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Abstract Additive manufacturing has risen to the top of
research interest in advanced manufacturing in recent years
due to process flexibility, achievability of geometric com-
plexity, and the ability to locally modify and optimize materi-
als. The present work is focused on providing an approach for
incorporating thermodynamically consistent properties and
microstructure evolution for non-equilibrium supercooling,
as observed in additive manufacturing processes, into finite
element analysis. There are two primary benefits of this work:
(1) the resulting prediction is based on the material composi-
tion and (2) the nonlinear behavior caused by the thermody-
namic properties of the material during the non-equilibrium
solution is accounted for with extremely high resolution. The
predicted temperature response and microstructure evolu-
tion for additively manufactured stainless steel 316L using
standard handbook-obtained thermodynamic properties are
compared with the thermodynamic properties calculated
using the CALculation of PHAse Diagrams (CALPHAD)
approach. Data transfer from the CALPHAD approach to
finite element analysis is discussed.
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1 Introduction

Additive manufacturing (AM) is a materials processing
method that dramatically improves the ability to design and
create complex geometries in a layer-by-layer fashion. These
methods are not limited to any particular material class, often
incorporating polymeric, metallic, and biological materials.
The scientific research community, especially in mechanical
engineering and materials science, has begun to heavily focus
efforts on advancing the state of metal-based AM methods.
The reason for the recent peak in metal-based AM interest
is because of the potential applications in development of
low-volume application-specific structural components with
optimized local and global thermodynamic and mechanical
properties. The unique ability to alter local process parame-
ters in order to obtain a desired microstructure conformation
or local thermodynamic properties through establishment of
process-structure-property relations is of particular interest.

AM processes have the potential to accelerate mate-
rials prototype design through fundamental metallurgical
science (physical metallurgy, mechanical metallurgy and
powder metallurgy), removal of design constraints on novel
meta-materials, and simplification of developing function-
ally graded materials. However, the realization of novel
AM processed materials and meta-materials in real-world
applications has yet to come to fruition due to a lack of funda-
mental understanding of process-structure-property relations
for AM processes. This lack of understanding is exag-
gerated compared to conventional subtractive processing
techniques due to the inability to experimentally character-
ize important aspects of the process, such as the temperature
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within the meltpool. To this end, utilization of computational
frameworks that can inform the research community about
complex phenomena in AM is a promising endeavor.

Previous work has been presented that takes advan-
tage of finite element (FE) based heat transfer analysis
to model AM processes [7,9,11,12,20,27,32,33,35]. Addi-
tional mathematical models [34] and finite element analysis
(FEA) procedures [16,19] have been utilized to determine
microstructure characteristics during AM process modeling.
Additional references for mathematical and numerical mod-
eling can be found in [16] and [26]. Li et al. [18] was able
to experimentally connect thermodynamic properties to den-
drite arm spacing (DAS) for Al-Cu-Mm alloys in the casting
process. Subsequently, the DAS was linked to both experi-
mental porosity and ultimate tensile strength, which shows
a direct correlation between process, structure, and property.
The most recent work of relevance to the present research
was that by Amine et al. [1], which attempted to link direct
laser deposition (DMD) process parameters to microstructure
and material properties. This work was targeted primarily
at determining a qualitative understanding of the micro-
hardness and secondary dendrite arm spacing (SDAS) of
stainless steel 316L (SS316L) resulting from variations in the
process parameters. While this work is promising for under-
standing the effects of process parameters on microstructure
and material properties, the modeling procedure used does
not account for the composition of the material and quan-
titative predictions of microstructure and properties were
not discussed; this is the research subject of the present
work. By employing the CALPHAD method for fundamen-
tal alloy thermodynamics calculations in combination with
FEA, the present first attempt interdisciplinary collaboration
between mechanical engineering and materials engineering
can provide composition-based process modeling as well as
microstructure prediction.

