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Abstract 

Laser powder bed fusion (LPBF) has emerged as a pivotal metal additive manufacturing 

technology, enabling near-net-shape fabrication with superior design flexibility and 

material efficiency. However, the process remains challenged by complex defect 

formation mechanisms—most notably spatter generation and melt pool instabilities—

which hinder component quality, dimensional accuracy, and process repeatability. This 

work presents a comprehensive and multi-physics investigation that bridges powder-

bed behavior, melt pool thermofluidics, and vapor-particle interactions to elucidate the 

underlying physics of defect evolution in LPBF. 

 

At the powder scale, a validated Discrete Element Method (DEM) model successfully 

captures powder spreading uniformity and surface roughness, serving as the foundation 

for simulating layer quality and initial bed conditions. At the melt pool scale, a high-

fidelity CFD model incorporating heat conduction, Marangoni convection, vapor recoil 

pressure, surface tension effects, and phase change dynamics is developed. The results 

reveal that the rate of interfacial heat extraction at the solid–liquid boundary and 

localized thermal inhomogeneities—not total energy input—are the dominant 

parameter governing melt pool morphology and defect initiation. At high scan speeds, 

increased local thermal extraction steepens temperature gradients, driving hump and 

balling via thermally-induced surface retraction. Conversely, at low scanning speeds, 

prolonged laser exposure tends to induce frequent thermal accumulation events. 

Although the solid–liquid interfacial area increases—leading to greater total heat 

dissipation—the net heat accumulation within the melt pool can sometimes become 

negative. Under such conditions, vapor bubbles generated within the keyhole are more 

likely to be trapped by the solidification front, significantly increasing the risk of 

porosity formation. 

 

Furthermore, a novel heat transfer perspective redefines the origin of these defects: 

spatial thermal inhomogeneity along the melt pool generates localized capillary 
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instabilities, leading to melt pool break-up. The role of preheating is also critically 

reassessed; while it improves thermal uniformity and suppresses surface instabilities at 

high scan speeds, it aggravates porosity at low speeds due to reduced Marangoni 

convection and enhanced vapor entrapment. 

 

In-depth analysis of powder spattering dynamics reveals a two-stage detachment 

mechanism, where particles first undergo micro-scale rolling or sliding driven by shear 

and vapor forces, then overcome interfacial friction and adhesion to become airborne. 

High-speed imaging, SEM observations, and CFD modeling collectively show that 

vapor-induced drag and turbulence dominate particle ejection, with rearward angular 

shift and clustering behavior becoming pronounced at elevated scan speeds. The final 

fate of particles-reincorporation or escape-is strongly influenced by melt pool 

wettability and plume oscillations. A modified spatter prediction model incorporating 

melt pool capillarity and vapor-plume coupling substantially improves agreement with 

experimental trends. 

 

This study offers a unified framework for understanding and predicting defect evolution 

in LPBF by tightly integrating powder-scale mechanics, melt pool thermodynamics, 

and gas-particle coupling. The insights provide a scientific basis for defect suppression 

strategies, real-time control, and digital twin development in next-generation metal AM 

platforms. 

 

Keywords: Laser powder bed fusion (LPBF), DEM, CFD, melt pool dynamics, heat 

transfer, powder spattering dynamics, wettability. 
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Chapter 1. Introduction 

In recent years, traditional subtractive manufacturing methods have become 

increasingly difficult to meet the growing demands of equipment manufacturing for 

both geometric complexity and mechanical performance of components. With the 

continuous advancement of modern manufacturing technologies, additive 

manufacturing (AM) has emerged as a transformative approach to product design and 

development across various industrial sectors. AM is a technology that achieves near-

net shaping of components through layer-by-layer deposition, using powders, metal 

wires, or liquid materials as raw materials based on discrete-stacking principles[1]. As 

illustrated in Fig. 1.1, AM processes differ fundamentally from conventional 

manufacturing (CM) processes in several aspects, most notably in generating 

significantly less material waste. The layer-by-layer nature of AM enables the 

combination of dissimilar materials, the construction of complex internal features, the 

integration of biomimetic topologies, and the embedding of sensors and other 

functional devices within components[2]. 

 

Fig. 1.1. Comparison with the conventional and additive manufacturing processes[2]. 

According to ASTM F2792 and F42, AM processes are commonly categorized into 

seven main groups as shown in Table 1.1: powder bed fusion (PBF), direct energy 
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deposition (DED), sheet lamination (SL) (by ultrasonic), binder jetting, material jetting, 

material extrusion, and vat photopolymerization[2]. 

Table 1.1 List of AM processes[2] 

Process category AM process 

Powder bed fusion (PBF) Laser powder bed fusion (LPBF) 

Direct metal laser sintering (DMLS) 

Selective laser sintering (SLS) 

Electron beam melting (EBM) 

Direct energy 

deposition (DED) 

Laser-engineered net shaping (LENS) 

Direct metal deposition (DMD) 

Laser metal deposition (LMD) 

Laser free-form fabrication (LF3) 

Electron beam freeform fabrication 

(EBFFF)a) 

Shaped metal deposition (SMD)a) 

Wire and arc additive manufacturing 

(WAAM)a) 

Sheet lamination (SL) Laminated object manufacturing 

Ultrasonic additive manufacturing 

Jetting Material jetting 

Binder jetting 

Arc-based AM Gas tungsten arc 

Gas metal arc 

Plasma arc 

Material extrusion Fused deposition modeling (FDM) 

Vat photopolymerization Stereolithography (SLA) 

a) Denotes a wire-fed DED process. 

Among these, laser powder bed fusion (LPBF) has been widely recognized as one of 

the most promising AM technologies, as it balances high shaping precision with 
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excellent mechanical performance. LPBF has been successfully applied in various 

industries, including aerospace, automotive, biomedical, and others[3]. The 

fundamental principle of LPBF involves a focused laser beam, guided by 3D CAD data, 

selectively scanning a thin layer of metal powder spread on a substrate. Upon absorbing 

the laser energy, the scanned powder particles melt and rapidly solidify, forming a 

single track. The final three-dimensional component is then built by repeating this 

layer-by-layer process[4]. LPBF offers several advantages over conventional 

manufacturing methods such as casting and milling, including greater design freedom, 

reduced material waste, and shorter lead times[5].  

Despite these advantages, components produced by LPBF are still susceptible to 

various defects, including denudation zones[6], surface porosities[7], keyhole 

porosities[8], voids[9], and cracks[10]. These defects, which are highly dependent on 

complex multi-physics phenomena during processing, can compromise the mechanical 

integrity and reliability of the final part. Consequently, current LPBF technology still 

faces significant challenges before widespread industrial adoption, particularly 

regarding a comprehensive understanding of the underlying physical mechanisms and 

the precise control of process parameters. 

In this context, the present study aims to systematically investigate the fundamental 

mechanisms governing melt pool dynamics and spattering behavior in the LPBF 

process, and to elucidate their correlation with defect formation. To achieve this, a 

combined experimental and numerical approach is adopted. The primary research 

objectives are: (i) to develop a multi-physics modeling framework capable of 

simulating powder spreading and melt pool evolution; (ii) to experimentally validate 

the numerical models using microstructural characterization; (iii) to analyze the 

influence of key process parameters, particularly laser power and scanning speed, on 

melt pool stability, denudation, and spattering intensity; and (iv) to provide insights into 

defect mitigation strategies for improved process stability and part quality. 

This report is structured into seven chapters. Chapter 1 provides a brief research 
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background and outlines the scope and objectives of this study. Chapter 2 presents a 

comprehensive literature review on LPBF, covering defect formation mechanisms, the 

influence of process parameters, and the current understanding of flow and heat transfer 

during processing. Chapter 3 describes the multi-physics modeling framework 

developed in this work, including a discrete element method (DEM)-based powder 

spreading model and a thermal-fluid flow model for melt pool simulation. Detailed 

descriptions of the geometry, governing equations, boundary conditions, initial 

conditions, and material properties are provided. Chapter 4 focuses on experimental 

methodology and numerical model validation. The experimental setup, including the 

LPBF system, powder characterization, high-speed camera configuration, and post-

process characterization techniques, is introduced. Numerical results are systematically 

compared with experimental observations to validate the models. Chapter 

5 investigates the mechanisms of melt pool dynamics. The relationship between melt 

pool dynamics and interfacial heat flux is analyzed. Combined with Marangoni 

circulation, the effects of thermal inhomogeneity on humping and balling defects, as 

well as the role of heat transfer in porosity formation, are discussed. The influence of 

preheating on melt pool behavior is also examined, supported by experimental 

results. Chapter 6 explores spattering dynamics. The mechanisms of vapor-induced 

powder entrainment and the effect of scanning speed on spatter spatial distribution are 

studied in detail. Key aspects such as the onset of particle motion, detachment dynamics 

of single and clustered particles, and spatter re-deposition mechanisms are analyzed. 

The role of melt pool wetting in determining final spatter behavior is also addressed. 

Finally, Chapter 7 summarizes the key findings of this study, highlighting the primary 

factors governing melt pool and spatter dynamics. Based on the integrated experimental 

and numerical results, the importance of multi-physics coupling in understanding 

particle mobilization and defect formation is emphasized. Future research directions, 

including adaptive process control, integrated melt pool–spatter simulation, and 

strategies for spatter mitigation, are proposed to further enhance LPBF process stability 

and part quality. 
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Chapter 2. Literature review 

2.1 The principle of the LPBF technique 

The history of Laser powder bed fusion (LPBF) can be traced back to 1995, when 

Fockele and Schwarze invented the MCP Realizer system-an early LPBF apparatus 

based on the principles of Selective Laser Sintering (SLS)-and were granted a German 

patent (DE 19649865) [11]. While LPBF and SLS share certain conceptual similarities, 

they differ fundamentally in whether the powder material is fully melted and whether 

low melting point alloys are required as binding agents. The first commercial LPBF 

equipment, the SLM-50, was introduced in late 2003 by Realizer, a subsidiary of the 

German MCP-HEK operating under the British MCP (Mining and Chemical Products 

Limited) Group. Since then, numerous companies have developed commercial LPBF 

systems capable of producing metallic components with dense microstructures, high 

dimensional accuracy, and favorable mechanical properties. In parallel with industrial 

development, extensive academic research has been carried out on the theoretical 

foundations, process optimization, and application potential of LPBF. Institutions 

actively engaged in such research include the Oskada Laboratory in Japan, KU Leuven 

in Belgium, the University of Leeds in the United Kingdom, and Nanyang 

Technological University in Singapore.  

 

The Laser powder bed fusion (LPBF) process comprises multiple stages, starting with 

the generation of CAD data and concluding with the removal of the finished component 

from the build platform, as illustrated schematically in Fig. 2.1[12]. Given the 

extremely high temperatures necessary for melting, the fabrication is conducted within 

a controlled, low-oxygen environment using an inert shielding gas such as argon or 

nitrogen to prevent oxidation and other defects that could compromise the mechanical 

properties of the final part [13]. Initially, a detailed 3D model of the part to be printed 

is generated using specialized 3D modeling software. Subsequently, slicing technology 

converts this 3D model into a series of discrete layers of defined thickness and sequence, 
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which are saved as files suitable for laser scanning. The building process commences 

by evenly spreading a thin layer of metal powder over a substrate plate inside the build 

chamber. A high-energy-density laser then selectively fuses the powder according to 

the programmed data. After the laser completes scanning a layer, the build platform is 

lowered by one layer thickness, a new layer of powder is deposited, and the laser 

proceeds to fuse the next layer. This cycle of layering and laser scanning continues 

iteratively until the entire component is fully formed[14].  

 

Compared to traditional manufacturing methods, metal parts produced by Laser powder 

bed fusion (LPBF) technology offer the following advantages [15]-[18]:  

I. The manufacturing process is straightforward, and once production is complete, only 

minimal post-processing steps such as sandblasting and polishing are required. 

II. LPBF supports a wide range of materials, including stainless steel, titanium alloys, 

aluminum alloys, nickel-based superalloys, CoCr alloys, and other metals. 

III. The final metal components are directly formed, eliminating the need for mold 

fabrication and additional processing stages, thereby significantly shortening the 

production cycle. 

IV. The process yields a uniform and fine metallographic structure, resulting in part 

densities approaching 100%. Consequently, the mechanical properties are excellent, 

with some components exhibiting performance equal to or surpassing that of forged 

counterparts. 

V. By employing a high-power-density laser with a small spot diameter and thin layer 

thickness, the manufactured parts achieve high dimensional accuracy and superior 

surface quality with minimal roughness. 

VI. LPBF is particularly well-suited for fabricating workpieces with complex internal 

geometries that are difficult or impossible to produce using conventional methods. 

VII. The technology allows for flexible production of small batches and customized 

parts tailored to specific user requirements. 

 

In summary, LPBF technology overcomes the limitations of traditional manufacturing 
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methods in fabricating complex structures. It enables the efficient production of metal 

parts with intricate geometries, drives the advancement and application of diverse metal 

materials across various industries, and holds broad prospects for future development. 

 

Fig. 2.1. Schematic diagram of LPBF machine[12]. 
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2.2 Application of LPBF  

The LPBF technique has been extensively applied in the production of prototypes and 

small-batch parts across a variety of industries, including aerospace, biomedical 

engineering, mold manufacturing, automotive components, jewelry, and more.  

2.2.1 Biomedical application 

Among all LPBF applications, the biomedical field imposes the most stringent 

individual requirements, making it unsuitable for mass production. However, due to the 

inherent characteristics of the LPBF process-such as digitization, networking, 

personalization, and customization-it is particularly well-suited for the direct 

fabrication of components used in organ repair and replacement.  

 

Fig. 2.2. Real biological models produced by laser powder bed fusion[19]. 

Wehmöller et al.[19] produced the biological structures in the displayed complexity 

using stainless steel for the first time with LPBF technology, demonstrating LPBF's 

ability to fabricate patient-specific implants that precisely match individual anatomical 

defects, as shown in Fig. 2.2. Zhang et al.[20] obtained knee joints using Ti-24Nb-4Zr-

8Sn material with LPBF technology, and the density was greater than 99%, as shown 

in Fig. 2.3. De Wild et al.[21] made a titanium-based bone replacement with LPBF 

implanted in the calvaria of New Zealand rabbits to mimic cancellous bone's 

mechanical and structural properties while avoiding stress shielding. The 
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osseointegration of all generatively formed porous Ti structures into the surrounding 

bone was excellent. Demir et al.[22] produced cardiovascular stents with acceptable 

geometrical accuracy using LPBF of CoCr alloy powder, and surface quality was 

improved by electrochemical polishing, which suggests that LPBF may be used to 

shape precursors in stent fabrication instead of microtube manufacturing and laser 

microcutting. Limmahakhun et al. [23] presented the CoCr graded femoral stems with 

a porosity reduction caudally and inwardly, keeping relative micromotions within an 

acceptable range for bone ingrowth and achieving flexural stiffness similar to human 

femurs. LPBF technology also has a wide range of applications in dentistry. 

Vandenbroucke et al. [24] successfully built frameworks with good mechanical 

properties and corrosion behavior using LPBF for complex dental prostheses 

supporting the artificial teeth, which are screw-retained on edentulous patients' jawbone 

implants. In addition, LPBF molding of 316L stainless steel, titanium alloy, CoCr alloy, 

and other medical metal materials is widely used in cranial restorations, spinal fusion 

instrumentation, and other fields. 

 

Fig. 2.3. An example of precise acetabular cup produced by LPBF[20]. 

2.2.2 Aerospace application 

In the aerospace sector, LPBF technology is commonly employed for the fabrication of 

small to medium-sized components with complex geometries. NASA used GRCo-84 
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material by LPBF to print the first full-scale copper rocket engine part, with ten times 

faster manufacturing and more than 50% lower cost[25], as shown in Fig. 2.4(a). In 

2015, Monash University researchers manufactured the world's first 3D-printed jet 

engines, a development that might alter how aircraft are built[26], as shown in Fig. 

2.4(b). Also, the Russian Institute of Aeronautical Materials produced tiny gas turbine 

engines for drones using LPBF technology with guide vanes in Inconel 738 powder[27]. 

LPBF Solutions and Cellcore[28] collaborated on a rocket propulsion engine based on 

LPBF technology with integrated lattice internal cooling channels that provide an 

optimal relationship between stability and mass application of the thrust chamber, as 

shown in Fig. 2.4(c). Shi et al.[29] developed a heavy-loaded aerospace bracket with 

topology optimization and fabricated it using LPBF technology, resulting in a mass 

reduction of nearly 18%, as shown in Fig. 2.5. Therefore, reduced lead time and related 

costs and the capacity to design and produce complicated geometries that enable 

lightweighting, consolidation of many components, and performance enhancements are 

all benefits of using LPBF technology for aerospace components. 

 

 

Fig. 2.4. (a) full-scale copper rocket engine part[25], (b) jet engines made by LPBF[26], and (c) Cellcore 

prototype rocket nozzle featuring internal cooling channels[28]. 
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Fig. 2.5. Aerospace bracket designed by topology optimization and manufactured by LPBF[29]. 

2.2.3 Mold manufacturing application 

Currently, LPBF technology has been widely adopted in mold production and has 

gained broad recognition within the industry. In 2007, Beal et al.[30] find that the 50% 

Cu–H13 insert produced by LPBF was better than the pure H13 insert in transporting 

heat away from the component. In 2011, Wang et al.[31] used LPBF to fabricate a mold 

with complex conformal cooling channels using 316L stainless steel powders, which 

shows that the LPBF-produced mold has high precision and performance, and the 

cooling efficiency of conformal cooling channels in the mold has substantially 

increased, as has the cooling uniformity. In 2013, Armillotta et al.[32] conducted a study 

of LPBF forming H13 steel combined with CNC technology to manufacture 

conformally cooled die-casting molds, demonstrating that the revised mold has been 

utilized for approximately 2,000 cycles without wear or damage, and the LPBF mold 

may be employed in short-run production applications, as shown in Fig. 2.6. In 2015, 

Holzweissig et al.[33] fabricated H13 tool steel using LPBF, which improves the 

mechanical properties of such steels without needing a subsequent heat treatment. In 

2016, Sander et al.[34] successfully processed the high-strength tool steel 

Fe85Cr4Mo8V2C1 using LPBF, which had better attributes to the as-cast condition 

without postprocessing, such as an improved compression strength of 3796 ± 163 MPa 
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and microhardness of 900 ± 12 HV 0.1, as shown in Fig. 2.7.  

 

Fig. 2.6. Hybrid construction of the impression block by LPBF and CNC[32]. 

 

Fig. 2.7. Different components of the high-strength steel alloy FeCrMoVC produced by LPBF: (a) large 

dense and crack free volume parts, (b) impeller part with integrated lattice structure and (c) drill with 

integrated cooling channels[34]. 

 

At present, companies such as EOS, MCP, and Concept Laser have successfully utilized 

rapid prototyping equipment to manufacture various mold components-including 

punching dies, die-casting molds, and injection molds-with high surface quality and 

dimensional accuracy. These parts often meet the requirements for direct application 

without the need for further post-processing. However, the range of metal materials 

available for LPBF-based mold manufacturing remains relatively limited and does not 

yet fully meet the demands of future production and technological development.  
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2.2.4 Automotive application 

The structure of modern automobiles is highly complex, consisting of approximately 

30,000 individual components. Traditionally, each part is manufactured separately and 

later assembled into a complete vehicle through mechanical fastening methods such as 

screwing or welding. However, in theory, the larger the number of components, the 

lower the overall safety and reliability of the vehicle, as connecting joints are often the 

most failure-prone areas during regular operation. 

Laser powder bed fusion (LPBF) offers a promising solution to this issue by enabling 

the integration of multiple traditionally separate components into a single, consolidated 

structure. This design freedom allows for the reduction of part counts, thereby 

simplifying assembly procedures and significantly enhancing production efficiency. 

Additionally, by minimizing the number of mechanical joints, the safety, structural 

integrity, and reliability of the vehicle are greatly improved. Furthermore, LPBF 

technology allows for the production of lightweight, high-strength parts with complex 

internal structures such as lattice geometries or cooling channels-features that are 

difficult or impossible to achieve using conventional manufacturing methods. These 

capabilities are particularly advantageous for applications in motorsport, electric 

vehicles, and high-performance automotive systems where weight reduction and 

performance optimization are critical. Fig. 2.8 illustrates examples of automotive 

components fabricated using the LPBF process by SLM Solutions, showcasing the 

potential of this technology in modern automotive manufacturing. 
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Fig. 2.8. Automotive parts manufactured by LPBF (a) The complete E-drive housing with an innovative 

Design (b) The active heat shield to the motor's electric pump. 

2.2.5 Jewelry application 

With the continuous improvement of living standards and the advancement of social 

aesthetics, consumer demand for personalized and customized jewelry has grown 

significantly. Traditional manual craftsmanship, while rich in cultural value, often faces 

limitations in terms of design complexity, repeatability, production speed, and material 

utilization. 

LPBF technology introduces a new paradigm for jewelry design and manufacturing. By 

enabling the creation of highly intricate geometries and fine surface details, LPBF 

breaks through the singularity and constraints of conventional techniques, allowing 

designers to realize innovative forms that were previously difficult or impossible to 

achieve. This includes delicate lattice structures, hollow patterns, complex filigree, and 

integrated functional elements. Moreover, LPBF supports digital design workflows, 

making it highly compatible with CAD-based customization. This allows for rapid 

prototyping and direct fabrication of bespoke pieces tailored to individual customer 

preferences, significantly shortening the design-to-product cycle. It also reduces 

material waste compared to subtractive methods and opens up possibilities for small-

batch or one-off production without the need for costly molds.  
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The combination of precision, flexibility, and personalization brought by LPBF has 

contributed to the diversification, refinement, and democratization of jewelry 

production, making unique designs more accessible to the broader public. An 

illustrative example of LPBF application in jewelry design is the "Guardian" piece[35], 

as shown in Fig. 2.9. The jewelry exhibits excellent surface quality and metallic texture, 

with no visible defects such as warping or deformation. The measured surface 

roughness was 11 μm, indicating that after post-processing treatments like sandblasting, 

polishing, and plating, the piece can be directly used as a finished product. 

 

Fig. 2.9. Personalized “Guardian” jewelry produced by LPBF[35]. 
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2.3 Defects formation during LPBF process 

As a highly complex additive manufacturing technique, the LPBF process is governed 

by a multitude of interdependent parameters, including laser power, scanning speed, 

hatch spacing, layer thickness, powder material characteristics, and the chamber 

environment. Each of these parameters plays a critical role in determining the stability 

and efficiency of the melting process, as well as the final morphology and mechanical 

performance of the fabricated part. Moreover, these parameters do not operate in 

isolation; their interactions can amplify or mitigate the effects of one another, making 

process optimization particularly challenging. 

Despite its many advantages, LPBF is inherently sensitive to deviations in processing 

conditions. Improper parameter selection or control can lead to a range of defects that 

compromise the quality and functionality of the final component. In the literature, these 

defects are commonly discussed under four main categories: spattering, porosity, 

cracking, and surface roughness[36][38]. Understanding the mechanisms behind the 

formation of these defects is essential for improving part quality, optimizing process 

parameters, and expanding the industrial applicability of LPBF technology. 

2.3.1 Spattering 

Spattering is regarded as a critical defect in the LPBF process due to its potential to 

interfere with the laser-material interaction and disrupt the overall stability of the 

melting process. During fabrication, spatter can obstruct the laser beam path, reducing 

the effective energy input to the melt pool. This insufficient energy delivery may result 

in an unstable molten pool, thereby promoting the formation of secondary defects such 

as porosity, lack of fusion, and inconsistent layer bonding [39]. 

 

If spattered material is redeposited within the intended build area, it may act as a source 

of contamination. These particles are often not fully remelted in subsequent layers, 

leading to inclusions, weak interfaces, or even delamination. Moreover, such irregular 
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deposits can disturb the uniformity of powder recoating, compromising the quality of 

successive layers and ultimately affecting the geometric precision and mechanical 

properties of the final component[12]. 

 

Spattering in LPBF is typically categorized into two main forms: (1) the ejection of 

molten metal droplets from the melt pool, often driven by recoil pressure or Marangoni 

convection- a phenomenon where surface tension gradients induced by temperature 

variations drive fluid flow- within the pool [40]; and (2) the displacement or ejection 

of loosely bound powder particles surrounding the melt pool, induced by vapor plume 

dynamics or shockwaves[41]. These mechanisms are schematically illustrated in Fig. 

2.10, highlighting the complex interplay between laser-material interaction and 

surrounding powder behavior. 

 

Fig. 2.10. Different types of spatters during LPBF. (a) Ejection of liquid metal from the molten pool[40]. 

(b) Ejection of partially melted powder particles approaching the laser plume and scattering of the 

moving solid powder particles beyond the molten pool[41]. 

 

I. Ejection of liquid metal droplets 

During the LPBF process, the interaction between the high-energy laser beam and the 

metal powder generates extreme thermal gradients, resulting in rapid melting and 

vaporization. The intense vaporization at the molten pool surface induces a significant 

recoil pressure, which acts as a mechanical force opposing the surface tension of the 

liquid metal. When this recoil pressure exceeds the stabilizing surface tension at the 

melt pool boundary, liquid metal droplets may be expelled from the surface-a 

phenomenon commonly referred to as droplet spattering. 

DebRoy et al. [42][43] and Kawahito et al. [44] established that under high laser power 

density, the vapor recoil force can overcome the surface tension of the molten metal, 
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particularly at the pool edges, leading to the ejection of fine droplets from the melt pool. 

Similar observations were made by He et al. [45], who reported that increasing the laser 

power density not only amplified the recoil effect but also led to the generation of larger 

droplets and a broader particle size distribution. They also proposed that the formation 

of a pronounced depression in the center of the molten pool - caused by elevated recoil 

pressure - can serve as an indicator of impending droplet ejection, as illustrated in Fig. 

2.11. 

 

Fig. 2.11. Variation of l/d with the laser power density. Pulse duration: 4 ms [45].  

 

Although vapor recoil pressure has long been considered the dominant mechanism 

behind droplet spattering, more recent studies suggest a more nuanced understanding. 

Ly et al.[46] quantified that vapor recoil-induced droplet ejection accounts for 

approximately 15% of total spatter formation. They attributed the majority of the spatter 

generation to vapor plume-induced entrainment, where fine particles are dragged out of 

the powder bed by turbulent gas flows in the vicinity of the melt pool. Wang et al.[47] 

proposed a more comprehensive mechanism, identifying three key contributors to 

spattering: recoil pressure, thermally induced Marangoni convection within the molten 

pool, and localized heat accumulation. These combined effects lead to the ejection of 

molten droplets with average sizes around 162 μm-substantially larger than the nominal 

particle size of the original powder feedstock (~32 μm), as shown in Fig. 2.12. 

Importantly, these spattered droplets are often redeposited on the part surface or 
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incorporated into the bulk material, potentially leading to internal defects, surface 

irregularities, and degraded mechanical properties. Simonelli et al.[48] further observed 

that spattered droplets not only exhibit increased particle size but also develop surface 

oxidation layers several micrometers thick, which can compromise the chemical and 

structural integrity of the manufactured parts. 

