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Abstract 

The powder bed fusion (PBF) metal additive manufacturing (AM) method uses an energy source like a 

laser to melt the metal powders. The laser can locally melt the metal powders and creates a solid 

structure as it moves. The complexity of the heat distribution in laser PBF metal AM is one of the main 

features that need to be accurately addressed and understood to design and manage an optimized 

printing process. In this research, the dependency of local thermal rates and gradients on print after 

solidification (in the heat-affected zone) was numerically simulated and studied to provide information 

for designing the print process. The simulation results were validated by independent experimental 

results. The simulation shows that the local thermal rates are higher at higher laser power and scan 

speed. Also, the local thermal gradients increase if the laser power increases. The effect of scan speed 

on the thermal gradients is opposite during heating versus cooling times. Increasing the scan speed 

increases the local thermal gradients in the cooling times and decreases the local thermal gradients 

during the heating. In addition, these simulation results could be used in artificial intelligence (AI) and 

machine learning for developing digital additive manufacturing. 

 

Keywords:  Metal 3D printing, Additive manufacturing, Powder bed fusion, Thermal simulation, 

Thermal history 
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1. Introduction 

The metal additive manufacturing (AM) process is using a heat source to deposit the melted materials 

layer by layer. Metal Am or metal 3D printing is rapid prototyping, and it can be beneficial for producing 

non-structural (design purposes) and structural applications [1]. ASTM has categorized additive 

manufacturing processes as Directed Energy Deposition (DED) and Powder Bed Fusion (PBF). Recently, 

metal 3D printing became more popular, and the microstructure/mechanical properties of the printed 

sample were experimentally studied [2–7]. This subject shows the importance of understanding the 

thermal history during metal 3D printing as the microstructure is controlling by the local thermal history. 

Although there are some examples of 3D printed samples ready for application without additional 

postprocessing [8,9], the mechanical properties and microstructure of the metal 3d printed samples are 

not fully reliable for applications without postprocessing, especially for load-bearing applications. So, 

most printed samples need additional postprocessing [10,11], and the effect of heat treatment on 

mechanical properties/microstructure needs to be studied in detail [12]. Thermal history during printing 

and melting/solidification conditions are controlling subsequent microstructure (thermal rates), thermal 

deformation (thermal gradients), and thermal stress[13]. The simulation can produce details about 

thermal history during printing [7,14–17], and the computational results could be used for estimating 

the local microstructure, thermal deformations, and the optimization of the metal AM process. Several 

researchers coupled macroscale thermal simulation coupled with mesoscale microstructural evaluation 

[18–21]. There are several published kinds of research on mesoscale microstructural simulations for 

powder bed-based additive manufacturing in the first layer of the print [22–27]. In addition, there are 

researches on addressing the grain structure of the additively manufactured materials, especially for 

powder bed fusion [27–30]. There are some experimental and computational investigations and papers 

that discussed thermal stress and deformation in additively manufactured metallic alloys [1,31–33]. 

Thermal stress and deformation of additively manufactured are about several hundred MPa [34,35] and 

several micrometers for small samples [36–39], respectively. This level of deformation is high enough, 

especially for complex shapes to reject the printed sample for application. So, we need to investigate 

some methods to optimize microstructure, defects, and reduce the level of thermal stress and 

deformation. The main step is the thermal simulation, the estimation of the local heating/cooling rates 

and gradients, and their dependency on print parameters.  

Experiments have some limitations for measuring the local thermal history during metal AM that 

simulation can cover. It is not easy to use thermocouples directly measuring the heating/cooling curves 

and subsequent thermal rates and gradients due to the nature of the sample fabrication in the LPBF 

method. In addition, using the thermal camera is also imposed another kind of limitation. The thermal 

camera is accurate at high temperatures and mostly useful for measuring the melt-pool temperature 

before tarting the solidifications [40]. In addition, thermal cameras measure surface temperature. The 

simulation can be an efficient method for estimating the thermal rates and gradients and also covering 

the experimental limitations in measuring the local thermal history during printing metallic samples with 

the LPBF method. 

In this research, the thermal history is numerically simulated, and the dependency of local thermal rates 

and gradients on print parameters was estimated to provide information for understanding and 

designing the print process. 
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2. Simulation method 

AM Comp Tech software academic version was used for thermal simulation of laser PBF metal AM in this 

research. The software solves conservative equations (conservation of energy) by finite difference 

numerical method. Equation 1 was used for thermal analysis in which 𝜌 is density, 𝐶𝑝 is the specific 

heat, 𝑇 is temperature, 𝑡 is time, 𝜆𝑖 is the thermal conductivity, and 𝑆 is the source of heat. ℎ 

represents both the thermal convection and radiation coefficients. The value of 𝛽 was considered to 

be 0.9, as recommended for steels [41]. 

