, it was observed to be highest (170 MPa) for 46 J/mm 3 due to smaller grain size (30 µm) and this factor tends to decrease with increment in the VED, eventually the lowest contribution of 66 MPa was computed for 231 J/mm 3 due to largest size of grains (200 µm). Final contribution of dendritic cellular structures is associated with their sizes (as given in table 3 (dendrite size)) as a matter of inverse proportionality. Highest contribution due to dendritic cellular structures has been calculated for 46 J/mm 3 due to smallest size of dendrite and follows a descending trend with increasing VED due to increment in the size of such dendrites. All the values are given with associated errors (90% of confidence interval). Total yield stress was summed up considering all the contributions and this prediction was found to be 33.2% higher for 46 J/mm 3 LPBF sample than its respective experimental YS value as given in table 6. For LPBF samples with 62 and 90 J/mm 3 , the predicted YS values were about 7.5% higher than the experimental value. Whereas for 120 and 231 J/mm 3 samples, the predicted YS values were just about 4.6% and 4% away from their respective experimental values. For all the LPBF samples except for 46 J/mm 3 , prediction of YS values is comparable to the experimental ones, indicating robustness of the employed model. In particular, higher the VED, better is the agreement between the predicted and experimental values of YS. For the 46 J/mm 3 LPBF sample, the issue could be associated with the necessity of correction of the effective experimental sections of samples. Indeed, the real stress could be higher than estimated one as porosity is not taken into account. Moreover, lower VED values are associated with higher cooling rates involved in the processing inducing higher residual stresses in the built components [49]. Moreover, Simson et al. [50] explain that impact of residual stress is even higher for samples with density lower than 99%, which is the case for LPFB samples with 46 J/mm 3 . Relatively lower energy density might induce inadequate energy penetration inducing weak inter-layer bonding [50]. Hence, these higher residual stresses found for sample built with 46 J/mm 3 could be the reason for lower degree of agreement in predicted and experimental YS values.

These results clearly show that, except for the larger volumetric energy, the contribution of dendritic cellular structures over the yield stress is the most important which is about twice to that of contribution of the grain size. When high yield stress components are required, tailoring small dendrite owing to low VED is the best strategy no matter are the laser power or speed.

Table 8: Summary of the microstructural contributions (MPa) to the yield stress for LPBF samples.

Fig. 6 specifies the contribution (%) of the different microstructural features on predicted YS values for all the LPBF samples. Highest contribution is noticed for dendritic cellular structures irrespective of volumetric energy (contribution ranging between 40 and 50%), with lower contributions of other features. Interesting to note that dendrite contribution increases to 52% for 90 J/mm 3 and then reduces till 231 J/mm 3 . Homogenised cast Ni20Cr samples achieved experimental values of yield stress of 267±44 MPa which was considered as a reference in this work. The features that contribute to YS are solid solution (115 MPa), grain size (60 MPa according to EBSD analysis, as shown in previous work [15]), and the rest due to other mechanisms. Such mechanisms could be associated with initial dislocation density (due to thermal effects, samples will not be dislocation free even after homogenisation) and Short-Range Order (as Ni20Cr is prone to the formation of SRO [51]- [52]). A dislocation density estimation as well as SRO formation for cast sample is needed to investigate the contribution of microstructure for cast which is out of the scope of this paper.

VED (J/mm

Kocks-Mecking modelling of the tensile behaviour

Using the tensile curves of all LPBF (all VEDs) and cast samples were used to establish the KM model. Microstructural analysis performed in the previous sections and information from literature presented table 5 has been utilized to solve eq. 2 and 3 (derivative of dislocation density with plastic strain). From a microstructural point of view, LPBF samples exhibit dendritic cellular structure associated to dislocation cells with high initial dislocation density, unlike in cast specimens. Hence contribution of initial dislocation structures is only valid for LPBF samples, whereas contribution of forest dislocation interaction, dislocation annihilation, grain size is valid for both LPBF and cast samples. As the sample can be considered as bulk ones, no surface effects are expected. For Ni20Cr LPBF, there are no evidence of extended mechanical twinning [15]. Consequently, the last two terms of eq. 3 are dismissed in the case of this study. Further, the contribution of precipitates network to strain hardening is also dismissed following the results of section 3. Finally, equation 3 can be written following eq. 6 for cast and eq. 7 for LPBF: 

Taking into account these different microstructure contributions to strain hardening, three parameters have to be numerically optimized and identified: β, K2 and l0. Nevertheless, as mentioned in section 3.4, K2 associated to dislocation annihilation, depends mostly on chemistry and temperature tests. A similar value of 0.97 already characterized for 62 J/mm 3 has been applied for all samples in a previous work [15]. Solving the two non-linear differential equations of KM model (eq. 2 and 7), with information from table 5, tensile curves were modelled and are shown in fig. 7 and also compared with the experimental curves. The model seems to be able to reproduce tensile behaviour correctly. Table 7 summarizes the values of β and l0 optimized for all VEDs as well as the actual dendrite size (l0) and grain size of all LPBF samples as well as cast sample (cast values are extracted from previous study [15]). When it comes to β, reported values of cast and LPBF samples produced with the highest volumetric energy are of the same order of magnitude. For all other VEDs, this parameter demonstrating enormous values, reveals a neglectable contribution of forest dislocation interactions. Regarding the dendrite size (l0), both actual and predicted values are in the same order of magnitude proving the relevance of KM modelling. The predicted one is always larger than the actual one (factor between 3 and 5) revealing that the formulation of dendrite contribution to strain hardening returns overestimated values. Indeed, eq. 7 is based on theoretical aspects of plasticity which do not take into account the fact a dislocation interacting with dendrite walls will not always lead to dislocation production due to the different strength of the dislocation junctions [53]. In order to quantify the contribution of LPBF Ni20Cr microstructure on strain hardening, optimized value of β and l0 as well as the dislocation density evolution against strain have been employed to compute the different strain hardening mechanisms. These mechanisms are nothing but the individual 'terms' on the right-hand side of eq. 6 and 7. 8(c)) for all the samples. As for yield stress, dislocation production via dendritic cellular structures is the most significant contribution for strengthening of LPBF samples as higher magnitude of values were obtained than that of grain contribution and forest dislocation contribution. This rate reduces with increasing volumetric energies because of increment in the dendrite size. Dislocation production rate via grain size contributes for strengthening but relatively lower contribution than that of dendritic cellular structures, and shows same trend as the latter. It can be noted that owing to its independence to dislocation density, dislocation production rate via dendritic cellular structures and grain is constant and does not change with plastic strain. Dislocation production rate via forest dislocations is inoperative for LPBF samples with all volumetric energies (as seen in (fig. 8(c)), except for 231 J/mm 3 , in agreement with the very large value of β (see table 7). For highest VED sample, this contribution is active and has maximum influence on strengthening in cast Ni20Cr samples. Due to its rather high dendrite size, dislocation production rate mechanisms seem to be modified for the highest VED. As observed in figure 8(c), forest dislocations mechanism for dislocation production rate seems significant, with almost equal fraction of contribution as in dendritic cellular structures. However, grain size contribution is the least out of all mechanisms studied for this sample. Initially, dendritic cellular structures seem to be the most significant for dislocation production but with increasing plastic strain, forest dislocations interactions become more substantial for this particular sample.

Correction factor in Kocks-Mecking model

So far, the dendritic cellular size associated in the functioning of the model was optimised and obtained as an output. However, such a KM model is also widely employed in crystal plasticity modelling using finite element model code for the prediction of mechanics of materials [54]- [57]. Such an approach of crystal plasticity modelling (FEM) needs experimental dendritic cellular size as an input for predicting the mechanical behaviour of additively manufactured materials. Ma et al. employed the Orowan equation to investigate the grain boundarydislocations interaction using an crystal plasticity FEM approach [58]. Similar method has been reported in various studies [59]- [61]. Hence the objective of this section is to adapt the formulation of the model in order to take the dendrite size as an input. We observed in the previous section that the in fact the formulation of the model was not correct because the dendrite size predicted by the model was larger than the actual experimental value. Hence, we considered a correction factor to be more accurate and wide employability of this approach. This correction factor, δ, is then introduced in a modified dislocation production equation (eq. 8) and set to the average of the invert of the ratio of dendrite values predicted by the model and analysed experimentally for all VEDs. Such a value was computed from table 7 to about 0.22.

A modified equation based on the aforementioned points has been proposed as eq. 8. 

Moreover, an uncertain aspect of the aforementioned KM model employed in the previous work is based on optimization of several parameters as dendritic cellular size (already explained in the previous paragraph), 𝛽 and K2. The previous work gives out an average value of K2 equal to 0.97 for LPBF specimens, the model we employed in this work for validation for several VEDs, replaces the optimization of K2 with this average value. Moreover, using a correction factor, experimental value of dendrite could be used. These modifications leave solely the '𝛽' parameter for optimization for dislocation production mechanisms.

Solving the two non-linear differential equations of the modified KM model (eq. 2 and 8) with parameter values from table 5, it is possible to reproduce tensile curves for all the VEDs (as seen in fig. 7) which confirms its validation and employability for LPBF samples. Despite introduction of such a correction factor, a perspective of this work could be a detailed microstructural analysis of all the LPBF samples (all VEDs) under TEM to study the influence of dendrite wall thickness, precipitate size and shape, shearing of precipitates as a function of Volumetric energy density.

Conclusions

The objective of this work was to quantify the contribution of microstructural features using a Ni20Cr alloy manufactured with LPBF. The manufacturing was carried out with several volumetric energy densities to associate with such features. The work was based on analytical modelling, specifically the Kocks-Mecking formalism, and the relationship between the basic microstructural characteristics and flow stress as well as strain hardening for AM alloys has now been defined for several process parameters. The following are the key conclusions of this work:

• Combined mechanical testing, microstructure investigation and modelling is necessary to estimate contribution of AM length scales on mechanical behaviour.

• Analytical modelling based on microstructure (Taylor and Kocks-Mecking models) are able to reproduce LPBF behaviour for all volumetric energies.

• Contribution of LPBF microstructure features estimated, dendritic cellular structures responsible for ~45% of yield stress (62 J/mm 3 , 90 J/mm 3 , and 120 J/mm 3 ) and seem to fully control strain hardening.

• For LPBF Ni20Cr samples fabricated via 231 J/mm 3 , forest dislocation interaction becomes responsible for dislocation production impacting strain hardening.

• A modified equation has been proposed with a correction factor (δ) of 0.22 and a constant value of K2 (0.97) for better employability of the model even in FEM framework by directly considering the input values of dendritic cellular structures.

Chapter 4 High temperature mechanical properties of LPBFed Ni20Cr alloy

Chapter 2 and 3 presented room temperature yield strength and strain hardening behaviour of LPBFed Ni20Cr alloy and compared with its cast counterpart. As seen in these previous chapters, the major aim was to link these mechanical properties with microstructural features which majorly turned out to be dendritic cellular structures. However, owing to their excellent strengths at high temperatures, Ni-alloys have applications in gas turbines and jet engine parts. Hence, it is of utmost importance to investigate the influence of LPBF processing and its unique microstructure on mechanical properties of Ni20Cr alloy at elevated temperature. Therefore, this forms the basis of the following chapter. 

Introduction

Ni-alloys exhibit excellent high temperature mechanical performance and corrosion resistance in variety of alloy systems like Inconel 718 [1], IN 625 [2], IN 792 [3], etc. Similarly Ni20Cr, a binary alloy is employed in industrial applications where high creep resistance in the temperature range of 550°C to 950°C is required [4]. Ni20Cr also forms a model material for superalloys due to similar Cr content [5], [6]. The process of laser powder bed fusion (LPBF) has been on the forefront of manufacturing technologies in recent years to fabricate near-netshaped parts bringing about a tremendous flexibility in the processing sector. Since more than a decade now, Ni-alloys have been successfully printed using various LPBF systems and parameters [1][2] [3]. However, LPBF modifies the microstructure of material in as-built state inducing porosities, oxides, lack of fusions, metastable precipitates, residual stresses, etc [7], and further this modified microstructure unquestionably impacts the mechanical performance. Hence it becomes important to characterise the mechanical properties of LPBFed materials in extreme conditions like high temperature to avoid catastrophic failures in industry. Li et al [8] pointed comparable creep strength of LPBFed IN 625 between 650°C and 800°C than its wrought counterpart. IN792 exhibits little or no modification in Yield Strength (YS) and Ultimate Tensile Strength (UTS) till 760°C but decreases significantly above that temperature [3]. Whereas, Liu et al. [9] focussed on the supposed negative influence of incompatibly between columnar grains formed parallel to the building direction in Hastelloy X on their high temperature tensile properties [10]. As a result, the goal of this work is to widen our understanding of how the typical LPBFed microstructure changes with temperature, as well as to comprehend the raised temperature tensile performance of LPBFed Ni20Cr alloy.

