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• A multi-scale framework has been de-
veloped to simulate the layer-by-layer
densification behavior of powders dur-
ing S-DMLS.

• Heat transfer, partial melting and grain
coalescence have been considered in
the developed nonisothermal phase-
field model.

• Relatively thin layer thickness was fa-
vorable for reducing the porosity in fab-
ricated S-DMLS parts.

• Narrow PSD presents a larger laser-
heated zone and and reduced porosity
during S-DMLS.
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Solid-state direct metal laser sintering (S-DMLS) builds structures by using laser energy to sinter powder parti-
cles in a layer-by-layer manner. Powder size distribution (PSD) is an important parameter governing the densi-
fication of powders and the overall quality of as-built S-DMLS parts. Therefore, this work aims to reveal the
underlying mechanism of layer-by-layer powder compact densification during the S-DMLS with different PSDs
via a multi-scale computational framework: 1) a powder-based 3D heat transfer simulation is conducted to pre-
dict the thermal response at themacroscale during laser heating; 2) the obtained thermal information is input to
a non-isothermal phase-field model to simulate the sintering behavior of powder particles in a layer-by-layer
manner at the mesoscale. Using stainless steel 316 L as an example, a narrow PSD presents a small volume of
gap between powders with an elevated effective thermal conductivity, causing a deep laser-induced heating
zone that promotes full grain coalescence and reduces porosity during the S-DMLS. Furthermore, a bimodal pow-
der mixture with an optimized size ratio can also effectively reduce the porosity of as-built S-DMLS parts. More-
over, the effect of layer-wise manufacturing on the densification is comprehensively explored. Finally, the
influences of laser beam size and scanning speed are discussed.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Direct metal laser sintering (DMLS), also known as selective laser
melting, is one of the additive manufacturing (AM) processes widely
used for the rapid fabrication of objects with complex geometries
[1–3]. For somematerials with a relatively high melting point or transi-
tion temperature, e.g., organic polymers, ceramics and metallic alloys
[1,4–6], the DMLS processes are much involved in neck formation,
mass transfer and partial melting that bind adjacent powders together
with a sufficiently high temperature (close to themelting temperature),
which are thus regarded as solid-state DMLS process (S-DMLS) herein.
One of the important features of S-DMLS process is that they involve a
sequentially layer-by-layer powder spreading and laser scanning with-
out a significant melting-solidification phenomenon. Besides, a rela-
tively high porosity in the products enables the S-DMLS to fabricate
porous structures for specific applications [4,7–11].

Tremendous efforts have been made to experimentally investigate
the process-microstructure relation of the powder-based S-DMLS pro-
cess, which involves multiple processing factors including laser param-
eters, powder size distribution (PSD), layer thickness, etc. The successful
S-DMLS manufacturing is determined by the identification and under-
standing of the effects of these factors on the powder compact micro-
structure evolution (including porosity, grain geometry, densification,
etc.). Klocke et al. [12] experimentally investigated the grain coales-
cence behavior of metals at various process parameters using copper
and stainless steel. They found the difference between semisolid and
non-semisolid materials during the S-DMLS and concluded that the
thermal profile (depending on scanning velocity and laser power) is a
dominant factor for the grain morphology of final products [12].
Tolochko et al. [13] studied the grain coalescence between Ti powders
during the S-DMLS, and they found that a gradually increased tempera-
ture induced by a “soft” laser radiation can effectively facilitate the grain
coalescence and reduce the porosity in the final products.

Meanwhile, the PSD plays an important role in the porosity reduc-
tion, or densification of powders during the S-DMLS process. With re-
gard to the traditional sintering process based on grain coalescence of
powder particles, it has beenwell known that the quality of initial pow-
der compact significantly impacts the grain coalescence behavior of the
final products [14,15]. In addition, recent researches showed the fine
powders, or optimized powder mixtures can generally reduce the po-
rosity of sintered parts. For example, McGeary [16] studied bimodal
spherical powder mixtures and demonstrated the highest packing den-
sity of 83% is obtained when they mix two powder compacts with the
radius ratio of 1: 7 (small: large) in the 3:7 mixing ratio. Gusarov et al.
[17,18] presented the microstructure evolution dependence on the
powder-laser interaction that is critically controlled by the PSD-
dependent effective thermal conductivity of powders. Pryds et al. [15]
investigated the microstructure evolution at different PSDs during the
sintering process and concluded that a small initial PSD width can lead
to a high final relative density and densification rate. Wang et al. [14]
studied the size-dependence of densification of tungsten powders dur-
ing the sintering process. They revealed that the nano-sized powders
have significant sinter-ability in comparison with the submicron- or
micron-sized ones. Dadbakhsh et al. [19] found that the fine powders
show better processability and higher tensile properties in final prod-
ucts compared to the coarse powders. Simchi [20] studied the densifica-
tion and microstructural evolution during direct melting laser sintering
of metal powders and concluded that the finer particles have more
surface area to absorb laser energy, and thus, increasing sintering
rate. However, most of these studies on the effect of PSD/powder mix-
tures on the microstructure evolution during the S-DMLS process
are experimental-oriented and rely on trial-and-error or similar empir-
ical knowledges [4]. Because of the short exposure to the laser-
induced heating, it is still challenging to directly or real-time observe
the microstructure evolution during the laser scanning. Hence,
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microstructure-based modeling becomes an alternative method to
understand the process-microstructure relation for the S-DMLS process.

Phase-field methods (PFM) have been applied to a vast range of
materials phenomena, e.g., solidification [21,22], solid-state phase
transformation [23–25], recrystallization [26], grain growth [27,28].
PFM is formulated based on the theory of irreversible thermodynamics,
and is advantageous in addressing the time-dependent evolving
morphologies process, which is difficult to implement in traditional
sharp-interface model. The early attempt to use the PFM to simulate
the microstructure evolution during the sintering process was made
byWang [29], inwhich an isothermal PFMwas developed by combining
a conserved density field with a set of non-conserved orientation field.
Recently, Zhang et al. [30] extended this model to simulate the neck
growth between adjacent powder particleswith consideration of the ef-
fect of temperature on mass diffusion during selective laser solid-state
sintering. Yang et al. [31] proposed a non-isothermal phase-field ap-
proach tomodel theheat transfer and grain coalescence simultaneously,
with application to the investigation of microstructure evolution at var-
ious process parameters. However, these investigations were limited to
the S-DMLS single scanning simulations of the thermal profile and den-
sification at various values of laser power and scanning speed. To our
best knowledge, the layer-by-layer manner was not involved in any
existing simulation. Furthermore, the effect of PSD and/or bimodal pow-
der mixture on the densification was not systematically investigated in
these simulations.

In this work, a multi-scale computational framework including a
powder-based 3D heat transfer simulation and a 2D non-isothermal
PFM [31] is developed to simulate the layer-wise manufacturing pro-
cess. The powder-based 3D heat transfer modeling is first run to simu-
late the temperature evolution, which is then used to guide the
construction of thermal profile in a 2D setting for the non-isothermal
PF simulation to investigate the interaction of thermal profiles and den-
sification. Taking stainless steel 316 L (SS316L) as an example, the effect
of layer-wise fabrication on the densification of powders, thermal pro-
file, and porosity is first investigated. The densification of powders
with different PSDs is then comprehensively compared. Further, the ef-
fect of mixture ratios and size ratios of bimodal powder mixtures, in
which fine/small powder particles are added into a coarse/large powder
compact, on the final porosity of S-DMLS parts is studied. Finally, we in-
vestigate the effect of laser parameters, such as laser beam size and
scanning speed, on the porosity of as-built S-DMLS parts. The work
sheds a light on the optimization of manufacturing parameters in the
powder-based S-DMLS process.

2. Model descriptions

In this work, a multi-scale computational framework including a
powder-based 3D heat transfer model at the macroscale and a 2D
non-isothermal phase-field (PF) model at the mesoscale is developed.
The 3D powder-based heat transfer simulation is first applied to obtain
the temperature information at themacroscale where the packing den-
sity of powder compact has a significant influence on its thermal prop-
erties, such as laser energy absorptivity and effective thermal
conductivity. The obtained temperature information is used to construct
the thermal profile for the 2D non-isothermal PFM simulations at the
mesoscale, inwhich heat transfer, partialmelting, and grain coalescence
are modeled simultaneously. The 2D phase-field simulations can allow
simulating the layer-by-layer powder-resolved densification and mi-
crostructural evolution, which remains a challenging issue for fully 3D
powder scale simulations due to the tremendous computational bur-
den. As schematically shown in Fig. 1, the procedure of the multi-scale
simulation is given below:

1) The 3D powder compacts are generated and their average porosities
are estimated, which are then used to calculate the powder thermal



Fig. 1. Schematic of the multi-scale modeling: (a) the 3D powder compact gives the average porosity, which acts as a parameter input of 3D heat transfer simulations at the macroscale,
(b) the powder-resolved 2Dheat transfer at themesoscale for the cross-section of interest are solved by using the same PSD, and (c) themesoscale 2D heatmodel is corrected by equating
macro- and meso-scale temperature information in the heated zone.
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properties, e.g., laser absorptivity, laser penetration depth and effec-
tive thermal conductivity [17,18].

2) A volumetric heat source using the averaged powder-based thermal
properties from 1), alongwith other parameters, i.e., scanning speed
and laser power, is adopted to run the 3D heat transfer simulation,
which gives the temperature information of laser heating at the
macroscale.