The CALPHAD method has been established as a fun-
damental computational tool in investigation and design of
multicomponent alloy materials [21,22,28]. The reason for
this is because of the strong basis in thermodynamics and
material kinetics of the CALPHAD method. Although it was
originally developed for computational modeling of alloy
thermodynamics based on the experimental phase equilibria
and thermodynamic properties, it has since been extended
to include the capability of modeling diffusion kinetics in
inorganic materials [4]. The CALPHAD method is capa-
ble of predicting thermodynamically consistent properties
for materials that have not yet been synthesized, making
the method an excellent option for materials design [31].
Moreover, it can be used to quantitatively predict microstruc-
tural evolution through comprehensive physical models of
materials processing. In order to perform spatially varying
microstructure evolution simulations of materials, CAL-
PHAD has recently been integrated with other modeling

@ Springer

frameworks, e.g., phase field, to study process-structure rela-
tionships in three dimensions (3D) [17,30]. The CALPHAD
method is particularly important for the present work due
to the non-equilibrium supercooling behavior seen in AM
processes.

The purpose of the present work is to provide a novel con-
tribution to the AM research community that can be used to
incorporate the impact of compositional alteration of powder
used in AM process modeling. The resulting framework uses
both thermodynamically consistent properties and quantita-
tive microstructure predictions within a FE process modeling
setting. Additionally, the proposed method offers a higher
level of accuracy in predictions based on existing composi-
tions, i.e., SS316L. The present work is organized as follows:
Sect. 2 provides background information related to the CAL-
PHAD method, Sect. 3 discusses the transfer of data obtained
from the CALPHAD method into a format that is suitable
for FEA, Sect. 4 describes the model setup used to predict
the thermal response of the Electron Beam Melting (EBM)
process, Sect. 5 showcases the results of an EBM example
for SS316L, and Sect. 6 contains the concluding remarks of
the manuscript.

2 The CALPHAD method

The CALPHAD approach is widely accepted in the materi-
als research community as a powerful engineering method in
materials thermodynamics and diffusion kinetics [5,15,22].
It was originally developed for computational modeling of
alloy thermodynamics based on experimental phase equilib-
ria and thermodynamic properties. A further development
made in the CALPHAD research community enabled this
approach to be applicable for diffusion kinetic modeling
of inorganic systems [4]. The state-of-the-art CALPHAD
method is one of the most significant methodologies in Mate-
rials Genome research, supporting both phase transformation
modeling and materials property databases. The most signif-
icant advantage of the CALPHAD approach is the fidelity
of model prediction for multicomponent alloys. For exam-
ple, the CALPHAD thermodynamic calculations performed
by Saunders [23] showed striking success in predicting phase
transition temperatures, phase fractions, and many other ther-
modynamic properties of steel alloy systems.
Fundamentally, the CALPHAD model is based on the
thermodynamic description of the pure elements, which is
expressed as heat capacity starting from room temperature
to temperatures much higher than the melting point for the
material of interest. The standard CALPHAD database of the
pure elements made by SGTE (Scientific Group Thermodata
Europe) in 1991 [8] allows the CALPHAD community to per-
form CALPHAD-type thermodynamic modeling for binary,
ternary and multicomponent alloy systems. The Gibbs free
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energy of phase ¢ in a multicomponent alloy system G;’Z, can  equation:
be defined using the CALPHAD model as:

(CL—=Cs)dfs = (1= fs)dCL @

Gﬁ = Zx?G? + RO [inln (xi):|
i i
+ExGo 4 Magngo (1)

