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Abstract A novel approach and finite element formulation
formodeling themelting, consolidation, and re-solidification
process that occurs in selective laser melting additive manu-
facturing is presented. Two state variables are introduced to
track the phase (melt/solid) and the degree of consolidation
(powder/fully dense). The effect of the consolidation on the
absorption of the laser energy into the material as it trans-
forms from a porous powder to a dense melt is considered.
A Lagrangian finite element formulation, which solves the
governing equations on the unconsolidated reference con-
figuration is derived, which naturally considers the effect of
the changing geometry as the powder melts without need-
ing to update the simulation domain. The finite element
model is implemented into a general-purpose parallel finite
element solver. Results are presented comparing to experi-
mental results in the literature for a single laser track with
good agreement. Predictions for a spiral laser pattern are also
shown.
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1 Introduction

Additive Manufacturing (AM), where three-dimensional
(3D) objects are created from a digital model by deposit-
ing and fusing successive layers of material, provides the
ability to produce low-volume, customized products with
complex geometries relatively quickly at a moderate cost.
These processes have the potential to significantly impact a
wide array of applications. AM of metallic materials, typ-
ically a powder-bed process with a laser or e-beam power
source to fuse the material, requires substantial research and
development before the process can be used reliably. A pri-
mary barrier to the broader use of powder-bed AM processes
is the inability to predict the quality, in terms of geometric
accuracy and material properties, for any given part [1].

Process simulation can help to navigate the complex
process–structure–property relations. The first step inmodel-
ing the process is predicting the temperature and solid–liquid
phasefields during the process,which can then be used subse-
quently in thermal–mechanical and material microstructure
evolution simulations to predict the residual stresses, distor-
tion, and material properties. In this work, the focus is on the
selective laser melting (SLM) powder-bed processes, where
a layer of powder is deposited with a roller and then melted
with a laser to build each layer of a part.

Developing both the model and the required simulation
tools to accurately predict the temperature and phase his-
tory in SLM is challenging. The model needs to properly
consider the interaction of the laser with the powder as it
melts, the consolidation of the powder, and the solid–liquid
phase change. The problem is computationally challenging
because of the complexity of the model and the multi-scale
nature of the process. The melting and re-solidification pro-
cess occurs on a scale of 10 s ofµmwhile the part scale is on
the cm scale, and parts are typically composed of thousands
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of layers. Furthermore, the temperature history at any given
location in the part, necessary to predict residual stresses
and microstructure, can only be determined by modeling the
layer-by-layer process. Thus, efficient, scalable simulation
tools are needed.

There has been significant effort in recent year to develop
models to predict the temperature field, melting, and re-
solidification during powder-basedAMprocesses. Thatwork
has considered various scales, from the powder particles to
the complete part [2]. At the mesoscale, there has been some
effort to model the heating, melting, and coalescence of indi-
vidual powder particles [3–6]. Other work treats the powder
as a continuum and models the local melting in the vicinity
of the laser in a single layer or a few layers [7–10]. At the
larger scale, 3D thermal–mechanical finite element models
have been used to predict residual stresses and distortion in
plates [11–13] and warping during the build of simple parts
[14,15].

The focus of this work is modeling the heating, melting
and re-solidification for a laser track in a single layer during
the build process, in order to capture accurately the effect of
the laser path on the thermal history, which has been found to
significantly affect part quality [16]. The laser heating model
presented in Gusarov et al. [7] and extended by Verhaeghe et
al. [8] has been shown to predict melt zones consistent with
experiments [7,8,17] involving a single laser track. Gusarov
et al. [7] solved the radiative transfer equation taking into con-
sideration isotropic scattering of the laser beam in the powder
bed in order to define an appropriate heat sourcemodel. How-
ever, that model was found to predict excessive heating for
a given laser power as compared to experiments, and the
model does not account for consolidation of the powder as it
melts. Verhaeghe et al. [8] extended Gusarov’s model to con-
sider vaporization and consolidation in the depth direction by
developing an iterative shrinking routine, however, the effect
of the consolidation on the laser energy absorbedwas not con-
sidered. Xiao et al. [18] developed an analytic model of the
melting and consolidation of a layer of a powder-bed without
a substrate and assuming a constant heat flux at the surface,
and predict the one-dimensional porosity distribution.