Experimental procedure

The SLM125HL machine was used to print the Ni20Cr samples via Laser Powder Bed Fusion (LPBF) process. Cylindrical samples with dimensions of 8 mm in diameter and 90 mm in length were printed and then machined to create 'screw-headed' dog-bone specimens of 4 mm diameter and gauge length of 22 mm according to ISO 6892-1 (ASTM E8). For LPBF fabrication, laser power of 200 W, scanning speed of 900 mm/s, hatch distance of 0.12 mm, powder layer thickness of 30 µm were considered to input volumetric energy density of 62 J/mm 3 in the system. Further, the scanning strategy was selected to be stripes with rotation angle of 67°. A Scanning Electron Microscope (JEOL 7900F with SE detector and Electron Back-Scattered Detector (EBSD) along with Electron Channelling Contrast Imaging (ECCI) method was employed for microstructural characterisation. The samples underwent mechanical grinding with SiC papers followed by electropolishing using Struers A2 electrolyte. For EBSD data acquisition, a step size of 1.5 µm and a 5° misorientation criterion for grain boundary characterisation were designated. Monotonic tensile tests were carried out under straincontrolled circumstances using an MTS servo-hydraulic machine with a load capacity of 100 kN and a "clip-on" extensometer. The strain rate employed was 10 -3 s -1 and testing temperatures were 200°C, 500°C, 700°C and 900°C. The machine is equipped with furnace of maximum capacity of 1000°C. About 30 minutes are necessary for the system (furnace and sample) to reach a constant temperature for accurate test (no thermal dilatation). In order to understand the influence of temperature on the tensile behaviour, a pre-testing heat treatment was performed for 30 minutes (same time which is required for system to attain the testing temperature) at all testing temperatures, followed by water quenching to characterize the microstructure at the time of high temperature testing. 

Results and Discussion

Initial microstructural investigation

Monotonic tensile testing

Conclusions

Following are the key conclusions of high-temperature tensile testing of LPBF-fabricated Ni20Cr:

• High Yield Strength and Ultimate Tensile Strength for LPBF Ni20Cr till 500°C.

• LPBF Ni20Cr shows thermal stability of cellular dendrites till 700°C.

• Softening behaviour of LPBF Ni20Cr at 900°C is associated to deletion of cellular dendrites, diffusion of Cr and growth of Cr-rich oxides, no such softening experienced by Cast Ni20Cr samples.

• Onset of the modification in fracture mechanisms observed at 700°C.

• Presence of Dynamic Strain Ageing from 500°C to 900°C indicating Portevin-Le Chatelier effect in LPBF Ni20Cr.

• Decreased ductility at 700°C due to ductility hole is present for LPBF Ni20Cr.

Introduction

Additive Manufacturing (AM) is a branch of techniques which enables the production of 3D parts by dividing a 3D object to 2D slices with the help of computer aided design, leading to a so-called layer by layer manufacturing [1,2]. Laser powder bed fusion (LPBF) is one leaf of this branch of AM techniques which is based on melting and rapid solidification of powder feedstock using a laser beam [1,2]. Major advantages of this technique are the flexibility of constructing intricately designed parts and adjusting microstructural features according to the required mechanical properties [3]. Rapid solidification in LPBF process strongly influences the microstructure in terms of high initial dislocation density, solute segregation, dendritic solidification, presence of high residual stresses, distinctive meltpool features, regular or irregular shaped porosities, and stable or metastable precipitates [4]. The feedstock powder could be used in virgin state but due to high cost of powder manufacturing it is desired to reuse un-melted and un-used powder after a batch manufacturing. The reused powder can endure changes in morphology which might further induce changes in properties [5].

Commercial application of any material requires its mechanical qualification. Especially for cyclic load bearing applications, fatigue performance is of utmost importance. LPBF process enhances mechanical strength in tension or compression for several material systems with respect to their cast or wrought counterparts [6]. Nevertheless, it lowers the fatigue strength compared to their conventionally manufactured counterparts, probably due to the defects induced by LPBF. Indeed, the aforementioned defects formed during LPBF process especially pores [7], surface roughness [8], Lack Of Fusion (LOFs) [9] can impact fatigue performance of parts manufactured via LPBF to a greater extent, much more significant than in simple loading [10]. Hence it is important to investigate the influence of such microstructure with defects on fatigue performance. Firstly, Witkin et al. concluded that higher degree of surface roughness is one of the most significant factor to hamper the fatigue life of AM samples [11]. Secondly, many papers discussed the High Cycle Fatigue (HCF) behaviour of materials fabricated via LPBF, such as 304L SS [12], 316L [13], Al-Mg alloys [14], Ti-6Al-4V [15], Inconel 718 [11] and many more, helping to understand the fracture mechanisms in HCF for LPBF materials [13,16]. This HCF behaviour is also affected by the powder reusing as reported for IN718 [17]. Such a behaviour in several LPBF materials could occur due to an increase in particle size diameter [7] with recycling associated to larger amount of porosities [7], surface roughness [8] and oxidation [18].

Nevertheless, when it comes to Low Cycle Fatigue (LCF), the number of published articles is much lower that than for HCF despite similar importance (thermal fatigue, accidental fatigue loading…). Regarding LCF, several studies pointed out cyclic softening experienced by LPBF materials when high degree of plasticity is involved. Specifically LPBF Inconel 718 [17,19], CrMnFeCoNi high entropy alloy [20], Ti-alloy [21], 316L SS [22] among several studies experience cyclic softening for higher strain amplitudes. Surprisingly, this feature seems to be independent of the material suggesting similar softening mechanisms which still have to be understood for LPBF materials.

Cyclic softening or hardening in conventionally manufactured alloys has been studied extensively in the past century making a clear connection between softening/hardening and chemical or microstructural material characteristics such as stacking fault energy (SFE), initial microstructure, dislocations, loading characteristics, temperature etc. [23][24][25][26]. SFE is one of the most important criteria to predict cyclic hardening or softening to accommodate the plastic strain [27]. Alloys with high SFE are prone to deformation via cross slip, which also leads to dislocation cell structures. Copper, which is prone to cross slip [27], experiences cyclic softening due to decrement in dislocation density by dislocation annihilation [28]. Besides, when alloyed with Al, Cu exhibits lowered SFE, reducing, in turn, cyclic softening [27] which has been also observed for other planar glide materials [23,29]. On the other hand, the mechanical loading can also affect the cyclic softening which starts for microplastic cyclic loading for cross-slip materials whereas full plastic loading is needed to induce softening for planar glide materials [23,29]. The aforementioned general softening reported of LPBF materials in LCF conditions seems, hence, to contradict the observations reported for cast. The objective of our work is, thus, to better understand the strain mechanisms for LPBF materials subjected to different plastic cyclic loadings, with, it particular, the origin of the softening behaviour in low cycle fatigue. Ni20Cr was selected to investigate this cyclic behaviour.

This material has two main advantages: i) it is a monophasic and almost precipitate-free material even with LPBF manufacturing [3] with model strain mechanisms and ii) it has low SFE and pronounced planar glide tendency [30,31] which is supposed to restrict cross-slip and cyclic softening.

Besides, Ni20Cr is widely employed industrially amongst several available Ni-Cr binary alloys with applications in electro-mechanical systems like actuators and sensors due to excellent mechanical properties and electrical resistance at high temperature and strong corrosion resistance [32]. Presently all these applications are being fulfilled by the conventionally produced Ni20Cr by single roll strip casting, continuous casting [33]. Good solubility of Cr in Ni and declivity of the formation of intermetallic phases in this alloy, enable good creep resistance [34]. A few works have studied Ni20Cr alloy produced by additive manufacturing [3,30] investigating parameter optimization for densely manufactured specimens, microstructural analysis, tensile properties, however, the issue of cyclic and fatigue behaviour has never been addressed in the literature. For thorough investigation of fatigue properties of Ni20Cr fabricated via LPBF, following questions must be answered:

• Do LPBF Ni20Cr samples show different fatigue response from that of cast Ni20Cr?

• Is there any cyclic hardening/ softening involved during fatigue testing of LPBF Ni20Cr? and if yes then which microstructural features are influencing it?

This research looks at the deformation mechanisms in cyclic testing of LPBF specimens and how differ from cast specimens. The specimens were machined for this purpose in order to "eliminate" some initial surface effects, and tests were performed at room temperature. The objectives of this paper are then to provide answers to these novel questions using fatigue testing and dislocation structures characterisation.

Materials and methods

Sample fabrication

The samples were produced under Argon protective gas using an SLM125 HL machine equipped with a 400 W Yb fibre laser. The parameter set provided in table 1 of the paper was adapted from a previously published study that considered an array of various process parameters [30].

The parameters were chosen based on the fabrication of specimens with nearly fully dense sample (greater than 99.8%). Furthermore, these parameters were chosen because as they do not result in a strong crystallographic and morphological texture, meaning to reduce mechanical anisotropy. The build-plate contained cubic samples (measuring 20×20×20 mm 3 ) and cylindrical samples (100 mm in height and 10 mm in radius) oriented alongside the building direction. The cubic samples were used for porosity analysis. The cylindrical samples were machined (to avoid surface roughness issues of as-built LPBF samples) to produce dog-bone specimens with a uniform gauge section designed for fatigue testing according to the ISO-12106:2017 standard (gauge diameter of 8 mm and gauge length of 20 mm). The pre-alloyed powder was provided by Höganäs AB and two powder feedstocks were employed, one with the as-received powder (labelled AR in this work) and a second one which experienced 33 production cycles (also called reused powder labelled as RU). Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was used to determine the chemical composition of the as-received powder (table 2). Instrumental Gas Analysis (IGA) determined an oxygen content of 264 ppm (±4 ppm) [30]. For fatigue behaviour comparison purpose, dog-bone cast Ni20Cr samples were obtained commercially according to the same dimensions as the ISO-12106:2017 standard. These samples were cold drawn, machined according to the aforementioned standard and finally homogenized at their solutionizing temperature of 1150 °C for 10h.

Microstructural analysis

For microstructure investigation, a JEOL 7900F Scanning Electron Microscope (SEM) equipped with Secondary Electron (SE) detector, Electron Back-Scattered Detector (EBSD), and Energy Dispersive X-Ray Spectroscopy (EDS) detector was employed. A JEOL ARM Scanning Transmission Electron Microscope (STEM) was also used for high magnification analyses.

For SEM observations, the samples were exposed to metallographic preparation starting from mechanical grinding and polishing using SiC abrasive papers followed by electropolishing in a Struers A2 electrolyte at 15 V for 30 s. A step size of 1 µm alongside with a 5° misorientation criteria was employed for the EBSD analysis for grain boundary detection. Dislocations were also imaged at low magnification using SEM and Electron Channelling Contrast Imaging (ECCI) technique. Those analysis were performed at an 8 mm working distance with an acceleration voltage of 25 V associated to an electron current of 8-12 nA (read using Probe current detector) associated to an emission current of 102.4 µA.

For STEM analysis, thin slices of 500 µm were cut using precision cutting machine and were mechanically ground using SiC paper up to grit size 2400 until a thickness of 100 µm was obtained. Then thin discs of 3 mm in diameter were extracted using a punch hole device, followed by electropolishing using Struers TenuPol-5 (jet polishing system) with a 90% methanol and 10% perchloric acid electrolyte at 24 V and -40 °C. Electron transparency can be achieved in the thin discs using this step via hole formation. Finally, Gatan precision ion polishing system (PIPS-2) was employed for post processing of electropolished discs intended to prepare plain-view thin areas subsequent to the hole for better characterisation. The milling parameters selected were 0.5 eV energy with milling angles of ± 3°. The acceleration voltage of the JEOL ARM 200F used in this study in bright field scanning transmission electron microscopy (BF STEM) mode was 200 kV.

Cyclic stress-strain and fatigue testing

LPBF and cast Ni20Cr samples were subjected to two different cyclic mechanical loadings. First, Cyclic Stress-Strain Curves (CSSC) were acquired for total strain amplitudes ranging from 2.5×10 -4 to 10 -2 mm/mm (strain-controlled full reversed conditions: strain ratio R=-1) with an increment of 2.5×10 -4 after every 200 cycles. Maximum and minimum values of stresses and strains are obtained using this test which is used to calculate mean stress, stress and strain amplitudes and further plastic strain amplitudes. The purpose of CSSC is to rapidly classify the cyclic behaviour of a material over an extensive region of plastic strain amplitudes [17]. Based on these tests, three different zones of plastic strain amplitudes of 5×10 -3 , 5×10 -4 , and 5×10 -5 mm/mm respectively were identified and further categorized as Low Cycle Fatigue (LCF), Medium Cycle Fatigue (MCF), High Cycle Fatigue (HCF). Those plastic strain amplitudes were then employed to carry out pure fatigue tests in strain control mode (strain ratio R=-1) for both AM and cast samples. As reused powder may affect the fatigue properties of LPBF alloys [17], samples manufactured from the two powder batches will be analysed separately. Both the CSSC and fatigue tests were performed on MTS servo-hydraulic machine with a load capacity of 100 kN in with the help of a "clip-on" extensometer with the strain limit of 0.15. Three samples were employed for CSSC and fatigue tests for both kinds of powder manufacturing routes to achieve statistically representative data.

