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Abstract 

Laser Powder Bed Fusion (L-PBF) is a type of metal additive manufacturing process. It has attracted increasing 

interest over the past few decades. L-PBF systems typically use continuous wave (CW) emission. Recently, 

pulsed wave (PW) emission has been introduced in order to have better control of the heat-affected zone (HAZ) 

and potentially enhance spatial resolution. Generally, the PW emission involves the laser temporal profile that 

can be modulated by such as pulse durations, duty cycles, and pulse repetition rates (PRR). Nevertheless, based 

on a literature survey, the systematic investigation of pulsed wave (PW) emission in the L-PBF process, which 

changes the laser temporal profile by adjustment of the pulsed laser parameters has scarcely been examined. The 

determination of suitable pulsed laser parameters needs to be employed in order to achieve these good attributes 

of PW emission to obtain the final part with high quality. Hence, this work investigates the effects of modifying 

the pulsed laser parameters on single track formation in AISI 316L pulsed L-PBF using numerical simulation 

with Flow-3D AM Software. The simulation cases used different pulse durations, duty cycles, and pulse 

repetition rates (PRR) while the layer thickness, scanning speed and laser power were kept constant. The key 

results demonstrate that increasing the PRR by four times while maintaining a constant Linear Energy Density 

(LED) reduced the width of the 700 K isotherm HAZ by 7%, highlighting the role of PRR in minimizing thermal 

diffusion. Furthermore, increasing the duty cycle while keeping the PRR and pulse period constant resulted in a 

smoother surface finish, as evidenced by a reduction in surface roughness (Ra) to less than 4 µm, compared to 

typical Ra values of 5–12 µm in CW L-PBF systems. This change also resulted in a wider HAZ, emphasizing 

the trade-off between surface finish and thermal diffusion. The findings from this study provide insights for 

optimizing processing parameters in L-PBF with PW emission, enabling the production of parts with finer 

geometries and enhanced surface quality. 
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1 Introduction 

 

The Laser Powder Bed Fusion (L-PBF) process is a 

branch of an additive manufacturing (AM) technique 

employing laser as the heat source to selectively melt 

the metal powder bed under a controllable 

environment [1]. This process enables the creation of 

3D objects through a layer-by-layer approach to obtain 

the desired geometry outlined in the 3D computer-

aided design (CAD). The significant advantage of the 

L-PBF process is the production of complex-shaped 

metal parts that were previously difficult to produce 

with traditional manufacturing processes, reflecting 

the rapid advancements and innovative potential of 

AM technologies [2], [3]. The manufacturing process 

of 3D-printed components using the L-PBF process 

involves the utilization of a laser such as Ytterbium 

(Yb) fiber laser and Nd: YAG, which can operate in 

two distinct modes: continuous wave (CW) and pulsed 

wave (PW) emissions [4]. The use of PW emission has 

been beneficial for controlling the heat-affected zone 

(HAZ) which in turn influences the microstructure and 

thermal stresses, thereby enhancing spatial resolution 

and achieving finer details in L-PBF. However, it can 

also produce negative effects, such as lack of fusion 

and high surface roughness (Ra) [5]–[8]. The 

distinction between both laser types lies in their 

emission patterns. CW emission delivers light 

continuously at a consistent power level whereas PW 

emission emits light in short, regulated intervals, 

achieving high peak power with periods of no light 

emission between these pulses. In contrast to those of 

CW, pulsed laser parameters are more intricate and 

involve variables such as duty cycle, pulse duration, 

and pulse interval. Therefore, understanding the 

complexity of process parameters in metals produced 

by pulsed L-PBF presents a significant challenge. 

These laser emission modes can affect temperature 

field and output characteristics such as melt pool size, 

deposited track size, HAZ and Ra. Understanding the 

impact of each laser mode is crucial for optimizing the 

L-PBF process and achieving desired part properties 

[5], [9].  

CW emission has generally been a typical choice 

in L-PBF applications. Several studies [10]–[12] have 

focused on the influence of process parameters on the 

quality of single tracks in L-PBF. Gunenthiram et al., 

[13] explored how laser power and speed affect 

stainless steel melt pools highlighting the importance 

of laser settings in improving part quality and 

consistency. Similarly, research by Adjamsky et al., 

[14] highlighted the significance of scanning speed 

and laser power in determining track morphology. A 

study by Xu et al., [15] focused on single-track within 

selective laser melting of 316L stainless steel, 

employing three-dimensional numerical simulations 

to study grain growth. This study highlighted the 

importance of optimizing process parameters to 

achieve a uniform and finer grain structure, thus 

improving the mechanical properties of the 

manufactured parts.  

In recent years, PW emissions have had an 

increasing trend for their application in manufacturing 

components [16]. Several studies have demonstrated 

that PW emissions in pulsed L-PBF offer effective 

control over the HAZ, which is crucial for creating 

detailed features like thin walls, lattice structures, and 

intricate geometries [8], [17]. For instance, Caprio et al., 

[18] conducted a comparative analysis between 

continuous and pulsed L-PBF in AISI 316L stainless 

steel, finding that continuous L-PBF generated larger 

melt pools and higher deposition rates, whereas pulsed 

L-PBF produced narrower tracks—ideal for precision-

focused designs. Based on the literature review, it was 

found that Pulsed Laser Welding, and pulsed L-PBF 

have been extensively investigated experimentally 

across various metallic materials such as mild steel 

[9], AISI 316L [5], [6], [8], [19]–[22], AlSi10Mg and 

AlSi [18], [23], [24], Ni-Alloys [3], [7], [25]–[27] and 

Ti-Alloys (Ti6Al4) [28]–[31]. As mentioned earlier, 

the PW emission in pulsed L-PBF significantly affects 

the controlling of temperature distribution, HAZ, and 

melt pool behavior. These variables involved the 

complex physical phenomena during pulsed L-PBF 

such as heat transfer, fluid flow, phase transformation, 

and the Marangoni effect. Hence, understanding 

complex physical phenomena, and parameters' effects 

on temperature distribution, and melting pool behavior 

during pulsed L-PBF using numerical simulation is 

requisite, and challenge. Numerical simulation is an 

essential tool for modeling complex physical 

phenomena in both CW and PW emissions processes. 

