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Abstract

A longstanding challenge is to optimize additive manufacturing (AM) process in order to reduce
AM component failure due to excessive distortion and cracking. To address this challenge, a
multi-scale physics-based modeling framework is presented to understand the interrelationship
between AM processing parameters and resulting properties. In particular, a multi-scale
approach, spanning from atomic, particle, to component levels, is employed. The simulations of
sintered material show that sintered particles have lower mechanical strengths than the bulk
metal because of their porous structures. Higher heating rate leads to a higher mechanical
strength due to accelerated sintering rates. The average temperature in the powder bed increases

with higher laser power. The predicted distortion due to residual stress in the AM fabricate
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component is in good agreement with experimental measurements. In summary, the model

framework provides a design tool to optimize the metal based additive manufacturing process.

1. Introduction

Laser Powder Bed Fusion (L-PBF) is a primary additive manufacturing process for metallic
components. A longstanding challenge is to optimize additive manufacturing process in order to
reduce AM component failure due to excessive distortion and cracking. The growth need of
reliable methods to improve quality of AM parts greatly depends on the quantitative
understanding of powder deposition and laser sintering during the 3D printing process. Although
there are extensive experimental efforts and several modeling techniques for a variety of metallic
materials, there is still a lack of thorough comprehensive understanding of the process-property

relations in the PBF process, which hinders the wide application of the technique.

Modeling the PBF process requires a good level of understanding of the fundamental sciences,
including heat transfer, powder mechanics, and modeling of laser source, among others. The
sintering process usually occurs very fast (in nano seconds), that extremely increases the
difficulty of experimental measurements. Molecular dynamics (MD) simulation is a powerful
tool that is capable to capture the sintering kinetics at very short time and nanosize scale.
Discrete element modeling (DEM) is suitable to obtain the information at particle level, e.g.,
powder flow during the laser heating, as well as the powder movement during the recoating
process. With the DEM simulation, localized powder size distribution and the corresponding
powder size based properties can also be applied to the continuum FE model for complex-shaped

components.



In this work, a modeling framework of modeling the PBF process is proposed, as illustrated in
Figure 1. Several length scales and multiple physics are included in this framework. Sintering
mechanisms, atomic diffusion, and resultant mechanical properties are investigated using a
molecular dynamics model at atomistic scale. Powder deposition, powder flow, and laser heating
of the powder bed are simulated by a discrete element model at mesoscale. Additionally, a finite
element study of thermal stress or distortion evolution at macroscale level is presented. The

coupling between the different scales is also illustrated in Figure 1.
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Figure 1: (a) Multi-scale multi-physics modeling framework of the laser powder bed fusion

process, (b) Coupling between different scales and experimental validation.

2. Methods

2.1 Molecular dynamics model

The embedded-atom method (EAM) [1, 2] was used for describing the atomic interactions between

nickel particles. In EAM, the total energy Ei of an atom i is given by

1
E; = F,(Zzipp(ri))) + 5 2jxi Dap (i) (1)
where F is the embedding energy that represents the energy required to place atom i of type o

into the electron cloud. pgis the contribution to the electron charge density from atom j of type f



at the location of atom i, @ap is a pair-wise potential interaction, and « and £ are the element
types (both were Ni in this work) of atoms 7 and j, 7;; is the distance between atoms i and j. The
multi-body nature of the EAM potential is a result of the embedding energy term. Both
summations in the formula are over all neighbors j of atom i within the cutoff distance. In this
work, molecular dynamics software package Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [3] was used for simulations of sintering of nickel powder and also the
mechanical behavior of sintered parts. Additional details of the MD model are given in Refs.[4,

5].

2.2 Discrete element model
Discrete element method (DEM) is a numerical technique that calculates the interaction of a large
number of particles [6], which is particular useful to describe the L-PBF process, including
powder flow and powder heating. In this study, the LIGGGTS package [7] was used to simulate
the interaction among metal particles. For particle flow simulations, the DEM calculates the
defined displacements and rotations of discrete bodies of various types of particle shapes, which
can be predicted through the gathering of assembled particles [8]. Particles are simulated through
solving the Newton’s second law of motion and rigid body dynamics equation combined with
specific time-stepping algorithms [9, 10]. Equations 2 and 3 are the corresponding governing

equations for translational and rotational motion, respectively [10]:

mX; = myg + X Fj; (2)

L6 = Yi(rij - Fyj) (3)



with X, translational acceleration, m, mass of the particles 7, g acceleration due to gravity, F;, force
at contact with neighboring particles j, ; vector directed from the center of the particle i to the

contact point with particle j,and /; the mass moment of inertia of the particle i.

