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ABSTRACT OF THE DISSERTATION 

 

Process-structure-properties relationships in laser powder bed fusion additive manufacturing 

By 

Umberto Scipioni Bertoli 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Irvine, 2018 

Professor Julie M. Schoenung, Chair 

Laser powder bed fusion (L-PBF) Additive Manufacturing (AM) - among which figures Selective 

Laser Melting (SLM) - has exponentially grown in the last decades and is now being used for the 

production of both aerospace components and biomedical components, showing great potential to 

become a robust technology in the near future. Unfortunately, the high cost of the feedstock 

powder material, paired with the need of high-power lasers and processing chambers with 

controlled atmosphere have hindered the spread of this technology, with the result that AM is today 

only limited to the production of small volumes of high-value parts. Furthermore, qualification of 

printed components poses an additional obstacle to a widespread use of AM: this is due to both 

the absence of universally trusted standards and to the difficulty in achieving a robust 

manufacturing process. Because of the plethora of process parameters and variables in L-PBF, the 

industry has so far been focusing on finding the best processing conditions to maximize the 

required properties (e.g. density, yield strength, UTS) before developing a deep understanding of 

how these parameters and variables control the physics involved in the melting process which, in 

turn, affects the microstructure and properties of the final components.  
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The goal of this work is therefore to investigate how some of these process parameters 

(controllable) and variables (uncontrollable), along with the material’s physical properties, 

determine the complex physical phenomena that dominate laser powder bed fusion in order to 

provide a thorough understanding of how the fusion process dictates the unique properties of 

components fabricated with this technology.  

We first focused on the production of single-scan weld lines in order to (i) provide an experimental 

database for an uncertainty quantification model predicting melt pool size and (ii) to assess the 

validity of a physical parameter (energy density) that was widely used by the AM community, 

finding its applicability to be limited to very narrow process windows. Thanks to newly acquired 

in-situ high-speed imaging capabilities, a second set of experiments was conducted on single-scan 

weld lines which offered new insight into the complex physics that take place inside and in 

proximity of the melt pool, such as the interaction between gas-entrained powder particles and the 

liquid pool itself. These events lead to the formation of several defects including melt pool break-

up, bead formation, and denudation of the adjacent powder bed. Subsequently, a dedicated analysis 

of the solidification behavior during L-PBF AM was performed combining an analytical model 

for the prediction of thermal fields with in-house production of square pillar samples. It was found 

that the two physical quantities dictating directional solidification (i.e. thermal gradient (G) and 

solidification rate (R)) are strongly dependent on laser power P and laser scan speed v and that 

fully dense parts with a highly oriented cellular microstructure can be obtained using significantly 

different sets of process parameters.  

Finally, given the importance of residual stress-induced distortions in additively manufactured 

parts, a design of experiments study was conducted to elucidate the relationships between selected 

process parameters and the resulting stress distribution produced in cantilever beam-shaped 
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samples. It was found that, while higher tensile residual Von Mises stresses are produced when 

higher energy inputs are adopted, the samples showing the greatest amounts of distortion were 

those printed with the lowest energy inputs. These findings suggest that, depending on the part’s 

geometry, the amount of distortion may be more closely linked to stress gradients across the part 

itself rather than to the average magnitude of the Von Mises residual stress. 
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Chapter 1 : Introduction to laser powder bed fusion additive manufacturing 

 

1.1 Process overview 

Additive manufacturing (AM) processes use a computer aided design (CAD) model to guide the 

production of 3D parts by progressive consolidation of thin layers of material. Therefore, 

expensive tools such as dies and molds, as well as the need of extensive machining operations are 

not needed. Shape is in fact seldom a limiting factor as very intricate parts can be printed, helping 

to reduce the need to assemble multiple sub-parts after their production, furthermore components 

can also be printed on-demand, allowing for shorter production lead times. Although having 

generally different requirements, the industries that benefit the most from additive manufacturing 

processes are the automotive, aerospace, biomedical, and energy sectors (Table 1.1). While certain 

applications have reached certified production level for additive manufacturing, there is still 

extensive work to do in order to certify more critical applications. An example is offered by the 

production of fuel injector nozzles and turbine blades for the aerospace/automotive industry or by 

implantable devices for the biomedical industry. In both cases the necessity for defect-free, 

structurally sound and reliable parts is of paramount importance and the room for quality 

uncertainty in the AM process must be reduced to zero.  
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Table 1.1: Common additive manufacturing alloys and applications, adapted from [1] 

Alloys → 

Applications↓ 

Aluminum Maraging 

steel 

Stainless 

steel 

Titanium Cobalt 

Chrome 

Nickel 

super 

alloys 

Precious 

metals 

Aerospace X  X X X X  

Medical   X X X   

Energy, oil 

and gas 

  X     

Automotive X  X X    

Marine   X X  X  

Machinability 

and 

weldability 

X  X X  X  

Corrosion 

resistance 

  X X X X  

High 

temperature 

  X X  X  

Tools and 

molds 

 X X     

Consumer 

products 

X      X 

 

AM draws its origins in metal powder processing technologies such as high-energy beam welding 

and cladding. Although many similarities exist between welding and AM, our extensive 

knowledge on the first class of processes does not cover the latter in its entirety. AM processes are 

numerous and fall into different categories, in this work we will cover laser powder bed fusion 

additive manufacturing (LPBF-AM) - also known as Selective Laser Melting (SLM) - which uses 

a high energy laser beam to consolidate a powder feedstock material that had previously been 
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spread as a thin layer on a build platform. The process begins with a CAD model that is oriented 

within a build volume, provided with an opportune support structure, and sliced into planar layers. 

Each layer is scanned using a well-defined scan path with a set of process parameters that are 

selected based on the material being printed and the characteristics of the LPBF system being used. 

Metallic alloys printed through LPBF-AM include steels, titanium, nickel, aluminum, cobalt-

chrome, as listed in Table 1.1. Successively, inside a build chamber with a controlled atmosphere, 

the powder is carefully spread in thin layers using a coating mechanism (commonly either a roller 

or a blade) and fusing happens through the scanning of the laser beam controlled by means of 

mirrors and galvanometers. These steps are then repeated with incremental lowering of the 

platform along the z-axis for hundreds to thousands of times (as many layers are needed to print 

the component) until printing of the final object is achieved (see Figure 1.1). 

  

Figure 1.1: LPBF system schematic, Image courtesy of CustomPartNet Inc.[2] 
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Although some degree of post-processing, heat treatment and finishing are always required, LPBF-

AM can be regarded as a direct-to-metal process, producing near-net-shape components. The good 

surface finish is one of the strengths of this process, being the result of a combination of the small 

size of the powder particles and the spot size of the laser beam.  

The quality of additively manufactured parts is highly dependent on the characteristics of the alloy 

powders employed as feedstock materials. Characteristics include - but are not limited to - particle 

size, particle size distribution, particle shape, particle surface finish, flowing behavior, powder 

composition, nature and quantity of chemical impurities. Particle size of powders used in LPBF-

AM usually ranges between 10-70 µm and these powders are conventionally manufactured via 

different methods: (i) gas atomization process (GA), where the molten charge is atomized by a 

high pressure stream of inert gas (Argon, Nitrogen); (ii) water atomization process (WA), where 

instead of a gas stream, a high-pressure water jet is used; (iii) rotary atomization (RA) where the 

molten charge is poured on a rotating disk; and (iv) plasma rotating electrode process (PREP) 

where a cylindrical bar of alloy rotates along its longitudinal axis and acts as an electrode while a 

plasma or electric arc is formed. The resulting centrifugal force breaks the melt into fine droplets 

that – once solidified – form the powder. Figure 1.2 shows the different morphologies of powders 

obtained by these four processes: PREP powders are nearly perfect spheres with very smooth 

surface finish, RA powders are less spherical but still show a relatively smooth surface, GA powder 

particles are more spherical than RA but commonly exhibit a large number of smaller satellites on 

their surface and agglomerates are also more frequently observed. Finally, WA powders are 

usually neither spherical nor smooth in surface. It is known that powders with uniform size 

distribution and particle shape tend to promote homogeneous melting, good interlayer bonding and 

surface finish [3], [4], nevertheless PREP powders are the most expensive due to the high cost of 
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fabrication and the low yield of the process. Therefore, a tradeoff between cost and quality of 

powders must be found, additionally considering that un-melted powders are reused in LPBF and 

their characteristics (particle shape, flowability, etc) change progressively over time as powders 

are recycled. 

  

Figure 1.2: SEM images of alloy powders manufactured by (a) PREP (b) RA and (c) GA process. 

Comparison of shape of powders fabricated by (d) GA and (e) WA process. Adapted from [5].  

1.2 Physics, current challenges, and simulation in LPBF AM 

As previously stated, AM bears several similarities to welding processes. For instance, the 

presence of a moving heat source that induces localized rapid heating, melting and solidification 

commonly leads to a high heterogeneity in thermal cycles experienced by different locations within 

the part being printed. These differences in thermal history affect material structure and properties, 

leading to formation of inhomogeneity in microstructure, mechanical properties, residual stresses, 

and so on. Therefore, getting transient three-dimensional temperature fields is fundamental to 

understand which are the most important parameters affecting the metallurgical quality of the 
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components. The temperature fields are the results of all the complex physics phenomena 

competing during L-PBF AM, including: 

• Interaction between laser energy and metal powder (absorption, reflection) 

• Heat transfer mechanisms (heat conduction within the already-solid part vs heat conduction 

in the powder bed, heat convection paired with mass transport within the liquid melt pool, 

radiative losses) 

• Surface tension-driven mass transport phenomena such as Plateau-Rayleigh instability of 

liquid jets and thermo-capillary convection (Marangoni flow) 

• Gravity effects (buoyancy) 

• Displacement of material from the powder bed, mainly caused by (i) particle-entrapment 

in the shear flow of inert gas and (ii) temperature-dependent recoil pressure due to metal 

evaporation. 

Experimental measurements of these thermal fields are usually only possible on selected locations 

of easily accessible surfaces of the object being printed and are therefore of limited usefulness. 

Simulation tools on the other side are able to provide with a full three-dimensional temperature 

field of the chosen domain and reduce the need for extensive experimental analysis and design of 

experiments campaigns, speeding up lead times. Unfortunately, simulations are often 

computationally intensive due to the complex physics involved in the process. Simplifications are 

therefore necessary to make the tackling of these calculations feasible and the resulting models 

can be roughly divided into 6 categories: 

1. Analytical models  
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These tools, under certain simplifying assumptions, are able to provide a mathematical 

treatise of the heat transfer equation thus providing a solution in closed-form that can easily 

be implemented in spreadsheets. Examples include Rosenthal’s solution for a point heat 

source [6] and Eagar & Tsai’s solution of thermal fields produced by a moving Gaussian 

heat source [7]. 

2. Reduced order models 

These surrogate models are used for fast predictions and are usually calibrated with a 

combination of experimental evidence and results from higher-order models. They can be 

then used either for simple predictions of outputs or to calibrate uncertainty quantification 

(UQ) models (for example through Bayesian calibration). 

3. Modeling of powder spreading 

These models are designed to treat granular assemblies and are usually based on the 

discrete element method (DEM). Every particle is treated individually, having its own 

inertial properties and interacting with other particles that are at sufficiently close range. 

The approach is usually Lagrangian and the Newton’s laws of motion for conservation of 

momentum and angular momentum are to be solved for each particle. Several degrees of 

freedom are taken into account in DEM, including friction from shear, rolling, and twisting 

[8]. 

4. Modeling at the scale of the powder (mesoscale) 

These models can be either 2D or 3D numerical methods and generally involve tracking of 

discrete particles, involving tracking of all the essential physics (phase change, fluid flow, 

recoil pressure, surface tension). Approaches include lattice Boltzmann method (LBM) and 
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arbitrary Lagrangian-Eulerian (ALE), producing molten pool geometry, full 3D thermal 

fields as well as build shape and size. They are computationally prohibitive for desktop 

computers but are suitable for massive parallel computing capabilities, generally available 

at National Laboratories [9], [10]. 

5. Modeling at the scale of the part  

These models solve steady state or transient energy conservation equations, often 

disregarding the powder and treating it as a continuum. Thermal convection and fluid flow 

within the melt pool are also seldom considered, as a consequence these models can 

overestimate values of thermal gradients and cooling rates. They are implementable in 

many existing software packages such as thermomechanical models based on finite 

element methods (ABAQUS, ANSYS, etc.) and are less computationally expensive than 

models at the scale of the powder. Outputs include 3D thermal fields as well as 3D 

strain/stress fields.  

6. Modeling of microstructure 

Include phase field models and cellular automata models, tracking the evolution of the 

microstructure during the AM process.  

Optimization of LPBF involves controlling the plethora of parameters and material properties 

involved in the process, through extensive experimental campaigns and modeling tools. The 

comparison between results obtained using different materials and powder bed systems has been 

attempted by expressing, for instance, melt pool dimensions in terms of convenient variables, such 

as energy density. Unfortunately, energy density - whether expressed in linear, surface or 

volumetric terms - contains no information about the physics dominating the laser melting process 
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and therefore its applicability is questionable (this topic will be covered in further depth in Chapter 

2). Hence, since numerous dimensionless numbers are commonly used in the areas of fluid 

mechanics and heat transfer, it is not a surprise that some of them have found applicability in 

additive manufacturing as well [11], [12]. The use of non-dimensional numbers is beneficial 

because it reduces the total number of variable to be studied and provides understating of the 

physics phenomena that are dominating the AM process and which ones are instead neglectable 

for specific values of key process parameters. We briefly list here the most important non-

dimensional numbers used in AM: 

1. Peclet number (Pe): it is defined as the ratio between convection and conduction in the 

melt pool, hence representing the importance of one with respect to the other. Is it 

expressed as 𝑃𝑒 =
𝑢𝐿

𝛼
 where u and L represent the characteristic velocity and length of the 

melt pool, respectively while α is the thermal diffusivity. High Peclet numbers (Pe>>1) 

mean that convection is the main mechanism of heat transfer in the melt pool, a condition 

that is verified in most laser melting AM processes where the laser scan speed is in the 

order of 102-103 mm/s. 

2. Marangoni number (Ma): it represents the ratio of the surface tension force to viscous 

force and hence measures the strength of the convective flow of liquid metal within the 

melt pool driven by a thermal gradient of surface tension. It is expressed as 𝑀𝑎 = −
𝑑𝛾

𝑑𝑇

𝐿∆𝑇

𝜇𝛼
 

where μ  is the dynamic viscosity, α is the thermal diffusivity, L the characteristic length 

of the system being considered (generally taken as the melt pool width or depth), ΔT is the 

temperature difference between the minimum temperature (solidus temperature of the 

alloy) and the maximum temperature reached within the melt pool (a function of material 
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properties and process parameters), and 
𝑑𝛾

𝑑𝑇
 represents the sensitivity of surface tension with 

respect to temperature. The importance of the Marangoni number on melt pool shape and 

melting regime is further discussed in Chapter 3, along with the effects that chemical 

impurities in the alloy have on the 
𝑑𝛾

𝑑𝑇
 term. 

3. Fourier number (F0): it represents the relative importance of heat dissipation to heat 

storage in the melt pool. It is expressed as 𝐹0 =
𝛼𝜏

𝐿2  where α is the thermal diffusivity while 

τ and L are the characteristic time and length of the system. Since the characteristic time 

can be expressed as τ=L/u (where L is the pool length and u the laser scan speed 

respectively), the Fourier number can be rewritten as 𝐹0 =
𝛼

𝑢𝐿
 and is therefore connected to 

the Peclet number by 𝐹0 =
1

𝑃𝑒
 . Higher Fourier numbers therefore mean faster dissipation 

of heat through conduction, higher cooling rates and a potentially finer microstructure. 

4. Normalized enthalpy (
∆𝐻

ℎ𝑠
): As described by King et al. [13], this quantity represents the 

ratio between the laser deposited energy density to the melt enthalpy of the alloy. It is 

expressed by the formula 
∆𝐻

ℎ𝑠
=

𝐴𝑃

𝜋ℎ𝑠√𝛼𝑢𝜎3
 where A is the laser absorptivity, P the laser 

power, hs the enthalpy a melting (hs=ρCpTm), α the thermal diffusivity, u the laser scan 

speed and σ the laser spot size. Rubenchik et al. [14] proved that melt pool dimensions 

(length, width, and depth) are only a function of the normalized enthalpy 
∆𝐻

ℎ𝑠
 and of p, 

another non-dimensional number discussed below. 

5. Characteristic time ratio (p): This non-dimensional number represents the ratio between 

the laser dwell time to the thermal diffusion time. This quantity is expressed as 𝑝 =
2𝛼

𝑢𝜎
 

where α is the thermal diffusivity, u the laser scan speed, and σ the laser spot size. For p<1 
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the thermal diffusion depth during the dwell time is smaller than the size of the laser beam 

and, as a consequence, the melt pool has a shallow and elongated shape. For p>1 instead, 

the effect of scan speed is less pronounced, hence the melt pool shape is closer to being 

semi-spherical [14]. The first case is typical of materials with lower thermal diffusivity 

such as steel and titanium, while the latter is more common for alloys with high thermal 

diffusivity such as aluminum and copper. For instance, for a laser beam with a 40 µm spot 

size, traveling at a speed of 1 m/s, we have p=0.2 for steel, p=0.4 for Ti and p=4 for Al 

[14].  

6. Strain parameter (ε*): Debroy et al. [15] introduced this dimensionless number 

representing the effects that common process parameters and material properties have on 

the susceptibility of a component to undergo thermal distortion. The parameter is 

represented as 𝜀∗ =
𝛽∆𝑇

𝐸𝐼

𝑡𝐻3 2⁄

𝐹0√𝜌
 where β is the volumetric coefficient of thermal expansion, 

ΔT is the maximum rise in temperature within the melt pool, EI is the flexural rigidity of 

the structure being printed, t is the characteristic time, H is the heat input per unit length, 

F0 is the Fourier number and ρ is the density of the alloy powder. The correlation between 

this parameter, the magnitude of residual stresses, and the resulting distortion in AM parts 

is further discussed in Chapter 5. 

1.3 Research scope 

A thorough understanding of the relationships between process parameters and resulting part 

properties plays a vital role in predicting optimal processing regimes in LPBF-AM. This study 

aims at gaining a deeper insight on how the choice of these parameter values dictates the dominant 

physics involved in LPBF-AM, improving our current knowledge on how these physics control 

the quality of components fabricated using this approach. We tackle this task by a multi-lateral 
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approach including both experimental and computational simulation work, covering different 

aspects of the LPBF-AM process that, at the time of investigation, required deeper insight and 

understanding. The framework of this study thus encompasses four main areas that are treated in 

Chapters 2 to 5, respectively: 

1. Our collaborators at UC Davis and NASA Ames Research Center developed multiple 

physics-based numerical models for the prediction of melt pool contours, part porosity, and 

residual stresses. This part of the work provided an experimental database and validated a 

surrogate model for the prediction of melt pool contours in L-PBF. This study also analyzed 

the effectiveness of Volumetric Energy Density (VED), a commonly used design parameter 

in LPBF-AM. 

2. Taking advantage of the recently acquired real-time process monitoring tools available at 

the Lawrence Livermore National Laboratory, we conducted a second set of single-line 

melt experiments using high-speed video acquisition, paired with computational 

simulations. This study helped shedding light on several physical phenomena up till then 

unclear, such as certain aspects of laser-powder interaction, melt pool fluid dynamics and 

spatter ejection, along with experimental measurement of melt pool cooling rates. 

3. In 2017, the Institute for Design and Manufacturing Innovation (IDMI) at UC Irvine 

acquired a LPBF system that allowed to conduct a study on the effects that variations of 

process parameters have on the microstructure of printed components (e.g. grain size, 

morphology, orientation) and on their mechanical properties (e.g. yield strength, UTS, 

elongation to failure). 

4. Through a collaboration with NASA Jet Propulsion Laboratory (JPL), a design of 

experiments study was also performed, investigating the effects that selected process 
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parameters have on residual stresses of printed components. The problem was tackled by 

pairing experimental measures of residual stress and part deformation (e.g. X-Ray residual 

stress analysis and Digital Image Correlation) with the predictions from a 

thermomechanical finite element model developed using Abaqus package by our 

colleagues at JPL. 
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Chapter 2 : Single track experiments, a database for UQ model development 

and an easy way to test the validity of energy density 

 

2.1 Background 

Given the presence of a wide spectrum of custom-made and commercially available LPBF 

systems, the manufacturing of parts is affected by a large number of different process parameters, 

at least 130 according to Yadroitsev [16]. The most commonly investigated parameters are laser 

power, scanning speed, scanning strategy, hatch distance and layer thickness. These parameters 

greatly affect the final quality of the material being produced and the literature abounds with 

correlation studies (both simulation and experimental) between some of these parameters and final 

properties [17]–[24]. However, drawing quantitative comparisons between parts fabricated under 

different conditions can prove challenging.  

