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3D non-isothermal phase-ﬁeld simulation of microstructure
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During selective laser sintering (SLS), the microstructure evolution and local temperature variation interact mutually. Application of
conventional isothermal sintering model is thereby insufﬁcient to describe SLS. In this work, we construct our model from entropy
level, and derive the non-isothermal kinetics for order parameters along with the heat transfer equation coupled with
microstructure evolution. Inﬂuences from partial melting and laser-powder interaction are also addressed. We then perform 3D
ﬁnite element non-isothermal phase-ﬁeld simulations of the SLS single scan. To confront the high computation cost, we propose a
novel algorithm analogy to minimum coloring problem and manage to simulate a system of 200 grains with grain tracking
algorithm using as low as 8 non-conserved order parameters. Speciﬁcally, applying the model to SLS of the stainless steel 316L
powder, we identify the inﬂuences of laser power and scan speed on microstructural features, including the porosity, surface
morphology, temperature proﬁle, grain geometry, and densiﬁcation. We further validate the ﬁrst-order kinetics of the transient
porosity during densiﬁcation, and demonstrate the applicability of the developed model in predicting the linkage of densiﬁcation
factor to the speciﬁc energy input during SLS.
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INTRODUCTION
Selective laser sintering (SLS) is a typical additive manufacturing
(AM) process meant for rapid prototyping and tooling.1–5 During
SLS, a desired geometry is built by sequentially layer-by-layer
powder spreading and subsequent sintering driven by laser
scan.6,7 To be distinguished with the other laser-based powder
bed additive manufacturing known as selective laser melting
(SLM), there is no signiﬁcant melting phenomenon during SLS.
Whereas the temperature is sufﬁciently high for particles to bind
together through sorts of mechanisms, leading to the products
with relatively high porosity.5,8,9 Because of these characteristics,
SLS has been applied for the industrial production of individually
designed components made of organic polymers, ceramics, and
metallic alloys which have relatively high melting or transition
temperatures.1,5,10,11 It also shows the possibility to produce
porous biomaterials, especially medical scaffold and bones,12–15
and functional materials through SLS.10,16,17
Although the procedure of SLS is conceptually simple, the
underlying physics are complex and cover a broad range of time
and length scales. Since its birth,18 identiﬁcation and comprehension of those phenomena during SLS and their effects on the ﬁnal
product are crucial for the successful manufacturing, which highly
relies on trial-and-error and even sort of empirical knowledge.5,19,20 To complement such a situation, many computational
works have been performed. On the one hand, there is strong
interest in thermal simulation revealing the intricate heat transfer,
which serves as the thermodynamic indicator for other physical
processes. However, due to the difﬁculties in modeling the
interactive topography evolution of the powder bed,

simpliﬁcations are often employed in simulating the thermal
proﬁle during the powder bed based AM. For instance, the
powder bed is frequently assumed to be a homogeneous
substance material with effective thermal properties.6,21–25 There
are also studies on the particle scale,23,26,27 but the heat transfer
and the particle shape change are not fully coupled. Besides, the
thermal effect from laser-powder interaction is often formulated
as an equivalent internal heat source.7,28–30 Alternatively, the laserpowder interaction can also be treated via ray tracing,31 but the
computation is extremely expensive. On the other hand, simulating the microstructure evolution plays an essential role since it is
directly related to mechanical properties of the ﬁnal products like
tensile strength, ductility, and fracture toughness. Up to now,
however, simulation of the microstructure evolution still remains a
great challenge if inﬂuences from all aspects are considered.
During scanning, there is a drastic difference in the thermal
conditions among particles due to different exposure to the laser
beam. Some of the particles are even partially melted during the
process.5,32 Therefore, the binding mechanism for certain particles/grains may vary from the solid-state sintering to the liquidstate sintering, and even melting-solidiﬁcation depending on the
intensity of its partial melting.8,32–34 For the same reason, very
high temperature gradients and cooling rates also exist,7,35 which
make the mechanism of grain coalescence and coarsening during
SLS deviate from that in conventional isothermal sintering.
In recent decades, the phase-ﬁeld method has been utilized to
simulate the microstructure evolution during sintering-related
techniques, thanks to its ability to model the complex patterns
with no need of tracking the position of the surface and interface
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explicitly. One of the earliest phase-ﬁeld sintering models was
suggested by Wang et al., who utilized a conserved density ﬁeld
and a set of non-conserved orientation ﬁelds.36,37 Based on this
model, some featured details, such as the dihedral angle, neck
growth, shrinkage, and the grain growth kinetics with porosity,
have been predicted and validated by experiments.38–40 Zhang
et al.41 adopted this isothermal model to investigate the necking
among several powders during the SLS. Nevertheless, the
mentioned simulations are for the isothermal case, while the heat
transfer and the coupled non-isothermal microstructure evolution
are not addressed, and thus cannot be applied for the study of
SLS. Lu et al.42 presented two-dimensional (2D) phase-ﬁeld
simulations on laser-powder bed fusion using a simpliﬁed free
energy functional based on interpolation functions of temperature. They reproduced certain important features including
porosity and grain size changes w.r.t. speciﬁc energy density.
However, the thermodynamic consistency of the used model is
not shown. In particular, their free energy functional does not
include thermal and conﬁgurational entropy contributions, and
thus the temperature-dependency of the surface/grain-boundary
energy is not regarded. Moreover, 3D simulations are necessary
because of the spatial feature of the laser beam, and able to
provide more accurate information on surface morphology and
grain geometry.
In this work, we perform 3D non-isothermal phase-ﬁeld
simulations to investigate the microstructure evolution during
the SLS process. The model is constructed from the entropy level
following our latest work,43 explicitly considering the contributions from thermal, conﬁgurational, and gradient terms. We then
obtain a free energy density functional with temperaturedependent heat, local, and gradient terms through Legendre
transformation, which is frequently used in thermodynamics
analysis for non-isothermal conditions.36,44,45 Such formulation is
able to reproduce the temperature-induced inhomogeneity of
surface and grain-boundary energies, and hence their inﬂuences
on kinetics, e.g. the mass transfer induced by inhomogeneity of
surface.43 Apart from this, after thermodynamics analysis, we
obtain simultaneously modiﬁed kinetics for order parameters
(OPs), including the mass transfer and grain growth under the
non-isothermal conditions, and a heat transfer equation coupled
with microstructure evolution. We also consider the laser-powder
interaction including absorption, reﬂection, and penetration of the
laser radiation, and the partial melting contribution on the mass
transfer. A scenario with a conserved order parameter as well as a
series of non-conserved ones is utilized to represent the
microstructure evolution during SLS. The discrete element method
(DEM) is used to generate the geometry of the initial powder bed.
In order to reduce the computation cost associated with a large
amount of degree of freedoms, the Welsh-Powell algorithm for

