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Abstract: Re-melting process has been utilized to mitigate the residual stress level
in the selective laser melting (SLM) process in recent years. However, the com-
plex consolidation mechanism of powder and the different material behavior after
the first laser melting hinder the direct implementation of the re-melting process.
In this work, the effects of re-melting on the temperature and residual stress evo-
lution in the SLM process are investigated using a thermo-mechanically coupled
finite element model. The degree of consolidation is incorporated in the energy
balance equation based on the thermodynamically-consistent phase-field
approach. The drastic change of material properties due to the variation of tem-
perature and material state is also considered. Using the proposed simulation fra-
mework, the single-track scanning is simulated first to predict the melt pool
dimension and validate the proposed model with the existing experimental data.
The obtained thermal histories reveal that the highest cooling rate is observed
at the end of the local solidification time which acts as an important indicator
for the alleviation of temperature gradient. Then, the scanning of a whole single
layer that consists of multiple tracks is simulated to observe the stress evolution
with several re-melting processes. After the full melting of powder material in the
first scanning process, the increase of residual stress level is observed with one re-
melting cycle. Moreover, the predicted stress level with the re-melting process
shows the variation trend attributable to the accumulated heat in the tracks. The
numerical issues and the detailed implementation process are also introduced
in this paper.

Keywords: Seclective laser melting; thermo-mechanical analysis; Ti-6Al-4V;
additive manufacturing; re-melting; residual stress

1 Introduction

The additive manufacturing (AM) process is an advanced manufacturing technique to build a three-
dimensional part using computer-aided-design (CAD) with successive melting/fusing/curing processes of
distributed raw material on a solid substrate. Among the AM processes defined by ASTM [1], selective
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laser melting (SLM) is one of the powder bed fusion (PBF) processes where the metallic powder is melted
and fused by a high power-density laser to build a part. In recent years, SLM has gained significant attention
owing to its ability to fabricate metallic parts with complex geometries and added functionalities [2].
Furthermore, the layer-by-layer manufacturing approach of SLM enables quicker production compared to
the conventional manufacturing process. The full melting of powder during the SLM process also leads to
a near full density (99.9%) of the printed part with various metallic materials [3]. Therefore, SLM is now
one of the most commercialized PBF processes used in several core manufacturing industries including
automobile, aerospace, biomedical, and energy industries [4—S8].

Despite the advantages of the SLM process, the inability to fully observe and model the complex nature
of the process hinders the wide implementation of SLM. During the SLM process, highly concentrated heat
energy induced by a laser beam is absorbed by powder particles leading to localized melting which forms a
molten region called melt pool. Then, the rapid consolidation of the molten material occurs as the center of
the heat source moves to the scanning direction. The heating and the consolidation mechanism in the SLM
process include various physical phenomena (melting, vaporization, and melt pool dynamics such as
Marangoni convection) [9]. The short interaction time and rapid consolidation (10°—10% K/s) [10] also
makes it challenging to manage and optimize the process. For instance, the high cooling rate and steep
temperature gradient due to the short powder-laser interaction time cause residual stress and distortion in
the printed products. For an SLM processed part, residual stress is the main cause of failure which could
lead to cracks that weaken the mechanical properties of the part as reported by [11-13]. Furthermore,
the unstable geometry of the melt pool due to the improper selection of process parameters could induce
the formation of the balls (which is called ‘balling effect’) and increases the surface roughness as well
as the porosity [14].

To mitigate these defects and improve the mechanical properties of the SLM printed parts, laser re-
melting procedure has been employed as a solution. Yasa et al. [15] studied the influence of re-melting on
the density and the surface quality of SLM printed 316L stainless steel and Ti-6Al-4V parts. They
reported that the re-melting process improves the density to near 100% and reduces the surface roughness
about 90%. Shiomi et al. [16] applied the re-scanning process during the SLM process of 316L stainless
steel and proved that the residual stress is relieved with 150% of the forming energy. On the other hand,
laser re-melting does not always lead to the enhancement of the quality of the SLM printed part. Kruth
et al. [17] applied the post scanning process with the same scan pattern and spot size during the
fabrication of Ti-6Al-4V parts. They found out that only the re-scanning process with low scan speed can
reduce the residual stress. They concluded that the laser re-melting with high scanning speed rather
increases the residual stress due to the high thermal gradient. Furthermore, Wei et al. [18] demonstrated
that the one cycle of re-melting even led to an increase of residual stress due to the less amount of
absorbed energy after the densification of powder material. These results show that the laser re-melting
should be carefully applied considering the process parameters and the heat transfer mechanisms of
the SLM process.