In this work, we present a novel approach and finite ele-
ment formulation for modeling the melting, consolidation,
and re-solidification process that occurs in SLM. In the
model, we introduce two state variables to track the phase
(melt/solid) and the degree of consolidation (powder/fully
dense). While introducing a phase variable is a common
approach for modeling phase change, the consolidation state
variable is new. The introduction of the consolidation state
variable provides the ability to both predict porosity in the
final part and to directly incorporate the effect of consol-
idation on the material properties, energy absorption, and
geometric evolution. These combined effects have not been
considered previously in models that treat the powder as a

continuum. The material properties naturally depend on the
state variables. In addition, we model how the degree of con-
solidation impacts the absorption of the laser energy into the
material as it transforms from a porous powder to a dense
melt. A Lagrangian finite element formulation, which solves
the governing equations on the undeformed (unconsolidated)
reference configuration is derived, which naturally consid-
ers the effect of the changing geometry as the powder melts
without needing to update the simulation domain. A tran-
sient, fully implicit integration algorithm is used allowing
for relatively large time steps. The finite element model is
implemented into the general-purpose parallel finite element
solver Albany developed by the ComputationalMultiphysics
Department at Sandia National Laboratories [19], which
allows for scalable parallel computing on high performance
computing platforms.

This paper is organized as follows. Section 2 contains the
governing equations that describes the transient heat trans-
fer model with phase change, consolidation, and a laser heat
source. In Sect. 3, the Lagrangian finite element formulation
accounting for the evolving geometry due to consolidation
is presented. Section 4 presents the simulation results where
the effect of consolidation on the model is presented, the
efficiency of the model is demonstrated, comparison with
existing experimental results available in the literature is
shown, and results for a realistic laser path are also presented.
Lastly, conclusions are drawn and summarized.

2 Model equations for powder-based metal
additive manufacturing

Powder-based metal additive manufacturing involves using
a directed laser or e-beam to melt a pattern in a thin powder
layer that condenses and solidifies onto a dense, solid sub-
strate (Fig. 1). The path of the beam can be defined in terms of
the beam center (xc, yc) on the surface of the powder layer as
a function of time t . To distinguish the powder from the fully
dense phase and the liquid from the solid, we introduce two
state variables, 0 ≤ ψ , φ ≤ 1, where ψ is the consolidation
parameter with ψ = 1 in the fully dense region and ψ = 0
in the powder, and φ is the phase parameter, with φ = 1 in
the fully melted region and φ = 0 in the fully solid region.

2.1 Energy balance

Letting Ω be bounded by Γ represent the region of interest,
the boundary value problem consists of the first law of ther-
modynamics, an equation for the energy density e in terms of
the temperature T and material state variables, and the usual
temperature and flux boundary and initial conditions.

de

dt
− grad · [

k(ψ) grad(T )
] −U (ψ, x, t) = 0 in Ω (1)
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Fig. 1 Powder-based metal additive manufacturing process diagram

e = Cs(ψ)T + p(φ) {L + [Cl − Cs(ψ)](T − Tm)} in Ω (2)

T = T̂ on Γ1 (3)

[k(ψ) grad(T )] · n = q̂ on Γ2 (4)

T (x, 0) = T0(x) in Ω (5)

where k is the thermal conductivity, U is the heat source
(power density) distribution delivered from the beam into
the material, Cs and Cl are the volumetric heat capacities
in the solid and liquid, respectively, L is the latent heat
of fusion/melting, and Tm is the average melt temperature,
which we take to be the average of the liquidus (Tl ) and
solidus (Ts) temperatures. Furthermore, T̂ is the tempera-
ture specified on the part of the boundary Γ1, q̂ is the heat
flux into the part of the boundary Γ2, Γ1 ∪ Γ2 = Γ and
Γ1 ∩ Γ2 = ∅, and n is the outward unit normal on Γ . The
function p(φ) in Eq. (2) is defined following the thermo-
dynamically consistent phase-field approach [20] such that

p(0) = 0 and p(1) = 1 and dp
dφ

= d2 p
dφ2 = 0 at φ = 0 and

φ = 1. Specifically, we choose

p(φ) = φ3
(
10 − 15φ + 6φ2

)
. (6)

The thermal conductivity and heat capacity in the solid
depend on the degree of consolidation characterized by ψ .
The thermal conductivity is taken to be

k(ψ) = (1 − ψ)kp + ψkd (7)

where kp and kd are the thermal conductivity in the powder
and dense material, respectively. The volumetric heat capac-
ity in the solid depends on the porosity ε, which in turn,
depends on the consolidation ψ . Letting ε0 be the initial
porosity of the powder and Cd be the heat capacity of the
fully dense material, then

ε = ε0(1 − ψ) (8)

Cs(ψ) = (1 − ε)Cd = [1 − ε0(1 − ψ)]Cd (9)

In general, the thermal conductivity and heat capacity are
also temperature dependent.

To complete the governing equations, we must still define
two additional relationships between the temperature T and
the state variables φ and ψ , and we must define a functional
form of the heat sourceU absorbed into thematerial from the
laser beam. These will be described in the next two sections.