Cottrell's method for stress partioning

Flow stress during cyclic test can be partitioned into effective stress (𝜎 𝑒𝑓𝑓 ) and back stress (𝑋) components which are associated to isotropic and kinematic hardening, respectively. They can be calculated by inspecting the reversal yield point 𝜎 𝑟 associated to the yield surface either in loading or unloading sequence of the hysteresis loop. In that case, following literature, the effective stress and backstress can be computed using equations ( 1) and ( 2), in the order given.

To that aim, 𝜎 𝑟 was determined using plastic strain offset of 2×10 -5 [23], which is a value in agreement with the extensometer sensibility. 𝜎 𝑚𝑖𝑛 and 𝜎 𝑚𝑎𝑥 are the minimum and maximum stresses associated to a fatigue sequence.

𝜎 𝑒𝑓𝑓 = (𝜎 𝑚𝑎𝑥 -𝜎 𝑟 ) 2 (1) 
𝑋 = 𝜎 𝑚𝑎𝑥 -𝜎 𝑒𝑓𝑓 (2) 
The two stress components are illustrated in fig. 2 during the loading and unloading sequences. The effective stress is associated to the radius of the yield surface (i.e., elastic domain) and the backstress is related to the centre of this yield surface in the stress space.

The backstress being anisotropic by nature [23,35], for cycling loadings, a mean backstress and a backstress amplitude can be defined using the X values characterized in the loading and unloading part of the stress-strain loop. Backstress can be associated to kinematic hardening or softening related to long range microstructural interactions between mobile dislocations and grain boundaries, dendrite walls, heterogeneous dislocation structures. The effective stress associated to isotropic hardening or softening is linked to short range microstructural interactions between mobile dislocations and coherent precipitates, and forest dislocations. 𝑋 𝑎 is the amplitude of back stress which can be computed by eq. 3.

𝑋 𝑎 = 𝑋 + + |𝑋 -| 2 (3) 
Figure 79: Illustration of a cycle and flow stress partitioning.

Masing analysis

The cyclic behaviour of materials influences the shape and type of stress-strain hysteresis loops of fatigue testing [36][37][38][39]. Following previous research [40][41][42][43][44][45][46] and recently reviewed by Yadav et al. [36], these loops can be further divided into two categories as Masing and non-Masing [36,37]. Masing analysis is done by superimposing the minimum true stress-strain points of all selected hysteresis curves at the same origin in order to compare the cyclic hardening among cycle number increment. Masing behaviour can be explained as superimposition of hysteresis curves for different cycles with geometrical similarity [36,44]. On the contrary, non-Masing behaviour can be connected to no-superimposition obtained by cyclic hardening or softening [42,44]. Non-Masing behaviour is generally associated to a change in microstructure [39,42].

Results

Initial microstructural investigation

First of all, no major microstructural differences were observed in terms of dendritic structures, dislocations, grain size or texture intensities for LPBF specimens fabricated using the two powder feedstocks. Hence, the following microstructure characterisation is presented without any mention of the associated powder feedstock.

A first overview of microstructure of LPBF and cast Ni20Cr can be seen via SEM in fig. 3 

Cyclic stress-strain curve analysis

CSSC tests were performed on LPBF and cast Ni20Cr samples, where they were subjected to alternating symmetrical tension and compression cycles as described earlier. The strain levels varied from 2.5×10 -4 to 10 -2 (mm/mm) (fully reversed condition) with an augmentation of 2.5×10 -4 after every 200 cycles. Completely different mechanical response was recorded for LPBF and cast specimens as can be seen in fig. 4. LPBF specimens attain high values of stress amplitude indicating higher cyclic hardening at the beginning of plasticity but tend to saturate with higher amplitudes. Besides, no effect of the employed powder batch is observed in that case. For cast specimens, related cyclic hardening associated to stress amplitude is comparatively low but increases parabolically with increasing plastic strain amplitudes. Based on these tests, the three different plastic strain amplitudes of 5×10 -3 , 5×10 -4 , and 5×10 -5 (mm/mm) respectively were categorized as LCF, MCF, HCF and marked using grey hyphenlines in fig. 4. The subsequent total strain amplitude values employed for these tests are given in table 3 considering average values of Young's modulus of 219 GPa (LPBF) and 190 GPa (cast) obtained from the cyclic loops. 

Fatigue testing

In order to compare the fatigue behaviour between all LPBF and cast samples, similar average plastic strain amplitudes must be ensured. As fatigue test are controlled in total strain amplitude, the average values of the plastic strain amplitude for LPBF specimens fabricated using the two powder batches AR and RU (red and blue markers) and cast Ni20Cr specimens (black markers), as provided in fig. 5 as a function of the cycle to failure. This figure shows slight variation in plastic strain amplitude for the different testing conditions owing to difference in elastic modulus, residual stress, dislocation density of LPBF and cast specimens. Nevertheless, for a given fatigue condition (LCF, MCF, HCF), those variations are of a second order compared to the one between each testing conditions and assumed not to influence the fatigue behaviour. Consequently, for each fatigue condition, a clear comparison between all samples can be done. No significant difference was observed in stress amplitude evolution between LPBF samples fabricated using the two powder batches, in agreement with the similar microstructure obtained from these two powders. LPBF specimens of Ni20Cr, irrespective of the employed powder batch, showed higher fatigue strength than that of cast specimens as shown in fig. 7. LPBF specimens (average from all curves) showed approximately 510 MPa fatigue strength for LCF against 315 MPa for cast Ni20Cr. Cast specimens showed an average fatigue life of 5275 cycles which was significantly higher than that for LPBF samples (770 cycles). For MCF condition, LPBF Ni20Cr specimens exhibit the same trend seen in LCF, with higher fatigue strength of approximately 448 MPa against 188 MPa for cast specimens. These cast specimens show great fatigue resistance as none of the samples failed at 1 million cycles whereas LPBF specimens depicted an average fatigue life of approximately 26000 cycles for this MCF conditions. LPBF shows as high as 400 MPa fatigue strength for HCF, whereas cast samples were not tested in HCF conditions as these samples did not even fail after 1 million cycles at relatively higher plastic strain in MCF. Despite similar machining conditions, those results reveal that LPBF samples display a fatigue life one order of magnitude lower than cast for a given fatigue loading conditions. This difference is much more pronounced than the one reported for 316L for instance [22].

LPBF reused (RU) specimens showed slightly higher fatigue strength of 516 MPa against specimens fabricated with the as-received (AR) specimens of 504 MPa as seen in table 4, whereas average lifetime was similar with close to 770 cycles. For MCF, fatigue resistance was comparable for both kinds of specimens with 451 MPa for RU samples and 446 MPa for AR specimens, but differences were seen in fatigue lifetime as summarized in table 5. RU specimens failed after an average number of 26385 cycles which is slightly higher than for AR specimens with 19986 cycles. For HCF, no difference was found in the average stress amplitude value for samples produced using the two powder batches, but fatigue life for RU based specimens was significantly higher (438502 cycles) than the one for AR specimens (266670 cycles). The associated standard deviation values for stresses and cycles to failure are seen in the table 4. The effect of powder reusing on the fatigue life in HCF conditions seems to be consistent with previous works [17,22]. In the case of Ni20Cr, this increase by an almost factor close to two of the fatigue life for reused powder is the opposite of the one reported for other material such as IN718 [17]. However, the large experimental scattering on the number of cycles at fracture does not enable any definitive conclusion regarding the effect of powder reusing on fatigue which is analogous to the findings of Berez et al. arguing no impact of powder recycling (reusing) on fatigue behaviour of 17-4 Stainless Steel [48]. In order to investigate the origin of the fatigue life differences between both kinds of LPBF samples in HCF loading condition, fracture surfaces were observed by SEM. It could be noted that the fully reversed fatigue tests tend to flatten the fracture surface during compression. This could happen as the sample might experience some tension and compression cycle even after failure and this makes the analysis more difficult. 

Masing analysis

Masing analysis of the fatigue data is reported in fig. 9(a)-(e). The objective of performing Masing analysis is to investigate the softening/hardening behaviour of different types of Ni20Cr samples. As shown in previous section (fig. 6), no difference was found in softening behaviour of reused and as-received powder LPBF specimens. Hence this analysis is focused on the difference in softening behaviour of LPBF and cast samples. The LPBF specimens selected for analysis here are fabricated by reused powder as they shown longer fatigue life. Fig. 9 LPBF specimens undergo softening indicating non-Masing behaviour for HCF as can be seen in Fig. 9(e). The stress reduction was observed to be close to 29 MPa. Cast specimens were not tested in HCF condition as these samples did not fail even for MCF condition. It is interesting to note that the onset of softening in all the three conditions can be associated with the modification of mean stress. Fig. 11 shows that for LPBF-LCF the existing negative mean stress starts to modify at the onset of softening (10 cycles) and attains zero mean stress value. For LPBF-MCF, mean stress value modifies just after 100 cycles which is the onset of softening. For LPBF-HCF, no softening of average stress was observed. It could be noted that, as expected due to their fully recrystallized character and no residual stresses, cast samples present an average stress close to zero.

Post fatigue-microstructural characterisation

ECCI-SEM observations on post-fatigued LPBF (RU) samples can be seen in fig. 1213. In LCF conditions (fig. 12), at low magnification, dislocation cells seem to be modified with respect to the one observed in the as-built state (fig. 3 

Discussion

The results described above reveal strong differences in cyclic and fatigue behaviour between Ni20Cr manufactured conventionally and by LPBF. In the following paragraphs, the effect of the LPBF defects on fatigue and the origin of cyclic softening are discussed.

Effect of defects and powder reusing on fatigue properties

LPBF specimens manufactured using the as-received and reused powder feedstock show an array of similar microstructural features (grain size, dendrite size, texture…). For LCF and MCF, significant plasticity occurs during the fatigue tests and, in that case, fatigue life is associated to microstructural defects such as dislocation density or heterogeneous dislocation structures [51,52]. As no initial dislocation structure differences were evidenced between the samples produced using the two powder batches, fatigue life is similar for both kind of samples, as observed in literature for IN718 [17] and 316L [22].

For HCF, fatigue life is affected by surface or sub-surface defects and porosities [8,18]. Following literature [53], the probable sources of formation of pores found in LPBF samples correctly manufactured (i.e., conduction mode with enough volumetric energy) and no keyhole formation are i) pores entrapped in feedstock powder as seen in for aluminium alloys [54] and steels [55] and ii) voids between powder particles in the powder bed as seen, for instance, for Ti64 alloy [56,57] and for Al-Si-Mg system [58]. Prithivirajan et. al. mentioned the critical size of porosity to be 20 µm to influence crack nucleation close to the pore in additively manufactured Inconel 718 [59]. Besides, the inter-pore distance was also mentioned to play a role on the fatigue life [53,59] especially when this value is about the order of magnitude of the pore size [53]. Following fatigue data presented in the previous section, all samples (cast, AR and RU LPBF) may differ by the number and size of porosities larger than 20 µm.

In order to focus on the porosity distribution for both kind of samples, complementary X-ray tomography analysis of the gauge length of two samples fractured in HCF conditions (AR and RU) was conducted. Analysed samples were chosen in order to maximize their difference in fatigue lives (AR sample failed at 250000 cycles whereas RU ones failed at 450000 cycles). RX solution tomograph working at 150kV was employed. The voxel size was about 8x8x8 µm. First, a similar value of relative density of about 99.99% for both samples revealing very high dense samples. Then, fig. 14(a)-(b) illustrate the reconstructed volume of the AR and RU specimens, respectively. The top of the images represents the fractured areas.

In both cases, pores are observed in the analysed volume. Far from the fracture surface, the pore distribution seems to be uniform in the volume. In the case of fig. 14(b), a crack which did not propagate is observed. From those observations, the pore size distributions were computed for both samples and compared in fig. 15 inside the volume under the fracture surface (depicted with a blue rectangle). Note that the unpropagated crack was removed from the analysis of the RU sample. Based on fig. 15 examination, similar pore distributions are observed with pore diameter (assuming spherical morphology) ranging between 7 and 50 µm with slightly larger pores for RU compared to AR. On one hand, this significant number of pores with diameters larger than 20 µm well explains the low fatigue lives of both AR and RU samples manufactured using LPBF compared to cast reported in table 4. On the other hand, those results cannot explain the slight difference in fatigue lives in HCF conditions between samples manufactured using asreceived and reused powder batches. Consequently, it is believed that in the case of Ni20Cr, powder reusing (in the range of production number considered in this study) does not affect the fatigue life. Irrespective of the powder employed, LPBF samples indicate significantly larger pores despite employing optimised process parameters than that of in cast samples, hence the fatigue life is lower in LPBF samples. It should be noted that, in the case of HCF, residual stresses are still present in the sample (inherited from the LPBF process and modified by the machining process) and observed on the surface of LPBF alloys [60,61]. Such residual stresses may also participate in the early of fatigue damage compared to cast. This is not the case for LCF as residual stresses are erased during the cyclic loading (mean stress close to zero value, as seen in fig. 11).

Origin of softening in LPBF Ni20Cr

LPBF specimens underwent softening in all the conditions of LCF, MCF and HCF. Specimens in LCF and MCF experienced comparable slopes of softening with much reduced slope in HCF.

In literature, cyclic softening is associated to cross slip activation which leads to dislocation annihilation and a gradual change in dislocation structures [39,62]. Considering the strong planar glide character of the Ni20Cr, cyclic softening for AM samples is then unexpected.