 

Fig. 2.12. Formation mechanisms of three different types of spatters[47]. 

 

II. Ejection of powder particles 

In the LPBF process, the rapid evaporation of molten metal generates a high-velocity 

vapor jet, which induces a localized pressure gradient and generates a strong inward 

gas flow due to the Bernoulli effect—a fluid dynamics principle where an increase in 

fluid velocity is accompanied by a decrease in static pressure [6]. This pressure 

reduction draws surrounding shielding gas—and with it, nearby powder particles—

toward the vapor jet. These entrained particles may then be ejected from the powder 

bed. Depending on whether they intersect with the laser beam during ejection, they are 

classified as either hot ejecta (if melted or partially melted by the beam) or cold 

ejecta (if they remain solid) [49]. 
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The sequence of physical phenomena includes laser-induced melting, vapor jet 

generation, shielding gas flow initiation, and subsequent powder entrainment—all 

occurring over different timescales. Specifically, melting takes place over a few 

microseconds, vapor jet formation occurs within tens of microseconds, and the 

shielding gas (typically argon) develops a consistent flow field over hundreds of 

microseconds [50]. These complex interactions result in multiple spattering pathways, 

schematically illustrated in Fig. 2.13 [46]. 

 

According to Ly et al. [46], the entrained powder particles follow three primary 

trajectories. First, some particles are drawn into the molten pool and become fully 

incorporated into the deposited track. Second, particles that are entrained but do not 

intersect with the laser beam escape as cold ejections. Third, particles that are partially 

irradiated by the laser beam become hot ejections-these are typically semi-molten and 

exhibit higher kinetic energy. In a typical parameter range with laser powers of 200-

300 W and scanning speeds of 1.5-2.0 m/s, hot ejections account for approximately 60% 

of total spatter, cold ejections for 25%, and recoil pressure-induced droplet ejections 

for the remaining 15%. 

 

Vapor jet-driven powder ejection occurs predominantly near the laser interaction zone, 

while the shielding gas contributes to particle movement both ahead of and behind the 

scanning path. Notably, the velocity and momentum of vapor-driven particles are an 

order of magnitude greater than those propelled by the shielding gas flow [50], due to 

the significantly higher acceleration generated by vapor recoil. 
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Fig. 2.13. Schematic depicting particle entrainment of the powder bed by an induced argon gas flow for 

a stationary laser beam[46]. 

 

During laser exposure, localized heating can elevate powder particles to near-boiling 

temperatures within a few microseconds [6], which is considerably shorter than the 

characteristic time for thermal conduction through a particle (typically tens of 

microseconds). Consequently, only specific regions of a particle are heated, resulting 

in steep internal temperature gradients. This asymmetric heating produces localized 

recoil forces on the particle surface, leading to the ejection of partially molten particles 

as high-energy hot spatters [46]. 

 

Moreover, ejected hot particles in flight may undergo secondary interactions, including 

collisions with other particles. These interactions can lead to energy transfer and 

velocity redistribution, occasionally resulting in the formation of weakly sintered 

agglomerates or strongly bonded clusters. If redeposited, such clusters may become 

embedded within the build, potentially introducing defects such as porosity or lack of 

fusion in subsequent layers [47][49]. 
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2.3.2 Porosity 

Pore formation is one of the most typical defects in LPBF parts, including lack of fusion 

among neighboring tracks, unstable keyhole collapse, and gas-induced pores. 

 

I. Lack of fusion 

Due to the lack of energy input, the metal powder is not entirely melted with insufficient 

overlap between adjacent deposit tracks resulting in a lack of fusion (LOF) defects. 

There are two kinds of LOF defects: (1) inadequate bonding flaws caused by the lack 

of molten metal during the solidification process, as shown in Fig. 2.14(a), and (2) un-

melted metal powders defects, as shown in Fig. 2.14(b) [51].  

 

Fig. 2.14. Optical images of LOF defects in LPBF fabricated parts: (a) poor bonding defects; (b) LOF 

defects with un-melted metal powders[51]. 

In the LPBF process, the entire part is printed by the laser, selectively melting metal 

powder point by point, row by row, layer by layer. When the laser energy input is 

insufficient, the small width of the molten pool leads to inadequate overlap of adjacent 

scan tracks, leaving unmelted powder between the scan tracks. In depositing a new 

layer process, these powders are difficult to fully re-melt with incomplete fusion pores 

formed in part and remaining. In addition, if the laser energy input is insufficient to 

achieve sufficient molten pool penetration depth, LOF faults may result from weak 

interlayer bonding [7][51][52]. As a result, LOF defects are commonly seen in both the 

scan tracks and the deposited layers. Two instances of lack of fusion caused by too high 

hatch spacing and layer thicknesses are shown in Fig. 2.15 [53][54]. Defects that lack 
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fusion may have extended, irregular forms with sharp edges. The surface will also 

become rough at the defect location, resulting in poor flow of molten metal and the 

formation of interlayer defects. During successive depositions, interlayer defects will 

gradually extend and propagate upward, accumulating into larger multilayer defects. 

[54]. 

 

Fig. 2.15. Lack of fusion defects (a) Observed in SEM image, and (b) 3D reconstructed synchrotron 

radiation micro-CT images[54]. (c)-(f) Dependence of area fraction of porosity on powder layer 

thickness[53], LPBF of Ti-6Al-4V, 400 W laser power, and 2400 mm/s scanning speed. 

 

Another situation is that in the LPBF process, an oxide film is usually formed on the 

surface of easily oxidizable alloy materials such as aluminum and AlSi10Mg, which 

reduces the wettability and hinders the flow of molten metal, resulting in poor interlayer 

bonding and incomplete fusion defects [55][56].  

 

II. Keyhole-induced pores 

Since the power and speed of the LPBF are high, and in many cases, the laser beam 

will form a keyhole resulting in a high aspect ratio of the fusion region, where the 

instability of the small hole will lead to the large pore formation with a portion of the 

underlying layer often melted by the high depth of the fusion zone[58][59]. The fusion 
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zone may interact with a preexisting pore in the overlying layer, causing the void to 

propagate above its initial location. Also, Gong et al. [7] found that certain low-melting 

components in the alloy vaporize at high laser energy, creating gas bubbles that may 

appear far below the surface at the bottom of the molten pool. The solidification speed 

of the molten pool is so fast that the bubbles are trapped in the molten pool to form 

regular spherical hole defect inclusions with little time to rise and escape from the 

surface. Fig. 2.16 shows keyhole pore formation processes under the laser power of 382 

W and various scan speeds [60]. As the scan speed increases, the keyhole-induced pores 

become less. As shown in Fig. 2.17, an interesting phenomenon is that the results of the 

powder-scale model show that the thickness of the deposited layer tends to be much smaller 

than the keyhole depth so that the keyhole in the subsequent melting process may reach the 

pore location before and release some of the pores present in the previously deposited layer [4]. 

 

Fig. 2.16. Keyhole pore formation processes under the laser power of 382 W and at the various scan 

speed of (A) 500 mm/s, (B) 525 mm/s, and(C) 550 mm/s [60]. 
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Fig. 2.17.Melt pool during deposition of the second layer with pored generated from the first layer [4]. 

 

III. Gas-induced pores 

The gas-induced pores observed in LPBF fabricated parts are quite different from the 

lack of fusion pores and large spherical keyhole-induced pores, which are much smaller 

and spherical. Fig. 2.18(a) illustrates an example of the numerous small pores formed 

by LPBF in the deposit [9][61]. Residual pores in virgin powder particles[62], gases 

dissolved in liquid melt and released upon solidification, and pores previously 

containing entrapped metal vapors are all possible sources of these pores [63]. Fig. 

2.18(b) shows tiny entrapped pores in virgin powder particles generated during the 

atomization process of powder particles [9][61]. The small gas bubbles get bigger 

during the LPBF process as they expand and merge [64]. The past aluminum alloy 

solidification models show that the formation of pores caused by hydrogen diffusion is 

related to the finite rate of hydrogen diffusion in the melt. Furthermore, the growth of 

pores caused by hydrogen diffusion is inhibited with an increasing cooling rate [65][66].  
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Fig. 2.18. (a) Metallurgical pores observed in the deposit [9]. Residual pores in the feedstock materials: 

(b) AlSi10Mg for LPBF [9]. 

2.3.3 Cracking 

As one of the most serious defects during the LPBF process, cracking can limit the use 

of various promising technical materials, especially metals and alloys with poor 

weldability susceptible to similar cracking[67][68]. Three main types of cracking are 

generated in the LPBF components: solidification cracking, liquation cracking, and 

ductility dip cracking[68][69]. It is significant to prevent cracking formation by 

understanding its mechanisms. 

 

I. Solidification cracking 

Solidification cracking, also known as hot cracking, is common in LPBF parts 

manufactured from aluminum alloys, titanium alloys, steel, and nickel-based alloys 

[70], as shown in Fig. 2.19. And tensile stresses are applied to the solidifying metal 

because its contraction rate is much greater than that of the surrounding solid metal [73]. 

When tensile stresses surpass the room temperature yield strength, solidification 

cracking occurs, decided by and the morphology of the solidification structure and the 

relationship of the solid phase fraction with temperature. 
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Fig. 2.19. Solidification cracking observed in the LPBF parts: (a) Al 6061[70], (b) Ti-6Al-4V[71], and 

(c) A high-silicon steel (6.9%wt.Si)[72]. 

II. Liquation cracking 

Liquation cracking in laser powder bed fusion (LPBF) is commonly observed in nickel-

based alloys, aluminum alloys, and austenitic stainless steels. It is primarily associated 

with the formation of thin liquid films along grain boundaries, which originate from the 

local melting of solute-enriched regions with relatively low melting points during rapid 

thermal cycling. During the LPBF process, the material is subjected to steep thermal 

gradients and repeated heating–cooling cycles. Under such conditions, grain boundary 

regions enriched with alloying elements may undergo partial melting, resulting in the 

formation of continuous or semi-continuous liquid films. These liquid films possess 

significantly reduced mechanical strength and are unable to accommodate the thermal 

and tensile stresses generated during subsequent cooling and solidification [74]. 

 

As solidification proceeds, the surrounding solid matrix contracts, imposing additional 

tensile strain on the weakened grain boundary regions. When the accumulated stress 

exceeds the load-bearing capacity of the liquid films, intergranular separation occurs, 

leading to the initiation of liquation cracks. These cracks typically propagate along 

grain boundaries, following the path of least resistance. A schematic illustration of this 

mechanism is shown in Fig. 2.20 [75]. 

 

In LPBF, liquation cracking is most likely to initiate in the heat-affected zone (HAZ) 

near the fusion boundary of previously deposited layers. It can subsequently extend into 
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the partially melted zone and propagate along interdendritic regions, where residual 

liquid phases are more likely to exist. The repeated deposition of subsequent layers may 

further influence crack evolution and propagation behavior [76]. 

 

Although the extremely high cooling rates in LPBF tend to suppress the formation and 

growth of low-melting-point phases—thereby reducing the susceptibility to liquation 

cracking—the phenomenon cannot be completely eliminated. Under unfavorable 

conditions, such as pronounced elemental segregation or inappropriate process 

parameters, liquation cracking may still occur. 

 

Fig. 2.20. Schematic view of the liquation cracking mechanism[75]: (a) liquation cracking in the heat-

affected zone of the melt pool, and b) liquation cracking during the operando experiment. 

III. Ductility dip cracking 

Unlike solidification and liquidation cracking, ductility dip cracking (DDC) occurs in 

the absence of any liquid metal[77][78], at a temperature ranging from half the absolute 

melting temperature to the recrystallization or solidus temperature, followed by 

ductility loss of the local structure[79].  

 

DDC is formed due to both solidification stresses and macroscopic thermal gradients 

generated during vigorous heating and cooling operations, as well as local stresses 

generated along grain boundaries. Fig. 2.21 displays a sample of the nickel-based alloy 

CM247LC with cracks dispersed throughout the LPBF-produced components [68]. 

DDC occurs when the applied strain during high-temperature processing depletes the 

available ductility of these alloys in this temperature range [77]. Liquation cracking and 
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DDC can coexist in the same part and can be differentiated via fractographic analysis. 

Liquation cracking is frequently identified by liquid films along the fracture path, 

whereas DDC does not exhibit any signs of liquation [80]. 

 

Fig. 2.21. A nickel-based alloy CM247LC: (a) MicroCT data showing the cracks in red and voids in 

yellow, (b) SEM micrograph showing the heavy and less cracked regions due to a repeated scanning 

pattern[68]. 

2.3.4 Surface roughness 

The surface roughness of LPBF components is critical since it might impact the 

product's dimensions and geometrical tolerances. Fig. 2.22 illustrates the influence of 

the five causative factors on surface roughness, which are as follows: (1) spatters 

dropping on the deposit [53], (2) voids and cavities generated near the surface [81], (3) 

stair case effect owing to irregular transitions between nearby tracks and layers [54], (4) 

molten pool instabilities [82], and (5) partially melted powder particles adhered to the 

surface and periphery of the molten pool [83].  

 

As illustrated in Fig. 2.22(a) and (b), spatters and pores can affect surface roughness. 

During the LPBF process, the metal powder denudation phenomenon near the scanning 

track can easily lead to irregularities on the surface of the part [6]. The sharp peaks and 

valleys between adjacent scanning tracks are mainly caused by inappropriate hatch 
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spacing, layer thickness, and build angle, as shown in Fig. 2.22(c)[84]. The large 

spacing between two consecutive tracks often causes fluctuations in horizontal surfaces 

[85], while the stair case effect may affect vertical surfaces and slopes [85][86].  

 

Also, under inappropriate conditions, dynamic instabilities such as humping and balling 

of the molten pool may occur due to insufficient feedstock melting [86][87]. As shown 

in Fig. 2.22(d), the melted particles will not spread onto the unmelted substrate but tend 

to aggregate, minimizing the surface area and surface energy [82]. And Fig. 2.22(e) 

shows that at the periphery of the molten pool, the partially melted powder particles are 

adhered as satellites leading to the roughness in the order of the diameters of the 

particles due to the nature of the powder feedstock and cannot be inevitable[83]. 

Therefore, when the powder particles are smaller, the average roughness of the deposit 

edges decreases. 

 

Fig. 2.22. Surface roughness due to various factors: (a) Spatters landing on the deposit surface [53], (b) 

Cavities and voids near the surface [81],(c) Unsmooth transitions between neighboring tracks [54], (d) 

Fluctuation of the molten pool [82], (e) Partially melted powder particles attached to the edges of the 

molten pool [83]. 

  



53 

2.4 Effect of process factors on defect formation 

Despite the numerous advantages of LPBF, including high design flexibility, near-net-

shape capability, and suitability for complex geometries, the process remains 

susceptible to various defects. These defects-such as porosity, cracking, lack of fusion, 

and surface roughness-not only deteriorate the mechanical performance and 

dimensional accuracy of fabricated components but also hinder the widespread 

adoption of LPBF in critical engineering applications such as aerospace, biomedical, 

and tooling industries. 

Understanding the underlying mechanisms of defect formation is therefore essential for 

enhancing part quality and ensuring process stability. Among the numerous process 

parameters that influence the LPBF process, two of the most critical are the laser energy 

input (typically characterized by laser power, scanning speed, hatch spacing, and layer 

thickness) and the scanning strategy (including scanning path, direction, rotation angle, 

and overlap rate). These parameters govern the thermal distribution within the melt pool, 

solidification dynamics, and powder-laser interaction-all of which play a pivotal role in 

defect initiation and evolution. 

Comprehensive investigation of these factors provides valuable insight into optimizing 

process windows, improving part integrity, and tailoring material properties to specific 

application needs. In the following sections, the effects of laser energy input and scan 

strategy on defect formation will be systematically discussed. 

2.4.1 Effect of laser energy input 

The melting behavior of metallic powders and the dynamics of the resulting molten 

pool during the LPBF process are directly governed by the laser energy input. This 

parameter significantly influences the type, morphology, and severity of process-

induced defects. The energy input is a function of several interrelated process 

parameters, including laser power, scanning speed, hatch spacing, and layer thickness. 
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When the scanning speed is relatively low, increased laser energy input leads to elevated 

melt pool temperatures, resulting in the excessive melting of powders and the formation 

of gas-induced porosity. These pores may arise due to gas entrapment from the 

atmosphere or from the release of gases originally present within the feedstock powder. 

Additionally, in aluminum and magnesium-containing alloys, low boiling point 

elements may evaporate under high temperatures, forming gas bubbles. Due to the rapid 

solidification characteristic of LPBF, these bubbles may become trapped within the 

molten pool, ultimately forming spherical pores that deteriorate the part's integrity [7]. 

Moreover, a higher energy input intensifies localized evaporation, generating a vapor 

plume that induces a gas flow capable of entraining and removing powder particles 

from regions adjacent to the scan track—a phenomenon known as denudation. This 

powder depletion reduces the availability of powder to bridge neighboring tracks, 

thereby increasing the risk of large inter-track porosity [88]. 

 

High energy input in conjunction with low scan speeds also introduces substantial 

thermal gradients, leading to severe thermal contraction and the accumulation of 

residual stresses during rapid solidification [71][89]. Such stress concentrations may 

contribute to cracking or delamination, especially in materials with poor ductility or 

large thermal expansion coefficients. Conversely, insufficient energy input—typically 

a result of low laser power or excessive scan speed—may lead to incomplete melting 

of powder particles, thereby creating lack of fusion (LOF) defects. These defects 

manifest as discontinuities between adjacent tracks or layers, stemming from 

inadequate overlap or penetration into previous layers [7][52][89][90]. 

 

To quantify laser energy input, the concept of volumetric energy density (E, J/mm³) is 

widely adopted in LPBF studies. It is mathematically defined as:  

𝐸 =
𝑃

𝑣 × ℎ × 𝑡
  (2-1) 

where P is laser power (W); v is scan speed (mm/s); h is hatch spacing (mm); and t is 

layer thickness (mm). This equation enables the estimation of the average energy 
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delivered per unit volume of material and is extensively used to optimize processing 

windows[7][88][91]. 

 

Fig. 2.23. Calculated variations of inter-track porosities during PBF-L of Ti-6Al-4V using different hatch 

spacings. (a) and (c) hatch spacing of 80 µm, (b) and (d) hatch spacing of 100 µm[92]. 

 

Fig. 2.24. Transverse sectional view of the molten pools for 5 layers 5 hatches build of (a) SS316, and 

(b) Ti-6Al-4V build using 1000 mm/s scanning speed and 80 μm hatch spacing. (c) Variation of lack of 

fusion ratio with hatch spacing for 5 layers 5 hatches build of four alloys using 1000 mm/s scanning 

speed. (d) Variation of volume percent of porosity with non-dimensional heat input[93]. 

Fig. 2.23 illustrates how varying hatch spacing influences inter-track porosity during 

the LPBF of Ti-6Al-4V [92]. Excessively large hatch spacings (e.g., 100 µm) can lead 

to insufficient overlap, resulting in inadequate heat input and incomplete fusion in the 

overlap zones. The instability of the melt pool under such conditions causes variability 
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in the track width and penetration depth, thereby exacerbating porosity and fusion 

issues. Fig. 2.24 demonstrates how such lack of fusion defects correlate with reduced 

melt pool dimensions. Advanced computational models incorporating thermal, mass, 

and momentum transport have shown that the optimal hatch spacing and layer thickness 

are material-dependent, driven by differences in thermophysical properties that affect 

fusion zone geometry [93]. Fig. 2.25 further demonstrates how porosity varies across a 

range of energy densities: 

• At low energy densities (Fig. 2.25a), lack of fusion voids dominate due to 

incomplete melting; 

• At optimal energy densities (Fig. 2.25b), defect-free tracks are produced; 

• At excessive energy densities (Fig. 2.25c), keyhole-induced porosity emerges 

due to deep vapor cavities formed by intense laser-material interaction. 

 

Fig. 2.25. Porosity as a function of energy density for PBF-L of Ti-6Al-4V: (a)–(c) Characterized by light 

optical microscopy, (d)–(f) Characterized by synchrotron tomography[63]. 

This behavior is corroborated in Fig. 2.26(a) and (b), where porosity volume fraction 

varies significantly with laser power and scan speed [63]. To mitigate pore formation 

at scan path turning points, Martin et al. [94] introduced a dynamic process control 

strategy to maintain a near-constant energy density, thereby improving melt track 
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consistency and reducing defect generation, as shown in Fig. 2.27. Additionally, a study 

on LPBF-fabricated 8620 low-alloy steel [95] demonstrated that optimizing laser 

energy input to 88.89 J/mm³ achieved a maximum relative density of 99.67% and 

ultimate tensile strength of 1.18 GPa. These results further highlight the importance of 

precise energy input control to improve densification and mechanical performance. 

 

Fig. 2.26. Variation of porosity during LPBF of Ti-6Al-4V as functions (a) of scanning speed, (b) laser 

power[63]. 

 

Fig. 2.27. Quality of LPBF-AM tracks in Ti-6Al-4V[94]. 

 

In summary, laser energy density serves as a comprehensive metric reflecting the 

interplay among critical process parameters. It provides a valuable basis for optimizing 

laser power, scanning speed, hatch spacing, and layer thickness to minimize defect 

formation and enhance the structural performance and manufacturing efficiency of 
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LPBF-fabricated components. 

2.4.2 Effect of scan strategy 

The scan strategy plays a crucial role in determining the thermal history and molten 

pool dynamics during the LPBF process. It directly influences heat transfer behavior, 

fluid flow patterns, and solidification conditions, thereby affecting the formation, 

location, and distribution of defects such as porosity, lack of fusion, residual stress, and 

distortion. Different scan patterns lead to variations in the thermal gradients and cooling 

rates, which in turn govern microstructure evolution and defect accumulation. 

Therefore, the selection and optimization of scan strategy are essential for achieving 

uniform energy distribution, enhancing interlayer bonding, and minimizing defects in 

additively manufactured components. 

 

In general, three main scan strategies are commonly used in LPBF: zigzag, 

unidirectional, and cross-hatching, as illustrated in Fig. 2.28 [88]. In zigzag and 

unidirectional strategies, the laser power is often unstable at the beginning and end of 

each scan track, and scan speed may fluctuate, leading to uneven energy input and 

promoting defect formation [96][97]. Impurities in the powder may also accumulate at 

the track ends during densification, increasing defect density. Partial fusion defects are 

particularly common between adjacent tracks and layers due to inadequate remelting 

and poor overlap [98][99]. In contrast, the cross-hatching strategy, which rotates scan 

vectors between successive layers, distributes the energy input more evenly and helps 

mitigate defect accumulation across the build. 
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Fig. 2.28. Three different scan strategies: ‘‘unidirectional’’ (left), ‘‘zigzag’’ (center), and ‘‘cross-hatching’’ 

(right)[88]. 

 

Another widely used method is the island scan strategy, as shown in Fig. 2.29 [56]. In 

this approach, each layer is divided into smaller regions (islands), scanned in a 

randomized sequence, and shifted in subsequent layers to avoid thermal accumulation 

in the same location. This helps to balance residual thermal stresses and suppress crack 

formation. However, defects may still occur near the edges of islands due to 

inconsistent energy input and variable scan directions. 

To reduce defect formation in the overlapping zones, interlayer staggering and 

orthogonal scan strategies have been proposed. Yang et al. [100][101] demonstrated 

that remelting overlap regions using orthogonal scanning improves fusion quality and 

reduces porosity. Parry et al. [10] employed a thermo-mechanical model to investigate 

stress development under different scan strategies and found that residual stress aligned 

with the scan direction dominates, resulting in anisotropic stress fields. 

 

Fig. 2.29.Schematic illustration of the island scan strategy, (a) each layer is divided into islands and raster 

scanned; (b) the successive layers are displaced in 1 mm[56]. 

 

Recent studies on aluminum-lithium alloys further highlight the importance of scan 

path design, as shown in Fig. 2.30. In particular, processing of 2195 Al-Li alloy under 

various scan strategies revealed that a linear scan pattern minimized gas pore and crack 

densities, achieving a high densification rate of 98.6%. It also produced smaller grains 
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(average 19.7 μm), a lower fraction of high-angle grain boundaries (57.4%), and a 

higher texture index. The linear strategy's concise thermal history and rapid cooling 

contributed to superior tensile properties (315.03 MPa strength and 5.03% elongation) 

[102]. These findings underscore the crucial role of scan strategy optimization in 

tailoring microstructure and mechanical performance in LPBF-processed lightweight 

alloys. 

 

Fig. 2.30 Schematic diagram of different scanning strategies [102]. 
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2.5 Flow and heat transfer mechanism during LPBF process 

In the LPBF process, a high-energy laser beam rapidly and selectively melts metal 

powders along a predefined scanning path. The laser scan speed is extremely high-

typically on the order of several hundred millimeters per second [103], and in some 

cases, it can reach up to 4.5 m/s [104]. As illustrated in Fig. 2.31, the resulting energy 

transfer and phase transition processes are both rapid and highly complex [105]. These 

include intense thermal convection within the molten pool, heat conduction between 

adjacent powder particles, material melting and solidification, vaporization effects, 

microstructural evolution, and even oxidation reactions in certain conditions. A 

comprehensive understanding of these coupled flow and heat transfer phenomena is 

critical for establishing more reliable control over the process. This knowledge forms 

the foundation for optimizing process parameters, reducing defect formation, and 

improving the mechanical performance and consistency of fabricated components. 

 

Fig. 2.31. Main physical processes in melt pool region during LPBF [105]. 

2.5.1 Temperature fields 

During the LPBF process, the metal powder in the powder bed is rapidly heated by the 

laser beam, initiating melting once the local temperature exceeds the material’s melting 

point. As the laser moves along its scanning path, the previously melted region is no 

longer exposed to direct energy input, leading to a rapid temperature drop driven by 
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heat conduction, convection, radiation, and latent heat release during solidification. 

When the temperature falls below the melting point, the molten material resolidifies. 

Accurately capturing the temperature field—including both the spatial distribution and 

temporal evolution of temperature—is essential for understanding the thermal history 

of the process. This thermal history plays a critical role in determining microstructure 

evolution, residual stress formation, and the development of internal defects. Therefore, 

precise knowledge of the temperature fields is fundamental for controlling part quality, 

optimizing process parameters, and ultimately enabling defect mitigation and tailored 

microstructural control. 

 

The LPBF temperature field has the characteristics of significant heating and cooling 

rate, large temperature gradient, and high peak temperature. These characteristics bring 

many challenges to temperature measurement. Due to the fast heating and cooling speed, 

the signal acquisition rate of the temperature measuring element needs to be high 

enough to measure the temperature change during the entire heating and cooling 

process; since the local temperature of the molten pool will reach a high temperature of 

more than 2000K, even higher than the boiling point of the metal, the traditional method 

is adopted. The thermocouple method cannot measure the molten pool temperature. 