in which R is the gas constant, 0 is temperature, and x; is
the composition of element i in the multicomponent sys-
tem. The third term on the right hand side (RHS) stands
for excess energy in the system, which is a function of the
interaction energy among atoms in different lattices. Thermo-
dynamic models of solution phases, intermetallic compounds
and oxides are developed based on the compound energy for-
malism [14], which serves as the fundamental theory of the
CALPHAD approach. During the CALPHAD assessment,
these interaction energies are defined as thermodynamic
parameters, and are optimized according to phase diagrams
and/or thermodynamic property data, which can be evaluated
based on the reported measurements and atomistic modeling
[29], e.g., density functional theory calculations. The last
term on the RHS is an evaluation of the magnetic contribu-
tion to the total Gibbs energy [28], for which the magnetic
transition temperature and local magnetic moments are con-
sidered as the input to evaluate magnetic entropy, and thus can
be used to estimate spin magnetic energy. In order to apply
the CALPHAD approach to materials design, (in addition
to the database development) several comprehensive soft-
ware have been developed, e.g., the Thermo-Calc software
[2], which is generally considered as the pioneering software
package in computational thermodynamics and kinetics.
One of the advantages in the CALPHAD method is its
predictability of thermodynamic and kinetic properties of
the multicomponent systems, which spans wide ranges of
compositions and temperatures. Such a capability serves
as a basis of performing diffusion kinetic simulations and
non-equilibrium studies during the solidification process.
By assuming local equilibrium status at the phase interface
(note that the global solution is still considered a non-
equilibrium process), the Scheil-Gulliver model [10,25] has
been implemented in the Thermo-Calc software package for
solidification simulation, which allows one to predict related
thermodynamic property values for the solidification process.
This model enables a qualitative analysis of the solute redis-
tribution during solidification processes. It assumes that no
diffusion takes place in the solid phases and that solute redis-
tribution in the liquid is infinitely fast. As introduced by
Scheil [25] in 1942, the partition coefficient, k, during solid-
ification can be defined as the ratio of the local composition
of the solid phase Cg to that of the liquid phase Cr, Cs/Cy.
If Cy is defined as the starting composition and fs is the solid
phase fraction, Cg can be obtained based on the following

Therefore, Cs = kCo (1 — fs)k’l, which can be easily
solved analytically in the case where the material evolves
from liquid to a single solid phase. The CALPHAD approach
further enables the solution when the complex phase transfor-
mations occur in multiphase and multicomponent systems.
In modeling of solidification in steels, the back diffusion
effect caused by fast diffusion species, such as carbon, has
been further taken into account by Chen and Sundman [6]
based on the CALPHAD approach. The Scheil-Gulliver
simulation generates thermodynamic properties including
latent heat and phase fraction during rapid cooling under
the Scheil-Gulliver condition [6,24]. Therefore, the Scheil-
Gulliver model available in the Thermo-Calc software is
directly applied to obtain thermodynamic properties for the
thermal modeling in the present work.

3 CALPHAD-based FEA for heat transfer

Based on the discussion in Sect. 2, it is clear that the
CALPHAD method can provide a number of advantageous
contributions to modeling of AM processes. However, the
information provided by the CALPHAD method is based
only on material composition and temperature, and thus lacks
information related to the spatial distribution of the predicted
properties or microstructural evolution; the use of a thermal
modeling method coupled with the outputs from the CAL-
PHAD method can be used in order to obtain the desired
spatial distribution of the properties and microstructure. The
goal of the present work is to develop a framework that
will allow the thermodynamically consistent properties and
microstructure afforded by the CALPHAD method to be used
in analysis of an AM processed 3D domain. To this end,
FEA is an obvious choice of modeling methodologies that
can be implemented for multidimensional analysis. How-
ever, the data that is provided by the CALPHAD method in
terms of the specific heat, the enthalpy change due to phase
change, and the microstructure evolution must be transferred
to a format that is suitable for FEA. In order to develop an
appropriate approach for transferring this data, the governing
equations that are solved in the FEA should be considered.
The thermal equation that is to be solved in the present work
can be written as follows,

a0
pCy(0) o =k (©) V20 + qapp (X, 1) + Graa (0) 3)

where 6 is the temperature, p is the material density, C f, is the
effective specific heat, which is a function of temperature, k is
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the material conductivity, which is a function of temperature,
qapp 1s the externally applied flux, which is a function of
the spatial coordinates x and time ¢, and g,,4 is the loss of
heat due to radiation, which is a function of temperature. As
the present work focuses on AM applications, the externally
applied flux is assumed to be governed by a selected heat
source model developed for either laser or electron beams.
The heat source model used for the present work is a Gaussian
surface flux model that can be written as,

—2nP R?
Gapp = Fexp -2 e 4

beam beam

where 7 is the absorption coefficient of the material, P is the
laser/electron beam power, Rpeq, is the beam radius, and
R is the radial distance from the heat source to the location
of the material point of interest. A review of popular heat
source models used for AM and welding applications can be
found in [32]. The heat loss due to radiation is governed by
the following equation,

drad = o6 [0 = 00)* — (6 — 00" 5)

where o is the Stefan-Boltzmann constant, ¢ is the emissivity
of the material, 6 is absolute zero temperature for the given
thermal units, and 0, is the ambient temperature.