The non-Masing behaviour for LPBF Ni20Cr specimens subjected to all fatigue conditions suggests a change in microstructure during those fatigue tests. This change in microstructure is confirmed by the dislocation structure characterisation by both ECCI (see fig. 12 and13) which illustrates that the initial dislocation cells associated to dendrites are replaced by new heterogeneous structures for LCF and MCF conditions as well as matrix areas with reduced dislocation density (i.e. dislocation density in soft zones) for all fatigue loadings. This two-fold microstructure modification explains first the effective stress softening observed in the results section. This stress component is related to short-range interactions of mobile dislocation with forest dislocations or small-size coherent precipitates (oxides). Following literature [24,63], the effective stress can be expressed as follows:

𝜎 𝑒𝑓𝑓. = 𝜎 𝑠.𝑠. + 𝛼𝑀µ𝑏√𝜌 𝑠 (5) In that equation, 𝜎 𝑠.𝑠. represents the solid solution contribution to the effective stress, M is the Taylor factor, µ is the shear modulus, b is the magnitude of the Burger's vector and α is a parameter averaging the strength of the different dislocation to dislocation interactions. The qualitative decrease in dislocation density in soft zones 𝜌 𝑠 characterised in the results section associated to eq. 5, confirm the effective stress softening observed macroscopically.

Secondly, the presence of pronounced change in dislocation structures over slip bands (fig.

12(a)-(b)) modify both the size of the dislocation structures as well as the dislocation density in hard zones and the volume fraction associated to these hard zones. As for effective stress, it has been proved that the backstress (X) can be expressed, in first approximation, as a function of microstructure features following eq. 6 [24].

X = 𝑘 𝐻𝑃 √𝑑 + 𝑓 𝑔 𝐾 𝑠 µ𝑏𝑀 𝑙 0 (6) 
Here, the first term of the right-hand side of the eq. 6 is related to the contribution of the average grain size d associated to the Hall-Petch coefficient KHP whereas the second term is linked to the contribution of the heterogeneous dislocation structures of average size (l0) with volume fraction of grains including such dislocation structures (fg) and Ks is a material parameter. As a result of the slip bands, the size and shape of dislocation structures are changed explaining the softening of the backstress. Assuming that the grain size contribution to backstress is constant during the fatigue test and using the µ, b, M, Ks and fg parameters reported for LPBF Ni20Cr in a previous study [24], the backstress softening characterized for LCF conditions (i.e. 140

MPa) is supposed to induce an increase in average dimensions of the dislocation structures from 0.47 µm (initial value, see section 3.1) roughly to 0.9 µm. This value seems to be qualitatively in agreement with the observation of ECCI images of the post-fatigue dislocation structures. A proper computation of this post fatigue dislocation structure size should be performed to conclude on this point.

Besides, it could be noted that this backstress softening only appears for MCF and LCF conditions with a higher intensity for the latter condition. This indicates association of cyclic softening behaviour with plastic strain amplitude. In particular, backstress softening is triggered by a threshold value probably between that of MCF and HCF. To investigate this threshold value without performing several fatigue tests, raw data which was employed to plot the CSSC curves, can be studied in detail. This softening of the stress amplitude affects both maximal and minimal stress as illustrated in fig. 17 (a). Nevertheless, it can be observed that the cumulative softening in all successive cyclic sequences is more important for the minimal stress for which the stress is decreasing during each sequence but also from a sequence to another whereas maximal stress is rather constant from one sequence to another as soon as softening started. As a consequence of this asymmetrical softening, mean stress is also reduced after 2400 cycles as illustrated in fig. 17(b).

Maximal stress at which the softening begins is found to be 470 MPa associated to a plastic strain amplitude of about 10 -4 , lower than the one applied in MCF fatigue tests. This plastic strain amplitude corresponds to microplasticity and to a stress of about 0.85 of the macroscopical yield stress in tension (554 MPa) [24]. For a cast sample exhibiting initial dislocation structures introduced by tensile loading, this ratio is about 0.98 [27], suggesting that dislocation structures inherited from AM (LPBF) are less stable than those inherited from an initial mechanical loading.

As cross slip is restricted for Ni20Cr, the initiation of softening for stresses below the macroscopical yield stress indicates an early local activation of slip systems which alter the initial microstructure. To confirm this mechanism, complementary TEM analysis of MCF-LPBF specimen interrupted at 1000 cycles has been conducted. This point is associated the softening phenomenon occurring during a fatigue test (MCF). Fig. 18(a) illustrates the activation of one slip system in microplasticity regime (plastic strain amplitude of 5×10 -4 ). To better understand the origin of such slip system activation, fig. 

Conclusions

In this investigation, the cyclic and fatigue behaviour of Ni20Cr alloy fabricated via LPBF were investigated using an experimental framework based on mechanical testing and dislocation structure investigation. Manufacturing was performed using as-received and reused powder batches and the mechanical properties were compared to those of a conventionally casted material. The major conclusions are listed as follows:

• Powder reuse has no effect on microstructure, average porosity and fatigue properties with high plastic strain magnitude; and no significant influence on fatigue properties (LCF and MCF). In high cycle fatigue, an increase in fatigue life for reused powder samples is observed but not be explained by porosity analysis in X-Ray tomography. • For similar plastic strain amplitudes in fatigue, LPBF samples exhibit larger stress amplitude but significantly reduced fatigue life (one order of magnitude) compared to cast due to the remaining presence of pores with diameter larger than 20 µm. • Cyclic softening occurs for LPBF Ni20Cr since the microplasticity regime despite planar glide character. No softening occurs in the case of cast Ni20Cr. • Softening in LCF-and MCF-LPBF specimens is mainly associated to back stress related to a modification of the initial dislocation cell structures inherited from LPBF process. • The change in dislocation structure is initiated from the activation of slip systems for stresses lower than the yield stress due to probable dislocation sources located in the dendrite walls. • This investigation confirms, hence, the role played by dislocation cells inherited from the LPBF process on the plastic behaviour independently of the monotonic or cyclic character of the mechanical loadings.

Nevertheless, there are a few limitations in this study that could be addressed in future research. First, other factors like precipitates or oxides at the dendritic walls or meltpool boundaries formed during LPBF process, might also govern the fatigue lifetime by influencing crack initiation and propagation under varied loading conditions. Such factors could be influential when porosity is further restricted by further optimising the LPBF process parameters. Oxides seem to be incoherent in nature with the FCC Ni-Cr matrix and this could create decohesion at the oxide-matrix interface resulting in fatigue fracture. Following the extensive high temperature applications of Ni alloys in the industry, further high temperature fatigue analysis of LPBF Ni20Cr is a promising prospect.

Conclusions and future prospects

Conclusions

The objectives of this work were multi-fold but the main focus was to quantify the contribution of microstructural features to associated with modified mechanical properties of materials caused by process revolution, namely the Laser Powder Bed Fusion process, compared to conventional manufacturing techniques. To this aim, Ni20Cr alloy with a simplified microstructure and planar glide tendency was employed. This study is based on tensile properties at room temperature especially strain hardening, tensile properties at high temperature and fatigue loading. The following are the main conclusions of this work:

The relationship between the basic microstructural features and the flow stress as well as strain hardening in additive manufacturing alloys has been elucidated using tensile dislocation analysis, and the Kocks-Mecking formalism. The high cooling rates of the laser powder bed fusion process produce a modified microstructure with the presence of dendritic cellular structures, heterogeneous grain structures, precipitates and a variety of dislocation features such as dipoles and stacking fault tetrahedra. The increased yield stress of as-built LPBF samples compared to cast is due to both effective and backstress increase. The effective stress in LPBF is higher than in cast due to an increase in dislocation density in soft zones, as well as the presence of solid solution hardening. The difference in dislocation density between soft zones and dendrite walls is responsible for the significant increase in backstress for samples processed by LPBF. The presence of solidification dendrites accounts for nearly 43% of the yield stress in LPBF. For LPBF samples, there appears to be no dislocation production based on forest interaction, and strain hardening is mostly related to dislocation production linked to dendrites. As a result, despite pronounced planar glide, Ni20Cr samples produced by LPBF do not exhibit any linear strain hardening. Because of the increased short-range order in cast, LPBF Ni20Cr has a higher activation volume than cast Ni20Cr, which may promote mechanical twinning when compared to LPBF.

Changing the process parameters of LPBF process can change microstructures and mechanical properties as explained before. For a better execution of the aforementioned model, it was validated with LPBFed Ni20Cr fabricated with several different processing parameters to quantify the difference in microstructural contributions on mechanical properties. Analytical microstructure modelling (Taylor and Kocks-Mecking models) can reproduce LPBF behaviour for all volumetric energies. Dendrites are estimated to be responsible for 45% of yield stress (62 J/mm 3 , 90 J/mm 3 , and 120 J/mm 3 ) and appear to fully control strain hardening. The total yield strength was predicted using different microstructural features with less than 7% error for all the LPBFed samples (except for sample fabricated with 46 J/mm 3 ). For LPBF Ni20Cr samples manufactured at 231 J/mm 3 , forest dislocation interaction is responsible for dislocation production, which influences strain hardening. For improved model accuracy by directly considering the input values of cellular dendritic structures, a modified equation with a correction factor (δ) and a constant value of K2 has been proposed. The purpose of proposing such a correction factor is also to use directly the experimental values of dendritic cellular structures into finite element modelling of mechanical properties of additively manufactured alloys. This proves that to estimate the contribution of AM length scales to mechanical behaviour, combined mechanical testing, microstructure investigation, and modelling are required.

Due to extensive high-temperature industrial applications of Ni-alloys, we investigated the tensile properties of LPBFed Ni20Cr in association with microstructural variation with respect to temperature and fracture surface analysis. LPBF Ni20Cr has a high yield strength and ultimate tensile strength up to 500°C. The thermal stability of cellular dendrites in LPBF Ni20Cr reaches 700°C. Softening behaviour of LPBF Ni20Cr at 900°C is associated with deletion of cellular dendrites, diffusion out of Cr from dendrite walls, and growth of Cr-rich oxides; whereas cast Ni20Cr samples show no such softening. At 700°C, the onset of the change in fracture mechanisms was observed. Dynamic Strain Ageing was observed in LPBF Ni20Cr from 500°C to 900°C, indicating the presence of the Portevin-Le Chatelier effect. LPBF Ni20Cr has decreased ductility at 700°C due to a ductility hole as for Ni-superalloys.

However, in order for any material to be qualified for real-world applications, a cyclic loading analysis is required. As a result, the fatigue properties of LPBFed Ni20Cr alloy (in low cycle, medium cycle and high cycle fatigue conditions) were investigated and compared it to its cast counterpart. The analysis was performed using an experimental framework based on mechanical testing and dislocation structure analysis. Along with this, recycling and reuse of powder used for LPBF process was also examined in association with mechanical properties.

Powder recycling has no effect on microstructure, average porosity, or fatigue properties with high plastic strain magnitude, and has no significant effect on fatigue properties. An increase in fatigue life for recycled powder was observed in high cycle fatigue but could not be explained by porosity analysis. Despite similar machining and almost full dense character, LPBF samples exhibit larger stress amplitude but significantly reduced fatigue life (one order of magnitude) compared to cast for similar plastic strain amplitudes in fatigue. Despite its planar glide character, LPBF Ni20Cr exhibits cyclic softening since the microplasticity regime. Softening in LCF-and MCF-LPBF specimens is primarily due to back stress-related changes in the structure of the initial dislocation cells inherited from the LPBF process.

Finally, to summarise, LPBF process modified the microstructure as well as mechanical properties, and a multiscale analysis based on experiments and modelling is required to understand the relationship between these aspects of materials. Dendritic cellular structures with dislocations are the most significant microstructural features that governs yield strength, hardening, high temperature strength as well as fatigue strength. Tailoring microstructure especially the size of dendritic cellular structures is indicated to the most substantial feature for designing mechanical properties of an alloy fabricated with LPBF.

Future prospects

The laser powder-based additive manufacturing technique is rapidly evolving and is quickly becoming a common industrial process. However, there are many knowledge gaps in tailoring the appropriate microstructure for desired mechanical properties. As a result, the following topics may be of interest to research in the future on Ni20Cr material understanding as wells as LPBF process understanding.

Analytical microstructure modelling (Taylor and Kocks-Mecking models) is able to reproduce LPBF behaviour for various processing parameters. Associating strain hardening mechanism with microstructural features looks out to tailoring the microstructure in a controlled manner, however, this model depends on a few assumptions. For instance, the dislocation density in soft zones which was employed in the model comes from dislocation density analysis of LPBF samples fabricated with a volumetric energy density of 62 J/mm 3 . Following the microscopic core could be a complex Cr-Al-Si-oxide with a Ni-Cr-rich layer. Fig. 5(c) in chapter 4 depicts a sheared IDP making the case for involvement of precipitates during strain hardening. The role of IDPs were considered only to stabilise the dendritic cellular structures in this work, however, the chemical segregation and clustering must have an influence on changing the stacking fault energy locally to induce alterations in the deformation modes locally. A huge prospect of this work is to extensively investigate such precipitates in terms of their coherence with the matrix to understand their interactions with dislocations. Such an interaction could be studied with interrupted monotonic tensile tests or in-situ tensile tests. Another aspect is to understand the formation mechanisms of IDPs. Employing the Scheil solidification model of ThermoCalc, it is possible to simulate the probable phase transformation (including metastable phases) between the pure liquid to complete solid phase formation. Fig. 3 shows a map of such a simulation predicting several stable and metastable phases. Combining this information with the phases which are stable at equilibrium, found via equilibrium calculations, it is possible to propose a mechanism of chronological formation of these characterised IDPs. The first one to precipitate out is Al-O at 1900°C (corundum as seen in fig.