Therefore, the measurement of LPBF process temperature mainly adopts non-contact 

temperature measurement methods such as infrared thermometers and uses simulation 

methods as auxiliary methods. Zhinov et al. [106] established a finite element model of 

the LPBF temperature field based on titanium alloys and measured the molten pool 

using an infrared thermometer, as shown in Fig. 2.32. However, because it is difficult 

to obtain accurate surface emissivity, the measurement results are only represented by 

the signal strength of the infrared thermometer, and the precise temperature cannot be 

measured. Dunbar et al. [107] placed the data acquisition device in a metal iron box 

designed by themselves at the lower part of the substrate and measured the substrate 

temperature during LPBF processing of different materials using a K-type 

thermocouple spot welded on the substrate outside the molding area, as shown in Fig. 

2.33. Roberts et al. [108]studied the evolution of the temperature field during the LPBF 
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forming process, which shows that the peak temperature of the molten pool increases 

with the increase of the number of layers. Gusarov et al. [109][110][111] simulated the 

temperature field distribution of 316L stainless steel during LPBF processing, and the 

results showed that the scanning speed, powder layer thickness, and thermal properties 

of the material have essential effects on the LPBF temperature field. Hooper 

[112]developed a high-speed, coaxial two-wavelength imaging method to measure melt 

pool surface temperatures in LPBF with high spatial (20 μm) and temporal (100 kHz) 

resolution. Their approach provides detailed insights into thermal gradients and cooling 

rates, enabling better optimization of scan strategies and parameters to control defect 

formation and microstructure evolution by managing the temperature field. 

 

Fig. 2.32. Numerical simulation of temperature fields under 90W laser power during laser scanning of 

Ti6Al4V substrate[105]. 
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Fig. 2.33. The vault experimental enclosure designed for measurements in LPBF machines[106]. 

Parts manufactured by LPBF usually have high residual stress, which is greatly affected 

by the temperature field. Roberts et al. [108] used the finite element method to calculate 

the temperature field distribution near the laser spot during the LPBF process and 

pointed out that the excessively high-temperature gradient of the metal near the laser 

spot would adversely affect the thermal stress distribution and residual stress states. Dai 

et al. [113] constructed temperature field and stress field models by finite element 

analysis method, studied the influence of different scanning strategies on residual 

thermal stress and deformation and found that transient thermal stress is essential for 

deformation. Parry et al. [10] used the finite element simulation software marc to build 

an LPBF-forming thermodynamic coupling model, as shown in Fig. 2.34. By 

performing finite element simulations on single-channel scanning and serpentine 

scanning, they found that temperature gradient was the main factor in generating 

residual stress and analyzed the stress distribution and variation of the two scanning 

methods. And it is found that the workpiece has the most significant stress parallel to 

the scanning direction. 
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Fig. 2.34. Mirrored profile views of (a) the temperature, (b) the temperature gradient in the Y direction, 

and (c) σyy taken at t = 0.0320 s (left half) and at t = 0.156s (right half) [10]. 

 

Some researchers control and eliminate defects by controlling the temperature field. 

Devesse et al. [114] used a hyperspectral camera online to detect the temperature 

distribution of the molten pool by the laser and adjusted the laser power in real-time 

through the linear state feedback and PI control of the molten pool temperature to keep 

the temperature and width of the molten pool stable. Craeghs et al. [115] used a high-

speed near-infrared CMOS camera and a photodiode sensor to detect the size of the 

molten pool in LPBF online and feedback to adjust the laser power to maintain the 

stability of the molten pool temperature and improve the forming quality of the part. 

Miyagi et al. [116] used three photodiodes to detect the thermal radiation signal of the 

molten pool online. They developed an adaptive shape control system to establish the 

corresponding relationship between the intensity of the thermal radiation signal and the 

width of the molten pool and use this to adjust the laser power and maintain stability 

for the size of the molten pool. Recently, Li et al. [117] proposed a multi-view melt pool 

temperature monitoring method based on a light field camera. By calibrating spectral 

responses and applying dual-wavelength theory, they achieved high-accuracy 

temperature measurements with maximum errors below 3%, providing an effective 

real-time thermal monitoring solution for laser direct energy deposition (LDED) and 

the LPBF processes. This approach offers great potential for future control and 

elimination of defects by precisely managing the temperature field during 
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manufacturing. 

2.5.2 Fluid dynamics during molten pool process 

When a high-energy laser irradiates the powder bed in the LPBF process, localized 

melting occurs, forming a transient molten pool. Within this molten region, complex 

fluid dynamics arise, primarily driven by thermal convection induced by surface tension 

gradients (Marangoni effect) and temperature gradients. As the local temperature 

exceeds the evaporation threshold, intense vaporization of the molten metal generates 

a recoil pressure on the melt surface, resulting in high-speed downward flow and 

significant melt pool perturbation. This recoil pressure also induces turbulent gas flow 

in the surrounding atmosphere, leading to powder spattering and denudation effects. 

Upon cessation of laser irradiation, the molten pool undergoes rapid cooling and 

solidification, often accompanied by the formation of defects such as porosity, keyholes, 

and lack-of-fusion zones. Therefore, a comprehensive understanding of the fluid flow 

behavior within the molten pool is essential for stabilizing melt dynamics, minimizing 

defect formation, and optimizing process parameters to achieve consistent part quality 

in LPBF. 

 

Since the actual melt pool process occurs at the micron scale and experimental 

observation methods are limited, many researchers use a combination of experiments 

and simulations to study the fluid dynamics of the molten pool. Cunningham et al. [57] 

observed the keyhole phenomena in the molten pool using ultrahigh-speed synchrotron 

x-ray imaging and discovered a crucial value that changed from conduction mode to 

keyhole when the power density changed. In addition, the tangent of the front keyhole 

wall angle and keyhole depth have a linear connection. Martin et al. [94] used in situ 

X-ray imaging and multi-physics simulations to investigate pore formation and liquid-

solid interface dynamics throughout the LPBF process. Pores emerge when the laser 

scan velocity changes because deep keyhole depressions in the surface form quickly 

and subsequently collapse, trapping inert shielding gas in the solidifying metal. Huang 
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et al. [118] revealed quasi-stable, transition, and unstable keyhole regimes under 

different laser scan velocities, where the rear keyhole wall (RKW) collapses in the 

transition regime and keyhole bottom collapse in the unstable regime can cause the pore 

formation, as shown in Fig. 2.35. Zhao et al. [60] employed high-speed x-ray imaging 

to investigate pore formation in Ti-6Al-4V produced by a critical instability at the 

keyhole tip, demonstrating that the critical keyhole instability generates acoustic waves 

in the melt pool, which drives the pores near the keyhole tip to travel away from the 

keyhole and get trapped as defects., as shown in Fig. 2.36. To simulate the keyhole pore 

formation process, Wang et al. [119] used a multiphysics thermal fluid flow model 

including heat transfer, liquid flow, metal evaporation, the Marangoni effect, and 

Darcy's law, and the findings were confirmed using experimental results. The 

simulation of the keyhole pore formation in the molten pool from 0 μs to 10 μs in Fig. 

2.37 corresponds to the process from 0 μs to 7.36 μs experimentally observed in Fig. 

2.36. With the help of simulation, they analyzed the velocity field in the molten pool 

using simulation to explain the keyhole pore formation process and discovered that 

keyhole instability and motion of the instant bubble pinning on the solidification front 

cause instant bubble formation. Leung et al. [120] used in situ and operando X-ray 

imaging to explore the impact of powder oxidation on molten pool dynamics and defect 

formation. The result shows that entrained powder oxide will change the Marangoni 

convection from an inward centrifugal to an outward centripetal flow, promoting pore 

nucleation, stability, and growth. Also, during laser re-melting, pores near the track 

surface might burst, resulting in droplet spatter and an open pore or pore healing via 

Marangoni flow. Hojjatzadeh et al. [121] proposed that the pore movement behavior is 

driven by competition between the temperature gradient produced thermocapillary 

force and the melt flow-induced drag force by combining in situ high-speed, high-

resolution synchrotron x-ray imaging measurements with multi-physics modeling. 

Furthermore, the significant thermocapillary force caused by the high-temperature 

gradient in the laser contact zone can quickly remove pores from the melt pool. To 

stabilize the melt pool dynamics and minimize defects, Khairallah et al. [39] they 

derived criteria and adopted a proportional-integral-derivative (PID) controller in the 
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simulation to vary the power dynamically, helping improve build reliability. Fan et al. 

[122] investigated the underlying mechanisms of keyhole instability in laser powder 

bed fusion (LPBF) and laser welding processes using high-speed synchrotron X-ray 

imaging. Their study revealed that the formation of protrusions on the rear wall of the 

keyhole, driven by internal melt pool vortices, plays a critical role in initiating keyhole 

collapse and subsequent porosity. To suppress this instability, a transverse magnetic 

field was introduced, which induced a secondary thermoelectric magnetohydrodynamic 

(TEMHD) flow. This flow effectively modified the primary vortex structure, reducing 

keyhole oscillations and stabilizing the melt pool. The effectiveness of this magnetic 

stabilization was shown to depend strongly on the relative orientation between the 

scanning direction and the magnetic field, due to the directional nature of the Seebeck 

effect–induced Lorentz forces. For high-silicon aluminum alloys such as AlSi10Mg, 

the application of a 0.5 T magnetic field during right-to-left scanning resulted in an 81% 

reduction in porosity. A dimensionless force analysis indicated that while conventional 

electromagnetic damping is insufficient at LPBF scales and low field strengths, the 

thermoelectric effect becomes dominant in alloys with high Seebeck coefficients. This 

work provides a mechanistic framework for magnetic field–assisted stabilization of the 

melt pool, offering guidance for broader application in advanced materials and additive 

manufacturing processes. 

 

 

Fig. 2.35. Keyhole collapse mechanism and related keyhole melting regime transitions[116]. 
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Fig. 2.36. The keyhole pore formation and motion driven by acoustic waves from keyhole instability [60]. 

 

 

Fig. 2.37. Instant bubble formation due to the keyhole instability[119]. 

Also, several researchers have studied fluid dynamics around the molten pool induced 

by the high-velocity recoil metal vapor under the vaporization of molten pool liquid. 

Bidare et al. [41] utilized the technique of high speed schlieren imaging to visualize the 

laser plume and the heated atmosphere with refractive index gradients above the molten 

pool during LPBF, as shown in Fig. 2.38. The convection fronts that start from the 

molten pool's surface spread through the atmosphere above the deposit, transferring 

heat and momentum from the vapor jet to the atmosphere. The pressure and velocity of 

the induced gas flow, the local locations and traveling directions of the powder particles 

and surrounding geometric limits on the powder particles are the major determinants of 

entrained particle movement. By linking the DEM and FVM, Chen et al. [123] built a 

multiphase flow model that accounts for momentum and heat transfer between the gas 

phase and powder particles. The result shows that the spattering phenomenon is a 
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combination action of the jetting vapor and its produced vortex flow of ambient gas, in 

which some of the particles entrained by the ambient gas flow are then expelled by the 

vapor jet. Also, the vortex flow of the ambient gas causes denudation because particles 

near the vapor jet are entrained inward. Matthews et al. [6] proposed the Knudsen 

number (Kn) as the criterion for the competition between metal vapor jet and induced 

argon gas flow under different ambient gas pressure, as shown in Fig. 2.39. They found 

that drag force on the particles due to the shear flow slows down with decreasing gas 

density and, at some pressure, the particle motion reverses, making the denudation 

zone's width minimum. Guo et al. [50] suggested that the powder spattering behavior 

influenced by the ambient pressure controls the divergence angle of the vapor jet and 

the argon gas flow, as shown in Fig. 2.40. With the increase of ambient pressure, the 

total amount of spattering (both cold and hot) decreases, dominated by the divergence 

angle, while the amount of thermal spattering increases, dominated by the entrainment 

caused by the argon gas flow. Also, the acceleration and driving force of vapor-driven 

particles are roughly one order of magnitude more than argon gas flow-driven particles, 

and their moving speed is three times that of argon gas flow-driven particles. In addition, 

powder spattering mitigation is proposed, such as pre-sintering the powder bed, 

adjusting layer thickness, and adjusting environment pressure. Li et al. [124] 

established the first fully coupled 3D multiphysics model for LPBF, enabling 

quantitative simulation of melt pool dynamics, depression zone formation, gas flow 

characteristics, and powder motion under various ambient pressures. The study 

revealed that although the overall gas flow structure remains similar, key flow 

parameters-such as temperature, velocity, Reynolds number, and Knudsen number-vary 

significantly with pressure. They further defined four powder-gas interaction modes 

(recoil, entrainment, elevation, and expulsion), whose combined effects govern powder 

behavior and offer insights for mitigating powder spattering. Yuan et al. [125] 

developed a coupled CFD-DEM multiphase model to investigate the complex melt-gas-

powder interactions in LPBF under varying laser scan speeds. The study revealed a 

two-phase evolution of metal vapor behavior and established a correlation between scan 

speed and vapor flow angle. Notably, three types of oscillatory phenomena were 



71 

identified-localized pressure fluctuations on keyhole walls, counter-rotating argon 

vortices, and unsteady drag forces on powder particles-all contributing to different 

spatter mechanisms. These insights enhance the understanding of dynamic instabilities 

and provide guidance for process optimization and control. Zhang et al. [126] 

developed a high-fidelity multi-physics simulation framework by coupling CFD, DEM, 

and CALPHAD models to simultaneously capture the gas flow, melt pool behavior, and 

particle dynamics in both single- and multi-material LPBF processes. Validated by 

experiments, the model reveals that defect formation is closely linked to powder 

spattering and entrainment. Specifically, the coalescence of hot spatters leads to large 

agglomerations, which can cause lack-of-fusion and porosity defects through collapse 

of the depression zone. In multi-material systems, unmelted entrained particles-due to 

insufficient melt temperature-can result in particle inclusion defects. Moreover, the 

momentum of entrained particles at the melt pool tail can disturb the flow symmetry, 

potentially altering local element distribution. Based on these findings, the authors 

propose a defect generation criterion that offers guidance for in-situ defect detection 

and process control, aiming to enhance the consistency and reliability of LPBF-

manufactured parts. 

 

 
 

Fig. 2.38. Composite image of the heated gas rising due to convection at the times indicated for laser 

power 100 W and scan speed 0.5 m/s towards the viewing direction. Radial momentum is imparted to 

the atmosphere by eddies trailing the convection fronts[41]. 
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Fig. 2.39. Schematic depicting the action of evaporated metal flux on the flow pattern of the surrounding 

Ar gas and displacement of particles in the powder bed[6]. 

 

Fig. 2.40. Dynamic x-ray images showing powder motion at different moments and under different 

environment pressures[50].  
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2.6 Research objectives 

During the LPBF process, the evolution of melt pool morphology plays a fundamental 

role in determining thermal-fluid behavior and directly governs the formation and 

development of various defects. Dynamic thermal imbalance within the melt pool may 

cause severe vaporization, which leads to melt pool instability and facilitates the 

formation of defects such as pores, lack of fusion, and cracks. Among these, spattering 

is particularly critical, as it not only reflects melt pool instability but also acts as a 

trigger for a chain of detrimental effects. For instance, spattered particles may block the 

laser beam and disrupt energy input, re-enter the melt pool and introduce turbulence 

that generates porosity [39][127], or interfere with powder spreading, resulting in lack 

of fusion or gas-induced porosity in subsequent layers [7][12][47][54]. In addition, 

solidification cracks can form due to poor bonding around voids caused by spatter re-

deposition [128]. However, current research presents two key limitations: 

(1) Most studies treat the melt pool temperature field as a singular indicator of thermal 

behavior, without fully characterizing the comprehensive heat transfer mechanisms 

between the melt pool and solid substrate. Additionally, many investigations focus 

solely on fluid dynamics, neglecting the interdependence between heat transfer and 

flow, which together drive defect formation. 

(2) Studies on spattering mechanisms largely remain qualitative and descriptive, 

lacking a rigorous quantitative understanding of how specific process parameters 

govern spattering behaviors. 

In response, this research aims to address the above gaps through a combined 

experimental and numerical approach. The primary research objectives are: 

1. To establish a high-fidelity numerical model coupled with experimental 

validation. 

⚫ Investigate the Laser powder bed fusion of 316L stainless steel powder under 

varying laser power and scanning speed using single-layer, multi-track experiments. 
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⚫ Analyze and characterize melt track morphology under different process parameters. 

⚫ Develop a multiphysics model to study heat transfer and melt flow dynamics in the 

melt pool and validate it against experimental results. 

2. To explore the defect formation mechanisms within the melt pool and the effect 

of process parameters. 

⚫ Clarify how process parameters affect melt pool morphology and defect generation. 

⚫ Reveal the coupling between thermal and fluid dynamic mechanisms that drive 

defect formation. 

⚫ Optimize process parameters to suppress defects and achieve high-quality part 

formation. 

3. To investigate the spattering mechanism and the influence of process 

parameters. 

⚫ Examine the effect of process parameters on spattering behavior, including spatter 

quantity, size, and velocity. 

⚫ Analyze the particle dynamics under vapor and gas flow forces. 

⚫ Establish the relationship between particle dynamics and spatter generation, 

enabling the prediction of spattering outcomes and providing guidance for process 

optimization.
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Chapter 3. Multi-physics modeling of LPBF 

3.1 Introduction 

LPBF is an advanced additive manufacturing technique that utilizes a high-energy laser beam 

to selectively melt metal powders layer by layer, enabling the fabrication of complex 

geometries with high precision. The LPBF process involves a series of intricate physical and 

chemical phenomena that collectively govern the evolution of microstructure and mechanical 

properties in the final components. Upon laser irradiation, thermal energy rapidly propagates 

via conduction, causing a significant localized temperature rise. Within the melt pool, the 

presence of substantial temperature and surface tension gradients induces thermocapillary 

convection, commonly known as the Marangoni effect, which plays a crucial role in shaping 

the melt pool morphology and governing its dynamic behavior. Under high-energy input, metal 

powders transition into a transient liquid state, which subsequently solidifies upon rapid 

cooling, ultimately determining the microstructural characteristics and mechanical 

performance of the fabricated part. When the local temperature exceeds the material’s 

vaporization threshold, evaporation occurs, generating metal vapor and potentially triggering 

plasma formation. Additionally, the LPBF process may involve material oxidation[129]-[132], 

high-temperature decomposition of alloying elements[133], spattering of molten metal and 

powder particles, and the formation of porosity, all of which can significantly impact the build 

quality and structural integrity of the manufactured component[134].  

 

However, due to the extremely short timescale and the complex multi-physics interactions 

governing the process, conventional experimental approaches alone are insufficient for real-

time observation and in-depth analysis of these transient phenomena. Consequently, numerical 

simulation has emerged as an essential tool for investigating key aspects such as the interaction 

between powder particles and the recoating blade during powder spreading, the heat and fluid 

flow dynamics within the melt pool, and the multiphase interactions between powder particles 

and the metal vapor plume[135]. These computational approaches are critical for optimizing 
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process parameters and improving part quality. This chapter systematically outlines the 

modeling methodologies employed for simulating the powder spreading process, the thermal-

fluid behavior of the melt pool, and the multiphase dynamics between powder particles and 

vapor plume, providing a comprehensive framework for numerical analysis in LPBF. 
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3.2 Discrete Element Method (DEM)-Based Laying Powder Model 

In the LPBF additive manufacturing process, powder bed formation serves as a critical step 

that directly influences the metallurgical quality of the final components[136]. This process 

involves the uniform spreading of micro-scale metal powders onto a substrate or previously 

solidified layers using a metallic recoater blade, followed by selective laser scanning to achieve 

metallurgical bonding and interlayer remelting. Studies have shown that the packing density 

distribution and geometric homogeneity of the powder bed significantly affect the 

thermodynamic behavior of the melt pool and the evolution of microstructures[137][138]. 

These factors are fundamental in determining the final part’s densification and mechanical 

properties. 

 

The quality of powder bed formation is governed by the multiphysics interactions among the 

kinematic parameters of the recoater (velocity field distribution), the geometric characteristics 

of the blade (cutting-edge curvature radius, surface roughness), and the process parameters 

(layer thickness settings). Due to the microscale effects inherent in the powder system and the 

discrete nature of the medium, conventional finite element analysis (FEM) and computational 

fluid dynamics (CFD) methods—based on continuum mechanics assumptions—struggle to 

accurately capture the mechanical behavior at the powder-recoater interface and the 

interparticle interactions[136].  

 

In recent years, the Discrete Element Method (DEM), rooted in discontinuous media mechanics, 

has emerged as a powerful numerical approach for simulating the dynamic response of 

particulate systems. The Discrete Element Method (DEM) was first introduced by Cundall [139] 

in the 1970s as a computational approach to solving complex dynamic problems, particularly 

in the study of rock particle motion. By 1974, the DEM framework had matured, incorporating 

interactive graphical output capabilities, which significantly expanded its applicability in 

various engineering domains. With advancements in computational power and numerical 

simulation techniques, DEM has been widely adopted across multiple scientific disciplines. 

More recently, it has been extended to the mesoscale numerical simulation of the LPBF process, 
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offering a novel computational paradigm for investigating powder bed formation mechanisms 

and melt pool dynamics [140]-[142]. 

 

The discrete element method (DEM) is primarily employed for analyzing the dynamics of 

particulate systems involving multi-body interactions [143]. Within the DEM framework, a 

discontinuous powder bed is discretized into independent particle units, each representing an 

individual powder grain. The system’s mechanical behavior is then resolved by computing 

interparticle contact forces, collision dynamics, and boundary interactions. 

 

Unlike continuum-based approaches such as the Finite Element Method (FEM) and the Finite 

Volume Method (FVM), DEM explicitly treats materials as assemblies of discrete particles 

rather than continuous media. This enables a more realistic representation of powder 

morphology, particle size distribution, and porosity evolution during the spreading process. 

 

In addition, DEM applies Newtonian mechanics to resolve interparticle interactions, allowing 

accurate characterization of particle trajectories, velocities, orientations, and accelerations. 

Owing to its capability to capture the inherently discontinuous nature of granular materials, 

DEM has become an indispensable numerical tool for investigating powder dynamics and 

powder bed spreading mechanisms in laser powder bed fusion (LPBF), providing valuable 

insights and reliable computational support for process optimization [144][145]. 

3.2.1 Geometry description 

LPBF employs two primary techniques for distributing powder layers: scraping and counter-

rolling [146]. Among these, scraping is widely adopted in commercial LPBF systems, 

including those developed by EOS, SLM Solutions, and Renishaw, due to its straightforward 

implementation. This approach utilizes a blade mechanism to evenly spread the powder, 

making it a prevalent choice in industrial applications [147]. Given its simplicity and broad 

usage, this study focuses on the scraping method as the selected powder deposition technique. 

In this study, the initial powder bed is generated using a poured packing approach, wherein 
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approximately 166541 spherical particles are produced based on the particle size distribution 

illustrated in Fig. 3.1(a). The powder spreading process is modeled as shown in  Fig. 3.1(b), 

where the powder is deposited on a rigid substrate by a flat blade moving at a constant velocity. 

The computational domain has a length L = 21 mm and a width W = 3 mm, as shown in Fig. 

3.1(c), representing a representative section of the actual powder bed used in the LPBF process.  

   

Fig. 3.1. Discrete element modeling of the powder spreading process. (a) SEM image of 316L stainless steel 

powders showing particle size distribution. (b) Schematic of powder spreading by a moving blade in the DEM 

simulation. (c) Top view of the deposited powder bed after spreading. 

 

In a powder system composed of non-spherical particles, the overall behavior differs 

significantly from that of a system consisting of spherical particles. This discrepancy arises 

because the irregular shape of non-spherical particles limits their relative movement to some 

extent [148]. However, the majority of metal powders utilized in LPBF are predominantly 

spherical, though minor deviations from perfect sphericity may exist [81][149][150]. This 

characteristic is also observed in the 316L stainless steel powder used in our powder-layering 

experiments, as illustrated in Fig. 3.1(a). Given that the powder particles in this study are 

primarily spherical, the influence of particle shape on powder flow dynamics was not explicitly 

considered. Instead, a spherical representation was adopted for the powder particles in DEM 

simulations. Furthermore, the geometric boundaries, including the blade and the built part, are 

modeled as special particles with infinitely large mass [136]. Consequently, their motion 

remains unaffected by the interactions with powder particles.  
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3.2.2 Governing equations 

In contrast to other computational approaches, the molecular dynamics-based DEM offers 

distinct advantages in capturing the interactions among individual particles or powders at the 

particulate scale. Due to its capability to accurately model particle-level dynamics, this method 

is applied in this numerical study, and each particle undergoes two fundamental types of motion 

within the framework of DEM modeling: translational and rotational. These motions are 

governed by the fundamental principles of Newton’s second law of motion, which dictate the 

dynamic evolution of particles based on the forces and torques acting upon them. The 

governing equations for these motions are formulated as follows [151]-[153]: 

𝑚𝑖

𝑑𝑣𝑖
𝑑𝑡

=∑(𝐹𝑖𝑗,𝑛 + 𝐹𝑖𝑗,𝑠) + 𝑚𝑖𝑔

𝑝

𝑗=1

  (3-1) 

𝐼𝑖
𝑑𝑤𝑖

𝑑𝑡
=∑(𝑇𝑖𝑗,𝑠 + 𝑇𝑖𝑗,𝑟)

𝑝

𝑗=1

  (3-2) 

Where mi, vi, wi and Ii denote the mass, translational velocity, angular velocity, and moment of 

inertial of particle i, respectively. The contact force exerted between two interacting powder 

particles, i and j, consists of a normal force 𝐹𝑖𝑗,𝑛 and a tangential force 𝐹𝑖𝑗,𝑠. Additionally, the 

tangential force generates a torque (𝑇𝑖𝑗,𝑠), while rolling friction contributes to the torque (𝑇𝑖𝑗,𝑟), 

influencing the rotational dynamics of the particles. 

 

In the present simulation, the Hertz-Mindlin contact model was employed to characterize the 

elastic contact forces between particles. To account for Van der Waals interactions, the JKR 

(Johnson-Kendall-Roberts) theory was incorporated by modifying the Hertz-Mindlin 

framework. This modification involved introducing additional cohesive forces into the normal 

contact force, effectively capturing the adhesive interactions between particles [136][153][154]: 

𝐹𝑐,𝑖𝑗
𝑛 =

4𝐸∗

3𝑅∗
𝑟𝑐
3 − 4√𝜋𝑟𝑐

3𝛾𝐸∗  (3-3) 

𝛼 =
𝑟𝑐
2

𝑅∗
−√

2𝜋𝛾𝑟𝑐
𝐸∗

  (3-4) 

where  represents the surface energy, while E and R denote the equivalent Young’s modulus 
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and equivalent radius, respectively. The contact radius rc is determined based on the normal 

overlap α. And a comprehensive summary of all forces and torques governing the translational 

and rotational motion equations for particle i is presented in Table 3.1[136][153]. The DEM 

formulation adopted in this study is based on several commonly accepted assumptions. 

Specifically, particles are assumed to be spherical and interact through pairwise contact forces 

governed by a soft-sphere contact model. The contact behavior follows Hertz–Mindlin theory, 

including elastic normal forces, tangential forces with Coulomb friction, and viscous damping. 

