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This project was initiated in January 2021 by the National Center for Defense Manufacturing and Machining. The 
research performed during this project will serve as the basis for a Master’s thesis program for Charles Smith. 

52.1 Project Overview and Industrial Relevance 

This project aims to solve an inherent problem with additive manufacturing systems. The range of equipment 
suppliers that use their proprietary feedstock and process parameters makes each AM system and qualification 
protocol unique. This creates a lengthy qualification process for any new part or material used in manufacturing. 
This project uses a data-driven qualification approach from relationships across platforms and alloy systems using 
intelligent machine learning algorithms and physics-based modeling. This project aims to create relationships 
between solidification velocity, thermal gradients, and microstructure development to help accelerate the 
qualification and adoption of additive manufactured parts into defense application. 

52.2 Previous Work  

316L stainless steel was previously acquired as the sponsor specified material for this project. 316L stainless steel 
exhibits unique solidification behavior, where the primary solidifying phase changes with increasing solidification 
velocity. Based on the phase diagram, one might assume that 316L would likely experience primary delta ferrite 
solidification with a solid-state phase transformation into gamma austenite as the material cools. However, in 
processes that experience fast solidification, such as laser powder bed fusion (LPBF), the primary solidification 
changes to primary austenite solidification, resulting in a microstructure that contains little to no ferrite in the cooled 
part [52.1]. This change affects the distribution of sulfur and phosphorus, leading to greater amounts at interdendritic 
and grain boundary regions, resulting in a greater propensity for solidification cracking. Also, the composition range 
of 316L stainless steel is quite extensive and slight variations within the accepted range can change the solidification 
behavior [52.2].  
 
Process parameters of LPBF significantly influence the properties of the as-built material by influencing thermal 
gradients and solidification behavior. An analytical method to determine ideal process parameters is to use a 
volumetric energy calculation, Equation 52.1. This equation uses laser power (P), scan speed (v), hatch distance (h), 
and layer thickness (l) to determine the total energy (Ed) the build is exposed to during the LPBF process [52.3]. 

Results in the literature suggest that the ideal volumetric energy value is in the range of 100 – 105   [52.4]. 

Materials that are processed using lower values would be more likely to experience increases in porosity, while 
higher values are likely to experience lower hardness values in the as-built condition [52.4]. 
 

            𝐸 =
∗ ∗

      (52.1) 

 
Previous work has focused on the development of defect maps that indicate where particular solidification behavior 
emerges as shown in Figure 52.1. These maps use process parameters to predict when keyholing and lack of fusion 
occur for 316L stainless steel. The Rosenthal model was used to predict the melt pool geometry from process 
parameters, and geometrical features were combined with analytical models for these defects to generate the map. 
These maps give approximate values for the occurrence of these defects, but the predictive capability is limited by 
the assumptions inherent in Rosenthal model [52.5]. The additions of a dimensionless number proposed by 
Rankouhi accounts for other parameters that are not included in the volumetric energy density calculation.  A range 
of values of this dimensionless number can be plotted on processing maps to provide further guidance for parameter 
section. The region between the “low end” and “high end” shown in Figure 52.1 indicate the optimate combinations 
of laser power and raster velocity to minimize porosity. These maps are made for constant layer thickness and hatch 
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spacing but provides values for scanning speed and laser power that meet the criteria that is listed above [52.6]. 
Figure 52.1 illustrates that although volumetric energy density can provide guidance for parameter section under 
certain circumstances, if atypical values of hatch spacing and powder layer height are used, volumetric energy 
density does not provide valuable guidance on parameter selection, as shown by the line of 100  J/(mm^3 ) 
extending into the keyholing regime.     

52.3 Recent Progress  

52.3.1 Analytical Predictive Solidification Model 

The first draft of an analytical predictive solidification model for 316L stainless steel has been developed. This 
model takes the form of a GV map. The foundation of this model is based on the Ivanstov Marginal Stability (IMS) 
model. This model calculates dendrite tip radius and total dendrite tip undercooling as a function of solidification 
velocity. These values along with solute diffusivities, bulk concentrations, partition coefficients, and liquidus slopes, 
regions of planer, cellular, and dendritic growth, the columnar to equiaxed dendrite transition (CET), and lines of 
equivalent primary and secondary dendrite arm spacing (PDAS and SDAS) can be predicted. The CET was 
calculated using a criterion proposed by Hunt, as show in Equation 52.2, and a relationship between a power law fit 
of a plot of total undercooling vs solidification velocity and the nucleation undercooling (ΔTN), as shown in 
Equation 52.3 [52.7].  
 

 𝐺 =
( )

Δ𝑇       (52.2) 

Δ𝑇 = (𝑎𝑉)            (52.3) 
Where a and n are calculated from power law fit, No is the number of nucleation sites, Δ𝑇  is the nucleation 
undercooling, and ϕ is the fraction of equiaxed dendrites transformed. The primary dendrite arm spacing (PDAS) 
and secondary dendrite arm spacing (SDAS) are determined from Equation 52.4 and Equation 52.5 respectively 
[52.8]. 