2.2 State variables

The phase parameter is defined such that φ = 0 if T < Ts ,
φ = 1 if T > Tl and φ makes a smooth transition when
Ts ≤ T ≤ Tl , the so-called “mushy” region. A functional
form that can approximate this behavior is

φ = 1

2

{
tanh

[
A(T − Tm)

Tl − Ts

]
+ 1

}
(10)

where A defines the sharpness of the transition, and setting
A = 5 generates a smooth transition between the solidus and
liquidus temperatures.

To test the validity of using Eq. (10), we compare it to
the phase field predicted in the phase-field method. A ther-
modynamically consistent evolution equation for the phase
parameter derived inWang et al. [20] with the energy density
in Eq. (2) yields

τ
dφ

dt
= dp

dφ

[(
L

Tm
− Cl + Cs

) (
1 − Tm

T

)

+(Cl − Cs) ln

(
T

Tm

)]

− 1

2a
φ

(
1 − 3φ + 2φ2

)
+ ε2∇2φ

(11)

where τ , a, and ε are parameters related to the interface thick-
ness δ, interface energy σ , and the interface mobility μ by

τ = 6
√
2δL

μT 2
m

, a =
√
2δTm
12σ

, ε2 = δ2

a
. (12)

The phase-field method is inherently a diffuse interface
method, and the interface thickness δ is typically defined
in terms of the discretization size, which must be sufficiently
large so that the interface can be resolved accurately by the
discretization. In the case of alloys, where the liquidus and
solidus temperatures are different, the actual interface is dif-
fuse and the interface thickness can be approximately related
to the local temperature gradient as simply

δ ≈ Tl − Ts
|grad(T )| . (13)

To compare the phase field resulting from the functional
form in Eq. (10) and the evolution Eq. (11), consider a
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(a) (b)

Fig. 2 Example comparing phase parameter φ computed using the
functional form in Eq. (10) (phase function) and using the evolution
Eq. (11) (phase-field) for a moving temperature field. Temperature dis-

tribution (blue curve) moving left to right. a The temperature and phase
distributions for entire domain. b The transition region from melt to
solid ahead of the moving melt interface. (Color figure online)

prescribed, normalized temperature field that varies from
below the solidus to above the liquidus temperature in a one-
dimensional domain 0 ≤ x ≤ b moving at velocity v such
that

T − Tm
Tl − Ts

= −1.5+ 3H

[
1 − (x − vt)2

h2

] [
1 − (x − vt)2

h2

]2

(14)

where H is the Heaviside function and 2h is the width of
the region where the temperature is varied from the baseline
temperature (see Fig. 2a). In this example, we set h = 0.1b.
The interface thickness can then be estimated, averaging the
temperature gradient in the region of interest, from Eq. (13)
δ ≈ h/3. Using this and typical material properties for stain-
less steel 316L, we compute the parameters in Eq. (12)

τ = 5.78 × 10−6 Lb

Tmv
,

1

a
= 4.36 × 10−5 L

Tm
,

ε2 = 4.75 × 10−8 Lb
2

Tm
(15)

where Eq. (11) can be non-dimensionalized by multiply-
ing through by Tm/L and using normalized time and space
dimensions t̃ = vt/b and x̃ = x/b. In addition, we let
Cl = 4.64L/Tm and Cs = 3.31L/Tm . The resulting phase
distributions computed directly from the phase function in
Eq. (10) and determined by solving the phase-field evolution
Eq. (11) are shown in Fig. 2 on the same graph with the nor-
malized temperature distribution at t̃ = 0.5. The resulting
phase field from both equations is nearly identical.

Equation (10) gives an accurate representationof the phase
field when the time associated with the phase change, that is
the time it takes for φ to reach a steady-state value (dφ/dt =
0), is very small compared to the time associated with the
motion of themelt interface. For stainless steel 316L, the time
associated with the melt interface reaching steady-state is on
the order of 10−6 s. A typical beam velocity is on the order of
100 mm/s, and thus, the distance the beam travels while the
melt interface reaches steady-state is of the order 0.1µm,
which is small compared to the typical beam diameter of
approximately 100µm. Thus, it is reasonable to treat the
melt interface position as being at steady-state at any instant
in time and to use Eq. (10).