The literature revealed that there are many studies that 

utilize numerical simulation to study and elucidate 

complex physical phenomena in CW emission 

processes. Ninpetch et al., [32] explored the 

characteristics and dynamics of thermal fluids in 

continuous L-PBF, emphasizing how variations in 

powder layer thickness and energy input application 

influence the development of a single track. Based on 

our literature review, applying numerical simulation to 

analyze thermal behavior and melt pool morphology 
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in pulsed L-PBF has conducted relatively few. Ding et 

al., [22] conducted a comparative study of CW and 

PW emissions in the L-PBF process using both 3D 

numerical simulation and experimentation in 

AlSi10Mg on a Renishaw AM250 SLM machine. 

Their results suggested that CW emission led to larger, 

ellipse-shaped molten pools with finer grains due to 

rapid cooling whereas PW emission resulted in 

smaller, comet-shaped pools. Additionally, Bayat et 

al., [33] developed a numerical model to examine the 

impact of laser cycle duration on melt pool dynamics 

in pulsed laser welding of AISI 316L. They found that 

longer laser cycles generated larger melt pools and 

distinctive track morphologies. 

This scarcity of numerical research emphasizes 

the need for studies that apply numerical simulation to 

analyze thermal behavior and melt pool morphology 

in pulsed L-PBF. Numerical simulations provide 

distinct advantages, enabling detailed insights into the 

thermal and structural dynamics of complex processes 

like PW emission in L-PBF. This study seeks to 

address these research gaps, offering a comprehensive 

computational approach to understand the impact of 

pulse duration, duty cycle, and pulse repetition rate 

(PRR) on single-track formation in AISI 316L. 

Therefore, this study performed numerical simulations 

of pulsed L-PBF to study the effects of pulsed laser 

parameters, including pulse duration, duty cycle, and 

pulse repetition rate (PRR), on single-track formation 

in AISI 316L. The results focus on melt track 

morphology and geometrical dimensions, e.g. melt 

pool dimensions, surface roughness and HAZ. 

 

2 Materials and Methods 

 

2.1 Numerical modeling 

 

This study employed computational fluid dynamics 

(CFD) simulation by using FLOW-3D AM software, 

developed by Flow Science, Inc., to model the L-PBF 

process with CW and PW emissions. The modeling 

framework was structured into two main parts, as 

illustrated in Figure 1. The first part is related to the 

preparation of the powder bed, encompassing the 

metal powder spreading and settling processes. This 

part models the particle movement using the discrete 

element method (DEM), with a color bar indicating 

the powder diameter size ranging from 0.0025 mm to 

0.003 mm for clarity. The second part investigates the 

melting process, exploring various physical 

phenomena through conservation equations, the 

moving laser heat source model, the Marangoni effect, 

recoil pressure, and solidification enthalpy [34]–[36]. 

The color bar in this section represents the temperature 

distribution within the melt pool, ranging from 298 K 

(blue) to 1800 K (red), providing a visual depiction of 

the thermal gradient during the melting process. The 

laser beam was represented by a Gaussian distribution.

 

 
Figure 1: The modeling framework of L-PBF process. 
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2.2 Powder bed generation 

 

The DEM was used to simulate the creation of a metal 

particle bed on a solid substrate, focusing on particle 

movement, inter-particle interactions, and interactions 

between particles and the walls. In this study, metal 

particles were modeled as perfect spheres with varying 

radii. Both the wall and the substrate were treated as 

rigid bodies. Velocities of each metal particle in the x, 

y, and z directions, accounting for both translational 

and rotational motion were calculated by solving 

Newton's second law with DEM. The inter-particle 

interaction models are detailed in the following 

Equations (1)–(3) [37]: 

 

Fn i = −𝑘𝑠 𝑑𝑙n − 𝜂𝑛 (u′ ∙ n) n (1) 

 

Inter-particle force in tangential direction: 

Fn i = −𝜂𝑡 (u′ − (u′ ∙ n) n) (2) 

 

Total particle interaction force: 

 

𝑙0 = 𝑟𝑖 + 𝑟𝑗;  𝑙  = xj – xi; 𝑑𝑙 = 𝑙0 - 𝑙; n= 
1

𝑙
; u′ =uj – ui (3) 

 

where xi denotes a coordinate vector of an individual 

particle center, 𝑟𝑖 is particle radius, 𝑘𝑠 is spring 

constant, ui is particle velocity vector, and 𝜂 is drag 

coefficient. 

 

2.3 Heat transfer and melt flow dynamic 

 

The L-PBF process involves a variety of complex 

physical phenomena, including heat transfer and fluid 

dynamics. These phenomena are governed by the 

fundamental conservation equations of mass, energy, 

and momentum shown in Equations (4)–(6), 

respectively [34], [35], [37].  