In recent years, numerous numerical models have been proposed and used to investigate the temperature
and stress evolutions during the SLM process as well as the effect of the process parameters on the quality of
the printed part. Simulation methods with various scales have been proposed from the mesoscale approach
that considers individual powder particles to macroscale analysis with an entire part geometry. Chen et al.
[19,20] proposed a numerical model to investigate the fundamental mechanisms of the powder packing in
the PBF process based on the discrete element method (DEM). Khairallah et al. [21] proposed a 3D
mesoscopic model that couples thermal diffusion to hydrodynamics using the ALE3D multiphasic code
with a finite volume formulation. Yan et al. [22] proposed a multi-physics powder-scale model of PBF
process to study the physical mechanisms of track defects. The continuum-based finite element method
(FEM) has also been a promising technique to study the SLM process. Fu et al. [23] proposed a
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multilayer microscale SLM model with a surface moving heat flux considering the phase and temperature-
dependent material properties of Ti-6Al-4V. Their predictions of molten pool geometry and dimensions were
validated using the experimentally measured melt pool geometry. Gusarov et al. [24] proposed an analysis
model of laser beam interaction with the 316L stainless steel powder bed on a solid substrate. The authors
explained the “balling effect” by the Plateau-Rayleigh capillary instability and studied the melt pool
geometric characteristics that stabilize the process. Hussein et al. [25] presented a transient three-
dimensional finite element thermo-mechanical model of the SLM process to predict the temperature and
stress fields a single layer of 316L stainless steel. In their simulation results, the highest temperature
gradient was observed at the beginning of the scanning track and high cooling rates were predicted on
solid substrate rather than loose powder bed. Parry et al. [26] proposed a coupled thermo-mechanical
simulation to understand the effect of laser scan strategy on the formation of residual stress in the SLM
process. Foroozmehr et al. [27] developed a three-dimensional finite element model for SLM process
simulation which takes into account optical penetration depth (OPD) of the laser beam into the powder.
The proposed heat source model was first calibrated with existing experimental data and then was
validated by measured melt pool dimension in the subsequent experiment. Roy et al. [28] established a
novel heat transfer model for the SLM process considering the degree of consolidation using multiple
state variables to track melting, consolidation, and re-solidification process. The proposed model
considers the effect of the consolidation that leads to the reduction of absorbed laser power into the material.

Although there have existed considerable efforts to study and optimize the SLM process, the thermal
history and the consolidation behavior with the re-melting process have not been studied in detail. To
investigate the heat transfer mechanisms and the generation of residual stress with several re-melting
cycles, a numerical approach could be an effective solution to provide an insight into the process.
However, most of the previous studies seldom consider (or partially apply) the drastic change of material
properties and the degree of consolidation which can lead to insufficient reflection of the actual process.
Furthermore, the computational issues and implementation methods in finite element analysis also have
not been introduced in detail.

In this study, a simulation framework for the thermo-mechanical analysis of the SLM process
considering the temperature-dependent material properties, and the degree of consolidation is proposed
using commercial finite element analysis software ABAQUS. A heat transfer model based on the phase-
field approach considering the consolidation behavior and latent heat of vaporization is implemented with
the provided user-subroutines. The proposed model is then validated with the simulation results of the
single-track scanning process using the experimentally measured melt pool dimensions from existing
results. Then, a single-layer scanning process with several re-melting cycles is simulated and the stress
field is obtained by conducting sequentially coupled thermo-mechanical analysis. The model considers
the strain hardening and the annealing effect with the element deactivation techniques applied to the
powder state material. The different heat absorption mechanisms for the powder and dense state material
are also considered using both of the surface and volumetric heat flux models. Finally, the variation of the
stress level and the cooling rate after the local solidification with the several re-melting processes are
discussed to evaluate the process.

2 Models Description

To build a numerical model of the SLM process, complex physical phenomena including the moving
heat flux, the phase change, and the consolidation of the powder material with severe temperature change
must be considered. The consolidated material can undergo several heating cycles and be re-melted as the
laser beam passes the neighboring region during the process. Furthermore, the thermal and mechanical
properties of each material state (powder, liquid, and solid) are significantly different from one another. In
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this section, the numerical models for the thermo-mechanical analysis of SLM are described including the
governing equations for continuum-based finite element formulations, the reference heat source models,
thermal and mechanical material properties with effective values for powder/liquid states.

2.1 Thermal Equilibrium Equation Based on Phase-Field Approach

In this study, the powder bed is treated as a continuum material with effective material properties. The
fluid dynamic is not considered thus the melt flow and the recoil pressure due to the vaporization are
neglected for the following thermo-mechanical analysis. The governing equation of heat transfer which is
the energy balance equation for an arbitrary material point in a volume € is given by
de

2= V) +0rn), inQ M)

q=—kVT @)

where e is the energy density, q is the heat flux vector, r is the coordinate vector, O is the volumetric internal
heat generation rate, k is the thermal conductivity, T is the temperature, and ¢ represents the time. In the SLM
process, O becomes the heat-induced by the laser.

Wang et al. [29] proposed thermodynamically-consistent phase-field models for solidification based on
an entropy functional. The concept of phase-field function is then adopted by Roy et al. [28] in the form of an
energy balance equation with state variables to model the consolidation behavior of the material in the SLM
process. The energy density e in terms of 7" and material properties determined by the state variables ¢ and y/
defined by as follows

e=CGWT +p(d){Lr + [C = CW)(T — T }, 3)

where C; is the volumetric heat capacity in solid-state, C; is the volumetric heat capacity in the liquid state, L,
is the latent heat of fusion, 7, is the average melting temperature which is the average value of the liquidus
temperature 7; and the solidus temperature 7. The function p(¢) is a polynomial form of the phase parameter

_dp(9) _ d’p(9)

¢ which satisfies the required conditions that p(¢) = db  df =0, for ¢ =0 (solid), 1 (liquid)

to have local minima of Helmholtz free energy density for solid and liquid states given by

p(d) = ¢* (10 = 15¢ + 647) @)
The phase parameter ¢ and the consolidation parameter y are defined as follows

¢ Z%{tan [Aig:zm)} + 1} (5)

Y(r, 1) = max[o(r, ), Y(r, )], 0<¢ <t (6)

where ¢ = 0if T < Ty, ¢ = 1if T; < T, and becomes a value between 0 and 1 when 7y < T' < T;. A is the
parameter that determines the steepness of change which is 5.0 in this study for the smooth transition.
Y represents the degree of consolidation which is related to the history of the phase parameter (which
holds the maximum value of ¢) in each material point. The volumetric heat capacity of solid-state C; and
the thermal conductivity k are determined by the degree of consolidation y as follows

e=e(l—y) (7
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CG(y) = (1 —#)Cu ®)
k() = (1 =)k + ka, ©)

where ¢ and & are the porosity and the initial porosity of the powder, Cy is the heat capacity of the dense
material, k, and k; are the thermal conductivities of the powder material and dense material.

