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Abstract 
 

The purpose of this study was to investigate the macro- and microstructural constitution of 

Direct Laser Deposited (DLD) SS316L-Si on stainless steel base materials. The 

characterisation of the deposited material was carried out using light optical microscopy 

(LOM), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), 

electron backscattered diffraction (EBSD), transmission- and scanning transmission electron 

microscopy (TEM and STEM) together with Vickers hardness measurements. The DLD 

process produced a crack-free, almost fully dense (porosity >99.5%) metallic part. The 

investigation revealed a duplex microstructure containing a primary austenitic matrix with 

secondary ƫ-ferrite interdendritic and along sub-grain boundaries. The ƫ-ferrite has formed 

due to segregation of ferrite stabilizing alloying elements and has helped voiding the material 

from hot-cracking during the thermal cycles. The austenitic dendrites have formed 

preferentially along <001> direction generating a solidification texture and large columnar 

grains along the thermal gradient being 5-10 times larger in longitudinal- than latitudinal 

direction. A microstructural variation exists throughout the samples with cellular- and 

columnar dendritic structures depending on solidification rate, with a localized heat-affect 

zone for each layer. While the process has formed a solid metallurgical bond to the base 

material in the case where the cleaning procedure was followed thoroughly, with a small 

heat-affect zone in the base material. Hardness values was found to be almost uniform in 

parallel- and normal to build directions, ͯ 170HV. The elevated hardness compared to 

conventional manufactured SS316L is due to silicate nano-inclusions that generate large 

concentrations of dislocations and the uniform distribution of ƫ-ferrite facilitating the 

dislocation pile-ups. The investigation has also reveal defects such as entrapped gas which 

has created spherical pores, inter-track porosity along laser travel direction and segregation 

of alloying elements. Various solutions to improve the defects has been discussed so the 

study may serve as a guide to improve the process parameters. 
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EBSD  Electron Backscattered Diffraction 
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N/A  Not Available 
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SAD  Selected Area Diffraction 
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SEM  Scanning Electron Microscope 
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SS316L-Si Low-carbon, high silicon type 316 stainless steel 

TEM  Transmission Electron Microscope 

 

Sample 1 SS316L-Si deposited on SS304, cross-sectional cut w.r.t. laser travel direction. 

Sample 2 SS316L-Si deposited on SS304, plane cut w.r.t. laser travel direction. 

Sample 3 SS316L-Si deposited on SS316L, cross-sectional cut w.r.t. laser travel direction. 

Sample 4 SS316L-Si deposited on SS316L, plane cut w.r.t. laser travel direction. 
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CHAPTER 1  

 

INTRODUCTION 

 

Over the last few decades, additive manufacturing (AM) has experienced a significant 

increase in attention from the industry and researchers from around the world leading to a 

remarkable evolution from initially enabling only poor prototyping [1]  to now producing fully 

functional parts for everything from medical [2]  to the aerospace [3]  and automotive industry 

[4] , into oil and gas industry [5]  and even fabricating functional tools in space [6] . Today 

there exists several varieties of AM, while one of the contemporary techniques for producing 

near-net shape parts is material deposition by applying a laser beam. Within this category 

there is several different techniques such as laser engineered net shaping® (LENS) [7] , laser 

metal deposition shaping (LMDS) [8] , laser solid forming (LSF) [9]  and direct laser deposition 

(DLD) [10] . AM by applying the method of DLD can directly fabricate, repair, add strength 

enhancing- and fully dense metallic features with complex geometry to existing small- and 

large-scale parts. In comparison to traditional manufacturing, additive manufacturing with 

DLD is advantageous in the applied technology and is competitive in terms of economics. By 

applying highly developed laser- and machining technology DLD can customize and repair 

pre-existing parts, generate components with geometry beyond the capability of 

conventional manufacturing, reduce material wastage significantly by directly depositing the 

material with fine precision which reduce the need of costly equipment and machining [11, 

12]. DLD also allows for designing components with specifically refined microstructures to 

achieve desired properties which is not possible with conventional manufacturing [13, 14]. 

The AM process utilizes layer-by-layer fabrication of previously generated computer aided 

design (CAD) models. By applying lasers, such as Nd:YAG (Neodymium-doped Ytterium 

Aluminium Garnet) diode lasers, a concentrated melt pool is produced on a base material 

surface which is injected by a high pressurized gas carrying powder material used to 

generate the metallic feature. During the process, the laser moves in a raster specified in 

computer aided manufacturing (CAM) software while the powder material is continuously fed 

in the rapidly evolving melt pool. High alloyed stainless steels such as 316L contain larger 

amounts of chromium, molybdenum and nickel which gives it impeccable corrosion 

resistance, good ductility, high strength and good weldability at relatively low cost. This 
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makes the material highly applicable for the automotive, oil-, gas- and refinery industry, 

chemical plants, biomedical, within construction and for nuclear reactors [15-17]. 

Today the AM of metal parts are under thorough investigation as the technique of layer-by-

layer manufacturing generate specific macro- and microstructures, defects and phases that 

are different from conventional manufacturing of the same materials. This makes it necessary 

to formulate relationships between the multiple process parameters and the resulting 

microstructure and correlating mechanical properties before the technology are applied to 

crucial structural parts. 

Saeidi et al. [14]  studied the microstructure of applying laser melting to SS316L generating 

a hardened single-phase austenitic structure with molybdenum enriched sub-grain 

boundaries with large dislocation concentrations and dispersed silicate nano-inclusions. 