 
∂ρ

∂t
+∇.(ρv⃗)=0 (4) 

  

where 𝜈 and 𝜌 are the velocity and density of liquid 

metal, respectively. 

The formulation of the energy conservation 

equation is shown in Equation (5) 

 
∂H

∂t
+(v⃗.∇)H=

1

ρ
.(∇.k∇T)+Q

laser
 (5) 

 

Where H represents the enthalpy, k denotes the 

material's thermal conductivity, T signifies the 

temperature and 𝑄𝑙𝑎𝑠𝑒𝑟  is heat source 

The momentum conservation equation is as 

follows [35]. 

 
∂v⃗

∂t
+v⃗.∇ v⃗=

1

ρ
.(μ∇ 2-∇pv⃗)+g⃗⃗+FB

⃗⃗ ⃗⃗⃗ (6) 

 

where 𝜇 represents the viscosity of liquid metal, 

𝑝 stands for pressure, t is time, �⃗� is the gravitational 

acceleration, and 𝐹𝐵
⃗⃗⃗⃗⃗ is the buoyancy force, which can 

be determined by Equation (7). 

 

FB
⃗⃗ ⃗⃗⃗= g⃗⃗β(T-Tm) (7) 

 

where 𝛽 represents the thermal expansion coefficient 

of liquid metal, 𝑇 is temperature, and 𝑇𝑚 is the 

liquidus temperature.  

The Marangoni effect is the occurrence 

associated with mass transfer along the surface of the 

melt pool caused by the surface tension gradient. This 

effect significantly impacts the surface morphology of 

the molten pool and heat convection in the molten 

pool. The surface tension model with temperature 

dependence is presented by Equation (8). 

 

γ(T)=γ
o
 +

dγ

dT
(T− 𝑇𝑚) (8) 

 

where γ indicates the surface tension at temperature, 

𝛾𝑜 is the surface tension at the melting temperature, 

T𝑚 denotes the melting temperature and 
𝑑𝛾

𝑑𝑇
  represents 

the surface tension coefficient with temperature 

dependence. 

Additionally, the surface morphology of the 

molten pool was reconstructed and accurately 

captured using the volume of fluid (VOF) method. 

This method determines the evolution of the free 

surface by solving Equation (9) [38]. 

 
∂F

∂t
+∇∙(ν⃑F)=0 (9) 

 

A cell is considered void when F = 0, and completely 

filled with fluid when F = 1. If F falls between 0 and 

1, this indicates the presence of an interface between 

the fluid and the void within the cell. 

The mechanism of recoil pressure is applied to 

detail the flow behavior of liquid metal at the surface, 

specifically when the molten pool surface temperature 

surpasses the boiling threshold. The recoil pressure is 

defined in Equation (10) [32], [36]. 
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Pr=0.54P0exp (∆Hv

T-Tb

RTTb
)  (10) 

 

where P0 represents the saturation pressure, ∆Hv 

denotes the enthalpy of metal vapor, R is gas constant 

and Tb refers to the boiling temperature of the material. 

 

2.4 Laser heat source 

 

During the L-PBF process with a typical CW 

emission, the Gaussian distribution (Equation (11)) 

was typically used to model as the moving laser heat 

source above the metal particle bed. 

 

Q=
ηPLaser

πRs
exp (-

(x-xs)
2
+(y-ys)

2

Rs
2 )                                       (11) 

 

where 𝑄𝑙𝑎𝑠𝑒𝑟  refers to the laser power, 𝜂 is the 

absorption coefficient, 𝑃𝑙𝑎𝑠𝑒𝑟  is the laser power, Ds is 

the laser diameter, 𝑥𝑠 and 𝑦𝑠 are the coordinates of the 

laser beam’s center. 

In this study, the simulation employed a pulsed 

laser as shown in Figure 2, with the pulsing theory 

adapted from previous studies on PL-PBF [5], [20]. 

The calculations for the PL-PBF process were 

conducted using Equations (12)–(16). 

 

 
Figure 2: Simulation geometry and process parameters. 

 

As the laser power input was modulated in one 

of the conditions to ensure consistent energy density, 

the scan speed was adjusted accordingly using the 

following equation [20]. 

 

νPW= 
Pavg(δ)

PCW
 νCW (12) 

 

The process parameters used to compare single-

track deposition under different emission modes are 

the scanning speed (ν) and average power output (P) 

of the laser beam. In Equation (12), the subscripts 'PW' 

and 'CW' denote the respective emission modes. PCW 

represents the instantaneous power output of the laser 

source during continuous wave emission while Pavg 

signifies the average power delivered during 

modulated emission [5]. 

An important parameter related to the PW 

emission characteristics is the duty cycle which is 

defined by Equation (13) 

 

δ=ton∙PRR (13) 

 

where ton is the pulse duration and PRR is the pulse 

repetition rate. PRR is further defined by: 

 

𝑃𝑅𝑅 =  
1

𝑡𝑜𝑛+ 𝑡𝑜𝑓𝑓 
 (14) 

 

where toff  refers to the laser-off time between 

consecutive pulses. The lower values of the duty cycle 

indicate a larger temporal spacing between 

consecutive pulses while the duty cycle of CW 

emission is 100%. Thus, the calculation of average 

power Pavg in PW emission is: 

 

Pavg=E∙PRR.                                                   (15) 

 

While prior parameters detail the time-based 

characteristics of PW emission, the spatial aspect of 

pulse overlap (Op) and laser spot overlap distance (Sov) 

become crucial consideration, influenced by the point 

distance (dp) parameter. For laser beam diameter (ds), 

setting each pulse at a certain point distance ( dp ) 

allows the computation of pulse overlap as follows. 