the minimum coloring problem (MCP) is for the ﬁrst time applied
to optimize the assignment of OPs. As examples, we perform
phase-ﬁeld simulations on the SLS processing of stainless steel
316L powder, in which the temperature-dependent model
parameters are readily extracted from the experimental measurement of surface and grain-boundary energies. The inﬂuences from
the laser power and scan speed on key features, such as the
porosity, surface morphology, temperature proﬁle, geometry
evolution as well as sintering stages of the grains and densiﬁcation, are discussed respectively. It is hoped that the present work
could enrich the modeling and computational toolkit which is
practicable for the simulation of SLS-based additive
manufacturing.
RESULTS
Non-isothermal phase-ﬁeld formulation
A segment of a powder bed with the dimension of 250 × 500 ×
100 μm3 is considered in the simulation to reveal the microstructure evolution during SLS, as shown in Fig. 1a. Both
conserved and non-conserved OPs ρ and {ηi} (i = 1, 2, …, N) are
employed to represent the powder bed with multiple particles.
The conserved OP ρ indicates the substance (unmelted and
partially melted region), while the non-conserved OPs ηi
distinguish particles with different crystallographic orientations.38,43,46 ρ = 1 and ρ = 0 represent the substance and the
pore/atmosphere region, respectively. In each grain within the
substance, only one of ηi takes unity while others are zero (Fig. 1b).
These grains and grain boundaries have ρ = 1 (we assume the
density variation across the grain boundary is negligible). When ρ
= 0, no grain
P is present. This proﬁle of OPs leads to the constraint
ð1  ρÞ þ ηi ¼ 1. Their temporal evolution indicates the
changes of i the surface and grain boundaries, and thus represents
the microstructure evolution during the SLS process.
Following the powder bed scenario, the entropy S of a ﬁnite
subdomain Ω within the system can be written in a functional
form as
#
Z "
X
1
2 1
2
sðe; ρ; fηi gÞ  κ ρ j∇ρj  κ η
Sðe; ρ; fηi gÞ ¼
j∇ηi j dΩ:
2
2
Ω
i
(1)
Here, the local term of the entropy density s is a function of the
OPs ρ, {ηi} and the internal energy density e. The positive
constants κρ and κη denote the contribution to the entropy
density from the gradient of the order parameter according to the
gradient thermodynamics.44,47 In order to relate this entropy to
the free energy, which is also a functional of the OPs as well as
temperature, we assume that the internal energy E is only the

Fig. 1 a Schematics for the powder bed scenario of the SLS system with a thick substrate; b illustration of order parameters proﬁle across A–A′
section including physical phenomena, i.e., multiple mass transfer paths and grain boundary migration. Here the bulk diffusion ‘GB-N’
represents the path from grain boundary to neck through bulk, while ‘SF-N’ presents the path from surface to neck through bulk; c energy
landscape of f(T, ρ, {ηi}) at T = 0.4TM, T = 0.6TM and T = TM
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integration of the internal energy density e(T, ρ, {ηi}) through the
subdomain. Then through Legendre transformation,48 the free
energy F can be formulated as
F ðT; ρ; fηi gÞ ¼ inf ½EðT; ρ; fηi gÞ  TSðe; ρ; fηi gÞ
E
R h
¼ Ω inf ½eðT; ρ; fηi gÞ  Tsðe; ρ; fηi gÞ
e

P
þ 12 Tκ ρ j∇ρj2 þ 12 Tκ η j∇ηi j2 dΩ:

i

"

Dcf ρ þ 6ð1  ρÞ
2

When the local entropy density s(e, ρ, {ηi}) is lower bounded on e
(T, ρ, {ηi}) at constant OPs, one can ﬁnd a local free energy density f
(T, ρ, {ηi}) which is also lower bounded on T at constant OPs
according to the Legendre transformation, i.e.
f ðT; ρ; fηi gÞ ¼ inf ½eðT; ρ; fηi gÞ  Tsðe; ρ; fηi gÞ:
e

(3)

This relation leads to d(f/T) = ed(1/T). By integrating both sides
of this relation w.r.t. 1/T, an explicit formulation of f(T, ρ, {ηi}) can
be obtained, which is
 
Z
1
:
(4)
f ðT; ρ; fηi gÞ ¼ T eðT; ρ; fηi gÞd
T
44

It is further assumed that e can be formulated as
eðT; ρ; fηi gÞ ¼ eht ðTÞΦht ðρ; fηi gÞ þ ept ðρ; fηi gÞ;

(5)

where eht is the gain (or loss) of the internal energy density from
the temperature change, and ept is the spatial distribution of the
internal energy density w.r.t. OPs ρ and {ηi}. The monotonic
interpolating function Φht(ρ, {ηi}) maps the heat to the regions
with the certain value of the orderPparameters. We adopt the
formulation Φht ðρ; fηi gÞ ¼ ξðAρ þ B i ηi Þ with a ﬁtting coefﬁcient ξ. Integrating Eq. (4) by using Eq. (5), we obtain the following
expression