Achieving full density in final parts is, for instance, one of the most desired outcomes in additive 

manufacturing (AM) since the retention of even minimal amounts of residual porosity seriously 

degrades mechanical properties, which explains the extensive experimental results available in the 

literature related to density [25], [26]. Researchers have often presented their results on final part 

porosity using an approach based on energy density, finding that in many cases when melting 

occurs in a specific energy density range, final porosity can be minimized. For instance, Wang et 

al. [27] combined laser power P and scan speed v into linear energy density Φ=P/v (for a fixed 

laser beam size) to identify the process window for laser melting of Inconel 625 and found that 

values of Φ in the range of 1-1.5 lead to the best melting conditions for the tested material. 

Similarly, Yadroitsev et al. [28] in their work on 904L stainless steel optimized the P/v ratio and 

correlated it with track shape (height, width and depth). In their analysis of single tracks made of 

maraging steel, Campanelli et al. [29] combined power, scan speed and laser beam diameter σ in 
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the definition of surface energy density Ed=P/vσ finding that an increase in energy density resulted 

in a melt pool that was both wider and deeper. A slightly different approach was then followed by 

Ciurana et al. [30] where Volumetric Energy Density (VED) was used as a summarizing physical 

quantity to characterize shape stability of CoCrMo single tracks. Ciurana’s definition of VED is 

expressed as: 

𝑉𝐸𝐷 =
𝑃

𝑣𝜎𝑡
[

𝐽

𝑚𝑚3
] 

Defined as the ratio between laser power P and the product of scan speed v, laser beam diameter 

σ and powder bed layer thickness t, VED expresses the amount of energy delivered per unit volume 

of powder deposited in the bed. Ciurana found that a minimum VED value of 151 J/mm3 was 

required for efficient melting of CoCrMo powder into continuous single tracks. Similarly, Gong 

et al. [20], [21] applied volumetric energy density on the analysis of Ti-6Al-4V alloy, but in their 

work the value used for σ was the hatch spacing between two adjacent laser scan lines. Gong’s 

results showed a correlation between VED values and internal porosity in final parts, 

demonstrating that it is possible to minimize residual porosity when laser melting takes place in a 

precise VED window. When the energy delivered to the powder bed is insufficient, in fact, the 

poor melting conditions will lead to the retention of a high number of macroscopic pores (from 

tens to hundreds of microns in size) in the final parts. These pores led to deleterious effects on 

mechanical properties such as tensile strength and fatigue resistance. When the energy density is 

instead too high, a process condition known as “keyhole mode” is reached: in this mode the melt 

pool is very deep and re-melting of multiple layers occurs. Due to the high energy density, metal 

evaporation temperatures are reached and vaporization of the alloy takes place. In addition, intense 

inward Marangoni flow in the melt pool can occur, adding to the propensity for vapor driven gas 

bubbles to be trapped and increase part porosity [13]. 
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In a recent study by Yap et al. [31], VED values used by different authors were compared with the 

theoretical energy requirements for melting the alloys studied. In most cases, the energy provided 

to the powder bed was approximately four times the amount theoretically required. Table 2.1 

summarizes some VED values and their corresponding parameters from previous work on 316L 

SS found in the literature. VED values were either provided by the authors or calculated on the 

basis of the formula shown before. According to Table 2.1, it appears that for 316L, VED values 

in the range of 100-1000 J/mm3 are high enough to allow the formation of stable and continuous 

tracks that should lead to fully dense parts. Values higher than 1000 J/mm3 lead to inefficient 

melting and energy waste and could potentially enter the undesirable keyhole regime. 

Table 2.1: LPBF parameters and energy density for fully dense 316L stainless steel 

Source Laser 

power (W) 

Scan 

speed 

(mm/s) 

Laser 

beam size 

(µm) 

Layer 

thickness 

(µm) 

VED range 

for fully 

dense parts 

(J/mm3) 

Sample type 

[23] 40-98 30-300 30 100 155.5 - Single 

tracks 

- Single layer 

ribbons 

- Cubic 

samples 

[19] 50-150 30-400 70 35 245-1225 - Single 

tracks 

- Cubic 

samples 

[32] 150-400 500-1800 54 0-200 92-155 - Single 

tracks 

- 3D pillars 

[33] 180 Static 

pulses 

70 50 105 - Cubic 

samples 
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The same value of VED can be obtained using significantly different process parameters, yet no 

information can be currently found in the literature that provides a comparison between parts 

obtained with constant VED values but under different conditions. In view of the above discussion 

it is the objective of the present study to ascertain the validity of using VED as a design parameter 

for LPBF-AM, especially to evaluate the lower threshold value (~100 J/mm3) by fusing single 

tracks in proximity of this threshold and by comparing their morphology and melting conditions.  

2.2 Materials and Methods 

Gas-atomized Micro-Melt® 316L stainless steel powder was purchased from Carpenter Powder 

Products with a specified particle size range between 16 and 45 µm. Powder morphology was 

investigated with scanning electron microscopy (SEM, FEI-XL30). Figure 2.1 shows that most of 

the particles are spherical in shape with occasional agglomerates formed through necking. 

Mechanical sieving of the powder confirmed the particle size range specified by the supplier.    

  

Figure 2.1: The gas-atomized particles of 316L SS used in the present study have mostly spherical 

shape but also exhibit occasional agglomerates 
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Laser melting experiments were performed at Lawrence Livermore National Laboratory with a 

custom LPBF system. A 1070 nm Yb fiber laser was used, which can provide power as high as 

540 W at the sample plane and can be scanned using a pair of galvanometer mirrors at speeds up 

to 5 m/s. A 450 mm focusing lens was used to focus a nearly Gaussian beam down to a 55 µm 1/e2 

diameter circular beam.  

The powder was manually spread onto a 316L SS 1” diameter circular substrate that had been 

previously grit-blasted to promote track adhesion. A series of straight 3 mm-long single tracks was 

printed through the variation of laser power and scan speed. Laser power was linearly increased 

by 100 W increments from 100 to 500 W, and six different tracks were printed with increasing 

speeds for each value of laser power. Appropriate speed values were chosen for each series in 

order to obtain the same VED values, allowing for ease of comparison. Thirty single tracks were 

printed with a constant layer thickness of 75 µm. The process parameters and corresponding VED 

values are summarized in Table 2.2. High resolution 3D images of the single tracks were acquired 

using a Zeiss Axio CSM 700 confocal microscope.   

Table 2.2: LPBF parameters and corresponding Volumetric Energy Density (VED) values, 

computed according to Eq. 1. Beam diameter was kept constant at 55 µm 

 Laser 

Power 

100 W 

Laser 

Power 

200 W 

Laser 

Power 

300 W 

Laser 

Power 

400 W 

Laser 

Power 

500 W 

VED 

(J/mm3)  

S
ca

n
 S

p
ee

d
 

(m
m

/s
) 

100 200 300 400 500 242 

150 300 450 600 750 162 

200 400 600 800 1000 121 

250 500 750 1000 1250 97 

300 600 900 1200 1500 81 

500 1000 1500 2000 2500 48 
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The substrate with the single tracks was cut with wire-electrical discharge machining (wire-EDM) 

and mounted for cross-section analysis. Metallographic grinding was performed with silicon 

carbide papers (320 to 1200 grit size) followed by manual polishing with diamond suspensions (3 

µm and 1 µm) and final precision polishing with silica suspension (0.04 µm). Track width and 

height were measured on the images acquired with both the Zeiss Axio CSM 700 confocal 

microscope and the FEI-XL30 SEM. Melt pool penetration into the substrate was also measured 

from the cross-section images. Since melt pool lines are not visible after polishing, etching was 

necessary: the etchant used was a 3:1 volume mixture of HCl and HNO3. Melt pool depth was 

measured using optical microscopy (Nikon Optiphot - POL).  

2.3 Results 

2.3.1 Track morphology  

Confocal images of the laser-melted tracks are shown in Figure 2.2. The tracks are grouped and 

labeled with letters from a to e indicating increasing laser powers (from 100 W to 500 W). Laser 

scan speed is highlighted next to each track, increasing for each sub-figure from top to bottom. As 

previously observed by others [30] and further confirmed by this experiment, variation of process 

parameters led to different track morphologies, commonly categorized into three main regimes: 

continuous, irregular, balling. Three of the tracks are shown again in Figure 2.3 as examples used 

to explain the categorization: (a) at sufficiently high VED values, the formation of a nice, smooth, 

continuous track can be observed (Figure 2.3a); (b) at lower VED values the track becomes uneven 

with a non-homogenous, irregular shape (Figure 2.3b); and (c) when the energy density is 

excessively low, a series of barely connected metal beads, balling, is observed (Figure 2.3c) [34], 

[35]. When producing AM parts, only the continuous regime is desired, as this track shape usually 

leads to good bonding between adjacent lines and results in minimal porosity within the final part. 
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It is therefore important to identify the correct VED design space that leads to laser melting in this 

regime.  

 

Figure 2.2: Confocal images of the 30 laser-melted single tracks of 316L SS. Laser power and 

scan speed are noted next to the corresponding tracks. Laser spot size (55 µm) and layer thickness 

(75 µm) were kept constant throughout the experiment  

  

Figure 2.3: Observable track shapes: (a) continuous; (b) irregular; (c) balling 
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2.3.2 Track width and height measurements  

Results on track geometry from cross-section analysis are heavily dependent on the location of the 

cross section along the track, especially for single tracks that exhibit irregular morphologies or 

balling. The advantage of confocal microscopy is that, besides providing an all-in-focus image of 

the sample, the instrument also yields a 3D reconstruction of the imaged area that allows 

extrapolation of quantitative data on the sample morphology. Figure 2.4 illustrates how track 

height and width were quantified from the confocal images. Track width was averaged from at 

least six equally spaced measurements taken with ImageJ [36] orthogonal to the track direction 

and along its length (red arrows in Figure 2.4). Track height was quantified along the whole length 

of the track using the 3D reconstruction following the dash-dotted blue line. The first ~500 µm 

correspond to the transient regime due to the laser turning on; the scan speed had not yet reached 

its target value and the excess energy input led to augmented melting of the powder bed causing 

over-heating and an initial bump in the height profile. The opposite behavior is observed at the end 

of the track where the laser turns off and the height profile slopes downward with increasing 

position. Excluding these two transient portions of the track, height was averaged for the ~2000 

µm long center section (steady state). As observed in Figure 2.4, the height profile occasionally 

shows some acute peaks and valleys: these are noise artifacts due to abnormal light scattering of 

steep surfaces during the acquisition of the image with the confocal microscope. This phenomenon 

is clearer in Figure 2.5 where the height profile of a track with typical balling morphology (200 

W, 400 mm/s) is shown. The presence of steep ascents and descents due to balling exacerbates 

noise in the height profile. Nonetheless, wide peaks and valleys are still visible and match visual 

examination of the features in the corresponding confocal image. As can be expected, when height 
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and width are measured and averaged on samples in the irregular or balling regimes, greater 

uncertainty is obtained and the corresponding error bars are considerably large (see Table 2.3). 

  

Figure 2.4: Top down view of a continuous track (100 W, 100 mm/s) and matching height 

profile measured along the dash-dotted blue line with confocal microscopy. The laser is moving 

from left to right: the initial high peak (distance ~ 250-750 µm on the x axis) corresponds to the 

laser turn-on while the final decline (distance ~ 3000-3500 µm on the x axis) matches the laser 

turn-off. The red arrows show measurement points for track width 



23 
 

  

Figure 2.5: Top down view of a balling track (200 W, 400 mm/s) and matching height profile 

measured along the blue dash-dotted line with confocal microscopy. The laser scanned from left 

to right: the initial high peak (distance ~ 200-600 µm) corresponds to the laser turn-on while the 

final decline (distance ~ 2750-3250 µm) matches the laser turn-off. The red arrows show 

measurement points for track width. Large oscillations (peaks and valleys) due to balling can be 

observed in the height profile, as well as increased signal noise 
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Table 2.3: Track width and height measurements (with standard deviation values) determined 

from confocal images 

Laser power 

(W), Scan speed 

(mm/s) 

Width 

(µm) 

Height 

(µm) 

Laser power (W), 

Scan speed (mm/s) 

Width 

(µm) 

Height 

(µm) 

100, 100 176±8 60±4 300, 750 115±25 70±31 

100, 150 144±13 54±11 300, 900 109±21 89±33 

100, 200 117±7 69±9 300, 1500 85±11 71±26 

100, 250 105±15 69±25 400, 400 140±11 71±29 

100, 300 103±24 88±36 400, 600 130±27 72±35 

100, 500 133±14 83±46 400, 800 120±22 52±32 

200, 200 155±5 73±15 400, 1000 111±20 71±29 

200, 300 130±10 97±27 400, 1200 107±12 69±24 

200, 400 125±16 107±41 400, 2000 105±18 80±24 

200, 500 121±18 101±43 500, 500 154±27 63±35 

200, 600 113±19 102±42 500, 750 122±14 62±30 

200, 1000 75±22 94±31 500, 1000 121±36 71±36 

300, 300 138±17 50±26 500, 1250 112±28 79±32 

300, 450 140±25 62±35 500, 1500 99±33 92±40 

300, 600 130±29 67±41 500, 2500 87±17 77±31 
 

2.3.3 Track depth measurements and melting mode transition 

After etching the cross-sectioned tracks, the melt pool lines were visible and the re-melting depth 

can be measured through optical microscopy as the distance between the free surface of the 

substrate and the bottom of the melt pool, results of which are summarized in Table 2.4. As 

observed in the two representative images shown in Figure 2.6, two distinct depth profiles were 
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observed, which is consistent with previous studies in the literature [37], [38].  These profiles, and 

consequently, track depth, are determined by the melting mode: conduction or keyhole.  In LPBF-

AM, if the energy input is sufficiently high, the peak temperature in the melt pool (Tmax) can reach 

the boiling point (Tb ~ 3273 K for 316L SS) and vaporization of metal from the melt can occur: 

this regime is referred to as keyhole melting mode. If the energy input is lower (Tmax<Tb), 

conduction melting mode is observed. The complex physics of keyhole melting, including 

vaporization and recoil pressure exerted by the vapor on the melt pool, have been recently studied 

and effectively simulated by Khairallah et al. [10]. 

Table 2.4: Melt pool depth measured from cross sections using optical microscopy. Melting 

mode is identified for each track 

Laser 

power 

(W), Scan 

speed 

(mm/s) 

Track 

depth 

(µm) 

Melting mode  

Laser power 

(W), Scan 

speed (mm/s) 

Track 

depth 

(µm) 

Melting mode 

100, 100 - -  300, 750 146 keyhole 

100, 150 150 keyhole  300, 900 128 keyhole 

100, 200 126 keyhole  300, 1500 50 conduction 

100, 250 75 conduction  400, 400 597 keyhole 

100, 300 52 conduction  400, 600 380 keyhole 

100, 500 - -  400, 800 220 keyhole 

200, 200 329 keyhole  400, 1000 197 keyhole 

200, 300 266 keyhole  400, 1200 150 keyhole 

200, 400 159 keyhole  400, 2000 64 keyhole 

200, 500 118 keyhole  500, 500 - - 

200, 600 70 conduction  500, 750 362 keyhole 
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200, 1000 37 conduction  500, 1000 289 keyhole 

300, 300 524 keyhole  500, 1250 223 keyhole 

300, 450 302 keyhole  500, 1500 123 keyhole 

300, 600 198 keyhole  500, 2500 - - 

For the samples in the current study, at lower energy input (see for example, Figure 2.6a: 100 W, 

300 mm/s), the formation of a roughly semi-cylindrical melt pool is obtained where the re-melting 

depth is usually less than or equal to the powder bed thickness. During the multi-layer LPBF 

process of a real part under these circumstances, each layer is therefore re-melted approximately 

once. When higher energy inputs are delivered to the powder bed instead (see for example, Figure 

2.6b: 400 W, 600 mm/s), the melt pool assumes the shape of a keyhole and its depth/width ratio 

becomes significantly larger than 1, with penetration into the substrate (or previous layers) 

reaching depths that can be as high as ten times the single layer thickness. 

 

Figure 2.6: Representative images illustrating effect of melting mode (and energy input) on track 

profile and depth: (a) conduction mode (lower energy inputs: 100 W, 300 mm/s) lead to semi-

cylindrical shaped melt pools and shallow track depths, (b) keyhole mode (higher energy inputs: 

400 W, 600 mm/s) lead to keyhole shaped melt pools and deep track depths 
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2.4 Discussion 

2.4.1 Track shape evolution  

Observation of single tracks processed with 100 W laser power (Figure 2.2a) corroborates previous 

findings on optimal VED design space found in the literature [32], [33]. At low scan speeds of 100, 

150 and 200 mm/s with corresponding VED values of 242, 162 and 121 J/mm3, respectively, full 

melting of the powder is achieved along with formation of continuous tracks. The VED values for 

these tracks lie above the 100 J/mm3 threshold value found in the literature for successful 

fabrication of fully dense parts [19], [23]. As scan speed increases to 250 and 300 mm/s (VED 

values of 97 and 81 J/mm3, respectively), the regime shifts towards an irregular morphology as the 

track sides appear corrugated and their surface less smooth. The balling regime is eventually 

reached at a scan speed of 500 mm/s (VED = 48 J/mm3) where a series of separate beads is 

observed in lieu of a continuous line of solidified metal. A similar trend is found when observing 

tracks processed with a laser power of 200 W (Figure 2.2b) with the difference being that now the 

irregular morphology appears at higher VED values (400 mm/s, VED 121 J/mm3) and the optimum 

VED design space consequently seems to get narrower (or to shift towards higher VED values). 

Tracks processed with 300, 400 and 500 W laser power show the same shift from continuous to 

irregular/balling regimes at increasingly higher VED values. This behavior is more clearly 

observed in Figure 2.7 where the five tracks with the highest VED value (242 J/mm3) are shown: 

when higher laser power and faster speed are used, irregular track morphology is observed even 

though the VED value is well above the 100 J/mm3 threshold, it is therefore clear that in this case 

the use of VED alone is not sufficient to explain the trend in morphology changes. 
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Figure 2.7: Five tracks processed with the same VED value (242 J/mm3) but with increasing laser 

power and scan speed going from top to bottom 

Irrespective of the process conditions that lead to it, balling has been argued to be the result of 

Rayleigh-Plateau capillary instability of the melt pool [39]. The latter can in fact be modeled as a 

cylinder of liquid metal with diameter D and length L, sitting on the powder bed: the condition for 

instability of such a cylinder is satisfied when its harmonic disturbances have wavelengths 

comparable to L or, namely, when L/D>π. Under these conditions, the cylinder minimizes its 

surface energy by breaking into smaller droplets. In LPBF-AM it is well known that both laser 

power and scan speed affect melt pool shape: for instance, higher scan speed leads to an increase 

in melt pool length and a decrease in its width. According to Rombouts et al. [39], as scan speed 

increases, the melt pool loses its circular shape and becomes more elongated, eventually reaching 

a comet-like shape. If this elongation becomes too prominent then the Plateau-Rayleigh instability 

condition is satisfied, hence the melt pool is not stable and tends to break into droplets, forming 

the beads. This explains why laser melting at higher scan speed results in an increased tendency to 

balling. Furthermore, the increase of laser power from 100 W to 500 W will lead to an increase in 
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the maximum temperature reached in the powder bed. In the case of a 100 W laser with a speed of 

100 mm/s, for instance, King’s model (King et al., 2014) theoretically predicts a maximum 

temperature rise of Tmax ~ 2580 K, while for a 500 W laser with 500 mm/s scan speed, a value of 

Tmax ~ 7600 K is obtained. Because the model does not consider either the latent heat of fusion 

or vaporization, nor the non-linear scaling of temperature with laser power when in the keyhole 

regime, temperature is overestimated. Nonetheless, the values are useful to understand that the 

physics involved in these two cases can be extremely different. Marangoni convection for instance 

is the mass transfer along a fluid interface driven by a temperature-induced surface tension gradient 

and plays a major role in the melt pool dynamics and heat transport, as shown in previous studies 

[10], [39], [40]. For a fixed laser beam size, a melt pool with a higher maximum temperature rise 

ΔTmax will generally have a stronger temperature gradient and, in turn, a more intense Marangoni 

flow that can interact more actively with the melt flow caused by the Plateau-Rayleigh instability.  

