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Abstract 

Metal 3D printing technology is a promising manufacturing method, especially in the case of complex 

shapes. The quality of the printed product is still a challenging issue for mechanical applications. The 

anisotropy of the microstructure, imperfections, and residual stress are some of the issues that diminish 

the mechanical properties of the printed sample. The simulation could be used to investigate some 

technical details, and this research has tried to computationally study the metal 3D printing of austenitic 

stainless steel to address austenite microstructure and local yield strength. Two computational codes 

were developed in Visual basics 2015 to simulate the local heating/cooling curve and subsequent 

austenite microstructure. A stochastic computational code was developed to simulate austenite grain 

morphology based on calculated thermal history. Then Hall-Pitch equation was used to estimate the 

yield strength of the printed sample. These codes were used to simulate the effect of temperature of 

the printer’s chamber on microstructure and subsequent yield strength. The austenite grain topology is 

more columnar at a lower temperature. The percentage of the equiaxed zone will be increased at a 

higher chamber’s temperature. Almost a fully equiaxed austenite microstructure will be achieved at 800 

C chamber’s temperature, but the last printed layer, which is columnar and can be removed by cutting 

then. The estimated local austenite grain size and the local yield strength in the equiaxed regions are in 

the range of 15 to 30 μm and 270 to 330 MPa at 800 C temperature of printer’s chamber, respectively. 

 

Keywords:  3D printing, stainless steel, microstructure, mechanical properties, simulation 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 August 2020                   doi:10.20944/preprints202008.0573.v1

©  2020 by the author(s). Distributed under a Creative Commons CC BY license.

mailto:Hamed@uwalumni.com
https://doi.org/10.20944/preprints202008.0573.v1
http://creativecommons.org/licenses/by/4.0/


2 
 

 

- Introduction 

ASTM Standard F2792 has categorized additive manufacturing processes as Directed Energy Deposition 

(DED) and Powder Bed Fusion (PBF). Generally, the additive manufacturing process is using a heat 

source to deposit the melted materials layer by layer. 3D printing is a kind of rapid prototyping, and 

metal 3D printing can be beneficial for producing non-structural applications for design purposes [1]. 

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

printed sample were experimentally studied [2–7]. Mechanical properties and microstructure of the 

metal 3d printed samples are not fully reliable for applications, especially for load-bearing parts. So, 

printed samples need additional postprocessing [8, 9], and the effect of heat treatment on mechanical 

properties/microstructure needs to be studied in detail [10]. Thermal history during printing and 

melting/solidification conditions are controlling subsequent microstructure, then mechanical properties 

[11]. The simulation gives many details about thermal history during printing [7, 12–15]. There is some 

research that coupled macroscale thermal simulation coupled with mesoscale microstructural 

evaluation [16–19]. There are several published kinds of research on mesoscale microstructural 

simulations for powder bed-based additive manufacturing in the first layer of the print [20–25]. In 

addition, there are researches on addressing the grain structure of the additively manufactured 

materials, especially for powder bed fusion [25–28]. Computational phase transformation or phase 

fraction based on the continuous cooling curves and phase diagrams are still limited for metal 3D 

printing. Still, there are published researches on welding, which is very close to metal additive 

manufacturing [29]. Computational prediction of phase transformation in steel is more challenging than 

grain morphology prediction, which could be simply studied computationally [30, 31]. Phase 

transformation simulation could be done and simplified by the use of phase diagrams and a continuous 

cooling curve to predict the phase percentages [32].   

This research is a process modeling of metal 3D printing of austenite stainless steel with a direct laser 

deposition (DLD) method. The effect of temperature of the printer’s chamber on microstructure and 

yield strength of the printed sample was studied. 