R
f ðT; ρ; fηi gÞ ¼ Φht ðρ; fηi gÞT eht ðTÞd T1
(6)
þept ðρ; fηi gÞ  Tscf ðρ; fηi gÞ:
Here the term scf(ρ, {ηi}) is known as the conﬁgurational entropy
since it has the same dimension as the entropy but only related to
OPs. It can be veriﬁed that scf belongs to the entropy density s(e, ρ,
{ηi}) by taking the inversion form of the Legendre transformation
in Eq. (3),43,44 which yields
h
i
f ðT;ρ;fηi gÞ
i gÞ

sðe; ρ; fηi gÞ ¼ inf eðT;ρ;fη
T
T
e
(7)
R
¼ T1 deht ðTÞ þ scf ðρ; fηi gÞ;
R
and the term deht =T meets exactly the deﬁnition of the thermal
entropy. In order to ﬁnd f(T, ρ, {ηi}), terms eht(T), ept(ρ, {ηi}) and scf(ρ,
{ηi}) should be properly formulated. Here eht can be formulated as
(note that we have set the internal energy of the atmosphere/
pores at melting point TM of the system as zero)
eht ðTÞ ¼ ðcss  cat ÞðT  TM Þ þ LΦM ðτÞ;

(8)

where c is the volumetric speciﬁc heat, and the subscript ‘ss’ and
‘at’ denotes the substance and the atmosphere/pore, respectively.
We denote the region with local temperature over or equal to the
melting temperature TM as the overheat region, and use
interpolation function ΦM(τ) to indicate such region. It is expected
that ΦM(τ) takes one when τ = T/TM → 1 and takes zero when τ →
0. In such fashion, the latent heat for possible partial melting is
simply represented by LΦM ðτÞ.
On the other hand, ept and scf should consider the temperatureindependent potentials and conﬁguration entropy among atmosphere/pores and grains in the substance mapped by OPs. In most
cases, we only consider the jumps of both potential and
conﬁgurational entropy on the surface and grain boundary,43,46,49
thus ept(ρ, {ηi}) and scf(ρ, {ηi}) can directly adopt the forms of

i

h
i
scf ðρ; fηi gÞ ¼ C cf ρ2 ð1  ρÞ2 þ

(2)

i

3

Landau-type polynomial proposed in refs. 46,50, i.e.
h
i
ept ðρ; fηi gÞ ¼ C pt ρ2 ð1  ρÞ2 þ
"

 #
P
P
P 2 2
Dpt ρ2 þ 6ð1  ρÞ η2i  4ð2  ρÞ η3i þ 3
ηi
;

P
i

η2i

 4ð2  ρÞ

P
i

η3i

þ3

i


P
i

(9)

η2i

2 #
:

Substituting Eqs. (8) and (9) into Eq. (6) yields


h
i
P
f ðT; ρ; fηi gÞ ¼ ξfht ðTÞ Aρ þ B ηi þ C ρ2 ð1  ρÞ2
i
"

 #
P
P 3
P 2 2
2
2
þD ρ þ 6ð1  ρÞ ηi  4ð2  ρÞ ηi þ 3
ηi
;
i

i

(10)

i

where

h
i
M
fht ðTÞ ¼ ðcss  cat Þ Tln TTM  ðT  TM Þ  TT
TM LΦM ðτÞ;
C ¼ C pt  C cf ðT  TM Þ;
D ¼ Dpt  Dcf ðT  TM Þ:

Notice that Eq. (10) presents multiple minima including (ρ = 0, {η1
= 0, η2 = 0, …, ηN = 0}) for an atmosphere/pores state and (ρ = 1,
{η1 = 1, η2 = 0, …, ηN = 0}), (ρ = 1, {η1 = 0, η2 = 1, …, ηN = 0}), (ρ
= 1, {η1 = 0, η2 = 0, …, ηN = 1}) for grain states with different
orientations. Model parameters C pt , Dpt , C cf , and Dcf are related to
the barrier heights between minima with the subscript ‘pt’ and ‘cf’
denote the contribution from the potential term or the conﬁgurational term, respectively. Heat term fht tilts the “multi-well” due
to the local heat variation, manifesting the variable thermodynamic stability due to the change of local thermal condition (Fig.
1c). In this regard, the dimensionless model parameters A and B
present the proportion of the heat contribution by different OPs
while maintaining ρ = 0 and ρ = 1 as the equilibrium for mass
conservation. Without introducing OPs to indicate the melting/
solidifying processes, the latent heat L would only inﬂuence the
local thermodynamic stability along with the heat term. Those
model parameters, as well as the gradient constants (κρ and κη),
are obtained from experimental measurements of the
temperature-dependent surface and grain-boundary energies (γsf
and γgb), and the grain boundary width. Coefﬁcient ξ is employed
to favor the determination of model parameters by ﬁtting the
experimental results (see Supplementary Note 1).
The kinetics for conserved and non-conserved OPs, as well as T,
are thereby derived based on obtained non-isothermal free
energy density functional. Following assumptions are addressed
for modeling the partial melting:
(1) Partial melting is locally restricted to individual particles
when overheated, in which the melt ﬂow is driven by the
capillary pressure. This means the driven force of the melts
can be described by variations of surface mean curvature
and speciﬁc surface energy;
(2) Since partial melting is highly localized, it is negligible
comparing the movement of the laser beam in length scale;
(3) Melts share the same material properties with the
solid phase.
Detailed discussion and derivation are summarized in the
Supplementary Note 2. As a result, kinetics of the conserved OP ρ
at the arbitrary space point r and time point t can be formulated
by the Cahn-Hilliard equation, i.e.
 