2.4.2 Track height and width 

From the data shown in Table 2.3, track width is seen to decrease with increasing scan speed at 

constant laser power. By combining these parameters into VED, Figure 2.8 illustrates the 

correlation between track width and energy input:  track width increases in a roughly linear fashion 

with VED. Furthermore, the five curves (one for each laser power value) are superimposed, 

highlighting that different values of laser power do not seem to affect track width as long as 

identical VED values are used. 
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Figure 2.8: Track width generally increases with Volumetric Energy Density (VED). Curves 

obtained with different laser power values are superimposed 

To better understand this trend, it is useful to look at the time scale of different stages of LPBF: 

by means of a simple heat balance the melting time for a ~30 µm particle with a 200 W laser is on 

the order of a few microseconds, the dwell time of the laser on a fixed point (σ/v) is by comparison 

on the order of tens of microseconds, while heat diffusion time (σ2/4D) is much longer and on the 

order of tens of milliseconds. These values remain valid for most combinations of laser power, 

spot size, scan speed and particle size. Therefore, as the laser scans over a specific location, the 

heated particle is melted almost instantaneously and the laser mostly interacts with molten material 

for the remaining dwell time. Only after several milliseconds will the heat absorbed by the melt 

pool flow towards the surrounding particles. For each of the five laser power values, when the 

VED values are at a minimum (and therefore scan speed is highest), the energy input is barely 

enough to melt the irradiated powder, which leads to track width values being very close to the 
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laser spot size (55 µm in our case). The opposite occurs when the scan speed decreases: the high 

temperature of the melt pool due to the excess energy input leads to intense heat flow to nearby 

particles. These particles melt and will widen the track, thereby explaining the correlation between 

increasing track width and VED. Figure 2.9 shows track height as a function of VED. A slight 

decrease in height is observed as VED increases, but the curves illustrate the high degree of 

uncertainty due to the Plateau-Rayleigh instability associated with the tracks that exhibited 

irregular or balling morphologies. 

 

Figure 2.9: Track height weakly decreases with increasing VED.  Uncertainty is due to the tracks 

exhibiting either irregular or balling morphologies 

This instability is seen in both the top-down view images obtained with confocal microscopy 

shown in Figure 2.2 and SEM cross sections (Figure 2.10). The six sub-figures of Figure 2.10 

show the evolution of the height/width ratio as scan speed increases from left to right in samples 

processed with 200 W laser power. Being a result of both Plateau-Rayleigh type instability and 
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poor wettability of the liquid, the minimization of surface energy is evident from left to right as 

the contact angle increases, causing a change in the cross-section profile from a relatively flat and 

wide profile to a taller and narrower one, confirming previous observations by Zhang et al. [24] 

and Yadroitsev et al. [41]. In many cases the peak height values for the tracks within the balling 

regime exceeded the powder bed thickness of 75 µm, which is undesirable as it would cause 

jamming of the recoating device during a multi-layer process. 

 

Figure 2.10: Cross sections of single tracks melted with 200 W laser power. As scan speed 

increases from left to right (200, 300, 400, 500, 600 and 1000 mm/, respectively), the aspect ratio 

evolves as a result of a surface energy minimization driven by Plateau-Rayleigh instability 

2.4.3 Track depth and melting mode 

The measured track depths are plotted as a function of VED values in Figure 2.11. Although an 

approximately linear dependence of track depth on VED value is observed, the track depth is also 

observed to be a function of laser power. For each curve, solid circles indicate keyhole mode while 

the open circles indicate conduction mode; since only one cross section was taken per sample, the 

discrimination between these two melting modes was based on a qualitative assessment of the melt 

pool shape, rather than on its depth/width ratio. Finally, the shift from conduction mode to keyhole 

mode is also not captured in Figure 2.11 as this transition occurs at a different VED value for each 

curve.  
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Figure 2.11: Track depth increases with Volumetric Energy Density (VED) and, at constant VED, 

deeper penetration is obtained with higher laser power. VED does not capture the transition 

between conduction mode (white symbols) and keyhole mode (black symbols) as, for each curve, 

the transition occurs at a different VED value 

Previous studies have explored the physical basis for the keyhole transition [13], [42]. To analyze 

the results in the current study, we focus on the model proposed by King et al. [13], which was 

based on previous work carried out on laser weld properties by Hann et al. [43] where it was 

demonstrated that welding data from experiments on different machines and materials could all be 

represented on one curve since the ratio between the melt depth d and the beam spot size σ is a 

function only of the ratio of the deposited energy density ΔH to the enthalpy at melting hs. 

According to this model, the ratio ΔH/hs is defined as  

∆𝐻

ℎ𝑠
=

𝐴𝑃

𝜋ℎ𝑠√𝛼𝑢𝜎3
 

where A is the laser absorptivity, P is the laser power, α is the material’s thermal diffusivity and u 

is the laser scan speed. The theoretical threshold value for keyhole mode can be estimated by 
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calculating the deposited energy density ΔH necessary to heat the 316L powder up to the boiling 

point. According to [13] the threshold for 316L can be therefore estimated as: 

∆𝐻

ℎ𝑠
≥

𝜋𝑇𝑏

𝑇𝑚
≈ 6 

All the values necessary for computation of these equations were taken from King’s work [13]. 

When the measured melt pool depth normalized by laser spot size d/σ is plotted as a function of 

the normalized enthalpy ΔH/hs, the transition from conduction to keyhole becomes evident (Figure 

2.12). We used a semi-log plot to match the style of [13] and [43], which facilitates comparison of 

the data. 

  

Figure 2.12: Normalized melt pool depth is plotted as a function of normalized enthalpy on a 

semi-log scale. Solid black symbols indicate keyhole melting mode while open white symbols 

indicate conduction melting mode 
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Analysis of Figure 2.11 suggests that melt pool depth can be effectively represented as a function 

of VED as a roughly linear dependence is observed. Nevertheless, it is not possible to capture the 

transition between conduction and keyhole melting as no information is contained in VED about 

the nature of melting mode. The curves are also not super-imposed in Figure 2.11 since, as stated 

before, while VED is kept constant, we observe deeper melt pool with higher laser power. This 

means that at least one of the parameters that determine VED (laser power, scan speed, layer 

thickness, spot size) has a stronger influence on melt pool depth than the others. This is explained 

as follows: according to Eagar and Tsai [7], the peak temperature reached by a material heated by 

a Gaussian shaped laser heat source is proportional to the ratio  𝑃 √𝑣⁄  so that an increase in laser 

power has a stronger effect on the melting regime than a decrease in scan speed. This explains why 

the keyhole melting regime is more prevalent at higher laser powers (300, 400 and 500 W) rather 

than at lower power (100, 200 W). As can be seen from the equations presented above, the ratio 

ΔH/hs is proportional to the 𝑃 √𝑣⁄  ratio and, as shown in Figure 2.12, the former successfully 

captures the melting mode transition between conduction and keyhole. From Figure 2.12, we in 

fact observe that below a normalized enthalpy value of ~4, the measured melt pool depth 

normalized to the beam size is zero and it then increases to ~11 for a normalized enthalpy value of 

~11. Interestingly, although we observe a transition rather than a sharp distinction, the threshold 

of keyhole appears to happen at a normalized enthalpy value of ~6, rather than a value of ~30 as 

observed by King et al [13]. Furthermore, we do not detect the same degree of scatter in the data 

in the keyhole regime, probably due to the fact that our highest values of normalized enthalpy 

(~11) are still quite low compared to King’s (~60).  

In light of what has been demonstrated in this work, Volumetric Energy Density (VED) can prove 

useful in combining the effects of power, speed, layer thickness and beam size to calculate the 
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energy delivered per unit volume of powder bed. It can therefore be effectively compared with the 

theoretical energy requirements to melt a material [31] and serves as a broad guideline for 

parameter selection.. As such, VED should also prove useful to validate uncertainty quantification 

models that assess how variability in process parameters affects final properties. However, being 

a mostly thermodynamic quantity, VED does not capture the kinetics of the melt pool physics and 

lacks the ability to capture information on the complex science involved in melt pool formation 

and propagation, as well as mass and heat transfer between the melt pool and the surrounding 

material such as spattering of molten material [44]. VED therefore fails to accurately describe 

many other properties such as track shape (height and depth) and the resulting melting mode. As 

a result, a careful and critical approach is highly recommended when exploring new parameter 

values and when comparing results from experiments done under different conditions.  

2.5 Conclusions 

In this chapter we discussed the use of volumetric energy density (VED) as a key parameter for 

Selective Laser Melting of 316L stainless steel. It was shown how our results confirm that 

decreasing VED to values below 100 J/mm3 by either decreasing laser power or increasing scan 

speed lead to a degradation of track shape that ultimately enters the balling regime. Furthermore, 

tracks melted with sufficiently high VED values (e.g., 242 J/mm3), obtained with increasing laser 

power and speed, show a transition from the continuous regime to the irregular and balling 

regimes. VED can effectively capture track width evolution. At the lowest VED values (e.g., 48 

J/mm3), the track width reaches its minimum value, approaching the laser spot size (55µm). 

Depending on the peak temperature, LPBF-AM can be carried out in conduction or keyhole mode. 

In keyhole mode, vaporization of the metal is achieved and the strong recoil pressure creates a 

deep melt pool with high depth/width ratio and can lead to keyhole porosity. VED is not an 
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appropriate metric to quantify melt pool depth and the threshold between conduction and keyhole. 

The use of normalized melt pool depth as a function of normalized enthalpy suggested by King et 

al. [13] is a more appropriate model in describing this transition. VED is generally a 

thermodynamic quantity and is therefore not able to capture the complex physics such as 

Marangoni flow, hydrodynamic instabilities and recoil pressure that drive heat and mass transport 

in different portions of the melt pool and that, in the end, will dictate final track morphology. 
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Chapter 3 : An insight into the dynamic physical phenomena of laser powder 

bed fusion through high-speed imaging 

 

3.1 Background 

LPBF-AM is now being used for the production of aerospace components, showing great potential 

to become a robust technology in the near future[45]–[47] but – in order for this to happen - it is 

mandatory that we gain a thorough understanding of the complex physical phenomena taking place 

inside and around the melt pool and how they can affect the final outcome of this manufacturing 

process. The high speed at which the laser beam scans the powder bed (102-103 mm/s) and the 

small length scale of the melt pool (10-102 µm) make the observation of these phenomena 

challenging: it is therefore common to either formulate an a posteriori explanation from the 

analysis of the manufactured builds or to model the process through physics-based simulations. 

Unfortunately, neither approach is completely satisfactory: the first one tries to infer the causes 

from the results without direct observation of these phenomena, while the latter is affected by 

intrinsic simplifications (e.g., missing physics, coarse mesh or time step) necessary to achieve 

reasonable computational times and is therefore never an accurate representation of the real 

process. As a result, in-situ process monitoring and in-situ metrology hold the potential to 

overcome the technological barrier related to lack of assurance of quality in AM [48], [49]. As 

shown by several authors [44], [50], [51], an alternative approach is to directly observe the process 

through high-speed video recording as this provides an unconventional assessment tool to 

investigate physical phenomena that would otherwise remain unknown. Among these physical 

phenomena are: laser energy absorption by the powder bed and interaction between the laser beam 

and the powder particles during the initial melting stage, ejection/spatter of both solid and molten 

material, as well as drag of particles into the melt pool leading to denudation of the surrounding 
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substrate. For example, using high resolution, high speed imaging, the physics of powder bed 

denudation which has been associated with defect formation was investigated in [44], [52], while 

laser energy coupling efficiency was recently clarified in [53]. Zhao et al. [54] used high-speed X-

ray imaging to study the formation, evolution, and collapse of a keyhole instability leading to 

porosity formation. They were also able to measure the rate of solidification of a static (non-

moving) Ti-6Al-4V melt pool and subsequent phase transformation upon cooling. The current 

study focuses instead on how high-speed imaging can combine with temperature simulations to 

provide a better understanding of melt pool cooling rates and single track formation in gas- and 

water-atomized powder. Meaningful insights are gained through (i) the observation of how the 

melt pool evolves into the final shape of the single track (which de facto constitutes the building 

block of any 3D part manufactured with SLM) and (ii) direct measurement of melt pool cooling 

rate. Quantifying the cooling rate can in fact help understand how to control final microstructure 

(grain size and orientation) and minimize distortion and residual stress. Alloys printed through 

SLM are subjected to extremely fast heating and cooling ramps (~106 K/s) but accurately 

measuring these rates has proven to be rather challenging as real-time measurements would be 

impractical using temperature recording devices like thermocouples and infrared pyrometers. 

Unfortunately, many commercially available SLM systems are not easily modifiable through the 

addition of diagnostic instruments, and the fast-moving melt pool exacerbates the difficulty in 

gaining data on cooling rates. Experimental values of cooling rates have been obtained for laser 

welding and powder-fed additive manufacturing (e.g., Directed Energy Deposition (DED)), but in 

these cases the laser power is generally much higher (up to several kW), the scan speed lower (1-

10 mm/s) and the laser beam has larger spot sizes (diameter up to several mm). Cooling rates on 

the order of 103 K/s have been reported by [55] for DED and values between 10 and 105 K/s have 
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been reported by [56] for laser welding but the significance of these results in relation to SLM is 

limited. 

Affordable feedstock with consistent quality is mandatory for the production of high-end 

components. As recently shown in [57], particle size and size distribution affect the flowability of 

the powder which in turn dictates layer homogeneity. Porosity of as-built parts is also influenced, 

where the use of large particles and agglomerates can produce undesired voids due to less 

homogeneity in packing density of the powder bed. Water atomized (WA) powders have been 

proposed as a cheaper alternative to their more common gas atomized (GA) counterparts for AM, 

although studies reported that parts manufactured from water atomized powders are generally less 

dense and tend to show lower mechanical strength [58], [59]. Unfortunately, correlation between 

both morphological and chemical properties of the powder and the characteristics of the resulting 

build is often absent or not always clear: for instance, it has been reported that WA powders tend 

to have a quite poor flowability due to their high Hausner ratio (defined as the ratio between tapped 

and loose density, respectively): this is often indicated as the cause of high porosity in final 

components [59], although the correlation between powder bed density and final part density has 

not been thoroughly explained.  

Additional attempts at explaining the poor quality of parts manufactured with WA powders include 

correlating the higher content of surface active elements such as oxygen and sulfur with an inverse 

Marangoni convection in the melt pool, resulting from the positive surface tension temperature 

coefficient of liquid steel, [60], [61]. Marangoni-driven mass transport from cooler to hotter zones 

would in fact favor the entrapment of gas bubbles in the liquid pool and lead to the retention of 

pores after solidification, with obvious worsening effects on mechanical properties [62]. Extensive 

studies have also been carried out by Pinkerton et al. [63] on the use of WA powders in DED, 
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mainly finding that the irregular, faceted shape of these particles seems to enhance laser absorption, 

leading to hotter melt pools and higher cooling rates that in turn explain the finer dendritic 

microstructure observed. Nevertheless, it is not clear yet how the different characteristics of this 

type of powder actually affect melting and cooling processes. In this paper we therefore present 

new insights on the laser-melting behavior of two types of 316L stainless steel powders, one gas- 

and one water-atomized. By performing both powder characterization and in-situ observation of 

laser powder-bed fusion we show how morphological and chemical characteristics of two 

commercially available feedstock materials can affect their interaction with the laser beam, melt 

pool formation and solidification. Quantitative assessment of cooling rates is performed through 

analysis of high-speed videos of the laser fusion process. Experimental cooling rates are also 

compared with predicted values by using a simple, physics-based transient thermal model run 

using COMSOL Multiphysics®. Solidification rates and temperature gradients are then used to 

rationalize observed grain cell size of the obtained single tracks.   

3.2  Materials and methods 

3.2.1 Powder characterization 

The feedstock powders used in this experiment were a gas atomized Micro-Melt® 316L stainless 

steel powder from Carpenter Powder Products with a specified particle size range between 16 and 

45 µm and a water atomized 316L stainless steel powder by Höganäs AB with a particle size range 

between 10 and 150 µm, as stated by the manufacturer. Both powders were mechanically sieved 

using three 15-minute cycles in a vibratory sieve shaker (Gilson Inc.) to retain only particles 

smaller than 44 µm (325 mesh size) for the laser fusion experiment. After sieving, the particle size 

distribution was confirmed using a Beckman-Coulter LS13 320 laser diffraction analyzer. Loose 

density, tapped density and Hausner ratio were measured on powders according to ASTM D7481. 
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Packing density of the actual powder bed was not measured and it may differ from the value used 

to determine the Hausner ratio. Laser absorptivity of each powder when arranged in a thin layer 

was measured at Lawrence Livermore National Laboratory following a procedure described in 

[64]. Chemical analysis on the powders was conducted by Luvak Inc. to quantify impurity content 

for carbon, oxygen, nitrogen, hydrogen, sulfur, and phosphorus. Particle size and morphology were 

characterized with a FEI-XL30 Scanning Electron Microscope (SEM). 

3.2.2 Laser melting experiments and single-track characterization 

Laser powder bed fusion experiments were performed at Lawrence Livermore National Laboratory 

using a custom test chamber equipped with a 600 W, 1070 nm continuous wave fiber laser [44]. 

The beam is focused using a 450 mm focal length lens to a nearly Gaussian shape with a 1/e2 

diameter of 50 µm. By applying a razor blade, the powders were manually spread as a 50 µm-thick 

single layer on a 1” diameter circular 316L stainless steel substrate that had previously been grit-

blasted and cleaned with acetone. Powder layer height was controlled by screwing of a threaded 

stage on which the substrate was mounted and was calibrated using a plane height gauge. Powder 

bed layer thickness typically ranges between 20 and 100 µm and its value is usually chosen based 

on a combination of productivity requirements, spatial resolution, and powder particle average 

size. Laser power and scan speed must be tuned accordingly to the selected layer thickness [31], 

[65], [66]. A thickness layer of 50 µm - as chosen in this experiment - represents a value commonly 

used in most LPBF systems.  

A series of 15 straight 4 mm-long single tracks was then produced by varying laser power and scan 

speed targeting melting conditions in proximity of the threshold between conduction-mode and 

keyhole-mode dominated heat transport, following an approach described in [13], [67]. This 

approach is based on normalized enthalpy (ΔH/hs), defined as the dimensionless ratio between an 
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effective enthalpy derived from laser process parameters (ΔH) and the enthalpy required by the 

powder bed to melt (hs) [43]. According to this model, values of normalized enthalpy ΔH/hs less 

than 6 are predicted to yield processing in the conduction regime with formation of a half-

cylindrical melt pool, values of ΔH/hs in the range of ~7-8 should lead to incipient keyholing, while 

values greater than 8 should instead be in the fully-developed keyholing regime. The 

thermodynamics quantities necessary for calculating the ΔH/hs ratio are reported in our previous 

work [67].  

The experiment was carried out on both types of feedstock powders, with a total of 30 single tracks 

being produced. As seen in Table 3.1, the incident laser power varies from values as low as 150 

W up to the maximum of 540 W. Scan speed was controlled by galvanometer mirrors and ranged 

from 800 to 3500 mm/s. In order to record images of the process, the experiment was not carried 

out in a controlled atmosphere chamber but the substrate was placed on a stage in atmospheric air 

where high purity Argon gas was continuously delivered to the powder bed at ~1 cm/s to minimize 

oxidation of the melt pool. The recording setup used to image the melting process consisted of an 

off-axis (~30°) high-speed camera (Shimadzu HPV-X) mounted coaxially with an optical 

microscope (Mititoyo 10x/0.28NA, Infinity K2). The light source was an 808 nm laser model 

Cavilux HF, with a 500 W peak power, synchronized to the camera. A 10 nm band pass filter was 

centered at 808 nm to eliminate emission from the incandescent melt pool. The high-speed camera 

used in this experiment records 256 frame-long videos, independent of the framerate. Imaging was 

performed at a constant framerate of 250,000 fps.  

After the laser-melting experiments, but before the excess powder was removed, the build plates 

were imaged using a reconstructed light microscope, VR-3200 wide-area 3D Measurement System 

(Keyence Corporation). The substrates with the single tracks were cut using a slow speed diamond 
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saw (Model 65001, South Bay Technologies) and mounted for cross-section analysis. 

Metallographic grinding was performed with silicon carbide papers (320, 600, 800, 1200 grit size) 

followed by precision polishing with diamond suspensions (3 µm and 1 µm). Single tracks were 

then etched using a 3:1 volume mixture of HCl and HNO3 to reveal the microstructure and measure 

grain cell spacing. 