Additionally, particles are treated as rigid bodies, and effects such as particle deformation 

beyond contact overlap, cohesion, and thermal–mechanical coupling are neglected. 

Table 3.1 Governing equations of the DEM model based on Hertz–Mindlin contact theory.  

Forces and torques Symbols Equations 

Normal direction Interaction force 𝐹𝑖𝑗,𝑛 𝐹𝑖𝑗,𝑛 = 𝐹𝑐,𝑖𝑗
𝑛 + 𝐹𝑑,𝑖𝑗

𝑛
 

 Contact force 𝐹𝑐,𝑖𝑗
𝑛

 𝐹𝑐,𝑖𝑗
𝑛 =

4𝐸∗

3𝑅∗
𝑟𝑐
3 − 4√𝜋𝑟𝑐

3𝛾𝐸∗ 

 Damping force 𝐹𝑑,𝑖𝑗
𝑛

 𝐹𝑑,𝑖𝑗
𝑛 = −√

20

3
𝛽[𝐸∗𝑚∗(𝑅∗𝛼𝑛)0.5]0.5𝑢𝑖𝑗

𝑛  

Tangential direction Interaction force 𝐹𝑖𝑗,𝑠 𝐹𝑖𝑗,𝑠 = 𝐹𝑐,𝑖𝑗
𝑠 + 𝐹𝑑,𝑖𝑗

𝑠
 

 Contact force 𝐹𝑐,𝑖𝑗
𝑠

 𝐹𝑐,𝑖𝑗
𝑠 = −min⁡{𝐹𝑓 , |8𝐺

∗√𝑅∗𝛼𝑛𝛼𝑠|} 

 Damping force 𝐹𝑑,𝑖𝑗
𝑠

 𝐹𝑑,𝑖𝑗
𝑠 = √

80

3
𝛽[𝐺∗𝑚∗(𝑅∗𝛼𝑛)0.5]0.5𝑢𝑖𝑗

𝑠  

Friction force  𝐹𝑓 𝐹𝑓 = 𝜇𝑠|𝐹𝑐,𝑖𝑗
𝑛

| 

Friction torque  𝑇𝑓,𝑖𝑗  𝑇𝑓,𝑖𝑗 = 𝑅𝑖 × 𝐹𝑐,𝑖𝑗
𝑠  

Rolling torque  𝑇𝑟,𝑖𝑗  𝑇𝑟,𝑖𝑗 = −𝜇𝑟𝑅𝑖𝐹𝑐,𝑖𝑗
𝑛

𝑤î 

(where)  R* 𝑅∗ = 𝑅𝑖𝑅𝑗/(𝑅𝑖 + 𝑅𝑗) 

  m* 𝑚∗ = 𝑚𝑖𝑚𝑗/(𝑚𝑖 +𝑚𝑗) 

  E* 𝐸∗ = 𝐸𝑖𝐸𝑗/(𝐸𝑖(1 − 𝜎𝑗
2) + 𝐸𝑗(1 − 𝜎𝑖

2)) 

  G* 𝐺∗ = 𝐺𝑖𝐺𝑗/[𝐺𝑖(1 − 𝜎𝑗) + 𝐺𝑗(1 − 𝜎𝑖)] 

Unit angular 

velocity 

 𝑤î 𝑤î = 𝑤𝑖/|𝑤𝑖| 
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3.2.3 Calculation time step 

In DEM simulations, the selection of an appropriate time step Δt is crucial for accurately 

computing the incremental contact forces and displacements of particles. To ensure numerical 

stability and minimize computational errors, the chosen time step must be smaller than a 

characteristic time scale. A commonly used criterion for this purpose is the Rayleigh critical 

time step [155], which serves as a representative characteristic time for the system, and the 

formula is as follows: 

∆𝑡𝑅𝑎𝑦 =
𝜋𝑅𝑝

0.8766 + 0.163𝜎
√
𝜌𝑝

𝐺
  (3-5) 

where Rp is the particle radius, 𝜎 is the Poisson’s ratio, G = E / 2(1 + σ) is the shear modulus 

and E is the Young’s modulus, and 𝜌𝑝 is the particle density. 

 

Determining an optimal time step in DEM simulations involves balancing computational 

efficiency, numerical accuracy, and the stability of the integration scheme. As reported by 

O’Sullivan and Bray [158], an appropriate time step for modeling the motion of dense granular 

materials typically ranges between 20% and 80% of the Rayleigh critical time step. In this 

study, to achieve a reasonable compromise between computational cost and solution accuracy, 

a time step Δt corresponding to 50% of the Rayleigh critical time step ∆𝑡𝑅𝑎𝑦 was adopted for 

solving the governing equations of the model [136]. 
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3.3 Multiphysics thermal-fluid flow model 

The laser-powder interaction in LPBF is characterized by extremely short durations, microscale 

molten regions, and rapid cooling and solidification rates. These features, combined with the 

inherent complexity of the physical processes involved and the limitations of experimental 

observation techniques, make it challenging to fully capture melt pool dynamics through 

experiments alone. In recent years, numerical simulation has therefore emerged as a valuable 

tool for investigating the dynamic behavior of the melt pool at the particle scale. 

This study employs Ansys Fluent software to numerically simulate the complex microscale 

physical phenomena occurring during the LPBF process, including heat conduction, fluid 

motion, and mass transfer. LPBF is a transient, non-steady-state manufacturing process 

involving rapid changes in multiple physical mechanisms. These include the absorption of laser 

energy by metal powders, molten metal flow, surface-tension-driven Marangoni convection 

within the melt pool, radiative and convective heat exchange between the powder bed and the 

surrounding environment, and phase transitions among solid, liquid, and gaseous states. 

Incorporating all these factors in full detail would result in an exceedingly complex 

mathematical model. Therefore, to maintain computational efficiency while preserving 

accuracy and focusing on the dominant physical phenomena, the following assumptions are 

adopted in this study [4][6][159]:  

⚫ The melt pool fluid flow is modeled as Newtonian and laminar. 

⚫ The thermophysical properties of SS316L are assumed to be temperature-dependent only. 

⚫ The plasma formation effects during the LPBF process are ignored. 

3.3.1 Geometry description 

This section presents the development of the physical model, using a single-track scanning case 

with a layer thickness of 50 µm as an example. The geometric dimensions of the model are 800 

µm × 260 µm × 340 µm, and the substrate height is 200μm. Since the model is a regular 

rectangular cuboid, the mesh generation process does not require additional considerations for 
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complex geometric features. Under identical volume and mesh resolution, the total number of 

hexahedral elements is significantly lower than that of tetrahedral elements, leading to a 

substantial reduction in computational cost and the number of nodes. Furthermore, compared 

to tetrahedral elements, hexahedral meshes exhibit superior computational accuracy and 

convergence properties. Therefore, hexahedral elements were selected for mesh discretization 

in this study. 

 

As the powder region is directly subjected to laser irradiation, the associated fluid flow and 

heat transfer phenomena are highly intricate. Consequently, a finer mesh resolution is required 

in this region to ensure computational accuracy. When determining an appropriate mesh size, 

it is essential to consider that reducing the element size to 1/n of its original value results in an 

increase in the total number of elements by a factor of n3. Additionally, a smaller mesh size 

necessitates a reduction in time step, leading to a significant increase in the number of 

computational steps and overall simulation time. Therefore, a balance between computational 

accuracy and efficiency must be achieved. Based on extensive testing, a mesh size of 4 µm was 

ultimately selected for the computational domain [82], resulting in approximately 1105000 

total elements. The three-dimensional computational domain for simulating the single-track 

formation is illustrated in Fig. 3.2. 

 

Fig. 3.2 Three-dimensional computational domain for simulating the single-track formation. The powder bed used 
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in this simulation has a thickness of 50 μm and consists of 316L stainless steel particles with a particle size 

distribution characterized by D10 = 15 μm, D50 = 30 μm, and D90 = 45 μm. Detailed powder characteristics, 

including packing density and morphology, are provided in Section 4.2.  

3.3.2 Governing equations 

This study focuses on the multiphysics coupling modeling of the molten pool, with an emphasis 

on developing physical and mathematical models that describe the fluid flow and heat transfer 

processes within the metal melt. For the numerical solution methodology, the Finite Volume 

Method (FVM), known for its strict conservation properties, is employed to discretize the 

governing equations. Specifically, the numerical solution of the system of partial differential 

equations-comprising the mass conservation equation, the momentum conservation Navier-

Stokes equations, and the energy conservation equation-is achieved through the following steps: 

Firstly, based on the control volume integration principle, the nonlinear partial differential 

equations are integrated over spatial discrete elements. Secondly, the Gauss divergence 

theorem is applied to the surface integral terms to discretize the fluxes, thereby transforming 

the differential equations into algebraic equations at discrete nodes. Finally, the assembled field 

elements form a large, sparse system of linear algebraic equations. This numerical approach 

rigorously ensures local conservation while effectively addressing multiphysics coupling 

problems under complex geometric boundary conditions, thus providing a robust 

computational foundation for the precise simulation of the molten pool's dynamic behavior. 

The subsequent sections primarily address the three fundamental governing equations of 

Computational Fluid Dynamics (CFD) and the development of additional models: 

 

(1) Mass conservation equation 

The mass conservation equation, also known as the continuity equation, is a fundamental 

principle that must be satisfied in any fluid flow problem. This law can be stated as follows: 

the increase in mass within a fluid element over a unit of time is equal to the net mass flux 

entering the element during the same time interval. The specific mathematical form of the mass 

conservation law is expressed as follows: 
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∇ ∙ (𝜌𝑣⃗) = 0  (3-6) 

where 𝜌 is the volume-averaged density, t is the time, 𝑣⃗ is the fluid velocity. 

 

(2) Momentum conservation equation 

The momentum equation is intrinsically based on Newton's Second Law, which states that the 

temporal rate of change of momentum within a differential fluid element is equal to the sum of 

all external forces acting upon it. The precise mathematical representation of the momentum 

conservation law is as follows: 

𝜕

𝜕𝑡
(𝜌𝑣⃗) + ∇ ∙ (𝜌𝑣⃗𝑣⃗) = −∇𝑝 + 𝜌𝑔⃗ + ∇ ∙ 𝜏̿ + 𝐹⃗ + 𝑓𝑑𝑎𝑚𝑝

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗    (3-7) 

where 𝑝 is the pressure, 𝑔⃗ is the gravity acceleration, 𝐹⃗ is the main driving force including 

contributions from surface tension, Marangoni force, and recoil pressure, 𝑓𝑑𝑎𝑚𝑝
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is the 

damping force term in the solidification and melting model, which will be introduced in 

subsequent sections, and 𝜏 is the stress tensor (described below),  

𝜏̿ = 𝜇 [(∇𝑣⃗ + ∇𝑣⃗𝑇) −
2

3
∇ ∙ 𝑣⃗𝐼]  (3-8) 

 

(3) Energy conservation equation 

The Laser powder bed fusion (LPBF) process involves highly frequent thermal exchanges, 

necessitating strict adherence to the law of energy conservation. This principle can be 

interpreted as follows: the rate of energy increase within an infinitesimal control volume is 

equal to the net heat flux entering the volume, combined with the work done on it by body 

forces and surface forces. Fundamentally, the law of energy conservation is a manifestation of 

the First Law of Thermodynamics and can be formulated in the form of an energy conservation 

equation: 

𝜕

𝜕𝑡
(𝜌𝐻) + ∇ ∙ (𝜌𝑣⃗𝐻) = ∇ ∙ (𝑘∇𝑇) + 𝑞  (3-9) 

where H is the enthalpy, 𝑘 is the thermal conductivity. 

 

(4) Solidification and melting equation 

The melting-solidification model developed in this study incorporates two key physical 



87 

mechanisms. First, the thermodynamic effects of latent heat release and absorption during the 

metal melting/solidification phase transition are explicitly addressed in the energy conservation 

equation using the effective heat capacity method. Second, the momentum transport process is 

modeled by analogy to porous media flow, employing the enthalpy-porosity method. The 

specific mathematical modeling is constructed as follows: 

For the treatment of latent heat during phase transitions, the energy conservation equation is 

modified by introducing an effective heat capacity term to account for phase change effects. 

𝐻 = ℎ𝑟𝑒𝑓 +∫ 𝐶𝑝𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓

+ 𝑓𝑙𝐿𝑚  (3-10) 

where ℎ𝑟𝑒𝑓 is the reference enthalpy at the reference temperature 𝑇𝑟𝑒𝑓 (298.15 K), 𝐶𝑝 is the 

specific heat capacity, 𝐿𝑚 is the latent heat of melting, 𝑓𝑙 is the liquid fraction and calculated 

by the function of temperature. 

𝑓𝑙 = {

0
𝑇 − 𝑇𝑠
𝑇𝑙 − 𝑇𝑠

1

 

𝑇 < ⁡𝑇𝑠 

(3-11) 𝑇𝑠 < 𝑇 < 𝑇𝑙 

𝑇 > ⁡𝑇𝑠 

Where 𝑇𝑠 and 𝑇𝑙 are the solidus and liquidus temperature, respectively. 

For the momentum transport modeling in the solid-liquid coexistence region, the Enthalpy-

Porosity method is employed, treating the mushy zone as an anisotropic porous medium. A 

coupling relationship is established between the liquid fraction 𝑓𝑙  and the momentum 

dissipation source term, and the damping force term 𝑓𝑑𝑎𝑚𝑝
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  is described as 

𝑓𝑑𝑎𝑚𝑝
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ = −𝐴𝑚𝑢𝑠ℎ

(1 − 𝑓𝑙)
2

(𝑓𝑙
3 + 𝐶𝐾)

𝑣⃗  (3-12) 

Here, 𝐴𝑚𝑢𝑠ℎ represents the damping coefficient of the mushy zone, which physically 

characterizes the momentum dissipation effects induced by dendritic structures at the phase 

transition interface on the molten flow. When 𝑓𝑙 = 1, the source term automatically 

degenerates and decouples, ensuring that the pure liquid region satisfies the standard Navier-

Stokes equations. Numerical stability of the model is ensured by introducing a regularization 

parameter 𝐶𝐾 (typically set to 1×10-6). Additionally, a continuous phase change function is 

employed to describe the temperature dependence of 𝑓𝑙(T), effectively achieving a continuous 
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medium representation of the solid-liquid interface. 

(5) VOF equation 

In the past, significant advancements have been made in the computational modeling and 

simulation of moving interfaces, particularly through the development of methods for solving 

the Volume of Fluid (VOF) equations. These methods have demonstrated high numerical 

accuracy and robustness in practical applications, leading to the widespread adoption of the 

VOF approach in the analysis of flow fields involving free surfaces. The primary advantage of 

the VOF model lies in its ability to simulate two or more immiscible fluids by solving a single 

set of momentum equations while tracking the volume fraction of each fluid within the 

computational domain. This capability is the main reason for adopting the VOF model in this 

study. The method is based on the assumption that the fluids (or phases) involved are 

immiscible and do not interpenetrate. For each additional phase incorporated into the VOF 

model, a scalar variable representing the volume fraction of that phase in each computational 

cell is introduced. The sum of the volume fractions of all phases within any control volume 

satisfies the following conservation constraint: 

∑𝛼𝑞

𝑁

𝑞=1

= 1 
 

(3-13) 

where 𝛼𝑞 denotes the volume fraction of phase q, and N represents the total number of phases. 

 

Once the volume fractions are known at all locations, the physical properties and variables 

within multiphase regions are computed using volume-weighted averages. Consequently, the 

properties in any control volume may represent either a single phase or a mixture of phases, 

depending on the local volume fraction. Specifically, for phase q with volume fraction 𝛼𝑞, 

three scenarios are possible: 

1. 𝛼𝑞 = 0: The control volume contains no fluid of phase q. 

2. 𝛼𝑞 = 1: The control volume is entirely occupied by phase q. 

3. 0 < 𝛼𝑞 < 1: The control volume contains both phase q and other phases, representing an 

interfacial cell. 
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This framework allows the VOF method to effectively capture complex interfacial dynamics 

while ensuring strict mass conservation, making it a robust tool for multiphase flow simulations. 

In this work, gas phase is regarded as the primary phase, and the volume fraction of metal phase 

is solved by the following equation: 

𝜕

𝜕𝑡
(𝛼𝑚𝜌𝑚) + ∇ ∙ (𝛼𝑚𝜌𝑚𝑣⃗) = −𝑚̇𝑙𝑣  (3-14) 

𝑚̇𝑙𝑣 = 0.82√
𝑀

2𝜋𝑅𝑇
𝑃𝑎𝑡𝑚𝑒𝑥𝑝 [

𝑀𝐿𝑣
𝑅𝑇𝑣

(1 −
𝑇𝑣
𝑇
)] |∇𝛼𝑚| 

 
(3-15) 

where 𝛼𝑚  is the volume fraction of metal phase, and 𝜌𝑚  is the metal density. Since the 

volume fraction equation will not be solved for the primary phase, the gas-phase volume 

fraction will be computed based on the following constraint:  

𝛼𝑔 = 1 − 𝛼𝑚  (3-16) 

 

(6) Momentum source terms 

During metal melting, the formation of a liquid melt pool is primarily driven by surface tension, 

which acts as the dominant force promoting the contraction of the melt pool surface. Surface 

tension inherently strives to minimize the surface area of the liquid, leading to a smoother and 

more stable melt pool morphology. Surface tension is incorporated as a volumetric force via 

the Continuum Surface Force (CSF) model: 

𝑓𝑠𝑡⃗⃗ ⃗⃗ ⃗ = 𝜎𝜅𝑛⃗⃗|∇𝛼𝑚|
2𝜌

𝜌𝑚 + 𝜌𝑔
  (3-17) 

where 𝜎 is the surface tension coefficient, 𝜌𝑚 is the metal density, 𝜌𝑔 is the gas density,⁡ 𝛼𝑚 

is the volume fraction of metal phase. The |∇𝛼𝑚|  function is adopted to transform an 

interfacial force per unit area into a volumetric surface force. 𝜅 is the curvature of metal-gas 

interface, 𝑛⃗⃗ is the unit normal vector at metal-gas interface, which can be expressed as 

𝑛⃗⃗ =
∇𝛼𝑙
|∇𝛼𝑙|

  (3-18) 

𝜅 = −∇ ∙ 𝑛⃗⃗  (3-19) 

Typically, the surface tension coefficient of a metal is a function of temperature and generally 

decreases as the temperature increases. This relationship can be expressed by the following 

equation: 

𝜎(𝑇) = ⁡𝜎𝑟𝑒𝑓 +⁡
𝜕𝜎

𝜕𝑇
(𝑇 − 𝑇𝑟𝑒𝑓)  (3-20) 
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Where 𝜎(𝑇) is the the surface tension coefficient as a function of temperature, 𝜎𝑟𝑒𝑓 is is the 

reference surface tension coefficient, 𝑇𝑟𝑒𝑓 is the reference temperature (generally taken at the 

solidus temperature). This equation introduces an additional tangential force source term into 

the momentum equation, known as the Marangoni force. This force drives the flow of molten 

metal within the melt pool from high-temperature regions with lower surface tension to low-

temperature regions with higher surface tension, and it is expressed as a volumetric force: 

𝑓𝑀⃗⃗ ⃗⃗⃗ =
𝑑𝜎

𝑑𝑇
[∇𝑇 − (𝑛⃗⃗ ∙ ∇𝑇)𝑛⃗⃗]|∇𝛼𝑚|

2𝜌

𝜌𝑚+𝜌𝑔
                                        (3-21) 

Where T is the temperature,  
𝑑𝜎

𝑑𝑇
 is the temperature coefficient of surface tension (typically 

negative, indicating reduced surface tension at higher temperatures). 

 

Under high-power-density laser irradiation, when the melt pool's thermal field exceeds the 

alloy's threshold vaporization temperature (Tv), localized explosive vaporization occurs at the 

liquid-gas interface. This phase-transition process induces a vapor jet flux perpendicular to the 

free surface, generating a dynamic counterforce through momentum conservation in 

accordance with Newtonian reaction principles. To consistently integrate this recoil mechanism 

within multiphase flow simulations, the pressure discontinuity at the evaporating interface is 

converted into a volumetric source term via the continuum surface force (CSF) formalism, 

maintaining numerical consistency with Marangoni stress modeling approaches. And the recoil 

vapor pressure 𝑃𝑟⃗⃗⃗⃗  is defined as 

𝑃𝑟⃗⃗⃗⃗ = 0.54𝑃𝑎𝑡𝑚𝑒𝑥𝑝 [
𝑀𝐿𝑣
𝑅𝑇𝑣

(1 −
𝑇𝑣
𝑇
)] 𝑛⃗⃗|∇𝛼𝑚|

2𝜌

𝜌𝑚 + 𝜌𝑔
⁡  (3-22) 

𝐿𝑣 is the latent heat of vaporization. 

 

(7) Energy source terms 

In laser powder bed fusion (LPBF) additive manufacturing, the numerical modeling fidelity of 

laser energy deposition mechanisms critically determines the predictive accuracy of melt pool 

dynamics and defect evolution. Although conventional heat source models (e.g., Gaussian 

surface heat flux, double ellipsoid volumetric source) are widely adopted, their inherent 

limitations manifest in two aspects: (i) failure to account for energy absorption heterogeneity 

induced by multiscale powder bed architectures (particle size distribution, porosity gradients), 
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particularly local light scattering and thermal flux distortion at interparticle contact points; (ii) 

inability to resolve laser multi-reflection absorption phenomena caused by dynamic keyhole-

pool interface fluctuations, leading to significant deviations in spatial energy deposition 

profiles. 

 

To address these challenges, this study employs a ray-tracing-based interface-adaptive heat 

source model. By discretizing the laser beam into statistical ray clusters via Monte Carlo 

methods, this model tracks the interaction process between each ray and the gas-liquid interface 

at each timestep. The energy deposition source term is formulated as: 

𝑞𝑙𝑎𝑠𝑒𝑟 = [𝐼0(𝑟)(𝐼0⃗⃗⃗ ⃗ ∙ 𝑛0⃗⃗⃗⃗⃗)𝛼𝐹𝑟(𝜃0) +⁡∑ 𝐼𝑀(𝑟, 𝑧)(𝐼𝑀 ∙ 𝑛𝑀)
𝑁

𝑀=1
𝛼𝐹𝑟(𝜃𝑀)] ∙⁡ 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡|∇𝛼𝑚|
2𝜌𝐶𝑝̅̅ ̅̅ ̅

𝜌𝑚𝐶𝑚 + 𝜌𝑔𝐶𝑔
 

 
(3-23) 

 

𝜂𝜃 = 1 −
1

2
[
1 + (1 − 𝜂0𝑐𝑜𝑠𝜃)

2

1 + (1 + 𝜂0𝑐𝑜𝑠𝜃)2
+
𝜂0

2 − 2𝜂0𝑐𝑜𝑠𝜃 + 2𝑐𝑜𝑠2𝜃

𝜂02 + 2𝜂0𝑐𝑜𝑠𝜃 + 2𝑐𝑜𝑠2𝜃
]  

(3-24) 

 

𝐼 =
2𝑃

𝜋𝑟𝑏2
𝑒𝑥𝑝 [−2

(𝑥 + 𝑣0𝑡 − 𝑥0)
2 + (𝑦 − 𝑦0)

2

𝑟𝑏2
]  

(3-25) 

 

The radiation source term is formulated as: 

𝑞𝑟𝑎𝑑 = −𝜎𝑠𝜀(𝑇
4 − 𝑇0

4)|∇𝛼𝑚|
2𝜌𝐶𝑝̅̅ ̅̅ ̅

𝜌𝑚𝐶𝑚 + 𝜌𝑔𝐶𝑔
  (3-26) 

The evaporation source term is formulated as: 

𝑞𝑒𝑣𝑝 = −𝑚̇𝑙𝑣𝐿𝑣  (3-27) 

where 𝑚̇𝑙𝑣  is the source term of mass transfer rate from liquid melt to vapor due to 

vaporization. 

3.3.3 Initial and Boundary conditions 

The initial conditions for the simulation are established by defining the material properties and 

temperature distribution across the entire computational domain at the commencement of the 

LPBF process. Throughout the LPBF procedure, the temperature field T is transient and 

exhibits a spatiotemporal dependency, varying both in space and over time. At the initial time 
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t = 0, it is assumed that the powder bed possesses a uniform temperature distribution. This 

assumption allows the initial temperature condition to be mathematically formulated as: 

T(x,y,z,t) = T0  (3-28) 

In this expression, T0 denotes the initial temperature of the powder bed as well as the 

surrounding environment, which is set to a standard ambient temperature of 293 K. This 

uniform initial temperature assumption serves as a baseline for analyzing the thermal behaviour 

and heat transfer mechanisms during the subsequent stages of the laser melting process. 

 

In computational fluid dynamics (CFD) simulations, the imposition of well-defined boundary 

conditions at the domain boundaries is essential to ensure the uniqueness and physical validity 

of the solutions to the governing equations. In this model, the boundary conditions are 

categorized into two types: thermodynamic boundaries (associated with the substrate region) 

and flow boundaries (associated with the gas region), as illustrated in Fig. 3.2. The 

computational domain comprises two hexahedral cells of identical geometric dimensions. The 

gas domain, positioned above the substrate, is assigned a Pressure Outlet boundary condition, 

permitting the free diffusion of the vapor-argon gas mixture. In contrast, the bottom and four 

lateral faces of the substrate domain are subjected to Robin boundary conditions (third-type 

boundary conditions), where the heat flux is governed by a combination of Newton's law of 

cooling and the Stefan-Boltzmann law: 

𝑞 = ℎ(𝑇𝑤 − 𝑇∞) + ⁡𝜀𝜎(𝑇𝑤
4 −⁡𝑇∞

4)  (3-29) 

where 𝑇∞ = 300 K represents the ambient gas temperature, h = 10 W/(m2 ⋅⁡ K) is the 

convective heat transfer coefficient [161][162], and ε = 0.3 denotes the surface emissivity [162]. 

3.3.4 Calculation time step 

The selection of the time step is closely related to the mesh cell size, fluid velocity, and 

computational stability, as shown in the following equation : 

∆𝑡 = 𝐶
∆𝑥

𝑣
  (3-30) 

Where C is Courant number, v is the fluid velocity, and ∆x is the mesh cell size. 

The Courant number (CFL), a dimensionless parameter that quantifies the relationship between 
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the spatial and temporal discretization, directly influences numerical stability and convergence 

behavior. Generally, a higher Courant number accelerates convergence but can also induce 

numerical oscillations or divergence, compromising solution stability. Therefore, in transient 

flow simulations, the Courant number must be appropriately controlled to ensure both solution 

stability and computational efficiency. 

 

In ANSYS Fluent, the solver automatically terminates the computation if the local Courant 

number (CFL) exceeds 250, as excessive values may lead to significant numerical errors or 

solution instability. To achieve a balance between computational stability and efficiency, this 

study employs an adaptive time-stepping strategy, dynamically adjusting the time step within 

the range of 10−9∼10−7 s. At each time step, the CFL number is rigorously monitored to remain 

below 0.5 [163], thereby optimizing the balance between numerical accuracy and convergence 

speed while ensuring computational stability and efficiency. 
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3.4 Physical parameters 

In order to accurately simulate the thermal-fluid behavior of the melt pool during the LPBF 

process, appropriate thermophysical properties and computational constants must be defined. 