 

Op=
Sov

ds
= 

ds-dp

ds
 (16) 

 

2.5 Material properties and modeling parameters 

 

The AISI 316L material properties used in this study 

are detailed in Table 1  [39]–[41] and Figure 3, using 

data sourced from the datasheet in [42], Other 

modeling parameters used in the simulation are listed 

in Table 2, which were obtained from previous 

research in [43].
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Table 1: Temperature-independent material properties 

of AISI 316L employed in this work [39]–[41]. 
Material Property Value 

Solidus temperature 1598 K 
Liquidus temperature 1715 K 

Evaporation temperature 3090 K 

Viscosity 0.00345 Pa∙s 
Latent heat of fusion 2.7 × 105 J/kg 

Latent heat of evaporation 7.45 × 106 J/kg 

 

 
Figure 3: Temperature-dependent material properties 

of AISI 316L presented as line graphs, with data 

sourced from the datasheet in [42]. (a) Density, (b) 

Thermal conductivity, and (c) Specific heat.  

 

Table 2: Parameters for the thermo-fluid flow model 

employed in this study [43]. 
Parameter Value 

Laser beam diameter 70 μm 

Mesh size 4 μm 
Atmospheric pressure 1.013 × 105 Pa 

 

2.6 Computational configuration 

 

To simplify the numerical model of the study, the 

following assumptions have been made: 1) the metal 

powders are spherical, 2) The molten metal flow is 

regarded as laminar flow, and 3) the molten metal is 

an incompressible Newtonian fluid. CFD simulations 

were performed in the FLOW-3D AM software suite 

to support Multiphysics modeling. All the simulations 

were performed on a computer equipped with an Intel 

Core i7-11700K processor and 64 GB RAM. The 

numerical modeling process began with the creation 

of a CAD model, in the STL format, representing the 

metal powder bed layer through the FLOW-AM 

software. The STL file depicting the metal powder bed 

was then imported into the FLOW-AM simulation 

program. This step enabled the analysis of temperature 

distribution, fluid flow dynamics and scanning track 

characteristics during the L-PBF process. The 

computational domain for both CW and PW melting 

processes (Figure 4(a)) has dimensions of 500 μm × 

1500 μm × 180 μm (width × length × height) with a 

powder bed layer thickness of 50 μm. The metal 

powder comprised of particles sized between 15 μm 

and 33 μm. Both powder and substrate materials were 

AISI 316L. 

 

 
Figure 4: (a) The computational domain for both CW 

and PW melting processes and (b) Boundary 

conditions. 

 

In this work, the computational mesh used 

consists of approximately three million elements with 

an element size of about 4 µm. Figure 4(b) also shows 

the boundary conditions. The heat convection and 

radiation were modeled on the upper surface. The void 

region above the layer of metal powder was subjected 

to atmospheric pressure and an initial temperature of 

298 K (Z-max boundary). The bottom surface was 

treated as a wall with non-slip conditions (Z-min 

boundary) while the maximum and minimum 

boundaries in both the X and Y directions were 
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defined as symmetry boundary conditions. The laser 

beam size, layer thickness, scanning speed and laser 

power were set at 70 µm, 50 µm, 630 mm/s and 180 W, 

respectively. The six simulation cases were 

systematically designed to study the effects of laser 

parameters on melt pool behavior, with criteria based 

on variations in pulse duration, repetition rate, and 

duty cycle to address specific questions about how 

energy input and temperature distribution affect melt 

pool morphology. Specifically, cases (b), (c), and (d) 

focused on the impact of varying pulse duration, while 

cases (e), (c), and (f) were set up to analyze the effects 

of different duty cycles, with the Laser Energy Density 

(LED) calculated as the ratio of laser power (P) to 

scanning speed (v). The laser temporal profile and 

laser spot overlap of each case were illustrated in 

Figure 5. The figure shows the energy distribution of 

pulsed laser beams, with darker pink indicating 

overlapped higher energy density. As pulse toff 

shortens, energy overlaps more, increasing cumulative 

heating. Longer toff results in less overlap and lower 

energy concentration.

 

 Table 3: Process parameters for each case in this study. 

Case 
Pulse Duration, 

ton (μs) 

Off Duration, 

toff (μs) 

Duty Cycle 

(%) 

Period or 

Cycle 

Time (μs) 

Pulse 

Overlap  

(%) 

PRR 

(Hz) 

Cycle 

(per mm) 

LED 

(J/mm) 

(a) 100 (CW) - 100 - - - - 0.28 
(b) 25 25 50 50 63.3 20000 32 0.14 

(c) 50 50 50 100 37.9 10000 16 0.14 

(d) 100 100 50 200 5.3 5000 8 0.14 
(e) 25 75 25 100 26.5 10000 16 0.07 

(f) 75 25 75 100 46.3 10000 16 0.21 

 
Figure 5: Laser temporal profile and laser spot overlap for each case in this study, with darker shades of pink 

indicating overlapped higher energy density. 