Table 3.1: Laser parameters used for single track experiments. For each value of scan speed, 

three different tracks were produced with increasing values of laser power, targeting conduction 

melting (ΔH/hs~5-5.5), keyhole threshold (ΔH/hs~7-8) and fully-developed keyholing 

(ΔH/hs~10-11) 

Laser power (W) Scan speed (mm/s) Normalized enthalpy ΔH/hs 

150 800 4.8 

250 800 8.0 

350 800 11.2 

200 1200 5.2 

300 1200 7.9 

400 1200 10.5 

250 1800 5.4 

375 1800 8.0 

500 1800 10.7 

275 2400 5.1 

425 2400 7.9 

540 2400 10.0 

325 3500 5.0 

500 3500 7.7 

540 3500 8.3 
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3.2.3 COMSOL model 

COMSOL Multiphysics® (COMSOL, Inc) was used to model spatial and temporal temperature 

distribution in a rectangular domain of solid 316L material in order to evaluate both the melting 

contour and cooling rates of the melted region. COMSOL Multiphysics is a cross-platform finite 

element analysis, for modeling and simulating physics-based problems [68]. Our domain was a 

rectangular box with size 100x100x2000 µm, the laser beam was treated as a Gaussian heat source 

and, due to the symmetry of the problem, only one side of the melt-pool was simulated, having the 

laser beam centered on one corner at the beginning of the simulation and scanning along one of 

the 2000 µm-long edges of the domain.  

The model is based on a time-dependent nonlinear heat transport equation with Fourier conduction. 

Temperature-dependent material properties such as thermal conductivity, mass density and heat 

capacity are used in the simulation. Both latent heat of melting and vaporization of 316L are 

accounted for by including them as additional terms in effective heat capacity in proximity of (i) 

the melting interval between the solidus (TS=1623 K) and liquidus (TL=1673 K) temperatures and 

(ii) the vaporization temperature (TV=3000 K), respectively. As a result of this choice, there is a 

non-physical layer of material losing heat due to evaporation, but the error associated with this 

approximation was negligible (the thickness of this layer is less than 5 µm). The study was 

performed using a time-dependent solver with a non-strict step size of 1 µs: the simulation starts 

with the laser centered at one of the corners of the box and lasts for the amount of time necessary 

for the beam to travel along the edge to reach the opposite corner (570 µs for the highest laser scan 

speed (3500 mm/s) and 2500 µs for the slowest laser scan speed (800 mm/s)). Hence simulating 

laser beams traveling at higher speeds is generally less time consuming in terms of CPU hours. 

Due to the short duration of the simulated process, heat does not significantly diffuse through the 
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boundaries of the domain and therefore thermally insulated surfaces were set as boundary 

conditions, with the exception of the top surface which was allowed heat exchange through 

radiative heat loss. In order to maintain affordable computational time on a desktop computer with 

8 processors and 16 GB of ram, the size of the octahedral mesh elements was kept constant at 20 

µm, and each simulation run took an average of ~2 hours to be completed. 

Table 3.2 lists values of the thermophysical properties contained in COMSOL’s database that were 

used in the simulation. Primary references are also provided for the reader’s benefit. Thermal 

conductivity of a powder bed can be significantly lower than that of the solid material, and is 

generally a function of particle shape, size, and packing density. Thermal conductivity values for 

a typical powder bed of stainless steel powder at 298 K were reported by Gusarov and Kovalev 

[69] as being between 0.12 and 0.18 [Wm-1K-1], whereas thermal conductivity of bulk 316L 

stainless steel at the same temperature is roughly one-hundred times higher (16 [Wm-1K-1] [70]). 

Therefore, we modified the thermal conductivity of 316L in the solid state temperature range by 

dividing the original value (valid for solid-state bulk 316L) by 100 to account for the presence of 

a powder bed. As a result, the size of the simulated melt pool significantly increases due to local 

heat retention. The thermal conductivity above the melting point was not changed. 
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Table 3.2: Thermophysical properties used in COMSOL simulation 

Property (unit) Symbols Value Reference 

Solidus temperature (K) TS 1623 [70] 

Liquidus temperature 

(K) 

TL 1673 [70] 

Vaporization 

temperature (K) 

TV 3000 [71] 

Latent heat of melting 

(kJ kg-1) 

Lm 275 [71] 

Latent heat of 

vaporization (kJ kg-1) 

LV 6000 [71] 

Specific heat (J kg-1 K-1) C 235.6508+1.300842∙T-

0.001890526∙T2+1.348414∙10-6∙T3-

3.433794∙10-10∙T4 

[72] 

Density (kg m-3) ρ 8077.17-0.379442∙T-4.90583∙10-5∙T2 [73] 

Thermal conductivity 

(W m-1 K-1) 

k 8.382+0.018∙T-3.147∙10-6∙T2 [74] 

Laser absorptivity A f(T) [see Figure 2] Experimentally 

measured 

Laser beam diameter 

1/e2 (µm) 

d 50 Determined by 

experimental 

set up 

3.3 Results 

3.3.1 Powder properties 

After sieving, the fraction of gas atomized 316L powder retained by the 325 mesh sieve was 

minimal (2% wt) and the results from laser diffractometry on the sieved powder reported a nearly 

log-normal distribution with d10=21.3 µm, d50=30.6 µm, d90=40.5 µm, thus confirming that nearly 

all particles were smaller than 44 µm. The fraction of water atomized powder above 44 µm was 

also eliminated through sieving, nonetheless, diffractometry results still reported a nearly log-
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normal distribution with d10=30.75 µm, d50=47.52 µm, d90=77.28 µm suggesting that a consistent 

fraction of particles (50%) may have been larger than 44 µm. SEM observation of the powders, as 

shown in Figure 3.1, shows that while most of the gas-atomized powder particles are nearly 

spherical in shape and show occasional agglomerates, water atomized powder consists of 

irregularly-shaped particles with faceted surfaces, most of them having lengths greater than 50 µm, 

occasionally exceeding 100 µm. The optical appearance of both powers is also shown in the top-

right insets of Figure 3.1: GA 316L powder is characterized by loose agglomerates, while WA 

powder packs more smoothly. 

  

Figure 3.1: SEM images of gas atomized (left) and water atomized (right) 316L steel powders 

along with their optical appearance shown in the insets 

The flowability characterization results show that the GA 316L powder has a relative loose density 

of 53%, tapped density of 58% and Hausner ratio of 1.09, while the WA 316L powder has loose 

density of 43%, tapped density of 49% and Hausner ratio of 1.12. Previous studies in the literature 

([25], [59]) report that powders with a Hausner ratio greater than 1.25 generally show poor 

flowability as their particles tend to ‘lock’ into each other impeding their movement. Results for 

our powders are not in agreement with these findings as the WA powder was easier to spread into 

a thin layer, with a lower tendency to form agglomerates compared to the GA powder. Optical 
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absorptivity of 100 µm thick powder bed layers was measured on both powders to assess if their 

different particle morphology, size and surface roughness could have impacted their interaction 

with the laser. Results are reported in Figure 3.2 and illustrate that laser absorptivity is fairly 

constant with temperature up to 450°C and does not seem to be affected by laser intensity. 

Furthermore, the WA powder exhibits a slightly higher value of absorptivity (~0.7) compared to 

the GA powder (~0.65).  

 

Figure 3.2: Laser absorptivity of gas atomized (left) and water atomized (right) powder beds 

The results of the chemical analysis are reported in Table 3.3 and indicate higher concentrations 

of oxygen (~600%) and hydrogen (~200%) in WA powder compared to GA powder, which is 

likely due to water absorption during the atomization process, as well as a higher sulfur 

concentration (~200%). The GA powder contains more nitrogen (~800%), since this was the gas 

used during the atomization process.  
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Table 3.3: Analytical quantification of impurities within starting powders. Surface-active 

elements such as oxygen and sulfur are higher in content in the WA powder 

 Gas atomized 316L (ppm) Water atomized 316L (ppm) 

Carbon 190 ± 10 210 ± 10 

Oxygen 290 ± 10 1840 ± 10 

Nitrogen 1220 ± 10 150 ± 10 

Hydrogen 9 ± 1 20 ± 1 

Sulfur 30 ± 1 60 ± 1 

Phosphorus 220 ± 10 90 ± 10 

 

3.3.2 Single track experiments 

3.3.2.1 Single track morphology and reconstructed light microscopy 

Full melting of the powder-bed and formation of a continuous line of fused metal was achieved in 

all cases, as shown in Figure 3.3 where optical micrographs (grayscale) and height maps (colored) 

of melted tracks are reported for GA (left) and WA (right) powders. For each combination of laser 

parameters, no difference in track morphology is observable between the two powders but the 

width of the denudation zone (DZ), denoted as a blue area surrounding the track where no particles 

are left after the experiment, appears wider in GA samples and is also observed to be directly 

proportional to the normalized enthalpy. Morphological irregularities in the single tracks having 

the shape of ‘bumps’ are visible as red spots on the color-coded images. 



51 
 

 

Figure 3.3: Images of single tracks and surrounding area. A denudation zone (DZ) is observable 

through z-axis color-coded images and appears blue in color. The width of the DZ increases with 

increasing normalized enthalpy and also appears slightly greater in GA samples. Single track 

‘bumps’ are visible as red spots on the color-coded images 

3.3.2.2 Melt pool formation dynamics and high-speed video analysis 

Figure 3.4 shows the laser melting process for two different conditions: a relatively low speed, low 

power configuration (1200 mm/s, 200 W) shown in Figure 3.4a and Figure 3.4b, and a relatively 

high speed, high power configuration (2400 mm/s, 425 W) shown in Figure 3.4c and Figure 3.4d. 

The laser scans from left to right, following the path highlighted by the orange arrow and the 

approximate position of the laser beam at the time of image capture is indicated by the vertical red 

arrow in each figure. During laser melting, the gas shear flow driven by metal vapor jet entraps 

powder particles from the zone adjacent to the melt track, causing variable amounts of denudation 
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of the powder bed immediately surrounding the melt pool, as observed in Figure 3.3 and also 

reported by Matthews et al. [44]. Highlighted by green and yellow circles are particles that are 

moving backward and forward, respectively to the laser scanning direction. Their trajectories are 

marked with arrows of the same color. Some of these particles are being dragged into the melt 

pool while others are being pushed away from it: these two opposite phenomena are the result of 

competitive metal vapor jet and outward metal vapor flux, as described in [44]. As seen in Figure 

3.4a and Figure 3.4c, material that is ejected frontward is predominantly observed when processing 

gas atomized powder, while the displacement is mainly directed backwards in water-atomized 

powder. Furthermore, displaced particles are more numerous in the GA powder compared to WA 

powder processed under the same conditions (up to ten times more). Additionally, the amount of 

both ejected/displaced material increases with laser scan speed and power, as shown by the many 

trajectories highlighted in Figure 3.4c and Figure 3.4d. The velocity of the ejected material 

(measured only on ejecta traveling parallel to the camera detection plane) was estimated by taking 

the ratio of the distance covered by the ejecta relative to the time needed to cover such distance. 

Values between 1 and 10 m/s were typically observed in our experiment and are consistent with 

those recently shown by Ly et al. in [52].  

As seen in the videos available in the Supplemental Material, for both GA and WA powders, most 

of the powder bed particles located on the laser path are already molten by the time the laser 

reaches their position, with most of the particles melting only a few microseconds before 

interacting with the laser beam. Occasionally, moving particles are also observed melting in mid-

flight while being carried by the vapor flow above the melt pool, suggesting that either the vapor 

plume is hot enough to reach melting temperatures or that reflected or scattered laser light can be 

absorbed by the material in proximity of the melt pool. 
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Figure 3.4: Screenshots from the high-speed videos of laser melting process. The laser scanning 

direction is indicated by the orange arrow while the red arrow marks the approximate laser position 

at the time of image capture. Backward (green) and frontward (yellow) displaced particles are 

circled and their movement direction is marked by arrows of the same color 

Figure 3.5 captures fully-formed melt pools cooling after the laser has already passed (the laser is 

outside the field of view of the camera, on the right side of each image). The colored lines represent 

the portions of melt pool that are still liquid (red) and those that have already solidified (blue), 

respectively. As seen in Figure 3.5a and Figure 3.5b, in a low scan speed, low power condition, 

solidification starts from the tail of the melt pool and progresses forward, following the traveling 

laser beam. When melting takes place in a high scan speed, high power condition instead (Figure 

3.5c and Figure 3.5d), we occasionally observe relatively fast solidification of other portions of 

the melt pool such as its central section. In Figure 3.5c for instance, a solid particle flying 

backwards has landed in the melt pool (green circle). As a result, liquid metal accumulates on top 

of this particle and instantly solidifies, promoted by the ‘cold spot’ provided by the particle itself, 
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which acts as a barrier to backward liquid flow, impeding it. The final morphology of the track 

shown in the inset of Figure 3.5c thus contains the typical ‘beads’ also observed by other authors 

[41]. Figure 3.5d shows a contrasting situation where the thin central section of the melt pool (blue 

line) solidified before the thicker areas (red line). This results in a break-up of the melt pool with 

subsequent liquid flow impingement by the solidified central section: as a result, the final 

morphology will also retain ‘beads’ as observed in the SEM top-down view of the same track 

shown in the inset. 

 

Figure 3.5: Melt pools cooling after laser pass. Solidification starts from the tail of the melt pool 

(blue zone) in low power, low speed melting conditions and progresses towards the front which is 

still liquid (red zone) in subfigures Figure 3.5a and Figure 3.5b. Premature solidification of the 

front and consequent melt pool break-up are instead often observed in the case of high power, high 

speed laser melting, typically due to either cold particle entrapment (Figure 3.5c) or to rapid 

solidification of its thin cross-section (Figure 3.5d) 
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3.3.2.3 Calculation of melt pool lengths and cooling rates from acquired videos 

Because each video contains 256 frames captured at a framerate of 250,000 fps, the time lapse 

between two consecutive frames is 4 µs and the duration of each video is thus 1024 µs. If the 

average cooling rate of the liquid metal pool is of interest for example, it can be calculated as the 

ratio between a known temperature interval ΔT and a known time interval Δt. During keyhole-

mode laser melting of metals, vaporization of the alloy takes place and the melt pool forms a 

depression centered around the laser beam due to the recoil pressure exerted from the vapor on the 

liquid metal.  

Despite the initial hypothesis that tracks melted using values of normalized enthalpy ΔH/hs less 

than 6 should have avoided the keyhole regime, a certain degree of melt pool depression was 

observed for all the processed tracks. This suggests that at least incipient vaporization was always 

reached and that, as a consequence, the temperature of the liquid metal approached values close to 

the boiling point of 316L stainless steel (Tv=3000 K). The liquid phase temperature range (3000-

1623 K) was therefore taken as ΔT and the average cooling rate was calculated in a fixed powder 

bed position X by dividing the liquid phase temperature range by the solidification time interval 

Δt, taken as the time between the frame when the laser is centered on X (T≈Tv) and the frame when 

the melt pool solidifies in position X. The occurrence of solidification was determined by careful 

observation of individual frames from the high-speed videos: it is in fact possible to discern the 

exact frame at which the melt pool ‘freezes’ in place movement of the top surface is no longer 

observed. We consider this moment as when the temperature of the top of the melt pool reaches 

the solidus temperature (T≈Ts). An estimate of melt pool length can also be obtained by 

multiplying the time interval Δt by the laser scan speed v.  
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The results for both powders, reported in Table 3.4, show that cooling rates typically vary within 

~106-107 K/s, while melt pools are generally ~0.5-2 mm long, as also reported by Rombouts et al. 

[39]. We note that cooling rates decrease by increasing laser power while maintaining a constant 

scan speed, and they generally increase as scan speed increases, as also confirmed in [39]. Finally, 

melt pool length also depends on melting parameters, as it increases with both laser power and 

scan speed. Table 3.4 also illustrates that the type of powder used in the experiment does not seem 

to significantly influence either the cooling rate or the melt pool length. 
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Table 3.4: Cooling rate and melt pool length values as measured from the videos acquired 

during melting of both powders and as calculated from the COMSOL simulation 

 

  

Laser 

power 

(W) 

Scan 

speed 

(mm/s) 

Cooling rate (K/s) Melt pool length (mm) 

Gas 

atomized 

Water 

atomized 
COMSOL 

Gas 

atomized 

Water 

atomized 
COMSOL 

150 800 2.02∙106 N.A. 2.54∙106 0.65 N.A. 0.56 

250 800 1.61∙106 N.A. 1.42∙106 0.82 N.A. 0.97 

350 800 1.61∙106 1.61∙106 9.69∙105 0.82 0.82 1.41 

200 1200 2.77∙106 3.20∙106 3.06∙106 0.72 0.62 0.69 

300 1200 1.90∙106 1.83∙106 1.84∙106 1.04 1.08 1.15 

400 1200 1.61∙106 1.61∙106 1.51∙106 1.23 1.23 1.58 

250 1800 3.38∙106 2.16∙106 3.75∙106 0.88 1.38 0.81 

375 1800 2.37∙106 1.78∙106 2.29∙106 1.25 1.67 1.39 

500 1800 1.61∙106 1.61∙106 1.61∙106 1.84 1.84 1.87 

275 2400 3.35∙106 3.72∙106 4.78∙106 1.18 1.07 0.81 

425 2400 2.36∙106 2.61∙106 2.68∙106 1.68 1.52 1.48 

540 2400 1.99∙106 2.12∙106 2.99∙106 1.99 1.87 1.92 

325 3500 6.65∙106 6.25∙106 5.80∙106 0.87 0.92 0.98 

500 3500 3.93∙106 4.44∙106 3.48∙106 1.47 1.30 1.53 

540 3500 3.44∙106 3.78∙106 3.57∙106 1.68 1.53 1.78 
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3.3.3 COMSOL simulation results 

A typical melt pool profile from a COMSOL simulation is shown in a top-down view in Figure 

3.6a (150 W laser power, 800 mm/s scan speed). As previously stated, the simulated domain was 

a 100x100x2000 µm box with the laser moving in a straight line along the 2000 µm-long edge: the 

orange arrow in Figure 3.6a indicates the direction of the scanning laser, moving from left to right. 

The captured melt pool shown in Figure 3.6a was taken at the mid time step of the simulation or, 

in other words, when the laser beam was centered at the edge midpoint (t=1250 µs in this case). 

The green color indicates the melt pool contour (TS=1623 K) while the yellow color indicates the 

evaporation point isotherm (TV=3000 K). A cross-section of the melt pool at the same time (t=1250 

µs) is shown in Figure 3.6b, as highlighted by the red dot-dashed line crossing the domain at the 

length mid-point in Figure 3.6a. The cross-section shows temperature distribution in the plate, 

indicating the melt contour with a black line. As expected, the hottest spot of the melt pool is the 

top-left corner upon which the laser beam is centered. It is known that local solidification 

parameters such as cooling rate, thermal gradient, and solidification rate are not constant within 

the melt pool, therefore significant differences must be expected from different positions in the 

melted region. Cooling rate data shown in this work was taken from the center of the top surface 

of the melt pool in order to match the same position where cooling rates were experimentally 

measured from the high-speed videos. Three measures were acquired in three distinct spots along 

this edge, their average value is reported in Table 3.4 for each combination of laser power and scan 

speed.  
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Figure 3.6: Melt pool profile obtained from COMSOL for a 150 W laser scanning at 800 mm/s. 

The melt pool contour is shown in Figure 3.6a (top-down view) with green color, while the vapor 

contour is shown in yellow. A cross-section view of the melt pool taken at the same time is shown 

below (Figure 3.6b), the melt contour is highlighted by a black line. Dimensions are in micrometers 

The temporal evolution of the temperature at the edge midpoint from the same simulation run (150 

W and 800 mm/s) is shown in Figure 3.7. It is worth noting how the temperature is mostly constant 

(T=293 K) until the laser beam reaches the mid-point, upon which it quickly increases above 3000 

K and then decreases after the laser has moved over. A magnified view of the central portion of 

the graph is shown in the inset on the upper right corner of Figure 3.7. Although temperature 

oscillations are present in the heating ramp, most likely due to absorption of the latent heat of 

fusion from the surrounding domain, Figure 3.7 highlights how the temperature at the edge mid-

point reaches the melting interval of 316L (1623-1673 K) at t~1210 µs, approximately 40 µs before 

the laser is actually centered upon that position. By the time this happens (t=1250 µs), the 

temperature at the edge-midpoint exceeds 3000 K. This observation agrees well with what was 

detected by the high-speed videos, as they both suggest that particle melting may happen due to 

heat conduction through the powder bed and not necessarily as a consequence of direct interaction 
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between laser and powder. As a result, the laser beam seems to be mostly interacting with an 

already liquid melt pool as also observed in a 3D mesoscopic simulation run on ALE3D by 

Khairallah and Anderson [9].  

Additionally, since our model does not allow either heat or mass to leave the domain through 

evaporative losses (as the latent heat of evaporation is accounted for by means of effective heat 

capacity) it leads to simulated temperatures that far exceed realistic values (20000 K and higher). 