3) The temperature information, i.e., the maximum temperature,
Tmax_macro, the length of heated zone (T > 0.6 T0), Wmacro, and the
depth of heated zone, hmacro, at the macroscale are extracted for
the cross-section of interest in the 3D S-DMLS part, as shown in
Fig. 1a.

4) The powder-resolved 2D heat transfer and the thermal profile, the
maximum temperature Tmax_meso, the length of heated zone, Wmeso,
Fig. 2. (a) Schematic for 2D S-DMLS simulation (Note that the simulation domain is only a sm
(the cross-section plane) of 3D layer-by-layer S-DMLS part and the scanning direction is ±x
forth-and-back scanning strategy. (b) Schematic for the phase-field interpretation of the sinte

3

and the depth of heated zone hmeso, at the mesoscale for the cross-
section of interest are solved by using the same PSD and thermal
equations as the 3D model in 2). The heat source in the mesoscale
2Dmodel is corrected by equatingmacro- and meso-scale tempera-
ture information, as shown in Fig. 1c (detailed in Section 2.1.3).

5) The corrected 2D heat source and thus the thermal profile are used
to predict the powder compact densification during the layer-by-
layer S-DMLS at the mesoscale (as shown in Fig. 2a).

Meanwhile, in the 2D PF simulation, the scanning strategy is set as a
forth-and-back laser movement to build the part in an argon atmo-
sphere (Fig. 2a). The yellow block is the substrate of powder bed with
a fixed thermal boundary condition preheated at 0.4T0 (T0 refers to
the melting temperature of SS316L). As illustrated in Fig. 2b, the phases
all portion taken from a large S-DMLS part). The simulation plane is chosen as xz-plane
direction. And in our simulations, the part is built in the layer-by-layer manner with a

ring system, i.e., the grain coalescence between two particles.
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are described in themodel by the non-conserved order parameter ηα(r)
(α=1, 2,…, N), in which the subscript, α, represents the grain orienta-
tion number (here, we use α to identify particle). We take ηα(r) =1 for
the particles (solid, or partially melted) and ηα(r) =0 for the vapor
phase (argon gas, or pores). To model the mass conservation in the
solid and gas phases, a conserved phase field ρ(r) is introduced to rep-
resent the density: ρ(r) =1 for particles and ρ(r) = 0 for vapor phase
(Here, the density variation across the grain boundary is neglected). It
is noted that the number of particles is not needed in the density field
with the assumptions of a uniformdensity for all particles andnegligible
density variation caused by partial melting. Note that we treat each par-
ticle as a grain in the PF simulation. Sintering of particles can be treated
as grain coalescence in the PF simulations for simplification, since simi-
lar physical processes are presented for them. Specifically, during the
solid-state sintering of two crystalline powder particles, mass transfer
includes serial processes: atoms detach from original location, move to-
wards and, finally, attach to a new location (commonly the interface be-
tween two particles). Similar serial processes occur during the grain
growth of arbitrary adjacent grains [32]. Thus, the sintering process
can be treated as grain coalescence.

Our simulation domain (~1.2mm×1.2mm) is a small portion taken
from a large S-DMLS part (~300 mm × 300 mm). To avoid the residual
heat that may affect simulation, we assume the time interval between
layers, e.g., time interval between Layer 1 and Layer 2, is long enough
for the heated region in the simulation domain to cool down to the
preheated temperature.

Fig. 2b illustrates the order parameters profile, mass transfer paths
and grain boundary migration across A–A′ section in the simulation do-
main. The mass transfer paths include the diffusion in solid volume,
vapor, along surface and grain boundary. For example, in volume diffu-
sion as shown in blue dash arrow (Fig. 2b), mass can be transported
from grain boundary to neck through volume, or from surface to neck
through volume.

2.1. Heat transfer modeling

2.1.1. Heat transfer equation
Here, we adopt the governing equation for temperature evolution

during the AM process proposed by [18,31,33]:

ξT T
:

r, tð Þ−v⋅∇T
� �

þ ξβ ρ
:

r, tð Þ þ∑
α
ξη η

:
r, tð Þ ¼ −∇k∇T þ Qlaser ð1Þ

where k is the effective thermal conductivity, obtained by,

k ¼ kvolϕ ρð Þ þ kvap 1−ϕ ρð Þ½ � þ ksfρ 1−ρð Þ þ kgb∑
α

∑
α0≠α

ηαηα0
� � ð2Þ

with kvol, kgb, ksf and kvap are the thermal conductivity of bulk solid vol-
ume, grain boundary, surface of particle and argon gas, respectively, and
the interpolation function: ϕ(ρ) = ρ3(10 − 15ρ + 6ρ2).

Qlaser is the heat generation rate of the laser beam that can be
expressed as [31]:

Qlaser ¼ ΦβP0pxy x, yð Þpz α,λ, zð Þ ð3Þ

whereΦ= 1 for the solid phase and 0 for vapor phase, P0 is the nominal
laser power reaching the surface of the powder bed, pxy(x,y) is the sur-
face Gaussian distribution. pz(α,λ,z) is a penetration function from
Gusarov et al. [18]. The parameters α, β, λ in Eq.(3) affect the general la-
ser energy absorptivity of powder bed [18]. α≈ 0.7is the hemispherical
reflectivity reflecting the impact of the powder material (SS316L) [18].
The extinction coefficientβ and thepenetration depthλ indicate the im-
pact of the structure of powder bed [17,18,31,34], obtained by β ¼ As

4ε,
λ = βHpb, with the specific surface per unit volume of the powder bed
As, the layer thickness Hpb, and the porosity ε.

ξT, ξβ and ξη in Eq. (1) are the coefficients, depending on the
temperature change, phase evolution and mass transfer respectively
4

(see details in appendix A) [31]. For the powder-based 3D heat transfer
simulation, we have ξβ =0 and ξη =0 that the influences from density
and phase changes are ignored.

2.1.2. Boundary conditions
A boundary condition is applied to the interface between the sub-

strate and powders to replace the substrate, as shown in Fig. 1a.

− k∇Tð Þ⋅n ¼ ksub
Hsub

T Γsub

�� −Tinitial
� � ð4Þ

where n is the normal vector of the boundary Γsub. Hsub and ksub are the
thickness and the thermal conductivity constant of the homogeneous
substrate, respectively. Tinitial is the preheating temperature. Also, it is
assumed all newly added powder particles are preheated to 0.4T0 dur-
ing powder deposition.

Also, consider the high difference of temperature between the
S-DMLS component and ambient, we impose the convection and radia-
tion boundary conditions on the top surface

k∇Tð Þ⋅n ¼ hcc Ta−Tð Þ þ εRkSB T4
a−T4

� �
ð5Þ

where Ta is ambient temperature, hcc is the heat convection coefficient,
εR is the thermal radiation coefficient and kSB is Stefan-Boltzmann con-
stant, respectively.

2.1.3. Linkage between macroscale 3D and mesoscale 2D heat transfer
models

The objective to link the macroscale 3D and mesoscale 2D heat
transfer models lies in the correction of 2D thermal profiles, which are
essentially required for the non-isothermal PFM simulations densifica-
tion behavior of powder compact during the S-DMLS. In the 2D
powder-resolved model, it is assumed to be fully dense along the
depth (y) direction for the 2D powder packing (see Fig. 1), thus
rendering an increased packing with respect to 3D case, and thus an
overestimate of the laser absorptivity. Nevertheless, if directly applying
2D non-isothermal PFM in simulation, the thermal response gives a
larger heating zone [35] or higher temperature profiles [33] during
laser heating. Sequentially, such inaccurate temperature information af-
fects the value of temperature-dependent parameters of PF equations.
The deviated PF parameters predict inaccurate grainmorphology of par-
ticles and the rate of powder compact densification during process.

Therefore, to enable 2Dheat transfer simulationswith acceptable ac-
curacy, we use 3D heat transfer to correct 2D thermal response. Here,
we adopt the similar methods presented in the literatures [35,36]. The
heat source term in the 2D heat transfer equation can be adjusted as
[33,35].

Qlaser2D ¼ A0ΦβP0px xð Þpz α,λ, zð Þ ð6Þ

where px(x) is the Gaussian distribution along x-direction. (for numeri-
cal implementation along the curved boundary in the powder-resolved
2D configuration, see Appendix D for details). A coefficient A0 is
introduced to account for the overestimate of powder packing and laser
absorptivity in the 2D heat transfer model. Note that A0 is a case-
dependent coefficient, which is estimated by linking the macroscale
3D andmesoscale 2D heat transfer models. Specially, we use amodified
method based on Ref. [35, 36] to calculate A0, by comparing the maxi-
mum temperature Tmax, and the length, W, and the depth, h, of heated
zone (T > 0.6 T0), such as:

Step 1: 3D heat transfer simulation and selecting the cross-section of
interest (See Fig. 1a);

Step 2: Extracting the temperature information: themaximum tem-
perature, the length and the depth of heated zone, as shown in Fig. 1b.

Step 3: 2D heat transfer simulation, and then, similarly, extracting
corresponding temperature information.