Up to this point, the thermal model has been described
but no consideration has been given to the integration of
the CALPHAD-derived data and the governing equations.
The thermodynamic information, e.g., enthalpy change and
phase fraction, will be generated from the CALPHAD mod-
els as a function of temperature and material composition.
The local thermodynamic information at a location in a 3D
domain can be obtained so long as the temperature at that
location is provided by the thermal model. It is assumed for
the present study that the microstructure evolution equations
obtained from the CALPHAD method will not directly affect
the temperature or other state variables, i.e., the microstruc-
ture evolution equations will be directly calculated through a
one-way coupling with the temperature. The microstructure
evolution output from the CALPHAD method can therefore
be fit by a polynomial function of the necessary order to
replicate the behavior,

p+1

CALPHAD —n+1
Bt AL =" 4,07 (6)
=1

On the other hand, the specific heat and change in enthalpy
due to phase change will be inherently integrated into the gov-
erning thermal equation through the effective specific heat
described in Eq. 3. In particular, the effective specific heat is
related to the enthalpy of the system through the following
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relationship,

dAH

d(H + AH)
do

ce ) =
» @) 70

=Cp(0) + (7)
where H represents the enthalpy of the system related to the
specific heat with a constant phase and AH represents the
additional energy of the system attributed to phase change.
The traditional method of accounting for the phase change of
the material is to obtain the specific heat and enthalpy change
from an engineering handbook and simply apply them as
follows,

Cp 9<95
ccoy=lc,+ 20 o _p<p 8)
P - p GL_GS S L

Cp 9L<9

where C), is the handbook-obtained specific heat of the
material (typically this value is constant or only valid to
temperatures much lower than the solidus temperature),
AH; = AH(01) — AH (0s) is the change in enthalpy of the
system during the entire phase change using standard hand-
book properties (another name for this value is “latent heat”
and it is typically treated as a constant, i.e., Eq. 8 implies
that the contribution of phase change to Eq. 7 is constant),
s is the solidus temperature of the material, and 67, is the
liquidus temperature of the material. The additive form of
the energy allows a fairly simple connection between the
CALPHAD-based specific heat and enthalpy change due to
phase evolution with that of the governing equations solved
using FEA. For numerical efficiency, the authors have cho-
sen to utilize a simple piece-wise constant relationship for the
dependence of both the specific heat and the enthalpy change
on temperature. The resulting equation, which is based on
Eq. 8, can be written as follows,

C, ) 6 < 65
dAH
C; (9) = Cp (9) =+ W 95‘ <0 < 9L (9)
C, (0) o, <6

It should be noted that while the specific heat and change
in enthalpy due to phase evolution are assumed constant for
the handbook-based properties (Eq. 8), no such assumptions
have been made in Eq. 9 (itisimplied that A H is a function 8).
As will be seen in later sections, the CALPHAD-based spe-
cific heat and change in enthalpy due to phase change can be
quite nonlinear in temperature dependence. The temperature
dependent nature of Cp, (9) and d H/d6 can be determined
directly from the CALPHAD method outputs for a given
material composition. In the ideal case, the specific heat out-
puts and the change in enthalpy due to phase transformation,
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150,000 Elements
164,016 Nodes

Fig. 1 Model setup for the powder bed FEA study

as obtained from CALPHAD, would be fitted to smooth func-
tions and could be directly implemented in Eq. 9. The strong
nonlinearity in the outputs is prohibitive for curve fitting the
data, which is the reason for use of the much simpler piece-
wise constant model for the thermodynamic properties.