In order to avoid this inconvenience, some authors deliberately decrease the laser power in their 

simulation to get a closer agreement with the experiment [75]. We decided instead to use a 

relatively low value of absorptivity for the liquid phase (5%, or 0.05). Changing the absorptivity 

of the solid phase has negligible effect on the peak temperature reached by the simulation: no 

appreciable differences in peak temperature or temperature distribution were in fact observed when 

comparing simulations run using absorptivity data from the two powders (~0.65 for GA and ~0.70 

for WA). This observation provides additional evidence that most of the laser energy absorption 

takes place within the liquid phase as a particle located in front of the laser spot melts within a few 

microseconds while being pulled into the liquid flow and will keep being heated while in the liquid 

phase, eventually reaching the evaporation temperature. Hence, we selected a value of absorptivity 

for the liquid phase of 0.05 since this was both in agreement with the literature [76] and lead to 

realistic values of temperature rise.  

Finally, Figure 3.7 highlights how cooling slows down in proximity of the solidification interval 

(1673-1623 K for 1400<t<1900 µs) due to the release of the latent heat. Both cooling rate and melt 

pool length values obtained from our COMSOL simulation are reported in Table 3.4, next to the 

experimental values obtained from the video analysis and presented in the previous section. The 

results show similar trends: cooling rates in the melt pool increase with increasing laser scan speed 
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and with decreasing laser power, while melt pool length generally increases when laser power 

and/or laser scan speed are increased. 

  

Figure 3.7: Simulated temporal evolution of temperature at the edge mid-point during laser 

melting at 150 W and 800 mm/s. The inset clarifies how melting is reached ~40 µs before the laser 

is centered on the edge mid-point. When this happens (t=1250 µs), the temperature is already 

higher than 3000 K. Cooling rate slows down in proximity to the solidification interval due to 

release of melting latent heat (t=1400-1900 µs) 

3.4 Discussion 

3.4.1 Powder properties 

The starting metal powder feedstock plays a key role in successful track fusion during selective 

laser melting as its morphological and chemical properties have great potential to affect the final 

outcome. Nevertheless, in light of this experiment, not all these properties appear equally 

important, although their effect might change when multiple layering is performed to obtain full 

builds. The single tracks produced using the WA powder for instance show no differences when 
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compared to those produced with the GA powder, although several important differences exist 

between these two feedstock materials. Powder characterization is extremely important but it needs 

to be carried out using proper techniques: in the case of WA powder for example, neither 

mechanical sieving nor laser diffraction analysis provided a precise estimate of particle size, 

mostly because of the irregular morphology of the particles. The high-aspect ratio of their shape 

helps them to pass through a certain mesh size sieve even when one dimension of the particles is 

greater than the aperture of the sieving mesh, provided they have enough time to re-orient along a 

favorable direction during the shaking process. Since the shape of these particles significantly 

deviates from that of a perfect sphere, the results provided by a laser diffraction analysis in terms 

of an equivalent sphere diameter have very little accuracy and can also be misleading. Only direct 

observation of the particles (either manual conventional microscopy or automated imaging particle 

size measurement) can provide a better understanding of their real shape and their average particle 

size. Similarly, the flowing behavior of a powder and its aptness towards being spread onto a flat 

surface as a thin layer is poorly described by means of the Hausner ratio, as shown in our 

experiments. Our powders have a very similar Hausner ratio but the flowability of the water 

atomized powder is much better; this is most likely due to a combination of its lower packing 

density and its larger average particle size. Finer powders are in fact more prone to agglomeration 

due to their higher density of contact points per unit volume which leads to increased friction 

between the particles. Furthermore, the average thickness of each layer during SLM is ~50 µm, as 

a consequence the particles with which the laser interacts (top layer) are not compressed or tapped, 

hence the quantification of their compressibility through the measure of the Hausner ratio is not 

relevant in powder bed-based additive manufacturing. As recently reported by Spierings et al. [77], 
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there are better ways to quantitatively assess a powder’s proneness to flow, such as for instance by 

measuring its avalanche angle using a revolution powder analyzer.  

The chemical impurities that result in a strong alteration of the surface tension coefficient are 

mostly sulfur and oxygen [78], [79]. Pitscheneder et al. [60] demonstrated that sulfur content has 

a strong effect on Marangoni convection and melt pool geometry during multi-kilowatt laser 

welding of steel carried out in conduction melting mode, but Cho et al. [80] suggested that 

thermocapillary convection is largely insignificant in the case of laser keyhole melting mode. The 

higher oxygen and sulfur content of the water atomized powder used in our experiment do not 

show any apparent effect on the melting behavior. Finally, great effort has been devoted by 

researchers in finding ways to accurately model or measure the absorption of laser light by the 

metal powder. The absorptivity of a powder bed depends on several variables among which the 

powder chemistry, particle size distribution, their packing density, and laser beam properties such 

as wavelength, size and profile. Generally speaking, absorptivity of powder beds is significantly 

higher than that of a flat surface of the same material; values range from 0.3-0.4 for bulk 316L 

([9], [13], [32], [81]) up to 0.55-0.7 for powder beds ([40], [82]). Our values of 0.65-0.7 are on the 

higher side of this range. Nonetheless, as suggested by both the high-speed imaging and the 

COMSOL model, it appears that powder particles reach melting temperature a few microseconds 

before interacting with the beam and therefore the laser mainly interacts with already molten 

material for most of the laser melting process. It would thus be more meaningful to measure the 

absorptivity of the liquid phase. Additionally, when the material’s vaporization temperature is 

reached and a vapor plume is formed above the melt pool front, multiple light scattering events 

take place as the beam interacts with the keyhole and the absorptivity can consequently increase 
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[53]. As a result, powders with different absorption coefficients may still behave in a similar 

manner when processed through laser powder bed fusion. 

3.4.2 High-speed physics and melt pool dynamics 

Recording of high-speed videos proved a valuable instrument to gain a better understanding of the 

complex physics involved in laser-powder interaction and melt pool formation and solidification. 

We believe that the increased amount of material (both in solid and liquid phase) being either 

ejected or dragged into the melt pool when using high laser power and scan speed is ascribable to 

the stronger shear gas flow resulting from larger and hotter melt pools as the length of the melt 

pool itself strongly depends on laser power and scan speed (Table 3.4). Moreover, the high volume 

of displaced material observable in the GA powder (up to ten times higher than WA powder) is 

most likely due to the smaller average size of its particles, therefore more easily displaced from 

their initial position in the powder bed. As simulated by Masmoudi et al. [83], the backward 

velocity field of the gas flow is much stronger than its forward counterpart: as a consequence, only 

the smallest and lightest particles are ejected frontward while most of the material is directed 

toward the tail of the melt pool. This mechanism would also explain why forward ejection is mostly 

observed in the gas atomized powder, since the high sphericity and smaller size of its particles 

enhance their mobility. Analysis of the high-speed videos also highlights how most of the 

morphological irregularities in the final shape of the single tracks are due to disturbances of the 

melt pool, created by collision of flying bodies (either solid or liquid) or by rapid cooling of thinner 

sections of the melt pool itself. The probability of interaction between these ejecta and the melt 

pool increases with the amount of ejecta and with the size of the melt pool: it seems therefore 

reasonable that morphological defects are more prone to appear in high-power, high-speed laser 

conditions where the large volume of both displaced solid particles and ejected liquid splashes has 
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an increased chance of colliding with longer melt pools. Similarly, the surface tension-driven melt 

pool break-up (Plateau-Rayleigh instability) helps to explain the formation of periodic wave-like 

disturbances in the melt pool, characterized by a succession of tall, wide bumps and narrow necks. 

The fastest-growing disturbance in a cylindrical stream of liquid has a wavelength λ=9.02∙R0 [84], 

with R0 being the melt pool half-width in our case. As a result, longer melt pools (especially those 

having length l>λ) show increased probability of forming at least one bump and are therefore less 

stable against this type of harmonic perturbations. Apart from purely geometric considerations, 

one needs to also remember that the melt pool exists in conditions that are far from thermal 

equilibrium and that its necks - due to their thin cross-section and low heat capacity - are the first 

to solidify. This leads to splitting of the melt pool, as observed in Figure 3.5d, where the remaining 

liquid will solidify at a later point in time, retaining its ‘bumpy’ shape since the flow has been 

impinged by the solid necks.  

3.4.3 Results comparison between high-speed videos and COMSOL model 

High-speed imaging also proved to be a novel way of measuring cooling rates and melt pool 

lengths to verify results predicted by physics-based simulations. In our case, the experimental 

values for both cooling rate and melt pool length are in good agreement with those predicted by 

the thermal model developed with COMSOL (see Table 3.4). Figure 3.8, for instance, allows data 

from different powers and speeds to be viewed in the same context by plotting the cooling rate 

with respect to the linear energy density input (P/v). As the amount of energy delivered per unit 

length of track is increased, either by increasing laser power or by decreasing its speed, the cooling 

rate of the solidifying liquid decreases due to excess energy transferred to the powder bed. Cooling 

rates range between 106 and 107 K/s and show good agreement between the experiment and the 

computational model. Our COMSOL simulation is a simplistic depiction of the SLM process but 
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Figure 3.8 proves that it can still provide a good estimate of the melting contour and of the 

material’s thermal history while being computationally expedient. 

  

Figure 3.8: Experimental and simulated cooling rates as a function of linear energy density input 

3.4.4 Microstructural analysis of cross-sectioned single tracks 

Directionally solidified microstructures are commonly observed in AM builds, being the result of 

the strong directionality of heat flow from the melt pool towards the substrate below [85]–[87]. 

The high G/R ratio of the local solidification conditions (where G is the temperature gradient and 

R is the solidification rate) generally leads to the formation of cellular grain morphology as 

observed in Figure 3.9; local columnar dendrites are also occasionally observed for lower G/R 

ratios, as predicted by Kurz and Fisher [88]. 
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Figure 3.9: Cellular microstructure of a solidified single track (water atomized 316L, 1800 mm/s, 

375 W). Primary cell grain boundaries are highlighted with white dashed lines. Sub-cells are 

visible inside each primary cell grain as either honeycomb-like or plate-like structures depending 

on their orientation with respect to the cross-sectioning plane. Sub-cells usually have semi-

identical crystal orientation and are divided by low-angle grain boundaries 

In order to confirm the cooling rates calculated from the high-speed videos and predicted by the 

COMSOL simulation, a correlation was drawn with the cell spacing after the latter was measured 

from all the etched single track cross-sections. Several studies correlate cell size with cooling rate 

for stainless steels [89]–[91], with equations generally in the form of d=A∙Ṫn (d is the cell spacing, 

Ṫ is the cooling rate while A and n are constants related to the material). Figure 3.10 portrays this 

correlation in a double log plot, showing how the cell spacing of our single tracks, plotted with 

respect to the COMSOL-predicted cooling rates, agrees with the predicted cell spacing values for 

the same cooling rates, according to different studies. 
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Figure 3.10: The measured cell size is shown as a function of calculated cooling rate. Results on 

stainless steel by other authors ([89]–[91]) are also shown for comparison   

In summary, these results can help to understand why scaling of selective laser melting poses non-

trivial challenges: even though powder bed-based additive manufacturing performed with faster 

and more powerful lasers generally leads to finer microstructure and shorter manufacturing times, 

it also increases the chance of entering unstable melting conditions. Melt pools with high aspect 

ratios are in fact more easily perturbed by the large amount of material ejected from the powder 

bed during high-rate laser melting, while substrate denudation can jeopardize the quality of the 

adjacent scans as shown by Matthews et al. [44]. Therefore, a compromise between required build 

qualities such as full density, productivity, minimization of residual stresses, and fine 

microstructure may need to be reached by selecting the melting conditions that will favor the most 

desired outcome. 
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3.5 Conclusions 

We have presented the results of extensive characterization on two different types of 316L stainless 

steel powders - one gas-atomized and one water-atomized - and through a combined approach 

including in-situ observation of laser melting experiments and numerical modeling, we have 

shown that high speed imaging captures the formation of several morphological defects resulting 

from the interaction between entrained particles and melt pool. These defects include melt pool 

break-up, bead formation, and denudation of the adjacent powder bed and worsen as laser power 

and scan speed increase due to increased material lift-off by shear gas flow. Both the high-speed 

videos and the COMSOL model results suggest that, upon initial heating, the powder particles 

reach the melting point before interacting with the laser, hence measuring the powder bed 

absorptivity may not be relevant to the SLM process since it appears that the laser mostly interacts 

with material in the liquid state. Additionally, the cooling rate of the liquid melt pool ranges 

between 106 and 107 K/s and it shows an inverse dependence on the linear energy density input 

P/v. Although substantial physical and chemical differences exist between the two feedstock 

powders, outcomes such as (i) track morphology, (ii) melt pool dynamics and, (iii) thermal history 

do not seem to be significantly influenced by these differences. Particle size measurements from 

mechanical sieving and laser diffraction analysis lead to inaccurate results when performed on 

water-atomized powder. The irregular and high aspect ratio particles are however larger than the 

nearly-spherical particles of the gas-atomized powder and show improved flowability, in spite of 

a slightly higher Hausner ratio. 
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Chapter 4 : Stability of cellular solidification pattern: an investigation into the 

feasibility of microstructure control through process parameter tuning 

 

4.1 Introduction 

Microstructure tuning in metal-based additive manufacturing (AM) is fundamental in order to 

tailor location-specific mechanical properties of the alloys printed through this technology. It is 

therefore not surprising that an extensive body of literature has been dedicated to the understanding 

of solidification mechanics during both laser- and electron beam-melting of several commercially 

available alloys such as aluminum, steel, and nickel alloys. The study of solidification during metal 

additive manufacturing is not trivial, due to the complex, out-of-equilibrium nature of the process 

and the presence of the numerous physics-based phenomena that control the melt pool’s heat and 

mass transport. King et al. [40] described the importance that several of these phenomena have in 

controlling the quality of additively manufactured parts: examples include laser absorption by the 

powder bed, convective fluid flow, surface tension-driven Plateau-Rayleigh instability, Marangoni 

thermocapillary convection, and recoil pressure. 

In most cases, solidification during AM processes starts from the melt pool boundary and is 

directed inward (e.g., towards the center of the melt pool itself) following the well-known theory 

of directional solidification presented by Kurz and Fisher [88]. It is well established that directional 

solidification can be effectively described through the use of two distinct solidification parameters: 

the temperature gradient at the solid-liquid interface (G), commonly expressed in K/mm, and the 

growth rate of the solidifying front (R), expressed in mm/s. The product between these two 

quantities (G∙R, units of [K/s]) represents the cooling rate of the material within the solidification 

interval and therefore controls the scale of the resulting microstructure, with finer microstructures 

being achieved at higher cooling rates. On the other hand, the ratio between the temperature 
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gradient and the growth rate (G/R, units of [Ksmm-2]) controls the morphology of the solidified 

grains: as G/R is decreased, a transition from a planar solidification front to columnar cells, 

followed by columnar dendrites and finally by equiaxed dendrites is commonly observed. Several 

studies have been devoted to the quantification of these solidification parameters in order to predict 

resulting microstructure: Gäumann and coworkers [92] studied the directional solidification of 

CMSX-4, a nickel-based alloy, during laser welding, Wei et al. [93] investigated the solidification 

texture of Inconel 718 during directed energy deposition (DED) process, Dehoff et al. [94] focused 

instead on controlling dendrite morphology of the same alloy (Inconel 718) during electron beam 

melting (EBM), and finally Cloots et al. [95], [96] devoted multiple studies to the microstructural 

characteristics of the IN738LC alloy manufactured through laser-powder bed fusion (L-PBF). In 

some cases, a high G/R ratio is sought, in order to induce the formation of a highly-oriented 

microstructure. This type of microstructure proves beneficial against creep failure, such as in the 

case of nickel-based high-temperature alloys, as demonstrated by Chen and coworkers [97] who 

proved that susceptibility to liquation cracking was greatly reduced when a highly oriented 

microstructure was obtained. In other cases, the interest is in achieving a low G/R ratio and thus 

attaining homogeneous nucleation from within the melt pool. This behavior is achieved by 

targeting the so-called Columnar-to-Equiaxed Transition (CET) and is especially sought for 

precipitation-strengthened alloys that are susceptible to solidification cracking (e.g., aluminum 

6000 and 7000 series alloys, and γ’ and γ’’-reinforced nickel alloys). Solidification cracking tends 

to occur in alloys with large solidification intervals when isolated pockets of interdendritic liquid 

are trapped between solidified regions. Coniglio and Cross [98] explained in detail how the 

volumetric shrinkage due to both phase change and thermal contraction produce cavities that can 

span across the entire length of columnar grains, easily leading to cracks that can cross tens of 
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printed layers in additively manufactured components. Moreover, Dehoff et al. [94] demonstrated 

that achieving CET and forming equiaxed grains is possible in EBM through the modification of 

the scanning strategy (e.g., through variations in electron beam current and speed function) while 

[99] further corroborated these results showing that – aside from beam current and speed function 

– the process parameter with the greatest effect on the formation of equiaxed grains is the preheat 

temperature of the powder bed. The high substrate temperatures achieved in commercially 

available EBM systems (1275 °C for IN718 presented by Raghavan et al. [99] allow lower thermal 

gradients and therefore lower G/R ratios, thus favoring spontaneous nucleation of equiaxed grains 

from within the melt pool. In a complementary study on DED-processed IN718, Chen et al. [97] 

demonstrated how active water cooling of the substrate enhances the epitaxy of the columnar 

dendrites by increasing thermal gradient G. 

Unfortunately, most of the commonly available L-PBF machines only allow build plate preheat 

temperatures up to 200°C and therefore achieving CET might prove more difficult for this process 

when compared to EBM. Recently, Martin and coworkers [100] were successful at forming 

equiaxed microstructures in additively manufactured aluminum alloys by using grain refining 

nanoparticle additions to lower the energy barrier for homogeneous nucleation from within the 

melt. Alternatively, modifications of the spatial energy distribution of the laser beam has yielded 

successful microstructure control in L-PBF: for instance, Roehling et al. [101] used an elliptical 

beam shape to promote CET of 316L stainless steel, while Cloots et al. [95] adopted a “doughnut-

shaped” beam laser source to control solidification of IN738LC. In both cases the temperature 

distribution in the melt pool was significantly different from that produced by a conventional, 

round Gaussian laser beam, and homogeneous nucleation seemed thus to be favored. Nevertheless, 
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a systematic study on microstructural conditioning of L-PBF-processed materials through the 

control of selected process parameters is currently lacking.  

We have chosen to study L-PBF-processed austenitic stainless steel 316L because it commonly 

solidifies with a columnar cell morphology and the degree of epitaxy of this microstructure also 

seems controllable by changes in the power of the laser used; Niendorf et al. [102] have in fact 

highlighted the microstructural differences of 316L stainless steel processed using a 1 kW high 

power laser vs a conventional 400 W laser. Nevertheless, a systematic and quantitative correlation 

between process parameters (e.g., laser power, scan speed) and solidification parameters (G, R) 

was not presented in their work and, to the best of our knowledge, has not been previously 

investigated. The purpose of the present work is therefore to show how a relatively simple, yet 

validated, analytical thermal model can provide quantitative relationships between process 

parameters and solidification parameters and thereby provide guidance to predict the resulting 

microstructure in terms of length scale, morphology, and orientation with a sufficient degree of 

accuracy. Moreover, the results presented in this work were obtained without requiring 

cumbersome computational efforts but were reduced to simple calculations based on a 

“spreadsheet” simulation. The model can also be swiftly adapted to other materials as long as their 

basic physical properties are known. The corresponding experimental matrix was equally 

straightforward, designed to systematically explore the broadest possible process window 

available in L-PBF, without the complexity of changing laser beam shape or intensity.  
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4.2 Experimental methods 

4.2.1 Model for calculation of solidification parameters 

In order to gain insight into the expected temperature distribution both inside and outside the melt 

pool, a steady-state (e.g., “quasi-stationary”) temperature field was computed using the well-

known analytical solution for a moving point heat source introduced by Rosenthal [6]. To 

effectively employ this solution, it is necessary to introduce the following assumptions: latent heat 

of solidification is neglected, as well as convective and radiative cooling into the surroundings. 