 

3 Results and Discussion 

 

3.1 Mesh Convergence Analysis 

 

Mesh convergence analysis was a critical step to 

ensure the reliability and accuracy of the model, as 

well as to determine the optimal mesh size for this 

study. An analysis was conducted on six mesh 

sizes:10, 8, 6, 5, 4.5, and 4 µm, corresponding to 

approximately 0.21, 0.42, 0.99, 1.71, 2.32, and 3.32 

million elements, respectively. The analysis focused 

on the melt pool depth in single-track melting. As 

shown in Figure 6, the melt pool depth graph began to 

converge and stabilize at a mesh size of 5 µm or finer, 

with the melt pool depth stabilizing at a value of 

85µm, indicating that further decreasing the mesh size 



  

                             Applied Science and Engineering Progress, Vol. 18, No. 3, 2025, 7709 
    

 

 

S. Pathompakawant et al., “Effects of Pulsed Laser Repetition Rate and Duty Cycle on Heat-Affected Zone Narrowing in Laser Powder 

Bed Fusion of 316L Stainless Steel.” 

  
8 

did not significantly affect the results. However, 

reducing the mesh size from 5 µm to 4.5 and 4 µm 

markedly increased computational time from 441 

minutes to 1,913 and 2,354 min, respectively, 

although this remained within an acceptable time for 

this study. While a mesh size of 5 µm was considered 

sufficient for reliable predictions [44], a finer mesh 

size of 4 µm was employed to achieve maximum 

resolution. This size also aligns with the mesh used in 

the reference paper for validation in this study [43].  

 

 
Figure 6: Results of the mesh convergence analysis in 

this study.  

 

3.2 Validation of numerical modeling  

 

The model validation process in this study consists of 

two parts. The first part involves validating the 

numerical model by comparing the melt pool shape 

and dimensions with experimental results from Pham 

et al., [43] and simulation results from Feng et al., 

[15]. The second part focuses on benchmarking the 

validated results against previous studies to identify 

trends. The study by Pham et al., focuses on the melt 

pool morphology in the L-PBF process for 316L 

stainless steel, providing detailed experimental data on 

melt pool dimensions, which serve as a benchmark for 

validating numerical simulations. Meanwhile, Feng et 

al., work [15] involves numerical simulation of the L-

PBF process, offering a relevant reference for 

comparing simulation accuracy. The comparison 

revealed that the melt pool width and depth obtained 

in this study are consistent with the experimental 

results from Pham et al., [43] with a minor difference 

of approximately 4.14% for width and 5.56% for 

depth as shown in Figure 7. Additionally, the 

numerical results of the study were compared to Feng 

et al., simulation data, showing a minor difference of 

2.03% for width and 2.35% for depth.  

To ensure the reliability of the validation 

process, the results of this study were compared with 

other published works to verify their consistency. In 

this study, using a laser power of 180 W and a 

scanning speed of 630 mm/s (LED = 0.29 J/mm), the 

melt pool dimensions were determined to be 85 µm in 

depth and 145 µm in width. These findings were 

further analyzed by benchmarking them against the 

work of Zilong et al., [45]. Zilong et al., reported 

smaller melt pool dimensions (~60 µm depth and ~100 

µm width) at a scanning speed of 1,470 mm/s (LED = 

0.18 J/mm), attributed to reduced interaction time 

between the laser and the material. Conversely, they 

observed larger melt pool dimensions (~80 µm depth 

and ~125 µm width) at a slower scanning speed of 870 

mm/s (LED = 0.3 J/mm), which corresponded to 

increased energy density and prolonged interaction 

time. The results of this study closely align with the 

experimental and simulation data reported by Zilong 

et al., demonstrating consistency with the observed 

trends in melt pool morphology under varying laser 

processing parameters. This comparative analysis 

validates the accuracy of the numerical model in 

predicting the shape and dimensions of the melt pool 

across diverse process conditions. Furthermore, these 

findings reinforce the model’s potential applicability 

for advancing future research. 

 

 
Figure 7: Comparison of the melt pool dimensions 

obtained in this study with the experimental results 

from Pham et al., [43] and the simulation results from 

Feng et al., [15]: (a) Melt pool shape and dimensions, 

(b) Melt pool width and depth at the top surface. 
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3.3 Effect of laser parameters on melt track 

morphology and temperature distribution 

 

The melt track morphology and temperature results in 

the longitudinal cross-section are illustrated in Figure 8. 

The CW (case A) and PW with a high duty cycle of 

75% (case F) led to higher heat accumulation 

corresponding with the results in [46]. Considering the 

depth in the region with temperatures of 1000–1200 K 

from the top surface of the substrate layer revealed a 

depth exceeding half of the substrate thickness. This 

was attributed to the relatively high LED values of 

0.21 and 0.28 J/mm, respectively. 

In contrast, case (e) exhibits the least intensity 

and shallowest heat distribution, with an LED value of 

0.07 J/mm. Tracing the depth of the 1000–1200 K 

temperature zone reveals that the heat distribution did 

not penetrate down to the substrate layer much. Cases 

(b), (c), and (d), which all have LED values of 0.14 

J/mm, exhibit similar temperature distributions with 

only subtle differences observed among them. 

Specifically, case (b), characterized by the highest 

PRR, exhibits a slightly deeper 1000–1200 K 

temperature distribution centered compared to cases 

(c) and (d). The quantitative results will be shown by 

melt pool depth in section 3.4. The obvious difference 

in melt pool shape between the end of toff and ton was 

evident in case (d), which has the least pulse overlap 

and the longest period. A flat surface appears at the 

end of toff while a keyhole appears at the end of ton. 