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
= ∇. (𝜆𝑖∇𝑇) + 𝑆          (1) 

−∇. (𝜆𝑖∇𝑇) = ℎ(𝑇 − 𝑇∞)      (2) 

ℎ = 0.00241 × 𝛽 × 𝑇1.61          

The energy balance in equation (2) was applied as a thermal boundary condition on the top surface of 

the simulation domain, which is not under the laser. This equation has both the physical meaning of 

thermal convection and radiation.  

The used density was 7500 kg.m3, the temperature-dependent thermal conductivity was 10-4×T×6.747 

W.m-1.K-1, (T is temperature), and the specific heat capacity was 500 J.kg-1K-1.   

The laser heat input with a Gaussian profile, defined with equation 2, was applied to the top surface of 

the powder [42] as the energy source. 

Laser heat input =  
𝑓𝑞𝜂

𝑟2
  𝑒

(−
𝑓(𝑥2+𝑦2)

𝑟2 )
    (2) 

where f is the heat distribution factor, q is the Laser power, ƞ is the absorption coefficient, x and y are 

the distances from the node at the center of the laser, and r is the radius of the laser spot. In this 

simulation, f is 1.7 and ƞ is 0.2. Also, a telescopic method was used for applying volumetric heating since 

the laser can penetrate the metal powders [43].  

The boundary condition on the top side of the simulation domain is the air and heat input of the laser 

(laser spot). The rest of the boundary condition is at the interface of the printed sample (bulk metal) and 

the metal powders. The thermal properties of the metal powders are assumed like bulk metal with 

porosity. So, the thermal properties of metal powders are calculated by multiplying metal powder 

density to bulk metal’s thermal properties [44]. 0.8 percent is the density of the metal powders in this 

simulation.  

The used major assumptions for simplicity are not considering the latent heat of fusion and metal 

evaporation. These two assumptions will introduce some errors in the simulation results and an 

overestimation will be predicted in melt-pool temperature and the subsequent thermal rates/gradients. 

Anyway, it is also expected that the trend of the thermal rates and gradients at different print 

parameters could be correctly estimated by this numerical model. 
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3. Results and discussions 

The thermal history in laser powder bed fusion (LPBF) is complicated due to the fast movement of the 

laser and complex print pattern. Improving our understanding of the local thermal (heating and cooling) 

rates and gradients is essential in optimizing the LPBF metal additive manufacturing process. Thermal 

rates and gradients were simulated by 3D numerical simulation with AM Comp Tech software – 

academic version. Sixteen simulations were performed to study the effect of scan speed and laser power 

on the thermal history. The selected print parameters have been shown in table 1. The layer thickness, 

hatch-spacing, and print pattern were kept constant. The print pattern and scanning strategy is a zig-zag 

pattern with a rotation angle of 90o. 

Table 1 The selected print parameters in each simulation. 

# Laser Power (W) Scan Speed (mm/s) Hatch-spacing (µm) Layer Thickness (µm) 

CASE 1 100 500 80 30 
CASE 2 100 800 80 30 
CASE 3 100 1300 80 30 
CASE 4 100 1600 80 30 
CASE 5 150 500 80 30 
CASE 6 150 800 80 30 
CASE 7 150 1300 80 30 
CASE 8 150 1600 80 30 
CASE 9 200 500 80 30 
CASE 10 200 800 80 30 
CASE 11 200 1300 80 30 
CASE 12 200 1600 80 30 
CASE 13 250 500 80 30 
CASE 14 250 800 80 30 
CASE 15 250 1300 80 30 
CASE 16 250 1600 80 30 

 

The selected simulation domain is the smallest possible meaningful size which is shown in figure 1a. In 

this simulation, the simulation domain is a cube with two hatch-spacing by one hatch-spacing by three 

powder layers volume. The example of 3D thermal simulation results is shown in figure 1b. The four 

points are selected at a cross-section shown in figure 2 to export thermal history, rates, and gradients. 
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Fig 1 (a) the simulation domain and (b) the spatial presentation of the temperature distribution during printing of 

four layers on each other (LPBF metal AM). 

 

 

Fig 2 A selected plane at the middle of the simulation domain and four points (P1, P2, P3, and P4) were appointed 

at different positions in the melt-pool to extract the cooling rates and gradients. 
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The simulated and exported heating/cooling curve of CASE 1 at P1 is shown in figure 3a. The 

heating/cooling curves of the solidified region and heat-affected zone (HAZ) were used for calculating 

thermal rates (figure 3b). The six thermal peaks shown in figure 3a are related to the heat source 

movement. This subject and the position of P1 relative to the melt pool are illustrated in figure 3c for 

each peak. The first three peaks (1 to 3) are related to the melting of the powders or the remelting of 

the solidified melt pool. That is to say, P1 is inside the melt-pool at peaks 1 to 3. The position of P1 for 

the three last thermal peaks (4 to 6) are related to the heat-affected zone (HAZ) in the solid-state. The 

maximum temperature of peaks 4 to 6 is lower than the melting point.  