Fluid flow within the melted region is also ignored and thermal properties are assumed constant 

throughout the calculations (Table 4.1), their values are taken at the melting point because this is 

the temperature at which most of the energy is delivered to the material. Although these 

simplifications may seem significant, Mukherjee et al. [103] have recently shown good agreement 

between experiments and a model analogous to the one used in this work. Furthermore, Rubenchik 

and coworkers [14] have explained how the presence of a powder layer can also be ignored without 

committing significant error (both the time and energy required to melt the powder layer alone are 

negligible when compared to those required to melt the underlying substrate), hence the physical 

properties listed in Table 4.1 are taken as bulk material values. Rosenthal’s approach also considers 

the laser beam energy as focused in one point, thus yielding a non-physical infinite temperature 

value under the laser spot. More realistic analytical models would include a Gaussian energy 

distribution around the center of the laser beam, as utilized in the well-known solution proposed 

by Eagar and Tsai [7]. Nevertheless, Hunziker et al. [104] demonstrated how, at sufficient distance 

from the laser source (e.g., at the solid-liquid interface towards the cooler portion of the melt pool), 

the differences in temperature distribution between Rosenthal’s solution and Eagar-Tsai’s become 

irrelevant, and the first solution can be used as an approximation of the latter. Despite the 
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simplifying assumptions described above, the present work shows how realistic approximations of 

temperature distribution, as well as cooling rates and solidification parameters are achievable with 

very little computational effort. An example is provided in Figure 4.1, where typical cooling rates 

within the solidification interval are displayed with respect to the linear energy input (laser power 

P divided by scan speed v) for different parameter combinations. Results from experimental 

measurements and a heat conduction model developed in COMSOL by Scipioni Bertoli et al. [105] 

(reported in the previous chapter of this dissertation) are shown along with results from a more 

complex heat transfer and fluid flow model developed by Mukherjee et al. [103] and along with 

results from the present work using Rosenthal’s solution, the details of which are provided below. 

As observed, Rosenthal’s solution is capable of providing accurate temperature data. 

  

Figure 4.1: Typical cooling rates as measured experimentally and predicted by different 

computational tools, displayed as a function of linear energy input, which was calculated as the 

ratio between laser power P and scan speed v 
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The three-dimensional temperature field during welding with a point heat source is, according to 

Rosenthal, described as follows: 

𝑇 = 𝑇0 +
𝑄

4𝜋𝑘
∙

𝑒(
−𝑣𝑅
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where the laser beam is scanning the substrate along the x direction, y is the transverse coordinate, 

and z is directed orthogonally to the substrate surface. R is the distance from the laser point source, 

T0 is the initial domain temperature, Q is the effective power input (e.g., laser power multiplied by 

absorptivity, taken here as 0.35 as suggested in [106], v is the moving speed of the laser source 

along x, k is the thermal conductivity and α is the thermal diffusivity, both calculated at the melting 

temperature (see Table 4.1). The temperature field was calculated using MATLAB® within an (x-

z) plane along the weld line (y=0). The depth of the domain was 100 µm (z-direction) and its length 

(x-direction) was 1000 µm. Temperature was calculated at 1 µm distance intervals, for a total of 

100,000 grid points. The solution was iterated for different combinations of laser power and scan 

speed, with the purpose of sweeping a range of parameter values commonly available to most L-

PBF systems. Five scan speed values and six laser power values were used (see Table 4.1), 

resulting in a total of 30 combinations. Substrate temperature was kept constant at 200°C to match 

the preheat temperature commonly used in our SLM 125HL® system. 
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Table 4.1: List of process parameters and material properties for 316L stainless steel used in 

Rosenthal's solution to compute temperature distribution in the melt pool 

Property Value Units Ref. 

Laser power (P) 100, 150, 200, 250, 300, 350 W  

Scan speed (v) 500, 800, 1400, 2200, 3000 mm/s  

Substrate temperature (T0) 200 °C  

Melting temperature (Tm) 1375 °C [70] 

Thermal conductivity (k) 29.5 W/mK [74] 

Density (ρ) 7318 kg/m3 [73] 

Thermal diffusivity (α) 0.05 cm2/s [14] 

 

4.2.2 Laser melting experiments and sample characterization 

Three combinations of laser power and laser scan speed were selected after implementing the 

Rosenthal model (see details on the model results below) and used to print samples with our SLM 

125HL® L-PBF machine. The builds were square pillars with a size of 12 x 12 x 50 mm, printed 

vertically (e.g., parallel to the 50 mm side), as shown in Figure 4.2, using a 30 µm powder bed 

layer thickness and employing a 10 mm stripe scanning strategy with a 90° hatch rotation between 

consecutive layers. The powder used was gas-atomized 316L stainless steel (d10=25.24 µm, 

d50=40.09 µm, d90=61.37 µm), provided by SLM Solutions, the manufacturer of the L-PBF system. 

The chemical composition of the powder, as provided by the manufacturer, is shown in Table 4.2. 

The build plate was preheated to 200°C and kept at the same temperature for the entire duration of 

the printing process, which was carried out in an inert nitrogen atmosphere with oxygen 

concentration < 100 ppm. 
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Table 4.2: Chemical composition of the 316L stainless steel powder used in the experiments 

Element 

(wt%) 

Cr Ni Mo Mn Si N C P S Fe 

 17.34 10.74 2.28 1.14 0.63 0.1 0.01 0.026 0.014 Bal. 

 

After being printed, the pillars were cut using a wire-EDM machine (Mitsubishi FA20S) in order 

to obtain smaller, square specimens for microstructural analysis, as well as dogbone specimens for 

tensile testing. As seen in Figure 4.2, microstructural analysis was performed close to the top and 

the bottom of the build, while the tensile specimens were extracted from the central section of the 

pillars. Mass density was measured using image analysis on the same cross-sections used for 

microstructural analysis. Porosity quantification was performed after converting micrographs 

acquired with optical microscopy (Olympus BX53M) into binary images using ImageJ software. 

After being machined, dogbone specimens (geometry details are provided in Figure 4.2) were 

polished down to a thickness of 1 mm using SiC sand paper to avoid premature failure during 

tensile testing caused by the presence of surface defects. The samples were mounted in an Instron 

8801 universal testing machine where they were uniaxially loaded in tension at a nominal strain 

rate of 10-3 s-1. The strain-measuring unit was a standard video extensometer (SVE 2663, Instron), 

which tracks the relative displacement of two small dots, drawn on the two opposite ends of the 

gauge length using a marker prior to the beginning of the experiments. Three samples were pulled 

for each set of printing parameters, for a total of nine tensile tests. 

Microstructural analysis was carried out by electron backscatter diffraction (EBSD) and scanning 

electron microscopy (SEM). To this purpose, all the specimens were first mounted and polished 
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using SiC sand paper (320, 600, 800, 1200 grit), then polished using 3 µm and 1 µm diamond 

suspensions on synthetic cloths, and finally a 0.06 µm colloidal silica suspension was used as the 

last polishing step. EBSD was performed on a Quanta 3D FEG SEM (FEI) using a NordlysNano 

EBSD detector (Oxford Instruments), while data were processed using HKL CHANNEL 5 

software package (Oxford Instruments). The size of the probed areas was kept constant at about 

700 x 700 µm, using a 1 µm step size. After EBSD, samples were etched with a 3:1 volume mixture 

of HCl to HNO3, respectively, and imaged again using the same SEM in secondary electron mode. 

 

Figure 4.2: On the left is a schematic representation of the printed pillars along with location of 

EBSD and tensile testing samples extracted through wire-EDM. On the right is a detailed view of 

the dogbone specimen’s geometry (thickness is 1 mm); all units are in mm 

4.3 Results 

4.3.1 Rosenthal solution for predicting solidification parameters 

Once the temperature field is known within the domain, the temperature gradient (G) can easily 

be calculated along the solid-liquid interface by vectorially adding the two components Gx and Gz. 

The angle β between the heat flow direction and the laser scanning direction can be calculated as 
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𝛽 = tan−1 𝐺𝑧

𝐺𝑥
 and, as explained by Debroy et al. [5], it is known to be linked to the solidification 

rate R through the laser scan speed v through 𝑅 = 𝑣 cos 𝛽. It is worth noting though that this 

formula only holds true in the case of a steady-state straight laser scan and hence it may not be 

applicable in proximity of sharp laser turns, part edges or corners, overhangs, and near the ends of 

vector scan lines. The solidification parameters G and R correspond to local values and therefore 

can significantly vary along the solid-liquid interface. The results reported in this work were 

calculated for a point at 50% melt pool depth and thus represent an intermediate condition between 

the beginning stage of solidification (deepest point of the melt pool) and its final stage (tail of the 

melt pool). Due to the significantly different melt pool depth values obtained with the 30 (P-v) 

combinations, selecting an arbitrary fixed depth value to calculate solidification parameters would 

have led to inconsistencies as, for each of the 30 (P-v) combinations, the fixed value would have 

been at different positions relative to the melt pool depth (for instance, for some of the (P-v) 

combinations, this fixed depth might be deeper than the melt pool itself). 

The results from the 30 runs of the Rosenthal solution obtained by changing values of laser power 

P and scan speed v are collected in Figure 4.3. Temperature gradient G, solidification rate R as 

well as cooling rate G∙R and G/R ratio are plotted with respect to linear heat input (P/v). Both G 

and R (and subsequently G∙R) are inversely proportional to the heat input (Figure 4.3a, Figure 

4.3b, Figure 4.3c), while Figure 4.3d suggests a weak direct proportionality between G/R and heat 

input. Data are fitted using power laws, as shown in the equations displayed within the graphs. 

Figure 4.3d indicates that even with significant changes in the heat input used for printing parts, 

the G/R ratio does not vary over even one order of magnitude, as it lies between 100 and 200 

Ks/mm2.  



81 
 

 

Figure 4.3: Solidification parameters expressed as function of the linear energy input P/v 

4.3.2 Selectively laser melted square pillars 

To probe the extent to which one can vary G/R as much as possible while still maintaining a highly 

dense part, we used the results of the Rosenthal model to guide the selection of three different laser 

power-scan speed combinations with increasing P/v values, ranging from 0.15 to 2 J/mm. This 

choice for both the low and high energy boundaries was aimed at avoiding excessive lack-of-fusion 

porosity on one side, and a disproportionate amount of laser keyholing, on the other. The three 

selected combinations are shown in Table 4.3 and were chosen to probe the full extent of our SLM 

125 HL® system relative to the corresponding G∙R and G/R values. A laser power value of 60 W 

was chosen with a scan speed of 30 mm/s to produce the first square pillar having an energy input 
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of 2 J/mm (hereafter referred to as Sample 1). A second combination of 175 W laser power paired 

with a 750 mm/s scan speed was chosen following the manufacturer’s recommended settings for 

a 30 µm layer of 316L powder to print Sample 2, yielding a 0.23 J/mm energy input. Finally, a 

laser power value of 380 W (95% of the maximum output power of 400 W for our SLM 125 HL® 

system) was chosen with a scan speed of 2500 mm/s to yield the lowest energy input value of 0.15 

J/mm and to print Sample 3. The pillars required significantly different printing times, with Sample 

1 requiring the longest time (22 hours and 50 minutes). The similar times required by Samples 2 

and 3 are due to the fact that a reduced hatch spacing of 0.025 mm (compared to a nominal 0.12 

mm) was used for the latter in order to maximize part density, as suggested by Sun et al. [85] in a 

study performed using an identical L-PBF system. The three square pillars are shown in the top 

portion of Figure 4.4 in their as-printed conditions. Fully dense, accurately sized samples were 

produced, although non-homogeneous surface coloring was observed when using parameters 

different from those recommended by the manufacturer. Representative polished cross-section 

images, used for the density measurements, are shown in the bottom portion of Figure 4.4. All 

samples show very high density (>99.5%) with circular pores generally smaller than 10 µm, most 

likely due to entrapment of gas bubbles during solidification. Only Sample 3 shows occasional 

signs of larger, non-spherical, lack-of-fusion pores, such as the one highlighted in Figure 4.4. 

Kamath et al. [32] described such pores as the result of insufficient melt penetration in the z 

direction and Cherry et al. [33] showed how they can play a detrimental role to mechanical 

properties of manufactured parts. 
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Table 4.3: Process parameters and Rosenthal-predicted solidification parameters of the three 

selected samples printed in this study 

Sample # 1 2 3 

Laser power (P) 60 175 380 

Scan speed (mm/s) 30 750 2500 

Hatch spacing (mm) 0.12 0.12 0.025 

Energy input, P/v (J/mm) 2 0.23 0.15 

Print time (h:min) 22:50 4:24 4:47 

Temperature gradient G (K/mm) 7.9∙103 1.9∙104 2.3∙104 

Solidification rate R (mm/s) 15 137 176 

Cooling rate (K/s) 3.1∙105 2.7∙106 4.2∙106 

G/R (Ks/mm2) 194 141 132 

 

Figure 4.4: Printed pillars (top) and polished cross-sections (bottom) showing that density >99.5% 

was achieved in all specimens. Occasional lack of fusion pores are observed in the sample printed 

at 380W and 2500 mm/s 
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4.3.3 Microstructural characterization 

Representative EBSD orientation maps, which were acquired in two distinct locations for each 

sample (see Figure 4.2) and color coded according to standard IPF color key with reference to the 

build direction z, are shown in Figure 4.5. The majority of grains in all three builds have a preferred 

crystallographic orientation along <100>{001}. Thijs and coworkers [107] have shown how the 

strong directionality of heat flow during L-PBF produces highly anisotropic microstructures and, 

as a result, how most grains exhibit high aspect ratios and develop lengths of hundreds of microns, 

spanning across several printed layers without being limited by melt pool boundaries. The average 

grain length increases from left to right in Figure 4.5 and there appear to be no significant 

differences in the microstructural features from the bottom to the top of the build. While most 

grains seem to grow nearly vertically in Samples 2 and 3, a “tilt” with respect to the build direction 

z can be observed in the growth direction of most grains within Sample 1. 

 

Figure 4.5: EBSD orientation maps obtained from samples located at the top and bottom of each 

build 
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Etched micrographs are shown in Figure 4.6 where both melt pool lines and grain boundaries are 

visible. The solidification structure is that of columnar cells for all three pillars, with large, 

elongated grains containing tens to hundreds of submicrometric cells separated by low-angle grain 

boundaries. These cells mostly grow in an anti-parallel direction with respect to the highest thermal 

gradient, and their size is inversely proportional to the cooling rate experienced by the 

solidification front. Cell size varies among Samples 1-3, as shown in Figure 4.6, with the 

corresponding cell sizes noted in each subfigure.  

 

Figure 4.6: Etched micrographs showing columnar cells solidification microstructure. Cell size 

gets smaller moving from Sample 1 to Sample 3 

4.3.4 Mechanical characterization results  

Three samples were tested for each P-v combination and the average results including standard 

deviation values for yield strength (σys) calculated from a 0.2% offset, ultimate tensile strength 

(UTS), and elongation (%) are summarized in Table 4.4. All samples exhibit both yield and 

ultimate tensile strength well above the ASTM A240 standard [108], while only Samples 1 and 2 

also satisfy the minimum elongation requirements. 
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Table 4.4: Mechanical properties of the tensile dogbone specimens 

Sample # Yield strength σys 

(MPa) 

Ultimate tensile strength 

(MPa) 

Elongation 

(%) 

1 517±2 633±2 74±9 

2  492±5 619±24 46±11 

3  441±10 529±18 21±7 

ASTM A240/A240M [108] 170 485 40 

 

4.4 Discussion 

The decision to plot the solidification parameters as a function of the ratio between laser power 

and scan speed is due to the physical meaning of the latter. The P/v ratio, also called linear energy 

density, represents the heat input per unit length of distance traveled by the laser source and has 

been extensively used in the literature as a metric to compare different process conditions. Figure 

4.3a shows an inverse dependence of the temperature gradient with respect to the P/v ratio, which 

was fitted with a power law curve and can be motivated as follows. Considering any point along 

the laser trajectory, the characteristic time for laser dwell is given by σ/v, where σ is the laser spot 

size and v is the scan speed. For our system (σ=80µm) operating at 750 mm/s, tdwell has a value of 

107 µs. In comparison, the characteristic time for heat to diffuse away from the melt pool is 𝑡 =

𝜎2 𝛼⁄ , where α is the thermal diffusivity (~5*10-6 m2/s for 316L at Tm), thus yielding theat=1280 

µs, more than one order of magnitude higher than tdwell. In such a system, where the dissipation of 

heat is much slower than its addition, as the heat input is increased the excess energy saturates the 

melt pool and its surrounding volume, rendering the temperature distribution more homogeneous, 

and thus lowering thermal gradients. Typical temperature gradients predicted by the Rosenthal 

solution and shown in Figure 4.3a lie within the range of 104-105 K/mm, and are in good agreement 
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with the values reported by Roehling et al. [101] for L-PBF additive manufacturing. A similar 

trend is observed in Figure 4.3b, as solidification rate also shows inverse dependence with respect 

to the P/v ratio. Since R is defined as 𝑅 = 𝑣 cos 𝛽, an increase in scan speed leads to an increased 

solidification rate; if that was not the case, the melt pool would “lag” behind the laser beam and 

its length would keep increasing with time, which is not observed in a steady-state L-PBF process. 

Furthermore, as previously explained, since an increase in laser power leads to an increase in heat 

accumulation in the melt pool, this also translates into a slowdown of the solidification process 

that now requires dissipation of this additional heat upon cooling, hence the motivation of the 

inverse dependence of solidification rate R with respect to laser power P. Cooling rate (G∙R) also 

appears to be inversely dependent on the P/v ratio, as shown in Figure 4.3c. The exponent of the 

fitted power law is virtually -1, indicating that cooling rate is linearly proportional to the inverse 

v/P ratio. Kistler et al. [109] provided an analytical expression for the cooling rate of a point along 

the laser traveling direction, the expression was obtained from Rosenthal’s solution and yields 

𝑑𝑇

𝑑𝑡
= 2𝜋𝑘

𝑣

𝑃
(𝑇𝑚 − 𝑇0)2. We can observe that cooling rate is indeed directly proportional to v/P, 

confirming what is observed in Figure 4.3c. Moreover, from the cell size values shown in Figure 

4.6, we can calculate the expected cooling rates using the empirical equation derived for stainless 

steels [89]: d=80*Ṫ-0.33 where d is cell size and Ṫ is the cooling rate. Values of 8.7∙105 K/s for 

Sample 1, 2.6∙106 K/s for Sample 2, and 4.7∙106 K/s for Sample 3 are obtained and show good 

agreement with those predicted by Rosenthal’s solution shown in Table 4.3. 

Finally, Figure 4.3d shows what seems to be a very weak link between the resulting grain 

morphology and the combination of chosen laser power and scan speed values, resulting in a range 

of G/R values that lie between 100 and 200 Ks/mm2 for all selected combinations of L-PBF 

parameters. As a direct consequence, the only grain morphology observable in all the printed 
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samples is that of columnar cells, as showcased in all of the micrographs in Figure 4.6. Although 

the chosen combinations of laser power P and scan speed v translate into significantly different 

values of thermal gradient G and solidification rate R, the ratio G/R does not vary enough to form 

grains with morphologies different than that of columnar cells. It is well known from directional 

solidification theory that, as G/R decreases, the system shifts from a planar solidification interface 

to columnar cellular, then to columnar dendritic and, finally to equiaxed dendritic. The value of 

G/R required for a planar solidification interface is usually very high and seldom achievable 

through conventional processing of most alloys. Kurz and Fisher [88] defined this value as 

G/R=ΔTL/D, where ΔTL represents the solidification interval (~50 K for 316L) and D is the solute 

diffusivity within the liquid phase (rule of thumb value of 10-9 m2/s for liquid steel). This leads to 

a G/R value of 5∙104 Ks/mm2 for 316L, which far exceeds the range of G/R predicted by 

Rosenthal’s solution for L-PBF. On the other hand, Hunt [110] showed how the columnar to 

equiaxed transition (CET) is commonly observed for most metallic alloys at constant Gn/R values, 

with n=3.4 for steel. Lekakh et al. [111] found that G3.4/R values of about 103-104 are low enough 

to induce the formation of equiaxed grains in austenitic stainless steel castings. For comparison, 

the G3.4/R values in all of our cases lie within the range of 109-1010, possibly explaining why 

equiaxed nucleation is never observed in our L-PBF-processed 316L samples. The remaining 

possible microstructures are therefore those of columnar cells or columnar dendrites, the latter of 

which we did not observe in our samples but is commonly found in other additively manufactured 

alloys as observed by Buchbinder et al. [18] for aluminum and by Chen et al. [97] for nickel. 

EBSD orientation maps (Figure 4.5) show the typical microstructure of additively manufactured 

metals with long, highly-oriented grains spanning over several layers. All of our samples also show 

a cube texture along {100}<001>, which Cloots et al. [96] also observed for nickel and explained 
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being a common texture for all metals having a cubic crystal structure. While most grains appear 

to extend vertically (e.g., parallel to the build direction z) in Figure 4.5b, Figure 4.5c, Figure 4.5e, 

and Figure 4.5f, Figure 4.5a and Figure 4.5d instead show grains having different angles with 

respect to the build direction, leading to various degrees of tilt in the resulting microstructure. As 

previously explained, since the growth direction of columnar cells is commonly anti-parallel to the 

maximum thermal gradient direction, the tilt shown in Figure 4.5a and Figure 4.5d is a 

consequence of a non-vertical maximum thermal gradient observed in Sample 1. This, in turn, is 

a product of the melt pool shape and its angle β. Figure 4.7 includes characteristic temperature 

distributions of the three considered cases, as predicted by Rosenthal’s solution. The shape of the 

molten region (represented by the yellow area in each subfigure) is strongly dependent on the 

process parameters used. In particular, these images highlight how melt pool length strongly 

depends on laser scan speed: yielding long, shallow and flat melt pools when the process is carried 

out at relatively high scan speeds (102-103 mm/s) typical of L-PBF. On the other hand, deeper, 

tear-shaped melt pools are formed at lower scan speeds (100-101 mm/s) typical of DED processes. 