Lastly, the vaporization term is added in the energy density Eq. (3) to consider the latent heat of
vaporization with the corresponding phase parameter as follows

e=C(W)T +p($){Lr + [C1 = C(WT — T) } + Lip(,) (10)
d)V:%{tan[%} +l}, (11)

where L, is the latent heat of vaporization, T, is the vaporized temperature, T, is the liquidus temperature at
the liquid-vapor transition, 7, is the average vaporization temperature, and ¢, = 1 if 7,,, < T to indicate
whether the material is vaporized or not. The vaporized region is then treated as empty space with zero
conductivity with sufficient large heat capacity to limit the excessive rise of the temperature.

The material properties required for SLM process simulation are highly dependent on the temperature
and the material state due to the severe temperature fluctuation. The recommended thermophysical properties
are often used with some uncertainties near or above the melting temperature as reported by many previous
studies [30-32]. In particular, the effective thermal conductivity of the loose metallic powder is dependent on
the void fraction, powder size, and powder morphology rather than the material itself which is often assumed
as a small value compared to that of the dense state as in the previous study [33]. In this paper,
0.3 x 1073 W/mm - K is taken for the conductivity of the powder state and the linearly extrapolated
value made up to the melting point is used for the conductivity of dense material k,. In this study, we
consider Ti-6Al-4V with the material properties as listed in Tab. 1 [30-32,34-36].

Table 1: Thermal Properties of Ti-6Al-4V

Descriptions Values
Conductivity (powder) [W/mm K] k,=10.3x 103
Conductivity (dense) [W/mm K] kg =26.0 x 1073
Volumetric heat capacity (dense) [J/mm°K] Cs=3.65x1073
Volumetric heat capacity (liquid) [J/mm’K] Cr =498 x 1073
Latent heat of fusion [J/mm?] Ly =1.26
Solidus temperature [K] T, = 1878
Liquidus temperature [K] T; = 1923

Latent heat of vaporization [J/mm?] L,=443
Liquidus temperature (liquid—vapor) [K] T, = 3563

Vaporized temperature [K] T, = 3663
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2.2 Boundary and Initial Conditions

The main heat transfer mechanism in the SLM process consists of heat radiation to the powder layer
from the laser beam, heat conduction, and heat convection at the free surface. The typical boundary and
initial conditions for the SLM process are shown in Fig. 1. The heat transfer equation for a system is
supplemented by following initial and boundary conditions

T(r,0) =T, r € Q (12)
T(r,t) = To, on I'p, t>0 (13)
—kVT -n=gq, on Iy (14)
—kVT -n=h(T — Ty) + 0¢(T* = T;), on Ik (15)

where Ty is the initial temperature which is the ambient temperature (298 K), /4 is the convection coefficient,
o is the Stefan-Boltzmann constant, and ¢ is the emissivity. Dirichlet boundary condition of 7 is applied to
I'p, which is the contact area of the substrate the build plate with. Neumann boundary conditions where the
specified heat flux ¢ = 0 (adiabatic) is applied to /"y which is the lateral surfaces. Lastly, Robin or convective
boundary condition with radiation is applied to /' which is the free surface. The radiation loss has been often
neglected for SLM process simulation in the many previous studies [25,37-39] because it does not affect the
simulation accuracy significantly but increases the complexity due to its nonlinearity. Thus, only the
convective boundary condition with 4 = 10 W/m? - K on the free surface is considered in this study.

Movingheat flux

] '

Powder

. Q (r,t)

. Solid substrate g 5 c?'wed'on'
radiation

T (r,0) =Ty forallrin

'y — adiabatic

I rp —fixed temperature

Figure 1: Typical boundary and initial conditions for finite element analysis of the SLM process

2.3 Heat Source Model

For the simulation of the SLM process and other laser beam applications, numerical heat source models
are widely used to model the moving laser beam. In the numerical model, the laser beam is modeled as a
moving heat flux determined by the distance from the center of the virtual beam and other required beam
parameters including the laser spot diameter and the scanning velocity.

The representative numerical heat source models are generally divided into 2 types (2D or 3D) as shown
in Tabs. 2 and 3. The models can be used considering the different optical penetration depth of materials. For
example, the optical penetration depth is about tens of nanometers for dense material [40]. Thus, it is
reasonable to use the surface heat flux models for the dense state material. But to consider the optical
penetration through the porous material, 3D volumetric heat source models can be used to apply
volumetric heat flux.
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Table 2: Numerical heat source models—surface (2D) heat flux
Model equation Description Reference
() = 2P o 2PIR 2D Gaussian distribution [39,41]
R?
() = 24P L 2D Gaussian distribution with absorptivity and characteristic [42,43]
TR’ € beam radius
2P 22 2D Gaussian distribution with radiation reduced by reflection [24,44]
I(}"):(l Re)fze R o e .
7R and characteristic beam radius
1) = 4.55pP . 22 A different form of 2D Gaussian distribution in a single metal ~ [45]
- nR? powder layer
AP Equivalent form (numerical average) of 2D Gaussian distribution [46,47]
7R and characteristic beam radius
Table 3: Numerical heat source models—volumetric (3D) heat flux
Model equation Description Reference
AP 3D uniform energy [27]
O, », 2) =5 distribution with the
V=S8 X aopp X OPD optical penetration depth
(OPD)
_ Hg x Iz 3D conical moving heat  [48,49]
Ox, y, z) =4 x S flux with Gaussian
1 z\? distribution and decaying
Iz = 0.75 < 225 (S) 1.5 (S) +0 75) penetration function
2
o, [ 2[e—x)+ 6 -n)]
Hs =——exp 5
ndg op
P 2<(x B ut)z +y2) 2] 3D m(.wing. hegt ﬂux with  [50,51]
Ox, y, z, t) = exp| — exp<— _> Gaussian distribution and
moR? R 0 decaying penetration
function using Beer-
Lambert attenuation law
24P (x + vxt)z (y)2 (2)2 3D moving he;at f.lux:‘ [52,53]
Ox, y, z, t) = WCXP - 2 += +? Goldak’s semi-ellipsoid
b model
for x > 0 (front quadrants) 3D moving heat flux: [52,54]