4 FEA model setup and assumptions

To compare the CALPHAD-derived properties with standard
handbook properties the authors have developed a FE model
of the EBM process. The model used for the present work
is shown in Fig. 1. As can be seen in the figure, the model
consists of 150,000 linear heat transfer hexahedral elements
with 164,016 nodes. The plane of symmetry shown in the
figure is located at the midpoint of the axis of the beam,
which scans the domain parallel to the plane of symmetry.
This model is indicative of a single track AM process for
simplicity but there is no limitation of the proposed method-
ologies to such simplifications. The dimension Lx, Ly, and
Lz are the length, width, and height of the domain, respec-
tively, while the dimension L¢ represents the thickness of the
current layer in the EBM process. The parameters P and V x
are the beam power and velocity, respectively. The dimen-
sions and process parameters used for the present work are
shown in Table 1. All simulations were conducted using an

Table 1 Dimensions and process parameters for the powder bed FEA

study
Lx (mm) Ly (mm) Lz (mm) Lt (mm) Vx (mm/s)
4.0 0.5 0.4 0.05 100

in-house FE software that was developed by the first author.
The average simulation time for the model shown in Fig. 1
for the CALPHAD-based solution was around 25 minutes
using a single processor. The handbook-based solution was
completed in around 7 minutes using a single processor.

It should be noted that powder bed based AM processes
have an added complexity over the direct deposition processes
in that the powder bed itself has dynamic thermal properties.
In particular, the powder bed initially has a low conduc-
tivity compared with that of the bulk material or substrate.
The powder bed properties must be accounted for in analy-
sis because the thermal history in the heat affected zone
is strongly dependent on the surrounding thermal influ-
ences, e.g., the surrounding powder bed. The methodology
employed in the current work to obtain an accurate depic-
tion of the impact of the powder bed on the single track is
to simply switch the thermodynamic properties from that of
the discrete powder to that of a continuous material once the
material has breached the liquidus temperature. The adjust-
ment of the thermodynamic properties is governed by the
following equation,

0 t=1
0 6(ty) < s and m(ty_1) =0 (10)
1 65 <0(ty) or m(ty,—1) =1

m =

where 1y represents the initial condition of the analysis, 6(z,,)
represents the temperature at time #,,, and m (,—1 ) represents
the value of m itself at the previous time step. The parameter
m will be referred to in subsequent sections as the material
state parameter. Inspection of Eq. 10 implies that m simply
acts as an on-off switch for the thermodynamic properties.
Moreover, m can only shift in one direction, i.e., m can only
be adjusted from O to 1, never 1 to 0. With this in mind, the
equation for the evolution of the powder bed properties can
be written as,

k(0) = m kpuix (0) + (1 —m) kpowder @) (1D

where kpyx and kpoyder are the thermal conductivities of the
bulk material and powder material, respectively. Based on
Egs. 10 and 11, it should now be clear that the thermal con-
ductivity can only evolve in one direction, which is powder
to bulk.

S Results for SS316L

In order to showcase the capabilities provided by the
CALPHAD-based heat transfer analysis, a powder bed
example for EBM has been conducted using SS316L. The
developed methodology, as explained in Sect. 3, requires
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Table 2 CALPHAD material composition inputs for SS316L (wt.%)

Fe Cr Ni Mo Mn
Balance 16.3 10.3 2.09 1.31
Si C P S

0.49 0.026 0.026 0.006

calculation of the thermodynamic properties of the mater-
ial based on composition and temperature using CALPHAD
and then transfer to a suitable data format for FEA. The tem-
perature history, heating/cooling rate, and material phases are
analyzed for the case study. Additionally, the SDAS is pre-
dicted at a given location based on a previously developed
phenomenological law [36]. The variation in the predicted
temperature history and microstructure evolution between
the handbook-obtained [3] and CALPHAD-derived thermo-
dynamic properties is discussed.

5.1 CALPHAD predictions for SS316L with
non-equilibrium supercooling

The solidification behavior observed in AM processes is
characterized by supercooling and the non-equilibrium solu-
tion is required in order to obtain accurate thermodynamic
property predictions, which can be obtained by using the
CALPHAD method. The composition of the powder, which
was used as inputs to the CALPHAD prediction, is shown
in Table 2. It should be noted that the handbook values for
commercial alloys are usually rough estimations obtained
for limited (if not fixed) temperature ranges. However, the
CALPHAD method often provides thermodynamic/kinetic
properties corresponding to a specific alloy composition from
room temperature to well-above the alloy melting tempera-
ture. The CALPHAD model predictions in the current work
were obtained by using the TCFE version 8 thermodynamic
database for steels released by the Thermo-Calc software
company. This database is generally considered as a highly
accurate thermodynamic database for steels research.