Lastly, the consolidation parameter is related directly to
the history of the phase parameter and the current state of
consolidation. If the powder is fully melted, that is φ = 1 at
some point in time, we assume that the material at this loca-
tion becomes fully dense, and thusψ = 1 at that time andwill
remain fully dense. If the material is only partially melted,
then the peak value of φ will be 0 < φ < 1. This occurs
in alloys in the temperature regime between the solidus and
liquidus temperatures or if the full latent heat required for
melting is not supplied. If the material was initially powder
and is not fully melted, then we assume the material is not
fully consolidated, and ψ takes on the peak value of φ. Once
the material is consolidated, we assume it remains consoli-
dated. Thus, in general, ψ takes on the maximum value of
either the current value ofψ or the peak value ofφ at any time
up to the current time at a given location x ∈ Ω , specifically,

ψ(x, t) = max
0≤t ′≤t

[φ(x, t ′), ψ(x, t)]. (16)
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Table 1 φ and ψ values at different states of the material

Solid powder Solid porous Mushy powder/melt Liquid melt Mushy melt/dense Solid dense

φ = 0 φ = 0 0 < φ < 1 φ = 1 0 < φ < 1 φ = 0

ψ = 0 0 < ψ < 1 0 < ψ < 1 ψ = 1 ψ = 1 ψ = 1

Table 2 Material properties for
SS 316L used here [7,21] Ts (K) Tl (K) L

(
J

mm3

)
Cd

(
J

mm3 K

)
Cl

(
J

mm3 K

)
kd

( W
mmK

)
kp

( W
mmK

)

1680 1720 2.18 4.25 × 10−3 5.95 × 10−3 20 × 10−3 0.5 × 10−3

(a) (b)

Fig. 3 Variation of internal energy density ewith temperature: a show-
ing the broad temperature range experienced during SLM, and b detail
showing the phase transition region from solidus Ts to the liquidus
Tl temperature. The red curve is for the initially powder material,

where the volumetric heat capacity of the powder (ψ = 0) is denoted
Cp = (1 − ε0)Cd . The blue curve is for fully consolidated material
(ψ = 1). (Color figure online)

Table 1 summarizes the relationship between the material
state and the two state variables.

Using these state variable definitions, Eqs. (10) and (16),
together with Eqs. (6) and (9) in the energy density Eq. (2),
we can express the energy density in terms of the temperature
history for both initially dense and powder materials. In this
work, we consider stainless steel (SS) 316L with the prop-
erties listed in Table 2. With those properties, and assuming
an initial powder porosity of ε0 = 0.6, we plot the internal
energy density as a function of temperature in Fig. 3. When
the powder is heated and transitions to the liquid phase, the
energy density increases sharply both because of the latent
heat L and because of the consolidation.

2.3 Heating source

The amount of laser power absorbed into the metal, U ,
changes considerably as the metal transforms from a powder
to a fully dense melt, and thus, the heat source term must
depend on the consolidation ψ . The intensity of the laser

power across the beam diameter is often modeled as a Gaus-
sian distribution and applied on the powder surface [22,23].
However, to accurately predict the melt pool dimensions and
the temperature distribution in the vicinity of the laser beam,
the penetration of the heat source into the powder and sub-
strate must be considered, which requires treating the heat
source as a volume source term rather than surface flux.

We start with the heat source derived by Gusarov et al.
[7], who consider laser energy absorption into a scattering
medium (powder). That model shows good agreement with
experiments in predicting the width of the powder consumed
and of the contact region with the remelted substrate material
along the laser track, but with a reduction in power in the
model as compared to the experiment. From simulations, we
find that the powder melts very fast and that for the majority
of the time that the laser is heating the material, it is heating
a melted region rather than powder. It is estimated that while
70–80% of the laser power is absorbed into the powder due
to the porosity and scattering [7], when the material is fully
consolidated only 20–60% of the energy is absorbed [24–
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26], where the fraction of energy absorbed increases with
the laser power [25]. Thus, too much energy is being put
into the material if the consolidation is not considered in
the laser heat source model, which may account for why
Gusarov et al. [7] observed excessive heating in their model.
We develop a model for U that transitions from the power
density absorbed into a powder to that absorbed by a melt
pool, such as in laser welding.

Tomodel the power density absorbed into the powder,Up,
we adopt the model derived in Gusarov et al. [7], which we
summarize here for completeness.

Up(x, t) = βQ(r(x1, x2, t))h(ξ(x3)) (17)

r(x1, x2, t) =
√

(x1 − xc(t))2 + (x2 − yc(t))2,

ξ(x3) = βx3 (18)

β = 3

2

(1 − ε0)

ε0D
, λ = βdp (19)

Q(r) = H(R − r)
3P

πR2

(
1 − r2

R2

)2

(20)

h(ξ) = H(λ − ξ)E

{
2ρa2

C

[
A

(
b2e

2aξ − b1e
−2aξ

)

−B
(
c2e

−2a(λ−ξ) − c1e
2a(λ−ξ)

)]