While Dutta et al. [15]  produced almost fully dense SS316L parts with a homogenous 

microstructure. The study showed that scan speed has a major influence on the 

microstructural morphology. Yadollahi et al. [13]  studied the effect of process time interval 

followed by heat treatment of DLD SS316L and showed that longer local time intervals 

resulted in higher cooling rates and finer microstructure. While pores and weaker 

metallurgical bonds was found to be predominant in the last layers due to reduced laser 

penetration. On the other hand, the relatively high cooling rates has been shown to have an 

adverse effect on layer adhesion and give inter-track porosity [18, 19]. 

The aim of this thesis is to carefully and thoroughly study the macro- and microstructural 

evolution of DLD SS316L-Si metal powder on SS304 base material without proper cleaning 

procedure, and on SS316L base material with proper cleaning procedure. Study the 

microstructural variations in the layers, solidification textures, investigate the presence of 

secondary phases, defects, hardness and fusion to base materials. 
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CHAPTER 2  

 

LITERATURE STUDY 

 

2.1 Additive Manufacturing 

Additive manufacturing, AM, is a term given to describe all processes which is based upon 

generating three-dimensional objects by adding material layer-upon-layer. The common 

denominator for AM is the use of computers, software to generate 3D models by computer 

aided design (CAD), lasers and inert environment. 

The 3D CAD model is converted to an STL-file. The file is sliced into discrete layers which 

represent each layer thickness. When this is done, computer aided manufacturing (CAM) 

software integrated into AM equipment reads the file and starts to add successive layers of 

the process material. Depending on the geometry and the manufacturing process, there may 

be a need to specify support material for surfaces with overhang angle larger than 45° to 

avoid deformation of the shape. 

AM is diverse and can be used in different applications as: 

- Concept visualization 

- Rapid Prototyping 

- To generate parts with intricate and complex geometry 

- Medical application 

- Manufacturing of structural parts 

2.1.1 A brief History 

The thought of producing a 3-dimensional object layer by layer, came long before the idea 

of additive manufacturing. In 1902, Peacock submitted a patent for a laminated horse shoe 

[20] . 50 years later, a Japanese man, Kojima, published research demonstrating the benefits 

of layered manufacturing [21] . 

In 1987 the Stereolithography Apparatus 1, SLA-1, marks the first ever commercialized rapid 

prototyping system in the world. This process is based on curing a photo-polymer resin by 

laser. The object is created on a platform which is submerged one layer thickness into a 

chamber containing the resin. A laser solidifies the first layer, before the platform is lowered 

another thickness into the chamber, and the process is repeated until the object is complete. 
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Over the years, additive manufacturing processes has evolved, and new material has come 

into play. Polymers, ceramics, composites, food, biological material, metals and even rock 

[22] . And the newer AM techniques such as Selective Laser Sintering (SLS), Selective Laser 

Melting (SLM) and Direct Laser Deposition (DLD) among others, makes it possible to create 

not only prototypes, but also fully functional and structural parts which in some cases has 

better mechanical properties than conventionally manufactured parts due to their refined 

microstructure [23] . 

2.2 Direct Laser Deposition 

2.2.1 The deposition process 

Direct laser deposition is the process of adding material by spray deposition to pre-existing 

material and parts, similar to cladding. The process is used to create free-formed 

components and repair previously damaged parts. And can also be used to add 

strengthening features to casted and forged structural components. As for other AM 

techniques all the required data comes in a predefined CAD-model. 

The deposition process is executed in a controlled environment to minimize any atmospheric 

influence on the end result, similar to welding where a shielding inert gas is used. A high-

power laser generates a small melt pool at the base material surface and a nozzle inject 

powdered material directly into the focused laser beam. This generates a weld bead and by 

the addition of multiple layers a 3-dimensional feature is generated. Figure 1 is a schematic 

illustration over the DLD process. As a consequence of a small laser spot size and the speed 

which the laser travels, the deposited melted material experiences a cooling rate of 103-

104K/s [24] . This result in a very localized and small heat-affected zone in the fusion between 

base- and the deposited material, which also occurs between each layer in the build. The 

cooling rates has an additional large influence on the end result, generating a refined 

microstructure [10] . 
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Figure 1: Schematic illustration over the Direct Laser Deposition process, the focus optics, powder feeder and 

base material. 

2.2.2 Powder material 

Depending on the type of metal or the alloy, the metal powder comes in different size and 

shapes and is produced using a large variety of processes. The requirement for repeatable 

processes in additive manufacturing makes the geometry, size and chemistry of the powder 

particles critical for successful part production. There is also a requirement for the powder 

material to be stable in a molten pool [25] .  

The powder particle size range generally from 20-150 µm. In this size range, the material can 

be delivered with a gas flow and will easily transform to a liquid state in the melt pool.  

2.2.3 Benefits and Limitations 

The DLD process involves a complex interaction between the laser beam and the metal 

powder. This interaction can lead to different kinds of unwanted constituents in the material, 

such as residual stresses due to high cooling rates, binding defects between the layers 

leading to layered voids and entrapped gas forming spherical pores [26] . Also element 

segregation and carbide formation can occur due to the nature of continuous reheating of 

the material. 

As expected from high cooling rates, residual stresses will occur in the material. This can 

cause development of crack formations and further propagation of the cracks which 

eventually leads to failure of the component [27] . As the melt pools are formed, gas may get 
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enclosed in the layers during solidification. This gas can come from contaminants, turbulent 

impact between particles that generate gases, gases contained inside the powder-particles 

or vaporization of alloying constituents. The gas will generate spherical voids if it does not 

reach the material surface before the material has solidified. The interface between two 

layers may also contain voids, generated due to lack of fusion between them. These voids 

tend to have a more irregular and elongated shape [26] . 