 

Fig 3 (a) A simulated cooling curve in LPBF method, (b) subsequent thermal rate at P1 in HAZ, and (c) a schematic of 

how laser melts the metal powders (melt-pool: red region) and creates the sample layer by layer. 

The simulation results show that the thermal rate values of CASE 1 are between 5 to 20 K/µs at P1 after 

solidification in the HAZ (figure 3b). The thermal rate has a higher value close to the melting point and 

has lower values in HAZ. In addition, the cooling rates have higher values than the values of heating 

rates in HAZ (figure 3b). 

In the following topics, the effect of scan speed and laser power was discussed on the local thermal 

rates and gradients at P1, P2, P3, and P4. 

3.1. Thermal rates 

Thermal rate or heating/cooling rate is controlling the final microstructure. Understanding the effect of 

scan speed and laser power on the thermal rates can help to have a better design on the print process 

and controlling the final microstructure. Also, the validated simulation results combined with artificial 

intelligence (AI) can be used later for simultaneously controlling the laser PBF metal AM process. 

Experimental results of the local thermal rates are mostly limited to the surface of the melt-pool and 

during cooling of the molten metal from the evaporation temperature to melting temperature. So, we 
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are limited to such kinds of experimental results for the validation of the numerical model and 

simulation. Experiments show that the peak cooling rate occurs immediately after the laser is switched 

off and is approximately 40 K/μs at the surface of the melt-pool. In addition, the cooling rates have any 

value between 1 to 40 K/μs at the surface of the melt-pool during cooling from the evaporation 

temperature [40]. In this research, P3 is at the surface of the melt-pool in the simulation domain. The 

simulated results of the cooling curve and thermal rates at P3 between evaporation temperature (~4000 

K) to 3000 K are shown in figure 4. The simulation result shows that the cooling rate has a value around 

46 K/μs at 4000 K and drops to 7 K/μs at 3000 K after switching off the laser. So, the simulation result 

shows consistency with the experimental results. Besides, checking the exact values of the simulation 

results with experimental results to validate the simulation, the variation and general trend of the 

thermal rates measured by experiments can be used to check the validation of simulation results. The 

experimental results discussed the higher cooling rates at higher heat input [45,46] and scan speed 

[47]). The simulation results of this research can predict the trend of the dependency of the cooling rate 

on the scan speed and laser power the same as the experimental measurements. So, it can be concluded 

that the thermal simulation of this research can be used to study the effect of print parameters on the 

local thermal rates. This subject will discuss further in following topics. The thermal rates at P1, P2, and 

P3 have been compared and the effect of scan speed and laser power on the thermal rates at these 

points have been discussed in HAZ.  

 

Fig 4 The simulated thermal rate in the melt-pool during cooling from 4000 K to 3000 K temperature range after 

the laser is switched off. 

 

P3 is at the surface of the melt pool. P2 and P1 are in the melt-pool (figure 2). Simulation shows the 

lower thermal rate value at P1 than the values at P2 and P3 after solidification. This subject is shown in 

figure 5. The positive value of the thermal rate means cooling region and the negative value means 

heating region.  
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Fig 5 The thermal rates at P1, P2, and P3 (Laser power: 250 W and scan speed: 500 mm/s). 

 

The effect of scan speed on the thermal rates at P1, P2, and P3 are summarized in figure 6. The results 

show higher thermal rates at higher scan speeds. 

 

Fig 6 The effect of scan speed on the thermal rates at P1, P2, and P3 (Laser power: 100 W). 

Also, the maximum thermal rates (Positive peaks: cooling and negative peaks: heating) are highest at 

the surface of the melt-pool (P3) and will be lower at the points (like P2) in the melt-pool. In addition, 

the maximum thermal rates have lower values at the deeper points compare to P2 (like P1). 

The effect of laser power on the thermal rates at P1, P2, and P3 are summarized in figure 7. The results 

show higher thermal rates at higher laser power. Also, the values of the thermal rates increase from 

figure 7a to 7d which means the local thermal rates will be higher by increasing both laser power and 

scan speed. This subject is also shown in figure 8 (The dependency of the maximum cooling rate at P1 

with different scan speeds and laser powers). As conclusion and example, simulation results (if the scan 

speed changes in 500 to 1300 mm/s range) show a 0.5×10-2 K/µs increase in the cooling rate (at P1) by 

every 1 mm/s increase in the scan speed if the laser power and hatch spacing are 200 W and 80 µm, 

respectively. Also, the simulation results (if the laser power changes in 100 to 250 W range) show a 0.1 

K/µs increase in the cooling rate (at P1) by every 1 W increase in the laser power if the scan speed and 

hatch spacing are 1000 mm/s and 80 µm, respectively. 
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The same scenario of thermal cooling rates like P1 is at P2 and P3 but with higher values. As a general 

summary, the local thermal rates at any point in HAZ will be increased by the increase of laser power 

and scan speed.  