- Computational method 

In this research, a multiscale multiphysics computational code was developed in Visual Basic 2015. The 

computational outputs of this code are 3D thermal and microstructural (grain size) history during metal 

3D printing of austenite stainless steel. It has two major computational algorithms i. Thermal analysis 

and ii. The microstructural analysis which are discussed in the following topics. The yield strength is 

calculated by the Hall-Petch equation and calculated austenite grain size. Fig 1 shows the computational 

algorithm of the multiscale and multiphysics simulation of this research. 
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Fig. 1 – The computational algorithm of the multiscale and multiphysics simulation of this research. The 

developed computational algorithm for the prediction of austenite grain size according to thermal history.  
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o Thermal analysis 

Equation 1 was used for thermal analysis in which 𝜌 is density, 𝐶𝑝 is the specific heat, 𝑇 is temperature, 

𝑡 is time, 𝜆 is the thermal conductivity, and 𝑄 is the source of heat. 

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
= ∇. (𝜆∇𝑇) + 𝑄          (1) 

Equation 1 was solved by the finite difference method. In metal 3D printing, we have metal powders 

that are blown to the laser to be melted by laser and thus, adding a new layer during metal 3D printing. 

To tackle this subject, new nodes (for newly melted powders which are added from the nozzle) will be 

added to the defined position (exactly under the nozzle) on the previously printed part of the model 

during each time step. This is the used method to update the model to consider newly melted metal 

powders through the nozzle. 

For the laser heat source, power distribution is in the range of a millimeter [1]. In this research, we 

considered a constant temperature for melted powders as the initial condition rather than using laser 

energy and conventional Gaussian surface heat source, top-hat distribution, or Goldak’s double ellipsoid 

heat source [33] as a boundary condition. The higher temperature of melted powders means higher 

laser power.  

The rest of the simulation domain, which is not under the effect of the printer nozzle (direct contact 

with the laser), exchanges the heat between the surface of the printed sample and the environment. 

The energy balance (equation 2) was applied as a thermal boundary condition. This equation has the 

physical meaning of both thermal convection and radiation. ℎ represents both the thermal convection 

and radiation coefficients.  The value of 𝛽 was considered to be 0.9, as recommended for hot-rolled 

steels [34].  

−∇. (𝜆𝑖∇𝑇) = ℎ(𝑇 − 𝑇∞)      (2) 

ℎ = 0.00241 × 𝛽 × 𝑇1.61          

 

o Microstructural analysis 

Austenite grain growth is one of the important subjects that will control the final mechanical and 

physical properties of the fabricated metallic sample. The grain growth of austenite was quantitatively 

simulated according to the calculated local thermal history of the printed model. Stochastic 

computational algorithms were developed to simulate i. Austenite nucleation, ii. Austenite formation, 

and iii. Austenite grain growth. The stochastic method uses kinetic equations of phase nucleation and 

formation to define the chance of phase transformation of each point in the discretized model. These 

kinetic equations need thermal history and heating/cooling curve between 800 C to the melting point. 

The thermal range of 800 C to the melting point was considered high enough to change the 

microstructure. Surface energy or surface tension (surface curvature) of each austenite grains is also 

controlling microstructure shape and needs to be considered in the simulation. A weighted coordination 

number was used for each point (a node in the discretized model) to account for the surface energy of 

each austenite grain. In the discretized model, each point has three kinds of neighbors. The neighbor has 

shared surface contact, the one which shares a contact by line, and the last one has point contact, and 
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they are were weighted by 1, 0.75, and 0.25, respectively. During the simulation, computational code is 

checking all the neighbors of each point and detects the neighbors. Based on this and the defined 

weighted number for each neighbor, a new number is assigned to each computational point, which is 

the summation of all the weighted numbers of the same neighbors. If this number is 19, it means that 

this point is inside its grain (austenite grain in this simulation). If it is lower than 19, it means that this 

point is at the grain boundary. Besides the effect of temperature on grain growth, this number is also 

controlling the microstructural evolution and its shape. The higher weighted number means more 

neighbors and a more stable position (lower surface energy) than the case with a lower weighted 

number. So, the chance of leaving a point from the current position to be part of the neighbor austenite 

grain is higher if the number is lower.  