The variation in temperature profiles across these 

images demonstrates how the laser’s on/off cycling 

influences melt pool shape and temperature 

distribution in each case. These heat fluctuations 

control localized heating and cooling, affecting 

solidification rates and thermal gradients, which shape 

the melt pool boundaries and potentially impact the 

material's grain structure. Significant differences in 

temperature gradients and melt pool shapes were 

observed between continuous and pulsed modes, as 

well as among different pulsed settings, underscoring 

the role of process parameters such as pulse duration, 

duty cycle, and pulse repetition rate (PRR). These 

parameters directly affect thermal distribution, melt 

pool morphology, and surface roughness.

 

 
Figure 8: Melt pool shape and temperature distribution in the longitudinal cross-sectional view for each case. 
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Figure 9: Melt pool shape and temperature distribution on the top surface. 
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Figure 9, cases (a)–(f), shows the temperature 

distribution and the HAZ with distances measured 

from the centerline to the 700 K isotherm. The HAZ, 

with temperatures ranging from 700 K to the melting 

point of 1715 K, was the region where various 

phenomena can occur, such as thermal stress, 

microstructure changes, grain growth, 

recrystallization, chromium-rich phase formation, and 

oxidation, etc. [43], [47], [48]. Additionally, 

measuring at this temperature allows for precise 

analysis of heat distribution in the HAZ, facilitating 

better control over laser parameters and minimizing 

undesired microstructural changes. Measuring the 

spread of heat between the 700 K contour line and 

centerline at position x equals to 0.1 cm, as depicted 

in Figure 8, reveals that in cases (b)–(d), which have 

equal LED values of 0.14 J/mm and the same duty 

cycles, adjusting the pulse duration impacted the 

temperature distribution. Specifically, case (b) 

exhibits a slightly smaller HAZ compared to cases (c) 

and (d), as demonstrated by the values in Figure 10. 

This indicates that shorter pulse durations, higher 

pulse repetition rates, and greater pulse overlap are 

associated with smaller HAZ, as they concentrate the 

heat input within a localized region and reduce 

thermal diffusion into surrounding areas. The focused 

energy input limits the melt pool width, confining the 

HAZ to a smaller zone. Specifically, discusses the 

foundational principles of laser-material interaction, 

highlighting the role of pulse overlap in minimizing 

thermal gradients and improving energy efficiency 

[49]. Additionally, demonstrates that optimizing 

energy density effectively controls melt pool 

morphology and reduces HAZ size [50], while 

emphasizing how higher pulse repetition rates 

enhance energy concentration and further restrict 

thermal diffusion [51]. The positive temperature 

dependence of the thermal conductivity in AISI 316L 

facilitates rapid heat dissipation at higher 

temperatures, further contributing to the reduction of 

the HAZ. 

In cases (a), (c), (e), and (f), which represent the 

group with varying duty cycles, it was observed that a 

higher duty cycle (case f) resulted in the laser being 

active for a larger portion of each cycle, delivering 

more continuous energy. This increased energy input 

led to greater heat input and, consequently, a larger 

melt pool. Correspondingly, the measured melt pool 

widths are shown in Figure 11. These measurements 

indicate that the size of the melt pool correlates 

directly with the duty cycle, where a higher duty cycle 

generally leads to wider melt tracks. This observation 

is consistent with findings from previous research [6], 

which also demonstrated a direct relationship between 

increased duty cycle and track width, confirming that 

pulse duration and duty cycle significantly influence 

melt pool morphology. While a higher duty cycle 

might be beneficial for ensuring the complete melting 

of the powder particles, it can also result in a larger 

HAZ. Conversely, a lower duty cycle limits the 

duration of laser exposure in each cycle, reducing the 

heat input and helping to minimize both the melt pool 

size and the HAZ. 

 

 
Figure 10: Comparison of the HAZ width and LED 

values between all six cases. 

 

 
Figure 11: Comparison of the melt pool width values 

between all six cases. 

 

3.4 Effect of pulse period on surface roughness and 

shape of the melt pool 

 

The simulation results indicated that the forming 

quality of the single melt track varied, even when the 

same LED was applied. As illustrated in Figure 12 and 

described in Table 3, cases (b), (c), and (d) all 

employed a duty cycle of 50% and an LED of 0.14 

J/mm². Noticeable differences in the top surface 

morphology and roughness of the longitudinal cross-

sectional views were observed in Figure 12, cases (b)–

(d), which were attributable to variations in laser pulse 

duration. Specifically, Figure 12, case (b), which 

represents a pulse period of 50 μs, exhibits a smoother 

top surface and bottom interface of the melt pool than 
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those seen in Figure 12, cases (c) and (d). This 

smoother surface and interface resulted from the 

shorter period and reduced exposure time to laser 

energy, leading to decreased localized heat 

accumulation and, consequently, a more stable melt 

pool. The differences in pulse periods among cases 

(b), (c), and (d) (50 μs, 100 μs, and 200 μs, 

respectively) resulted in distinct melt pool 

characteristics. Case (b), with the shortest pulse period 

(25 μs ton and toff), allows for more frequent energy 

input, producing a smoother surface morphology and 

resulting in lower Ra values of 3.62 μm on the top 

surface and 3.92 μm at the bottom interface. This 

smoothness is due to consistent heat distribution and 

stable melt pool formation. In contrast, case (d) with 

the longest pulse period (100 μs ton and toff) shows 

more pronounced surface irregularities, caused by 

longer intervals between pulses that allow for 

localized heat accumulation and stronger Marangoni-

driven flow. This results in a rougher surface with Ra 

values of 6.93 μm. Case (c), with an intermediate pulse 

period, yields surface roughness values (4.36 μm on 

the top surface and 4.90 μm at the bottom interface) 

that fall between the other two cases. 