for x < 0 (rear quadrants)
6v/34P
Ofx, y, z, 1) =

——=¢€
Zlfbf’?‘[ﬁ xp

(G0’ () (327
erbanﬁeXp (a,? * »2 + &2

Goldak’s double-ellipsoid
model
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The penetration depth and the other geometric parameters for volumetric heat source models are often
determined empirically and need calibration process which requires some experimental results beforehand.
Moreover, the obtained temperature fields based on these models are highly affected by the geometric shape
of the heat source rather than the applied process parameters and the absorption mechanisms.

In order to obtain a more analytical solution of the heat flux in the SLM process, Gusarov et al. [24]
solved the radiation transfer equation taking into account the scattering of the laser beam through the
porous material. The dimensionless form for the fraction of the absorbed energy through the porous
medium is as follows

q(&) :(411’1—‘13)D (1=nP)e (1 —a)e ™ +(1+a)e*] - (3+ne ™) x[1+a—n(l-a)

N(=E 2 (16)
% @09 1 —a— (1 +a - -2 '”52 - - )
D=(1-a)l —a—n(1+a)e* —(1+a)[l +a—n(l—-a)l (17)
a=1-1 (18)
A= BL (19)
f_p (20)
. 3 (1 — 80)

> wb, @n

where f is the extinction coefficient, D), is the mean diameter of the particles, L is the layer thickness, A is the
optical thickness, ¢ is the dimensionless coordinate, and # is the hemispherical reflectivity which is assumed
as 0.7 in this study. Then, the volumetric heat source due to the radiation absorption can be written as follows
with the Gaussian distributed laser energy and the consolidation parameter i/ to consider the less amount of
absorbed energy for the dense and molten state of the material.

_ - @ (1 — 80)
SR i) e
Io(r) = 22 2 (23)

In addition, the 2D Gaussian distributed heat flux is applied at the top surface with the absorptivity 4 of
0.3 for re-melting processes assuming full melting and consolidation of the material after first scanning.

2.4 Mechanical Model

The governing equation for static structural analysis which is the conservation of linear momentum
equation is expressed as follows

V.64 pb=0, in Q (24)

where b is the body force vector and ¢ is the Cauchy stress tensor. Neglecting the body force, only the first term
remains in the Eq. (24) for further finite element formulations. The mechanical constitutive law is given as
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6=C":8.=C": (e—g,— &) (25)

where C¢ is the linear elastic fourth-order material stiffness tensor, € is the total strain tensor and &, €p, and
& are the elastic, plastic, and thermal strain tensors respectively. For the elastoplastic constitutive material
model, isotropic and kinematic hardening models are generally adopted in the SLM process simulations. In
this paper, the isotropic hardening model with Von Mises yield function is used which is given as

fZGVM—I"—O'y() (26)
3 1/2
Oym = <§G/ : Gl> R (27)

where f is the yield function, gy, is the Mises’ stress, 7 is the isotropic hardening stress, ayy is the yield stress, ¢/
is the deviatoric stress tensor, and the plastic strain increment according to the plastic flow rule is as follows

o
de, = d\— 28
where d\ is the plastic multiplier which is the increment in equivalent plastic strain dp for VonMises material.
For an incremental formulation, the current stress "6 can be updated using the previous stress "~'6, and the
stress increment Ac as follows

"6 =""'6 4 Ac (29)

If f = oyym —r — 0y <0 (i.e., within linear elastic range), the stress is updated without plastic strain
increment.

Ac = C : (Ae — Agq,) (30)

If f = oyy —r — 06,, > 0 (i.e., out of the linear elastic range), the stress is updated with plastic strain
increment as follows

Ac = C”: (Ae — Agp — Agy) (31

The mechanical properties of solid Ti-6Al-4V used in this study are listed in Tab. 4 (interpolating and
extrapolating the values reported in the previous studies [47,55-58]). For powder and liquid states, the
stiffness of the material is negligible compared to the stiffness of the dense solid-state. Thus, a small
value (0.1 GPa) compared to the value of the dense solid-state under room temperature (125 GPa) is used
for the powder stiffness to make it virtually zero (deactivated), but not exactly zero to guarantee a
positive definite stiffness matrix. The negligible yield stress at the melting temperature is set to be
0.1 MPa [26] with perfect plasticity to consider the annealing effect (equivalent plastic strain is reset to
zero to remove the hardening memory) [59] at the liquidus temperature.

3 Implementation with Finite Element Method

To obtain the predictions for temperature and stress fields in the SLM process, including subsequent
results such as melt pool dimensions and residual stress field, a sequentially coupled finite element
analysis framework is developed using the commercial software ABAQUS/Standard. ABAQUS provides
the interface for programming user-defined material behavior and boundary conditions. The specific
features and numerical models of SLM introduced in Section 2 are implemented using the provided user
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subroutines [60]. The flow chart for the thermo-mechanical analysis of the SLM process with relevant user
subroutines is shown in Fig. 2. First, thermal analysis is conducted to obtain the temperature field with
defined geometry, mesh, and 3D thermal finite element (DC3D8). Then, the transient temperature field is
passed to the subsequent mechanical analysis as a predefined field. The same geometry and mesh, but
different element type (C3D8) are used in the mechanical analysis to obtain the stress and deformation
induced by the thermal expansion. The state variables that are dependent on temperature histories are
updated at every time increment. The implementation process and programmed user subroutines for each
analysis are described with relevant computational issues in this section.