Probability number for austenite grain growth (𝑃𝑔𝑟𝑎𝑖𝑛 𝑔𝑟𝑜𝑤𝑡ℎ) was defined based on its grain boundary 

velocity (𝑉𝑔𝑟𝑎𝑖𝑛 𝑔𝑟𝑜𝑤𝑡ℎ) and the weighted coordination number. The used equation is: 

𝑃𝑔𝑟𝑎𝑖𝑛 𝑔𝑟𝑜𝑤𝑡ℎ =
𝑉𝑔𝑟𝑎𝑖𝑛 𝑔𝑟𝑜𝑤𝑡ℎ. 𝑑𝑡

𝑑𝑥
× (𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑛𝑢𝑚𝑏𝑒𝑟)          (3) 

𝑉𝑔𝑟𝑎𝑖𝑛 𝑔𝑟𝑜𝑤𝑡ℎ = 1.67 × 10−7𝑒(
−124500

8.314𝑇
)          (4) 

𝑇 is temperature, 𝑑𝑡 is a simulation time scale, and 𝑑𝑥 is the numerical mesh size. More details about 

the used stochastic method for microstructural simulation were explained in reference [34] by the 

author. 

 

- Results and discussions 

Local temperature variation of the printed layers directly controls the microstructure, and the local 

microstructure will affect the final mechanical properties. In this research, the temperature distribution 

was simulated, and the heating/cooling curves for some points of the printed sample have been 

extracted. Fig. 2 shows the defined points which were used to extract the temperature variations during 

printing. The simulated results are shown in fig. 3 for point P11, P12, P21, P22, P31, and P32 due to the 

symmetry. The laser power (or equivalent temperature), print speed, and powder’s feeding rate were 

kept constant in this simulation. The laser power assumed to be enough to reach the melting powders 

to 1800 C. The print speed and powder’s feeding rate were 2 mm per second and 100 mg per second, 

respectively. The local temperature’s variations have been simulated at different chamber’s 

temperatures. Four temperatures of the printer’s chamber have been checked (25, 700, 750, and 800 C).  
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Fig. 2 – (A) Schematic shows how recently melted metal powders will be added to the model during each 

time step of simulation to construct layers on each other, and (b) shows the size of a cross-section with 

some points. 
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Fig. 3 – Simulated temperature profiles at different positions and temperatures of the printer’s chamber. 

 

If any points reheated again due to the heat of the last printed layer, but it could not reach the 

temperature higher than 800 C (the approximate limit temperature that could affect the 

microstructure), it means the microstructure will not be affected by temperature significantly. So, there 

is no substantial microstructural evolution, and the solidified microstructure will also remain unchanged 

at least austenite grain morphology. But if any point reheats and experiences temperatures higher than 

800 C, the microstructure will be changed from a solidified microstructure. The solidified microstructure 

has mainly columnar grain structure, which has been grown in the direction of the head flow during 

cooling. So, the mechanical properties of the solidified microstructure are anisotropic. The regions 
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reheated by the temperature higher than 800 C would have an equiaxed microstructure, and the 

mechanical properties would be isotropic. 

Microstructural evolution, which is a direct consequence of local heating and cooling conditions, was 

simulated and studied by a stochastic model. This is a mesoscale simulation and a cube with a size of 

210 𝑚 × 210 𝑚 × 210 𝑚 was extracted from different positions of the printed model to compare. 

The calculated thermal history was used as an input for microstructural evolution in the stochastic 

model. This cube was discretized by 343000 numbers of computational elements, which means 3 µm 

mesh size. The overall concept of the stochastic model is based on the physical-based probability 

number, which is assigned to each computational element. For example, if the whole cube is liquid and 

it is at the solidification temperature or lower, a probability number based on the kinetics of 

solidification will be assigned to each computational element of the discretized cube and if a produced 

random number by computer is higher than the probability number, the state of that element will be 

changed to the solid from the liquid. There is the same scenario for new austenite nucleation, phase 

transformation of ferrite/pearlite to austenite, and austenite grain growth. 