In typical L-PBF processes using continuous 

wave lasers, Ra values of the final build part generally 

fall within the range of 5–12 μm, as reported in studies 

such as [1], [52], where Ra values around 7 μm were 

achieved. In our study, however, the single-track 

pulsed wave L-PBF demonstrated the potential to 

achieve lower Ra values, especially in case (b) where 

Ra reached approximately 3.6–3.9 μm. This lower Ra 

is attributed to the controlled heat input and reduced 

localized overheating provided by pulsed laser 

processing, which is advantageous for applications 

requiring smoother surfaces. The measured Ra values 

are shown in Figure 13(a).  

The Marangoni effect, a surface tension-driven 

flow caused by temperature gradients in the melt pool, 

plays a significant role in pulsed laser processing [53]. 

For example, the long pulse duration in case (d), with 

a period of 200 μs (ton = 100 μs and toff = 100 μs), 

creates a strong temperature gradient, which 

intensifies Marangoni flows within the melt pool. This 

extended pulse period allows more localized heat to 

accumulate within the melt pool, leading to stronger 

Marangoni-driven flows that push molten material 

backward, causing a pronounced hump at the trailing 

edge of the melt pool. The humping effect generates 

due to the backward flow of molten metal, leading to 

the accumulation of material at the hump surface [53]. 

The larger hump in case (d) results from prolonged 

exposure to laser energy, which not only increases 

heat accumulation but also allows more time for the 

molten material to flow and form a raised surface. This 

wave-like pattern is caused by the intermittent nature 

of pulsed energy, where each “hump” corresponds to 

a pulse cycle, resulting in a periodic undulation that 

resembles a series of waves or beads along the melt 

track. These humps, driven by the Marangoni effect 

and thermal gradients, directly influence the surface 

roughness (Ra) values. In cases (b) through (d), 

increasing the pulse duration leads to higher Ra values 

on both the top surface and the bottom interface. For 

case (b), the Ra value is minimized due to the 

continuous energy delivery, while in case (d), the Ra 

value significantly increases because of the extended 

intervals between pulses. This allows the formation of 

a more pronounced hump driven by the Marangoni 

effect, resulting in a rougher surface. Specifically, 

case (b) has an Ra value approximately 37% lower 

than that of case (d). 

Figure 13(b) shows the depth and the depth-to-

width (D/W) ratio of the melt pool for cases (b)–(d). It 

should be noted that, in sections 3.4 and 3.5, the depth 

was measured from the substrate interface to the 

bottom of the melt pool, also known as the penetration 

depth. The results indicate that shorter ton and toff 

durations in case (b) led to a deeper melt pool 

compared to case (d). This relationship was opposite 

to that of the melt pool width, as shown in Figure 

10. The D/W ratio is a critical parameter for 

classifying the melt pool regime, where values below 

0.4 typically indicate conduction mode and values 

above 0.6 suggest keyhole mode [54]–[56]. In our 

study, case (b) maintained a D/W ratio of 0.4, 

reflecting a stable transition mode, which balances 

melt depth and width. Case (d), with a D/W ratio of 

0.2, shifts towards conduction mode, which may limit 

the melt depth and could lead to incomplete layer 

fusion. These findings emphasize the importance of 

tuning pulse period and PRR to achieve desirable melt 

pool characteristics, particularly for pulsed wave L-

PBF applications aimed at producing fine geometries 

and smoother surfaces. 
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Figure 12: Comparison of melt pool on longitudinal cross-section view and the top surface of the case (b)–(d). 

 

 
Figure 13: (a) Measured Ra of the top surface and 

bottom interface, (b) The penetration depth values and 

D/W ratio of the case (b)–(d). 

 

3.5 Effect of duty cycle and energy density on the 

surface roughness and shape of the melt pool 

 

Ra and D/W ratio of fabricated parts are significantly 

influenced by process parameters, particularly the 

duty cycle and LED. Achieving a low Ra is essential 

to minimize the need for post-process machining in 

the final build part, as highlighted in additive 

manufacturing studies [57]. Figure 14 shows the melt 

pool cross-sections for cases (e), (c), and (f), 

illustrating how variations in duty cycle and LED 

impact melt pool morphology. 

In case (e), with the lowest duty cycle (25%) and 

LED of 0.07 J/mm, the short laser-on period (25 μs) 

combined with a long laser-off period (75 μs) provided 

insufficient energy to fully melt the bottom interface. 

This resulted in a shallower melt pool with poor 

bonding between the particle layer and substrate, 

which can lead to mechanical weaknesses. 

Consequently, case (e) exhibited a relatively high Ra 

of 5.12 μm on the top surface, reflecting the irregular 

surface morphology from insufficient energy input. 

In contrast, increasing the duty cycle and LED in 

cases (c) and (f) led to significant changes in melt pool 

characteristics. Case (c), with a duty cycle of 50% and 

LED of 0.14 J/mm, showed a more balanced melt pool 

depth and surface smoothness. As seen in Figure 

15(a), the Ra values for case (c) were reduced to 4.36 

μm on the top surface, indicating an improvement in 

surface quality due to increased energy density, which 

allowed for more stable Marangoni flows that 

smoothed the surface. 