The material system investigated in this study consists of 316L stainless steel powder and argon 

as the inert shielding gas. The relevant temperature-dependent thermophysical properties, 

including density, thermal conductivity, specific heat capacity, dynamic viscosity, surface 

tension, and latent heat of fusion, are summarized in Table 3.2[156]. These parameters are 

essential for solving the governing equations related to heat transfer, fluid flow, and phase 

change phenomena within the melt pool. Additionally, to ensure numerical stability and 

convergence of the CFD simulations, appropriate computational constants were selected and 

are listed in Table 3.3[157]. These include values such as the Marangoni coefficient, absorption 

coefficient, laser beam parameters, and other empirical or model-specific constants used to 

capture interfacial effects and laser-material interactions. The careful selection of these 

parameters ensures both physical realism and computational robustness in the multiphysics 

model. 

 

Table 3.2. Thermophysical properties of stainless steel 316 L and argon gas[156] 

Properties & units 
Stainless Steel 316 L 

Argon 
Solid Liquid 

Density (kg m-3) 7650 6870 1.628 

Melting temperature (K) 
1658  

(solidus) 

1723  

(liquidus) 

- Melting latent heat (J kg-1) 2.7×105 

Boiling temperature (K) 3090  

Boiling latent heat (J kg-1) 7.45×106 

Specific heat (J kg-1 K-1) 462 + 0.134 T 775 520 

Thermal conductivity (W m-1 K-1) 9.248+0.01571T 12.41+0.003279T 0.017 

Viscosity (Pa s) - 0.006 2.26×10-5 

Surface tension (N m-1) - 1.6-8.0×10-4 T  - 

Molar mass (g mol-1) 55.93 39.95 

Young’s Modulus (MPa) 2.2×103  

- Poisson’s ratio 0.3 

Damping ratio 0.5 
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Table 3.3 Computational constants[157] 

Properties & units Value 

Mushy zone number Amush (kg m-3 s-1) 1× 107 

Ambient pressure Patm (Pa) 101325 

Ambient temperature T∞ (K) 300 

Universal gas constant R (J K-1 mol-1) 8.314 

Stefan-Boltzmann constant σs (kg s-3 K-4) 5.67 × 10-8 

Radiation Emissivity ε 0.3 
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3.5 Conclusion 

This chapter establishes the theoretical and computational foundation for simulating the LPBF 

process through a multiphysics numerical framework. First, the Discrete Element Method 

(DEM) is employed to model the powder spreading process, where the particle-particle and 

particle-substrate interactions are described using the Hertz-Mindlin with JKR contact model. 

This allows accurate representation of powder packing, adhesion, and mechanical behavior 

during recoating, forming a realistic initial condition for subsequent laser interaction. 

Next, a comprehensive computational fluid dynamics (CFD) model is developed to capture the 

complex thermal-fluid behavior of the melt pool. The model incorporates a moving Gaussian 

volumetric heat source based on ray-tracing principles to simulate spatial laser energy 

absorption in 316L stainless steel[157]. Key physical phenomena-including Marangoni-driven 

convection, capillary flow, recoil pressure, and phase change-are integrated within a 

thermofluid-solid coupled framework to investigate melt pool evolution and stability. 

Through this integrated modeling strategy, the interplay between energy input, heat transfer, 

fluid motion, and phase transformation is quantitatively characterized. The validated model 

forms the basis for in-depth analysis of defect formation mechanisms and spattering dynamics 

in the following chapters, enabling a deeper understanding of how process parameters influence 

LPBF part quality. 
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Chapter 4.  Experimental Comparison and 

Numerical Model Validation 

4.1 Introduction 

In the previous chapter, three types of numerical models were established for multiscale 

physical processes: a powder-scale powder spreading kinetics model, a melt-pool-scale fluid 

dynamics and heat transfer model, and a multiphase flow model accounting for particle-airflow 

coupling effects. Rigorous experimental validation of numerical results is essential to ensure 

the reliability of model predictions. The validated models effectively analyze key characteristic 

parameters including powder packing density distribution, melt pool flow characteristics, 

evolution of melt pool surface morphology, and characteristics of particle spatter intensity and 

spatial distribution. This analysis reveals the underlying physical mechanisms such as heat 

transfer mechanisms, balling and lack of fusion (LOF) effects, particle spattering behavior, and 

denudation phenomena in the laser-material interaction process. Furthermore, it elucidates their 

causal relationships with manufacturing defects. This chapter conducts a systematic 

comparative analysis based on experimental data and simulation results across multiple scales 

to verify the physical accuracy, numerical convergence, and engineering applicability of the 

models, thereby providing theoretical support for process optimization. 
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4.2 Experimental methodology 

The experimental methodology involves the use of 316L stainless steel as the study material, 

known for its excellent mechanical properties and extensive application in additive 

manufacturing. The LPBF experiments were carried out using a commercial machine Realizer 

SLM 50, which provides precise control over laser parameters such as power, scanning speed, 

and spot size. To capture and analyze the outcomes, a combination of advanced 

characterization tools was employed. High-resolution microscopy, including scanning electron 

microscopy (SEM) and optical microscopy, was used to examine track morphology, pore 

structures, and material surface properties. To monitor and analyze dynamic phenomena during 

the LPBF process, a high-speed camera was employed to record real-time melt pool behavior 

and spattering dynamics at high temporal resolution. Additionally, a digital camera was utilized 

for broader visual documentation of experimental conditions and results, providing 

complementary perspectives for analysis. The integration of these imaging techniques ensures 

a comprehensive observation of the process outcomes, which serve as the basis for validating 

numerical models. 

4.2.1 The LPBF system 

The Laser powder bed fusion (LPBF) experiments were conducted using the Realizer SLM50 

shown in Fig. 4.1, a compact and versatile additive manufacturing system optimized for 

precision fabrication. The system offers a build platform with a diameter of 70 mm and a 

maximum construction height of 40 mm, making it suitable for small-scale experimental 

studies. It is equipped with a fiber laser, though due to a lack of recent maintenance and 

calibration in the ARL Lab, the operational power range has been constrained to 10 W to 100 

W instead of its nominal capability. The machine operates on a stable power supply of 16 A at 

230 V, with a power consumption of approximately 1.0 kW. An argon gas environment with a 

consumption rate of around 30 liters per hour is maintained in the chamber, ensuring reduced 

oxidation and consistent material quality throughout the process. 
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Physically compact (W 800 mm × D 700 mm × H 500 mm) and weighing approximately 120 

kg, the SLM 50 is well-suited for laboratory environments. It is powered by the proprietary 

Realizer Control Software, enabling precise management of laser parameters, scanning 

strategies, and material processing conditions. The system supports a diverse range of materials, 

such as stainless steel, titanium, and aluminum, offering flexibility for various experimental 

applications. Despite current power constraints, the Realizer SLM 50 remains effective in 

facilitating detailed studies of melt pool dynamics, spattering, and track formation under varied 

laser parameters, contributing significantly to research in laser powder bed fusion processes. 

  

Fig. 4.1. SLM 50 equipment and internal structure. 

 

To investigate melt pool dynamics and heat transfer mechanisms under higher laser power 

conditions, the XDM 250 Laser powder bed fusion (LPBF) system located at Yangzhou 

University was employed (as shown in Fig. 4.2), since the previously used SLM50 machine is 

limited to a maximum laser power of 100 W. The XDM 250 is equipped with a 500 W IPG 

fiber laser and supports layer thicknesses as low as 20 µm, enabling high-resolution process 

control. Its build volume ranges up to 250 mm × 250 mm × 410 mm, and it operates with a 

laser wavelength of 1070 nm. The system integrates proprietary software platforms (XDM 

IntelliProc™ and XDM IntelliMake™) for process planning and real-time monitoring. With a 

robust mechanical structure (approx. 2000 kg) and compatibility with a wide range of metallic 

powders-including tool steels, stainless steels, high-temperature alloys, titanium and aluminum 

alloys-the XDM 250 provides a versatile and stable platform for high-power laser–material 

interaction studies. 
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Fig. 4.2 The XDM 250 LPBF system used for high-power laser experiments. 

4.2.2 The 316L powder and spreading process 

Carpenter Additive (USA) PowderRange 316L F stainless steel powder was employed as the 

feedstock material in the LPBF process. The powder was produced using a nitrogen gas 

atomization process, ensuring spherical particle morphology and consistent quality. The 

particle size distribution of the powder, characterized in accordance with the ASTM B822 

Standard Test Method for Particle Size Distribution by Light Scattering, exhibited a D10 of 15 

μm, D50 of 30 μm, and D90 of 45 μm. This controlled particle size range ensures optimized 

packing density and flowability, both of which are critical for achieving high-quality layer 

deposition during the LPBF process. The narrow size distribution also supports stable laser 

absorption and uniform melt pool formation, contributing to the production of dense and 

defect-minimized parts. The chemical compositions supplied by the manufacturer are detailed 

in Table 4.1. 

Table 4.1 The chemical compositions of 316L powder in the experiment. 

 

 

A manual powder spreading method was employed to prepare a uniform powder bed on a 

rectangular substrate with dimensions of 21 mm × 3 mm × 3 mm under tightly controlled 
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environmental conditions (25°C ±0.5°C, RH <15%). To ensure precision, a four-sided film 

applicator was used as the spreading tool with a calibrated spreading velocity of 0.025 m/s , 

moving along the length of the substrate. The powder layer thickness was set to 50 μm, 

replicating typical LPBF process conditions. This approach provided controlled and consistent 

spreading, ensuring uniform layer deposition for subsequent experimental analysis.  

4.2.3 High-Speed Camera Setup 

As shown in Fig. 4.3, A HotShot 1700CC high-speed camera was employed to capture the 

dynamic behavior of spattering during the scanning process. The camera operates with a power 

supply of 12 VDC and a power consumption of 12 W. It was equipped with a SIGMA 105 mm 

f/2.8 EX DG MACRO lens, providing excellent optical clarity for close-up imaging. Positioned 

outside the chamber window of the SLM 50 system, the camera was set at an approximate 20° 

inclination from the horizontal axis to optimize the observation angle. The working distance 

between the lens and the laser melting area was approximately 135 mm, ensuring a clear field 

of view for capturing high-speed phenomena. 

The HotShot 1700CC is capable of capturing up to 20,000 frames per second (fps) with a 

resolution of 224 × 206 pixels. However, in this study, a frame rate of 1,500 fps was utilized, 

paired with a higher resolution of 1,200 × 810 pixels to balance temporal and spatial detail. To 

enhance the camera’s ability to capture spatter dynamics, a powerful LED light source was 

employed to ensure sufficient illumination of the laser melting zone. This setup enabled the 

precise documentation of high-speed spattering events under controlled experimental 

conditions. 
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Fig. 4.3 High-speed camera setup for observing spattering during laser scanning. 

4.2.4 Denudation Observation 

To avoid disturbing the powder layer or risking sample damage during transportation, an 

Adonstar AD246S-M HDMI Digital Microscope was employed immediately after fabrication. 

This setup features a 7-inch LCD screen and 2160P UHD video recording, with an adjustable 

lens-to-object distance of 12 mm to 320 mm and a magnification range spanning from 4.5× to 

180×. By positioning this device directly adjacent to the LPBF system, minimal handling was 

required, thereby preserving the integrity of the denudation zone and other fine details. 

Under varying laser parameters, the microscope enabled high-resolution observation of the 

denudation phenomenon surrounding the melt tracks. Differences in laser power and scanning 

speed were systematically examined, allowing for precise visual documentation of particle 

displacement, powder thinning, and other surface characteristics. This immediate, in situ 

approach proved instrumental in correlating process conditions with localized changes in 

powder distribution, ultimately shedding light on the interplay between laser settings and 

material behavior in Laser powder bed fusion processes. 
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4.2.5 Microstructure Characterization 

Following the documentation of the denudation zone using a digital camera post-LPBF 

fabrication, the samples were thoroughly rinsed with water to remove any residual surface 

powder particles. The cleaned specimens were then examined under a Leica DMLM optical 

microscope to observe and document the surface morphology and the quality of the printed 

tracks. This initial analysis provided essential data for evaluating the effects of different laser 

powers and scanning speeds on track formation. The detailed surface observations served as a 

critical reference point for correlating process parameters with surface characteristics, such as 

track uniformity, continuity, and defect distribution. 

Subsequently, the samples were sectioned into multiple segments using an EDM wire-cutting 

machine, preparing them for cross-sectional analysis. Each segment was hot mounted in 

conductive resin to ensure stability during further preparation. The sample preparation process 

included a two-stage grinding and polishing procedure. During grinding, silicon carbide 

abrasive papers with grit sizes ranging from P320 to P4000 were employed to achieve a planar 

surface. The polishing stage further refined the samples using diamond suspensions of 6 μm 

and 1 μm particle sizes, followed by a mixture of 90 mL colloidal silica and 10 mL hydrogen 

peroxide for mirror-like polishing. A silica-based solution was applied for final polishing to 

enhance surface clarity. 

To reveal microstructural features, the polished samples were etched using Kroll’s reagent (6% 

nitric acid and 1% hydrofluoric acid) until melt pool boundaries and internal structures became 

visible. High-resolution observations of melt pool depth, width, and overall geometry were 

conducted using the Leica DMLM microscope. These observations, along with the recorded 

surface morphology data, enabled comprehensive analysis of the influence of laser parameters 

on track formation quality and melt pool behavior. 
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4.2.6 Powder Spatter Imaging Setup 

To characterize the spatial distribution of powder spatters generated during the laser scanning 

process, an ex-situ imaging approach was employed following each single-track experiment. 

After laser processing, the build substrate was carefully removed from the laser powder bed 

fusion (LPBF) chamber and transferred to a clean, controlled environment to preserve the as-

deposited spatter particles without disturbance. 

The substrate was mounted on a height-adjustable tripod platform, allowing precise control 

over imaging height and alignment. A high-resolution Olympus PEN E-P5 mirrorless camera 

was securely affixed to a three-section aluminum tripod and positioned vertically above the 

substrate to enable orthogonal top-down imaging. This configuration minimized parallax 

distortion and ensured consistent image framing across all experimental conditions. 

Key camera parameters—including aperture, exposure time, and ISO sensitivity—were 

manually optimized to maximize image clarity and contrast between the metallic substrate and 

fine powder deposits. Soft ambient lighting was employed to suppress glare and harsh shadows, 

enhancing the visibility of small particle features. The complete imaging setup is illustrated in 

Fig. 4.4. 

 

Fig. 4.4. Experimental setup for post-scan powder spatter imaging. 
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4.3 Numerical Model Validation 

4.3.1 Powder spreading model validation 

The powder spreading process is a critical step in Laser powder bed fusion (LPBF), directly 

influencing the final part quality and the uniformity of the powder bed. During this process, 

powder is transported from the feed region to the build area and uniformly distributed into a 

thin layer by a recoating mechanism, such as a roller or a blade. This process involves the flow 

behavior, packing density, and interactions between the powder and the recoater, which can be 

affected by factors such as particle size distribution, morphology, and environmental conditions. 

The simulation depicted in Fig. 4.5 illustrates the process of distributing powder over the initial 

powder layer (1st layer) and the already formed part, covering a region of 21 mm × 3 mm with 

a layer thickness of 50 μm. Initially, the first layer is deposited, and the powder intended for 

spreading accumulates along the recoating apparatus to form a mound. As the apparatus moves 

along the X-axis during spreading, the powder mound advances forward.  

 

The recoating process is represented using a simplified kinematic model, which captures the 

essential features of powder spreading, including particle flow, accumulation, and layer 

formation. Initially, powder particles flow through the gap between the recoater and the 

previously spread powder layer, subsequently adhering to the surface of the solidified region. 

The process then continues across the remaining area of the first powder layer. 

 

During this period, the size of the powder mound in front of the recoater gradually decreases, 

and the recoater comes to a stop once a uniform powder layer is formed. Although the recoater 

motion is simplified compared to that in practical LPBF systems, this representation is 

sufficient to reproduce the key characteristics of powder bed formation and provides a 

physically reasonable initial condition for subsequent thermo-fluid simulations. 
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Fig. 4.5. DEM Simulation of powder spreading process.  

  

Fig. 4.6. Comparison between experimental observation and DEM simulation of powder particle distribution after 

powder spreading. Red circles indicate representative regions of particle accumulation and void formation in the 

powder bed. The packing densities obtained from experimental observation (analyzed with ImageJ) and DEM 

simulation are approximately 0.49 and 0.52, respectively, corresponding to a relative difference of about 6%. 

 

The comparison between the DEM simulation results of the powder spreading model and the 

experimental observations is shown in Fig. 4.6. To quantitatively evaluate the agreement 

between simulation and experiment, the packing density of the powder bed was estimated using 

image analysis. Specifically, the experimental image and the DEM simulation image were 

processed using the open-source software ImageJ. The images were first converted to grayscale 

and then binarized using an automatic thresholding method to distinguish particles from void 

regions. The packing density was subsequently calculated as the ratio between the particle area 

and the total analyzed area. Based on this method, the packing densities obtained from the 

experimental observation and DEM simulation are approximately 0.49 and 0.52, respectively, 

corresponding to a relative difference of about 6%. This quantitative comparison indicates a 

1mm 
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reasonable agreement between the DEM simulation and the experimental observations in terms 

of powder particle distribution. Nevertheless, the powder bed still exhibits certain non-uniform 

characteristics, including localized particle accumulation and unfilled void regions (marked by 

red circles). These regions are highlighted as representative examples where the powder 

distribution deviates from the surrounding areas, indicating local variations in particle packing. 

 

To further understand the formation mechanism of these non-uniform powder distributions, the 

motion behavior of powder particles during the spreading process was analyzed based on the 

particle velocity field obtained from the DEM simulation. Fig. 4.7 shows the instantaneous 

velocity vectors of powder particles during the spreading process. The results indicate that 

powder particles exhibit complex motion patterns when interacting with the recoating blade. 

Larger particles may displace surrounding smaller particles in multiple directions under the 

action of the blade, which may contribute to the formation of voids in the powder bed. Similar 

particle rearrangement behavior during powder spreading has also been reported in previous 

DEM studies of powder bed fusion processes[137][153]. These studies suggest that the 

interaction between the recoating blade and powder particles can induce particle displacement 

and rearrangement, which may influence the local packing structure of the powder layer. 

 

Overall, the comparison between the experimental observations and DEM simulation results 

demonstrates that the proposed DEM model is capable of reasonably reproducing the powder 

spreading behavior and particle distribution characteristics observed in the experiment, 

providing a reliable basis for further analysis of powder spreading mechanisms. 

 

 

 

Fig. 4.7 Velocity vectors of powder particles during the spreading process obtained from the DEM simulation. 

50 um 

500 um 
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The arrows represent particle velocity vectors, while the dots indicate the particle positions.  

4.3.2 Multiphysics thermal-fluid flow model validation 

To rigorously validate the proposed multiphysics thermal-fluid flow model, a comprehensive 

comparison between simulation results and experimental observations under varying process 

parameters is essential. Among these parameters, the laser scanning speed plays a pivotal role 

in dictating the thermal gradients, melt pool dynamics, and the resulting morphology of the 

solidified track, thereby serving as a critical metric for assessing model accuracy. 

 

The scanning speed directly influences the interaction time between the laser beam and the 

metal powder bed. Under constant laser power, a high scanning speed shortens this interaction 

time, leading to insufficient energy input. This results in incomplete melting, melt pool 

instability, and the occurrence of "balling"—a phenomenon where discrete, spherical droplets 

form along the scan path, severely compromising track continuity and mechanical integrity. 

Conversely, excessively low scanning speeds cause prolonged laser exposure, which can lead 

to excessive melting, increased thermal accumulation, and the formation of humps or even 

porosity due to keyholing or vaporization, all of which degrade part quality and reduce build 

efficiency. Hence, understanding the effect of scanning speed is crucial for optimizing process 

stability and ensuring consistent part quality. 

 

Fig. 4.8.illustrates a direct comparison between simulated and experimentally observed single-

track morphologies at three representative scanning speeds: 1.5 m/s, 1.0 m/s, and 0.5 m/s. The 

simulated surface profiles exhibit strong agreement with the corresponding scanning electron 

microscopy (SEM) images, thereby affirming the model’s predictive capability. 

• At a scanning speed of 1.5 m/s, the melt pool exhibits highly unstable behavior, 

characterized by severe balling. This is indicative of insufficient energy input per unit 

length, preventing full melting and causing droplet detachment due to surface tension 

instabilities. 

• Reducing the speed to 1.0 m/s transitions the melt pool into a semi-stable regime. The 
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continuity of the melt track improves, although localized hump formation is still evident, 

suggesting intermittent instability due to marginal energy input. 

• At 0.5 m/s, the melt pool achieves a steady-state condition. The energy input is 

sufficient to sustain a continuous and uniform melt track, reflecting stable wetting and 

solidification dynamics. However, it is notable that the track surface is decorated with 

numerous adhered satellite particles. These small, spherical particles likely originate 

from powder spattering and partial re-melting phenomena, driven by recoil pressure or 

vapor plume-induced entrainment. Their presence indicates that although macro-level 

melt pool stability is achieved, localized powder-gas-laser interactions are still active 

and may influence surface quality or subsequent layer bonding. 

 
Fig. 4.8 Comparison between simulation and experimental single-track morphologies under varying laser 

scanning speeds. (a) 0.1 m/s, (b) 0.5 m/s, and (c) 1.0 m/s at a constant laser power. The corresponding regimes of 

balling, humping, and continuous tracks are indicated.  

 

These observations support the classification of melt pool behavior into three distinct regimes: 

unstable (balling), transitional (humping), and stable (continuous tracks). As the scanning 

speed decreases under constant power, the laser energy density increases, enabling more 

controlled melt pool dynamics and improved track morphology—albeit with possible trade-

offs in terms of surface cleanliness due to particle redeposition. 
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In conclusion, at constant laser power, the scanning speed is a dominant factor governing melt 

pool stability and surface morphology. While slower speeds can promote continuous track 

formation, attention must also be paid to associated phenomena such as powder spattering and 

particle adhesion, which may affect the final surface integrity. Therefore, careful optimization 

of scanning parameters is essential to balance track continuity, geometric precision, and surface 

quality in laser-based additive manufacturing processes. 
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4.4 Conclusion 

This chapter presents an integrated experimental–numerical framework for investigating melt 

pool evolution and powder spattering behavior in the LPBF process. The combined 

experimental observations and numerical simulations provide several key findings. 

 

First, high-speed imaging and post-process characterization reveal that melt pool dynamics 

strongly influence the generation and trajectory of powder spatters. The spatial distribution and 

deposition behavior of spatters are closely related to melt pool geometry and process 

parameters, highlighting the critical role of melt pool stability in controlling powder spattering. 

 

Second, the DEM-based powder spreading model successfully reproduces the rolling, 

rearrangement, and packing behavior of powder particles during recoating. Quantitative 

analysis shows that the simulated packing density and spatial particle distribution are consistent 

with experimental observations, demonstrating that the DEM model can reasonably represent 

powder bed formation and provide reliable initial conditions for subsequent melt pool 

simulations. 

 

Third, the developed thermal–fluid dynamics model captures the key physical phenomena 

governing melt pool evolution, including heat transfer, molten metal flow, and free surface 

deformation. The predicted melt track morphology shows good agreement with metallographic 

cross-sections and surface remelting features observed experimentally, confirming the model’s 

accuracy in describing melt pool behavior. 

 

Overall, the combined experimental–numerical approach provides a validated framework for 

quantitatively analyzing the coupled behavior of powder spreading, melt pool dynamics, and 

powder spattering in the LPBF process. The insights obtained in this chapter contribute to a 

deeper understanding of the underlying physical mechanisms and provide a foundation for 

future studies on process optimization and defect mitigation in laser-based additive 

manufacturing.  
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Chapter 5. Melt pool dynamics mechanism 

5.1 Introduction 

In LPBF, melt pool instabilities frequently give rise to process-induced defects such as porosity, 

hump formation, and balling, which severely compromise the mechanical performance and 

structural integrity of fabricated parts. Extensive research has been devoted to elucidating the 

fluid dynamic origins of these defects. Porosity is commonly attributed to unstable keyhole 

behavior, wherein fluctuations and collapse of vapor cavities trap gas within the solidifying 

melt pool, as revealed by in situ X-ray imaging studies [118]. Hump defects are generally 

explained as the result of melt pool flow oscillations and pressure imbalances, driven by recoil 

pressure and surface tension effects [165]. Balling, characterized by the formation of 

discontinuous spherical beads along the scan track, is widely linked to Plateau-Rayleigh 

instability and poor wetting, particularly at high scanning speeds [166]. 

Despite these insights, most existing studies have predominantly focused on hydrodynamic 

mechanisms-including Marangoni convection, capillary action, and recoil pressure-while 

comparatively less attention has been paid to the role of heat transfer in defect evolution. In 

fact, thermal transport governs not only the driving forces for melt pool flow but also directly 

influences melt pool geometry, solidification behaviour, and the onset of instabilities. 

Temperature gradients, along with melt pool shape and size, determine the rate and distribution 

of heat loss to the surrounding material. These thermal factors play a decisive role in triggering 

or suppressing different types of process defects, yet they are often oversimplified or treated as 

secondary in existing models. 

This paper addresses the critical knowledge gap by integrating ray-tracing-based CFD 

simulations with experimental validation to construct a heat-transfer-centric framework for re-

evaluating the formation mechanisms of porosity, hump, and balling in LPBF. Unlike previous 

simplistic interpretations that associate increased scanning speed merely with reduced total 

energy input, our findings uncover a deeper mechanism by coupling heat transfer with flow 
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dynamics. We demonstrate that melt pool behavior is fundamentally governed by the rate of 

interfacial heat extraction at the solid-liquid boundary and by spatially localized thermal 

inhomogeneities. We further reveal that, under varying thermal transfer conditions and laser 

parameters, Marangoni convection plays a pivotal but distinct role in driving different defect 

types. Finally, we explore the impact of preheating on defect suppression, reinforcing the 

conclusion that dynamic thermal imbalance—rather than absolute energy input—is the 

dominant driver of defect formation in LPBF.  
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5.2 Time-resolved interfacial heat flux governs melt-pool 

morphology 

Conventional interpretations typically attribute the occurrence of keyhole-induced porosity to 

excessive heat input, while hump and balling defects are commonly associated with insufficient 

energy delivery. Such simplified correlations, however, obscure the complex and dynamic 

nature of melt pool behavior and mask the critical role of transient thermal dissipation at the 

melt–substrate interface. To address this limitation, we evaluate the interfacial heat flux 𝑞𝐼𝐴(𝑡), 

defined as the area-averaged conductive heat flux across the melt pool-substrate interface at a 

given time: 

𝑞𝐼𝐴 =
𝜆

𝐴
∑𝐴𝑖|∇𝑇|𝑖
𝑖

  (5-1) 

where A is the total interfacial area, λ is the thermal conductivity, 𝐴𝑖  is the area of the i-th 

discretized interface element, and |∇𝑇|𝑖 is the temperature gradient normal to the interface at 

that element. This quantity represents the local intensity of heat extraction and provides a direct 

measure of interfacial thermal transport.  