 

Fig 7 The simultaneous effect of laser powers (100 to 250 W) and scan speeds on the thermal rates at P1. (a) 500 

mm/s, (b) 800 mm/s, (c) 1300 mm/s, and (d) 1600 mm/s. 
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Fig 8 The maximum cooling rate of P1 in HAZ at different scan speeds and laser powers. 

 

3.2. Thermal gradients 

Thermal gradients of the LPBF method are in the 5–20 K/μm range in the melt-pool and this 

temperature gradient drops to approximately 5 K/μm as the melting temperature is approached (Laser 

power: 170 W, hatch spacing: 65 um, and scan speed: 1250 mm/s) [40]. The simulation result with an 

almost similar print parameters set shows that the absolute value of thermal gradients at the melting 

point is about 5 K/μm and lower which is close to the experimental results (figure 9). In the next topics, 

the effect of scan speeds and laser powers on the local thermal gradients are discussed with this 

validated numerical simulation.  

 

Fig 9 The heating and cooling rate at point P1 and the thermal gradient close to the melting point (Laser power: 

150 W, hatch spacing: 80 um, and scan speed: 1300 mm/s). 
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3.2.1. The thermal gradient at P2 (X-direction): 

The effect of laser power on the thermal gradients at P2 in the X direction has been shown in figure 10. 

After solidification and in HAZ, the thermal gradients change between negative and positive values in 

the -80 K/µm to 100 K/µm range. The thermal gradient is higher at higher laser power. 

 

Fig 10 The effect of laser powers on the thermal gradients at P2 in the X direction (Scan speed: 500 mm/s). 

The effect of scan speeds on the thermal gradients at P2 in the X direction has been shown in figure 11. 

After solidification and in HAZ, the thermal gradients change between negative and positive values in 

the -30 K/µm to 90 K/µm range. The thermal gradient is lower at higher scan speed during heating times 

(the yellow region in figure 11). Also, the thermal gradient is higher at higher scan speed during cooling 

times (the green region in figure 11). 

 

Fig 11 The effect of scan speeds on the thermal gradients at P2 in the X direction (Laser power: 150 W). 
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3.2.2. The thermal gradient at P2 (Y-direction): 

The effect of laser power on the thermal gradients at P2 in the Y direction has been shown in figure 12. 

After solidification and in HAZ, the thermal gradients have positive values between 1 K/µm to 160 K/µm. 

The thermal gradient is higher at higher laser power. 

 

Fig 12 The effect of laser powers on the thermal gradients at P2 in the Y direction (Scan speed: 500 mm/s). 

The effect of scan speeds on the thermal gradients at P2 in the Y direction has been shown in figure 13. 

After solidification and in HAZ, the thermal gradients have positive values lower than 60 K/µm. The 

thermal gradient is lower at higher scan speed during heating times (the yellow region in figure 13). 

Also, the thermal gradient is higher at higher scan speed during cooling times (the green region in figure 

13). 

 

Fig 13 The effect of scan speeds on the thermal gradients at P2 in the Y direction (Laser power: 150 W). 
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4. Conclusions 

 

The local thermal rates and gradients control the local microstructure and the local thermal 

stress/strain. In this research, the dependency of the local thermal rates and gradients on the scan 

speeds and laser powers are studied by validated numerical simulations. The highlighted results are: 

1. The local thermal rates have higher values at higher laser powers and scan speeds. The 

simulated cooling rates have values between 1 to 30 K/µs in HAZ. 

2. The simulation results (if the scan speed changes in 500 to 1300 mm/s range) show a 0.5×10-2 

K/µs increase in the cooling rate (at P1) by every 1 mm/s increase in the scan speed if the laser 

power and hatch spacing are 200 W and 80 µm, respectively.  

3. The simulation results (if the laser power changes in the 100 to 250 W range) show a 0.1 K/µs 

increase in the cooling rate (at P1) by every 1 W increase in the laser power if the scan speed 

and hatch spacing are 1000 mm/s and 80 µm, respectively. 

4. The thermal gradient is lower at a higher scan speed during heating times. Also, the thermal 

gradient is higher at a higher scan speed during cooling times. The absolute values of the 

simulated cooling rates are mostly lower than 100 K/µm in HAZ. 
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