The primary CALPHAD outputs of interest for this study
are the heat capacity as a function of temperature, the change
in enthalpy due to phase change as a function of temperature,
and the phase evolution as a function of temperature. Fig. 2
shows a comparison of the CALPHAD outputs for the ther-
modynamic properties with the properties determined from
the engineering handbook. It is clear from the figure that both
the specific heat (Fig. 2a) and the change in enthalpy (Fig. 2b)
are highly nonlinear for the CALPHAD outputs, while the
handbook-obtained properties are linear or constant in the
temperature dependence. The solidus and liquidus tempera-
ture lines in Fig. 2 are predicted using the CALPHAD method
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Fig. 2 Comparison of handbook-obtained and CALPHAD-derived
temperature-dependent specific heat and change in enthalpy due to
phase evolution for SS316L. a Specific heat as a function of temperature.
b Change in enthalpy due to phase evolution as a function of temper-
ature (solidus and liquidus temperatures derived from CALPHAD and
the engineering handbook-based values are shown in Tables 3 and 8,
respectively)

Table 3 Solidus and liquidus
temperatures for SS316L based
on CALPHAD output

0s (K) 0 (K)

1607.15 1726.15

based on the material composition (these values can be found
in Table 2).

The reason for the simplified nature of the handbook-
obtained properties is that there are difficulties in experi-
mentally obtaining thermodynamic properties of multicom-
ponent alloys over wide composition and temperature ranges.
However, the nature of AM processes depends heavily on
the accuracy of the thermodynamic properties because of
the highly localized and complex phenomena involved in the
solidification process, e.g., supercooling. The CALPHAD
method offers a well-established alternative to experimental
methods because the CALPHAD thermodynamic parameters
are optimized based on evaluation of measured thermody-
namic properties. Due to the fidelity of the CALPHAD
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Fig. 3 The Scheil-Gulliver model prediction through the CALPHAD approach and polynomial fit as a function of temperature for SS316L.
a Solid fraction as a function of temperature. b Fraction of bcc as a function of temperature. ¢ Fraction of fcc as a function of temperature

model-prediction, itis well-respected as one of the most pow-
erful techniques in developing new materials [21,22].

The solid (Fig. 3a), bce (Fig. 3b), and fcc (Fig. 3c) phase
evolution as a function of temperature predicted using the
CALPHAD method is shown in Fig. 3. It should be noted
that the solid fraction ranges from O to 1, O representing
100 % liquid phase and 1 representing 100 % solid phase.
The sum of the bce and fcc phase fractions is near unity
when the solid fraction is 1, implying that the bcc and fcc
phases represent almost 100 % of the solidified material. As
expected, when the solid fraction is O the sum of the bcc
and fcc phase fractions is also O - the material cannot have
bee and fec phases in liquid form. Figure 3 also shows the
polynomial functions that are used to fit data obtained using
the CALPHAD method for the phases of the material during
the solidification process. The polynomial equations used for
replicating the solid fraction and bcc/fce phase fractions (see
Eq. 6) are shown in Egs. 12 and 13, respectively.

¢t P = 5167 + b26° + b36° + bat*

+ bs6> + bgh? + b760 + bg (12)
451%5}55” = a10° + @0’ + a30* + aq6°
+as6* + agh + az (13)

The selected polynomial coefficients for the solid fraction
and bec/fce phase fractions are shown in Tables 4 and 5,
respectively.