3 and table 1). Then solidification front gives out FCC matrix. Further, tridymite, a Si-O is formed along with Cr3Si. However, the previous reaction is not stable and hence these phases are transformed, Cr is thrown out and Tridymite is transformed to Quartz. Probably this is the way a complex Al-Si-O-Cr core is formed with Ni and thrown out Cr as shell in the IDP.

Controlling the solidification rate and process temperature, it is then possible to tailor the formation of desirable precipitates which could improve the mechanical properties of LPBF Ni20Cr. Hence for such a manoeuvre, it is essential to have a thorough understanding of chemistry of materials during LPBF processing, and this could form an important prospect for future engineering and research.

High temperature tensile testing of LPBF Ni2Cr alloy showed Dynamic Strain Ageing (DSA) indicating Portevin-Le Chatelier effect (as discussed in chapter 5). Moreover, softening only occurred at 900°C, but for lower strain rates than shown in chapter 5, it was observed that softening could initiate at lower temperatures. Fig. 4 shows that for strain rate of 1E-04, the sample is softened at 700°C, whereas at strain rate of 1E-02, strain hardening is experience the LPBF sample. The modified softening/ hardening behaviour could be associated with the additional time lower strain rates provide for change in the microstructure like diffusion of Cr from inter-dendritic walls, over growth of IDPs, recrystallisation of the samples, or finally grain growth which should be investigated in details. Moreover, we also observed that with change in the strain rates of high temperature tensile tests, yield stress of the LPBF Ni2Cr samples correspondingly altered. With the increment in temperature, YS goes down which is a common phenomenon of metallic alloys. However, fig.

4 also points towards variation in YS with modifications in strain rates. Hence, an exhaustive analysis with a wide spectrum of testing conditions like temperature and strain rate with an extensive microstructural characterisation is required to establish a complete understanding of LPBFed Ni20Cr alloy.

The philosophy of several industrial sectors nowadays might be summed up as "Always more, Always smaller!" [2]. Apart from a plethora of applications in the electronics industry, from an environmental point of view, aerospace or automotive industry also strongly encourage such miniaturisation. Conventionally these miniaturised parts are manufactured with subtractive metallurgy. This subtractive issue could end up deforming the material beyond repair and may need following stress relieving techniques. However, LPBF can be used to additively manufacture thin parts without producing them with a subtractive issue. Moreover, LPBF processing couple with CAD modelling can help us maintain structural integrity of the material. But it shouldn't be done at the expense of tools or safety. Several studies show that when the thickness of the sample is dropped significantly compared to the number of grains in the cross section, conventional laws of straining cannot be applied [3]- [5].
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 17 Fig. 17(a)-(b) show cellular structures of dendrites of LPBF AlSi10Mg alloy and fig.17(c) depicts the predicted YS values of the samples. YS value of pure Al, solid solution, Orowan strengthening (interaction of dislocations with precipitates), and grain boundary strengthening contributions were used to modify the HP law for AlSi10Mg. Grain size approach of HP law was found to be closer to the experimental value with an error of 1.6%; whereas cell size approach contributed to a 10.3% overestimation of YS value as shown in fig.17(c).
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 19 Figure 19: (a) SEM micrograph showing cellular structures; (b) Magnification of (a); and (c) Predicted yield strength values of AlSi10Mg printed samples [49].
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 20 Figure 20: (a) SEM image without mapping; (b) silicon (green), (c) aluminium (red), and (d) magnesium (orange) chemical maps of elements present in the alloy [51].
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 23 Figure 23: Phase diagram of Ni-Cr system.
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 26 Figure 26: Fracture surface of Ni20Cr thin strip after tensile test at 600°C [68].Ni20Cr has a low SFE and a strong planar glide propensity[74],[75], which should limit crossslip and cyclic softening. Indeed, the addition of Cr to nickel results in a low stacking fault energy (γSFE) of around 13 J/cm 2[76], indicating the presence of substantial planar dislocation glide[77]. Liu et al. investigated the effect of Short-Range Ordering on the grain boundary character distribution optimization of Ni-Cr alloys. A considerable number of planar slip bands are generated in the Ni-20at.%Cr alloy in fig.25[78]. The study establishes that the SRO degree achieves a high level, effectively inhibiting dislocation cross-slip and promoting the emergence of a large number of planar slip dislocations.
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 27 Figure 27:. TEM images showing the deformation microstructures after 7% cold rolling of Ni-20at.%Cr alloy (Ni-22wt.%Cr) [78].
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 29 Figure 29: SEM micrographs of typical surface morphologies of LPBF Ni20Cr in top view employing different processing parameters: (a) 100 mm/s; (b) 200 mm/s; (c) and (d) 300 mm/s; and (e) tensile behaviour of LPBF Ni20Cr [73].
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 30 Figure 30: Optical micrographs of porosities observed on the YZ plane for different Ev values [74].
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 29 Fig. 29(a)-(c) present grain orientation maps and corresponding pole figures depicting maximum texture intensity values of LPBF Ni20Cr alloy fabricated via different volumetric energy density [74]. Hug et al. showed that with increment in the energy, grain size and texture intensity values increase as well.
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 31 Figure 31: EBSD grain orientation maps and related pole figures of LPBF Ni20Cr produced by (a) Ev = 60 J/mm 3 , (b) Ev = 90 J/mm 3 , and (c) Ev = 120 J/mm 3 [74].
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 32 Figure 32: Engineering tensile curves of LPBF Ni20Cr fabricated via different volumetric energy densities [74].

Figure 36 :

 36 Figure 36: TEM micrographs of Hadfield steel single crystals twinning after high-pressure torsion [87].

  [89]: Stage I: Easy glide region Stage II: Linear hardening region Stage III: Parabolic hardening or dynamic recovery region [85].
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 38 Figure 38: Illustration of the geometrically required dislocations that ensure stress and strain continuity at grain boundaries: (a) Undeformed polycrystal; (b) plastic deformation of grains according to Schmid's law, resulting in the formation of voids and grain overlaps; (c) correcting the formation of voids and grain overlaps by introducing geometrically necessary dislocations; (d) deformed polycrystal; only the geometrically necessary dislocations are shown for a polycrystalline solid with grain size d [91].
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 39 Figure 39: Dislocation structures in 316L stainless steel during deformation indicating (a) stage I; (b) stage II; and (c) stage III [94].

  The dislocation segment expands until the ends annihilate each other owing to the opposite burgers vectors, generating a dislocation loop. The loop continues to extend, forming a new dislocation line. The procedure can be repeated indefinitely, sending out countless loops as shown in fig. 38 [99], [100].
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 40 Figure 40: Schematic diagram of dislocation generation (multiplication) from a Frank-Read source [101].
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 45 Figure 45: Schematic illustration of LPBF samples in (a) 3D model (b) top-view and (c) post fabricated build-plate.

  (a) and fig.1(b) and fabricated samples can be seen in fig.1(c).

Figure 46 :

 46 Figure 46: Illustration of an unloading sequence and flow stress partial contributions on the yielding surface. The orange colored arrows depicted on the tensile curves indicates the stress-strain direction during the test.

. 1 .Fig. 3 (

 13 Fig.3(a) and fig.3(c) show SEM micrographs of LPBF specimens for surfaces normal to the building direction (XY plane), and fig.3(b) and fig.3(d)show the micrographs of homogenized cast Ni20Cr. For LPBF, a heterogenous grain sized microstructure was found as seen in fig.3(a), whereas at the same scale, fig.3(b)shows large grains with a completely different overview for cast. Fig.3(c) displays parallel walls associated to dendritic solidification with significantly higher number of dislocations, as imaged by ECCI. Dislocations are also seen to be crossing these walls and tangled between them (see red circle in fig.3 (c)). In contrast, Cast Ni20Cr microstructure illustrated in fig.3(d) presents a clear and defect-free micrograph.

Fig. 3 (

 3 Fig.3(c) also illustrates the segregation of Cr-rich particles[9] owing to the non-equilibrium nature of additive manufacturing. Those precipitates are mainly localized in the dendrite walls as marked by blue arrows in fig.3(c) and scarcely in the soft zones. Energy dispersive spectroscopy (EDS) analysis over STEM of these particles revealed the presence of Cr-rich oxides with clear absence of Ni as marked in fig.3(e).

Figure 47 :

 47 Figure 47: General initial grain structure in XY plane for (a) LPBF, (b) Cast respectively; Initial dislocation structures for (c) LPBF and (d) cast; (e) Characterization of Cr-rich

Figure 48 :

 48 Figure 48: STEM Bright field micrograph of initial dislocation features inside dendrite (soft zones) in LPBF specimen in XY plane showing (a) Stacking fault tetrahedra, and (b) Dislocation dipole.

  (b)) with a relatively higher maximum intensity of pole of 7.1. Cast Ni20Cr Electron Back-Scattered Diffraction micrograph also shows the presence of numerous annealing twins (fig. 5(b)).

Figure 49 :

 49 Figure 49: Initial grain orientation maps in XY plane for (a) LPBF and (b) Cast; associated pole figures between (c) LPBF and (d) Cast Ni20Cr; associated Kernel average misorientation (KAM) maps for (e) LPBF and (f) Cast; and Grain orientation spread (GOS) maps for (g) LPBF and (h) Cast Ni20Cr specimens.

Figure 50 :

 50 Figure 50: (a) Grain size distribution against area fraction for LPBF specimens in building direction (Z), perpendicular to the building direction (XY) and cast specimens; (b) Misorientation distribution against number fraction in LPBF and Cast Ni20Cr showing the fraction of LAGBs, HAGBs and twins. Additionally, as depicted in fig. 6(b), a larger fraction of low angle grain boundaries (misorientation angle less than 15°) is observed for LPBF compared to cast (76% versus 22%) An opposite trend is observed for high angle grain boundaries, especially twins (60° misorientation). Indeed, for cast, 20% of grain boundaries are assumed to be twins whereas this value is almost null for LPBF samples, in agreement with the grain orientation maps illustrated in fig. 5(a) and fig. 5(b).

Figure 51 :

 51 Figure 51: (a) Engineering Stress-Strain curves. (b) True Stress-Strain curves for LPBF & Cast Ni20Cr (three monotonic curves and one LRU curve have been shown for both kinds of samples).

Figure 52 :

 52 Figure 52: SEM observation of the fracture surfaces for (a) Cast Ni20Cr and (b) LPBF Ni20Cr.

Figure 53 :

 53 Figure 53: Evolution of the back stress against true strain curve for LPBF and Cast Ni20Cr.

Figure 54 :

 54 Figure 54: Evolution of the effective stress against true strain curve for LPBF and Cast Ni20Cr. The further extension of flow stress partition analysis on effective stress enables the estimation of athermal and thermal stresses, as shown in fig. 11(a) and fig. 11(b). Higher athermal stress for LPBF than Cast (close to 100 MPa) is observed but the difference remains the same, independently of the true strain level. Linear isotropic hardening is observed in effective stress curves of both LPBF and cast specimens, as indicated by line fitting as seen in fig. (10).However, when it comes to the thermal partition, cast specimen achieves marginally higher values than that of LPBF (close to 10 MPa in the beginning of plasticity). Nevertheless, the thermally activated part of the effective stress is much lower than the athermal ones revealing

Figure 55 :

 55 Figure 55: Evolution with true strain of the two components of the effective stress: (a) athermal stress and (b) thermal stress evolution for LPBF and Cast Ni20Cr.

  Fig. 12 shows the evolution of activation volume against true strain. The initial value for LPBF is about 150 b 3 which shows an initial incremental curve till 0.06 true strain value and then decreases to about 100 b 3 . However, in cast specimen, the value drops from 129 b 3 to 77 b 3 with respect to the true strain, and agree with the Clément et. al. and are much lower than that of pure Ni (1000 b 3 ) [72].

Figure 56 :

 56 Figure 56: Evolution of the apparent activation volume evolution vs true strain for LPBF and Cast Ni20Cr.

  13(a) and fig.13(b) related to cast sample deformed close to 0.3 of true strain, dominant distribution of SFs across the micrograph is observed. In all the following micrographs, building direction is in Z-axis and slices of YZ were observed and tensile axis is perpendicular to the building direction and is denoted with an upwards arrow (in the top corner of micrographs). Observations of extended stacking faults confirms the low stacking fault energy for this material. Most partials are present in the hard zones, as they seem to form at the dislocation walls. Deformation twins were also observed in fig.13(c) (depicted by red arrows), whereas nano-twins are observed in fig.13(d), and are highlighted by red circles. The 𝒈 ⃗⃗ has been marked with yellow arrows.