 

The temporal evolution of 𝑞𝐼𝐴(𝑡) under laser powers of 100 W and 200 W is shown in Fig. 

5.1(a). In most cases, 𝑞𝐼𝐴(𝑡) exhibits pronounced temporal fluctuations rather than reaching a 

steady state, indicating that interfacial heat transfer is inherently dynamic and far from 

equilibrium. These fluctuations arise from the continuous redistribution of temperature 

gradients and melt flow within the evolving melt pool, as discussed in the following section. 

 

Fig. 5.1(b) presents the average interfacial heat flux 𝑞𝐼𝐴̅̅ ̅̅    and its fluctuation intensity. It 

increases systematically with scan speed for both power levels, reflecting enhanced heat 

extraction at higher processing speeds. However, this monotonic trend does not directly 

correspond to the observed evolution of melt-track morphology (Fig. 5.1(d)), which instead 

exhibits a non-monotonic transition from smooth tracks to humping and eventually to balling. 

For example, the value of 𝑞𝐼𝐴̅̅ ̅̅  at 200 W and 1 m/s is higher than that at 100 W and 0.75 m/s, 
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yet the former produces a smooth track while the latter exhibits hump formation. Similarly, 

although 𝑞𝐼𝐴̅̅ ̅̅  at 200 W and 2 m/s exceeds that at 100 W and 1.5 m/s, the former results in hump 

formation whereas the latter leads to balling. These discrepancies indicate that the average heat 

extraction alone is insufficient to characterize melt-pool stability. 

To capture the effect of temporal variability, we define a normalized fluctuation intensity of 

interfacial heat flux as 𝛿(𝑞𝐼𝐴) = 𝜎(𝑞𝐼𝐴)/𝑞𝐼𝐴 , where 𝜎(𝑞𝐼𝐴) denotes the temporal standard 

deviation of 𝑞𝐼𝐴(𝑡). Mapping all processing conditions into the 𝑞𝐼𝐴 − 𝛿(𝑞𝐼𝐴)  space reveals 

a clear separation of morphological regimes (Fig. 5.1(c)). Combined with Fig. 5.1(a)-(c), both 

hump and balling are generally observed in regimes characterized by relatively large 

fluctuation intensity of 𝑞𝐼𝐴 , indicating that strong temporal variability in interfacial heat 

transfer is closely associated with melt-pool instability. However, an exception is observed at 

100 W and 0.5 m/s, where the fluctuation intensity is comparable to that of unstable conditions, 

yet a stable melt track is obtained. This apparent inconsistency can be understood by 

considering the magnitude of 𝑞𝐼𝐴̅̅ ̅̅ . Under this condition, the average interfacial heat flux is 

relatively low, corresponding to a reduced overall thermal driving force within the melt pool. 

As a result, melt flow remains moderate and the amplification of perturbations is suppressed, 

even in the presence of comparable fluctuation levels. In contrast, conditions such as 200 W at 

1 m/s and 2 m/s, although exhibiting higher 𝑞𝐼𝐴̅̅ ̅̅ , show relatively small fluctuation intensity and 

therefore maintain stable track formation. 
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Fig. 5.1. Time-resolved interfacial heat flux as a governing parameter for melt-pool stability. (a) Temporal 

evolution of interfacial heat flux 𝑞𝐼𝐴(𝑡)  under varying scan speeds and laser powers, revealing intrinsic 

fluctuations associated with dynamic melt-pool behavior. (b) Averaged interfacial heat flux 𝑞𝐼𝐴 and normalized 

fluctuation intensity 𝛿(𝑞𝐼𝐴), highlighting that heat flux magnitude alone does not uniquely determine melt-track 

morphology. (c) Regime map in the 𝑞𝐼𝐴 − 𝛿(𝑞𝐼𝐴) space, demonstrating that the combined metrics of magnitude 

and fluctuation provide a unified criterion for distinguishing smooth, hump, and balling regimes. (d) Experimental 

melt-track morphologies corresponding to the mapped conditions. 

The resulting 𝑞𝐼𝐴 − 𝛿(𝑞𝐼𝐴) map thus provides a compact representation of melt-track stability. 

Smooth tracks correspond to regimes with low heat extraction and limited temporal variability, 

whereas increasing both the magnitude and fluctuation of interfacial heat flux promotes the 

transition toward hump and balling defects. In this sense, 𝑞𝐼𝐴 can be interpreted as an effective 

thermal control parameter that encapsulates both the intensity and stability of heat extraction 

at the melt–substrate interface. 
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Taken together, these results reveal that melt-pool morphology is governed by time-resolved 

interfacial heat flux, rather than by energy input alone. The combined metrics of averaged heat 

flux and fluctuation intensity provide a physically grounded framework for predicting 

morphological transitions and defect formation, establishing a direct link between transient 

thermal transport and melt-pool stability. 
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5.3 Spatial Distribution of Temperature Gradient and Its Role in 

Interfacial Heat Transfer Stability 

The interfacial heat flux 𝑞𝐼𝐴 can be represent by the area-weighted temperature gradient along 

the solid-liquid interface, indicating that it is primarily determined by the spatial distribution 

of local temperature gradients. To elucidate the physical origin of the 𝑞𝐼𝐴 -based stability 

framework, we examine how the spatial distribution of temperature gradients governs 

interfacial heat transfer within the melt pool.  

At low scan speed (100 W, 0.5 m/s; Fig. 5.2a), a relatively uniform and low temperature 

gradient extends from the front to the rear of the melt pool. As the scan speed increases to 1.0 

m/s (Fig. 5.2b), the overall temperature gradient increases, and the distribution becomes 

progressively localized near the front region, while the rear region exhibits reduced gradients. 

This indicates the emergence of spatially non-uniform heat extraction, where thermal transport 

becomes increasingly dominated by the leading edge. At higher scan speed (100 W, 1.5 m/s; 

Fig. 5.2c), the overall temperature gradient becomes significantly elevated, and the localization 

becomes more pronounced. The temperature gradient is strongly concentrated at the front and 

significantly depleted at the rear, leading to severe spatial inhomogeneity in interfacial heat 

flux. In Fig. 5.2(d)-(f), a similar trend is also observed under higher laser power (200 W) with 

increasing scan speed. This explains why qIA increases monotonically with scan speed. 

Regarding the fluctuation intensity δ(qIA), we infer that it is primarily related to Marangoni (Ma) 

circulation. When a well-developed Ma circulation exists, heat can be more uniformly 

redistributed throughout the melt pool, thereby maintaining melt pool stability. For example, 

although the qIA at 200 W and 1 m/s is higher than that at 100 W and 0.75 m/s, the former 

condition, similar to 200 W and 0.5 m/s, exhibits a well-developed and nearly closed Ma 

circulation. As a result, δ(qIA) remains small, and the melt pool quality is good, leading to a 

smooth track morphology. 
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Fig. 5.2. Temperature gradient distribution and its impact on interfacial heat transfer and melt pool stability. (a–f) 

Evolution of temperature gradient distribution at 100 W and 200W with flow dynamics at different scan speeds. 

(g) Conceptual schematic illustrating the relationship between temperature gradient distribution, Marangoni-

driven flow, and interfacial heat transfer stability. Stable melt pools are associated with either low gradient 

magnitude or effective heat redistribution via coherent circulation, whereas strong localization without 

recirculation leads to instability. 

In contrast, the reason why 100 W and 0.5 m/s also exhibits a smooth track is fundamentally 

different from the above high-power cases. Under this condition, Ma circulation only exists 

locally in the front region where the temperature gradient is relatively high, and its spatial 

extent is limited. Therefore, the overall fluctuation intensity of the melt pool is not low. Instead, 
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the stability is mainly maintained by the relatively low temperature gradient at the solid–liquid 

interface, corresponding to a low qIA, which keeps the melt pool in a marginally stable smooth 

state. As the scan speed slightly increases to 0.75 m/s, the system transitions into the hump 

regime. 

Typical contrasting cases to 100 W and 0.5 m s−1−1 are 100 W and 1 m s−1−1, as well as 200 

W and 1.5 m/s. Although localized Ma circulation still exists near the high-temperature region 

close to the laser interaction zone under these conditions, and the values of δ(qIA) are relatively 

comparable, the spatial non-uniformity of the temperature gradient along the interface is 

significantly higher. In addition, the overall interfacial temperature gradient is large, resulting 

in a high qIA. These factors promote rapid localized solidification, ultimately leading to the 

formation of hump defects. 

A typical balling case is observed at 100 W and 1.5 m/s. In this regime, the temperature gradient 

across the entire solid–liquid interface becomes extremely high, resulting in a very large qIA. 

Meanwhile, effective Ma circulation is largely absent, leading to a relatively large δ(qIA) and 

poor melt pool stability. Furthermore, a significant difference exists between the temperature 

gradients at the front and rear regions of the melt pool (as shown in Fig. 5.2), where the front 

region reaches approximately 20 K/μm, while the rear is around 4 K/μm. Under the action of 

this strong surface tension gradient, molten material flows from the front toward the rear, 

accumulates, and rapidly solidifies, ultimately forming balling defects. 

A schematic illustration of thermal transport within the melt pool is shown in Fig. 5.2(g). When 

the overall interfacial temperature gradient is relatively low and Marangoni circulation exists 

only locally near the front region (e.g., 100 W, 0.5 m/s), heat redistribution across the melt pool 

remains limited. Under such conditions, the thermal field lacks global connectivity, and the 

melt pool operates in a marginally stable state primarily sustained by the low level of interfacial 

heat flux. As the temperature gradient increases, a strong and closed Marangoni circulation can 

be established (e.g., 200 W, 0.5 m/s and 1 m/s), enabling efficient and continuous heat transport 

from the front to the rear of the melt pool. This coherent flow structure promotes a more 
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uniform thermal field, suppresses local thermal accumulation, and stabilizes interfacial heat 

transfer, thereby maintaining melt pool stability. 

Taken together, these results demonstrate that melt pool stability is governed by the coupled 

effect of the magnitude and spatial organization of temperature gradients. While the magnitude 

of the interfacial temperature gradient determines the overall level of heat extraction qIA, the 

presence and integrity of Marangoni circulation control the effectiveness of heat redistribution 

and thus the fluctuation intensity δ(qIA). A low but weakly connected thermal field leads to 

marginal stability, whereas a strong and coherent circulation stabilizes the melt pool despite 

higher heat flux. In contrast, when temperature gradients become highly localized without 

effective recirculation, thermal transport becomes imbalanced, ultimately triggering 

morphological instabilities such as hump and balling. 
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5.4 Thermal transport–flow coupling governs pore formation and 

evolution 

As indicated in Fig. 5.1(a) and (b), at lower scanning speeds, the interfacial heat flux 𝑞𝐼𝐴 at 

the melt pool interface is significantly reduced, making the molten region more prone to 

overheating. This thermal accumulation increases the likelihood of frequent vaporization 

reactions at the liquid surface, leading to unstable keyhole oscillations and the formation of gas 

bubbles. Fig. 5.3 (a) presents the time-resolved evolution of average pressure on the keyhole 

interface during laser scanning. While many time points exhibit pronounced pressure 

fluctuations—including sharp rises and drops-only specific instances result in the actual 

formation of porosity defects. This indicates that a drop in keyhole surface pressure is not the 

decisive factor for pore formation; rather, it increases the likelihood of keyhole collapse and 

subsequent bubble entrapment. 

 

To further investigate the underlying mechanism of pore formation from a heat transfer 

perspective, we analyzed the time evolution of net heat accumulation in the melt pool. Fig. 

5.3(b) shows the variation of qacc, defined as the laser energy input minus the combined losses 

due to interfacial conduction and vaporization. The results reveal that pores are more likely to 

form when the net heat accumulation is minimal or even negative. This can be attributed to two 

key factors: first, the reduction in recoil pressure under low thermal accumulation conditions 

facilitates keyhole collapse, leading to bubble entrapment. Second, the solid-melt contact area 

dynamically adjusts in response to interfacial heat flux. When qacc is low or negative, the 

temperature gradients across the melt pool are relatively small, requiring a larger area to recede 

during the solidification front adjustment. If a bubble is present along this receding interface, 

it increases the probability of pore formation due to bubble-interface contact. 
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Fig. 5.3. Pore formation governed by sustained thermal depletion and melt-flow-driven bubble transport. (a) 

Temporal evolution of keyhole interfacial pressure, showing frequent fluctuations associated with vaporization 

dynamics. (b) Net heat accumulation qacc as a function of time, where sustained negative values correspond to 

periods of thermal depletion. (c–e) CFD simulations showing the evolution of bubble formation and transport. 

At t=615μs (c), a bubble nucleates in the central region of the melt pool. At t=672.5μs (d), the bubble is transported 

away from the center toward the opposite side under a weakened and fragmented Marangoni flow field. At 

t=1200μs (e), the bubble becomes trapped within the solidifying region, forming a pore. (f–g) X-ray computed 

tomography (CT) results showing pore distribution. The side view (f) and front view (g) reveal pore localization 

away from the central axis, consistent with the lateral displacement predicted by the simulations. 

Fig. 5.3(c) captures such an event at 615 µs, where negative qacc leads to bubble generation and 

lateral displacement from the center, followed by its subsequent rearward movement at 
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672.5 µs (Fig. 5.3(d)), eventually resulting in pore entrapment. Moreover, since Marangoni 

convection bridges the thermal and flow fields, reduced net heat accumulation also diminishes 

the temperature difference between the front and rear surfaces of the melt pool, thereby 

weakening the surface tension-driven flow. As a result, the melt pool becomes more flattened 

and concave, with insufficient upward convection from the bottom. This favors the rearward 

transport of bubbles toward the melt pool boundary, increasing their likelihood of being 

trapped—an effect reflected in the disruption of Marangoni circulation, which leads to a 

bifurcated velocity field, weakened upward flow, and bubble transport following the bottom 

rearward flow (Fig. 5.3(c)). By contrast, at 1100 µs, although a transient negative qacc is also 

observed, the magnitude and duration of heat loss are smaller. Marangoni convection remains 

sufficiently active to sustain upward circulation, as indicated by the uniform, upward-sloped 

thermal gradient layers. The bubble is thus redirected toward the keyhole region and ultimately 

reduce pore formation probability, as shown in Fig. 5.3(e).  

The simulated pore behavior is further validated by experimental observations. The CT 

reconstruction shown in Fig. 5.3(f) (side view) and Fig. 5.3(g) (front view) reveals pore 

distributions located away from the central axis, consistent with the lateral displacement 

observed in the simulations. The agreement between CFD-predicted bubble transport paths and 

experimentally observed pore locations confirms that pore formation is governed by flow-

driven transport under thermally weakened conditions. 

Taken together, these results demonstrate that pore formation is governed by a coupled 

thermal-flow mechanism, in which net heat accumulation regulates Marangoni convection and 

thereby determines bubble transport and entrapment. Sustained thermal depletion reduces 

temperature gradients and weakens surface-tension-driven flow, disrupting global circulation 

and preventing bubble recirculation, so that bubbles are transported away from the keyhole and 

trapped at the solidification front. In contrast, when thermal depletion is transient, Marangoni 

circulation remains sufficiently strong to recirculate and reabsorb bubbles, suppressing pore 

formation. Thus, Marangoni convection serves as a critical bridge linking thermal transport 

and fluid motion, ultimately controlling defect evolution during keyhole-based additive 

manufacturing. 
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5.5 Effect of substrate preheating on thermal transport and defect 

formation 

Based on the understanding of heat transfer mechanisms that govern the influence of process 

parameters on melt pool behavior, we further investigated the effect of substrate preheating. 

Although prior studies have explored the impact of preheating on melt pool evolution and 

resulting track morphology, they primarily focused on comparing different preheating 

temperatures without fully elucidating the underlying mechanisms by which preheating alters 

melt pool dynamics [167][168].  

As shown in Fig. 5.4(a), preheating to 773 K leads to a clear reduction in the averaged 

interfacial heat flux 𝑞𝐼𝐴 at both scan speeds (0.5 m/s and 1.5 m/s). In contrast, the fluctuation 

intensity 𝛿𝑞𝐼𝐴 remains nearly unchanged. This indicates that preheating primarily lowers the 

overall level of interfacial heat transfer, while the relative fluctuation behavior of the melt pool 

is largely preserved. In other words, preheating modifies the thermal baseline of the system 

without fundamentally altering its intrinsic instability characteristics. 

As indicated by Fig. 5.1(c), after preheating to 773 K, the processing point (200 W, 1.5 m/s) 

shifts from the humping regime to the smooth regime, resulting in the suppression of hump 

formation. This transition is confirmed by the experimental observations in Fig. 5.4(b), where 

the melt track exhibits significantly improved continuity and surface quality. This agreement 

further supports the predictive capability of the proposed 𝑞𝐼𝐴 − 𝛿(𝑞𝐼𝐴)  framework. To gain 

deeper insight into the spatial redistribution of heat transfer, Fig. 5.4(c) presents the 

temperature gradient distributions along the melt pool surface and the solid-liquid interface at 

the centre cross-section under 200 W and 1.5 m/s. After preheating, the temperature gradients 

become more uniform and are significantly reduced along both boundaries. This improvement 

can be attributed to the elevated baseplate temperature, which decreases the thermal gradient 

between the melt pool and the substrate. The mechanism is similar to that observed under the 

condition of 100 W and 0.5 m/s, where a relatively uniform and low temperature gradient 

extends from the front to the rear of the melt pool. 
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Fig. 5.4 Regime-dependent influence of substrate preheating on interfacial heat transfer, melt-pool stability, and 

pore formation. (a) Averaged interfacial heat flux 𝑞𝐼𝐴 and fluctuation intensity 𝛿(𝑞𝐼𝐴) at 200 W for scan speeds 

of 0.5 and 1.5 m/s under non-preheated (300 K) and preheated (773 K) conditions. Preheating reduces the 

magnitude of 𝑞𝐼𝐴, while the relative fluctuation intensity remains nearly unchanged. (b) Surface morphology at 

200 W and 1.5 m/s, showing improved track continuity and suppression of hump defects after preheating. (c) 

Temperature gradient distribution along the melt pool surface and solid–liquid interface at 200 W and 1.5 m/s, 

showing more uniform thermal distribution under preheated conditions. (d) Quantitative statistics of pore number 

and size distribution at 200 W and 0.5 m/s, showing increased pore frequency and enlarged pore size after 

preheating. (e) CT reconstruction at 200 W and 0.5 m/s, revealing a higher pore density under preheated conditions. 

(f) CFD results at 200 W and 0.5 m/s, showing weakened Marangoni-driven flow and reduced melt-pool 

recirculation under preheating, leading to bubble transport toward the rear and subsequent entrapment. 
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The effect of preheating on pore formation under low scan speed conditions is shown in Fig. 

5.4(d), which quantifies the pore number and size distribution based on the CT results in Fig. 

5.4(e) (200 W, 0.5 m/s). Under non-preheated conditions (300 K), 7 pores are observed with an 

average size of 5 μm. In contrast, preheating increases the pore number to 15 and enlarges the 

average size to 9.8 μm, accompanied by a broader size distribution. And a higher pore density 

is clearly observed after preheating, indicating that preheating promotes porosity formation in 

this regime. This also implies that an excessively low 𝑞𝐼𝐴 in the 𝑞𝐼𝐴 − 𝛿(𝑞𝐼𝐴)   framework 

tends to promote pore formation. Based on the CFD results shown in  Fig. 5.4(f), the 

underlying mechanisms can be summarized as follows: 

1. Enhanced overheating: Preheating raises the baseline temperature of the substrate and 

melt pool, making the molten metal more susceptible to frequent vaporization. This 

leads to unstable keyhole dynamics, where repeated collapse and recoil events increase 

the likelihood of bubble formation. 

2. Negative or minimal net heat accumulation: Under preheated conditions, when net 

heat input qacc is very small or even negative, recoil pressure weakens and the keyhole 

becomes more prone to collapse, entrapping gas bubbles. Additionally, the contact area 

between the melt pool and the solid substrate must adjust in response to interfacial heat 

flux. Since preheating reduces the overall temperature gradient, the interface must 

recede over a larger area to reestablish thermal equilibrium. This increases the 

probability of contact between the shrinking interface and any existing bubbles, thereby 

promoting pore formation. 

3. Weakened Marangoni convection: Although total heat loss remains roughly 

unchanged, the enlarged melt pool volume under preheating results in reduced 

temperature gradients. When net heat accumulation becomes insufficient, Marangoni 

flow is significantly suppressed. The melt pool surface becomes more flattened and 

concave, and the bottom flow lacks the upward momentum needed to recirculate 

bubbles. As a result, bubbles are more likely to be dragged rearward and trapped at the 

solidification boundary. In contrast, under non-preheated conditions, stronger 

Marangoni flow can redirect bubbles back into the keyhole, reducing porosity. 
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These findings indicate that preheating is not suitable for low scan speed conditions, as it 

intensifies porosity formation. However, for high scan speeds that typically suffer from lack-

of-fusion or humping defects under the same power condition, preheating effectively reduces 

thermal gradients, promotes more uniform heat redistribution, and improves melt pool stability, 

thereby suppressing hump formation.  
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5.6 Conclusion 

This chapter establishes that melt-pool stability and defect formation in LPBF are governed by 

the dynamic and spatially non-uniform nature of heat transfer at the melt–substrate interface, 

rather than by global energy input alone. By introducing the area-averaged interfacial heat 

flux qIA and its normalized fluctuation intensity δ(qIA), we show that the transition from smooth 

tracks to humping and balling defects is determined by the combined elevation of both the 

mean heat extraction level and its temporal variability. A key insight is that a well-developed, 

closed Marangoni circulation can maintain low δ(qIA) even under higher qIA, thereby 

preserving melt-pool stability; conversely, when Marangoni flow is weak or spatially 

fragmented, even moderate qIA can trigger instabilities. 

Pore formation follows a distinct thermal-flow mechanism. It is promoted when net heat 

accumulation qacc becomes minimal or negative, which reduces recoil pressure, flattens the 

melt pool, and disrupts the upward branch of Marangoni convection. Under such conditions, 

bubbles are transported rearward along the bottom and become trapped at the solidification 

front. Transient thermal depletion, if insufficient to break global circulation, allows bubbles to 

be recirculated back to the keyhole and reabsorbed, suppressing porosity. 

Substrate preheating reduces qIA without significantly altering δ(qIA). Its effect is 

regime-dependent: at high scan speeds, it lowers temperature gradients and suppresses 

humping; at low scan speeds, it exacerbates overheating, and weakens Marangoni flow, thereby 

increasing pore formation. These findings provide a unified, physically grounded framework—

centered on interfacial heat flux, its fluctuations, and the integrity of Marangoni circulation—

for predicting morphological transitions and guiding process optimization in LPBF. 
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Chapter 6. Spattering dynamics mechanism 

6.1 Introduction 

In the LPBF process, the interaction between the laser beam and the powder bed generates 

complex multiphase flow phenomena that significantly influence the quality, repeatability, and 

stability of the printed components. Among these, particle spattering-referring to the ejection 

of powder or molten material from the process zone-is a critical event that affects powder bed 

uniformity, melt track integrity, and defect formation. Despite extensive research on melt pool 

dynamics and laser-material interactions, the underlying mechanisms of spatter formation and 

evolution remain only partially understood due to their transient, stochastic, and multi-physics 

nature. 

Spatter in LPBF is typically categorized into two main types: melt droplet spatter and powder 

particle spatter. Melt droplets are primarily driven by recoil pressure, Marangoni convection, 

and keyhole instabilities, whereas powder particles are ejected due to vapor plume entrainment 

and aerodynamic drag forces. These phenomena vary markedly with process parameters such 

as scanning speed, laser power, and powder characteristics, introducing significant complexity 

into spatter prediction and control. 

This chapter presents a comprehensive mechanistic investigation of spattering behavior, 

combining high-speed in situ imaging, morphological analysis, and numerical modeling to 

elucidate the particle dynamics under varying processing conditions. Section 6.2 analyzes 

powder particle spattering induced by vapor recoil and entrainment, emphasizing the role of 

vapor flow directionality and transient heating. Section 6.3 explores how scan speed influences 

the angular distribution and deposition location of spattered particles, revealing a deterministic 

shift from forward to rearward ejection trajectories. Section 6.4 investigates the onset of 

particle mobility by examining frictional resistance at the particle-substrate interface, 

highlighting the criteria required for detachment initiation. In Section 6.5, attention shifts to 

detachment dynamics in both isolated and agglomerated particles, uncovering how cohesive 
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forces and momentum exchange govern lifting thresholds. Section 6.6 further refines the 

framework by considering melt pool wettability, demonstrating that particle escape or 

incorporation is tightly linked to melt pool geometry and surface energy conditions. Finally, 

Section 6.7 synthesizes these findings and outlines the implications for process stability, 

powder reuse, and spatter suppression strategies. 

By integrating experimental observations with theoretical model, this chapter establishes a 

multi-physics framework to understand and quantify spattering behavior. The insights gained 

here not only advance the fundamental understanding of powder dynamics in LPBF but also 

provide a basis for predictive control of defect formation and process optimization in future 

builds. 
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6.2 Powder particle spattering induced by vapor 

Spatter in LPBF is broadly categorized into melt droplet spatter and powder particle spatter. As 

shown in Fig. 6.1(a), a schematic illustration differentiates between these two types based on 

their origin and ejection mechanism. While melt droplet spatter-resulting from melt pool 

instabilities such as recoil pressure and Marangoni-driven convection-is well known, a 

significant proportion of spatter events in LPBF processes involve unfused or partially heated 

powder particles [46]. These particles are primarily ejected due to entrainment by the recoil 

vapor jet, which is generated by rapid surface vaporization during laser irradiation. The high-

velocity vapor jet induces a localized gas flow field that displaces surrounding powder particles 

before they can be incorporated into the melt pool. In most cases, these particles remain in the 

solid state and are carried away passively by the vapor-induced flow. However, at elevated 

energy densities or near the laser beam periphery, some powder particles may experience 

transient thermal exposure, leading to surface softening or partial melting. Such particles can 

be ejected with increased kinetic energy and appear as visible, spark-like trajectories in high-

speed imaging, indicating thermally driven spatter behavior. Powder particle spatter induced 

by vapor jet entrainment is typically concentrated around scan track edges and overhanging 

features, reflecting a complex interplay among vapor dynamics, local temperature gradients, 

and particle–gas interactions. 

 

Fig. 6.1. Classification and morphological characteristics of spatter in LPBF. (a) Schematic illustration of melt 

droplet spatter and powder particle spatter based on ejection mechanisms (original). (b) SEM images showing the 

5 um 
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morphologies of spatter particles collected from our experiments. 