+ 3a2
(
e−ξ + ρeξ−2λ

) }
(21)

a = √
1 − ρ, A = (1 − ρ2)e−λ,

B = 3 + ρe−2λ, E = 1

3 − 4ρ
(22)

b1 = 1 − a, b2 = 1 + a, c1 = b2 − ρb1,

c2 = b1 − ρb2 (23)

C = b1c2e
−2aλ − b2c1e

2aλ (24)

whereβ is the extinction coefficient of the powder bed,which
gives a measure of how quickly the radiation intensity atten-
uates in the material; Q is the radial distribution of the power
density in terms of the radial distance r on the surface from
the laser center (xc, yc) (Fig. 1), the laser power P , and
beam radius R; and h is the depth distribution in terms of
the scaled depth ξ . Furthermore, D is the average particle
powder diameter, dp is the thickness of the powder bed, and
ρ is the hemispherical reflectivity of the powder material in
the dense form. The Heaviside function H is used to ensure
that the above function is only non-zero for r ≤ R and ξ ≤ λ,
that is under the laser beam in the powder layer.

The volumetric heating from an incident laser on a sub-
strate is typically assumed to decay exponentially with depth
according to the Beer–Lambert law [24]. From Gusarov et
al. [7], we also obtain a relationship for the fraction of inci-
dent radiation absorbed by the substrate, which we denote
gs ,

gs = E
{ρa

C

[
2a2B − A

(
b1e

−2aλ + b2e
2aλ

)]
+ 3a4e−λ

}
.

(25)

The heating in the substrate, under the powder layer, may
then be expressed as

Usp(x, t) = βQ(r(x1, x2, t))H(ξ − λ)gs f e
− f (ξ−λ) (26)

where f is the rate at which the absorbed energy decays in
the substrate, but does not impact the total energy absorbed.

When the material is melted, it becomes fully consoli-
dated, and we would expect the power density absorbed to
follow the Beer–Lambert decaying exponential form for the
depth profile. The function h in Eq. (21) is very close to a
decaying exponential, and the energy absorbed will decrease
as the volume decreases. The local volume ratio associated
with consolidation is

dΩ

dΩ0
= 1 − ε0

1 − ε0(1 − ψ)
(27)

where dΩ is the local differential consolidated volume and
dΩ0 is the initial unconsolidated differential volume in the
powder. Letting x be the particle position in the reference
configuration (unconsolidated), we propose that the power
density absorbed in the powder/melt per unit unconsolidated
material, dΩ0, accounting for melting, may be expressed as

Upm(x, t) = βQ(r(x1, x2, t))h(ξ(x3))
1 − ε0

1 − ε0(1 − ψ)

for x3 ≤ dp.

(28)

After the powder has melted, the Beer–Lambert decaying
exponential should be a continuous function into the sub-
strate. The power absorbed into the substrate may therefore
be expressed generally, for substrate material below powder
or melted material, as

Us(x, t) = βQ(r(x1, x2, t))
[
gmψ� + gs(1 − ψ�)

]

f e− f (ξ−λ) for x3 > dp
(29)

where gm = h(λ)/ f and ψ� = ψ(x1, x2, d−
p ), that is, ψ� is

the value of ψ in the initial powder layer immediately above
the substrate. Plots of typical depth profiles are shown in
Fig. 4 before and after melting. After melting, the fraction of
energy absorbed in this example is 42%, which is consistent
with the experimental observation in Cremers et al. [25] for
laser welding in SS 316. For simplicity and because themate-
rial melts very rapidly when the laser passes over a region of
the powder, we approximate Eq. (29) letting ψ� = 1, which
approximates the entire region under the laser as beingmelted
instantaneously.
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Fig. 4 Depth profile of heat source model showing the fraction of
laser power absorbed per unit scaled depth, y3/dp , where dp = 50µm
is the initial powder depth, y3 is the distance in the depth direction
(in deformed/consolidated configuration) from the initial powder top
surface. The integral of these curves is total fraction of laser power
absorbed. The curves shown are for an initial porosity of 60% with
spherical particles of stainless steel 316L of diameter 20µm. The ini-
tial percent power absorbed into the powder and substrate is 77%, and
when fully melted the percent of power absorbed is 42%

3 Parallel finite element implementation

The model described in Sect. 2 has been implemented into
the general-purpose, parallel finite element solver Albany
developed by the Computational Multiphysics Department
at Sandia National Laboratories [19,27], where we use a
Lagrangian finite element approach, expressing the weak
form of the energy balance equation on the undeformed
(unconsolidated) geometry. The usual weak form of the
energy balance Eq. (1) on the deformed geometry Ω is