Table 4 Coefficients used for

the fraction solid based on the by 1.28813813274e—13
CALPHAD output by —1.49189041117¢—9
b3 7.40432385162e—6
by —2.04132708365¢—2
bs 33.7631277949
be —33502.4090752
by 18466701.5972
bg —4361929680.48

Table 5 Coefficients used for the phase fraction of bec and fce based
on the CALPHAD output

bcc fce

ai —4.96066749054e—12 —5.27403300054e—12

a 4.91294422407e—8 5.21485553059¢—8

a3 —2.0272363818%¢—4 —2.14841171100e—4

as 4.46105544407e—1 4.72039262784e—1

as —552.160313604 —583.374650716

ae 364471.163322 384504.700626

ay —100235482.851 —105591780.663

g:rl;l;; e:—Sleat source model P (W) 0 Rioam (mm)
60.0 0.6 0.175

Table 7 Radiation boundary condition parameters

o (W/mm2K*%) & 6o (K) Boo (K)

5.6704e-14 0.2 0.0 300.0

5.2 Thermal history comparison between handbook
properties and CALPHAD-derived properties

The thermal history and heating/cooling rates based on
the thermodynamically consistent properties, which were
derived using the CALPHAD method, are the primary quanti-
ties of interest; both the temperature and cooling rate govern
the evolution of the microstructural phases of the material
during solidification. Therefore, the present section provides
a comparison between the handbook-obtained and the ther-
modynamically consistent properties for the temperature and
the rate of change of temperature as a function of time. The
FE model for the EBM process shown in Fig. 1 was used
for the study. The heat source model parameters (see Eq. 4)
are shown in Table 6, followed by the radiation boundary
condition parameters (see Eq. 5) in Table 7.
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Table 8 Model inputs for the powder bed FEA study based on hand-
book properties [3]

[% S 0 L cp AH, L P
1648.15 1673.15 0.5 272.5 0.008
K (K) (J/g K) (J/8) (g/mm?)
Table 9 Thermal conductivity m 0 (K) k (W/mm K)
as a function of temperature and
state for the CALPHAD 0 0.0 0.0003
informed solution 0 1607.15 0.0003

0 1726.15  0.0214

1 0.0 0.0214

1 1607.15  0.0214

1 1726.15  0.0214
Table 10 Thermal conductivity m 6 (K) k (W/mm K)
as a function of temperature and
state for the handbook informed 0 0.0 0.0003
solution 0 164815  0.0003

0 1673.15 0.0214

1 0.0 0.0214

1 1648.15 0.0214

1 1673.15 0.0214

The thermodynamic properties obtained from the hand-
book are shown in Table 8. It should be noted that the material
density (shown in Table 8) is assumed to be the same for
both the handbook-based and CALPHAD-based solution.
The density is further assumed to be constant in tempera-
ture dependence, despite the fact that the material switches
from powder form, i.e., before melting, to a bulk material,
i.e., after the material solidifies. Although this assumption
is not ideal, it allows the methodology to be free of compli-
cations related to conservation of mass in the finite element
solution.

The thermodynamic properties for the powder bed exam-
ple evolve with both the temperature and the material state,
which is either discrete powder or continuous; Eq. 10 is used
to account for this via the state parameter, m, which has a
one-way evolution. The thermal conductivity as a function of
temperature and state for the CALPHAD informed solution
and the handbook-based solution can be observed in Tables
9 and 10, respectively.

The temperature dependence of the thermal conductivity
shown in Tables 9 and 10 could potentially have a higher
resolution if it is provided; however, the resolution of the
data is considered appropriate for the present study as it is
primarily targeted at showcasing the potential impact of uti-
lizing thermodynamically consistent properties predicted by
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Fig. 4 Comparison of the response of a selected node predicted using
the handbook-based property assumptions for specific heat and enthalpy
change and those predicted by the CALPHAD method. a Thermal his-
tory for a selected node. b Temperature rate history for a selected node.

the CALPHAD method - thermal conductivity is not one of
these properties.

The temperature history (Fig. 4a) and heating/cooling
(Fig. 4b) rate of a node that resides on the top surface of the
powder bed and in the direct path of the electron beam are
shown in Fig. 4. There is a noticeable difference in both the
peak temperature and the heating/cooling rates predicted for
the handbook-based and CALPHAD-based solutions. The
CALPHAD-based properties yield a dramatic decrease in
the peak temperature and reduce the peak rates of heating
and cooling. The impact of the heating rate will be neglected
from this point forward due to the fact that the cooling rate,
i.e., df/dt < 0 in Fig. 4b, is the primary output of interest
for determining the evolution of the as-built microstructure.