If the temperature of the extracted cube from the printed model is higher than 1500 C, it is a melted 

zone (liquid metal). Solidification will start with homogenous and heterogeneous nucleation at 1500 C 

and lower. We used the function (probability number) in equation 5 to decide the state of each element 

if it is liquid or solid: 

𝑃𝑆𝑜𝑙𝑖𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 =  𝑒−𝑄/(𝐾𝑇)          (5) 

Where 𝐾is Boltzmann’s constant, 𝑇 is temperature, and 𝑄 is the activation energy. The values for 𝑄 are 

considered 1 × 10−19 𝐽 and 1.8 × 10−17 𝐽 for heterogenous and homogenous nucleations, respectively. 

Although the exact grain sizes after solidification and grain growth are sensitive to 𝑄 number, the 

physical prediction of the microstructure is reliable by the used 𝑄 number in this research, and 

computational estimation of the position of fine or coarse austenite grains in the model is not affected 

by Q value too much. 

The as solidified microstructure has a columnar grain structure in the direction of heat flow during 

cooling and solidification. The new austenite grains will start to nucleate and grow if the sample 

reheated again at a temperature higher than 800 C. Printed samples in the chamber with a temperature 

higher than 700 C experienced local temperature in some points higher than 800 C when reheated 

again. Hence, we have austenite grains nucleation and growth in some parts of the samples. This subject 

shows in fig. 4, fig. 5, and fig. 6. If a uniform microstructure is a goal, only the chamber’s temperature at 

or higher than 800 C could eliminate the columnar regions but the last printed layer (top printed layer), 

which can be removed then. 
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Fig. 4 – Simulated austenite grain size, grain morphology, and its map at 700 C temperature of the 

printer’s chamber. 

 

 

Fig. 5 – Simulated austenite grain size, grain morphology, and its map at 750 C temperature of the 

printer’s chamber. 
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Fig. 6 – Simulated austenite grain size, grain morphology, and its map at 800 C temperature of the 

printer’s chamber. 

If the microstructure is equiaxed austenite grain, the yield strength could be calculated by the Hall-Pitch 

equation. Fig. 7, fig. 8, and fig. 9 show the map of yield strength in the equiaxed region of the printed 

sample at different temperatures of the printer’s chamber. 

  

Fig. 7 – Calculated yield strength and its map at 700 C temperature of the printer’s chamber. 
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Fig. 8 – Calculated yield strength and its map at 700 C temperature of the printer’s chamber. 

 

Fig. 9 – Calculated yield strength and its map at 700 C temperature of the printer’s chamber. 

 

The simulated results of grain size and yield strength at different chamber’s temperatures are 

summarized in fig. 10. The higher chamber’s temperature means larger grain size and lower yield point 

in the equiaxed region. Almost a fully equiaxed austenite microstructure will be achieved at 800 C 
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chamber’s temperature, but the last printed layer, which is columnar and can be removed by cutting 

then. The estimated local austenite grain size and the local yield strength in the equiaxed regions are in 

the range of 15 to 30 μm and 270 to 330 MPa at 800 C temperature of printer’s chamber, respectively. 

 

Fig. 10 – Yield strength and austenite grain size from bottom to top through the first printed layer at 

different temperatures of the printer’s chamber. 

 

- Conclusions 

Metal 3D printing is an exciting manufacturing method but needs more optimizations of the printing 

process to have a reliable product directly for structural applications. This research tried to address the 

austenite grain morphology and subsequent yield strength of the printed sample. The simulation was 

done at constant print speed, laser power, and rate of metal powders injection but the different 

temperature of the printer’s chamber. Simulation results show that the temperature of the printer’s 

chamber has an effect on the microstructure of the printed sample. Highlighted computational results 

are as follows: 

1. The austenite grain topology is more columnar at the lower temperature of the printer’s 

chamber.  

2. The percentage of the equiaxed zone will be increased at a higher chamber’s temperature.  

3. Almost a fully equiaxed austenite microstructure will be achieved at 800 C chamber’s 

temperature, but the last printed layer which is columnar and can be removed by cutting then.  
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4. The estimated local austenite grain size and the local yield strength in the equiaxed regions are 

in the range of 15 to 30 μm and 270 to 330 MPa at 800 C temperature of printer’s chamber, 

respectively. 
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