∫

Ω

[
k(gradT ) · (gradw) −Uw + ėw

]
dΩ

−
∫

Γ2

q̂w dΓ = 0
(30)

where w is an arbitrary weighting function and where the
flux boundary condition (4) is incorporated. Noting that

gradT = F−1∇T, dΩ = det F dΩ0 (31)

where grad and ∇ are the gradient operators with respect
to the coordinates in the deformed (y) and undeformed (x)
configurations, respectively, and F = ∇ y is the deformation
gradient, we can apply a change of variables to obtain the
weak form of the energy balance with respect to the unde-
formed volume Ω0. Thus, we have the following non-linear
equation that we solve for the temperature field

∫

Ω0

[
k(F−1∇T ) · (F−1∇w) −Uw + ėw

]
det F dΩ0 = 0

(32)

where k,U , and e are as defined in Sect. 2. Furthermore, insu-
lated boundary conditions are assumed on all surfaces of the
model such that q̂ = 0. The simulation model domains are
created sufficiently large or with symmetry boundaries, such
that the insulated boundary conditions on the lateral and bot-
tom surface are appropriate. The SLM process is performed
in a vacuum, so there is no convection on the top surface.
Furthermore, the time scale of the simulations of the local
laser melting are sufficiently small that radiation at the top
surface is insignificant. The rate of change of the energy ė is
approximated with a Backward Euler scheme, resulting in a
fully implicit, stable time integrator. The state variables are
updated based on the temperature field in each iteration using
Eqs. (10) and (16).

The degree of consolidation ψ is used to account for the
change in geometry. As the material consolidates from a
porous powder to a dense melt, the geometry shrinks con-
siderably. We account for the consolidation/shrinkage by
assuming a formof the deformation gradient F where det(F)

is equal to the local volume ratio associated with consolida-
tion Eq. (27). We assume that the consolidation is primarily
driven by gravity in the x3 direction (see Fig. 1), and thus,
the deformation gradient is only different from the identity
in the F33 component, which is set F33 = det(F).

The non-linear, finite element discretized form of Eq. (32)
is solved in Albany using various components from the Trili-
nos multiphysics code development framework [28]. We use
the Library of Continuation Algorithms (LOCA), with time
as the continuation variable, NOX for theNewton-based non-
linear solver with the RILUK preconditioner in Ifpack2 [29],
where the automatic differentiation utilities in Sacado are
used to compute the Jacobian, and finally, Belos is used to
iteratively solve the resulting linearized equations in each
Newton iteration. In addition, we have incorporated into
Albany a global energy calculation to ensure energy con-
servation at each step.

After the analysis, the deformed geometry accounting for
the consolidation may be determined by solving a simple
linear finite element systemof equations for the displacement
field using the assumed deformation gradient on the domain.
Specifically, we solve for the displacement field u from

∫

Ω0

(∇u − F − I) · ∇v dΩ0 = 0 (33)

where v is an arbitrary weighting vector field. We only solve
in the powder region, where all the consolidation takes place.
For a boundary condition, we set the displacement field to
zero at the substrate. Since we ignore the effect of surface
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tension, the shape of the melted powder above the substrate
will not be properly captured, but the width and depth of the
melt region should be accurate, as will be shown in the next
section.

We have integrated Simmetrix [30] meshing tools with
the Albany analysis code in memory for the finite element
analysis,which allows scalable computations onparallel high
performance computing platforms. To save computational
time and space, Simmetrix tools for unstructured meshing
were integrated with the Albany analysis code so that the
mesh in the vicinity of the laser beam, where the temperature
gradients are very high, is highly refined, while further away
from the laser beam the mesh is coarse. Because the laser
path is known a priori, we refine the mesh along the entire
laser path initially. In the future, we will include adaptivity
that will allow for themesh to evolve as the laser beammoves
and as the material consolidates.

4 Results and discussion

Todemonstrate themodel andfinite element implementation,
we compare our simulations to simulations and experiments
of a single laser track presented in Gusarov et al. [7], where
we investigate the effect of consolidation on the predictions
of the temperature field and melt pool geometry. In addi-
tion, we present results for a more realistic spiral path. For
each example, wemodel a domain with lateral dimensions of
w1 = w2 = 500µm and a substrate depth of ds = 150µm
for a total depth (powder and substrate) of 200µm (see
Fig. 1). The processing parameters used in the simulations
on stainless steel 316L are given in Table 3, where T0 is
the initial temperature of the domain. Yadroitsev et al. [31]
have studied the effects of processing parameters such as
scanning speed and laser power on single track formation.
In that study, the authors have provided the optimal range of
processing parameters such that instabilities like distortion,
irregularities and balling effect during a SLM process can be
avoided. In our study, we present simulation results that fall
within this optimal range of process parameters.