To further understand the physical characteristics of these ejected particles, Fig. 6.1(b) 

illustrates the morphologies of spatter particles were examined using scanning electron 

microscopy (SEM). As shown in Fig. 3.1(a), the virgin powder exhibits a predominantly 

spherical shape with smooth surfaces and minimal satellites, which is typical for gas-atomized 

powders designed for LPBF. This morphology ensures good powder flowability and packing 

density, which are essential for uniform layer deposition and consistent laser-material 

interaction. In contrast, the spatter particles generated during the LPBF process display a wide 

variety of irregular morphologies that deviate significantly from the original powder. Several 

distinct types were observed: 

(i) Agglomerated particles, resulting from the partial or complete melting and subsequent 

coalescence of multiple particles in-flight, were frequently observed. These structures are 

typically larger and exhibit irregular, fused boundaries. 

(ii) Partially melted and fused clusters with asymmetric solidification fronts and rough surfaces 

suggest rapid non-equilibrium solidification during ejection. 

(iii) Satellite-like formations, where smaller particles adhere to larger ones via localized 

melting or physical impact, were evident in several cases. 

(iv) Elongated or deformed particles with tail-like features were identified, likely formed by 

directional momentum during high-speed ejection followed by rapid cooling. 

The formation of such spatter morphologies is attributed to complex thermofluid dynamics 

during the laser–powder interaction, including recoil pressure, vapor jet entrainment, and in-

flight collision events. These non-spherical and thermally altered particles pose several risks to 

process stability: they may degrade powder bed uniformity, interfere with laser energy 

absorption, and remain partially unprocessed, leading to inclusion-type defects or porosity in 

the consolidated material. Furthermore, if recycled into the feedstock, these particles can 

accumulate and progressively deteriorate powder quality in subsequent builds. 

 

Also, high-velocity spatter particles in LPBF are known to have detrimental effects on both 

process stability and part integrity. These particles can contaminate optical elements, disturb 

powder bed uniformity, and trigger secondary ejection events by impacting surrounding 
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powder. Furthermore, high ejection velocities are often symptomatic of excessive vapor recoil 

pressure or melt pool instability, and thus serve as potential indicators for in-situ monitoring of 

process anomalies. In addition, they reduce powder recovery efficiency and increase the 

likelihood of inclusion defects in subsequent layers. Given their significant impact, 

understanding how spatter velocity and directionality evolve with varying scanning speeds is 

crucial for both process optimization and defect mitigation. Fig. 6.2 presents high-speed 

imaging of spatter behavior under a constant laser power of 100 W and varying scanning speeds 

of 0.1 m/s, 0.5 m/s, and 1.0 m/s. The laser scanning direction is from left to right, as indicated 

by the blue arrow in the figure. Spatter trajectories were tracked using consecutive high-speed 

frames, and particle velocities were estimated by measuring the displacement of visible particle 

streaks between frames and dividing by the known frame interval.  

 

At a scanning speed of 0.1 m/s, the spatter exhibited a highly scattered ejection pattern, with 

visible particle trajectories oriented in both forward and lateral directions relative to the 

scanning direction. Measured spatter velocities ranged from 2.9 to 8.1 m/s, and many particles 

displayed bright, thick streaks—indicative of high thermal energy and relatively large particle 

sizes. The vapor plume was observed to tilt forward by approximately 15°, suggesting that at 

low scan speeds, the long laser–material interaction time induced excessive local vaporization 

and melt pool instability. Consequently, the recoil plume lacked directional confinement and 

spread preferentially toward the front and sides of the melt pool, entraining particles before full 

absorption into the melt. 

 

When the scanning speed increased to 0.5 m/s, the plume direction shifted rearward, with 

particle ejection primarily aligned within 20°-30° behind the scan axis. This directional 

consolidation reflects the increased influence of laser head motion on vapor flow orientation. 

The measured spatter velocities reached up to 9.2 m/s, and the trajectories appeared more 

collimated compared to the low-speed case. These trends indicate that higher scan speeds 

promote a more stable melt pool and more consistent vapor jet structure, favoring entrainment 

and ejection of mid-sized particles with improved energy coupling efficiency. 
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At 1.0 m/s, spatter directions became increasingly rearward and vertically focused, while 

visible streaks were thinner and dimmer-implying smaller particle sizes and lower thermal 

excitation. Estimated ejection angles ranged from 30° to 40° behind the laser path, consistent 

with a highly collimated, backward-directed vapor jet. The relatively narrow range of spatter 

velocities (5.5-7.1 m/s) further suggests that particle entrainment was dominated by 

aerodynamic drag rather than thermal propulsion. The high scan speed reduces the interaction 

time between laser and powder, limiting energy transfer and resulting in predominantly cold-

state particle ejection. 

 

 

 

Fig. 6.2. High-speed imaging analysis of spatter behavior at a constant laser power of 100 W and different scanning 

speeds. The laser scanning direction is from left to right. (a) Spatter trajectories at 0.1 m/s. (b) Spatter trajectories 

at 0.5 m/s. (c) Spatter trajectories at 1.0 m/s. Red arrows indicate representative particle velocities estimated from 

frame-to-frame displacement.  

1 mm 

(a) 

(b) 

(c) 
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Overall, the high-speed observations indicate that increasing scanning speed leads to a gradual 

shift in the dominant spatter direction from forward and lateral scattering toward a more 

rearward-oriented and collimated ejection pattern. This trend suggests that laser scanning speed 

influences the orientation and confinement of the vapor jet, thereby affecting spatter trajectories 

during the LPBF process.  
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6.3 Influence of scanning speed on spatial distribution of spatter 

In LPBF, the spatial behavior of spatter plays a critical role in influencing part quality, powder 

bed uniformity, and defect formation across layers. Among the various process parameters, 

scan speed is known to affect melt pool thermodynamics and plume dynamics, yet its influence 

on the spatial landing distribution of spattered particles remains insufficiently characterized 

under controlled energy input conditions. 

In this work, a systematic investigation was conducted to assess the impact of scan speed on 

spatter ejection and deposition under constant laser power (100 W). By integrating numerical 

simulation of melt pool thermofluidic fields with high-speed in situ imaging, we demonstrate 

that variations in scan speed induce systematic transitions in both melt pool morphology and 

recoil vapor flow direction, which in turn modulate the angular trajectory and final landing 

positions of spattered particles. 

As illustrated in Fig. 6.3, increasing the scanning speed from 0.1 m/s to 1.0 m/s results in a 

progressive shift in spatter deposition from a forward-leaning to a rearward-leaning distribution. 

Fig. 6.3(a) shows the result from the first experiment, while Fig. 6.3(b) presents the result from 

a repeated trial, confirming the observed trend. At low scan speeds, spatter particles are 

predominantly ejected along steep, upward or forward-inclined trajectories and tend to deposit 

ahead of the laser scan path. As the scan speed increases, these trajectories gradually flatten 

and rotate backward, causing the spatter to accumulate near or even behind the trailing edge of 

the melt pool. This evolution reflects a systematic change in angular momentum transfer from 

the recoil plume to the ejected particles, ultimately altering the spatial footprint of spatter 

accumulation around the processing zone. This transition is primarily attributed to the gradual 

change in melt pool geometry from a deep, keyhole-like shape to a shallower, basin-like 

configuration, accompanied by a rearward shift in the peak temperature location, which in turn 

causes the recoil vapor jet direction to rotate backward, as illustrated in Fig. 6.4(a). At low scan 

speed (0.1 m/s), the melt pool exhibits a deeper and narrower profile with a leading-edge 

temperature maximum, giving rise to a predominantly forward-directed recoil plume. This 
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configuration facilitates the ejection of particles toward the laser’s approach direction. In 

contrast, higher scan speeds (e.g., 0.5-1.0 m/s) produce a more flattened melt pool with 

rearward-shifted thermal centroids, thereby redirecting the recoil flow toward the laser trailing 

edge. This rotation in recoil pressure orientation results in spatter trajectories that lean 

backward, evidencing a clear correlation between scan speed, melt pool asymmetry, and plume 

vector direction. 

 

 

Fig. 6.3 Effect of scanning speed on the spatial distribution of spatter deposition under 100 W laser power. (a) 

First experiment. (b) Second experiment. 

 

 

Fig. 6.4 Evolution of melt pool geometry and plume dynamics with varying processing conditions. (a) Schematic 

illustration of melt pool morphology at varying scan speeds (0.1, 0.5, and 1 m/s) under a constant laser power of 

100 W, indicating the transition from keyhole-like to conduction-mode behavior.(b) Time-resolved high-speed 

10mm 

100 um 5 mm 
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images of plume and spatter dynamics at a laser power of 100 W and a scan speed of 0.1 m/s, captured at different 

time instants (t = 113.33 ms, 120 ms, and 136.67 ms). 

While these trends highlight a deterministic evolution of mean spatter angle with scan speed, 

deposition patterns remain highly stochastic and non-reproducible across repeated builds. This 

variability originates from two primary sources. First, heterogeneity in powder bed packing-

induced by recoating inconsistencies, particle size variation, and local porosity-leads to 

differences in the local laser-powder interaction conditions. Second, the vapor plume itself is 

inherently unsteady due to rapid fluctuations in recoil pressure, localized vaporization bursts, 

and interfacial instability of the melt pool, often amplified by Marangoni-driven 

thermocapillary flow. 

To substantiate the transient nature of plume dynamics, time-resolved high-speed imaging was 

performed under 100 W-0.1 m/s conditions over a 20 mm track length, as shown in Fig. 6.4(b). 

The captured image sequence (from t = 113.33 ms to t = 136.67 ms) reveals pronounced 

temporal variations in plume structure and ejection behavior. In the early frames, asymmetric 

and oblique spatter ejection directions are observed, indicating spatially non-uniform behavior. 

As time progresses, multiple spatter events with a broader angular dispersion are captured, 

suggesting increased variability in plume dynamics. These observations suggest that transient 

plume behavior may influence the non-uniform distribution of spatter during the process, 

although the underlying mechanisms cannot be directly resolved from the present imaging data. 

Collectively, the results establish that scan speed exerts a twofold influence on spatter 

behaviour: it governs the melt pool geometry and vapor jet orientation, which control the mean 

deposition angle, and it also interacts with powder bed variability and plume turbulence, which 

jointly determine the statistical scatter and repeatability of spatter trajectories. Understanding 

this dual mechanism is essential for improving process robustness, optimizing scan strategies, 

and reducing defect precursors in LPBF-built components. 
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6.4 Onset of Particle Mobility: Overcoming Interfacial Friction 

and Initiating Denudation 

Upon laser irradiation, the surface material undergoes rapid melting followed by intense 

evaporation, generating a strong upward-directed recoil vapor jet. This jet produces a localized 

low-pressure region via the Bernoulli effect—a fundamental fluid dynamics principle where 

an increase in fluid velocity is accompanied by a decrease in static pressure. The resulting 

pressure gradient draws surrounding shielding gas radially inward toward the melt pool, 

forming a converging flow field. Powder particles situated within this field are subjected to 

shear-induced drag forces arising from the relative motion between the particles and the 

surrounding gas. The magnitude of this aerodynamic force is strongly influenced by the 

velocity gradient of the vapor-driven flow, particle size, orientation, and proximity to the jet 

axis. 

When the drag force surpasses the rolling resistance exerted by the substrate or neighboring 

particles, the powder begins to roll toward the melt pool. This marks the onset of both powder 

spattering and localized powder bed depletion, commonly referred to as denudation. Therefore, 

accurately determining the critical conditions for particle mobilization is a crucial first step in 

understanding the underlying mechanisms of spatter formation. Once the resisting interparticle 

or substrate friction is overcome, particles are free to migrate, initiating the dynamic 

redistribution of powder near the melt pool periphery. 

Fig. 6.5 presents the experimentally observed denudation characteristics at a fixed laser power 

of 100 W with three different scanning speeds (0.1 m/s, 0.5 m/s, and 1.0 m/s). Along both sides 

of the scan track, the powder appears visibly depleted, with redistributed particles accumulating 

near the melt track boundary. The denudation width (WD) is consistently wider than the melt 

track width (WM), illustrating that the entrainment-driven disturbance extends well beyond the 

direct laser-melting zone.  

Interestingly, the denudation width decreases with increasing scan speed, following the order: 

0.1 m/s > 0.5 m/s > 1.0 m/s. This trend emphasizes that laser–material interaction time plays a 
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dominant role in determining the extent of powder disturbance. At 0.1 m/s, the prolonged laser 

residence time induces significant melt pool expansion and intense vapor recoil, generating a 

strong and sustained entrainment flow that removes large quantities of surrounding powder. At 

0.5 m/s, the interaction time is reduced, leading to a moderately sized melt pool and weaker 

entrainment effects, thereby lowering the denudation extent. 

Although melt pool instability and plume fluctuations remain pronounced at 1.0 m/s, the high 

scanning speed limits powder removal through two coupled mechanisms. On one hand, the 

substantially shorter laser-powder interaction time reduces the momentum transferred to 

surrounding particles. On the other hand, the faster scanning speed leads to weaker evaporation, 

which in turn diminishes the vapor-driven spattering and denudation. As a result of this 

combined effect, gas entrainment is minimized, fewer powder particles are set into motion, and 

the smallest denudation width is observed. This indicates that, despite thermal and 

hydrodynamic instabilities, the reduction in both momentum transfer and evaporation 

intensity—both governed by interaction duration—is the critical factor controlling powder 

removal behavior under high scanning speeds. 

 

Fig. 6.5 Experimentally observed denudation characteristics at 100 W under different scanning speeds.(a) 0.1 m/s. 

(b) 0.5 m/s. (c) 1.0 m/s. 

 

To establish a quantitative relationship between particle-scale dynamics and the formation of 

powder-depleted regions, we employed high-speed imaging in combination with ImageJ 

analysis to capture the motion of powder particles (approximately 50 µm in diameter) impacted 

by the vapor plume and subsequently falling onto the substrate, as shown in Fig. 6.6(a). By 

tracking particle deceleration, the rolling friction force was estimated for a representative 
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50 µm particle using Newton's second law, yielding Fr = ma = 5.4×10-9 N. This force can also 

be expressed as  

𝐹𝑟 = 𝜇(𝐹𝑣𝑑𝑤 +𝑚𝑔)  (6-1) 

where μ is the rolling friction coefficient taken as 0.085 [160], FvdW is the van der Waals 

adhesion force and mg is the gravitational force.  

Table 6.1 Comparison of gravity and van der Waals force for particles of different diameters. 

Diameter (um) 10 20 30 40 50 

mg (N) 4.0×10-11 3.2×10-10 1.1×10-9 2.6×10-9 5.0×10-9 

FvdW (N) 1.3×10-8 2.5×10-8 3.7×10-8 4.8×10-8 5.9×10-8 

As shown in Table 6.1, within the typical LPBF particle size range (10-50 µm), FvdW is 

generally on the order of 10-8 N, which is one to two orders of magnitude larger than the 

gravitational force mg (approximately 10−11 to 10−9 N). Hence, gravitational effects can be 

reasonably neglected in the calculation of frictional resistance. Furthermore, since FvdW scales 

linearly with particle diameter, the rolling friction force 𝐹𝑟 also exhibits a linear dependence 

on particle size. This proportionality implies that particles of different sizes share a common 

critical entrainment velocity, as the ratio of aerodynamic drag to rolling resistance remains 

constant within the examined size range. 
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Fig. 6.6. Particle entrainment dynamics and surrounding gas flow field induced by laser-generated vapor plume. 

(a) High-speed imaging of powder particle trajectories during interaction with the vapor plume. (b) Simulated gas 

velocity field around the vapor plume at 100 W laser power, illustrating the entrainment and recirculation effects 

that underlie the experimentally observed particle motion. 

 

Fig. 6.7. CFD-based analysis of gas flow field and particle displacement under 100 W laser power. (a) Radial gas 

velocity field at z = 25 µm with critical velocities for different particle sizes. (b) Calculated displacement-time 

curves for 50 µm particles under various scanning speeds. (c) Comparison of predicted particle departure positions 

with experimentally observed depletion zones.  

 

To elucidate the kinematic correlation between particle movement and the vapor plume-

induced airflow dynamics, computational fluid dynamics (CFD) simulations were conducted 

to determine the gas velocity field surrounding the vapor plume at a laser power of 100 W, as 

illustrated in Fig. 6.6(b). The simulation results clearly demonstrate that the high-speed vapor 

jet induces a pronounced entrainment effect, drawing ambient air inward towards the plume 

centerline, as indicated by the black velocity vectors. From the obtained gas flow field, we 

extracted the radial velocity distribution at a cross-sectional plane positioned at a height of z = 

25 µm above the substrate surface (Fig. 6.7a). At greater radial distances from the plume 

centerline, the radial gas velocity is positive, signifying that powder particles located in this 

region experience an inward entrainment force towards the vapor plume. This inward radial 

velocity progressively increases as particles approach the plume. However, at close proximity 

to the plume center, the radial velocity reverses, becoming negative due to the strong outward-

directed expansion recoil force from the vapor jet, resulting in the ejection of particles away 

from the plume center. Additionally, within the entrainment region, the radial gas velocity 

magnitude exhibits an approximately inverse proportionality to the radial distance. 
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Considering the aerodynamic drag force acting on particles with laminar assumption away 

from vapor plume center, the classical Stokes drag relationship is expressed as 

𝐹𝑑𝑟𝑎𝑔 = 6𝜋𝜂𝑔𝑟𝑝(𝑣𝑔 − 𝑣𝑝)  (6-2) 

where 𝐹𝑑𝑟𝑎𝑔 is the drag force, 𝜂𝑔  is the dynamic viscosity of the gas, 𝑟𝑝  is the particle 

radius, 𝑣𝑔 is the gas velocity, and 𝑣𝑝 is the particle velocity. Then the critical radial positions 

corresponding to the onset of mobility for particles of different sizes were identified, as 

annotated in Fig. 6.7(a). Based on these critical conditions, a quantitative relationship between 

the radial gas velocity magnitude and radial distance was established via curve fitting.  

 

To further quantify particle motion, the particle acceleration was computed based on the gas 

flow field obtained from CFD simulations, governed by the balance between aerodynamic drag 

and rolling resistance: 

𝑎 = (𝐹𝑑𝑟𝑎𝑔 − 𝐹𝑟)/𝑚  (6-3) 

where 𝐹𝑟 is the rolling resistance acting on the particle. 

 

A numerical time-integration scheme was employed to resolve the particle motion. The particle 

velocity and displacement were updated iteratively using: 

𝑣𝑝
𝑡+∆𝑡 = 𝑣𝑝

𝑡 + 𝑎∆𝑡  (6-4) 

𝑠𝑡+∆𝑡 = 𝑠𝑡 +
𝑣𝑝
𝑡+∆𝑡 + 𝑣𝑝

𝑡

2
∆𝑡  (6-5) 

The initial conditions were set as 𝑣𝑝
0 = 0 and 𝑠0 = 0, corresponding to particles initially at rest 

on the powder bed. At each time step, the local gas velocity and corresponding drag force were 

updated based on the instantaneous particle position. This procedure was repeated until the 

particle reached the melt pool boundary or the interaction time was exceeded. A sufficiently 

small-time step (Δt = 0.01 μs) was adopted to ensure numerical stability and accurately capture 

the rapid acceleration of particles under the vapor plume. Although the model adopts simplified 

assumptions (e.g., laminar drag formulation), it captures the dominant physics governing 

particle entrainment and displacement near the melt pool region. 
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The resulting particle trajectories in Fig. 6.7(b) provide displacement–time relationships for 

particles approaching the melt pool under different scanning speeds. As particles migrate from 

their initial positions, powder-depleted regions, commonly referred to as denudation zones, are 

formed adjacent to the melt track. To quantitatively determine the denudation boundary, a 

displacement-based criterion was introduced. Specifically, the radial position at which the 

particle displacement exceeds the average powder particle diameter (Δr ≥ 30 μm) was defined 

as the onset of effective powder removal. This criterion reflects the condition under which 

particles are displaced sufficiently far from their original packing positions and cannot be 

immediately replenished by neighboring particles. Using this definition, the denudation width 

was calculated as the radial distance from the melt track centerline to the critical position 

satisfying Δr=30μm. The predicted denudation widths were then compared with 

experimentally observed powder-depleted regions extracted from high-speed imaging, as 

shown in Fig. 6.7(c). The results show good quantitative agreement, with minor discrepancies 

attributable to inherent process complexities. 

 

Overall, this approach establishes a direct link between vapor-plume-induced gas flow, 

particle-scale dynamics, and the macroscopic formation of denudation zones. Specifically, at a 

low scanning speed (0.1 m/s), the larger observed denudation width is due to prolonged laser-

material interaction time, allowing peripheral particles (approximately 347-397 µm from the 

center) to be progressively entrained inward, filling voids post laser interaction due to inertial 

effects. Conversely, at a higher scanning speed (1.0 m/s), a smaller calculated denudation width 

was observed compared to the experimental results. This discrepancy likely arises primarily 

due to melt pool instability manifesting as hump defects and amplified turbulent oscillations of 

the gas flow, enlarging the effective entrainment area. 

 

Moreover, the potential influence of the external shielding gas flow should also be considered 

in practical LPBF processes. In the present study, the CFD model focuses primarily on the gas 

flow induced by the vapor plume in the immediate vicinity of the melt pool, which governs the 

initial entrainment and motion of powder particles. The shielding gas flow was not explicitly 

included in the simulation because its characteristic velocity in the build chamber is typically 
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much lower than that of the vapor jet generated during laser–material interaction. Consequently, 

near the melt pool region where particle entrainment occurs, the vapor-plume-driven flow 

dominates the local gas dynamics. 

 

Nevertheless, shielding gas flow can influence the longer-range transport of spatter particles 

and may contribute to additional powder redistribution across the powder bed. Excessively 

high shielding gas velocities may further enhance particle mobilization by increasing 

aerodynamic drag, thereby intensifying powder loss and widening the denudation region. 

Therefore, careful optimization of both scanning parameters and shielding gas flow conditions 

is important to mitigate denudation and maintain powder bed uniformity during the LPBF 

process.  
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6.5 Detachment Dynamics: Lifting Beyond Adhesion in Single and 

Clustered Particles 

While particle mobilization marks the initial condition for the formation of spatter in LPBF, it 

does not guarantee complete detachment or ejection from the powder bed. In practice, a 

significant number of mobilized particles remain accumulated near the melt track without being 

successfully lifted. For a particle to become a true spatter, it must not only overcome the 

resistance to rolling or sliding but also be lifted away from the substrate surface by the 

aerodynamic forces associated with the vapor plume and surrounding gas flows. 

 

In this micro-scale regime, where gravitational forces are negligible compared to surface forces, 

van der Waals (vdW) adhesion plays a critical role in resisting vertical detachment. Analogous 

to how macroscopic objects must overcome gravitational force to achieve lift-off, micron-sized 

powder particles must overcome interfacial adhesion to escape the substrate or neighboring 

particles. Therefore, a quantitative understanding of the van der Waals interaction is essential 

for accurately modeling the onset of detachment. 

 

The vdW force represents a short-range attractive interaction arising from fluctuating dipole–

dipole effects. It is especially dominant in fine particulate systems, particularly at particle sizes 

below ~100 µm. For two spherical particles with radii R₁ and R₂, separated by a gap h, the vdW 

force can be estimated using the classical Hamaker approach as: 

𝐹 = −
𝐴

6
∙

𝑅1𝑅2
(𝑅1 + 𝑅2)ℎ2

  (6-6) 

where A is the Hamaker constant, typically on the order of 10⁻²⁰ to 10⁻¹⁹ J depending on the 

material and surrounding medium [169][170]. For identical particles (R₁ = R₂ = R), this 

expression simplifies to 

𝐹 = −
𝐴𝑅

12ℎ2
  (6-7) 

When a spherical particle is adjacent to a planar substrate, the interaction force becomes 

𝐹 = −
𝐴𝑅

6ℎ2
  (6-8) 
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which is approximately twice the magnitude of the sphere–sphere interaction [171]. This 

difference arises because the planar substrate can be treated as a body with an effectively 

infinite radius of curvature under the Derjaguin approximation, leading to a stronger interaction 

compared with the symmetric sphere–sphere configuration. 

 

In a more complex but common configuration where a particle is supported by three identical 

spherical particles beneath it-forming a typical close-packed contact geometry, as illustrated 

schematically in Fig. 6.8 [164]. The total vertical vdW force on the upper particle can be 

obtained by projecting each particle–particle force onto the vertical axis. Given the angular 

arrangement of the contact points (with a contact angle of approximately 55°), the resulting 

vertical force sums to 

𝐹 = −
𝐴𝑅

6. 93ℎ2
  (6-9) 

This value lies between the sphere–sphere and sphere–plane interaction limits and provides a 

reasonable approximation for adhesion under powder-bed conditions. 

 

Fig. 6.8. Particle arrangement and pivoting angle in the powder bed. (a) Three-dimensional configuration of bed 

particles; (b) Schematic definition of the average pivoting angle.  

 

To simplify calculations and to reasonably approximate the maximum adhesive force likely to 

occur in contact-dominated scenarios, the sphere–plane model (6-8) is adopted in this study as 

a representative formulation for estimating the van der Waals force acting on powder particles 

in contact with their surroundings. 

 

Subsequent to mobilization, the second critical step for powder particles to become spatter 

involves overcoming the adhesion forces between the particle and the substrate or neighboring 
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particles. Successful detachment requires that the aerodynamic drag and lift forces exerted by 

the vapor plume-induced airflow surpass the cohesive van der Waals adhesion force. However, 

the dynamics of particle detachment significantly differ between single-particle and multi-

particle systems, as depicted in Fig. 6.9. For single-particle systems, the dynamic behavior 

under the influence of entrainment flow fields has been extensively studied, as shown in Fig. 

6.9(a). Typically, a single particle initially moves toward the melt pool region due to the inward-

directed drag force. When the aerodynamic forces exceed the adhesion threshold, the particle 

is lifted vertically into the airflow and continues its trajectory toward the melt pool and vapor 

plume region. In contrast, the multi-particle systems display a more complex behavior. When 

an upper particle within a particle cluster experiences a drag force applied at an offset position 

relative to the cluster’s center of mass, a resultant torque develops about the adhesion point, 

causing the particle to rotate and accumulate angular momentum. With increasing rotational 

velocity, the required centripetal force for maintaining stable rotation increases nonlinearly. 

Once the combined centripetal component of the aerodynamic drag and cohesive van der Waals 

forces become insufficient to sustain rotation, mechanical instability occurs, resulting in 

particle detachment and subsequent entry into free-flight toward the melt pool and vapor plume, 

as shown in Fig. 6.9(b). For particles located at the bottom of a cluster, particularly in systems 

consisting of multiple layers, detachment is significantly hindered by the considerably 

enhanced static friction and cohesive interactions. Unless positioned very close to the melt pool, 

where the vapor plume-induced drag forces are exceptionally strong, these bottom-layer 

particles typically remain stationary and resist entrainment. An exceptional scenario occurs 

when particles—either single or multi-layered clusters—are situated in immediate proximity 

to the melt pool and vapor plume, where the intense direct momentum transfer from the vapor 

plume rapidly induces detachment, bypassing intermediate transitional stages and directly 

ejecting particles into the airflow as spatter. 
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Fig. 6.9. Aerodynamic behavior of powder particles under vapor plume influence. (a) Single-particle response. (b) 

Multi-particle (clustered) response. 