Figure 57 :

 57 Figure 57: TEM observation of dislocations at 0.3 strain for cast Ni20Cr: (a) stacking faults interacting with dislocations; (b) stacking faults imaged using weak beam TEM technique; (c) deformations twins in bright field condition; and (d) dislocation and second deformation nano-twins observed in bright field mode.These observed nano-twins were also illustrated in fig.14(a) and fig.14(b). Twinned regions have been marked by blue lines and yellow dotted zone is the twin boundary marking a twin in fig.14(b). Both the zones outside the dotted yellow lines was rendered to diffraction patterns by Fourier transform of respective parts of the image (regions close to blue lines), and the diffraction patterns confirmed the presence of twinned zones. As illustrated at the atomic scale in this former figure, the twin thickness seems to be between 1-2 nm, as already reported in literature[75] corresponding to 3-5 atomic planes.

Figure 58 :

 58 Figure 58: (a) Nano-twins in 30% deformed cast Ni20Cr using bright field BF-STEM; (b) Stacking fault/ nano-twin boundary at atomic scale (BF-HRSTEM).

Figure 60 :

 60 Figure 60: Illustration of dislocation walls associated to dendrites using BF-TEM.

Fig. 16

 16 Fig.16displays a magnification of cellular walls or hard zones with high dislocation density. Isolated dislocations and dislocation sub-features are observed in the soft zones. Compared to the initial state, dislocation density seems to have been incremented in the wall, increasing, in turn, its width, as seen in fig.17(a). Fig.17(b) also illustrates dislocations interacting with precipitates. Dislocations present also interactions with other sub-features as previously seen in fig. 4 (b).

Figure 61 :

 61 Figure 61: (a) Magnification of cellular dendritic walls using bright field-TEM; (b) illustration of localized interaction between precipitates and dislocations in weak beam-TEM.

Figure 62 :

 62 Figure 62: Comparison of the experimental and predicted tensile curves using Kock-Mecking model for LPBF and cast Ni20Cr samples and, (b) comparison of the dislocation density evolution with strain.

Figure 63 :

 63 Figure 63: Evolution of the different microstructure feature contributions to the dislocation production rate estimated by the Kocks-Mecking model.

  (a) compared to fig.3(b). Nevertheless, it could also increase the dislocation density in the soft zone, explaining the poor agreement between dislocation mean free path and dendrite size when only forest dislocation production mechanisms are considered in the soft zones.

Figure 64 :

 64 Figure 64: Dendritic cellular structures with average dendrite arm spacing information in the XY plane (plane perpendicular to the building direction) for LPBF Ni20Cr fabricated with a volumetric energy of (a) 46 J/mm 3 , (b) 62 J/mm 3 , (c) 90 J/mm 3 , (d) 120 J/mm 3 , and (e) 231 J/mm 3 ; Images were obtained in SEM using backscattered electron mode. The cells represented in fig. 1 are only for illustration purposes; the values depicted in fig. 1 and table 3 are averages of different cell size values. At five separate sample locations, imaging was performed at three different magnifications. Observations were also performed in different grains to account for the influence of the crystal orientation. Furthermore, independently of the grain orientation, dendrites are three dimensional objects whose interdendritic wall distance does not change [36].

Fig. 2

 2 Fig. 2 indicates grain orientation maps, pole figures and maximum texture intensities of LPBF Ni20Cr samples built with different VEDs.

Figure 65 :

 65 Figure 65: Grain orientation maps and associated pole figures of the LPBF Ni20Cr in the YZ plane (plane parallel to the building direction) which are fabricated with a volumetric energy of (a) 46 J/mm 3 , (b) 62 J/mm 3 , (c) 90 J/mm 3 , (d) 120 J/mm 3 , and (e) 231 J/mm 3 .

Figure 66 :

 66 Figure 66: Heterogeneous dislocations structures in the XY plane for LPBF Ni20Cr fabricated with lowest and highest volumetric energies of (a) 46 J/mm 3 , and (b) 231 J/mm 3 .

Fig. 4

 4 Fig. 4 depicts, in the true stress true strain framework, the tensile curves of LPBF samples fabricated via different VEDs as well as cast Ni20Cr sample for comparison purpose. Yield strength (values given in table6) is affected by VEDs. Highest yield strength was observed for sample with 62 J/mm 3 (554 MPa) and decreases with increment in VED (till 231 J/mm 3 ). Similar decrement in YS with increment in VED has been observed for several different materials systems[4][40]. Decreasing YS can be associated to increased cellular size of

Figure 67 :

 67 Figure 67: Monotonic tensile testing results in the 'True Stress-True Strain' framework of the LPBF Ni20Cr which are fabricated by volumetric energy of 46 J/mm 3 , 62 J/mm 3 and 90 J/mm 3 , 120 J/mm 3 , and 231 J/mm 3 respectively.

Figure 68 :

 68 Figure 68: TEM micrographs (in YZ direction) of LPBF sample fabricated with 62 J/mm 3 loaded in tension till 5% strain showing (a) slip trace, precipitates (Cr-rich oxides) and dislocations (bright field), (b) magnified zone indicating sheared precipitate by a slip trace and unsheared precipitate surrounded by a dislocation loop (dark field/ DF2), and (c) further magnification of sheared precipitate (bright field). The loading direction is upwards and marked with an arrow.

Figure 69 :

 69 Figure 69: Stacked bar graphs indicating the contribution in percentage of solid solution, dislocation density in soft zones, grain size and dendrite strengthening on predicted yield stress of Ni20Cr LPBF samples fabricated by volumetric energy of 46 J/mm 3 , 62 J/mm 3 and 90 J/mm 3 , 120 J/mm 3 , and 231 J/mm 3 respectively.

Figure 70 :

 70 Figure 70: Comparison of the experimental and predicted tensile curves using Kock-Mecking model for LPBF Ni20Cr samples fabricated with volumetric energy of 46 J/mm3, 62 J/mm 3 and 90 J/mm 3 , 120 J/mm 3 , and 231 J/mm 3 respectively.

Fig. illustrates the

  Fig. illustrates the dislocation production rates via dendritic cellular structures (fig. 8(a)), grains (fig. 8(b)) and forest dislocations (fig.8(c)) for all the samples. As for yield stress, dislocation production via dendritic cellular structures is the most significant contribution for strengthening of LPBF samples as higher magnitude of values were obtained than that of grain contribution and forest dislocation contribution. This rate reduces with increasing volumetric energies because of increment in the dendrite size. Dislocation production rate via grain size contributes for strengthening but relatively lower contribution than that of dendritic cellular structures, and shows same trend as the latter. It can be noted that owing to its independence to dislocation density, dislocation production rate via dendritic cellular structures and grain is constant and does not change with plastic strain. Dislocation production rate via forest dislocations is inoperative for LPBF samples with all volumetric energies (as seen in (fig.8(c)), except for 231 J/mm 3 , in agreement with the very large value of β (see table7). For highest VED sample, this contribution is active and has maximum influence on strengthening in cast Ni20Cr samples.

Figure 71 :

 71 Figure 71: Dislocation production rate maps for the LPBF and cast Ni20Cr due to the contribution of (a) dendritic cellular structures and (b) grain size against all the volumetric energies. (c) Evolution of dislocation production rate with respect to plastic strain for all LPBF and cast Ni20Cr samples.

Figure 72 :

 72 Figure 72: Comparison of the experimental and predicted tensile curves using Kock-Mecking model using a correction factor for dendrite production for LPBF Ni20Cr samples.

Fig. 1 (

 1 Fig.1(a)-(c) depicts SEM micrographs of as-built LPBF Ni20Cr samples. Fig.1(a)heterogenous grain structure with lasing planes of 67° same as lasing rotation angle. Fig.2(c) indicates a typical cellular dendritic structure (average size = 0.47 µm) which is formed due to rapid solidification behaviour of LPBF process. Cr-rich precipitates or oxides are formed in inter-dendritic zones as seen in fig.1(b)-(c) as mentioned in literature[6]. Heterogeneous dislocations can be observed near cellular structures due to continuous heating and cooling cycles of LPBF process as seen in all LPBFed materials[7].

Figure 73 :

 73 Figure 73: (a) General initial grain structure in XY plane, (b) Cellular dendritic structures and (c) Initial dislocation structures in cells of LPBFed Ni20Cr alloy using SEM (ECCI).EBSD analysis yields grain orientation maps, kernel average misorientation maps, pole figures (PF) and geometrically necessary dislocation (GND) density maps for samples in YZ direction (fig.2(a)-(d)) and for XY direction (fig.2(e)-(h)). Maximum texture intensity is 2.387 in YZ direction is comparable to that of 2.375 in XY direction, indicating lack of crystallographic texture for this printing parameters set. KAM maps indicate presence of misorientation close to

Figure 74 :

 74 Figure 74: EBSD Inverse pole figure maps (a-e), PF maps with maximum texture intensities (b-f) with KAM (c-g) and GND maps (d-h) of the LPBF Ni20Cr in YZ and XY planes.

Fig. 3

 3 Fig. 3 portrays engineering stress-strain curves for LPBF samples tested at room temperature, 200°C, 500°C, 700°C and 900°C, fig. 3(a) also contains YS, UTS and fracture strain values with standard deviation values. YS drops by close to 140 MPa from room temperature (566 MPa) to 427 MPa for 200°C, but UTS values are comparable till 200°C, indicating the presence of similar strain hardening behaviour unaffected by temperature. Elevated YS and UTS values are linked with presence of cellular dendrites [6]. Cr is segregated at the dendrites walls which hinders dislocation movement and also sustains stability of these dendrites. YS further lowers by 30 MPa for 500°C with comparable UTS values. Slight decrement in YS (of 95 MPa) with a significant decrement by 275 MPa in UTS values are experienced by samples at 700°C, also observed for IN 792 alloy beyond 760°C [3]. Noteworthy modification is the enormously early fracture at about of 2% elongation, classified to be an anomalous brittle behaviour experienced by several Ni-alloys [3]. Low YS (130 MPa) and UTS (160 MPa) values are detected at 900°C with LPBF samples undergoing softening. It is noteworthy to observe in fig. 3(b), that LPBF samples undergo softening at 900°C unlike cast samples which neither indicate softening not hardening. Tensile curves of Cast samples (same strain rate employed in literature [4]) are also given at room temperature and 200°C in fig. 3(b).

Fig. 4 (

 4 a)-(d) depicts expected microstructures at the beginning of the high temperature tensile tests. Fig.4(a)-(b) indicates that cellular dendritic structures are unchanged from those at as-built state, indicating thermal stability of dendritic structures. However, these dendrites seem to have partially deleted at 700°C as seen in fig.4(c) as well as the inter-dendritic Cr-rich oxides appear to have grown in size, indicated by bright coloured particles. The trend continuous till 900°C with virtually complete deletion of dendrites with increased size of oxides.

Figure 75 :

 75 Figure 75: (a) Stress-Strain curves of LPBF Ni20Cr at room temperature, 200°C, 500°C, 700°C and 900°C with YS, UTS and fracture strain values; (b) Comparison of tensile curves of LPBF and Cast (from literature [4]) Ni20Cr at room temperature, 200°C and 900°C.

Figure 76 :

 76 Figure 76: Microstructure of LPBF Ni20Cr alloy at pre-testing state after heat treatment for 30 minutes at (a) 200°C, (b) 500°C, (b) 700°C and (b) 900°C respectively using SEM (ECCI). This could be associated with complete deletion of dendrites and overgrown oxides. Cr is believed to diffuse out of dendrite walls and dislocation deletion paves the way for vanishing of dendrites. It's crucial to point out that ductility rose from 700°C to 900°C. The curves indicate serrations at 500°C to 900°C demonstrating the presence of Dynamic Strain Ageing (DSA) indicating Portevin-Le Chatelier effect, also discussed by Kim et al for LPBFed IN 625 [12]. Such DSA behaviour is observed in several Ni-alloys between 450-700°C [3][12]. It is

Figure 77 :

 77 Figure 77: Fractography of LPBF Ni20Cr samples tested (a)-(b) 200°C, and (c)-(d) 700°C.

Fig. 5 (

 5 Fig. 5(a)-(d) shows the fracture surfaces for LPBF samples tested at 200°C and 700°C using the SEM. The sample tested at 200°C shows several voids in fig. 5(a) and ductile dimples whose sizes are comparable to the dendrite size (close to 0.5 µm). However, the fracture surface of sample tested at 700°C shows cracks in intergranular region with trans-dendritic and transgranular failure seen in fig.5(d). Fracture mechanisms seem to have modified at 700°C, in connection with changed microstructure especially deletion of dendritic colonies. Such a shift in fracture mechanisms can also been seen in literature, at 760°C testing of IN 792 alloy[3].

Fig. 1 (

 1 Fig.1(a)-(b) illustrate the morphology and size distribution of the as-received powder, respectively. Particles are mostly spherical with some elongated ones, as well as the presence of satellites. In volume fraction, the size distribution is Gaussian with an average powder particle value of about 30 µm. LPBF samples fabricated with AR and RU powder will also be addressed as AR samples and RU samples.