Table 4: Mechanical properties of Ti-6Al-4V

Temperature  Young’s  Yield stress Poisson Plastic tangent Coefficient of

K] modulus g, [MPa] ratio v modulus H, thermal expansion
E [GPa [GPa] (CTE) a [107¢/K]

297 125 1000 0.34 0.7 8.78

367 110 630 0.35 2.2 9.83

478 100 630 0.35 2.2 10.01

590 100 525 0.36 2.2 10.71

701 80 500 0.36 1.9 11.10

812 74 446 0.37 1.9 11.22

923 55 300 0.38 1.9 11.68

1034 27 45 0.40 2 12.21

1145 20 25 0.42 2 12.29

1367 5 5 0.44 2 12.37

1923 0.1 0.1 0.43 0.1 12.5

3.1 Heat Transfer Analysis

The heat source can be modeled using DFLUX subroutine in ABAQUS. The position of the flux
integration point is passed to the subroutine and the distance from the center of a virtual laser beam needs
to be calculated to use the heat source models introduced in Section 2.3. The unit of the heat flux is
W /mm? for the surface heat flux and W/mm? for the volumetric heat flux.

The variational statement of the energy balance equation (a 1D problem for simplicity) and the Jacobian
(or tangent stiffness) contributions of each term after time integration using the backward difference in
ABAQUS/Standard is as follows [59]

/— 5TdQ+/ 00T 9T d.Q /5TQd.Q, (32)
Q
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Figure 2: Flow chart for sequentially coupled thermo-mechanical analysis for SLM process in ABAQUS/
Standard, (-): user subroutines

and the linearized equation using Newton’s method with the convection boundary condition is

1 T T ok T
[—/NTﬁ NdQ+/8N k 8—NdQ ON" Ok OT) o
At dT|, Ox |, a Ox o Ox OT|, ,, Ox e
/ NN< (T - T°)+h>NMdF]ATM / NYNQdQ — Y / NYp(Uppne — U,)dQ (33)
Q
ON" 9T
— | =—k—=—dQ
o Ox 8xd

where p is the density, 67 is the arbitrary variation field, k is the conductivity matrix, AT is the incremental
correction of temperature, At is the time increment, NV and N are the interpolation function matrices.
ABAQUS/Standard uses Newton’s method to solve the nonlinear equation. To define user-defined
thermal constitutive behavior of the material, UMATHT subroutine is written in FORTRAN to define and
update the following variables: energy density e, the variation of energy density to temperature de/0T,
the heat flux vector q = —kV T, the variation of the heat flux vector to temperature 9q/07, and the
variation of the heat flux vector to the spatial gradients of temperature 0q/0(OT/0x) which is the
conductivity k. To use the temperature and temperature history-dependent state variables in the energy
density Eq. (3), the USDFLD subroutine is used to update and save the state variables described in
Section 2.1 for every iteration.

Because the state variable ¥ in the equation changes only when the new maximum value of ¢ is
obtained, the derivative of relevant variables at time ¢ 4+ A has zero or nonzero values according to the
variation of . For instance, the derivative of the internal energy density to the temperature is as follows

Case 1. when \y is not updated

de dp(¢)

&= ) + L+ G- GWIT = T} +p($)IC— Clh) + L,

(34
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Case 2. when  is updated with current ¢

5—; :di?;d)) T+ CGle)+ % {L+(C = CT = T)} — p()
dp(¢,)

+ PG - C@)] x LY

dC;
dT

(T_ Tm)

(35)

It is worth noting that different forms of energy balance equation based on thermodynamic consistency
can be implemented in the same way. To validate the model implemented in ABAQUS, the variation of
energy density at a material point (for both initially porous and dense cases) with temperature is extracted
as shown in Fig. 3. The initial state of the material point is applied using the SDVINI subroutine which is
called at the beginning of the analysis. The result shows that the obtained energy density curves have
both the solid-liquid transition and the liquid-vapor transition with a steep increase of the energy density
due to the corresponding latent heat values.
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Figure 3: Energy density e curves with temperature extracted from a material point in ABAQUS

The time increment also needs to be carefully determined to obtain proper results depending on the
choice of the fixed domain methods to solve the phase change problems. The time required for melt
interface to reach the steady-state is on the order of 107° s [28]. If the time increment gets bigger than
this unit, the result can significantly differ from the analytical solution due to the big temperature
increment especially when using a numerical technique like the equivalent heat capacity method. For this
reason, the enthalpy method is usually preferred to consider the enthalpy change due to the phase change
[61]. In this study, the variation of energy density is analytically computed using the energy density
function Eq. (3) tracking the change of state variables. Also, a laser beam with a constant scanning speed
of 200 mm/s travels 0.2 wm in 107® s which is 130 times smaller than the laser beam radius 26 wm
considered in this study. Thus, a maximum time increment of 107® s selected as a reasonable value for
the thermal analysis.

3.2 Mechanical Analysis

For predictions of stress field and deformation in the SLM process, the temperature field obtained in the
previous thermal analysis is passed as a function of time to the mechanical analysis. The time increment can
be controlled differently because the convergence criteria are now different from the previous thermal
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analysis. Besides, it is possible to use a fixed time increment for both thermal and mechanical analysis, but
not preferred when the problems are highly nonlinear. For the case of the single-track scanning process
considered in this study, the time required for solidification in SLM is generally in the units of
107> —10~* s (Section 4.1.2). Also, the rapid decrease of temperature just after the solidification does not
affect the stress evolution significantly due to the low modulus value at high temperature (Tab. 4). Thus,
the maximum time increment of 10~ which is 10 times larger than the increment in thermal analysis is
used in the mechanical analysis to reduce the computation time.