∂f
2
_ρðr; tÞ ¼ ∇  M∇
 Tκ ρ ∇ ρ :
(11)
∂ρ
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Here the isotropic mobility M is formulated to consider contributions not only from mass transfer paths through substance (ss),
atmosphere (at), surface (sf), and grain boundary (gb),38,46,51,52 but
also from the gain due to the partial melting (melt), i.e.
h
i
eff
eff
eff
M ¼ Φss Meff
ss þ Φat Mat þ Φsf Msf þ Φgb Mgb
diff
(12)
þΦM ðτÞMeff
melt ;
where Φss, Φat, Φsf, and Φgb are also interpolating functions to
indicate substance (including solid and liquid), atmosphere/pores,
surface, and grain boundary, respectively, which obtain unity only
in the corresponding region. They can be simply formulated as
Φss ¼ ρ3 ð10  15ρ þ 6ρ2 Þ;

Φat ¼ 1  ρ3 ð10  15ρ þ 6ρ2 Þ;
P
Φsf ¼ 16ρ ð1  ρÞ ; Φgb ¼ 16 η2i η2j :
2

2

i≠j

Notice that such formulation holds only when limited melting is
assumed to occur around the surface of particles. In this regard,
the contribution of the partial melting is treated more like an
enhanced surface diffusion when τ → 1. Proper formulation where
the melt ﬂow is obtained by coupling with ﬂuid dynamic
equations (e.g. the Navier-Stokes equations) should be derived
when melting dominates (a.k.a. the SLM process), and will be our
future work.
On the other hand, evolution of {ηi} is governed by the AllenCahn equation with the corresponding mobility L, i.e.


∂f
(13)
 Tκ η ∇2 ηi :
η_ i ðr; tÞ ¼ L
∂ηi
The kinematic equation of temperature is formulated as

P ∂e
∂e _
∂e _
_
∂T Tðr; tÞ  v  ∇T þ ∂ρ ρðr; tÞ þ
∂ηi ηi ðr; tÞ
i

¼ ∇  ðk∇T Þ þ qðrÞ;

(14)

where the transient terms of OPs show the coupling with the
microstructure evolution. The thermal conductivity k adopts
spatial distribution as M in Eq. (12), i.e.
eff
eff
eff
þ Φat kat
þ Φsf ksfeff þ Φgb kgb
:
k ¼ Φss kss

(15)

The heat induced by the scanning laser is modeled as a source
term following the surface Gaussian distribution moving with a
velocity of v. The heat source term q(r) represents the volumetric
energy deposition due to the radiative energy ﬂux of the laser and
can be formulated as6,7
q½rðx; y; zÞ ¼ Φss βP0 pxy ðx; yÞpz ðα; λ; zÞ;

(16)

in which P0 is the nominal laser power reaching the surface of the
powder bed, pxy (x, y) is the surface Gaussian distribution. pz (α, λ,
z) is a penetration function, which takes the form proposed by
Gusarov et al.6. The hemispherical reﬂectivity α indicates the
inﬂuence of the powder material. The attenuation coefﬁcient β
and the optical thickness λ reﬂect the inﬂuence from the powder
bed structure. The validation of Eq. (14) with q(r) as in Eq. (16) is
shown in Supplementary Fig. 2. For a loosely packed powder bed
with particles of distributed diameters d, a thickness of Hpb, and a
porosity of ε, the effective value of these two parameters are
calculated as
hβi ¼

31  ε 1
3 1  ε Hpb
h i; hλi ¼
h i:
d
2 ε d
2 ε

b¼
ðk∇TÞ  n

ksub
ðTj TP Þ;
Hsub Γsub

(18)

b is the normal vector of the boundary Γsub. Hsub and ksub
where n
are the thickness and the thermal conductivity constant of the
homogeneous substrate, respectively. The bottom of the substrate
is set with a ﬁxed temperature TP as the pre-heating temperature.
Optimized assignment of the order parameters for grain
orientation
Generally, the number of non-conserved OPs {ηi} is required to be
the same as the number of the grains to statistically retain the
uniqueness of each crystalline orientation.53,54 However, such
computation is expensive due to a large amount of degree of
freedoms (DOFs), and is inefﬁcient since only a few variables are
nonzero at one point in the domain. To solve those problems,
methods that can drastically reduce the computational cost while
retaining the uniqueness of the grains have been proposed in the
recent decade.55–57 The basic principle of such methods is to
assign the same ηi to grains which are sufﬁciently spaced, and
remap all {ηi} when certain grains with an identical ηi tend to
coalesce. This idea makes it possible to use less amount of DOFs to
simulate the evolution of the polycrystalline structure. Using the
grain tracking algorithm proposed by Permann et al. in,57 it is able
to simulate more than 1000 grains with a minimum of eight ηi in
2D and 28 in 3D in the grain growth problems. Due to the on-site
heating and rapid cooling during SLS, global and long-term grain
coalescence is absent, in contrast to the grain growth process. So
the proﬁle of non-conserved OPs will not change violently during
SLS, and the optimized assignment of OPs could further reduce
the computation cost.
In this work, we translate the problem of OPs’ assignment into a
classical minimum coloring problem (MCP). By solving the MCP
with the Welsh-Powell algorithm,58 we obtain the optimized
proﬁle with a minimum number of {ηi}. The workﬂow of the
process is presented in Supplementary Fig. 1. In the beginning, the
adjacency matrix of the powder bed, demonstrating the “adjacent
neighbors” of each powder, is generated according to the criterion
of adjacency (Supplementary Fig. 1b). If two particles/grains which
are spaced less than this critical distance, they can be considered
as “adjacent neighbors”. Here the distance between the largest
powder and its next-nearest neighbor in hexagonal close packing
is considered as the criterion of adjacency. Then, the map GðV; EÞ
is established based on the adjacency matrix, which consists of
the unique particle νi(r, R) as the vertices Vfν i g and corresponding degree of adjacency Efϵi g, i.e., there are εi particles being
adjacent to the one indexed as νi (Supplementary Fig. 1c). Once
the map is established, the algorithm will iteratively assign the
available ηi to non-adjacent and non-assigned particles, until all of
them have been assigned with {ηi}. The particles indices remain
identical during this iterative assignment, and can be later
translated by the grain tracking algorithm. In this work, for the
powder bed with particle diameters ranging from 20 to 50 μm,
eight {ηi} are sufﬁcient to represent about 200 particles/grains
(Supplementary Fig. 1d, 1e). For another simulation attempt using
a loosely packed powder bed with about 400 uniformly sized
particles, only six {ηi} are sufﬁcient. In this way, the number of
DOFs is remarkably reduced.