Figure 78 :

 78 Figure 78: (a) SEM micrograph of as-received powder particles of Ni20Cr particles and (b) powder diameter distribution.

4 )Fig. 3 (

 43 Fig.3(e)-(f) depict cast Ni20Cr microstructure with huge grains as well as dislocations and dendrite-free matrix due to complete homogenized setting after heating over recrystallization temperature.

Figure 80 :

 80 Figure 80: SEM observation of: (a) general initial grain structure for LPBF in YZ plane, (b) cellular dendritic structures for LPBF in YZ plane, (c) a colony of cellular dendrites for LPBF in XY plane, (d) dislocation structures for LPBF in XY plane, (e) general initial grain structure for cast samples and (f) initial dislocation free microstructure of cast Ni20Cr.

Figure 81 :

 81 Figure 81: Cyclic stress-strain curve for LPBF and cast samples.

Figure 82 :

 82 Figure 82: Plastic strain amplitudes versus cycles to failure for LPBF and cast Ni20Cr samples.Fig.6depicts the evolution of the stress amplitude with respect to the number of cycles for all specimens. After achieving an accurate control of the test (a few tens of cycles for LCF and a few hundreds of cycles for MCF), LPBF (both AR and RU) specimens experience similar softening behaviour for LCF and MCF. In particular, it can be observed in fig.6that LCF fatigue curves are prolongated by MCF ones. On the contrary, cast Ni20Cr specimens did not experience any softening in LCF and MCF conditions.

Figure 83 :

 83 Figure 83: Evolution of stress amplitudes for LPBF and cast Ni20Cr samples for the three fatigue conditions (LCF, MCF and HCF). For each condition, plastic strain amplitude is indicated along the curves.

Figure 84 :

 84 Figure 84: Average stress amplitudes for LPBF compared to cast Ni20Cr.

Fig. 8 (

 8 a)-(f) illustrates those fracture surfaces features of both kinds of LPBF specimens fabricated via the as-received and the reused powder batches in HCF. Fig.8(a) illustrates the fracture surface of RU specimens divided into two major zones labelled 1 and 2, those zones being magnified in Fig.8(b)-(c), respectively. Fig.8(b) illustrates typical striations related to fatigue crack propagation for zone 1, whereas flake or flaky structures are observed in Fig.8(c). The zones with striations can be seen in homogeneous and extended stretches and cover a larger area than zone 2. For AR samples, fig.8(d) indicates a similar overview of the fracture surface. Fig.8(e) shows the magnified zone 1 with striations whereas fig.8(f) indicates zone 2 of fracture surface which contains fine dimples arranged parallelly. The size of these dimples was estimated to be close to 0.5 µm which corresponds to the size of cellular dendrites as marked by yellow indicators. These fracture characteristics for both samples seem to indicate similar fatigue damage with zone 1 associated to crack propagation and zone 2 related to sudden ductile fracture.

Figure 85 :

 85 Figure 85: SEM observations of: (a) larger view of fracture surface of high cycle fatigue of reused powder specimen using SEM; (b) magnified zone 1 showing striations; (c) magnified zone 2 with flakes; d) fracture surface of high cycle fatigued as-received powder specimen; (e) striations in magnified 'zone 1' and (f) parallel strips of ductile dimples in magnified zone 2 of as-received powder LPBF specimen.

Figure 86 :

 86 Figure 86: Masing plots indicating selected fatigue cycles of: (a)-(c)-(e) LPBF samples produced using reused powder cycled in LCF, MCF and HCF conditions, respectively and (b)-(d) Cast samples cycles in LCF and MCF conditions, in the order given.

Figure 87 :

 87 Figure 87: Evolution of the stress components versus the number of cycles for: (a) back stress for LPBF and cast Ni20Cr samples at different fatigue testing conditions. Markers illustrate the behaviour before the achievement of the desired total strain.

Figure 88 :

 88 Figure 88: Evolution of mean stress against cycles for LPBF (RP) and Cast Ni20Cr samples at different fatigue testing conditions.

  fig. 12(b), which magnifies the centre of fig.12(a), illustrates different changes in the dislocation structure with respect to the as-built state. On one hand, an area between the two slip bands with a reduced dislocation density is observed, could be indicated by softened zone. On the other hand, inside the slip bands, new dislocation structures are observed. These new dislocation walls are no longer associated to former dendrites. Compared to the as-built state, those walls are thicker and, curved similarly to mobile dislocations observed in this figure. This reveals the role played by plasticity on those new dislocation walls.

Figure 89 :

 89 Figure 89: ECCI-SEM based imaging of post fatigued LPBF in LCF indicating: (a) slip bands and (b) magnified image of yellow box in (a) indicating modified dislocation structures.

Fig. 13 (

 13 Fig. 13(a)-(b) indicate the micrograph for LPBF samples tested in MCF and HCF condition, respectively. In fig. 13(a) a softened zone is observed as for LCF condition with some thick dislocation walls without well-defined new dislocation structures as for LCF. For HCF conditions (fig.13(b)), no significant dislocation structure modification is observed with respect to the as-built state (see fig. 3(d)).

Figure 90 :

 90 Figure 90: ECCI-SEM based imaging of post fatigued LPBF: (a) MCF conditions and, (b) HCF conditions.

Figure 91 :

 91 Figure 91: X-ray tomography reconstructed volume for: (a) as-received powder and (b) reused powder. Porosities are highlighted in semi-transparency in blue. Blue rectangle depicts the volume considered for porosity statistics analysis.

Figure 92 :

 92 Figure 92: Comparison of the pore size distribution obtained by X-ray tomography between samples manufactured with the as-received and reused powder batches.

Fig. 16 (

 16 a) depicts the evolution of stress amplitude versus the number of cycles of LPBF specimen during a CSSC test. Hardening and eventually saturation is seen till 2200 cycles with no softening during each applied cyclic sequence, whereas fig.16(b), which is the magnified zone of fig.16(a), depicts a clear inception of softening at 2400 cycles. This softening is expected to be associated to backstress amplitude as effective stress softening should not be significant during a CSSC sequence of 200 cycles.

Figure 93 :

 93 Figure 93: (a) Stress amplitude against number of cycles for Cyclic Stress-Strain Curve analysis of LPBF samples; and (b) magnified zones of '(a)' as marked in red.

Figure 94 :

 94 Figure 94: (a) Evolution of minimum and maximum stress against number of cycles of LPBF samples; and (b) Mean stress against number of cycles for Cyclic Stress-Strain Curve analysis.

  18(b) magnifies the location of the expected initiation of plastic slip for the activated slip system observed on the right part of the fig.18(a). Red circle in fig.18(b) marks a dislocation segment pinned by two nanoscale precipitates or oxides (indicated with red arrows) which can probably act as a dislocation source for plastic slip inception. It is hence believed that dendrite walls associated to a high dislocation density and nano-sized precipitates can lead to early slip activation. Once activated, those activated slip systems may start to induce a change in dislocation structures and, then, may localize the plastic deformation in slip bands as observed for LCF conditions, leading, in turn, to cyclic softening.

Figure 18 :

 18 Figure 18: (a) and (b) Bright field STEM analysis of LPBF sample with medium cycle fatigue stopped after 1000 cycles indicating possible dislocation pile ups and oxides interacting with dislocations.

Figure 96 :

 96 Figure 96: EDS analysis using STEM LPBF Ni20Cr sample focussing on an inter-dendritic precipitate showing segregation of O, Al, Si, Cr, and Ni.

Figure 98 :

 98 Figure 98: Tensile behaviour comparison at 700°C at different strain rates of LPBF Ni20Cr samples.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Investigation of microstructure contribution to yield stress and strain hardening of LPBFed Ni20Cr alloy

  • To investigate which is the major contributing microstructural feature on Yield stress.• Comparing this relationship for straining mechanisms for additively manufactured Ni20Cr with fully recrystallized cast sample. • To investigate the high temperature tensile behaviour and microstructure of additively manufactured Ni20Cr with respect to the cast specimens. • To examine the influence of additive manufacturing on the fatigue and cyclic behaviour of additively manufactured, especially associated with the modified microstructure brought out by LPBF.Chapter 1 extensively reviews the modified microstructures in terms of heterogeneous grain structure, crystallographic and morphological textures, heterogeneous solidification structures in terms of cells or dendrites, dislocations and finally precipitates. It was also discussed in detail that this modified microstructure transforms the mechanical properties of LPBFed materials in general. So overall it necessitated a thorough investigation of the link which exists between the microstructure and mechanical properties for better understanding of the LPBFed metallic materials. This chapter focusses on to link enhanced yield strength and altered strain hardening mechanisms of a theoretically monophasic LPBFed Ni20Cr alloy with individual microstructural features.
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The first part of this chapter talks about the research context. Efforts have been made to avoid redundancy between chapter 1 and the first part (introduction) of this chapter. In the second section, the reader will have details of the general experimental procedure, in particular manufacturing. Moreover, it deals with microstructural characterisation techniques that were employed with details of mechanical testing and pedological section on Kocks-Mecking (KM) formalism. The third section is dedicated to the results which presents initial microstructural characterisation of LPBFed and cast Ni20Cr alloy, mechanical testing with tensile testing and loading-relaxation-unloading tests, post deformation microstructural characterisation with unique dislocation structures forming in LPBF and cast samples, and finally the KM modelling. The fourth section is a thorough discussion dealing with prediction of yield strength with analytical modelling associated with microstructural features and finally assessing strain hardening behaviour of LPBFed and cast Ni20Cr alloy with respect to microstructure. The final section lays out the conclusion to point out the microstructural feature that contributes majorly on the mechanical properties.

The work addressed in this chapter is published in the International Journal of Plasticity titled "On the Origin of the Strain Hardening Mechanisms of Ni20Cr Alloy Fabricated by Laser Powder Bed Fusion." (https://doi.org/10.1016/j.ijplas.2023.103610)

Table 1 :

 1 Optimized parameters used for LPBF fabrication of Ni20Cr specimens

	LPBF parameters	Data
	Gas velocity	7 m/s (Argon)
	Laser power	200 W
	Scanning speed	900 mm/s
	Hatch distance	0.12 mm
	Layer thickness	30 µm
	Scanning strategy	Stripes (rotation angle of 67°)
	Volumetric energy	62 J/mm 3

  Table 1 summarizes the yield stress (YS), ultimate tensile strength (UTS) and necking strain for LPBF and cast samples alongside

with values extracted from literature, standard deviation values are shown in parenthesis in the following table. Engineering yield stress in LPBF (554 MPa) is more than three times higher than in cast condition (267 MPa), whereas significant increment in UTS (708 MPa) in LPBF samples is observed if compared to cast (662 MPa). The strength found in this study with

Table 2 :

 2 Summary of the monotonic tensile properties (in the engineering framework) of LPBF and cast Ni20Cr specimens in this study and comparison with literature.

	Specimen	YS	UTS	Eng.	Young's
		(MPa)	(MPa)	fracture	modulus (GPa)
				strain	
	LPBF (this study)	554 (9)	708 (8)	0.56 (0.10)	218 (3)
	Cast (this study)	267 (44)	662 (45)	0.93 (0.11)	191 (3)
	LPBF (Hug et. al.) [9]	533 (5)	671 (15)	0.35 (0.08)	195 (1)
	LPBF (Song et. al.) [32]	205-210	318-365	0.05	190
	Strip roll casting (Das et. al.)	194	381	0.19	190
	[66]				

Table 3 :

 3 Summary of the mechanical properties in tension expressed in true stress -true strain framework for LPBF and Cast Ni20Cr.

	Specimen	True YS (0.2%)	True UTS	True fracture	True necking
		(MPa)	(MPa)	strain	strain

Table 4 :

 4 Summary of the values of the different parameters of the Kock-Mecking model identified from literature and microstructure characterization.

		M α	µ	b (mm)	kg	d (mm)	0
			(MPa)				(MPa)
	Cast LPBF	3 0.3 8.1×10 4 2.5×10 -7	5	400 70	115

Table 5 :

 5 Summary of the values of the different parameters of the Kock-Mecking model identified from modeling of the experimental tensile curves.