X. Wang, Y. Liu, L. Li et al. Materials and Design 203 (2021) 109615
Step 4: Compare (Tmax_macro, Wmacro, and hmacro) with (Tmax_meso,
Wmeso, and hmeso) from the powder-resolved 2D simulation, respec-
tively, see Fig. 1b;

Step 5: If

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tmax macro−Tmax meso

Tmax macro

� �2
þ Wmacro−Wmeso

Wmacro

� �2
þ hmacro−hmeso

hmacro

� �2
r

≤ ξ,

in which the criterion ξ can be adjusted (we chose 0.1). Otherwise, go
back to step 3 and adjust A0. Therefore, the value of A0 is case-
dependent.

2.2. Phase-field formations

2.2.1. Energy functional
Since the S-DMLS is a non-isothermal process, hereby, we adopt a

non-isothermal phase field model to describe the phase evolution and
mass transfer. The total free energy of the system is given by a functional
Eq. [31], (see Appendix A for details):

F ¼
Z
r

f T ,ρ, ηα
� 	� �þ 1

2
Tκρ ∇ρj j2 þ 1

2
Tκη∑

α
∇ηα
�� ��2
 �

dr3 ð7Þ

where κη and κρ donate the gradient terms of the non-conserved order
parameter ηα and the conserved order parameter ρ, respectively.

f(T,ρ, {ηα}) is the free energy density, expressed as [31]:

f T ,ρ, ηα
� 	� � ¼ f ht Tð Þ Aρþ B∑

α
ηα

� 
þ C ρ2 1−ρð Þ2

h i
þD ρ2 þ 6 1−ρð Þ∑

α
η2α−4 2−ρð Þ∑

α
η2α þ 3 ∑

α
η2α

� 2
" # ð8Þ

where the first term donates heat contribution to the free energy den-
sity and fht(T) is determined by f htðTÞ ¼ −crT lnð TT0

Þ þcrðT−T0Þ− T−T0
T0

ψΦðτÞ. Here, cr is the volumtric specific heat, and ψ is the latent heat.
Φ(τ) is an interpolation function used to identify the region with local
temperature higher or equal to the reference temperature (melting
temperature). Considering τ = T/T0, we take Φ(τ) =1 when τ → 1
and Φ(τ) = 0 when τ → 0.

Other parameters are chosen as follows: A ¼ κρ
κρþκη

,B ¼ κη
κρþκη

,C =

Cpt − Ccf(T − T0) and D = Dpt − Dcf(T − T0). Notice that Cpt, Ccf, Dpt

andDcf are related to the barrier heights betweenminimawith the sub-
script ‘pt’ and ‘cf’ representing the contribution from the potential term
and the configurational term, respectively [31] (see Appendix A for de-
tails). Above free energy parameters can be directly related to material
properties, see Appendix E for details.

2.2.2. Kinetics of phase-field equations
In comparison with the traditional phase-field equations, the

advection terms are introduced to both non-conserved and conserved
equations. The conserved density evolution is in the form of the Cahn-
Hilliard equation that is written as:

ρ
:

r, tð Þ ¼ ∇⋅ M∇
∂f
∂ρ

−Tκρ∇2ρ
� � �

−∇⋅ ρuð Þ ð9Þ

where, theM is themodifieddiffusionmobility formulated byM=Deff/2
(C + D), in which Deff is the effective diffusion coefficient consisted as
[29]:

Deff ¼ Dvolϕ ρð Þ þ Dvap 1−ϕ ρð Þ½ � þ Dsfρ 1−ρð Þ þ Dgb∑
α

∑
α0≠α

ηαηα0
� � ð10Þ

In which Dvol, Dvap, Dsf and Dgb representing the temperature-
dependent (e.g. obeying Arrhenius equations) diffusion coefficients in
the solid volume, vapor, along the surface, and the grain boundary, re-
spectively. Here, in the numerical simulations, we set a very small diffu-
sivity in the vapor phase [29,31]. The purpose to include the vapor
5

diffusivity is to calculate the effective diffusivity of the diffuse interface
between the vapor and the solid, as reflected in the first two terms of
the following Eq. (10).

The term ρu= ρ(vrbm+ umelt) donates the convectivemass transfer
contributed by: (1)mechanical contact loading induced velocity vrbm, as
the rigid bodymotion between particles, and (2) themelt flowwith ve-
locity field umelt. Here, some remarks are noted:

1. First of all, during sintering process, the advection flux describes the
mass transfer through a motion of a local volume element as a rigid
body [29]. A rigid body (translation and rotation) of individual pow-
der particles is feasible because of the accelerated voids (vapor
phase) diffusion at the grain boundary regions. Adjacent particles
are pulled towards each other under an effective local force, which
is generated due to the vacancies annihilated by dislocations at
grain boundary.

2. Furthermore, when the surface temperature of the particle is higher
than its melting temperature, partial melting takes place at the over-
heated zone. Ourmodel only holds for limited partialmelting assum-
ing that only the surface of the particles is melted during laser
scanning. Therefore, particle melting is highly localized with a
smaller amount of liquid formation, which is far from dominating
theparticles' surface duringprocess. As amushy liquid-solidmixture,
the insufficient liquid phase causes high viscosity in partial melting
that, in turn, prevents liquid flow [37]. In this regard, the material
properties of melts can be assumed as the same as the solid phase
[31] and the overall rheological performance of the liquid in conjunc-
tion with solid particles can be insignificant [37,38]. In this situation,
the particle-particle boundaries remain in the solid-state connection,
that is to say, neck growth is still under control of solid-state
sintering mechanism. The melt flow is only driven by the capillary
pressure that contributes the additional surface mobility following
Yang et al. [31], asM=Deff/(C+D)+Φ(τ)Mmelt (detailed in Appen-
dix B). This is shown in the red zone in Fig. 3a where the three solid
particles (η1, η2 and η3) are in contact with each other during
sintering. It follows that the translation and rotation of individual
particle are feasible due to the vacancy diffusion at the grain bound-
ary during grain evolution. However, if the fraction of liquid phase is
sufficiently large to envelop the surface of particles, liquid/solid
wetting characteristics, solidification of liquid may play a more im-
portant role in the microstructure evolution, i.e., controlling the for-
mation of sintering neck and the rate of densification [37,39].

3. When the overheated zone is expanded, partial melting outspreads
and it may turn into full melting (e.g., in the melting pool during
SLM). In contrast to partial melting, when most of the particles
are melted, the remaining solid particles will be surrounded by
melt flow (red region in Fig. 3b). In this situation, the fluid flow
in the melting pool needs to be simulated (e.g., through solving
the Navier-Stokes equations) to compute the mass convection-
diffusion in the multiphase domain. This will be addressed in our
future work.
In this study, our focus is on the S-DMLS where the duration of laser

heating is not long enough for full melting of a particle nor insufficient
liquid phase in partial melting to trigger solid/liquid wetting character-
istics for densification. Therefore, partialmelting is assumed and the ad-
vection velocity field includes (1) partial melting-induced surface
diffusion and (2) rigid body motion of individual powder particles. Ad-
ditionally, following the assumption, partial melting occurs is highly lo-
calized around the surface of the particles. In this regard, the phase
order parameter that indicates melting/solidifying process is removed
for simplification. However, without introducing such order parameter,
the influence of the latent heat ψ on the local free energy is considered
in Eq. (8).

Similarly, the non-conserved grain evolution is in the form of the
Allen-Cahn equation as:



Fig. 3. Schematic of advection fluxes for mass flux for (a) partial melting and (b) full melting.
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η
:

α r, tð Þ ¼ −L Tð Þ ∂f
∂ηα

−Tκη∇2ηα

� 
−∇⋅ ηαvrbm

� � ð11Þ

where L(T) is a temperature-dependent parameter, obtained by L
(T) = G(T)γgb/Tκη with G(T) is the grain-boundary mobility and γgb is
the specific grain-boundary energy [31]. Here, the advection term is
contributed by the rigid bodymotion of grains for the structural relaxa-
tion. The melt flux from partial melting directly contributes to mass
transfer affecting the free energy density (i.e., Eq. (8)) and then, indi-
rectly contributes to the grain evolution. However, if under full melting
condition, the solid particles (grains) are melted and Eq. (11) that de-
picts the grain evolution may not be dominant.

In particular, the rigid bodymotion-induced advection velocity field
vrbm(r,t) [29,40] is a combination of the translation and rotation from all
particles, as vrbm ¼ ∑

α
vrbm ¼ ∑

α
vt αð Þ þ vr αð Þ½ �. Since the force andmo-

mentum of rigid body motion depend on the vacancy diffusion near
grain boundaries, in the phase field formulation, the force density acting
on the α-th particle is formulated as [29,40].

dF αð Þ ¼ κst∑
α’≠α

ρ−ρ0ð Þ〈ηαηα0〉 ∇ηα−∇ηα0
� �

d3r ð12Þ

where κst is a stiffness constant relating the force magnitude due to the
vacancy diffusion at grain boundaries. The constant ρ0 characterizes the
equilibrium concentration value for locating grain boundaries. The gra-
dient terms,∇ηα− ∇ ηα', in the local force equation is important for en-
suring an action–reaction law between any pair of neighboring
particles, Lastly, the operation 〈ηαηα'〉is defined as

〈ηαηα0〉 ¼
1, if ηαηα0≥cgb
0, otherwise



ð13Þ

in which cgb = 0.14 is the threshold concentration for locating grain
boundaries.