(17)

Notice that d, Hpb and ε should change along with the
microstructure evolution. Due to the difﬁculties to track all of
them simultaneously, in this work we provided 〈β〉 and 〈λ〉 of the
ﬁrst step as non-temporal constants. On the substrate we set a
heat conduction boundary condition to replace the mesh of the
substrate (Fig. 1a), which has a similar fashion to the third-type BC
npj Computational Materials (2019) 81

of heat transfer problems, i.e.

SLS single scan simulations
Here we present the results from the SLS single scan simulations
informed by measured properties of the type 316L stainless steel
(SS316L) in the argon atmosphere. SS316L belongs to the family of
austenite stainless steel. For such type of stainless steel, no solid
structural transition is expected.59 Assuming the isotropic diffusion
and grain boundary migration, the mobilities L and M are adopted
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from the self-diffusivity Deff
path through possible paths (path = ss, at,
40,43,60
sf, and gb) and grain boundary mobility Geff
i.e.
gb ,
Meff
path ¼

Deff
path
2ðC þ DÞ

; Leff ¼

Geff
gb γ gb
Tκ η

:

(19)

Details of the material-related quantities are listed in Supplementary Note 3, and the procedure to obtain model parameters
(A; B; C pt ; C cf ; Dpt ; Dcf ; κ η and κρ) are elaborated in Supplementary
Note 1. The reference length scale is set as l ¼ 1 μm, and the time
scale as t ¼ 1 μs. The thickness of the powder bed layer is Hpb =
65 μm, and of the substrate is Hsub = 1000 μm. The powder bed
consists of particles with distributed diameters d ranging from 20
to 50 μm. The distribution of d is shown in Supplementary Fig. 3a.
According to Eq. (17), the effective attenuation coefﬁcient and
optical thickness of the powder bed are calculated as 〈β〉 = 0.089
and 〈λ〉 = 5.8. The Gaussian distribution of the laser beam pxy(x,y)
has the full width at half maximum FWHM. Note that the surface
integral of pxy(x, y) reaches 75.8% of P0 in the region with a
diameter of FWHM, which we deﬁned as the half-maximum (HM)
region, and reaches 99.5% in the region with a diameter of 2 ×
FWHM. So we regard the region 2 × FWHM as the nominal beam
spot. And scan speed v is simply deﬁned as v = |v|. The melting
point of SS316L is read as TM = 1700 K. Temperature of the

(a)

Sec. S-S'

powder bed is initialized as T|t=0 = 0.4TM = 680 K, which is also the
value of pre-heating temperature TP.
Figure 2a presents the simulated microstructure evolution
under the single scan with FWHM = 100 μm, P0 = 20 W and
v = 100 mm/s. The SLS induced physical phenomena around the
laser beam spot are shown in Fig. 2b. Due to the laser scan,
temperature of the powder bed obviously increases, as shown in
Fig. 2a. Overheat region where T ≥ TM is noted with continuous
colormap. Only within such region, particles are able to be
partially melted. Reduction of the total surface energy (or surface
capillary pressure) makes the melts ﬂow from the convex to the
concave. This kind of melt ﬂow results in a continuous piece with
coarsened grains once cooled down. In the region with a
maximum temperature lower than TM, no partial melting occurs.
But the temperature is still high enough to activate diffusion and
thus induce necking among adjacent particles. From the
isotherms in Fig. 2a, we can estimate the local temperature
gradient around the partial melting region and the pore region as
high as 50 K/μm and 100 K/μm, respectively. Such large-gradient
temperature ﬁelds may induce the mass transfer due to
temperature-induced inhomogeneity of the surface energy. This
also distinguishes SLS from conventional isothermal sintering.43 In
addition, we compare the simulated surface morphologies along
with the experimental observations in ref. 26 on a powder bed
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Fig. 2 a Simulation results on SLS processing of SS316L powder bed with P0 = 20 W and v = 100 mm/s. Overheat region where T ≥ TM is noted
with continuous colormap while one with T < TM is noted with isotherms; b phenomena and characteristics around the laser beam spot during
the process. Comparison of the surface morphology between the simulated and experimental results in the case of c P0 = 5 W, v = 20 mm/s
and d P0 = 5 W, v = 5 mm/s. SEM images are reprinted with permission from Liu et al. 26
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with Fe powders of 50 μm in diameter and SS316L matrix under a
constant P0 = 5 W for v = 20 mm/s and v = 5 mm/s as presented,
respectively. As for v = 20 mm/s in Fig. 2c, powder bed shows a
poor binding and the necking among adjacent particles is very
weak. As for v = 5 mm/s in Fig. 2d, on the other hand, continuous
pieces are formed after the SLS processing, indicating better
binding of particles.
Laser power and scan speed are important processing
parameters for SLS, through which one can effectively control
the properties (e.g. porosity and grain size) of the processed
components. Here we investigate the inﬂuence of scan speed and
laser power by performing a series of simulations. As shown in Fig.
3, the morphology and porosity of the SLS processed powder bed
are presented with different laser power and scan speed. If
without further explanation, we set FWHM = 100 μm for all
following simulations. The porosity map can be roughly divided
into two regions by the dash-dotted line as shown in Fig. 3a. The
lower-right region shows less bound particles, while the upper-left
region shows more continuous pieces. When decreasing the scan
speed while ﬁxing the laser power, more particles are bound to
create more continuous pieces, i.e., less porosity will be achieved
in the ﬁnal components (comparing Fig. 3b4–3b7; 3b8–3b10; and
3b3, 3b12–3b11). It is similar for the case when scan speed is ﬁxed
Beam Spot