As the state variables are updated and saved using USDFLD subroutine in the previous thermal analysis,
the state variable is used as an additional field variable to apply state-dependent elastic and plastic properties
with the annealing temperature as introduced in Section 2.4. To define the thermal expansion induced by the
temperature variation, UEXPAN subroutine is used to apply isotropic thermal strain increment with
temperature-dependent CTE.

3.3 Dimensions of the Model for the Single-Layer Scanning Process

To validate the analysis methodology introduced in this paper, an SLM process with a single powder
layer is simulated. The finite element model with the given initial material states for analysis is as shown
in Fig. 4. The 8-node hexahedral element is applied for the entire analysis domain with the dimensions of
3 x 1 x 5 mm?. The fine mesh size of 12.5 x 12.5 x 10 um® is applied for the scanning region with a
width of 0.5 mm and a track length of 2 mm. According to the previous study [62], the characteristic
length of 20 um is reported as the suitable mesh size that guarantees mesh convergence in the previous
study. Furthermore, the meshing for the solid substrate is biased with a higher density towards the
powder layer. because the bottom surface is far from the laser-irradiated top surface.

. Powder . Solid substrate

Hs = 100pm Scanning
5mm tracks

Figure 4: Three-dimensional finite element model for SLM process a) geometry and mesh design, b) top
view of model with multiple scanning tracks (yellow track is for the single-track scanning simulation and
the 3rd track for the multi-track scanning simulation)

4 Results and Discussion

Based on the fact that the selective laser melting process is a sum of single-layer formations, and the
thermal cycles of the previous layers have little influence on the temperature profile of subsequent layers
[23], the analysis of single-layer scanning can provide quantitative and qualitative features of the SLM
process. In this section, the single-track scanning process is analyzed first and the result is quantitatively
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compared with the experimentally measured melt pool dimensions. Then, the multi-track scanning process is
simulated with the predefined scanning paths as shown in Fig. 4 to investigate the stress evolution in the
qualitative approach.

4.1 Single-Track Scanning

4.1.1 Melt Pool Geometries

The proposed thermal model is validated by comparing the predicted melt pool dimensions with the
experimentally results obtained in the literature [35] with various laser powers from 20 to 80 W. The laser
beam process parameters used in the analysis are listed in Tab. 5. The obtained phase field for the given
cases is illustrated in Fig. 5. The gray color denotes the region where the temperature exceeds the vaporized
temperature, the pink color denotes the molten region, the blue color denotes the powder material and the
red color denotes the solid substrate. The results show that as the power increases, the size of the melt pool
also increases and even material vaporization occurs for the higher laser powers. Besides, the vaporization
of alloy with excessive heat input can lead to keyhole-mode melting [63] resulting in lower surface quality
and degradation of mechanical properties [64,65] which is not preferred in SLM process. The predicted
melt pool width w,, and the depth D,, are compared with the experimentally measured melt pool
dimensions. The graphs in Figs. 6 and 7 show the proposed model with the phase field approach which
considers the degree of consolidation and the vaporization can predict the melt pool dimension with
reasonable accuracy. However, a different trend is observed for the simulation without consolidation and
vaporization that the predicted melt pool size increases almost linearly with the laser power increment. Even
though the consolidation of material and the latent heat of fusion/vaporization are sometimes neglected for
simplicity as reported in many previous studies [23,25,26,28,54], this result shows that they significantly
influence the analysis results. However, other important mechanisms related to the vaporization including
the surface depression with the recoil pressure, and the multiple reflections of the laser beam are not
considered in this study assuming the vaporization is not very severe with the maximum melt pool depth
around 50 um. If intense surface depression with the formation of a deeper melt pool takes place, effective
absorptivity may increase rapidly as reported by Trapp et al. [66]. However, consideration of the keyhole
mode melting is not the scope of this work. The effective thermal finite element analysis model which
captures the keyhole mode melting with effective absorptivity is suggested for future work.

4.1.2 Transient Temperature Field and Solidification

The local temperature evolution with the high cooling rate is the key feature of the PBF process which is
closely related to the mechanical properties of the SLM printed part and the process stability. The typical local
temperature history in the SLM process is as shown in Fig. 8. After the temperature of the local heated point
reaches the maximum as the heat source moves, the heat is transferred rapidly to the surroundings due to the
high-temperature gradient. Besides, the liquid state is kept at the melting temperature until the latent heat is fully
released and this process is called the local solidification as introduced by [67].

The transient temperature field, the cooling rate, and the state variables versus time at the middle point of
the single-scan track on the solid substrate (which is initially porous) with the varying laser power are
depicted in Fig. 9. As more laser power is applied, the maximum temperature increases until it reaches
the vaporized temperature when P = 80 W. The cooling rate is computed by the temperature change in a
time increment (—AT/A¢). The negative cooling rate means the temperature is increasing and the graphs
show that the increase of the laser power leads to more rapid heating with the minimum cooling rate of
—2.58 x 107 when P = 80 W. In contrast, the positive cooling rate means the temperature is decreasing
because the position is out of the radius of the moving laser beam. The maximum cooling rate of
6.53 x 10% K /s is achieved with the laser power of 20 W right after the local solidification time. This
result shows that the increase of the laser power can help to reduce the cooling rate, as well as mitigating
the high-temperature gradient. However, it is worthy to know that the increase of the laser power can lead
to keyhole-mode melting and the defects related to material vaporization as reported by [63].
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Table 5: Laser beam process parameters for the single track scanning process