A schematic representation of these different melt pool shapes along with red arrows indicating 

the direction of maximum temperature gradient is shown in the bottom-left corner of Figure 4.7 

(adapted from Ref. [5]) where scan speed increases from case (c) to case (a). In the bottom-right 

corner we report the values for β angle extracted from Rosenthal’s solution for the three printed 

samples. When the laser is moving at relatively high scan speeds (750 and 2500 mm/s), the 

majority of the resulting melt pool has β > 70°, explaining the nearly vertical grain growth observed 

in Figure 4.5b, Figure 4.5c, Figure 4.5e, and Figure 4.5f, while a slow scan laser (30 mm/s) leads 

to a strongly location-dependent β angle, varying between 30° and 90°, which leads to grains 
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growing with different tilt angles with respect to the build direction z, as observed in Figure 4.5a 

and Figure 4.5d. 

 

Figure 4.7: Top: characteristic temperature distributions calculated from Rosenthal’s solution for 

the three cases considered. As scan speed increases, melt pool becomes shallower, longer, and 

flatter. Bottom left: schematic representation of melt pool shape dependence on scan speed (scan 

speed increases from (c) to (a)), adapted from [5]. Bottom right: melt pool angle dependence on 

position within the melt pool for all studied cases. This angle effectively controls the growth 

direction of columnar grains 
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All samples show outstanding mechanical behavior in terms of both yield strength and ultimate 

tensile strength, with respect to the ASTM A240 standard [108] requirements of 170 MPa and 485 

MPa, respectively. Zietala et al. [112] suggested that the high strength of AM components is the 

result of several concurring factors such as a refined microstructure due to high cooling rates, a 

high dislocation density and presence of residual stresses. It is noteworthy to mention that, 

although all of our samples have strengths greater than the required minimum, the strength values 

of Sample 3 are appreciably lower when compared to the other two samples. This behavior can be 

attributed to the combination of large, elongated (up to 600-700 µm) grains, as observed in Figure 

4.5c and Figure 4.5f and the lack-of-fusion defects, as observed in Figure 4.4. Although Wang et 

al. [113] observed occasional low elongation to failure in AM samples, and attributed it to a 

combination of factors such as: (i) tradeoff between strength and ductility, (ii) dislocation pileup 

at grain boundaries, and (iii) presence of irregularly shaped defects such as lack-of-fusion porosity, 

the ductility values for almost all of our samples were greater than the 40% lower threshold set by 

the ASTM standard, with some specimens exhibiting tensile elongation to failure values of up to 

87%. The poor elongation to failure of the Sample 3, which prematurely failed at an average 

elongation of 21%, is most likely attributed to the presence of the lack-of-fusion defects shown in 

Figure 4.4. These high-aspect defects were oriented perpendicular to the uniaxial testing direction 

and therefore acted as stress concentrators, leading to a decrease in tensile ductility. Elimination 

of this type of defect is possible through the application of fine adjustments to process parameters, 

such as a small decrease in scan speed or increase in laser power to ensure complete bonding 

between printed layers. 
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4.5 Conclusions 

We used an intentionally simple, yet validated, point heat source model based on Rosenthal’s 

solution to predict solidification parameters such as temperature gradient (G), solidification rate 

(R), cooling rate (G∙R), and G/R ratio as a function of selected process parameters, namely laser 

power (P) and scan speed (v). Using these results as a guide, we selected three different 

combinations of laser power P and scan speed v to print square pillar specimens designed to 

systematically explore the broadest possible G/R range available to our L-PBF system for 316L 

stainless steel. We characterized the microstructure and uniaxial tensile strength of the three pillars 

and drew correlations between these experimental findings and predictions from the analytical 

model. In summary, we demonstrated that: 

Rosenthal’s solution provides a fast, yet accurate, way to quantitatively correlate process 

parameters with solidification parameters. We show that G, R, and their product G∙R display a 

strong, inverse proportionality with respect to the P/v ratio, also known as linear energy input. 

Nevertheless, the G/R ratio – which is directly linked to the morphology of the resulting 

microstructure – does not seem to be greatly affected by the chosen P/v ratio and remains within 

the range of 100-200 Ks/mm2 for most experimentally-realistic L-PBF P-v combinations. 

The same columnar cellular microstructure is observed in all three pillars printed with different 

P/v ratios, although exhibiting different cell sizes. A different degree of grain alignment with 

respect to the build direction z is seen as a function of melt pool shape, which is strongly affected 

by the scan speed of the laser source. When L-PBF is performed at low speed (30 mm/s in this 

study), the melt pool shape and the resulting microstructure resemble that produced in a DED 

process. 
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All three samples exhibited >99.5% density and both high yield strength and high ultimate tensile 

strength, although processed with very different sets of parameters. Although poor elongation to 

failure was observed in the 380 W, 2500 mm/s sample (averaging 21% vs a minimum of 40% 

according to ASTM 240), which was most likely due to the presence of internal lack-of-fusion 

porosity, the other samples exhibited elongation values that exceeded the ASTM standard. 

Control of microstructural morphology, such as achievement of columnar-to-equiaxed-transition 

(CET), proved unfeasible for L-PBF processed 316L stainless steel through process parameter 

control; instead, the stability of the cellular structure was demonstrated. Other routes, such as 

inoculation with grain refining agents or different laser spatial energy distributions seem to be 

more effective in tailoring the microstructure of 316L parts built using L-PBF. 
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Chapter 5 : Residual stress study 

 

5.1 Introduction 

During laser powder bed fusion additive manufacturing (LPBF-AM) an object is printed in a layer-

by-layer fashion using a high energy beam (either laser or electron beam) to consecutively melt 

thin layers of metallic powder. One of the inevitable consequences of this approach, due to the 

usage of a localized heat source, is the creation of steep temperature gradients in and around the 

melt pool. These high thermal gradients can be detrimental to LPBF-AM as they cause buildup of 

residual stresses during cooling which, in turn, carry the potential for part distortion upon removal 

from the build plate. Direct consequences include loss of dimensional and geometric tolerances, 

decreased fatigue resistance due to the presence of tensile residual stresses at the part’s surface 

and, in the worst cases, if the distortion is great enough to prevent the coating device from 

spreading a fresh layer of powder on the build platform, premature failure of the print job and 

damage to the 3D printer. 

Numerous studies have been dedicated to the analysis of the magnitude and distribution of residual 

stresses, both with experimental measurements and computational tools. Experimental approaches 

include non-destructive testing methods taken from the welding community such as X-Ray 

diffraction (XRD) [114]–[116], neutron diffraction [117]–[119] as well as destructive methods 

such as Vickers micro-indentation [120], [121] slicing/contouring [122], and hole-drilling [123]. 

Computational analysis of residual stresses generally includes finite element analysis (FEA) 

models that compute the temperature fields as a function of time during the build of a 3D part and 

use these values to numerically solve an elasto-plastic model to calculate stresses and strains within 

the part [124]–[126].  
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Although the results from both experimental and modeling tools are highly dependent on the 

geometry of the component being printed, some common findings for simple geometries (such as 

thin-wall) are usually agreed upon. For instance, presence of significant tensile longitudinal 

stresses at mid-wall length are observed, with the normal stress component having the opposite 

behavior, and with transverse stresses being usually negligible. Alloys with higher yield strengths 

also seem to retain higher residual stresses, with nickel-based and titanium alloys generally 

showing higher stresses than steels [127], [128]. The laser scanning strategy seems to also play an 

important role in the nature and magnitude of residual stresses as it dictates the thermal field within 

the part being printed. Unfortunately, conflicting evidence appears from the literature: for instance, 

Liu and coworkers [115] observed a much larger residual stress parallel to the laser scanning 

direction compared to that perpendicular to it. As a result, lowering the scan line length and using 

an island scanning strategy appears to have had beneficial effects on residual stresses. Nonetheless, 

Mercelis and Kruth [129] report opposite findings: higher values of stress perpendicular to the 

laser scanning direction and lower values of stress parallel to the laser scanning direction. They 

also report that using a square island scanning strategy leads to an overall lower maximum stress 

value and to more equally-distributed x and y stress components, although they observe that 

decreasing the island size from 10 to 5 mm does not seem to appreciably influence the stress value. 

Beneficial effects of using a preheated build plate were also observed since this leads to lower 

temperature gradients, while heat treatment with a second laser pass on each layer using a 50% 

laser power only lead to a marginal reduction in residual stresses, suggesting that the localized 

nature of laser heating is the main cause of residual stress formation. These findings are 

corroborated by a comparison of residual stresses between LPBF and electron beam melting 

(EBM) performed by Sochalski-Kolbus and colleagues [130]: EBM produces parts with much 
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lower residual stresses due to the high preheating temperature of the powder bed (950 °C for IN 

718) that yields a more homogeneous temperature distribution and therefore lower thermal 

gradients. In their recent work [11], [15], [103], [128], [131] Mukherjee et al. introduced the strain 

parameter ε*, a dimensionless number related to thermal strain, being a function of both material 

properties and process parameters: 

 𝜀∗ =
𝛽∆𝑇

𝐸𝐼

𝑡 𝐻3 2⁄

𝐹√𝜌
 

where β is the volumetric coefficient of thermal expansion, ΔT is the maximum rise in temperature 

during the AM process, E and I are the elastic modulus and moment of inertia of the substrate, 

respectively, while t is the characteristic time, H the linear energy input (laser power divided by 

scan speed), F is the Fourier number, and ρ is the density of the alloy powder. A swift calculation 

of the strain parameter is not an easy task since both F and ΔT require knowledge of the maximum 

melt pool temperature and melt pool size, therefore they need to be computed by using a thermal 

model such as the one developed by Debroy and coworkers [132], [133]. Nonetheless, the formula 

suggests an increase in stress-induced strain with higher energy inputs (H), as also observed by 

Liu et al. [115] on SLM-processed 316L stainless steel. Opposite results were instead reported by 

Wu et al. [118], showing how lower energy input lead to a net decrease in displacement observed 

through digital image correlation (DIC) of L-shaped samples fabricated with LPBF. Finally, in 

their recent work, Simson et al. [116] did not observe any dependence of residual stress on energy 

input for samples with relative structural density above 99%. The disagreement between these 

studies suggests that further research is needed to understand if any relationship indeed exists 

between the process parameters that determine energy input and the resulting residual stresses and 

deformation in components processed through LPBF. Moreover, an additional parameter that can 

be easily controlled in many AM processes is the inter-layer dwell time: Denlinger and colleagues 
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[134] studied the effects of 0 s, 20 s, and 40 s inter-layer dwell times on the residual stress and 

deformation of additively manufactured IN625 and Ti-6Al-4V. Opposite behavior was found for 

these two alloys, suggesting that the chemistry of the processed material may play an important 

role in the strategy for the minimization of residual stresses. It was in fact observed that stress and 

deformation decreased with longer inter-layer dwell times for IN625, while they increased with 

longer inter-layer dwell times for Ti-6Al-4V. The authors suggested that the β→α allotropic phase 

transformation of titanium and the different thermal expansion properties of these two phases may 

play a role in the annealing of the residual stress.  

Hence, given the necessity for a better understanding of the effects that the energy input and inter-

layer dwell time have on the stress-induced deformation in AM components, we performed a 

design of experiments study (DoE) to determine which process parameters have the strongest 

effects on residual stresses in 316L stainless steel material. We printed two sets of 12 cantilever 

beams by varying selected process parameters. Measurements of residual stress of the beams’ top 

surface were performed using XRD, while stress-induced deformation was quantified through 

DIC. These experimental results were compared to those predicted using a Python implementation 

of Abaqus 16.14. Our findings are discussed and provide valid strategies for the prediction and 

minimization of residual stress in LPBF-AM. 
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5.2 Materials and Methods 

5.2.1 Process parameter matrix 

A D-optimal DoE study was implemented to investigate the effects that three selected LPBF 

process parameters have on the deformation caused by residual stresses. The three selected 

parameters were laser scan speed u, hatch spacing between scan lines h, and minimum inter-layer 

cooling time t, each of them varying over three levels. In order to maximize the D-efficiency, 12 

samples were fabricated (Table 5.1), with two samples being duplicates (Sample 2 was printed 

under identical conditions as Sample 1, and Sample 5 was printed as a replicate of Sample 4). The 

experiment was run twice, for a total of 24 samples being fabricated. The reason for the second set 

of samples was to assess the effect that removing the samples from the build plate has on the stress-

induced distortion. It is well established that residual stress measurements are highly influenced 

by the elastic modulus E of a material, which is, in turn, strongly dependent on bulk porosity [135]. 

To limit the formation of porosity, a laser power of 225 W was chosen and kept constant 

throughout the experiment along with a 50 µm thickness for the layer of 316L stainless steel 

powder being spread on the build area of our LPBF system. In order for all the samples to exhibit 

high density (>99%), the laser scan speed was varied within a region narrow enough (based on 

previous studies) to guarantee proper melting conditions and avoid either (i) creation of lack of 

fusion porosity (u>1200 mm/s) or (ii) entering the unstable keyhole regime (u<500 mm/s) and 

consequently inducing keyhole porosity. The laser beam had a 1/e2 spot size of 80 µm, for which 

a 120 µm hatch spacing is recommended by the manufacturer: wider hatch spacing would have 

led to insufficient melting and consequently caused lack of fusion porosity, therefore narrower 

spacing values (50 and 80 µm) were chosen, to ensure better melt pool overlap at the expense of 

increased printing time. The minimum inter-layer dwell time was varied over three levels (0, 45, 

and 120 s) and is defined as follows: if the time required to print a layer is longer than the minimum 
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inter-layer dwell time, the system promptly proceeds to recoat the build area with fresh powder 

and exposure on the next laser starts immediately afterwards. If, instead, the time required to print 

a layer is shorter than the minimum inter-layer dwell time, then the system will wait until the 

minimum inter-layer dwell times has passed before recoating the build area with fresh powder. 

This operation allows for further dissipation of the heat deposited during the exposure of the last 

layer and homogenizes the temperature field within the part and the powder bed. 

Table 5.1: Process parameters varied in the DOE study 

Sample 

number 

Scan speed 

(mm/s) 

Hatch spacing (µm) Inter-layer 

dwell time (s) 

Notes 

1 500 50 120  

2 500 50 120 Replicate of Sample 1 

3 750 80 120  

4 1200 120 120  

5 1200 120 120 Replicate of Sample 4 

6 500 120 45  

7 750 50 45  

8 1200 80 45  

9 500 80 0  

10 500 120 0  

11 750 120 0  

12 1200 50 0  
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5.2.2 Sample geometry: the ‘alligator’ cantilever beam 

The geometry and dimensions of the cantilever beam samples are shown in Figure 5.1. Other 

authors [136], [137] have investigated similar geometries, showing how the alternation of ‘legs’ 

and hollow areas reduces the overall flexural rigidity of the structure, enhancing the deformation 

caused by residual stresses. Once the specimen is cut orthogonally to the legs by using a wire-

EDM system, the bottom and top portions of the beam will separate from each other under the 

effect of stress-induced deformation, thus resembling the open mouth of an alligator, with a set of 

‘teeth’ represented by the cut legs. 

 

Figure 5.1: Geometry of the cantilever beam. All dimensions are in millimeters 

5.2.3 Print job and sample characterization 

All the samples were printed using an SLM 125HL® LPBF machine by SLM Solutions. The 24 

samples were printed in six separate jobs, using a new build plate for each job. This operation was 

necessary because the inter-layer dwell time is set prior to the start of the build job and is therefore 

a parameter shared between all the samples printed within the same job. The build plates, made of 

annealed 316L stainless steel, were preheated to 200°C and kept at that temperature for the entire 

duration of the printing process, which was carried out in an inert nitrogen atmosphere with an 

oxygen concentration kept below 100 ppm. The powder used was gas-atomized 316L stainless 

steel (d10=25.24 µm, d50=40.09 µm, d90=61.37 µm), provided by SLM Solutions. The scan strategy 
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employed a 5 mm-wide stripe with a 0.05 mm overlap, furthermore a 90° hatch rotation between 

consecutive layers was implemented, as shown in Figure 5.2.  

 

Figure 5.2: Layers were printed with a 5 mm stripe scanning strategy that was rotated 90° between 

each layer 

One set of samples was left on the build plates, which were sliced with a band saw to allow them 

to fit inside the XRD system. The remaining set of samples was instead removed from the build 

plate using wire-EDM (Mitsubishi FA20S). Residual stress measurements were performed on the 

center (mid-length, mid-width) of the top surface of the alligator samples using an X-Ray 

diffractometer (Rigaku SmartLab). This system employs a 2.2 kW Cu tube with a Kα1 radiation 

wavelength of 1.54056 Å, featuring a closed loop theta-theta vertical goniometer run in a parallel 

beam geometry. The irradiated area was narrowed down to a ~2 x 2 mm spot size by using a 2 mm 

vertical slit on the incident beam. Additionally, a secondary monochromator was applied to the 

diffracted beam in order to block Kβ, sample fluorescence, and white radiation. The sin 𝜓2method 

was adopted, probing the shift of the (113) peak under twelve different ψ angles between 0° and 

42°. The scan rate was 0.15°/min in the angular range (2θ) 89-92°. Assuming a state of biaxial 

plane stress existed at the top surface (σz=0), the in-plane principal stresses σx and σy cannot be 

individually determined, but a single stress value can be obtained from the specimen’s surface, σΦ. 

The value of this stress component σΦ was calculated by fitting datapoints in the 2θ-sin 𝜓2plot 

with a straight line. The elastic constants required for the stress calculations are the material’s 

elastic modulus (E=193 GPA for 316L SS) and Poisson’s ratio (v=0.25 for 316L SS) [138]. The 
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stress measurements were performed twice on each sample: before and after a mid-height cut 

parallel to the top surface had been performed using the wire-EDM in order to slice the ‘teeth’ 

open and release part of the accumulated thermal stress. All specimens were sent to QPlusLabs 

[139] in Irvine (CA), where additional non-contact DIC measurements were performed to obtain 

a three-dimensional reconstruction of the specimens both before and after cutting the ‘teeth’, in 

order to quantitatively assess the deformation caused by the stress release upon slicing. 

5.2.4 FEA approach – Model summary 

The FEA model solves a nonlinear time-dependent thermomechanical coupled system to 

determine the effect of thermal expansion and plasticity on stress and deformation using Abaqus 

SIMULIA™. The model solves for transient heat transfer, convection, radiation and uses a 

Gaussian heat source; elasticity-plasticity equilibrium is considered as well.  

The moving heat source follows a Gaussian energy distribution, according to the equation written 

below [7], where the power is Q0= 225 W and the beam radius is σ = 80 µm. 

Gaussian 𝑄 = 𝑄𝑜𝑒
−(

(𝑥−𝑥𝑜(𝑡))
2

2𝜎2 + 
(𝑦−𝑦𝑜(𝑡))

2

2𝜎2 )
                           

The powder particles can be modeled explicitly or represented by a continuum body with adjusted 

properties that are isotropic and homogenous. Modeling explicitly the powder particles can offer 

increased accuracy and microscopic insight, but has serious effects on the computational time 

required. Therefore, the powder particles are simulated in a reduced order fashion, as a continuum 

body with adjusted material properties. The different phases are modeled to simulate powder, 

mixed phase and solid phase properties. Material properties vary within a linear approximation 

between the bounding temperatures of the states and their values are listed in Table 5.2. The choice 

of the cut-off temperature is informed by CALPHAD phase change models using a non-coupled 
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approach in this work. Creation of additional layers occurs using Element Progressive Activation 

(EPA) where 1 x 1 x 0.25 mm elements are added on the top surface of the current geometry of 

existing elements in a layer-by-layer fashion to simulate the powder deposition. The stripe 

scanning strategy used in the experiment was reproduced in the simulation through a Python add-

on. Linear hexahedral three-dimensional (3D) reduced integration elements (C3D8RT) are used 

for the base plate and linear hexahedral continuum shell elements (SC8RT) for the layers. 