Other limitations to the DLD process is poor resolution and rough surface finish. With it being 

difficult to achieve accuracy better than 250 µm and surface roughness less than 25 µm 

[28] . The deposition rates are fairly low with 25-40 g/h, which makes the build time long for 

larger components. It is possible to achieve better deposition rates on the expense of surface 

finish. And similar it is possible to achieve better accuracy with reduced laser beam spot size 

and deposition rates. Changes in the input power for the laser and scan speed will influence 

the microstructure, and optimal setting must be found by trade-offs between deposition rate, 

accuracy, surface finish and microstructure. 

The benefits of DLD are many, and already in this stage of the development, the benefits 

outweigh the disadvantages in a lot of areas. At this time in our history, a products lifespan 

is relatively short due to rapid improvements made in all fields every year. This suits DLD, 

and other AM techniques, as the time from design to the part being available on market can 

be shortened to a fraction of what conventional machining can do. Weight reduction 

optimization is possible to some degree by removing unnecessary material from the part in 

the CAD model, a pre-printing preparation. DLD does not have the same unlimited 

possibilities for the geometry as other AM techniques, such as powder bed fusion, as DLD 

has a larger requirement for support structures since the powder material is deposited 

directly onto the surface material. This still allows for internal structures to be made such as 

pipe channels, ducts, support columns or other desired features. Expensive and extensive 

tooling is not needed, the part can be printed and directly used if the part does not have any 

aesthetically function. 

DLD present the capability of exceptional control over the microstructure. With the ability to 

change material composition and solidification rate by changing powder content and process 

parameters, this makes the mechanical properties of DLD parts proportionate to 

conventional produced parts, and in some cases much improved [23] . With continuous 

research on the effects of process parameters, in some years the process will open up the 
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possibility of generating parts with specific mechanical-, corrosive- and conductive 

properties on demand. 

DLD can be utilized for effectively repairing defective and service-damaged components. To 

deposit thin layers of corrosion and wear resistance material to components to improve their 

performance and lifetime. Or to adding features and material to existing structural parts to 

improve their performance characteristics [28] . Material wastage during production is also 

reduced significantly with DLD. The laser is non-pollutive and the process is environmentally 

friendly and allows for green production, thus DLD is suitable for the sustainable development 

that is currently ongoing [29] .  

2.3 Stainless Steel 

2.3.1 Type 316L 

American Iron and Steel Institute graded 316L stainless steel is a low carbon austenitic steel. 

SS316L has a similar chemical composition as SS304, with less carbon and the addition of 

molybdenum which gives the material excellent corrosion resistance properties, even in 

environment containing chlorides [30] . Table 1 gives the chemical composition of the 

material.  

Table 1: Chemical composition of 316L grade stainless steel. 

 C Mn Si P S Cr Ni N Mo Fe 

Min. 

[wt%] 
- - - - - 16.00 10.00 - 2.00 Balance 

Max. 

[wt%] 
0.03 2.00 0.75 0.045 0.03 18.00 14.00 0.10 3.00 Balance 

 

Its chemical composition makes the material excellent for use in weldments, cladding and 

additive manufacturing as it reduces the possibility of sensitization. The material exhibits 

good machinability even though it has a tendency to work harden. Good ductility, weldability 

and toughness, even down to cryogenic temperatures. The creep, stress to rupture and 

tensile strength at elevated temperatures is also higher compared to other chromium-nickel 

stainless steels. Because of these properties the material is seen in use in a wide range of 

applications; from onshore to offshore constructions, in marine environments all the way into 
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the food industry and in medical implants. For conventionally forged SS316L the average 

hardness value is 155HV [31] . 

2.3.2 Type 304 

The type 304 stainless steel is a versatile and widely used stainless steel, it may be referred 

to as 18/8 which is a name derived from the chemical composition of 18wt% chromium and 

8wt% nickel. In Table 2 the chemical composition of 304 is given. The hardness value for 

SS304 can be up to 260HV [32] . 

Table 2: Chemical composition of 304 grade stainless steel. 

 C Mn Si P S Cr Ni N Fe 

Min. 

[wt%] 
- - - - - 17.50 8.00 - Balance 

Max. 

[wt%] 
0.07 2.00 1.00 0.05 0.03 19.50 10.50 0.11 Balance 

 

SS304 has good corrosive properties, though it is prone to pitting and crevice corrosion in 

chloride environments and may experience stress corrosion cracking (SCC) at temperatures 

above 60°C. The grade SS304 is suitable for welding as the material is non-hardenable 

during cooling and require no pre- or post-weld heat treatment [33] . 

2.4 Micro- and macrostructure 

The microstructure has a direct influence on some of the mechanical properties and physical 

behaviours of the material. The features in material are characterized by different phases, its 

locations and defects. And the final structural configuration at room-temperature depends 

mainly on the alloying elements, solidification conditions and post-processing heat- and 

mechanical treatment [34] .  

2.4.1 Influence of alloying elements 

Austenitic steels are susceptible to different phase transformations depending on 

temperature, cooling rate and alloying elements. The high amount of alloying elements in 

SS316L slow down the ferritic transformation to a point where the transformation might be 

completely repressed, then the material preserve the face-centred cubic austenite at room 

temperature [35] . 
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Austenitic steels do not undergo a ductile-brittle transition, which causes problem in ferritic 

steels. The austenite structure is also less exposed to ƺ-phase. The ƺ-phase is one of the 

main reasons for the degradation of the stainless steels® properties, its mechanical 

properties, weldability and corrosion resistance [36] . 

If chromium is added alone to a plain carbon steel the solution will favour the formation of 

ferrite. However, when nickel is introduced it retards the austenite-to-ferrite transformation. 