For inter-particle interactions, Hertzian potential force with no cohesion reaction is used. The

Hertzian formula to compute the pair potential forces are as follows [11-13]:

Fuie = (knSnij — Mepryavn) — (keDs; + Mesryevy) 4)

F,, = N RiR; Frp = NE) R}:"% [(annij — meffynvn) — (ktAst + meffytvt)] (5)

RL'+R]' j

with R; and R; are the radii of particle i and j, respectively, & the overlap distance of two particles,
k the elastic constant, y the viscoelastic damping constant, 4s the displacement vector between the
two spherical particles which is truncated to satisfy a frictional yield criterion, n;; the unit vector
along the line connecting the centers of the two particles, vthe component of the relative velocity
of the two particles; indices n and ¢ referring to normal and tangential contact respectively. Fy the
force calculated using the Hookean style, F. the force calculated using the Hertzian style, and ms

the effective mass of two particles. Additional details of the DEM are given in Refs. [4, 5].



2.3 Finite element model

A coupled thermal-mechanical finite element (FE) model including both thermal and mechanical
components was developed. In this model, the temperature field is obtained from a transient heat
transfer model for laser heating, and then used as the boundary condition of a quasi-static solid

mechanical model to predict residual stress and distortion.

In the heat transfer model, the temperature field under selectively laser heating is obtained from

the transient heat conduction equation:

O0H

P(5)=—V'q+0 (6)

where p is the density of material, H is the enthalpy, t is time, Q is the heat generation rate, V is
the gradient operator, and q is the heat flux, which is a function of temperature and thermal

conductivity by the Fourier’s law:

q=—-kVT (7)

where £ is the temperature dependent thermal conductivity and T is temperature.

Phase change, including melting and solidification during the laser heating is also considered in
the heat transfer model. The latent heat is represented in the temperature dependent enthalpy by a
sudden increase around the melting temperature. Heat convection is applied at the outer surface,

according to the Newton’s law of cooling:

0Q
— = hA(Ts — Tw) (8)

where h is the convection coefficient, A is the surface area, T is the surface temperature and T,
is the ambient chamber temperature. Additional details of the FE model are given in Refs [14,

15].



3. Results and discussion

3.1 MD modeling of sintering of nickel particles

Figure 2 shows the diffusivities (D) at five different sintering temperatures, 700 K, 800 K, 900 K,
1000 K, and 1100 K, which were calculated based on the mean-squared displacement (MSD). As
expected, the diffusivities increase with increasing temperature for both the in (particle core) and
out (particle shell) regions. The out region has a higher diffusivity than that of in region due to
combined surface and grain boundary diffusions, while the in region has less diffusion due to

mainly volume or lattice diffusions.
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Figure 2: Diffusivities of in (particle core) and out (particle shell) regions at the temperature
range of 700 K ~ 1100 K. The linearly fitted lines and corresponding regression equations are

also shown.

In order to understand the diffusion mechanisms during sintering, we compared the activation
energy of particle surface (surface diffusion) and particle core (volume diffusion). The calculated
activation energies of Ni diffusion is 6.10 KJ/mole in the particle core, and 6.24 KJ/mole on the

particle surface, which are than the experimentally reported value 7.89 KJ/mole [16].

Surface diffusion and volume diffusion have similar activation energy, suggesting the mass
transfer in our model can’t be simply explained by only one single dominating diffusion
mechanism. Movements of atoms are mostly driven by crystal structure transformation rather than
any conventional diffusion mentioned above. As shown in Figure 3a, the vector plot of atomic
displacements illuminates the atom movements during sintering. By analyzing movement of atoms,
neither surface diffusion nor grain boundary diffusion pattern can be identified. Atoms move in
relatively small amount to change the particle’s internal structure. At the end of sintering, different
dislocation-free twinning structures are observed, as shown in Figures 3b - 3d. The color shown
in the figures is defined by localized common neighbor analysis, where green color represents
face-centered cubic (FCC), and red represents hexagonal close packed (HCP). The sintered
structures at lower temperatures (700-1100 K) result in almost a single crystal FCC structure. For
sintering at temperature of 1200 K, the sintered structure ends up with a five-fold twinning
structure. Sintering at 1300 K generates two parallel twin boundaries as shown in Figure 3d. Thus,
the model suggests that the mass transfer in the MD model is primarily due to the dislocation-free

elastic wave.
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Figure 3: (a) Displacement vector plot during the sintering. The sintered structures with

following sintering temperatures: (b) 1000 K, (c) 1200 K, and (d) 1300 K.