Case (f), with the highest duty cycle (75%) and 

LED of 0.21 J/mm, produced the deepest and widest 

melt pool among the three cases. The increased laser-

on period (75 μs) provided enough energy to fully 

penetrate the substrate, creating strong bonding and 

the smoothest surface finish with a Ra of 3.14 μm on 
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the top surface. The higher energy input in case (f) 

intensified Marangoni-driven flows within the melt 

pool, which contributed to a reduction in surface 

roughness. The depth of the melt pool also increased 

substantially, reaching a depth of 67 μm as compared 

to 33 μm in case (c), as shown in Figure 15(b). 

The D/W ratio provides further insight into the 

melt pool regime for each case. In Figure 15(b), case 

(e) does not achieve a measurable D/W ratio due to 

insufficient melting depth. In case (c), the D/W ratio 

was calculated at 0.31, reflecting a transition mode 

that balances depth and width. However, in case (f), 

the D/W ratio increased to 0.6, indicating a more 

favorable depth-to-width balance, which is suitable for 

achieving a keyhole effect. This deeper and more 

controlled melt pool in case (f) aligns with the 

objective of producing fine geometries with robust 

structural properties. 

In summary, adjusting the duty cycle and energy 

density has a profound effect on melt pool 

morphology and surface quality. Lower duty cycles, 

as in case (e), result in inadequate energy delivery, 

leading to a higher Ra and shallow melt pools, while 

higher duty cycles in cases (c) and (f) produce 

smoother surfaces and deeper melt pools. When 

compared to the Ra values reported in previous studies 

by Ľuboš et al., [58] and Wenjia et al., [59], all cases 

in this research demonstrated consistently lower Ra 

values. The Ra values obtained in this study were 

measured from single tracks, reflecting the initial 

stages of the manufacturing process, whereas the 

benchmark studies measured Ra from fully fabricated 

parts, representing the final surface quality. A 

previous study [58] observed Ra values ranging from 

~6–9 µm under standard L-PBF conditions, while 

Wenjia et. al., [59] achieved Ra values of ~4.5–9.5 µm 

by optimizing pulse period and energy density. In 

contrast, the use of a pulsed laser emission in the 

current study achieved Ra values in the range of 3–6 

µm, specifically measured from single tracks, which 

remain within the acceptable range for high-quality 

part fabrication. These results underscore the critical 

importance of precise control over the duty cycle and 

pulse repetition rate (PRR), which effectively 

stabilized the melt pool and minimized surface 

defects. Furthermore, the findings highlight that 

efficient melt pool control during the early stages of 

the manufacturing process can significantly enhance 

surface quality and provide a strong foundation for 

optimizing the characteristics of final parts and 

advancing the L-PBF process for future applications. 

 

 
 

Figure 14: Comparison of melt pool on longitudinal cross-section view and the top surface of case (e), (c) and (f). 
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Figure 15: (a) Measured Ra of the top surface and 

bottom interface, (b) The penetration depth values and 

D/W ratio of case (e), (c) and (f)  

 

4 Conclusions 

 

This study presents a comprehensive numerical 

analysis of pulsed and continuous Laser Powder Bed 

Fusion (L-PBF) processes on single-track formation in 

316L stainless steel, providing insights into the role of 

pulsed laser parameters in controlling melt pool 

characteristics. Key findings reveal that pulse 

repetition rate (PRR) and pulse period significantly 

impact heat distribution, melt pool morphology, and 

surface roughness (Ra). With a fixed duty cycle and 

laser energy density (LED), increasing PRR fourfold 

and reducing the pulse period narrowed the melt pool 

width by 24% and decreased the heat-affected zone 

(HAZ) width by 7%, highlighting the capability to 

achieve more precise and uniform melting. 

Additionally, a higher PRR combined with a shorter 

pulse period improved surface quality by reducing Ra 

by 37%, while lower PRR values led to uneven 

melting, increasing Ra and potentially causing 

incomplete melting in subsequent layers. 

Adjusting duty cycle and LED further influenced 

melt pool dimensions and surface quality. High-duty 

cycle and LED reduced Ra but enlarged the HAZ and 

melt pool size, while a 25% duty cycle led to 

insufficient melting. The depth-to-width (D/W) ratio, 

a key metric for classifying melt pool regimes, was 

shown to be controllable by tuning pulsed laser 

parameters. For instance, a higher PRR and shorter 

pulse period shifted the melt pool from shallow 

conduction to a transition mode, while a high duty 

cycle led to keyhole formation, indicating a risk of 

defects. These findings demonstrate that PRR, pulse 

period, duty cycle, and LED can be strategically 

controlled to manage heat distribution, melt pool 

morphology, and Ra, enabling better control over 

HAZ and melt pool width—factors critical for 

fabricating fine geometries in additive manufacturing. 

The insights from this study contribute to a deeper 

understanding of pulsed laser parameter effects on 

316L stainless steel processing, with practical 

implications for improving surface quality and 

structural integrity in high-precision applications. 

The parts fabricated by the L-PBF process are 

generally produced layer-by-layer. Each layer bed is 

built in a track-by-track manner. Future work should 

be conducted on the impact of pulse duration, duty 

cycle, and pulse repetition rate (PRR) on multi-tracks 

formation and multi-layers formation and developed 

predictive models to facilitate the application of 

pulsed L-PBF in industrial-scale 3D printing. 
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