Nickel, together with chromium and molybdenum is the alloying elements which give the 

316L stainless steels its superior corrosive properties. The chromium improves the corrosion 

resistance by forming a thin and stable oxide film on the material surface. While the 

molybdenum increase the resistance to crevice- and pitting corrosion [35] . The nickel helps 

facilitate the passivation of the surface, thus controlling the pitting resistance [37] . 

The conventional chemical composition of the SS316L, previously given in Table 1, is 

presented again in Table 3 to ease the reading of the rapport. All the elements in the alloy 

are added to influence the material in a specific way, thus in the following a short description 

of each elements role in the solution is given [38] : 

Table 3: Chemical composition of 316L grade stainless steel. 

 C Mn Si P S Cr Ni N Mo Fe 

Min. 

[wt%] 
- - - - - 16.00 10.00 - 2.00 Balance 

Max. 

[wt%] 
0.03 2.00 0.75 0.045 0.03 18.00 14.00 0.10 3.00 Balance 

 

- Carbon: The addition of carbon to iron helps the material gain strength and hardness 

by its substitutional and interstitial placement in the lattice. Carbon is also a strong 

austenite former. 

- Manganese: In order to improve the ductility at elevated temperature manganese is 

added. This element also helps stabilize the austenite at lower temperatures and 

increase the solubility of nitrogen in the material. 

- Silicon: Silicon benefits the formation of ferrite. Increase the materials resistance to 

oxidation and prevent carburising at elevated temperatures. 

- Phosphorus: Phosphorus is added to improve the machinability of the material. This 

element has a detrimental effect on the corrosion resistance and increase the 
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possibility of formation of cracks during welding, thus it is critical to control the amount 

added to the solute. 

- Sulphur: Similar to phosphorus, sulphur increase the machinability when added in 

small amounts. It also has a detrimental effect on corrosion resistance and weldability. 

- Chromium: The addition of chromium, as mentioned earlier, benefits the material by 

making it highly corrosion resistant. Chromium is a ferrite stabilizer. 

- Nickel: Nickel is a beneficial element, together with the improvement in ductility it also 

gives the material toughness and favours the formation of austenite. In 316L stainless 

steel, the nickel content as given in the table lies between 10-14wt%. In this range 

the nickel content makes the material more prone to stress corrosion cracking [39] . 

- Nitrogen:  Nitrogen actively promote the formation of an austenitic microstructure. It 

significantly increases the resistance to pitting corrosion in addition with molybdenum. 

- Molybdenum: This element strongly promotes a ferritic microstructure. As previously 

mentioned, it significantly improves the corrosion resistance, both pitting and crevice 

corrosion. And to some extent increase the mechanical strength of the material. 

Due to the amount of chromium and carbon in the 316L stainless steel, and the method 

which the DLD process deposits material layer-by-layer, it can lead to formation of carbides. 

If the material is held at a temperature within the range of 500-800°C it will lead to rejection 

of carbon from the solution. The carbon will then favour binding with the surrounding material 

and form Cr23C6 carbides. Since most of the carbon is found near the grain boundaries, the 

carbides will precipitate there. Because carbon can bind large amounts of chromium, one of 

the two alloying elements giving the material its impressive corrosive properties, the 

surrounding area will get depleted and may thus be susceptible to intergranular corrosive 

attacks. There are several ways to stabilize this: 

- Reheating the part after the DLD process. Heating to 950-1100°C allows for the 

Cr23C6 to dissolve followed by rapid quenching. 

- Reduction of carbon content to below 0.03wt%. 

- Increase amount of molybdenum will considerably increase the time for sensitization. 

- Introduce stronger carbide-forming elements, such as niobium and titanium. The 

carbon will then preferentially combine with them and thus lessen the possibility for 

chromium carbides to nucleate [35] .  
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The alloying constituents® microstructural influence can be conveniently represented by 

diagrams such as the Iron-Carbon equilibrium-, Iron-Chromium equilibrium- and the 

Schaeffler diagram. 

2.4.2 Iron-Carbon equilibrium diagram 

The iron-carbon phase diagram is a highly important binary alloy system, the diagram 

provides an invaluable foundation for the understanding of the microstructural evolution 

before, during and after solidification of an iron-carbon alloy. The solidification behaviour of 

the 316L stainless steel after the DLD process is influenced by the diagrams basic features. 

The iron-carbon phase equilibrium diagram can be seen in Figure 2. As seen in the figure, 

the diagram contains multiple critical points which must be considered. A1, the eutectoid 

reaction, which occur at a temperature of 723°C is the upper limit of the ferrite-cementite 

phase field. At A2, the so-called Curie point, the ferritic iron change from ferromagnetic to 

paramagnetic and happen at 769°C for pure iron. A3 marks the line where the ferritic 

structure transforms to austenitic. A4 marks where the ƨ-ferrite change to ƫ-ferrite. It®s worth 

noting that there are no physical differences between the two phases, the ƫ is used to 

represents a high-temperature formation of the ferrite [35] . 

 

Figure 2: Iron-carbon phase equilibrium diagram. Red and vertical line is indicating 0.03wt% carbon [34] . 

The red and vertically dashed line in the Figure 2 represents the carbon content of 0.03wt% 

for a pure iron-carbon alloy. From the liquid state some of the material transforms to ƫ-ferrite 

at about 1535°C to form a liquid + ƫ-ferrite. At 1493°C the solution undergoes another 
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transformation to ƫ-ferrite + austenite before an amount of the austenite transforms to ferrite 

again at A3. The material keeps this duplex phase until A1 where the remaining austenite 

transforms to cementite, Fe3C. 