Descriptions Values
Laser power [W] P =20, 40, 60, 80
Laser scanning speed [mm/s] v, = 200
Laser spot radius [um| R=26
Layer thickness [um] d, =30
(b) y (m)
o
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Figure 5: Phase-field in the y-z cross-section with various laser powers a) P=20 W, b) P=40 W, ¢) P=60 W, d)
P=80W
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Figure 6: Comparison of the predicted melt pool width with the experimental results
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Figure 7: Comparison of the predicted melt pool depth with the experimental results
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Figure 8: Typical temperature evolution during the SLM process with melting- solidification (total
solidification and local solidification)

The material state can be tracked using the adopted state variables as shown in Fig. 9. When the state
variables ¢ and  are 0, the material is in the powder state that is not melted and consolidated at the
beginning. As the temperature rises with the applied heat flux, both of the state variables become 1 as
defined in Section 2.1, which means the material point is in the liquid state at this time. Then, the phase
parameter becomes 0 with yy = 1 as the material cools down, which indicates that the material is now in
the dense solid-state. Furthermore, the temperature reaches the vaporized temperature as more laser power
(80 W) is applied. In this case, the material point is vaporized (¢ = = ¢, = 1) after the laser scanning
as the latent heat of vaporization is absorbed.

The liquid lifetime can be observed using the state graph as shown in Fig. 9 which is also an important
parameter that determines the stability of the track formation as stated by [68]. The liquid lifetime with the
laser power of 20 W is 0.31 ms and increases to 1.23 ms with the laser power of 60 W. However, the liquid
lifetime decreases to 24 ms when P = 80 W due to the vaporization of the material. This result shows that the
increase of laser power contributes to a stable and optimal process to a certain degree where intense
vaporization is avoided. The result also implies that the change of the laser power and the other process
parameters can yield different outcomes depending on the corresponding region of the process window.
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Figure 9: Transient temperature field (blue), cooling rate (black) and state variables: ¢ (red), i (dotted cyan)
and ¢, (magenta) with laser powers (20—-80 W) versus time

4.2 Single-Layer Scanning

After conducting the simulation of the single-track scanning process, a simulation of a single layer
scanning process with multiple scanning tracks is conducted to obtain the stress fields involving several
re-melting processes. The laser tracks are defined as shown in Fig. 4 with the process parameters: laser
power of 200 W, laser spot radius of 60 um, scanning speed of 1000 mm/s, hatch spacing of 100 um,
and layer thickness of 30 um which resembles the process parameters applied in the literature [18].
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4.2.1 Temperature Field

The single-layer scanning process which involves 0-3 re-melting processes are defined as SLM + LR0O, SLM
+ LR1. SLM + LR2, and SLM + LR3 in this study. For the scanning process of one layer and each re-melting
process, the scanning time of 0.01 s is applied. Fig. 10 shows the temperature evolution and the obtained melt pool
shape for each scanning process. The results show that a relatively larger and longer melt pool is predicted for the
SLM + LRO case compared to the cases with re-melting processes. This can be explained by the lower
absorptivity of the material which turns into the dense state after the first scanning process. Furthermore, as
the re-melting process is repeated, more heat is accumulated in the part as shown in Figs. 10b—10d.

As well as the thermal gradients, the cooling rate is an important factor in the SLM process which determines
the degree of the residual stress. The maximum cooling rates observed after the local solidification for the different
process conditions are shown in Fig. 11. The result shows that the minimum value is observed in the process
without the re-melting process due to the high absorptivity of the loose powder [69], more distributed heat
flux [40], and the low conductivity of the powder [70]. In contrast, the different heat transfer mechanism takes
place for the cases with re-melting processes due to the high reflectivity of the dense state of the material,
concentrated heat flux on the surface, and the higher conductivity of the dense material compared to the
powder. Therefore, the cooling rates from the conditions with the re-melting processes (SLM + LR1-3) are
higher than that of the condition without the re-melting process. The result also shows that the cooling rate
decreases as the re-melting process is repeated due to the increase of the accumulated heat in the layer.
Consequently, this leads to the higher average temperature and lower thermal gradients.

4.2.2 Residual Stress Field

Using the obtained temperature field from the thermal analysis, the stress field is obtained to investigate the
effect of the re-melting process on the residual stress formation. Fig. 12 shows the Mises’ stress distribution
after the temperature is cooled down to the ambient temperature 298 K. It is worth noting that there is a
remarkable reduction in the stress level from SLM + LR1 to SLM + LR2 and a similar trend is observed in
the cooling rate (Fig. 11). Fig. 13 shows the stress component S11 (where 11 is the scanning direction)
which is the dominant stress component. The results show that the tensile residual stress is distributed on
the top of the layer due to the shrinkage after the consolidation of the material. Figs. 14 and 15 show the
stress component S22 (where 22 is the transverse direction) and the stress component S33 (where 33 is the
build direction) respectively which are both smaller than the S11 component.