Thus, the resultant force and torque acting on the powder particles
are

F αð Þ ¼
Z
V

dF αð Þ ð14Þ

T αð Þ ¼
Z
V

r−rc αð Þ½ � � dF αð Þ ð15Þ

where the rc(α) is the center of the mass of the α-th particle, defined as
rc αð Þ ¼ 1

V αð Þ
R
V
rηα rð Þd3r, in which the volume of the α-th particle is ob-

tained by V αð Þ ¼ R
V
ηα rð Þd3r.
6

The velocity fields of rigid-body translation and rotation of the α-th
particle are determined by

vt r,αð Þ ¼ mt

V αð Þ F αð Þηα rð Þ ð16Þ

vr r,αð Þ ¼ mr

V αð ÞT αð Þ � r−rc αð Þ½ �ηα rð Þ ð17Þ

where mt = 500 and mr = 1.

2.3. Powder deposition and workflow of 2D phase-field simulation

2.3.1. Layer-by-layer powder deposition
Here, we adopt a random “rain”model to generate powder bed in a

layer-by-layer manner [33]. In this model, we assume powder particles
falling down and finding a favorable location with the assistance of
gravity. A globalminimumgravity energy algorithm is adopted to deter-
mine the position of any newly added particle, as shown in Fig. 4a,
which can avoid unnecessary low parking density [33]. The previously
located particles in red denote those in “substrate”, the particle
enveloped by the dash line (orange) is the newly added particle, and
blue denotes the vapor phase. Assuming that gravity is along the z-di-
rection, the white line in Fig. 4a represents the upper surface that a
new particle is able to make contact with, and calculated by

zmax x, yð Þ ¼ max z� H η x0, y0, zð Þ½ �−ηc
� 	��

x0¼x,y0¼yð Þ ð18Þ

where H is the Heaviside step function, η(x0,y0,z)=1 for solid phase
(previously located particles and the newly added particle) and η(x0,y0,
z)=0 for vapor phase, and ηc indicates the interface boundary between
different phases and powders. The trajectory of the newly added pow-
der (the yellow solid line) is then calculated by the following equation:

zc xc, ycð Þ ¼ max zmax x, yð Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2c− x−xcð Þ2− y−ycð Þ2

q� ����� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−xcð Þ2þ y−ycð Þ2

p
≤ rc

ð19Þ

where zc(xc+ yc) is the trajectory of the powder center rolling along the
yellow line. Then, the newly added particle will find the favorable posi-
tion where the minimal value of zc(xc, yc) is achieved. Once the newly
added particle is placed, it becomes part of the “substrate” and placing
of the next powder is started. This process is repeated until the powder
bed reaches a given layer thickness, as shown in Fig. 4b, which shows a
typical 2D powder bed generated by the algorithm. In our simulations, a
normal powder size distribution with average diameter of 45 μm is
used. Also, different colors of particles correspond to different layers
during powder bed deposition. Further, the impact from newly added



Fig. 4. (a) Schematic showing the basic concept of the minimum gravity energy algorithm. The particles in red are the newly deposited layer already in the powder bed, the particle
surrounded by the dash line (orange) is the newly added particle, and dark blue region indicates the vapor phase. The new powder is placed at the location where it has the global
minimum gravity energy. (b) A typical 2D powder bed generated by the proposed algorithm in a layer-by-layer manner, in which each layer is donated by different colour. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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particles towards previously deposited layer is not considered in the
modeling.
2.3.2. Workflow of S-DMLS process simulation in 2D
The procedure of 2D simulation is given in the flowchart, as shown

in Fig. 5. The first step is to input the process parameters, and then gen-
erate the powder bed. The numerical code used to simulate pouring and
packing of a powder bed is based on a modified random “rain” model,
described in Section 2.3.1. Step 3 is the phase field (PF) simulation of
grain coalescence during the S-DMLS process. The temperature, mass
diffusion and phase-field equations are solved sequentially, as shown
in Fig. 5. Because the laser energy input raises the temperature of the
local region, mass transfer and phase evolution of the local particles
are activated. Step 3 ends once the beam center exceeds the boundary
of the domain in x-direction. Furthermore, steps 2 and 3 are repeated
Fig. 5.Workflow of 2D powder-resolv
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until the end of the simulation when the final layer is sintered. (Videos
for the layer-by-layer S-DMLS process see details in Appendix C).

Note that the particle shape or quality can also affect the simulation
results. If particles have imperfections on their surfaces, i.e. roughness,
which affects how closely packed particles can be to one another [41].
And a coarse particle compact has lower the energy absorptivity during
laser heating [18,42]. Also, increasing the fraction of non-spherical par-
ticle can reduce the green density of powder compacts, which leads to a
decreased effective heat transfer [43]. Therefore, to avoid unnecessary
influence from particle shape, we assume all particles with perfect
sphere during deposition. In the community, the simulations often as-
sume the spherical powder particles [30,31,33,40,44,45] for simplifica-
tion, with a focus on the investigation of the scaling relationship
between the process parameters and the final porosity of S-DMLS
parts. Exploring the influence of the particle morphology on sinterabil-
ity of powder particles will be in our future work.
ed PFM of layer-by-layer S-DMLS.



Table 1
Material and model parameters.

Parameters Symbols Value [Unit] Ref.

Reference temperature T0 1700 [K]
Surface energy γsf 10.315–5.00 × 10−3 T [J/m2] [46]
Grain boundary energy γgb 13.018–7.50 × 10−3 T [J/m2] [46]
Effective thermal
conductivity of 316 L

k316L 10.292 + 0.014 T [J/(s∙m∙K)] [47]

Effective thermal
conductivity of Ar

kAr ~0.06 [J/(s∙m∙K)] [48]

Thermal Capacity of 316 L c316L 3.61 × 106 + 1272 T [J/(m3∙K)] [47]
Thermal Capacity of Ar cAr 717.6 [J/(m3∙K)] [48]
Effective surface diffusivity Dsf 0.40exp(−2.200 × 105/RT)

[m2/s]
[49]

Effective grain boundary
diffusivity

Dgb 2.40 × 10−3exp
(−1.770 × 105/RT) [m2/s]

[49]

Effective volume diffusivity Dvol 2.17 × 10−5exp
(−2.717 × 105/RT) [m2/s]

[50]

Latent heat ψ 2.4 × 109 [J/m3] [31,47]
Gran-boundary mobility G 3.26 × 10−3exp

(−1.690 × 105/RT) [m4/(J s)]
[51]

Table 2
Process parameters used in simulations.

Property Value [Unit]

Preheat temperature: Tinitial 680 [K] (~0.4T0)
Mean of powder diameter: 45 [μm]
Layer thickness: 60 [μm]
Beam power: P 20 [W]
Scanning speed: v 300 [mm/s]
Beam diameter: 0.2 [mm]

Table 3
Parameters normalization.

Symbols Normalization Symbols Normalization

c ec ¼ cT0=C
T0
pt

A and B eA ¼ A and eB ¼ B
k ek ¼ ktT0= CT0

pt λ
2

� �
Ccf eCcf ¼ Ccf T0=C

T0
pt

L eL ¼ LtCT0
pt

Cpt eCpt ¼ Cpt=C
T0
pt

M eM ¼ MtCT0
pt =λ

2 Dcf eDcf ¼ Dcf T0=C
T0
pt

P eP ¼ Pt=CT0
pt

Dpt eDpt ¼ Dpt=C
T0
pt

v ev ¼ vt=λ κβ eκβ ¼ κβT0= CT0
pt λ

2
� �

ψ eΨ ¼ Ψ=CT0
pt

κη eκη ¼ κηT0= CT0
pt λ

2
� �
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3. Numerical implementation

A finite difference method with an explicit timemarching scheme is
implemented for themodel.We normalize the variables with respect to
a set of reference quantities, i.e., the reference temperature T0, the refer-
ence length scale λ = 1 μm, and the time scale t = 1 μs. The reference
energy density Cpt

T0 is expressed as, CptT0 = κρT0T0/λ2, in which is the gradi-
ent term parameter at the reference temperature T0. Given that the ref-
erence time and length scales are chosen for the normalization only,
which do not represent any physical parameters. However, the actual
width of interface (diffusive interface) between two grains at 1700 K
usually is several nanometers that is too thin when compare with that
of particles/grains (several tens micrometer). So, if real grain boundary
width is employed requiring much finer mesh in simulation. To con-
front such problem, the diffusion width lgb is manually set close to the
scale of the particles/grains (e.g. lgb is set as 1 ~ 4 μmwhen the average
size of the particles/grains is several tens micrometer), while keep
the grain boundary energy γgb and surface energy γsf identical. Here,
we adopt a similar method used in Ref. [31] to find the balance of com-
putational time and accuracy.

Other material and model parameters are given in Table 1. Table 2
shows the process parameters used in simulation. Furthermore, for
the numerical implementation, Table 3 summarizes the necessary nor-
malization of the parameters used in the numerical simulation.