The course of phase transformation described will occur if the material is a pure iron-carbon 

alloy of 0.03wt% carbon. The alloying elements in SS316L hinders these transformations to 

some extent, as can be represented by the iron-chromium equilibrium diagram. 

2.4.3 Iron-Chromium equilibrium diagram 

The iron-chromium equilibrium diagram is given in Figure 3, with a red dashed line indicating 

the chromium content of SS316L. The figure shows how a chromium content over 13wt% 

give a microstructure containing only ferrite over the whole temperature range. The ferrite 

here is the previously described ƫ-ferrite, since the chromium allow the phase to have a 

continuous existence from it occurs and all the way down to room temperature. 

 

Figure 3: The iron-chromium equilibrium diagram, with a dashed red line indicating the chromium content of 

SS316L [40] . 

Figure 4 show the effect of adding carbon to the binary alloy, which extends the austenite-

loop into higher chromium content, the dashed red line indicates the chromium content of 

SS316L. As can be seen in the figure it also widens the ferrite + austenite phase. The addition 

of nickel further expands the austenite-loop until at about 8wt% nickel which allows for the 

austenitic microstructure to remain down to room temperature. Aside from the possibility of 

forming chromium carbides as previously mentioned by introducing carbon into the alloying 
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mixture, Figure 4 show that above ͯ 7.5% chromium other carbides can be formed. In 316L 

stainless steel, where the carbon content lies around 0.03wt% and chromium are above 

16wt% the carbide K1=M23C6 is the most significant carbide formed. ­M® represent various 

metal atoms. These carbides precipitate preferentially along the grain boundaries and 

intragranular where they form along dislocations. The carbides exists from below ͯ 900°C 

down to room temperature [35] . 

 

Figure 4: The iron-chromium equilibrium diagram with expanded loops due to addition of carbon, with a dashed 

red line indicating the amount of chromium in SS316L [35] . 

2.4.4 Ternary phase diagram 

As the SS316L is a high alloyed stainless steel, with the three main alloying constituents iron, 

chromium and nickel. The ternary phase diagram is beneficial for understanding the 

solidification behaviour and the phase evolution. Figure 5 show an excerpt from a ternary 

system with ͯ 68% iron. The vertical, dashed red line indicates the compositions of nickel 

and chromium in SS316L. As the line indicate, the phase evolution is in the proximity to both 

the peritectic transformation ,O  ,  ɾ O  ɾ  and ternary peritectic transformation ,O ,

ɾ ɿO ɾ. The complete description of the solidification process and the result at room 

temperature will be given in sub-chapter 2.4.6  
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Figure 5: Ternary phase diagram containing primary alloying elements in SS316L. Excerpt at 6ͯ8% iron. 

Dashed red line approximates the phase evolution of SS316L [41] . 

2.4.5 Schaeffler diagram 

An invaluable way of understanding the effect the alloying elements have on the 

microstructure of a nickel-chromium based stainless steel such as 316L is the Schaeffler 

diagram, given in Figure 6. 

 

Figure 6: Schaeffler diagram. Intersection of the dashed red lines indicate the chromium- and nickel equivalents 

of 316L-Si stainless steel powder used to produce the studied components [42] . 
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The benefits of the Schaeffler diagram is that it plots the material composition at room 

temperature with respect to austenite, ferrite and martensite by the use of the nickel- and 

chromium equivalents given in equation (1) and (2). The equivalents use the weight 

percentage of each elements [43, 44]. 

 ὅὶ ὩήόὭὺὥὰὩὲὸὅὶὓέ ρȢυὛὭπȢυὔὦ (1) 

 

 ὔὭ ὩήόὭὺὥὰὩὲὸὔὭπȢυὓὲ σπὔ σπὅ (2) 

 

These equivalents consist of respectively ferrite- and austenite stabilizing elements and are 

empirically determined. The crossing point given in Figure 6 between the two red lines 

indicate the area which an average SS316L-Si microstructure should lie at room 

temperature; the values are calculated using the content of the constituents from the powder 

material used in the deposition process presented in Table 5 in sub-chapter 3.2 . As the point 

indicate, the microstructure for the SS316L-Si may contain ͯ 5% ƫ-ferrite. This small amount 

of ferrite would be beneficial to the material as the ferrite can dissolve more sulphur and 

phosphorous than austenite, thus improve the resistance to the formation of sulphur 

containing liquid films along the grain boundaries and also reduce the possibility of cracking 

during solidification [45] . Welding and AM is analogous in many ways, and some of the 

literature from welding may be applicable to AM. To avoid solidification cracking during 

conventional welds, a chromium- to nickel ratio of minimum 1.48 has been proposed [46]. 

For AM the cooling rates are higher due to a small laser spot size and corresponding small 

weld pool, thus this ratio has been adjusted to 1.7 for laser melting processes [47] . The ratio 

of equivalents for the average SS316L-Si powder are 1.47, hence the DLD process may 

facilitate cracking during solidification. 