 

Fig. 6.10 CFD-based analysis of particle lift-off conditions at 100 W laser power. (a) Radial distribution of vertical 

gas velocity. (b) Normalized vertical drag force (Fdrag/Fvdw) as a function of radial distance from the plume center. 

(c) Radial range RLift of particles susceptible to lift-off under varying scanning speeds. 

 

To quantitatively determine the critical aerodynamic conditions required for powder particle 

lift-off, CFD simulations were performed to characterize the radial distribution of vertical gas 

velocities at a laser power of 100 W, as depicted in Fig. 6.10(a). The vertical component of gas 

velocity is oriented upwards, exhibiting its maximum magnitude at the centerline of the vapor 

jet and rapidly diminishing to zero along the radial direction. Based on the established 

relationship between aerodynamic drag forces and the airflow field, Fig. 6.10(b) presents the 

normalized ratio of vertical drag force (FD) to the adhesion force (FvdW) as a function of radial 

distance. A critical radial threshold (RLift = 56 µm) was identified at which the aerodynamic 

drag surpasses the adhesion forces, initiating vertical lift-off of powder particles from the 

substrate surface. This threshold clearly delineates the boundary beyond which particle 

entrainment into the airflow is achievable. Fig. 6.10(c) summarizes the radial range within 
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which powder particles can reach this critical lift-off threshold (RLift) under various scanning 

speeds at a constant laser power of 100 W. With increasing scanning speed and correspondingly 

reduced laser dwell time, the radial range of powder particles capable of moving toward and 

subsequently being lifted into the melt pool decreases significantly. However, this reduction is 

not linearly proportional to the scanning speed, suggesting complex interactions between 

particle motion, gas flow dynamics, and transient thermal fields. 

 

Further analysis indicates that at lower scanning speeds, extended laser-material interaction 

times result in sustained vapor jet momentum, creating broader aerodynamic entrainment zones. 

This broader influence facilitates mobilization and lift-off of particles initially located farther 

from the plume center. Conversely, at higher scanning speeds, shorter dwell times constrain the 

vapor jet's momentum, limiting the extent and strength of the aerodynamic field, thus markedly 

decreasing the population of particles that can achieve the lift-off condition. Additionally, 

turbulent fluctuations and transient instabilities at high scanning speeds could also modulate 

particle dynamics, occasionally permitting sporadic lift-off events outside the typical 

aerodynamic threshold. These insights underline the necessity for precise tuning of process 

parameters to optimize aerodynamic entrainment, mitigate undesired powder depletion 

(denudation), and enhance process stability and repeatability. 
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6.6 Escape verus Incorporation: The Role of Melt Pool Wetting in 

Final Spatter 

Previous empirical approaches have attempted to predict spatter quantity; however, they have 

proven insufficient across varying process parameters and material conditions[172]. In this 

section, a quantitative relationship between particle dynamics and spatter formation is 

established by integrating high-speed imaging analysis with theoretical modeling. 

Experimental spatter counts, obtained from high-speed images (Fig. 6.3) at a constant laser 

power of 100 W and varying scanning speeds, were quantified using ImageJ, as summarized 

in Fig. 6.12(a). A general decreasing trend in spatter quantity with increasing scanning speed 

is observed. However, a distinct local maximum appears at approximately 0.75 m/s, followed 

by a rapid decrease at 1.0 m/s. This non-monotonic behavior indicates that spatter generation 

cannot be described solely by linear energy density (LED). Instead, it arises from the coupled 

effects of melt pool stability, wettability, laser–material interaction time, and vapor–particle 

dynamics. Consequently, relying solely on LED oversimplifies the underlying physics by 

neglecting critical factors such as melt pool morphology evolution, surface tension effects, 

recoil pressure fluctuations, and vapor plume-induced flow. 

 

To establish a quantitative link between particle dynamics and spatter formation, a theoretical 

model was developed based on particle entrainment and lift-off behavior. Fig. 6.11(a) 

schematically illustrates the particle motion following the stage shown in Fig. 6.9: upon 

entering the RLift region, particles are driven upward toward the melt pool by the strong 

entrainment gas flow. It is assumed that once particles enter the lift-off region RLift and their 

vertical displacement hp exceeds 𝑒𝑝𝜎𝑡 = 25 μm (where 𝑒𝑝 ≈ 0.5 is the powder bed packing 

density from Fig. 4.6 and 𝜎𝑡 = 50 μm is the layer thickness), the particle is considered unable 

to be re-incorporated into the melt pool due to insufficient wettability, and thus contributes to 

spatter formation. To quantitatively determine whether this condition is met, ℎ𝑝 is calculated 

from the equation as follows: 
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𝑑ℎ𝑝

𝑑𝑡
= 𝑣𝑝,𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 = 𝑣𝑔,𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 (1 − 𝑒−

𝑡
𝜏) ; ⁡𝜏 =

2𝜌𝑝𝑟𝑝
2

9𝜂𝑔
  (6-10) 

ℎ𝑝 = ∫ 𝑣𝑝,𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙⁡𝑑𝑡⁡
𝑡

0
= 𝑣𝑔,𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 (𝑡 − 𝜏 + 𝜏𝑒−

𝑡

𝜏)  (6-11) 

where 𝑣𝑝,𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 and 𝑣𝑔,𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 denote the vertical components of particle velocity and gas 

velocity, respectively. The gas velocity is approximated as the average velocity between σb and 

RLift (Fig. 6.10a). The residence time t of a particle within the lift-off region depends on its 

radial velocity upon entering the region; particles farther from RLift exhibit higher radial 

velocities, resulting in shorter residence times. Using the critical velocity with the denudation 

analysis (Section 6.4)-which defines the farthest position a particle can reach-the maximum 

radial velocity 𝑣𝑝,𝑟𝑎𝑑𝑖𝑎𝑙
𝑚𝑎𝑥  for particles of different sizes was obtained, and the corresponding 

minimum residence time tmin along the particle trajectory was estimated. Over the tmin, the 

calculated hp for all particle sizes exceeds the critical threshold of 25 μm, indicating that 

particles entering this region are likely to escape rather than be reabsorbed, as shown in Fig. 

6.11(b). 

   

Fig. 6.11 Schematic of particle lift-off and spatter formation. (a) Particle motion driven by gas flow; escape occurs 

if hp>𝑒𝑝𝜎𝑡=25um. (b) Calculated hp exceeds 25 μm for all particle sizes, indicating likely spatter.  

 

As a first-order approximation neglecting melt pool capture effects, the radial escape boundary 

𝑅𝑒𝑠 —defined as the distance within which particles can escape the melt pool—was 

approximated by the laser beam radius. Accordingly, the spatter width 𝐿𝑠𝑝 was defined as: 

𝐿𝑠𝑝 = 2(𝑅𝑓 − 𝑅𝑒𝑠)  (6-12) 

from which the spatter volume 𝑉𝑠𝑝 was derived: 

𝑉𝑠𝑝 = 𝑒𝑝 ∙ 𝐿𝑙𝑎𝑠𝑒𝑟 ∙ 𝐿𝑠𝑝 ∙ 𝜎𝑡  (6-13) 

Where 𝐿𝑙𝑎𝑠𝑒𝑟 is the total length of the laser scan path, which is 21 mm. The mean particle 
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volume 𝐸(𝑉𝑝) was calculated based on the particle size distribution: 

𝐸(𝑉𝑝) = 𝐸(
4𝜋𝑅𝑝

3

3
) =

4𝜋

3
[𝑅𝑝

3 + 3𝐸(𝑅𝑝) ∙ 𝜎(𝑅𝑝)
2
]  (6-14) 

Thus, the total spatter quantity 𝑁𝑠𝑝 can be expressed as: 

𝑁𝑠𝑝 = 𝑉𝑠𝑝/𝐸(𝑉𝑝)  (6-15) 

 

The comparison between theoretical predictions and experimental data (Fig. 6.12 (a)) shows 

good agreement in both trend and magnitude. However, discrepancies arise due to the neglect 

of melt pool wettability and particle capture capability. At low scanning speeds, the melt pool 

exhibits excellent wettability, allowing most entrained particles to be reabsorbed, resulting in 

an overestimation of spatter by the model. Conversely, at higher scanning speeds, reduced 

wettability and insufficient melting promote particle escape, leading to underestimation. 

 

Fig. 6.12 (b) and (c) highlight the critical role of melt pool wettability in governing particle 

behavior. Good wettability (contact angle β < 90°) promotes particle incorporation, whereas 

poor wettability (β > 90°) leads to repulsive behavior and particle rejection. The capillary 

retention force acting on particles is given by: 

𝐹𝑠 = 𝜋√ℎ(𝑟𝑝 − ℎ)𝛾 cos 𝛽  (6-16) 

where h is the wetting height , γ is the surface tension. When β > 90°, cos β < 0, indicating a 

net repulsive force exerted by the melt pool on the particles. 

 

Fig. 6.12 Correlation between particle dynamics and spatter quantity under varying process conditions. (a) 

Experimental counts of spatter deposition sites on the substrate at 100 W under different scanning speeds. (b) 

Schematic of melt pool with good wettability promoting stable powder deposition. (c) Schematic of melt pool 

with poor wettability leading to increased powder spatter. (d) Theoretical predictions of spatter quantity 

considering wettability effects, compared with experimental data. 
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To incorporate wettability effects, the escape boundary 𝑅𝑒𝑠  was revised. For low scanning 

speeds (≤ 0.5 m/s), 𝑅𝑒𝑠 was taken as the melt track half-width (110 μm, 73 μm, and 50 μm for 

scanning speeds of 0.1, 0.3, and 0.5 m/s, respectively), reflecting strong particle absorption. 

For higher scanning speeds (> 0.5 m/s), 𝑅𝑒𝑠  was approximated as the laser spot radius, 

accounting for reduced melting and wettability. The updated predictions (Fig. 6.12 (d)) show 

significantly improved agreement with experimental results. This improvement demonstrates 

that incorporating wettability effects is essential for accurately capturing spatter behavior. At 

low scanning speeds, prolonged laser-material interaction enhances vaporization and particle 

entrainment. However, due to good wettability, a large fraction of entrained particles is 

reabsorbed into the melt pool, reducing the final spatter count. At intermediate scanning speeds 

(~0.75 m/s), melt pool stability deteriorates and wettability decreases, reducing particle capture 

efficiency. As a result, more particles escape than are absorbed, leading to a local maximum in 

spatter quantity. At higher scanning speeds (1.0 m/s), reduced interaction time weakens 

vaporization and entrainment, resulting in an overall decrease in spatter despite poorer 

wettability. These findings indicate that spatter formation is governed by the competition 

between particle entrainment and melt pool capture, and spatter quantity should be understood 

as a non-monotonic outcome of coupled thermofluid and interfacial phenomena, rather than a 

simple function of energy input. 

 

Nonetheless, spatter counts at 0.75 m/s and 1.0 m/s remain slightly underestimated. This 

discrepancy arises partly from an overestimation of 𝑅𝑒𝑠 due to lack-of-fusion (LOF) defects, 

and partly from the theoretical model neglecting the effects of gas flow oscillations and 

turbulence. In addition to melt pool morphology and wettability, gas-phase drag forces play a 

critical role in powder entrainment, particularly under conditions where the vapor plume 

exhibits oscillatory behavior and induces localized turbulence. As a result, powder particles 

displaced near the melt front are subjected to significant aerodynamic drag from the shielding 

gas flow. Furthermore, when the gas stream undergoes continuous swaying and oscillation, the 

velocity of the flow above the powder bed increases, resulting in a pressure drop according to 

Bernoulli’s principle. This pressure differential-where the pressure beneath the particle exceeds 

that above-can generate a turbulence-induced lift force (FLT), expressed as: 
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𝐹𝐿𝑇 =
𝜋

4
𝑑𝑝
3(
𝜕𝑝𝑟𝑧̅̅ ̅̅

𝜕𝑧
)|
𝑑𝑝

  (6-17) 

where 𝑑𝑝 is the particle diameter, and 𝑝𝑟𝑧̅̅ ̅̅   denotes the pressure in the axial (z) direction at 

radial position r. 

 

In addition to FLT, the drag force imparted by the gas flow itself includes an upward-directed 

lift component, which further enhances the total lift acting on the particle. This increased lift 

facilitates the transition of entrained powder particles into spatter, particularly under conditions 

of strong vapor plume oscillation. This mechanism is vividly illustrated in the balling melt pool 

sequence depicted in Fig. 6.13[173]. In this scenario, the melt pool disintegrates into discrete, 

globular segments, interrupting continuous track formation and initiating lateral oscillations in 

the vapor plume. These oscillations result in rapid fluctuations in the radial vapor velocity vr, 

transiently increasing the drag force FD to magnitudes comparable to or even exceeding the 

gravitational force acting on the particles. Consequently, powder particles can be temporarily 

lifted, reheated, and re-ejected, aligning with the observed formation of thermally altered, 

cluster-like spatter. 

 

This turbulent and thermodynamically dynamic environment is particularly conducive to the 

formation of secondary spatters. In contrast to primary spatters, which are directly ejected from 

the melt pool, secondary spatters originate from particles that were initially repelled due to 

poor wetting or entrained by turbulence. These particles may undergo reheating, partial melting, 

or agglomeration before being re-ejected from the process zone. 

 
Fig. 6.13 Visualization of powder spatter promotion under melt pool balling conditions [173]. 
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Altogether, spatter generation in LPBF results from a coupled mechanism involving melt pool 

instability, reduced wettability, unsteady plume dynamics, and turbulent powder entrainment. 

Importantly, poor wetting is not unique to any single regime, but manifests in different forms 

depending on power and speed-whether through hump formation at high speeds or balling at 

low energy input. When such conditions align with sufficient exposure time and turbulent lift, 

the likelihood of secondary powder spattering increases markedly, exacerbating particle 

irregularity, increasing total spatter yield, and potentially impairing powder bed quality in 

subsequent layers.  
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6.7 Conclusion 

This chapter presents a comprehensive investigation into the powder spattering dynamics 

during the LPBF process through experimental characterization, high-speed imaging, 

theoretical modeling, and mechanistic analysis. The main findings are summarized as follows: 

1. Vapor-induced entrainment plays a primary role in governing powder particle 

spattering in LPBF. Under laser irradiation, recoil pressure generates a high-velocity 

vapor jet that induces localized gas flow, entraining surrounding powder particles near 

the scan track edges. These particles are ejected in either solid or partially melted states, 

and exhibit irregular morphologies such as agglomeration, partial melting, and satellite 

attachment, which may adversely affect powder bed uniformity and subsequent energy 

absorption. 

2. Scanning speed critically influences both the quantity and directional 

characteristics of spatter. As scanning speed increases, spatter behavior transitions 

from forward- and laterally dispersed ejection to a more rearward-directed and 

collimated pattern. This evolution reflects the combined effects of plume reorientation, 

melt pool stabilization, and reduced laser–material interaction time. 

3. While vapor-induced flow provides the primary driving force for particle motion, 

the actual detachment of particles is governed by the balance between 

aerodynamic drag, interfacial friction, and capillary adhesion. At low scanning 

speeds, adhesion and friction dominate and hinder detachment. At higher scanning 

speeds, increased pressure gradients associated with vapor recoil enhance drag forces 

and promote particle lift-off. In addition, particle clusters exhibit delayed detachment 

due to larger contact areas and stronger cohesive interactions. 

4. The particle detachment process proceeds in two distinct stages: surface rolling 

followed by vertical lift-off. Under recoil jet and shear flow influence, particles 

initially undergo micro-scale displacement—rolling, sliding, or tilting—along the 

powder bed surface. Only when the net force acquired during this motion surpasses 

both adhesion and frictional resistance can complete detachment and upward 
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acceleration occur. This mechanism expands the spatial range of spatter generation and 

increases the escape probability of particles near the scan path boundaries. 

5. Melt pool wettability plays a decisive role in determining whether entrained 

particles are captured or escape as spatter. At low scanning speeds, good wettability 

promotes particle incorporation into the melt pool, reducing the final spatter count 

despite strong entrainment. At intermediate scanning speeds, reduced wettability 

decreases capture efficiency, leading to increased spatter generation. At higher scanning 

speeds, weakened entrainment due to shorter interaction time results in a reduction in 

spatter. Incorporating wettability into the theoretical model significantly improves the 

agreement between predicted and experimental spatter quantities. 

 

In summary, spatter formation in LPBF is governed by vapor-plume-induced entrainment, 

constrained by interfacial force balance, realized through a two-stage detachment process, and 

ultimately regulated by melt pool wettability. The integrated mechanistic framework proposed 

in this chapter provides both theoretical insights for defect mitigation and foundational 

guidance for the development of high-fidelity numerical simulations and real-time process 

monitoring strategies. 
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Chapter 7. Conclusions and Future Work 

7.1 Conclusions 

This study presents a comprehensive multi-physics investigation into the thermofluidic and 

particulate dynamics governing defect formation in LPBF. By integrating high-fidelity 

simulations with systematic experimental validation, the underlying mechanisms driving melt 

pool instability and powder spattering were elucidated. The key conclusions are summarized 

as follows: 

1. Time-resolved interfacial heat flux as a quantitative descriptor of melt pool 

stability: 

This study establishes that melt pool morphology is governed by the time-resolved 

interfacial heat flux at the solid–liquid interface. By introducing the area-averaged 

interfacial heat flux qIA and its normalized fluctuation intensity δ(qIA), a quantitative 

framework is developed to characterize melt track stability. While qIA increases 

monotonically with scan speed, the transition from smooth to hump and balling regimes 

is controlled by the combined effect of heat flux magnitude and fluctuation intensity. In 

particular, both hump and balling defects are generally associated with relatively 

large δ(qIA), whereas smooth tracks can be maintained either under low qIA or under 

conditions with suppressed fluctuations. This framework provides a unified criterion 

linking transient heat transfer to melt pool morphology. 

2. Spatial temperature gradient distribution and Marangoni circulation as the 

physical origin of heat flux fluctuation: 

The fluctuation behavior of interfacial heat flux is governed by the spatial organization 

of temperature gradients and the associated Marangoni convection. Increasing scan 

speed leads to higher and more localized temperature gradients, resulting in spatially 

non-uniform heat extraction. When Marangoni circulation is weak or spatially limited 

(e.g., 100 W, 0.5 m/s), heat redistribution is incomplete, leading to relatively large 

fluctuation intensity despite low qIA. In contrast, a well-developed and closed 

Marangoni circulation (e.g., 200 W, 0.5-1 m/s) enables efficient heat redistribution, 
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stabilizing the thermal field and suppressing fluctuations. When temperature gradients 

become highly localized and circulation weakens or disappears, thermal transport 

becomes imbalanced, leading to instability. These results demonstrate that the 

coherence of thermal transport, rather than heat flux magnitude alone, governs 

fluctuation intensity. 

3. Coupled thermal–flow mechanism governing pore formation and evolution: 

Pore formation is controlled by the coupled evolution of thermal accumulation and melt 

pool flow. The net heat accumulation qacc determines the stability of the keyhole and 

the likelihood of collapse. Sustained or pronounced negative qacc reduces recoil 

pressure and promotes keyhole collapse, leading to bubble generation. At the same time, 

weakened Marangoni convection under such conditions suppresses upward 

recirculation, causing bubbles to migrate rearward along the melt flow and become 

trapped at the solidification front. In contrast, when negative qacc is transient and 

Marangoni circulation remains active, bubbles can be redirected toward the keyhole 

and reabsorbed, reducing porosity. These results reveal that pore formation is not solely 

governed by instantaneous pressure fluctuations, but by the coupled dynamics of heat 

transfer and flow field evolution. 

4. Dual effect of substrate preheating on defect formation through modification of 

heat transfer and flow behavior: 

Substrate preheating modifies melt pool behavior by altering both the magnitude and 

spatial distribution of heat transfer. Quantitative results show that preheating reduces 

the averaged interfacial heat flux qIA while having limited influence on its normalized 

fluctuation intensity δ(qIA). At high scan speeds, this leads to more uniform temperature 

gradients and enhanced melt pool stability, effectively suppressing hump defects. 

However, under low scan speed conditions, preheating increases pore number (from 7 

to 15) and enlarges average pore size (from ~5 μm to ~9.8 μm), indicating aggravated 

porosity. This deterioration is attributed to enhanced overheating, reduced net heat 

accumulation, and weakened Marangoni convection, which together promote bubble 

generation and entrapment. These findings highlight the process-dependent nature of 

preheating and emphasize the need for optimized parameter selection. 
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5. Vapor-driven spatter dynamics and its quantitative characteristics: 

Vapor-induced entrainment is identified as the dominant mechanism governing powder 

particle spattering in SLM. High-speed imaging and particle collection experiments 

reveal a clear transition in spatter behavior with increasing scanning speed, from 

thermally driven to momentum-dominated regimes. Quantitatively, the spatial 

distribution of spatter exhibits strong directionality, with the dominant ejection 

direction shifting from forward to rearward as scanning speed increases. Meanwhile, 

the total spatter amount decreases significantly from approximately 6500-7000 

particles at 0.1 m/s to ~4000 particles at 1.0 m/s (100 W), reflecting the reduced laser-

material interaction time and modified recoil gas flow dynamics. These results 

demonstrate that spatter behavior is governed by the combined effects of vapor plume 

dynamics, interaction time, and flow instability. 

6. Force-based particle detachment mechanism with deterministic criteria: 

A force-balance-based theoretical framework is established to describe particle motion 

and detachment from the powder bed. It is shown that particle removal follows a 

sequential rolling-lift-off mechanism, governed by the competition between 

aerodynamic drag, van der Waals adhesion, and friction forces. The onset of particle 

motion is defined by a drag-friction criterion, leading to a critical radial position of 

approximately 397 μm and a unified critical velocity of ~0.18 m/s for particle 

mobilization. Furthermore, particle escape is determined by a lift-off condition, where 

particles exceeding a critical lift-off height (half thickness of powder bed) cannot be 

recaptured by the laser. Quantitative analysis confirms that particles entering the lift-

off region always possess velocities below the capture threshold, indicating that bottom 

particles inevitably escape and contribute to spatter formation. This establishes a 

deterministic, location-dependent criterion for spatter generation. 

7. Quantitative prediction of spatter amount incorporating wettability effects: 

To bridge microscale particle dynamics with macroscopic spatter behavior, a predictive 

model is developed by incorporating melt-pool wettability into the entrainment 

framework. The model introduces a wettability-modified entrainment length, linking 

particle incorporation and escape to melt-pool geometry and surface interaction. 
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Without considering wettability, the predicted spatter quantity shows significant 

deviation from experimental results. After incorporating wettability effects, the model 

accurately captures both the trend and magnitude of spatter quantity across different 

scanning speeds, achieving a maximum deviation within 25%. These findings 

demonstrate that wettability plays a critical role in governing the balance between 

particle incorporation and escape, enabling quantitative prediction of spatter generation. 

 

Taken together, this work establishes that defect formation in LPBF is governed by the coupled 

interplay among heat loss distribution, melt pool dynamics, particle-gas interactions, and plume 

behavior. It emphasizes the necessity of integrated thermal-fluid-particulate modeling to 

support the design of defect-mitigating strategies and real-time process control solutions. 

 

7.2 Future work 

Although this work has systematically revealed the physical mechanisms underlying spatter 

generation and melt pool instability in the LPBF process through a combined experimental-

numerical approach, several open questions and research opportunities remain. Future studies 

may focus on the following directions to further improve the process stability, defect 

suppression, and prediction capability of LPBF systems: 

 

(1) Dynamic Process Parameter Control Based on Melt Pool State Feedback 

Current LPBF systems typically operate under fixed process parameters throughout the build. 

However, this static approach cannot adapt to real-time variations in melt pool morphology, 

thermal fluctuations, or spatter intensity. Future work should focus on implementing closed-

loop control schemes capable of dynamically adjusting laser power, scan speed, or spot size in 

response to in-situ melt pool signals. By integrating real-time sensing (e.g., pyrometry, 

photodiodes, high-speed cameras) with control logic (e.g., PID or AI-based controllers [39]), 

the system could proactively suppress spatter when melt pool overheating, instability, or vapor 

plume intensification is detected. This adaptive strategy could significantly enhance build 
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consistency and spatter mitigation across varying geometries and material conditions. 

 

(2) Integrated Melt Pool-Spatter Coupled Simulation Framework 

Although this work separates melt pool CFD modeling and powder spatter dynamics, in reality, 

the melt pool and spattering are tightly coupled phenomena. Spatter formation perturbs the 

powder bed and vapor flow, which in turn alters melt pool shape, temperature distribution, and 

even absorption efficiency. Therefore, future research should develop a fully coupled, high-

fidelity CFD-DEM framework that simulates: 

• Laser energy deposition and recoil pressure generation; 

• Melt pool thermocapillary flow and phase change; 

• Gas-particle interactions including drag, lift, entrainment, and turbulence; 

• Multi-body particle-particle collisions and secondary ejections. 

 

Such a simulation would capture two-way coupling between vapor plume behaviour and 

particle dynamics, enabling more realistic predictions of spatter trajectories, melt pool 

disturbance, and powder bed erosion. In addition, shockwave propagation, acoustic emissions, 

and transient recoil fluctuations could be included to simulate spattering under keyhole collapse 

or Marangoni instability. 

 

(3) Development of Spatter Suppression and Removal Strategies 

Spattering not only reduces material utilization and causes porosity, but also leads to optical 

contamination, powder bed heterogeneity, and build interruptions. Therefore, two 

complementary research tracks should be pursued: 

 

(a) Spatter Suppression by Process Optimization 

New spatter-suppression strategies should be explored through: 

• Pre-sintering of powder to stabilize loose particles; 

• Use of low energy density combined with large laser spot sizes; 

• Application of high ambient pressure or pulsed lasers to reduce vapor recoil intensity; 

• Incorporation of nanoparticles or additives to control surface tension-driven 
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instabilities and coalescence behavior [174]. 

These approaches can improve powder bed integrity, minimize recoil jet-induced ejection, and 

suppress secondary spattering caused by molten splash or impact. 

 

(b) Spatter Removal through Flow Field Optimization 

Since spatter accumulation is often localized near the melt pool periphery due to weak shielding 

gas velocity, improving gas flow design is another crucial direction. Future studies should: 

• Redesign inlet-outlet configurations to enhance flow homogeneity [175]; 

• Use CFD-DPM simulations to identify dead zones and optimize flow pathways [176]; 

• Incorporate critical velocity thresholds to selectively remove ejected particles without 

disturbing raw powder; 

• Explore localized suction or gas-knife mechanisms to physically isolate and remove 

spatters during printing. 

This work lays a solid foundation for advancing defect control in LPBF by promoting a unified 

perspective that bridges thermal, fluid, and particle-scale mechanisms. The proposed future 

research directions aim to further enhance process reliability, component performance, and 

model-informed additive manufacturing innovation. 
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