(b4)

HM Range
100

80

60

40

20

20

40

60
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and the laser power is increased (comparing Fig. 3b1–3b4; 3b5,
3b8, 3b12; and 3b6, 3b10–3b11).
DISCUSSION
In this section, we explicitly discuss the inﬂuences from laser
power and scan speed on features such as the temperature
proﬁle, geometry, and corresponding sintering stages of particles/
grains, and microstructure densiﬁcation. Temperature proﬁle in
SLS is directly related to the processing parameters. It is an
important indicator to determine whether partial melting could
occur during SLS. In our work here, transient temperature proﬁle
interacts with microstructure evolution. Explicitly, heat transfer
receives inﬂuences from microstructure evolution through transient terms of OPs as shown in Eq. (14). Kinetics of OPs
simultaneously receive inﬂuences from local temperature variation
through temperature-dependent local and gradient term as well,
shown in Eqs. (11) and (13). Therefore, we can simulate the
temperature proﬁle not only on the particle scale, but also in a
way close to the realistic setup.
Figure 4a presents the top view and the section view of the
temperature proﬁle at the point when the laser beam has passed
350 μm on the powder bed with different processing parameters.
The half-maximum (HM) range and the nominal beam spot of the
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Fig. 3 a Porosity map and b1–b12 morphology of the SLS processed powder bed using different laser power and scan speed. The dash-dotted
line in a is the isoline of 19% porosity, i.e., the initial porosity is reduced by half. Left inset: schematics of the presenting segment, the HM
range (dashed line) as well as the beam spot (dash-dotted line), and the distribution of the volumetric energy deposition
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Fig. 4 a Temperature proﬁle at the point when the laser beam has passed 350 μm on the powder bed with different processing parameters.
Overheat region with T ≥ TM is noted with continuous colormap while one with T < TM is noted with isotherms. Left inset: schematics of the
presenting section (Sec. S-S′), the HM range (dashed line) as well as the beam spot (dash-dotted line), and the geometry of the overheat
region which is characterized by width w and depth h. Maps of b the normalized width and c the normalized depth of the overheat region
along with laser power and scan speed

laser are also indicated in the ﬁgure. It generally presents an
inhomogeneous temperature ﬁeld on the powder bed. In the front
of the moving beam spot, isotherms are very dense and become
sparse once the beam spot has passed away, indicating rapid
heating and a relatively slow cooling. In this regard, increasing the
laser power and decreasing the scan speed can both improve the
heat accumulation around the beam spot. As we mentioned that
partial melting is only possible within the overheat region where
T ≥ TM (noted with continuous colormap), we can only see some
particles are partially melted in the case of P0 = 20 W and v =
100 mm/s. When increasing the laser power (e.g. P0 = 30 W and v
= 100 mm/s in Fig. 4a) or decreasing the scan speed (e.g. P0 =
20 W and v = 80 mm/s in Fig. 4a), the overheat region becomes
more noticeable. In these cases, considerable melts would be
generated by partial melting, turning the mechanism of liquidstate sintering to be dominant. On the other hand, decreasing the
laser power (e.g. P0 = 15 W and v = 100 mm/s in Fig. 4a) or
increasing the scan speed (e.g. P0 = 20 W and v = 150 mm/s in Fig.
4a) can effectively reduce the partial melting, and in these cases
the mechanism of solid-state sintering is dominant.
To systematically analyze the inﬂuence of processing parameters on the temperature proﬁle and classify the possible
dominant mechanism involved in SLS processing, we map the
width (normalized with FWHM) and the depth (normalized with
Hpb) of the overheat region (left inset of Fig. 4a) along with the
processing parameters, as shown in Fig. 4b, c. To help the