3.2 MD modeling of mechanical response of sintered nickel particles

For the MD tensile test simulations, a tensile strain was applied in the direction of along the two
particle centers. The pressures of the simulation systems were extracted, and the stress data were
plotted against strain from 0 to 0.2. Dislocation and common neighbor analysis were conducted to
analyze the structural change during the tensile process as shown in Figure 4. The color curves in
the figure show the dislocation lines based on localized structure [17]. The two-particle model’s
plastic deformation began at the strain of 0.10, as shown in Figure 4a of initial occurrence of
dislocations. In Figure 4b, the number of dislocation segments increased rapidly during the strain
range of 0.10 - 0.11, with a strong atomic motions along dislocation lines, indicating large plastic

deformation. With further application of strain, the dislocations were annihilated by combining

dislocation lines as shown in Figure 4c.
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Figure 4: Structural change of the two

0.10, (b) 0.11, and (c) 0.20. Colors show the dislocation type: blue is 1/2 <110> perfect, green is

1/6 <112> Shockley, purple is 1/6<110> stair-rod, and red is other.
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Figure 5 shows the stress-strain curves of the all cases with different heating rates, including the
two-particle model, the 41-particle model, and FCC bulk nickel crystal for comparison. At lower
strain range, all the models had linear increments of stress, until the yield stress was reached at the
strain range of 0.05~0.1. Comparing the results, the sintered 41-particle structures had lower
mechanical strengths than the bulk crystal, due to their porous structure and non-periodic nature
of the nickel atoms. The two-particle model showed the lowest strength among all models, due to
the small neck size between two nickel particles. By comparing the sintered structures at different
heating rates, the model with a higher heating rate showed a higher mechanical strength. The
reason is that during the same sintering period, higher heating rates promote densification to reduce
porosity, and resultant density is more close to the bulk structure. Oscillations of the stress-strain
curves after yield were observed in Figure 5. Due to the finite volume of the simulation system,
the calculated stresses after yield are greatly affected by the increased porosity and the cut-off

distance used in the EAM potentials.

The bulk Ni simulation in Figure 5 shows a calculated Young’s modulus of 127 GPa, which is
lower than the reported 200 GPa in polycrystalline FCC Ni [18]. The underestimation is likely

due to the accuracy of EAM potential used in this work.
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Figure 5: Stress vs. strain curves of sintered nickel particles at various heating rates.

3.3 DEM of the sequence and temperature fields in L-PBF process
Figure 6 shows the sequential schematics of the simulated L-PBF process. Four stages, i.e., powder
deposition, recoating, laser heating, and holding period, were simulated. The particles in red have

higher temperatures, while the particles in blue have lower temperature values.

(a) (b)
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Figure 6: Temperature distributions in the L-PBF process simulations. (a) deposition of
particles, (b) recoating process, (c)laser heating of particles, and (d) holding period. The particles

are labeled using colors to present their temperature (unit: K).

Additionally, the effects of laser heating parameters, which includes laser power, scan speed, and
hatch spacing, on the temperature distribution in the powder bed were analyzed. The temperature
distributions are visualized, and the average temperature of the powder bed versus time are plotted
to understand the behavior of thermal history. As an example, the average temperatures in the
powder bed of 100 W and 300 W are plotted in Figure 7. The maximum average temperature
produced by the 300 W laser can reach up to 383 K whereas the 100 W laser only reaches up to
358 K. This is consistent with the Rosenthal solution [ 19], where the melt pool temperature during
the sintering process increases with increasing laser power when the laser scan speed is kept

constant.
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Figure 7: Average temperature of the powder bed versus time for 100 W and 300 W laser

powers.

3.4 FE modeling of residual stress and distortion of the fabricated component

Using the coupled thermomechanical FE model, the predicted distortion in 3D printed component
is shown in Figure 8, compared against experimental observation shown in Figure 8b. The overall
shape distortion comparison shows a good agreement. As shown in Figure 8, the distortion is

measured at the bottom right of the support material. The predicted distortion from the model is

15



5.59 mm, which is in good agreement with the experimental measurement of 5.22 mm.
Additionally, the cracking location is correctly predicted, which is in the middle of support-solid

interface.
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Figure 82: Comparison of simulation predicted distortion with experimental result. (a)
predicted vertical displacement (unit: m), (b) experimental observation of distortion of the

component. The crack and distortion of the component are also marked.

4. Concluding remarks

In this work, a multi-scale multi-physics modeling framework for the L-PBF process is presented.

Molecular dynamics model, discrete element, and finite element model were developed to

16



understand sintering, powder flow, residual stress and cracking in the components. The coupling

of among these models is discussed. The major conclusions are summarized as follows.

1. The diffusion of atoms is higher on particle surface than the particle core. The calculated
activation energy of nickel particle diffusion is 6.10 KJ/mole in the particle core, and 6.24
KJ/mole on the particle surface, which are reasonably in agreement with experimental data
7.89 KJ/mole.

2. Atomistic tensile test simulations of sintered material show that sintered nickel particles have
lower mechanical strengths than the bulk nickel crystal because of their porous structures.
Higher heating rate leads to a higher mechanical strength because of accelerated sintering rates.

3. The effect of laser power on the temperature distribution of the powder bed was studied using
the DEM. The average temperature in the powder bed increases with higher laser power.

4. The predicted distortion of the L-PBF printed component is in good agreement with experiment.
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