4. Results and discussion

4.1. Validation of the model

In order to evaluate the PFM, the simulated grain coalescence be-
tween two SS316L particles during the S-DMLS is compared to available
experimental data from the literature. Fig. 6 shows the comparison be-
tween the experimental and predicted neck length of two SS316 parti-
cles under the following process parameters: scanning speed of
0.42 mm/s, laser beam size of 0.8 mm and laser power of 21 W [52].
Fig. 6a-c show the three stages (no neck growth, grain coalescence
and final stage) of the neck growth between the particles during the
S-DMLS process. The initial diameters of the particles are chosen as
65 μm and 50 μm based on the scanning electron microscope (SEM)
image taken by Kruth (Fig. 6e) [52]. Fig. 6d shows the variations of tem-
perature at a chosen material point B (the center of neck) and length of
neck at particle-particle boundary, as marked with the white dash line
(A-A'), during the S-DMLS process. Since the sintering temperature is
below the melting point of SS316L, the powder fusion is restricted to
the solid-state sintering scenario.

At the initial stage (t<1000 μs), therewas no neck growth and grain
coalescence between the two particles is not initiated due to low tem-
perature at grain boundaries (Fig. 6a) as the laser beam has not reached
the particles. For the grain coalescence stage (1000 μs < t< 3300 μs) as
shown in Fig. 6b, the center of laser beamapproaches the dash line (A-A'
line), increasing temperature and triggering the grain coalescence. As
the temperature keeps rising, the particles experience a fast neck
growth stage. Such a neck growth is the most important factor for the
shrinkage and densification during solid-state sintering. However, the
neck growth rate drops significantly because the long diffusion path
along the grain boundaries of particles to the neck surface reduces diffu-
sion kinetics [29]. Furthermore, as the laser beam crosses and moves
away from the lineA-A', the thermal input is reduced and, thus, the tem-
perature starts to drop (Fig. 6d). However, the residual temperature is
still high enough to drive phase evolution between particles in a slow
rate, as shown in Fig. 6b. During the final stage (Fig. 6c), the residual
temperature is too low to support the grain coalescence, and the neck
growth stops. The final predicted neck length is 29.8 μm, which is in
agreement with the experimental observation (~ 30.0 μm) based on
the SEM images [52], as shown in Fig. 6e. The comparison demonstrates
that our model can accurately predict the grain coalescence of metallic
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powders, and, thus, the microstructure evolution in the powder-based
layer-wise laser sintering process.

During particles sintering, the density near the grain boundary is
slightly lower than the other portion of particle. Also, during sintering,
the elimination of vapor phase near the grain boundary produces effec-
tive force pulling neighboring particles towards one another [12,29,40],
that no mass loss during the S-DMLS process.
4.2. Layer-by-layer powder compact densification in the S-DMLS process

In this section, we investigate the lay-by layer powder compact den-
sification during the S-DMLS process. We compare the thermal profiles
and the densification behavior of powder compact in two cases: 1) with
thin powder layer of 60 μm each and 2) with thick powder layer of
120 μm (Fig. 7). Note that the laser power (P=20W) and the scanning



Fig. 6. Comparison between the phase field model prediction and the experimental results for S-DMLS of SS316 L powders: (a) no neck growth, t < 1000 μs, (d) grain coalescence,
1000 μs < t < 3000 μs, and (c) final stage, t > 3300 μs. (d) The corresponding temperature variation at a material point B (located at the center of neck) and neck growth between two
particles (A-A' line) during laser scanning. (e) SEM image of the neck growth between two particles [30,52]
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speed (v = 300 mm/s) are fixed. Also, all powder particles are mono-
sized in both cases.

Fig. 7a-b show the densification behavior between two neighboring
layers of particles for the two cases. The white dash lines in Fig. 7a-b in-
dicate the scanning surface during the S-DMLS process, with the corre-
sponding thermal profiles given in Fig. 7c1-c2 and Fig. 7d1-d2,
respectively. Fig. 7c1 and Fig. 7d1 show the temperature distribution
when the laser scans the previously deposited particles, i.e., the layer
1, for the thin layer and thick layer cases, respectively, while Fig. 7c2
and Fig. 7d2 show the temperature distribution when the laser heats
the newly added particles, i.e., the layer 2, in both cases. Due to the
forth-and-back scanning pattern, the scanning directions are opposite
in each layer as marked in the Fig. 7c and Fig. 7d.

In Fig. 7c-d, the laser-induced heating zone, such as the geometry
(the length and depth) of overheated region (T > T0), is similar in
both cases. Note that the overheated region indicates partial melting
and is restricted to the upper surface of the heated particle. Although
partial melting is observed on the upper surface of the heated powder
particle, the interior of particle is still solid. Because with a low laser
power and a short exposure to laser radiation, only the upper surface
of particle is melted. The densification and microstructural evolution
of heated particles is still in the solid-state sintering scenario, except
for the partially melted region. Furthermore, due to the highly localized
partial melting, the velocity of melt flow is much slower than the scan-
ning speed. Therefore, we assume that the melt flow is only driven by
the capillary pressure and the influence of the velocity of melt flow is
negligible. Instead, as discussed in the Section 2.2, partial melting only
introduces additional diffusion mobility to the particle.

The quantitative comparison of the porosity reduction is presented
in Fig. 7e. It is clear that the porosity reduction of layer 1 in the thick
layer case is less than that in the thin layer case. Here, we introduce a
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relative porosity, p/p0, for the purpose of comparison, in which p is the
current porosity andp0 is the initial porosity prior to heating. It is noticed
that the relative porosity varies with the laser beam movement along
the surfaces (e.g., c1, c2 for the thin layer case and d1, d2 for the thick
layer case, respectively). For the thin layer case, during thefirst scanning
(along c1 surface), the relative porosity of layer 1 (region between c0-
c1) is reduced by 12%. With enough interval between the end of the
first scanning and the beginning of the second sintering (along c2 sur-
face), the temperature of layer 1will return to the initial preheated tem-
perature. Also, there is a 1.4% porosity reduction in layer 1 during the
second laser scanning, which indicates that the scanning of the newly
added layer affects the porosity reduction in the previously deposited
layer. On the other hand, for the thick layer case, the layer 1 (region be-
tweend0-d1) only presents ~2% porosity reduction during the first scan-
ning (along d1 surface), and almost no further reduction during the
second laser scanning (along d2 surface). Since all the process parame-
ters are the same except the layer thickness, it is the thicker layer causes
a negative effect on the porosity reduction during the S-DMLS.

To further explain such a difference in the porosity reduction due to
the layer thickness, we introduce a relative depth of laser-induced
heating zone, h/hl, in which h is the depth of the laser-induced heating
zone (T > 0.6 T0), and hl is the layer thickness. As shown in Fig. 7f,
when the layer thickness is doubled, the relative depth during the
laser scanning is lower than 1, indicating that the laser-induced heating
effect barely reaches the region near the interface between the previ-
ously deposited layer and newly added powder layer during the S-
DMLS process. Thus, the grain coalescence only happens in the newly
added particles. For the thin layer case, the relative depth is large than
1, indicating that the region near the interface is well heated and,
thus, the grain coalescence happens between the previously deposited
and the newly added particles.



Fig. 7.Comparison of grain evolution and temperature distribution between thin and thick layer thickness cases. (a)Grain distribution of the thin layer as hl= lthick (60 μm). Thewhite dash
lines indicate the upper surface of each layer, i.e., between line (c0) and line (c1) is the previously deposited layer (layer 1), and between line (c2) and line (c1) is the newly added powder
layer (layer 2); (b) Grain distribution of the thick layer as hl =2lthick(120 μm). Between (d0) and (d1) is the previously deposited layer (layer 1), and between (d2) and (d1) is the newly
added powder layer (layer 2); Corresponding temperature distributions are given at right side of (a) and (b), as laser scanning lines (c1), (c2), (d1) and (d2). (e) Comparison of porosity
reduction in layer 1 in both cases during laser scanning; and (f) comparison of the depth of laser-induced heating zone along the surfaces of (c2) and (d2).

Fig. 8. The normal distribution of different PSDs.
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The structures are mainly evaluated by the property of density/po-
rosity herein. Further, the pores in the built part have been widely
proved that has adverse effect on mechanical properties (e.g., fatigue
resistance) [53]. Also, the irregular shape of pores easily leads to
stress concentration during mechanical loading, causing failure. And,
the insufficient grain coalescence between previously deposited layer
10
and new layer yields an inconsistency in mechanical properties of
as-built parts.

4.3. Influence of PSD on the final porosity of as-built S-DMLS parts

4.3.1. PSD
In this section, we focus on the influence of PSD on the final porosity

of S-DMLS. First, all powder particles are assumed to be spherical and
have a perfectflowability, stopping only at the favorable position during
powder bed deposition. Second, we assume that the PSD follows a nor-
mal distribution as shown in Fig. 8, which compares the plots of normal
distribution for the five PSDs cases simulated. The PSD are characterized
by themean (45 μm) and the standard deviations, σ (varied from 0.5 to
4) of the particle radius. Note that according to Refs. [54, 55], all particles
cannot be with a uniform size distribution due to limitations of current
manufacturing technology, a normal distribution of particle size is thus
assumed to model commercial powders. Hence, the radius of newly
added powder particle follows a corresponding normal distribution to
form powder compacts in the layer-by-layer manner.