We first compare our simulation results to those presented
inGusarov et al. [7],where the effect of consolidationwas not
considered. Consolidation can be turned off in our model by
setting the deformation gradient equal to the identity, F = I ,
and using Eqs. (17) and (26) for the heat source in the powder
and substrate, respectively. In this case, we set the powder

Table 3 Parameters used in the simulations of SLM of stainless steel
316L shown here

ε0 D (µm) dp (µm) R (µm) ρ f T0 (K)

0.652, 0.600 20 50 60 0.7 1 300

porosity to be ε0 = 0.652 corresponding to an optical thick-
ness of λ = 2, and we model a laser with constant power,
P = 30W, traveling at scan speeds of 12, 16, 20 and 24 cm/s.
We treat one edge of the domain as a symmetry boundary and
model half of the laser beam traveling along the top surface
on this edge. The unstructuredmesh is shown in Fig. 5, where
the mesh is refined along the edge where the laser beam trav-
els. The mesh has approximately 295 K linear tetrahedral
elements and 60 K degrees of freedom. Because the temper-
ature gradients are very high inSLM,wecan allow for a larger
phase interface thickness δ without significantly affecting
the simulation results. The interface thickness relates to the
requiredmesh refinement in the vicinity of themelt interface.
In the SLM simulations, we set (Tl −Ts)/A = 150K, which
corresponds to an interface thickness of less than 20µm. The
laser center moves along the edge x2 = 0 from x1 = 100µm
to x1 = 250µm, which is sufficient to reach a steady-state
temperature field and melt pool. We obtain peak temperature
results for these simulations within 3.6% of the results pre-
sented in [7]. We performed these simulations with a time
step of Δt = 1µs, which is an order of magnitude higher
than required in Gusarov et al. [7] (Δt = 0.1µs), who use
an explicit integration scheme and solve at steady-state on a
spatial domain. We find that we can further increase the time
step to Δt = 50µs, with little loss of accuracy, as shown in
the next examples.

To investigate the effect of consolidation on the simula-
tion predictions, we compare simulation results including
the effect of consolidation to results not including the effect.
The initial porosity is assumed to be ε0 = 0.6 correspond-
ing to an optical thickness of λ = 2.5. We model a laser
with constant power, P = 30W, traveling at scan speeds of
10 cm/s. Figure 6 shows the temperature at the top surface
along the center-line of the laser path, which includes the
peak temperature. The melt temperature (1700 K) and the
vaporization temperature (3300 K) are also shown in Fig. 6.
We see that including consolidation in the simulation con-
siderably reduces the peak temperature and the size of the
melt pool. In Gusarov et al. [7], they find that they must use a
reduced power in the simulations of 30W as compared to the
nominal experimental laser power of 50W in order to obtain
a melt pool comparable to that observed experimentally. The
effect of consolidation may be the primary reason for the dis-
crepancy, as considerably less power is absorbed when the
material melts and consolidates. Furthermore, we see that the
model ignoring the effect of consolidation predicts a signif-
icant region above the vaporization temperature, while the
simulation that takes into account the effect of consolidation
does not predict the peak temperature exceeding the vapor-
ization temperature. Exceeding the vaporization temperature
can lead to porosity, due to boiling, and keyhole defects, and
thus, the simulation model should be able to accurately char-
acterize the region above the vaporization temperature.
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Fig. 5 Mesh of
powder-substrate model, where
the mesh is more refined in the
vicinity of the laser

Fig. 6 Temperature profiles at the top surface of the powder along
the laser path showing the decrease in temperature while considering
consolidation using a 30 W laser

Next, we simulate an experimental test case with the full
laser power of P = 50W and compare the simulation pre-
dictions for the melt pool width and depth to the measured
values in Gusarov et al. [7]. We consider the case with a
scan speed of 16 cm/s. Figure 7a shows the temperature field
on the top surface and Fig. 7b shows the phase parameter φ,
where φ = 1 is associated with the melt pool is shown in red,
and φ = 0 is associated with either unmelted powder or re-
solidified, dense material (behind the melt zone). Figure 7c
shows a cross-section view, again showing the phase param-
eter φ. We can see the width wm and depth dm of the melt
zone in the substrate as well as the melted and consolidated
powder above the substrate. The predicted width and depth
of the melt zone from the simulation are wm = 92mm and
dm = 23mm, compared to the experimental measurements

of wm = 100mm and dm = 22mm reported in [7]. Thus,
weobtain excellent agreementwith experimental values from
the literature for the substrate melt pool size. Figure 7d is a
plot of the temperature along the centerline of the laser path
on the top surface and at the powder–substrate interface. We
can see that the simulation predicts a small zone, directly
under the laser at the top surface, where the material is above
the vaporization temperature. The width of the melt zone at
the top is only slightly longer than at the interface with the
substrate.