2.4.6 Solidification of ƫ-ferrite  

As the Schaeffler diagram and the ternary phase diagram indicate the possibility of ƫ-ferrite 

formation it is necessary to consider the transformation and how it is retained in the austenitic 

matrix. A study done by Takalo et al. [48]  showed that the amounts of ƫ-ferrite present with 

a chromium/nickel equivalent ratio  1.48 will form from the remaining melt retained between 

growing austenitic cells or dendrites leading to eutectic solidification between the primary 

austenite and the secondary ƫ-ferrite. As this ƫ-ferrite is formed by the remaining melt there 

will exist a difference in composition between the two phases as a result of element 
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segregation during solidification. Element segregation will be revisited later in sub-chapter 

2.4.7 . As previously mentioned there are some benefits with the presence of ƫ-ferrite, but it 

can also have a negative effect on the corrosion properties due to the difference in alloy 

composition between austenite and ƫ-ferrite [49] . Takalo [48]  also proposed different 

solidification types ¯Microstructural type A, B and C° for welding of stainless steels. Where 

type A gives cellular and dendritic ferrite formation with a soft appearance and correspond 

to a chromium/nickel equivalent ratio  1.48. Type B gives a vermicular or lathy/needle 

morphology for the ferrite located at cellular or dendritic axes and lies between type A and 

C, while type C in relation to chromium/nickel equivalent  1.98 has a higher ƫ-ferrite content 

with lathy morphology mainly inside larger grains with an un-directional solidification 

structure. 

2.4.7 Segregation of alloying elements 

Initially in the liquidus state there remain a homogenous distribution of alloying elements. 

During solidification a variation in chemical composition will emerge. With a larger heat input 

the dendritic size increase which gives an increase in distance which the elements must 

diffuse to compensate for the fluctuation in composition. Heavier alloying elements such as 

molybdenum and chromium have slow kinetics due to a low diffusion rate in austenite, this 

seclude the elements from the solidification front in the melt pool and force the elements to 

stay in liquid phase. As the melt pool continue to solidify a steady increase in concentration 

of the various alloys in the melt occur until it has been segregated to the edges of the grains 

where it solidifies. The low diffusion rate of molybdenum keeps it from diffusing back into the 

solid to balance the inhomogeneous element distribution in the material, the same can occur 

for the other compositional elements in SS316L. This can destitute some areas while the 

dendritic- and grain boundaries become enriched in the alloying elements. The segregation 

will lead to a clear display of the dendrites within the grains after etching [50, 51]. 

2.4.8 Heat Affected Zone 

In the process of adding material to a component through DLD the region on the component 

adjacent to the fusion zone will experience alteration of the microstructure and subsequently 

the mechanical properties due to the heat input, this is also the case for each layer. The 

region is called the heat-affected zone, or HAZ. Figure 7 is a schematic illustration over the 

heat-affected zone and its microstructural variation from the fusion zone and into the base 

material. The possible alterations to the material are: 
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- Recrystallization and grain growth due to the heat input. This will lead to a decrease 

in hardness, strength and toughness. 

- Due to high cooling rates residual stresses may form in the HAZ during solidification. 

This may increase hot crack formation and can be found as localized brittle zones. 

- Sensitization of the material, leading to carbide formation especially M23C6, which will 

render the material susceptible to intergranular corrosion [35] . 

- Formation of unwanted phases such as the brittle ƺ-phase which transforms from the 

ƫ-ferrite. 

- There is also the possibility of higher susceptibility to stress corrosion cracking [52] . 

 

Figure 7: Schematic illustration over a base material with Direct Laser Deposited material. The fusion and heat-

affected zones together with resulting microstructure is shown on the right side. 

The heat-affected zone contains different regions. Immediately adjacent to a fusion zone 

there is a band of material heated above A3 in the iron-carbon phase diagram in Figure 2. 

This gives a layer of coarse austenitic grains. As the distance from the fusion zone increase, 

the grain size will decrease sharply. This continues into a tempered region which stretches 

into the unaffected base material. HAZ appear as a result of thermal diffusivity into the 

surrounding material, thus it®s a function depending on thermal conductivity of the material, 

density and specific heat capacity. If the thermal diffusivity is high, the HAZ will be reduced 

as the material cools faster. Regular structural 1%carbon-steel has a thermal diffusivity of 

11.7mm2/s while 304- and 316L graded stainless steel has almost a 3 times lower rate of 

4.2mm2/s. Thus, it would be expected that the HAZ should extent to some degree into the 

base material [53] , though this is highly dependent on the heat input. 
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2.5 Strengthening mechanisms 

When a dislocation is allowed to move freely in the material, plastic deformation occurs due 

to slip. Therefore, understanding these linear crystalline defects, both edge and screw, and 

how to retard their movement is crucial to the mechanical properties of the material. The 

most important mechanisms that hinder movement of dislocation for a DLD manufactured 

316L stainless steel are described in the following. 

2.5.1 Dislocations 

The dislocations cause lattice distortions in its immediate vicinity due to the nature of a 

dislocation being a line imperfection in the material. This distortion displaces the atoms from 

their normal lattice placement. There are two types of dislocations. An edge dislocation is an 

extra half-plane of atoms. This half-plane will move in response to a shear force. This results 

in atomic rearrangement in the lattice, or slip, perpendicular to the dislocation. A screw 

dislocation can be visualized as two planes in the material being displaced, by one atomic 

distance, relative to another due to a shear stress. This displacement generates a helical, a 

screw, extending through the crystalline material along a line. Or described with an analogy; 

the planes are connected in a manner similar to the levels of a spiralling parking ramp around 

the dislocation line [54] . The movement of a screw dislocation facilitates slip in the direction 

parallel to the dislocation. In both cases, the dislocation is the boundary between a slipped 

and a un-slipped region in the material.  

The edge- and screw dislocations are extreme cases, and in most crystalline materials the 

dislocations do not occur as pure edge or pure screw, but rather as a combination of both. 

This is termed mixed dislocations and is schematically represented in Figure 8. 

 

Figure 8: Schematic view of mixed dislocation. Red arrow indicating Burger's vector. 
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2.5.2 Solid solution strengthening by interstitial- and substitutional atoms 

Solid solution strengthening involves introducing alloying elements to the lattice, which due 

to their relative size differences result in distortions in the matrix caused by tensile and 

compressive strains on the lattice. These distortions hinder the movement of dislocations 

and as a consequence increase the yield strength of the material. 