discussion, each map is divided into four areas, and the processing
parameters inside a certain area are corresponding to similar
microstructure features. For the normalized overheat width map
(Fig. 4b) we have: (w1) there is no overheat region; (w2) overheat
region is extremely localized within the HM range (diameter of
FWHM); (w3) overheat region is wider than the HM range, yet still
localized within the beam spot (diameter of 2 × FWHM); (w4)
overheat region is wider than beam spot. For the normalized
melting depth map (Fig. 4c) we have: (h1) there is no overheat
region; (h2) overheat region is localized within half of the powder
bed thickness; (h3) overheat region exceeds half of the powder
bed thickness; and (h4) overheat region equals (or probably
exceeds) the powder bed thickness. To sum up, there is only
dominant solid-state sintering in the overlapped area of (w1) and
(h1), thus no contribution from partial melting need to be
considered. In the areas (w2), (w3), and (h2), and (h3), particles
coexist with melts. Therefore, it is necessary to consider the partial
melting in such regions. However, in the overlapped area of (w2)
and (h2), the partial melting is restricted to the individual particle
and then quickly vanished after cooling down. This process is
closer to solid-state sintering. In other areas, there are more melts
mixed with the unmelted particles, leading to typical liquid-state
sintering. Finally, the dominant melting and solidiﬁcation occur in
regions (w4) and (h4) (a.k.a. the SLM process). In such regions the
partial melting assumptions no longer hold, and the proper model
coupled with ﬂuid dynamics of the melt is desired.
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Due to the inhomogeneous temperature proﬁle, particles/grains
during SLS may undergo different binding mechanisms depending on local thermodynamic conditions. Some particles around the
beam spot may suffer from the partial melting. Others may be
sintered together since the temperature is still sufﬁciently high to
activate the diffusion and the grain boundary migration.
Inhomogeneity of local temperature distribution would cause
considerable differences in both diffusivity and grain boundary
mobility, which follow the Arrhenius equation, between the
hottest and coolest ends of the powder bed. For instance, the
surface diffusivity at the hottest end of a partially melted particle is
about 100 times larger than that on at the coolest end in this
work. As a result, grains in different sintering stages (majorly
judged by grain geometry61) could be simultaneously observed, in
contrast to that during the conventional sintering where the
uniform temperature is ﬁrmly controlled. Those grains in different
sintering stages may signiﬁcantly affect the densiﬁcation (or
porosity) of the ﬁnal product. With the help of grain tracking
algorithm, we can track the particle/grain located at any position
in the powder bed and investigate the sintering stages of certain
grain during the process.
Figure 5a presents the geometry evolution of particles/grains of
the same processing parameters of P0 = 20 W and v = 100 mm/s.
Here the volume and the average temperature of the i-th particle/
grain are calculated as
R
Z
ρTδðΩi ÞdΩ
;
(20)
V ¼ ρδðΩi ÞdΩ; Tavg ¼ R
ρδðΩi ÞdΩ
where δ(Ωi) is the delta function which takes one inside the
domain Ωi of the i-th particle/grain. Ω represents the simulation
domain. The volume variation ΔV is thereby calculated as the
absolute difference between the current volume V and the initial
volume V0. When the laser beam passes, the average temperatures rise to the peak, then gradually drop. The volume variation,
however, starts to rise when the average temperature reaches
0.6TM. After reaching the maximum Tavg, the rate of volume
variation gradually drops, and the grain volume tends to be
constant. It can be seen that grains A, D, and E (Fig. 5a) with the
same y coordinate present similar polyhedral shapes with arched
surfaces (gA, gD, and gE) at the end of the scan (5000 μs), showing
a resemblance to the grains during the intermediate stage of the
sintering. Grain F is exactly located beneath the partial melting
region. It also turns into a polyhedral shape (gF) of the grains
during the intermediate stage. On the other hand, grains A, B, and
C with the same z coordinate present different stages. Among
these three grains, grain B is located farthest from the beam
center and eventually turns into a shape which is less polyhedral,
but similar to the one formed by pure necking without
subsequent packing (gB), which is the symbolic feature of the
grains during the starting stage of sintering. Grain C is located
closest to beam center, whose Tavg ﬁrstly rises above TM then
quickly drops. It eventually turns into a grain (gC) with a smooth
and relatively wider top and polyhedral bottom. Partial melting
may be the reason for such smooth wide top, where grain C gets
overheated and hence gain extra mobility ΦM ðτÞMeff
melt for the mass
transfer shown in Eq. (12). Tavg of grain C being shortly over TM
also conﬁrm the existence of the partial melting. Apart from this,
features like the polyhedral bottom can be found from the highly
packed grains during the ﬁnal stage of the sintering.
Likewise, we present the geometry evolution of the same
particle/grain (grain A) with various processing parameters in Fig.
5b. It can be seen that increasing the laser power and decreasing
the scan speed can eventually accelerate the sintering of the
grain. For v = 100 mm/s, the grain is polyhedral as the intermediate stage at P0 = 20 W (g3), but is round with a top-surface
necking as the starting stage at P0 = 10 W (g5). For the cases of P0
= 30 W, v = 100 mm/s and P0 = 20 W, v = 80 mm/s, the grain with
npj Computational Materials (2019) 81

a smooth wide top and a polyhedral bottom is obtained as the
ﬁnal stage (g1 and g2).
As the sintering progresses, grains get coarser and more
packed, meanwhile the pores shrink or even vanish, leading to the
nominal volume shrinkage and porosity reduction of the
processed components. Such phenomena are collectively known
as the densiﬁcation. In ref. 19 Simchi proposed that transient
porosity during densiﬁcation of laser sintered metal follows the
ﬁrst-order kinetics law as
ε_ ¼ κε;

(21)

where κ is deﬁned as the sintering rate constant. In Fig. 6a we
present the temporal evolution of ln(ε/ε0) of the three selected
segments and the whole powder bed with an initial porosity ε0
under the processing parameters of P0 = 20 W and v = 100 mm/s.
The average temperature Tavg of each segment is also calculated
according to Eq. (20). These three segments are with the same
geometry (length 100 μm, width 250 μm), but located at different
positions in the powder bed. It can be seen that when the laser
beam scans into a certain segment, Tavg rises and ln (ε/ε0) is almost
linearly decreased there. Once the laser beam is about to leave the
certain segment, the Tavg reaches its maximum then starts to drop,
while ln (ε/ε0) is slowly decreased. In contrast, ln (ε/ε0) of the whole
powder bed presents an approximately linear trend, with a ﬁtted
slope as κ ¼ 7 ´ 105 s−1, as shown in Fig. 6a. This demonstrates
that Eq. (21) is valid in this model to describe the porosity
evolution of the powder bed combining all contributions from
each ﬁnite segments, which is also in agreement with the
experimental measurement in ref. 19. According to Fig. 6b, we can
see the ﬁnal microstructure (t = 5000 μs) around the segment
center shows the resemblance to the microstructure during the
intermediate stage of sintering.61 In this stage, grains have already
been packed together while most of the open pores have been
eliminated or rearranged into a roundly closed shape. Whereas
the microstructure around the segment margin presents less
packed but more necked grains surrounded by tunnel-like open
pores, manifesting the characteristics during the initial stage of
sintering.61
In Fig. 6c we present the temporal evolution of ln (ε/ε0) under
different processing parameters. Segment II is selected to present
the inﬂuence of processing parameters on temporal Tavg, which
shows a similar trend as in Fig. 6a. The approximately linear trend
of ln (ε/ε0) is still obvious. Both increasing the laser power and
decreasing the scan speed result in the increase of the maximum
Tavg and the rate constant κ. Final microstructures of segment II
under various processing parameters are shown in Fig. 6d. We set
the microstructure of segment II of P0 = 20 W and v = 100 mm/s as
the reference and compare it with cases with other processing
parameters. For the cases with ﬁxed v = 100 mm/s and P0 = 10, 15,
and 20 W, densiﬁcation rarely occurs and only necking with
tunnel-like open pores appears, also manifesting the characteristics of the initial stage of sintering. For the case of P0 = 30 W and
v = 100 mm/s, however, the microstructure is signiﬁcantly densiﬁed with packed grains and almost no pores, showing the
characteristics of the ﬁnal stage of the sintering where the grain
coarsening dominates. For the case of P0 = 20 W and v = 80 mm/s,
the microstructure densiﬁcation occurs, but there are still some
round pores near the segment margin, indicating the transition
from the intermediate stage to the ﬁnal stage of sintering.
Here we further discuss the relation between the processing
parameters and the sintering rate as well as the ﬁnal densiﬁcation.
We deﬁne the speciﬁc energy input Ψ and densiﬁcation factor ϱ as
P
ε0  ε
(22)
Ψ¼
;ϱ ¼
:
hwv
ε0  εmin
In Eq. (22), P and v are the laser power and the scan speed of the
laser beam, respectively. h and w are the thickness and width of
the scan track, respectively. εmin is the minimum attainable
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Fig. 5 a The normalized size variation of the particles/grains located at positions A-F as shown in left inset under the processing parameters of
P0 = 20 W, v = 100 mm/s. Final geometries of corresponding particles/grains are presented in insets gA–gF; b the normalized size variation of
the particles/grains located at position A as shown in left inset under various processing parameters. Final geometries of selected particles/
grains are presented in g1–g5