To investigate the effect of the re-melting process on the degree of the residual stress, the average values
of Mises’ stress and S11 in the scanned layer are computed as shown in Fig. 16. The values of both the Mises’
stress and S11 show that they have a similar trend. After one re-melting process (SLM + LR1), the average
Mises’ stress increases to 723 MPa as the cooling rate becomes higher than the case without the re-melting
process (708 MPa). It is worth noting that the temperature gradient is more severe at the boundary between
the melt pool and the powder material for the SLM + LRO case as shown in Fig. 10a, but the overall stress
level is lower than that of SLM + LR1 because the powder material is not activated (low stiffness). Then, the
stress level significantly decreases to average Mises’ stress of 650 MPa in the SLM + LR2 case which is even
lower than that of the SLM+LRO case due to the accumulated heat in the layer. This trend is also in good
agreement with the experimental measurement in the previous literature [18]. These analysis results show
that the re-melting process should be applied with careful consideration of the phase change and the heat
transfer mechanisms in the SLM process. It is also worthy to know that even though the cooling rate and
the stress level showed a similar trend, the cooling rate with the re-melting processes always showed
higher value compared to the case without re-melting (Fig. 11). This implies that the interpretation of
results from the single thermal analysis may be insufficient to provide clues for the evaluation of the
process. Thus, the parameter optimization and the process design with re-melting processes for SLM
needs to be conducted considering both the thermal and mechanical approaches. In this regard, the
proposed simulation framework and the modeling methods can support the quantitative and qualitative
understandings of the SLM process.
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Figure 10: Temperature evolution with the different number of re-melting processes. a) SLM + LRO
(t=0.005s), b) SLM + LR1 (t=0.015 s), ¢c) SLM + LR2 (t = 0.025 s), d) SLM + LR3 (t = 0.035 s)
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Figure 11: The observed maximum cooling rate after local solidification for different process conditions
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Figure 12: VonMises stress distribution with the different number of re-melting processes. a) SLM + LRO,
b) SLM + LR1, ¢) SLM + LR2, d) SLM + LR3
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Figure 13: S11(scanning direction) distribution with the different number of re-melting processes. a) SLM +
LRO, b) SLM + LRI, ¢) SLM + LR2, d) SLM + LR3
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Figure 14: S22 distribution with the different number of re-melting processes. a) SLM + LRO, b) SLM +
LR1, ¢) SLM + LR2, d) SLM + LR3

(b) sLm+LR1

(a) sLM+LRoO
8,533 &, 533
(Avg: 75%) (Avg: 75%)
+1.000e+03 +1.000e+03
+9.067e+02 +9.067e+02
+8.133e+02 +8.133e+02
+7.200e+02 +7.200e+02
+6.267e+02 +6.267e+02
+5.333e+02 +5.333e+02
+4.400e+02 +4.400e+02
+3.467e+02 +3.467e+02
+2.533e+02 +2.533e+02
+1.600e+02 +1.600e+02
+6.667e+01 +6.667e+01
-2.667e+01 -2.667e+01
-1.200e+02 -1.200e+02
-2.133e+02 -2.133e+02
-3.067e+02 -3.067e+02
-4.000e+02 -4.000e+02
(c) sLM+LR2 (d) sLm+LR3
S, $33 $,633
(Avg: 75%) (Avg: 75%)
+1.000e+03 +1.000e+03
+9.067e+02 +9.067e+02
+8.133e+02 +8.133e+02
+7.200e+02 +7.200e+02
+6.267e+02 +6.267e+02
+5.333e+02 +5.333e+02
+4.400e+02 +4.400e+02
+3.467e+02 +3.467e+02
+2.533e+02 +2.533e+02
+1.600e+02 +1.600e+02
+6.667e+01 +6.667e+01
-2.667e+01 -2.667e+01
-1.200e+02 -1.200e+02
-2.133e+02 -2.133e+02
-3.067e+02 -3.067e+02
-4.000e+02 -4.000e+02

Figure 15: S33 distribution with the different number of re-melting processes. a) SLM + LRO, b) SLM +
LR1, ¢) SLM + LR2, d) SLM + LR3
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Figure 16: Average residual stress values in the single layer with the different number of re-melting
processes

5 Conclusion

In this study, a thermo-mechanical analysis framework for SLM process simulation with the heat transfer
model based on the phase-field approach, and the state-dependent thermal and mechanical material properties
is proposed with the detailed implementation process. Using the introduced methodology, other thermo-
dynamically consistent heat transfer models can be implemented in the commercial finite element tool
ABAQUS. The heat transfer model is validated using the existing experimental data with varying laser
power (20-80W) with the simulation of the SLM process with a single scan track. Furthermore, single
layer scanning processes with multiple scan tracks and several re-melting processes are simulated to
investigate the effect of re-melting on the temperature and the stress field. The results obtained
conducting the thermo-mechanical analysis on the proposed framework are discussed and the important
conclusions are:

1. The heat transfer model based on thermo-dynamically consistent phase-field approach is
implemented successfully in ABAQUS/Standard using the user-subroutine and used in a thermo-
mechanical simulation of the SLM process

2. The predicted melt pool dimension has a similar trend and good agreement with the experimental
results, but the discrepancy becomes larger as the higher laser power is applied if the
consolidation of the material and the vaporization is not considered.

3. From the simulation results of the single-track scanning process with varying laser powers (20-80 W),
the minimum cooling rate is observed with the laser power of 80 W, and the maximum cooling rate is
observed at the time after the local solidification with the laser power of 20 W. Based on this result, the
increase in laser power can help to mitigate the high-temperature gradient. However, the increase of the
laser power leads to intense material vaporization which is not preferred in the SLM process.

4. The variation of the stress level with re-melting processes is investigated. The result shows that the
stress level increases with one re-melting process, and decreases with the subsequent re-melting
processes due to the different heat transfer mechanisms between the porous and dense material
which is also in a good agreement with the experimental result.

5. The obtained maximum cooling rates for cases with a different number of re-melting processes show
a similar trend with the variation of the stress level. However, the stress level decreases lower than
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that of the process without re-melting after two times of re-melting cycles whereas the cooling rate is
higher for the case with the re-melting process.

Based on the proposed thermo-mechanical simulation framework, the SLM process can be evaluated
considering various analysis results (melt pool dimensions, phase field, cooling rates, and residual stress
field). For future work, simulation in a wider range of process windows will be investigated and the
sensitivity analysis for different process parameters and the re-melting cycles will be conducted with
extensive computations.
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