The alloying elements can fill two different positions in the crystal structure, interstitial and 

substitutional. The interstitial placed atom is located in between the empty space throughout 

the matrix. These have greatest influence in a ferritic microstructure, as their location in the 

irregular octahedron interstice cause a tetragonal distortion. This has a dominant interaction 

with the shear component of a dislocations strain field. For austenitic microstructure the 

interstitial atoms form a regular octahedron, thus the atom behaves as a substitutional solute 

[35] . The substitutional atom is an atom different from the general matrix which occupy a 

vacant position in the lattice. Substitutional solute atoms create a spherically symmetric 

stress field in the matrix, thus it has no shear stress component to interact with the shear 

component from the dislocations as the interstitial does. 

Increase in yield strength in the material due to solid solution strengthening can be described 

by the equation: 

 ῳ„ Ὃὦ‭ȾЍὧ (3) 

 

Where G is the shear modulus of the material, b is the Burger®s vector, Ƭ is the strain in the 

lattice due to the solute given by ‭ ɝὈȾὈ where ɝὈ Ὀ Ὀ is the difference in atomic 

diameter, D® represents a misplaced atom and D is for the general atomic diameter. While c 

denotes the concentration of solute atoms. 

2.5.3 Refinement of grain size 

The atomic mismatch, or grain boundaries in the crystalline material will work as an 

impediment to the movement of dislocations in the material due to the sudden change in 

crystallographic orientation. As a result, this demands energy from the dislocation as it needs 

to change direction when passing into the neighbouring grain. At high-misalignment angled 

grain boundaries dislocations may get piled up. This pile-up provokes the generation of new 

dislocations in the adjacent grains due to increased stress concentrations ahead of the slip 

plane [34] . 
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According to the grain boundary strengthening theory, the grain size is the most important 

factor to the tensile strength. This is because a reduction in grain size leads to a higher count 

of grain boundaries to impede the movement of the dislocations [55] . The relationship 

between grain size and yield strength is expressed in the well-known Hall-Petch equation: 

 „ „
Ὧ

ЍὨ
 (4) 

 

Where d is the average grain diameter, ƺy is the yield strength, ƺ0 are a constant describing 

the friction stress required to move a free dislocation along a slip plane and ky is a constant 

representing the slope of the plot ƺy - d1/2 [35] . 

2.5.4 Solidification 

As a consequence of the high cooling rates in DLD, the solidification of the melt pool happens 

quickly, this results in a complex microstructure comprised of a variety of dendritic structures 

generating equiaxed- and columnar grains depending on temperature gradient G, 

solidification velocity Vs and the cooling rate Ὕ as illustrated in Figure 9. 

 

Figure 9: Illustration showing the dendritic development over time with respect to solidification velocity [56] . 

The deposited material experience initially a high temperature gradient in the melt pool which 

preserves a low solidification velocity. The slower solidification favours the growth of regular 

equiaxed cells perpendicular to the solid-liquid interface, as some of the heat flow is parallel 

to the previously deposited layer this can also initiate planar growth of the cells. As the 

temperature gradient decrease the solidification velocity increase which benefits further 

growth of the dendritic cells which eventually leads to side perturbations called secondary 

dendritic arms [56] . For cubic metals, such as FCC, the dendritic growth occurs 
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preferentially in the crystallographic direction <100>. This happens as the {100} family of 

planes has more voids for the atoms in the liquid to stick, than for example for {111} planes 

which are more closely packed [57] . As the heat flow is highest perpendicular to the base 

material, the crystals with <100> direction along the heat flow grow at a higher rate than the 

surrounding material with a subordinate orientation for some degree of supercooling as 

illustrated in Figure 10. This happens as initially all dendrites, regardless of orientation, 

experience the same supercooling. As the solidification starts, the angled dendrites need to 

grow at a higher rate than the perpendicular ones as the angled has velocity components in 

two directions. Since they both experience the same solidification rate the non-angled 

dendrites will outgrow all others. The result is columnar grains consisting of multiple primary 

dendrite arms with <100> direction roughly parallel to the columnar direction and 

perpendicular to the base material. As the SS316L usually has a microstructure of single 

phased austenite, the secondary and tertiary arms of neighbouring dendrites can 

interconnect and lead to the formation of a continuous wall of primary dendrite arms [58] . 

 

Figure 10: Schematic illustration over the dendritic growth during solidification of deposited material in the 

direction of thermal gradient. 

For DLD which is a multipass process, the partially melted material in the previous layer can 

act as seed crystals for the new material resulting in epitaxial grain growth forming large 

columns stretching over multiple deposited layers [59] . These large columns with their 

preferential orientation can lead to a strong solidification texture in the material which will 

affect the mechanical properties generating anisotropy [34] . 
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2.6 Equipment for constitutional analysis 

To enable the possibility of microscopic investigation a whole arsenal of different tools and 

equipment is available. The equipment used in this thesis is described in the following: 

2.6.1 Light optical microscope 

The light optical microscope (LOM) uses optics and illumination as basic components of the 

system. For non-translucent materials such as metals, the microscope is used in a reflective 

manner. For the material to reflect as much light as possible, the surface must be ground 

and polished with the use of successively finer abrasives until it reaches a mirror-like surface 

finish. Further treating the material with a chemical reagent, an etching procedure which 

selectively attack and corrode material at different rates. The rate of corroding depends on 

crystallographic orientation, phase, and alloying elements. In turn these areas give contrast 

in the images due to differences in the how much light is reflected, thus revealing shape and 

size of grain boundaries, phases, inclusions, segregations, cracks and pores [34] . Figure 11 

depict a schematic overview of a polished and etched surface, how it reflects light and the 

contrast it may give in the image. 