Fig. 6 a Temporal evolution of ln (ε/ε0) and the average temperature Tavg of the different segments and the whole powder bed under the
processing parameters of P0 = 20 W, v = 100 mm/s, and b the ﬁnal microstructures of selected segments; c temporal evolution of ln (ε/ε0) of
the whole powder bed and the Tavg of the same segment of the powder bed under the various processing parameters, and d the ﬁnal
microstructures of the segment. Time windows shown in a, c indicate the periods when the beam scans on the corresponding segment

porosity in a sintered part, which ranges between 0.02 and 0.3
depending on the material properties. To avoid the deviation due
to the less densiﬁed margin of the powder bed, we choose a
FWHM = 100 μm of the power density of the laser as the track

width w, and P = 75.8%P0 (the surface integral of the power
density reaches 75.8% of P0). h takes Hpb = 65 μm and εmin = 3%.
As shown in Fig. 7a, the relation κ vs Ψ can be linearly ﬁtted with a
slope of 9.51 × 10−3. Similarly, linear ﬁtting of  lnð1  ϱÞ vs Ψ
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gives the densiﬁcation coefﬁcient K = 18.97, as shown in Fig. 7b. It
should be noted that K is related to the material properties and
the particle diameter distribution in the powder bed.19 The K
value obtained here is in line with the experimental K = 12.6
according to refs19,62 where the SS316L particles have diameters
<45 μm. The agreement in K shows the applicability of the
developed model in simulating the microstructure densiﬁcation.
We also present a detailed map of the densiﬁcation factor ϱ in Fig.
7c. Following the isoline of the speciﬁc energy input Ψ (dashdotted lines in Fig. 7c), increasing laser power/scan speed actually
leads to the increase of the densiﬁcation ϱ. And when higher Ψ are
kept, the faster increase of ϱ can be found. It reveals another
interesting fact that speciﬁc energy input may not be able to
uniquely identify the densiﬁcation of the processed component
during SLS. A similar pattern has been experimentally observed in
ref. 63.
To sum up, in this work we perform 3D non-isothermal phaseﬁeld simulations to investigate the microstructure evolution
during SLS. We recapitulate interesting phenomena during SLS,
such as a high-gradient temperature ﬁeld, mass transfer through
partial melting, diffusion, and particle/grain necking and coarsening. We also reveal the inﬂuences of the processing parameters
(i.e. laser power and scan speed) on microstructural features,
including the porosity, surface morphology, temperature proﬁle,
particle/grain geometry, and densiﬁcation. We further present the
feasibility of the ﬁrst-order kinetics for transient porosity during
densiﬁcation of the processed powder bed, and verify the linkage
of the sintering rate constant and the densiﬁcation factor to the
speciﬁc energy input. Further investigations of the inﬂuence of
factors such as the scan strategies, initial particle size distribution,
and shape during SLS processing are expected in the near future.
METHODS
Powder bed generation using discrete element method
To generate the initial powder bed, the discrete element method (DEM)
simulator YADE is used.64 The spheres are ﬁrstly created as the gaseous
loose-packing cluster with no contacts between particles. The distribution
of the particle diameter is shown in Supplementary Fig. 3a. Then, a
gravitational force is imposed on the particles to make them spread into a
rectangular box. The iterations continue until the deviation from force
equilibrium on the particles is below a certain threshold, i.e, the particles
are stationary. This process is shown in Supplementary Fig. 3b. After the
powder bed generation, the center coordinate rO and radius R of each
unique particle is recorded as a vertex νi (rO, R), and added into the vertices
list Vfν i g for further optimization.
npj Computational Materials (2019) 81

Implementation of ﬁnite element method
The model is numerically implemented by ﬁnite element method (FEM)
within the program “NIsoS”, developed by authors based on MOOSE
framework.65 Eight-node hexahedron Lagrangian elements are chosen to
mesh the geometry. Cahn-Hilliard equation in Eq. (11) is solved in a split
way.66–68 Transient solver with preconditioned Jacobian-Free
Newton–Krylov method (PJFNK) and backward Euler algorithm has been
employed to solve the non-isothermal phase-ﬁeld problems. Adaptive
meshing and time stepping schemes are used to reduce the computation
costs. The constraint of the order parameters is fulﬁlled using the penalty
method. More details about the FEM implementation are shown in
Supplementary Note 4.

Parallel CPU computation
The large-scale parallel CPU computations for each simulation domain,
which has DOFs on the order of 10,000,000 for both nonlinear system and
auxiliary system, are performed with 150 processors and 2 GByte RAM per
processor based on OpenMPI. Each simulation consumes on the order
10,000 of CPU core*hours.
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