Radiation losses from the free surfaces as well as heat transfer from the bottom surface are 

accounted for in the present model. The most significant heat transfer mechanism occurs via the 

conduction of the powder bed and solidified regions. Gravity is considered as a force load on the 

elements, since significant node displacements can occur due to the effect of gravity [140]. Using 

larger implicit method time increments reduces computational time but introduces instability. In 

the explicit method, the time step influences convergence to a solution, can lead to high 

computational times but is more accurate. In this model, an implicit method was used with a time 

step of 0.005 s. Symmetry (geometric, boundary condition, scanning pattern) was used to reduce 

computational time in the part level FEA simulation. The simulated results of Von Mises stress 

values were collected over the nodes of one of the 1 x 1 x 0.25 mm elements located at the center 

of the top surface and then averaged to provide a representative sample that is comparable to 

experimental σΦ value obtained through XRD measurements. The standard deviation provides the 

variation of values in the volume considered. After composing the FEA part from the simulated 

AM process, the full part level design is wire-EDM cut in Abaqus SIMULIA™ to release residual 

stress and result in the deformation that is comparable to experimental measurements. The wire-

EDM cut in Abaqus SIMULIA™ was simulated using the Johnson-Cook Method and ALE 

adaptive meshing. The height of the modeled cantilever beam at one end was measured before and 



104 
 

after the cut and the values compared with those obtained through DIC. The σxx longitudinal stress 

component (parallel to the beam’s length) was also extrapolated from the FEA model and its 

variation across the beam’s thickness was correlated with the macroscopic warping observed at 

the free end. 
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Table 5.2: Parameters and material properties used in the simulation 

 Property Value  Unit  Comments  

Laser power:  225 W   

Heat source absorption 

efficiency:  

35% 
  

Laser beam diameter  70-80  µm Gaussian beam 

Layer thickness 50 µm   

Material  316L      

Base plate material 316L      

Hatch rotation  90 deg   

Scan speed  500 – 1200  mm/s  Levels 500, 750 and 1200  

Hatch distance  0.05 – 0.12 mm Levels of 0.05, 0.08 and 0.12 

mm  

Inter-layer dwell time  0-120  s Levels of 0, 45 and 120 s  

Scan strategy  5 mm stripe 

pattern  

 
Same as used for experiments  

Hatch rotation angle  90°    

Time increment 0.005 s  

Absorption  0.7   

Emissivity  0.7    

E (Elastic modulus) 193 GPa   

v (Poisson ration) 0.25    

Solidus temperature  1645 K  

Liquidus temperature  1703 K  

Melt temperature  1674 K  

Boiling temperature  2958 K   

Solid thermal conductivity  14.6  W/m-K   

Molecular weight  55.4  g/mol     

Latent heat of melting  12.5|227 kJ/mol| J/g   

Latent heat of vaporization  36.6|661 kJ/mol |J/g  

Specific heat at solid 39.2|0.71 J/mol| J/g-K  

Specific heat at melt 45.3|0.82 J/mol| J/g-K  

Specific heat at boil 999| 18  J/mol| J/g-K  

Density at solid  7305 kg/m3  

Density at melt  6921 kg/m3  

Density at boil  50  kg/m3  
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5.3 Results 

5.3.1 Sample printing and appearance 

All 24 samples printed successfully, although surface discoloration was present on some of them 

due to the use of non-optimal process parameters. Figure 5.3 shows one batch of 12 samples printed 

on three build plates before they were cut with wire-EDM. Each sample was labeled by printing 

its respective number on the top face, as observed for Sample #10 and Sample #11 in the inset of 

Figure 5.3. 

  

Figure 5.3: ‘Alligator’ cantilever beam samples in as-printed conditions 
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After the wire-EDM cut was performed on the samples, all samples experienced a vertical, upward 

deformation, as seen in Figure 5.4. The magnitude of the displacement at the free end - highlighted 

by the two red arrows in Figure 5.4 - varied from sample to sample and its relationship with the 

process parameters used to print each sample is discussed in the next sections. 

 

Figure 5.4: Two alligator samples display different vertical deflections as a result of wire-EDM 

cutting procedure of their ‘teeth’  

5.3.2 Top surface residual stress (experimental (XRD) vs FEA) 

Both experimental and FEA-predicted residual stress values at the center of the top surface are 

shown in Figure 5.5 for the alligator samples attached to the build plate. Before the wire-EDM cut 

takes place, all stress values are of tensile nature and are as high as ~550 MPa. Good agreement 

between experimental and simulated values is found for most samples, with an average 

discrepancy less than 15%. After the wire-EDM cut is performed, the stress changes to 

compressive and is therefore represented in Figure 5.5 by negative numbers. The magnitude of 

stress after wire-EDM cut is generally lower and does not exceed -300 MPa. Overall, there is no 

appreciable discrepancy between experimental and FEA-predicted values although it is observed 

that the simulation tends to slightly over-predict stress values, but it also worth pointing out that 

the experimental measurements are affected by a relatively large error, leading to wide confidence 

intervals. 
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Figure 5.5: Top surface residual stress of samples attached to the build plate. Experimentally 

measured values before and after wire-EDM cut are shown along with FEA model predictions 

Figure 5.6 shows the stress values of samples that were previously removed from the build plates. 

In this case, even before the wire-EDM cut is performed, most stress values are already 

compressive but the magnitudes are significantly lower when compared to those of the samples 

attached to the plate (Figure 5.5), indicating that a consistent portion of residual stress is released 

during the removal procedure from the build plate. After the wire-EDM cut is applied, the stress 

decreases in magnitude as observed by the FEA prediction, although the same trend is not clearly 

visible within the experimental results, most likely due to the wide confidence intervals. 
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Figure 5.6: Top surface residual stress of samples removed from the build plate. Experimentally 

measured values before and after wire-EDM cut are shown along with FEA model predictions 

5.3.3 Vertical deflection (experimental (DIC) vs FEA) 

As previously reported, when cutting the alligators ‘teeth’ through wire-EDM, a portion of the 

residual stress was released, causing a discernible macroscopic deformation leading to an upward 

bending of the sample’s top surface that was quantified by measuring the vertical displacement of 

the free end of each sample. This displacement (shown in Figure 5.4) was quantified from the DIC-

generated STL files (see Figure 5.7) and compared to that predicted by the FEA model. The results 

are summarized in Figure 5.8 and show displacement values as high as 3.5 mm (66% of the 

sample’s original thickness of 5.25 mm). Vertical displacement also appears to be slightly greater 

in the samples previously removed from the build plate when compared to their counterparts that 

were kept on the build plate. Furthermore, this trend is observed in both experimental and 

simulated values. Finally, the FEA model tends to predict higher displacement values when 

compared to the respective experimental values, for both samples on and off the build plates. 
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Figure 5.7: 3D reconstruction generated from the DIC scan of Sample #4. The vertical 

displacement of the free end was averaged from three separate measurements obtained from the 

DIC-generated STL file 

 

 

Figure 5.8: Vertical displacement after wire-EDM cutting. Experimental values are shown next 

to FEA-predicted values for samples both on and off the build plate 
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5.4 Discussion 

5.4.1 Top-surface residual stress and correlation with process parameters 

Volumetric energy density (VED) is commonly used to combine several process parameters to 

determine the amount of energy delivered per unit volume of powder bed. It is expressed as 𝑉𝐸𝐷 =

𝑃

𝑢ℎ𝑡
 where P is the laser power, u is the scan speed, h is the hatch spacing, and t is the powder layer 

thickness. Although the limitations of VED have already been discussed in Chapter 2, this physical 

quantity can still be useful to estimate the amount of energy transferred to the material being 

printed. In Figure 5.9 we plot the top surface residual stress (both experimental and FEA-predicted) 

for the samples attached to the build plate before the wire-EDM cut versus the VED used to print 

each sample, allowing us to effectively combine two of the three parameters varied in our study: 

scan speed u and hatch spacing h. 

  

Figure 5.9: XRD-measured residual stress at the center of top surface of samples attached to the 

build plate before wire-EDM cut, plotted versus the volumetric energy density used to print the 

samples. Stress is of tensile nature, with values as high as ~550 MPa and correlates well with the 

FEA-calculated Von Mises stress value 
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We observe a direct proportionality between VED and residual stress, suggesting that higher 

energy inputs lead to higher tensile stress values on the top surface. The stress seems to reach a 

plateau at ~110 J/mm3 as the values measured for the sample printed at 180 J/mm3 are not higher 

than those of the samples printed at 110-120 J/mm3 (note the wide confidence intervals). No 

apparent correlation was found between top surface stress and VED for the samples taken off the 

build plate; furthermore, no correlation was evident between the top-surface stress and VED after 

the wire-EDM cut was performed on the cantilever beams. These observations can be explained 

by noting that both the removal operation from the plate and the wire-EDM cut are procedures that 

relieve a large portion of the accumulated stress, and thus shadow the less evident dependence that 

may exist between the remaining residual stress and the different VED values used to process the 

parts. Finally, no appreciable dependence of stress with respect to inter-layer dwell time was 

observed, suggesting that the additional cooling time does not significantly influence the thermal 

gradients responsible for the development of the residual stress at the top surface. 

5.4.2 Displacement dependence on process parameters 

Surprisingly, an inverse dependence of vertical displacement with respect to VED was observed 

for both sets of samples (i.e., ‘on the plate’ and ‘off the plate’). Figure 5.10 shows both 

experimental and FEA-predicted displacement values plotted against VED, where a clear inverse 

relationship is observed. This inverse relationship is opposite to the one observed between stress 

and VED in Figure 5.9. The apparent discrepancy between the stress and displacement results can 

be explained by considering the type of deformation produced in the samples: the vertical 

displacement observed at the free end of the alligator samples is in fact more likely to be attributed 

to a variation of the σxx longitudinal stress component across the beam thickness, rather than on 

the average value of the Von Mises stress on the top surface. The Von Mises stress value is in fact 
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calculated from all the stress components of the Cauchy stress tensor and may not be representative 

of the type of deformation induced in this particular geometry.  

 

Figure 5.10: Vertical displacement at free end after wire-EDM cut, plotted versus VED. 

Displacement decreases with higher energy inputs 

5.4.3 Longitudinal stress gradient across beam thickness 

Given the poor correlation between the observed displacement at the free end and the Von Mises 

stress at the top surface, we investigated the spatial distribution of the σxx longitudinal stress 

component across the thickness of the beam. The values were extrapolated from the FEA model 

along a straight, vertical line running through the middle of one of the sample’s legs and moving 

all the way down from the top surface (point A in Figure 5.11) to the build plate (point B in Figure 

5.11). As observed in the stress gradient plots in the bottom section of Figure 5.11, the longitudinal 

stress component σxx has a positive sign (tensile stress) at the top surface for all samples, then 

decreases to negative values (compressive stress) towards the center of the beam’s thickness 
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(located at 2.625 mm above the build plate level) and finally reverts to positive values (tensile 

stress) again at the interface with the build plate (point B). 

 

Figure 5.11: The longitudinal stress component σxx is plotted along the A-B segment path (shown 

on top). The stress gradient plot across this path (bottom part of the figure) highlights how high 

tensile stresses are observed both on the top surface and at the interface with the build plate for all 

the specimens. Large compressive stresses are observed slightly below the thickness mid-point 

(which is located at 2.625 mm from above substrate level) 
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The local values of longitudinal stress are taken at the top surface (point A) and then plotted vs 

VED in Figure 5.12, resulting in a clear inverse relationship between stress and VED, very similar 

to the one observed between displacement and VED shown in Figure 5.10. This inverse correlation 

suggests that the observed deformation of this particular cantilever beam geometry is to be ascribed 

to the longitudinal stress component σxx rather than to the Von Mises stress values.  

 

Figure 5.12: The values of longitudinal stress at the top surface are plotted against the volumetric 

energy density used to print each sample. An inverse relationship is observed, highlighting how 

lower longitudinal stresses are obtained when higher energy inputs are used 

Therefore, higher longitudinal stresses are obtained when lower VED values are used, most likely 

because greater thermal gradients are developed across the part when lower energy inputs are 

employed, as previously shown in Figure 4.3. On the other hand, higher energy inputs tend to 

saturate the part with heat, homogenize the resulting temperature field and slow down the cooling 

rate. The resulting greater longitudinal stress gradients are then the cause of differential 

contraction/relaxation of the beam across its thickness once the constraint of the legs has been 
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eliminated with the wire-EDM cut. The strong tensile stress under which the top surface was 

subject to prior the cut can now be released by contracting the top portion more than the sections 

below. The macroscopic vertical displacement observed at the free end is nothing but the result of 

the integration of these longitudinal stress gradients across the thickness and therefore shows the 

same inverse trend of σxx when plotted against VED. 

5.5 Conclusions 

The effect of selected process parameters on residual stress and deformation of 316L stainless steel 

components fabricated via Laser-Powder Bed Fusion Additive Manufacturing (L-PBF AM) was 

investigated in a study that combined experimental measurements with FEM modeling. The 

findings were the following: 

1) Cantilever beam specimens were successfully printed using different combinations of three 

selected process parameters (scan speed, hatch spacing, inter-layer dwell time), using 

energy inputs ranging from 31 to 180 J/mm3 

2) The XRD-measured σΦ residual stress at the center of the top surface of all samples is 

tensile in nature and agrees with the FEM-predicted Von Mises stress value. Both values 

appear to be directly proportional to the volumetric energy density. These tensile stresses 

are mostly relieved/converted into slightly compressive stresses when the samples are 

either removed from the build plate or cut open at mid-thickness. The effect of inter-layer 

dwell time on the top surface stress appeared negligible when compared to the effect of 

energy input 

3) The DIC-measured values of vertical displacement of the free end resulting from wire-

EDM cutting agree with the FEM-predicted ones. These results also indicate that higher 

deflections are observed when low energy inputs are used to print the samples and therefore 
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show poor agreement with both the XRD-measured σΦ residual stress and the FEA-

predicted Von Mises stress 

4) The nature of the deformation observed for this particular sample geometry is in fact more 

directly correlated to the longitudinal stress component, σxx. The stress gradient of this 

component was plotted across the thickness of the cantilever beam and it was found that 

greater maximum tensile stresses and greater stress gradients are both observed in samples 

printed using lower VED values. The maximum tensile values of longitudinal stress σxx 

show in fact an inverse relationship with respect to VED and appear to be more strongly 

correlated to the macroscopic displacement observed at the beam’s free end 

5) As a direct consequence of point #4, higher energy inputs are recommended in order to 

minimize longitudinal stress gradients and consequent part distortion, provided that 

process parameters are carefully selected to avoid entering keyholing melting regime 

6) The FEM model under development at NASA JPL proved itself able to correctly predict 

both local stress values and macroscopic part distortions. Therefore, efforts on its 

verification and validation will be carried out in future studies focusing on different part 

geometries, scanning strategies, and alloys.  
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Chapter 6 : Conclusions and future work 

 

6.1 Conclusions 

This work has elucidated how the combination of material properties and selected process 

parameters affect the complex physical phenomena taking place during laser powder bed fusion 

additive manufacturing and how these physics will, in turn, dictate the properties of the parts 

fabricated with this process. We first focused on providing an experimental database to support 

the calibration of a surrogate model predicting melt pool contour. We did so by conducting a 

campaign of single-track laser melting experiments that also helped showing the limitations that 

affect Volumetric Energy Density (VED), a physical quantity commonly used in L-PBF, in 

describing the important transition between conduction and keyholing melting regime that takes 

place when alloy vaporization becomes predominant. While still useful to roughly estimate the 

amount of energy being transferred to the powder bed (we found that VED<100 J/mm3 were 

generally insufficient to melt 316L stainless steel), VED must be used with great care and critical 

approach, especially when exploring new parameter ranges or comparing experiments performed 

under largely different sets of processing parameters. Pairing laser melting experiments with high-

speed video imaging capabilities allowed us to also shed light on the formation mechanics of 

several morphological defects that result from the interaction between the laser beam, the liquid 

melt pool, and the surrounding solid powder particles. These defects, among which we observed 

melt pool break-up, bead formation, and powder bed denudation, tend to be exacerbated by the use 

of higher laser power and faster scan speed due to the increased volume of material being lifted 

off the bed. The cooling rates of the melt pool across the solidification interval (measured by high-

speed imaging and also predicted by a COMSOL model) were strongly dependent on the ratio 
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between laser powder and scan speed (with values as high as 7*106 K/s) and further demonstrated 

the strong out-of-equilibrium nature of L-PBF. Having observed this strong dependency of the 

cooling rate with respect to the processing parameters used, we used an analytical model to predict 

several solidification parameters as function of two selected parameters (laser power P and scan 

speed v). Solidification parameters such as thermal gradient (G), solidification rate (R), cooling 

rate (G*R) were found to be indeed strongly dependent on the P/v ratio, while the ratio G/R – 

which is responsible for the morphology of the solidified grains – was found to be relatively 

constant through a wide processing window. This indicated that in the case of 316L stainless steel 

the only microstructure that can be easily obtained in L-PBF is characterized by long, columnar 

grains that are divided into hundreds to thousands of sub-micrometric subgrains called cells that 

share the same crystallographic orientation. Achieving different grain morphologies, such as 

equiaxed dendrites, by means of process parameters control alone proved therefore unfeasible. 

These predictions were entirely corroborated by experimental evidence obtained from square 

pillars printed with an L-PBF system available at UC Irvine. Additionally, uniaxial tensile testing 

performed on these samples showed how L-PBF-processed 316L has mechanical properties (yield 

strength, UTS, elongation to failure) that are far superior to those of the same material fabricated 

through casting. Along with porosity, microstructure, and mechanical properties, also residual 

stresses and distortions play a major role in dictating the soundness of additively manufactured 

components. We conducted a Design of Experiments study, analyzing the effects that three 

selected process parameters (scan speed, hatch spacing, inter-layer dwell time) had on both 

residual stresses and deformation of a custom-designed cantilever beam geometry printed with the 

L-PBF system available at UC Irvine. Tensile Von Mises residual stress was found at the center 

of the top surface of all samples, with its magnitude being directly proportional to the energy input 
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(VED) used to fabricate the sample. These tensile stresses were mostly eliminated or converted 

into slightly compressive stresses after specimen removal from the build plate. On the other side, 

the vertical deflection of the free end resulting from wire-EDM cutting was found to be inversely 

proportional to the energy input used to print the samples. The development of a FEA model helped 

shedding light on this discrepancy in the observed results, showing how although the Von Mises 

stress seems to be directly proportional to VED, the longitudinal stress component σxx shows an 

inverse relationship with respect to VED. This suggests that the macroscopic displacement 

observed for this particular sample geometry is mostly related to the gradient of the longitudinal 

stress component across the beam’s thickness. 

6.2 Future work 

A portion of the study presented in this manuscript has not yet been completed. The investigation 

of the relationship between L-PBF process parameters and the resulting residual stress/distortion 

presented in Chapter 5 is in fact still ongoing and future efforts will include characterization of 

different parts printed on different L-PBF systems with different alloys (Aluminum, Titanium), as 

well as using different scanning strategies. 

Despite showing in Chapter 4 the stability of the cellular solidification structure against variations 

in process parameters for L-PBF of 316L stainless steel, we demonstrated how engineering fine 

grain structures in metal AM remains a challenge by means of sole control of the process 

parameters. As previously stated, recent attempts were made to produce fine grains in metal AM 

through introducing effective grain refiners in aluminum- and titanium-based alloys [100], [141]–

[143]. The use of appropriate grain refiners in stainless steel alloys may also be able to deliver 

high constitutional supercooling and the inoculant particles could act as sites for heterogeneous 

nucleation within the supercooled melt. A study on the nature and quantity of these inoculants for 



121 
 

316L stainless steel could be carried out at UC Irvine where the gas atomization facility would 

allow for the production of metal powders with custom chemical compositions.  

Finally, we focused this study on 316L stainless steel, mostly because of the availability of its 

thermophysical properties and the wide range of applications that this specific composition is 

suited for in the aerospace, automotive, and biomedical sectors. On the other hand, aluminum-

based alloys are also widely employed in all the aforementioned industries and, although more 

challenging to be used in additive manufacturing, their production by laser powder bed fusion 

increases every year. The most common 3D-printed aluminum-based material is a precipitation-

hardened alloy under the name of AlSi10Mg. This alloy contains about 10% Si and 0.3% Mg and 

is typically used for high-value castings, often characterized by presence of thin walls and complex 

geometries. Heat treatment is common for AlSi10Mg castings, with T6 cycle being the most 

popular including solution annealing, quenching, and age-hardening. Several L-PBF system 

manufacturers guarantee that, due to the unique combination of build plate preheating, fast cooling 

rates and cycled thermal exposure obtained during the laser melting process, components printed 

in AlSi10Mg do not require any hardening heat treatments, and only occasionally need to be stress-

relieved at 300°C for 2 hours. The industry sector is finding this statement not always true. A study 

on the effect of part size (especially part height) is needed to assess if the thermal history of the 

top sections of large components will be significantly different from the rest of the volume. As a 

result, significant microstructure inhomogeneities may be observed between different sections of 

the same part with obvious consequences on both mechanical properties and corrosion resistance. 
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