𝜆 =                    (52.4) 

𝜆 = 5.5𝑀 𝑡                         (52.5) 

Where  𝛼  and 𝛽  are the coefficient and exponent of the power law fit for the total undercooling vs solidification 
velocity. Where  𝛼  and 𝛽  are the coefficient and exponent of the power law fit for the tip radius vs solidification 
velocity. 𝑇  is the equilibrium liquidus temperature of the alloy (for 316L 1440o C was used) and 𝑇  is the final 
solidification temperature calculated from a Gulliver-Scheil simulation (was calculated to be 1207.32o C from 
Thermocalc at 95% of material solidified).  For SDAS calculations, the functions for 𝑚 and 𝑡  are determined from 
Equations 52.6 and Equations 52.7 respectively [52.8].  

𝑀 =
∑

, ,
 

∗ ln
∑

,

∑
,

                                 (52.6) 

𝑡 =
∗

             (52.7) 

Where 𝑚 , 𝑘 , 𝐷 , and 𝑐 ,  are all thermodynamic properties found from the IMS model. 𝑐 ,  is the final liquid 
composition at the end of solidification which is found by performing a Gulliver-Scheil simulation. Δ𝑇  is the 
nonequilibrium freezing range which is the difference between the melting temperature of the alloy (𝑇 ) and the 
final solidification temperature (𝑇 ). 
 
The model, as shown in Figure 52.2, will be able to predict the as solidified microstructure if the thermal gradients 
and solidification velocity are known. The velocity at the transition between primary ferrite to primary austenite was 
also calculated and determined when the undercooling required for a stable ferrite dendrite exceeds the undercooling 
required for a stable austenite dendrite. It can be seen that high temperature gradient and low velocity regions at the 
bottom of the melt pool are expected to solidify as primary ferrite, but a transition is expected as solidification 
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proceeds in the melt pool. The heat transfer simulation that are described in Section 52.3.2 are also plotted in the 
map to show where the process described in Section 52.3.3 lies and what microstructure is expected from it.  

52.3.2 Abaqus Simulations of Moving Heat Source 

This project aims to predict microstructure from thermal gradients (G) and solidification velocities (V) during 
LPBF. Ideally, thermal gradients could be measured during LPBF processing. However, due to the small scale of the 
melt pool and high travel speeds, such measurements are not currently possible. Accordingly, thermal simulations 
are the only way to determine G and V at all points in the solid liquid interface during solidification. Abaqus was 
chosen for this role due to its flexibility and adaptability, allowing the same simulation to be systematically changed 
to represent different rastering paths and printing techniques. These simulations are done to represent a single 
moving heat source across a piece of 316L stainless steel, as shown in Figure 52.3. Further analysis has started by 
observing temperatures at predetermined nodes to calculate G and V from the simulations as indicated in Figure 
52.4. To calibrate the simulation to experimental results the melt pool geometry was matched. 

52.3.3 Microstructure Characterization  

Microstructure characterization of a thin plate has begun. The plate, Figure 52.5, was built as a two-scan path wide 
plate that has a total width of about 540 µm and was printed using a power of 200 W and a scanning speed of 1400 
mm/s. The plate was then sectioned so the cross section is shown and the was polished down to 0.05 µm. The 
microstructure was exposed by etching with mixed acids that was equal parts hydrochloric, acetic, and nitric acid. 
The microstructure was observed under a SEM to measure the dendrite arm spacing and observed microstructure. 
The observations were then compared to the solidification model to start validating the solidification model as seen 
in Figure 52.6.  

52.4 Plans for Next Reporting Period 

The goals for the next reporting period are as follows: 
 Continue validation of solidification model using a verity of different process parameters. 
 Observe the range of porosity and microstructure that is present along a constant volumetric energy density 

to further develop the mesoscale defect map. 
 Continue to develop heat transfer simulations to better represent the thermal behavior that is present during 

a LPBF print.  
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52.6 Figures and Tables 

 

 
 
Figure 52.1: Defect map of a constant layer thickness of 60 μm and a constant hatch spacing of 100 μm with a laser 
spot radius of 50 μm. Line of constant energy density of 100 J/mm3 is plotted to show how even at the same energy 
density it is possible to move to a defect zone by small changes in process parameters. 
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Figure 52.2: Analytical predictive solidification model that take the form of a GV map. The heat transfer simulation 
result from Section 52.3.2 is plotted to show the predictive microstructure of the process at different sections of the 
melt pool. 
 

 
 
Figure 52.3: A time step in the Abaqus heat transfer simulation of a moving heat source along a piece of 316L 
stainless steel. The melt pool in the simulation was geometrically matched to that of the experimental build in 
Section 52.3.3.  
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Figure 52.4: The exported thermal data from the Abaqus simulation. An isosurface is drawn at 1440 oC, the liquidus 
temperature of 316L, to model the melt pool surface. Normal vectors are plotted along that surface and the 
magnitude of those vectors is the thermal gradients and by comparing this plot to those of different time steps the 
cooling rate can be calculated. The solidification velocity can then be determined from the cooling rate and thermal 
gradient and the results are plotted on the GV map, as shown in Figure 52.2. 
 

 

 
 

Figure 52.5: Thin plate that is about two melt pools in width. The plate is then modeled in Abaqus and the predicted 
microstructure from the GV map is then compared to the microstructure observed in this plate. 
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Figure 52.6: Micrograph of the thin plate build taken at 10kx. The average primary dendrite spacing was measured 
to be 1-2 µm with majority of the microstructure being columnar dendrites and showing no indications of primary 
ferrite formation.  