Fig. 9 compares the porosity of as-built S-DMLS parts with different
PSDs, where the final porosity is calculated in the selected area for all
cases, which is marked by dash line in Fig. 9a. The process parameters,
i.e., laser power of 20 W and scanning speed of 300 mm/s, are fixed
for all cases. Also, three powder layers are generated sequentially during
the S-DMLS process. Fig. 9f compares the final porosity of as-built
S-DMLS parts in different PSD cases. The powder compact with
the narrowest PSD (σ = 0.5) yields the lowest final porosity under
the same manufacturing parameters. As the standard deviations, σ, of
the PSD increases, the final porosity of S-DMLS part increases (Fig. 9f,),



Fig. 9. Comparison of the porosity in the selected area of as-built S-DMLS parts with different PSDs: (a) σ = 0.5; (b) σ = 1; (c) σ = 2; (d) σ = 3; (e) σ = 4. (f) The porosity versus the
standard deviations, σ and the effective thermal conductivity, keff, versus the standard deviations, σ.
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it follows that a uniform distribution of powder particle size could lead
to a higher density of S-DMLS part. Further, the effective thermal con-
ductivity, keff, is reduced with increasing σ, which provides a good ex-
planation of the different final porosity among the cases above, to be
detailed next. Notice that the selected region can be reprehensive for
the entire domain when modeling the porosity reduction behaviors.
Using the selected region instead of the entire domain can reduce the
computational cost.

To elucidate the fundamental mechanism that governs the final po-
rosity for different PSDs, we quantitatively plot the thermal profile and
the thermal effect zone for two cases (1) narrow PSD (σ = 0.5) and
wide PSD (σ = 4), as shown in Fig. 10. It can be clearly observed that
the narrow PSD powder compact (σ=0.5) has a homogenous arrange-
ment of powder particles leading to a small initial pore, as shown in
Fig. 10a. In contrast to the narrow PSD, the coarse powder compact
with a wide PSD (σ = 4) has a relatively large pore at the initial state
as plotted in Fig. 10b. The difference in the pore size at the initial state
impacts the effective thermal conductivity and, therefore, the grain co-
alescence during the S-DMLS. Specifically, the local thermal conductiv-
ity, keff, is consisted of k316L and kArgon, as calculated by Eq. (2), a
region with small voids has a relatively higher local effective thermal
conductivity (keff/ k316L = ~0.88 for the narrow PSD case) than the one
with large voids (keff/ k316L = ~ 0.82 for the wide PSD case).

Such a difference in the effective thermal conductivity, in turn, leads
to the variation of laser-induced heating zone as shown in Fig. 10c,
where we choose similar regions that are marked in Fig. 10a and b, re-
spectively. With the same scanning parameters, almost half of the se-
lected region (~ 42%) in the narrow PSD compact is heated to 0.7T0
(the brown region). However, in the wide PSD compact, only a small
portion (~10%) of selected region reaches 0.7T0. In order to quantita-
tively explore the variation of the effective heating zone in the selected
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regions during the S-DMLS, a relative size of laser-induced heating zone,
a/a0, is adopted here for comparison, in which, a is the total area of tem-
perature higher than 0.7T0 and a0 represents the cross-section area of a
particle with a mean diameter (see Fig. 10d). Apparently, the effective
heating zone appears earlier and lasts longer in the narrow PSD powder
compact than in thewide one. Besides, the vaper phase in large voids re-
quires more time for diffusion through grain boundaries. Thus, for the
wide PSD case, the pores cannot be efficiently eliminated during the S-
DMLS, due to the relatively short duration of laser-induced heating
and low thermal conductivity. Similar results have also been found in
traditional sintering, with narrower PSD compacts having a higher den-
sification rate after grain growth [15,56,57].

In this work, we set the layer thickness of 60 μm, which is beyond
common range. Because, we need to set the value of layer thickness
higher than the average powder size [58] (the mean powder diameter
equals to 45 μm in this work). Also, similar parameters were also
adopted by the previouswork [31]. Meanwhile, in this work, wemainly
focus on the scaling relationship between the rate of porosity reduction
and different manufacturing parameters (powder size distribution,
scanning speed and power input of laser beam). The relative depth of
laser-induced heating zone, h/hl, plays the important role in the rate of
porosity reduction. Especially, the value of relative depth impacts the
grain coalescence between previously deposited layer and newly
added powders. In this regard, there is less influence of the layer thick-
ness on our simulation results.

4.3.2. Powder mixture
To increase the density and reduce porosity of sintered parts, one of

the strategies is to mix fine and coarse powder compacts, yielding a
higher packing density. Previous studies have shown that spherical
powder with uniform particle sizes can reach a high packing density



Fig. 10. Comparison of green powder compacts in different PSDs: (a)σ=0.5; (b)σ=4; the red arrows show the scanning directionwith v=300mm/s. (c) Comparing the laser-induced
heating zone in the selected region in (a) and (b), the brown region shows the region of T ≥ 0.7 T0 and the light blue region represents the region of T<0.7 T0; (d) comparison of variation of
the size effective thermal zone between narrow PSD compacts (red line) andwide PSD one (blue dash line) in the chosen regionduring laser scanning. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. (a) Comparison of the final porosity of S-DMLS products under bimodal powder
mixtures. The porosity varies as the size ratio of small vs large (r/R) increases from 0.1
to 0.8 with different mixture ratios, i.e., the small particle vs large particles as Nr/NR =
45% (blue) and 60% (red). (b) Schematic of fine particles filling the interstices of the coarse
powder compact. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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at radius ratio of 1:7 (small: large) in a 30:70mixing ratio [16]. Such re-
sults have also been demonstrated in [44,59]where themetallic powder
sintering was employed using the aforementioned powder mixture, re-
vealing an improvement in the density of final products. However, the
mixture ratio and size ratio only indicate that the green density of the
powder compact can be increased via bimodalmixture under additional
assistance of vibration [16]. Generally, since all powders particles are
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sintered in a single heating process (relative longer time and more ho-
mogenous heating than S-DMLS process), a good green density yields
a low porosity in sintered parts in traditional sintering. However, the
S-DMLS process involves the layer-wise powder deposition and corre-
sponding laser heating in a short period. Thus, the mechanism on how
powder mixture reduces the final porosity of S-DMLS parts remains lit-
tle explored.

In this section, we perform a series of simulations regarding the
mixing of a fine powder packing with coarse powder that have a
wider PSD (σ = 4). Here, we add fine powder into the coarse powder,
the size ratio (r/R) is varied from 0.1 to 0.8. Further, the mixture ratios
are taken as the total number of small particles (Nr)/total number of
large particles (NR), Nr/NR = 45% and 60%, respectively.

As shown in Fig. 11a, adding fine powders into the coarse ones can
reduce the final porosity of S-DMLS part. Note that the lowest porosity
is at r/R = 0.4 in both mixture ratios, since the fine powder particles
at such size can fill the interstices of the coarse ones. As shown in
Fig. 11b, the width and length of large voids in coarse powder (red par-
ticles) are around 0.4R to 0.8R based on measurement taken after the
generated powder bed, which is very close to the diameter of fine pow-
ders (green one). This indicates that the best size ratio of powder mix-
ture could be determined by the size of voids and volume of added
fine powder particle. On the other hand, adding powder compact with
a smaller size (r/R < 0.1) increases the width of the PSD, resulting in
an increase in the final porosity of S-DMLS part (compared to r/R =
0.4). Although further increasing the of powder mixture ratio (r/
R < 0.5) reduces the final porosity, the effect of mixture ratio is not ob-
vious when the size ratio, r/R> 0.5. This is because adding the particles
withmuch smaller size (r/R< 0.5) to coarse ones can effectively reduce
the mean of the PSD. However, for larger size ratios (r/R> 0.5), the size



Fig. 12. Comparison of reduction in porosity and temperature profile for different scanning speed. (a1) scanning speed, v=200mm/s, and (a2) corresponding temperature profile; (b1)
scanning speed, v=160mm/s, and (b2) corresponding temperature profile; (c1) scanning speed, v=80mm/s, and (c2) corresponding temperature profile; (e) Comparison of the ratios
between length of over-heated zone varying with position of beam center in each case. (f) comparison of depth of laser-induced heating zone varying with position of the beam in each
case.
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of added powders is closer to themean of the original PSD, therefore the
mean powder radius is not affected significantly in the small size ratio
cases. Note that, some researchers revealed a higher densification rate
using other size or mixture ratios via experiment approaches, i.e., with
Fig. 13. Comparison of temperature distributions (a-c) with different laser beam sizes (a) D=
length of overheated region, and (e) the depth of heating effect, with different laser beam sizes
references to colour in this figure legend, the reader is referred to the web version of this artic
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sintering additives and vacuum furnace, Patrick et al. [44] achieved
full-density stainless steel parts in binder jetting printing using a binary
powder mixture with 60:40 (large diameter: small diameter) mixture
ratio, and 1:5 (30 μm: 6 μm) size ratio. However, our simulation only
0.5Dbeam, (b) D=Dbeam and (c) D= 1.5Dbeam during the S-DMLS, and variations of (d) the
D= 0.5Dbeam (green), D=Dbeam (red) and D= 1.5Dbeam (blue). (For interpretation of the
le.)
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reveals limited results due to the computational time and efficiency.
More numerical investigations with various powder mixtures and
manufacturing conditions will be performed in our future work.