Lastly, we model a spiral in pattern to melt a region on
the interior of the simulation domain. In this example, we
use a mesh that is uniformly refined near the top surface with
approximately 585 K linear tetrahedral elements and 116 K
nodes, and we set the time step to Δt = 50µs. The scan
speed set at 16 cm/s, and three values for the laser power are
considered P = 20, 30 and 50W. The simulation results for
a square spiral pattern at an instant in time are shown in Fig. 8.
The simulations were performed on 2 compute nodes, each
node with 8-2.3GHz Opteron processors and 16 GB of 1333
MHz DDR3 ECC memory and took only about 0.5 h each.
For a 50W laser (Fig. 8c) the consolidatedmelted region (red,
ψ = 1) shows the complete coverage of the interior region at
the instant of the simulation. It is important for the powder to
be fully melted and consolidated all the way to the substrate
to avoid interior porosity and defects. Thus, we also show
the melted and consolidated region at the initial powder–
substrate interface (bottom row) as well as the cross-section
(middle row) of the entire model. We see that for the spiral
pattern shown, the entire interior region is fully melted and
consolidated in case of the 50 W laser, whereas, incomplete
melting is visible for the 20 and 30 W laser powers. Internal
defects arises at the corners and between the parallel passes
of the pattern due to both incomplete melting and improper
hatch distance. In the case of the 30 W laser, the internal
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(a)

(b)

(c)

(d)

Fig. 7 Simulation results for a 50W laser traveling at a scanning speed
16 cm/s (left to right) with a full beam radius R = 60µmat steady state.
a Temperature field on the top surface of the powder; dashed line shows
the outline of laser beam. b The phase parameter φ on the top surface,
red is the melt pool and blue is solid either powder or re-solidified dense

material. c Cross-section view showing the width wm and depth dm of
the melt pool and the consolidation of the melt region. Color map is
φ (same as in b ). d Temperature profiles along the center of the laser
beam on the top surface and at the powder–substrate interface. (Color
figure online)

porosity at the center of the molten track is about 8%, and at
the corners, the porosity is as high as 10%.

5 Conclusion

A model with two state variables to naturally capture the
melting and consolidation of the powder during SLM is
presented along with a transient, implicit Lagrangian finite
element formulation. The model includes the effect of the
consolidation, as the powder melts and becomes fully dense,
on the laser power absorption. Consolidation is found to sig-

nificantly reduce the laser power absorbed into the powder
as it melts and becomes fully dense. By including this effect,
the model is found to accurately predict the width and depth
of the melt zone in the substrate for a given laser power
and scan speed. The model formulation is efficient, allow-
ing for relatively large time steps, and is implemented in the
general-purpose parallel finite element solver Albany [19],
which allows for scalable parallel computing on high perfor-
mance computing platforms. An example showing a spiral
in pattern to melt an interior region was shown. In the exam-
ples shown, the laser power is set as constant, but the power
can be easily adjust in the simulation, and other patterns can

123

Author's personal copy



Comput Mech

Fig. 8 Simulation results for a a 20 W, b 30 W and c 50 W laser trav-
eling at a scanning speed 16 cm/s following a spiral in pattern. Melted
consolidated region and substrate in red (ψ = 1) and the surrounding
powder layer on top in blue (ψ = 0). Top row: view from top surface of
powder. Middle row: cross-section view. Bottom row: section view near

initial powder–substrate interface. For the 20 and 30 W laser, incom-
plete melting is visible at the powder substrate interface (discontinuity
in red coloring) in between parallel lines and at the corners. (Color
figure online)

be quickly simulated too. Because the simulations can be
carried out fairly quickly, they can be conducted within an
iterative learning loop [32] to determine the optimal laser
power history, which is the subject of a forthcoming paper.

In addition, the model developed here is well-suited to
serve as a platform for incorporating thermal–mechanical
simulations and modeling multi-layer part builds. The model
presented here provides the material state of melt and
consolidation everywhere and the current part geometry
(consolidated, non-powdermaterial),which canbe computed
at the end of each layer as shown in this work. The mechan-
ical response, thermal shrinkage and associated stress, is not
expected to significantly impact the thermal analysis, so the
coupling is one-way. Thus, the temperature and state variable
history would be the input to a thermal–mechanical analysis
that could be performed after the thermal analysis for each
layer. The material properties would naturally depend on
the temperature and state variables. For example, the elastic
modulus and flow stress can be expressed in terms of the tem-

perature and porosity (related to consolidation state variable).
Because Albany is a generic finite element solver, adding the
mechanical analysis is relatively straight-forward. After ther-
mal and stress analyses, the model could be re-initiated for
modeling the next layer with a new powder layer added and
a new mesh that follows the new part–powder interface on
the interior.
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