 

Figure 11: Schematic representation showing a polished and etched sample surface, how it reflects light and 

resulting contrast in micrograph. 

The optical microscopes have a considerable limitation in using transmitted light as source 

for the observation. This restricts the magnification and resolving power of the microscope 

due to the wavelengths of light being 400-700 nm, and the numerical aperture of the 

objective lens. This restriction sets the maximum magnification in the range between 500x 

and 1500x [60] . In contrast electron microscopes has magnification possibilities exceeding 

160.000x, while still maintaining good resolution. 
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2.6.2 Electron microscope 

The major difference between an optical- and an electron microscope, is that the latter uses 

a beam of electrons to generate an image of the material. The benefit of using a high voltage 

accelerated electron, is the electrons wave properties which has a wavelength that is inverse 

proportional to its velocity. This can generate electrons with wavelength on the order of 0.003 

nm, thus enabling the possibility of high magnification with good resolution [34] . The electron 

microscope uses a large set of magnetic lenses to focus the beam of electrons instead of 

optical lenses. 

2.6.3 Scanning Electron Microscope 

The scanning electron microscope (SEM) has a wide breadth of applicability for the study of 

solid materials. By focusing the beam of high-energized electrons onto the material surface 

it generates a variety of signals, due to the interactions between the electrons and the 

sample. The signals contain information about sample surface morphology, crystalline 

structure and orientation together with the chemical composition. Different detectors collect 

the signal data over a preselected surface area, this generates a 2-dimensional, high 

resolution image displaying the various and distinct discrepancies in the material. 

After acceleration, the electrons travel at high velocity, thus carrying a considerable amount 

of kinetic energy. As the electrons interact with the material the energy is dissipated by 

deceleration in the sample, this interaction generates the signals, through both elastic and 

inelastic collisions. The signals consist of backscattered electrons, secondary electrons, 

diffracted backscattered electrons (EBSD) and photons in form of characteristic- (EDS) and 

continuum X-rays. For generating the images, backscattered ² and secondary electrons are 

more commonly used. The backscattered electrons are valuable in depicting contrast 

between the different compositions in the multiphase sample, and the diffracted 

backscattered electrons generates important details about crystallographic orientations and 

the overall material structure. In contrast the secondary electrons are used to illustrate 

morphology and topology of the sample. While the characteristic X-rays are used to 

quantitative- and qualitative analyse the element composition of the sample surface [61] . 

Backscattered electrons are the result of elastic collisions between the electron beam and 

the material. As the incoming electron reach the first layers of atoms, its trajectory may be 

bent more than 90° in so-called Rutherford scattering, this happens due to the electron 

interacting with positive charged fields in the material originating from the atoms nucleus. 
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With two or more of these scatterings leading to a backscattered electron. The electron then 

leaves the sample surface in about the same direction it came from. Backscattered electrons 

may also be the result of multiple small angled scatterings. There is a direct correlation 

between the average atomic number and the amount of backscattered electrons [62] . These 

interactions are the cause of the good compositional contrast in the image. The secondary 

electrons are electrons originally in orbit around atoms in the sample that has been dislodged 

from the material after inelastic collisions, both between the primary electrons in the beam 

and the previously backscattered electrons on their way out. The secondary electrons have 

a low kinetic energy, which prevents electrons from deep inside the sample escaping the 

surface barrier of 2-6eV. This makes it only possible for electrons from the first layers of 

atoms to escape. Thus, resulting in good morphology and topology images. Figure 12 is a 

schematic example over the interactions between the primary electrons and the sample with 

the resulting backscattered- and secondary electrons. 

 

Figure 12: Schematic representation of interactions between the primary electron beam and the atoms in the 

sample resulting in; a) backscattered electron and b) secondary electron. 

The characteristic X-rays are generated as photons with fixed wave-length are emitted from 

atoms in the sample. The incoming electron beam can collide inelastically with the electrons 

in the inner orbitals around the atom. This ionization excites the atom, making it obtain an 

unstable energy state. The excited atom returns to a lower energy state as an electron from 

an outer shell jumps down to the K- or L-shell, thus emitting a fixed wave-length photon to 

reduce the energy in its system, resulting in a signal corresponding to a specific element. As 

described by Moseleys law: 
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Where Ʋ is the wave length. Z is the atomic number. And K and ƺ are constants 

corresponding to specific X-ray emission lines such as K, L or M [63] . 

Figure 13 is a schematic over the interaction volume for each of the signals generated in the 

sample. 

 

Figure 13: Schematic representation over interaction volume between the primary beam of electrons and the 

sample surface together with the resulting signals. 

To detect the signals, the microscope is equipped with different detectors such as the 

Everhart-Thornley detector which is a scintillator photo-multiplier. This can detect both 

secondary- and backscattered electrons and uses high voltage to attract or screen the low 

energetic secondary electrons. Another is the solid state, semiconductor detector, this 

consists of four separate detectors placed in each quadrant surrounding the primary electron 

beam. This is used to detect the backscattered electrons, and since the detectors receive 

four independent signals it is possible to add and subtract the signals generating very good 

topology contrasts and 3-dimensional images of the sample surface. 

2.6.3.1 Energy Dispersive Spectroscopy 

To obtain a localized chemical analysis of a sample, the energy dispersive X-ray 

spectrometry (EDS) is used. As previously explained, when the primary electron beam 

interacts with the sample, X-rays will be emitted. The detector used is a solid-state silicon-




















































































