4.4. Effects of laser parameters on the final porosity of S-DMLS parts

4.4.1. Effect of scanning speed on the final porosity of S-DMLS parts
In this section, we focus on the influence of laser scanning speed on

the final porosity of S-DMLS parts and the results are shown in Fig. 12.
Three scanning speeds (v = 200, 160 and 80 mm/s) were utilized for
this study. Comparing the porosity and temperature profiles at different
scanning speeds (see Fig. 12a&b), it is clear that the final porosity of as-
built S-DMLS parts decreases with slower scanning speed. In Fig. 12a1-
a2, the scanning speed v = 200 mm/s was utilized, leading to the
highest porosity (14.1%), in which the neck growth between neighbor-
ing particles is not obvious. In the reason is that the laser-induced
heating zone is the smallest at this speed for all the cases, as presented
in Fig. 12d&e. Furthermore, due to the relatively small heated zone,
large sized particles are not fully heated and only the surface regions
of the newly added powder are heated enough to enable the grain coa-
lescence. Therefore, the neck growth between the newly added parti-
cles and previously deposited particles is limited. In Fig. 12b1-b2, the
scanning speed is slight decreased, v = 160 mm/s. The final porosity
of 14% is almost the same as the case of v=200mm/s, and the relative
depth and length of over-heated region are also similar, as shown in
Fig. 12d&e. Moreover, as the scanning speed reduced to 80 mm/s as
shown in Fig. 12c1-c2, the duration of laser heating increases, some of
the newly added particles are heated long enough to support the grain
neck growth between newly and previously deposited layers, resulting
in a lower final porosity (10.9%). Although the maximum temperature,
Tmax, has not increased significantly when v = 80 mm/s, the width
and depth of the over-heated zone are significantly increased with re-
spect to the other two cases, again as seen in Fig. 12d&e.

4.4.2. Effect of laser beam size on the final porosity of S-DMLS parts
In this section, the effect of the laser beam size on the densification

behavior of SS316L powders is studied, with the results shown
in Fig. 13, where the scanning speed, v = 80 mm/s and laser power,
P = 20w are selected. The temperature distributions for different laser
beam sizes: (a) D = 0.5Dbeam; (b) D=Dbeam and (c) D = 1.5Dbeam are
quantitatively compared. When D = 0.5Dbeam, the final porosity of
S-DMLS part is reduced slightly, butwhenD=1.5Dbeam, thefinal poros-
ity of S-DMLSpart drops by 3% comparedwith the case ofD=Dbeam. This
is because the length of the overheated zoneduring the S-DMLS iswider
for the larger beam size, as shown in Fig. 13c. Such a wide over-heated
zone (partial melting) not only increases the duration of laser heating
but also contributes the additional surface mobility to mass transfer,
leading to sufficient grain coalescence between particles in the same
layer. Note that the relative depth is large than 1 in all three cases,
meaning that all cases have enough relative depth of laser-induced
heating zone to support grain coalescence between previously and
newly deposited layers. And for the powder particles under solid-state
sintering,without the additional diffusionmobility frompartialmelting,
the rate of grain coalescence slows down during the late stage of
sintering [29], as mentioned in Section 4.2. Thus, the relative depth of
laser-induced heating zone plays a less significant role on the reduction
of final porosity of S-DMLS parts.
5. Conclusions

In this work, a multi-scale simulation framework including the 3D
heat transfer simulation at the macroscale and 2D non-isothermal
phase-field model couples heat transfer, partial melting and grain coa-
lescence at the mesoscale has been developed to simulate the layer-
by-layer powder compact densification during the S-DMLS process. A
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layer-by-layer powder generating algorithm is specifically utilized to
simulate the layer-wise manufacturing process. The developed model
has been applied to stainless steel 316 L powders and the following con-
clusions can be drawn:

• For the layer-wise S-DMLS process, relatively thin layer thickness was
favorable for reducing the porosity in fabricated S-DMLS parts.

• Narrow PSD presents a small volume of gap between powder parti-
cles, resulting in a high effective thermal conductivity, which subse-
quently leads to larger laser-heated zone, full grain coalescence, and
reduced porosity during the S-DMLS process.

• Bimodal powder mixture with an optimized size and mixture ratio
can effectively reduce the porosity of as-built S-DMLS parts. We ob-
served the lowest porosity when size ratio, r/R = 0.4 and mixture
ratio = 60%. The reason is that the fine (small) powder particles can
fill the interstices of the coarse (large) ones.

• Also, the influences of other process parameters, i.e., laser beam size
and scanning speed were discussed. Slower laser speed increases the
duration of laser heating, thus resulting in sufficient grain coalescence
between powder particles. Similar effect is observed for larger beam
diameter.

Finally, this work is focused on the 2D layer-by-layer densification
behavior of powders during the S-DMLS process with partial melting
phenomena at the surface of powder particles. The detailed 2D simula-
tions and the conclusions drawn are critical to understand the S-DMLS
process. However, as discussed in Section 2.2, for full melting condition,
formation of pores andmass transfer can be affected by themelt flow, a
well-known behavior observed in the melting pool during SLM under
convection condition. Therefore, in our future work, a flow solver will
be applied to couple with the present PFMmodel to investigate the ef-
fects of melt flow and thermal and mass convection-diffusion on the
densification or microstructural evolution in the S-DMLS process.
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Appendix A. Appendix

A) Formulation of free energy density and heat transfer equation

Based on Legendre transformation, the total free energy is consisted
by the internal energy and entropy, as [31].

F ¼ inf
Ε

Ε T ,ρ, ηα
� 	� �

−TS e,ρ, ηα
� 	� �� � ðA:1Þ

in which, S(e,ρ, {ηα}) is the entropy within the system, formulated by a
functional form as

S e,ρ, ηα
� 	� � ¼ Z

s e,ρ, ηα
� 	� �

−
1
2
κρ ∇ρj j2−1

2
κη∑

α
∇ηα
�� ��2� �

dr3 ðA:2Þ

And, Ε(T,ρ, {ηα}) is the internal energy of the system, which can be
obtained by the integration of the internal energy density e(T,ρ, {ηα}).
Therefore, The Eq. (A.1) can be rewritten as,
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F ¼
Z
r

inf
e

e T ,ρ, ηα
� 	� �

−Ts e,ρ, ηα
� 	� �� �þ1

2
Tκρ ∇ρj j2þ1

2
Tκη∑

α
∇ηα
�� ��2
 �

dr3

ðA:3Þ

in which e(T,ρ, {ηα}) is the internal energy density and s(e,ρ, {ηα}) is the local
entropy density, as

e T ,ρ, ηα
� 	� � ¼ eht Tð ÞΘht ρ, ηα

� 	� �þ ept ρ, ηα
� 	� � ðA:4Þ

where, Θht ρ, ηα
� 	� � ¼ ν Aρþ B∑

α
ηα

� 
is an interpolating function indicat-

ing the heat to the regionswith the certain value of order parameters, the co-
efficient v=1.01 is chosen in our simulations. ept is the spatial distribution of
the internal energy density, formulated as

ept ρ, ηα
� 	� � ¼ Cpt ρ2 1−ρð Þ2

h i
þDpt ρ2 þ 6 1−ρð Þ∑

α
η2α−4 2−ρð Þ∑

α
η2α þ 3 ∑

α
η2α

� 2
" # ðA:5Þ

eht is the grain internal energy density related to the temperature change,
formulated as

eht Tð Þ ¼ cr T−T0ð Þ þ ψΦ τð Þ ðA:6Þ

Therefore, the local energy density f(T,ρ, {ηα}) is a function of the in-
ternal energy density and the entropy density combining temperature,
expressed as the Legendre transformation as

f T ,ρ, ηα
� 	� � ¼ inf

e
e T ,ρ, ηα

� 	� �
−Ts e,ρ, ηα

� 	� �� � ðA:7Þ

Since Eq.(A.7) leads tod(f/T) = ed(1/T) [31,60], and, by integrating
on both sides, we have f(T,ρ, {ηα}) = T ∫ e(T,ρ, {ηα})d(1/T).

Based on Eqs. (A.4)-(A.6), the Eq. (A.7) is rewritten as,

f T ,ρ, ηα
� 	� � ¼ Θht ρ, ηα

� 	� �
T
Z

eht Tð Þd 1=Tð Þ
þ ept ρ, ηα

� 	� �
−Tscf ρ, ηα

� 	� � ðA:8Þ

where the term scf(ρ, {ηα})is known as the configurational entropy,
which is only related to the order parameters. And by taking the inver-
sion form of Eq. (A.7), scf(ρ, {ηα}) is related to s(e,ρ, {ηα}), as shown in
following [31,60],

s e,ρ, ηα
� 	� � ¼ inf

e

e T ,ρ, ηα
� 	� �
T

−
f T ,ρ, ηα

� 	� �
T

� �
¼ 1

T

Z
d eht Tð Þ½ � þ scf ρ, ηα

� 	� � ðA:9Þ

Further, similar to ept, scf is temperature-independent and can di-
rectly adopt the forms of Landau-type polynomial proposed in
[29,31,60].

scf ρ, ηα
� 	� � ¼ Ccf ρ2 1−ρð Þ2

h i
þ Dcf ρ2 þ 6 1−ρð Þ∑

α
η2α−4 2−ρð Þ∑

α
η2α þ 3 ∑

α
η2α

� 2
" #

ðA:10Þ

Substituting Eqs. (A.10), (A. 6) and (A.5) into Eq. (A.8), we obtain the
free energy density, as,

f T ,ρ, ηα
� 	� � ¼ f ht Tð Þ Aρþ B∑

α
ηα

� 
þ C ρ2 1−ρð Þ2

h i
þD ρ2 þ 6 1−ρð Þ∑

α
η2α−4 2−ρð Þ∑

α
η2α þ 3 ∑

α
η2α

� 2
" #

ðA:11Þ
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The internal energy change of the certain subdomain and the ther-
mal flux je on the close surface of the subdomain should obey the first
law of the thermodynamics, from which, we have,Z
Ω

e
:

T ,ρ, ηα
� 	� �

dΩþ
Z
Γ

je þ jq
� �

⋅ndΓ ¼ 0 ðA:12Þ

where n is the normal vector of the surface Γ. Using the Gaussian theo-
rem, Eq. (A.12) can be also written as

e
: þ∇⋅ euð Þ þ ∇⋅ je þ jq

� �
¼ 0 ðA:13Þ

in which, je is the thermal flux due to the heat transfer and jq is the
power flux due to the external energy input. The thermal effect by the
external energy input is simply equivalently treated as an internal heat
source by replacing−∇ ⋅ jqwith a non-negative distribution functionQ
[18,61,62]. Also, it is convenient to let the coordinate system move rel-
atively to the fixed source Q with the inverted velocity v [63], we have

e
: þ∇⋅ eu−evð Þ ¼ −∇⋅je þ Q ðA:14Þ

According to Reynolds transfer theorem, we consider the total tem-
poral variation of S(e,ρ, {ηα}) can be obtained as,

dS e,ρ, ηα
� 	� �

dt
¼
Z
Ω

∂s
∂e

e
: þ ∂s

∂ρ
ρ
: þ∑

α

∂s
∂ηα

η
:

α−κρ∇ρ⋅∇ ρ
:
−∑

α
κη∇ηα ⋅∇η

:

α

� �
dΩ

¼
Z
Ω

∂s
∂e

e
: þ ∂s

∂ρ
þ κρ∇2ρ

� 
ρ
: þ∑

α

∂s
∂ηα

þκη∇2ηα

� 
η
:

α

� �
dΩ

‐
Z
Γ

κρ ρ
:
∇ρ

� �þ∑
α
κη η

:

α∇ηα
� �� �

⋅ndΓ

ðA:15Þ

However, the integration term on the surface Γ in Eq. (A.14) is usu-
ally neglected according to Ref. [64].

And based on the second law of thermodynamics, the total produc-
tion of the entropy should always be non-negative [60,65]. The produc-
tion rate of the entropy in the given subdomain and its surface should be
formulated as,

dS
dt

þ
Z
Γ

jes ⋅ndΓþ
Z
Γ

jρs ⋅ndΓ≥0 ðA:16Þ

Note that jse represents the entropy flux from je and jsρis the entropy
flux from jρ (based on ρ

: þ∇⋅jρ ¼ 0 for themass conservation). We have

jes ¼
∂s
∂e

je and jρs ¼ ∂s
∂ρ

jρ ðA:17Þ

in which, δSδe ¼ ∂s
∂e ,

δS
δρ ¼ ∂s

∂ρ þ κρ∇2ρ and δS
δηα

¼ ∂s
∂ηα

þ κη∇2ηα .
Substituting Eqs. (A.14), (A.15) and (A.17) into Eq. (A.16), yieldsZ

Ω

∂S
∂e

Q þ je⋅∇
∂S
∂e

þ jρ⋅∇
δS
δρ

þ∑
α

δS
δηα

η
:

α

� �
dΩ≥0 ðA:18Þ

According to Legendre transform in Eq. (A.1), we have δS/δe = 1/T.
Since Q ≥ 0, we have δS

δe Q ¼ Q=T≥0.
Then, for heat transfer, we have the relation to guarantee the non-

negative entropy production, as

je ¼ K∇
δS
δe

¼ −K
1

T2 ∇T ðA:19Þ

in which K is tensor.
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In order to derive the heat transfer equation, we start with the
Eq. (A.19) after substituting Eq. (A.14), and assuming ∇ ⋅ u = 0 and
∇ ⋅ v = 0for incompressible condition and u ≈ 0 for u ≪ v during
laser moving, we have

e
:

T ,ρ, ηα
� 	� �

−v⋅∇e ¼ ∇⋅ K
1

T2 ∇T
� 

þ Q ðA:20Þ

we take K= kT2,where k is the thermal conductivity tensor. Then, the
Eq. (A.20) can be reformulated as

∂e
∂T

T
:

r, tð Þ−v⋅∇T
� �

þ ∂e
∂ρ

ρ
:

r, tð Þ þ∑
α

∂e
∂ηα

η
:

r, tð Þ
¼ −∇⋅ k⋅∇Tð Þ þ Q ðA:21Þ

B) Partial melting

In thiswork, we assume that only partialmelting occurs and that it is
locally restricted to the surface of individual particles followingRef. [31].
Furthermore, the material properties of melted region are the same
with the solid phase. And the variations of surface mean curvature Hsf

and specific surface energy γsf control the capillary pressure, which
drives the melt flow. Therefore, when T ≥ T0, we formulate the mass
transport as following, [31]

ρumelt ~−Φ τð Þ∇ Hsfγsf

� �
ðB:1Þ

Then,∇ ⋅ (ρumelt)= −Φ(τ)∇ [Jmelt∇ (Hsfγsf)], inwhich Jmelt is a pos-
itive factor according to our assumption regarding particle melting. And
based on the Young-Laplace equation, mean curvature Hsf and specific
surface energy γsf can formulate the local chemical potential on the sur-
face, which is [60,66].

μ ¼ CmHsfγsf ðB:2Þ

where Cm is a positive constant. On the other hand, we also can formu-
late the chemical potential, μ as,

μ ¼ δF
δρ

¼ ∂f
∂ρ

−Tκρ∇2ρ ðB:3Þ

It is possible to consider the effect contributed by themelt flow as an
additional diffusion at the surface by adopting a new isotropic mobility
as Mmelt = Jmelt/ Cm. Therefore, we have,

∇⋅ ρumeltð Þ ¼ −Φ τð Þ∇ Jmelt

Cm
∇μmelt

� 
¼ −Φ τð Þ∇ Mmelt∇μð Þ ðB:4Þ

Combing Eqs. (B.3), (B.4) and Eq. (9), we have

ρ
:

r, tð Þ ¼ ∇⋅ Meff ⋅∇μ
� �

− −Φ τð Þ∇ Mmelt∇μð Þ½ � ðB:5Þ

Therefore, whenΦ(τ)→ 1, The total mobility can bewritten as,M=
Meff + Mmelt, or M = Deff/(C + D) + Φ(τ)Mmelt.

C) Video for the layer-by-layer S-DMLS process

Videos for the layer-by-layer S-DMLS process is available in Supple-
mental Material.

The manufacturing parameters:Scanning speed = 160 mm/s; Beam
size = Dbeam; Laser Power = 20 W; Mean radius of particle = 45 μm,
with σ = 1.

D) Numerical implementation of heat source at the curved
boundary
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In our powder-resolved 2D heat transfer model, the curved bound-
ary (top surface) of the particles was approximated as perpendicular
“zigzag” segments along the diffusive interface (of top surface) between
the particle and the vapor in the Cartesian coordinate system, as sche-
matically shown in Fig. D. For the numerical implementation of laser
heat input, since the laserflux is unidirectional in z-direction, the energy
input is obtained from the z-direction flux with effective surface area
perpendicular to z-direction. Therefore, the heat source at each time
step, Δt, is solved with the following equations according to Ref. [33],
in each cell along the diffusive particle/vapor interface (yellow cells).

Q
:

laser,Δt x, zð Þ ¼ ∂P2D x, zð Þ
∂z

ðD:1Þ

∂P x, zð Þ
∂z

¼ ∑ ηiΔt
� �2

λi
� 

⋅P2D x, zð Þ ðD:2Þ

where, ηΔti represents the ith grain or ith particle, P2D(x,z) is the power
distribution of the beam, λi is the absorption coefficient of beam when
penetrating the phase i. Note that 0 < ∑ (ηΔti )2 < 1in each cell along
the diffusive particle/vapor interface. Eqs. (D.1) and (D.2) are further
implemented to the cells (highlighted in green) below the surface, ren-
dering the attenuation of powder along the negative z-direction.

Fig. D. Schematic of the approximation of curved boundary into on a “zigzag” boundary
during simulation (rectangle yellow cells). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Once a different material powder is used in simulation, two types of
material parameters are needed accordingly:

1) Physical parameters as density, thermal conductivity and thermal
capacity etc., as given in Table 1. And, commonly, these parameters
can be found from literatures.

2) Free energy parameters, (A, B, κρ, κη, Ccf, Cpt, Dcf, Dpt), at reference
temperature T0 are needed for PF equations. These parameters can
be determined by the proper selected diffusive interface, lgb, the
grain boundary energy γgb and the surface energy γsf, steps as fol-
lowing [29,31,67]:

Step 1:κη ¼ 3γT0
gb

lgb
4T0

, Dpt ¼
γT0
gb

lgb
;

Step 2: κρ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 γT0

sf

� �2

κη

T0Dpt

s
−κη, Cpt ¼ Dpt 6κρ−κηð Þ

κη
;

Step 3: A ¼ κρ
κρþκη

, B ¼ κη
κρþκη

, Ccf ¼ Cpt

T0
, Dcf ¼ Dpt

T0
.

Note that γgb and γsf usually are obtained from experiments.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2021.109615.
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