	Sample type	Test type	Beta (β)	K2	Dendrite (l0)
		LRU attempt 1	2.00E+13	0.838	1.90E-03
		LRU attempt 2	1.00E+10	0.732	2.00E-03
		LRU attempt 3	7.00E+05	0.929	1.70E-03
		LRU attempt 4	4.00E+05	0.889	1.70E-03
	LPBF	Monotonic attempt 1	2.00E+13	0.963	1.61E-03
		Monotonic attempt 2	1.22E+10	1.24	1.63E-03
		Monotonic attempt 3	3.43E+10	1.17	1.46E-03
		Average	5.72E+12	0.97	1.71E-03
		Error (90 % CI)	6.41E+12	0.13	1.06E-04
		LRU attempt 1	43	1.48	
		LRU attempt 2	42	1.46	
		Monotonic attempt 1	37	2.06	
	Cast	Monotonic attempt 2 Monotonic attempt 3	44 38	1.45 2.00	N.A.
		Average	40.80	1.69	
		Error (90 % CI)	2.95	0.29	

Table 6 :

 6 Summary of the microstructural contributions (MPa) to the yield stress for LPBF samples.

			Solid solution	Dislocation density in soft zones	Total effective stress	Grain size strengthening	Dendrite long range backstress	Total backstress	Total Yield stress
	Micro.	absolute value (MPa)	115	117	232	111	258	369	601
	framework	Contribution in %	19.1	19.5	38.6	18.5	42.9	61.4	100
	Tensile curve	absolute value (MPa)	N/A	N/A	216	N/A	N/A	350	566

  3 . The aim of this chapter is to investigate the influence of VED on microstructure and mechanical properties and to validate the yield stress and Kocks-Mecking model for other process parameters-based manufacturing.Research context is discussed in the first section of the following chapter. The second section briefly covers LPBF processing of Ni20Cr alloy with various VEDs (46, 62, 90, 120, 231 J/mm 3 ), microstructural characterisation and mechanical testing methodologies, and ultimately the Kocks-Mecking (KM) formalism. The third section presents results and discussion based on initial microstructural characterisation of LPBFed and cast Ni20Cr alloy fabricated with different VEDs, tensile testing, yield strength prediction using analytical modelling associated with microstructural features, and finally assessing strain hardening behaviour of LPBFed Ni20Cr alloy in relation to microstructure. The final section summarises the validation of the KM model using LPBF material systems manufactured with a variety of process parameters.
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The work discussed in this following chapter is published in the Journal of Alloys and Compounds titled "Quantifying microstructural contribution to yield stress and strain hardening of Ni20Cr alloy manufactured by laser powder bed fusion with different volumetric energy densities". (https://doi.org/10.1016/j.jallcom.2023.172241)
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Table 3 :

 3 Optimized parameters used for LPBF fabrication of Ni20Cr specimens.

	LPBF parameters	Sample	Sample	Sample	Sample	Sample
		1	2	3	4	5
	Laser power (W)	150	200	300	300	300
	Scanning speed (mm/s)	900	900	900	700	360
	Hatch distance (mm)	0.12	0.12	0.12	0.12	0.12
	Layer thickness (µm)	30	30	30	30	30
	Volumetric energy density (J/mm 3 )	46	62	90	120	231

Table 6 :

 6 Grain sizes, maximum texture intensities and fraction of LAGBs associated to all samples with different VEDs used for LPBF fabrication of Ni20Cr specimens

	Volumetric energy	Maximum texture	Average grain	LAGBs fraction (%)
	density (J/mm 3 )	intensities	size (µm)	(<15°)
	46	1.89	30	60
	62	2.63	70	75.5
	90	3.58	100	79
	120	7.93	130	79.3
	231	11.03	200	84.3

Table 9 :

 9 Summary of the values of the different parameters of the Kock-Mecking model identified from modelling of the experimental tensile curves.

	Volumetric	Grain	β	K2	l0	Dendritic cell	Ratio of
	energy	size			(model)	size (l0) (exp)	l0(model) to
	(J/mm 3 )	(µm)			(µm)	(µm)	l0(exp)
	231	200	1.56E+02	0.97 ± 0.12	6.3	1.1 ± 0.2	5.83
	120	130	5.83E+09	0.97 ± 0.12	2.8	0.63 ± 0.2	4.44
	90	100	3.91E+09	0.97 ± 0.12	2.5	0.56 ± 0.2	4.46
	62	70	2.92E+09	0.97 ± 0.12	1.6	0.47 ± 0.05	3.40
	46	30	4.07E+09	0.97 ± 0.12	1.3	0.40 ± 0.05	3.29
	Cast	400	40.8	1.69 ± 0.29	N.A.	N.A.	N.A.
	Sample						

Thermec 2023: International Conference on processing and manufacturing of advanced materials', as

  The research dealing with high temperature investigations of LPBF materials are summarised in the introduction part of this chapter. Further, experimental procedure with details of material characterisation techniques has been presented. The third section discusses the results and discussion of this work based on initial microstructural characterisation, mechanical testing at high temperature, fractography of LPBFed tensile samples and pre-testing microstructural overview to associate with the mechanical behaviour. The final section infers the high temperature mechanical properties of LPBFed Ni20Cr alloy in relation to microstructure.The work featured in this chapter has already been accepted and will be published in Trans Tech Publications Ltd in association with 'a conference paper titled "High temperature tensile properties and microstructure of Ni20Cr alloy fabricated by laser powder bed fusion".
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Table 2 :

 2 Optimized parameters used for LPBF fabrication of Ni20Cr specimens.

	LPBF parameters	Data
	laser power (P)	200 W
	scanning speed (v)	900 mm/s
	hatch distance (h)	0.12 mm
	layer thickness (t)	30 µm
	scanning strategy	Stripes (rotation angle of 67°)

Table 3 :

 3 Chemical composition of the powder as measured by ICP-EOS in weight percent. Each element's detection errors are shown in brackets.

	Cr	Fe	Si	Mn	Al	Ni
	19.9	0.0222	0.035	<0.0002	0.047	Balance
	(0.1)	(0.0002)	(0.001)		(0.001)	

Table 4 :

 4 Estimation of total strain amplitude for fatigue tests.

Table 5 :

 5 Average stress amplitudes and cycles to failure for LPBF and cast Ni20Cr for different fatigue tests.

		Average stress amplitude (in MPa)	
	Test type	LPBF: Reused	LPBF: As-received	Cast
	LCF	516 ± 11.2	504 ± 4	315 ± 1.4
	MCF	451 ± 4	446 ± 6.2	188 ± 2
	HCF	400 ± 2.8	400 ± 3.6	Not performed

Table 6 :

 6 Cycles to failure for different types of Ni20Cr samples at different testing conditions.

		Plastic strain	LPBF RU	LPBF AR	Cast samples
		amplitude	samples	samples	
	Low cycle	5×10 -3	769 ± 350	770 ± 200	5275 ± 1000
	Medium	5×10 -4	26385 ± 5500	19986 ± 5000	>1 million*
	cycle				(*samples didn't fail)
	High cycle	5×10 -5	438502 ±	265670 ± 90000	-
			150000		

  (a)-(b) indicate Masing plots in LCF conditions for LPBF and cast Ni20Cr, respectively. Cast Ni20Cr specify Masing behaviour which can be explained as superimposition of hysteresis curves for different cycles with geometrical similarity[36,44], as shown by the circle with superimposition in fig.9(b) and fig.9(d). This indicates that cast Ni20Cr specimens did not undergo any softening already seen in the stress amplitude evolution plot. On the contrary, in LCF conditions, LPBF specimens undergo softening with stress reduction of approximately 165 MPa and the plots for LPBF can be categorized as non-Masing behaviour[49,50] (no master curve). This softening can be connected to changes in microstructure from one cycle to another.

	Fig. 9(c)-(d) depict Masing plots of LBPF and cast Ni20Cr specimens for MCF conditions and
	similar results are reported as LCF. Indeed, LPBF specimens show non-Masing behaviour with
	stress reduction of approximately 105 MPa. Cast specimens depict perfect Masing behaviour
	subsequently with stable microstructure as the specimens do not fail until 10 6 cycles.
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Chapter 5 Fatigue and cyclic properties of LPBFed Ni20Cr alloy

Previous results chapters (chapter 2, 3 and 4) discussed majorly the strain hardening behaviour at room and elevated temperatures but in the framework of uniaxial tensile testing. However, for the commercial qualification of materials systems in industry, it is of utmost importance that the components can resist cyclic loads for a longer period of time. This necessitates the investigation of fatigue properties of LPBFed materials. Owing to the dynamic nature of the fatigue loading and the well-known sensitivity of overall fatigue performance to process defects (which are frequently introduced into as-built structures during the LPBF process), understanding the cyclic behaviour of LPBFed alloys is more challenging. This serves as the motivation and foundation for the subsequent chapter.

The introduction section of chapter 5 reviews the literature on the fatigue properties of several LPBFed materials and the influence of typical LPBF induced defects on the fatigue performance of materials. The second section presents LPBF fabrication of Ni20Cr alloy, microstructural characterisation techniques, theories of cyclic stress-strain curve (CSSC) and Cottrell's method for stress partioning and Masing analysis. The third section introduces results based on initial microstructural characterisation LPBFed and cast Ni20Cr samples, fatigue testing analysis with post-fatigue microstructural characterisation. The fourth section aims to discuss these results in which first part focusses on X-Ray tomography to examine pores and LOFs in LPBF samples fabricated with as-received and reused powder. Second part of discussion is based on association of softening behaviour of LPBFed Ni20Cr samples in LCF and MCF conditions with changes in dislocation structures. The final section of the chapter includes a list of the conclusions.

The work introduced in this chapter is under review after minor revision corrections to be published in the journal of Materials Science and Engineering: A, as a paper titled "Impact of laser powder bed fusion processing on the cyclic and fatigue properties of Ni20Cr alloy".

Stress partitioning

In order to better understand the microstructure modifications suggested by Masing plots for LPBF samples, the backstress amplitude (𝑋 𝑎 ) (eq. 3) and the effective stress (𝜎 𝑒𝑓𝑓 ) (eq. 1) evolutions as a number of cycles are plotted in fig. 10. In these two figures, LPBF and cast samples as well as for the three fatigue conditions are plotted. Moreover, in this figure, solid lines mark the evolution of respective parameters when the applied strain amplitude correspond to the desired one. On the contrary, markers of different shapes are associated to data during strain amplitude control adjusting. LPBF specimens show similar softening behaviour qualitatively in LCF and MCF conditions and lower degree of softening rate seen in HCF. Nevertheless, the comparison of effective stress and backstress evolutions reveals that the softening is mainly due to the backstress amplitude. Indeed, in the case of LPBF-LCF, the total stress amplitude reduction is close to 165 MPa (see fig. 9(a)) with about 140 MPa backstress amplitude reduction versus 25 MPa for the effective stress. For LPBF-MCF specimens, backstress amplitude reduction accounts upto 80 MPa, whereas effective stress reduction is approximately 25 MPa. No evolution of backstress was observed for LPBF-HCF specimens as well as cast specimens for LCF and MCF conditions. All these values are presented in table 6. Stress reduction observed for LPBF-HCF was close to 29 MPa, also computed via Masing analysis and can be connected to effective stress (𝜎 𝑒𝑓𝑓 ) revealing a similar softening for this stress component for all fatigue tests. Cast specimens for LCF and MCF conditions indicate no stress reduction confirming no softening behaviour. This connection of softening behaviour with flow stress components is directly linked with microstructure and will be discussed in detail in the further sections.

It could be noted that the average effective stress value for LPBF samples subjected to fatigue tests is in agreement with the value reported in tension [24], revealing the similar short-range interactions of mobile dislocations with the microstructure for both kind of mechanical loadings.

analysis, the density of dislocations in soft zones appears to be qualitatively similar in the samples with various processing parameters. As a result, same value was assumed for all samples as a first estimate. However, a thorough TEM based analysis of all the LPBF samples fabricated with different volumetric energy densities can only accurately propel the model to predict the mechanical behaviour accurately. Moreover, a future study could include a detailed microstructural analysis of all LPBF samples (various processing parameters) under TEM to investigate the effect of dendrite wall thickness, precipitate size and shape, and precipitate shearing as a function of volumetric energy density.

The aforementioned model seems to have worked well with a monophasic material Ni20Cr fabricated by LPBF. However, it must spark interest to operate this model for other monophasic materials like 316L and further customize it for other material systems with more intricate phase structures and alternate dislocation interaction mechanisms like Ni-superalloys, Al-based alloys, high entropy alloys, etc for improved microstructure tailoring. Moreover, linear addition of microstructural features to predict mechanical properties isn't considered to be a congruent agreement. In fact, it is more important to examine the interactions between different microstructural features to bring out modifications in mechanical properties.

The precipitates which are observed in the walls of dendritic cellular structures are denoted to be inter-dendritic precipitates (IDPs) in this section. These IDPs are commonly found in many LPBFed materials systems and have been extensively characterised in LPBFed 316L by Upadhyay et al. [1]. Fig. 1 shows the bright field STEM micrograph of such an IDP in as-built condition of LPBF Ni20Cr. Interestingly, it depicts a core-shell morphology. Hence, a complete investigation stands as a future prospect focussed on LPBF processing of thin LPBF Ni20Cr samples associating with its microstructure and mechanical properties. 
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Abstract

The purpose of this research is to establish a link between the microstructural features of Ni20Cr alloy as a result of the laser powder bed fusion (LPBF) process and the modified mechanical properties of such materials. This relationship is also compared to that of conventionally manufactured Ni20Cr. Mechanical characterisation performed in this study includes room temperature and high temperature tensile properties, as well as cyclic and fatigue behaviour. Dendritic cellular structures are found to influence mechanical properties at room temperature, regardless of LPBF processing parameters, as well as at high temperature. Yield stress prediction and Kocks-Mecking modelling were employed to analyse the individual contribution of microstructural features on mechanical properties. For fatigue loading, LPBF increases fatigue strength but decreases fatigue life due to defects formed during the LPBF process. LPBF samples undergo softening in low and medium cycle fatigue despite having planar character. Such a softening of LPBF samples is also caused by changes in dislocation cells associated with dendritic cellular structures. 
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