5.3 Microstructure prediction comparison between
handbook properties and CALPHAD-derived
properties

The microstructure evolution of the AM processed SS316L
material will be analyzed in this section. By combining the
CALPHAD method with FEA, the evolution of the as-built
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Fig. 5 Predicted phases at a selected node as a function of time based on the CALPHAD output. a Solid fraction as a function of time. b Fraction

of bce as a function of time. ¢ Fraction of fcc as a function of time
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Fig. 6 Snapshots of the predicted temperature and phase distribution
in the powder bed example using the CALPHAD informed properties.
a Snapshot of the predicted temperature distribution. b Snapshot of the

microstructure can be easily predicted locally at a node, or in
a 3D distribution, based on the non-equilibrium solution and
thermodynamically consistent properties (calculated consid-
ering supercooling behavior a priori). A comparison of the
evolution of the phases in the material predicted using the
handbook-based and CALPHAD-based properties at a spe-
cific node, which is the same node as that used to predict
the thermal history in Fig. 4, is shown in Fig. 5. The pre-
dicted evolution of phases depicted in Fig. 5 are based on
the polynomials shown in Eqgs. 12 (fraction solid—Fig. 5a)
and 13 (fraction bee/fcc—Figs. 5b and 5c, respectively). The
nodal output for the two cases of properties is extremely dif-
ferent in both the time at which the material breaches the
liquidus temperature during the cooling cycle, i.e., solidifi-
cation behavior is initiated, and in the evolution of the phases.
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predicted solid fraction distribution. (c) Snapshot of the predicted bcc
fraction distribution. d Snapshot of the predicted fcc fraction distribu-
tion

Despite the fact that the same equations are used to predict
the phases, the thermal history of the handbook-based and
CALPHAD-based solutions drive the behavior of the phase
evolution.

The temporal differences in phase evolution between the
two cases has an impact on the phase gradient in the material
at a given snapshot in time. The 3D distributions of the tem-
perature field (Fig. 6a) and the solid (Fig. 6b), bce (Fig. 6¢),
and fcc (Fig. 6d) phase fraction fields at a snapshot in time for
the CALPHAD-based solution are shown in Fig. 6. It should
be noted that a cap corresponding to the liquidus temperature
shown in Table 3 was set for the temperature field; therefore,
the dark red in the figure represents the material in a liquid
state to improve the visibility of the molten pool. The effect
of the material state parameter (Eq. 10), which allows the
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Fig. 8 Cooling rate history (magnitude) of a selected node during the
solidification process

difference in the powder and continuum properties of SS316L
to be accounted for in the powder bed process model, can be
seen at the tail edge of the single track. The powder bed insu-
lates the single track in such a way that heat cannot easily
leave in the direction of the powder bed due to the low thermal
conductivity.

Figures 6b through 6d show the distribution of the phases
within the molten pool at a snapshot in time. By inspec-
tion of Fig. 6b, the dark red in the phase distribution figures
represents the material in a completely solid form, while the
dark blue represents the material in a completely liquid form.
The sharp gradient in the predicted phase fraction distribu-
tions indicates the localized nature of the EBM heat source
model. Using the 3D phase fraction prediction afforded by
coupling CALPHAD-based thermodynamic properties with
FEA, the heat source distribution and other process para-
meters, e.g., the scan speed of the beam, could easily be
optimized to control the phase gradient in the single track
for improved microstructural conformation and properties,
which is a novel concept to the knowledge of the authors.
For the first time, the effect of the evolution of solid, bcc, or

@ Springer

Table 11 SDAS predicted for the handbook-based and CALPHAD-
based solution

Handbook CALPHAD
do
T (K/s) 9.9529¢e+3 1.8719¢e+4
e
A (m) 3.8350 3.1108

fce phase fraction on other microstructural state variables or
mechanical properties can be accounted for in 3D within a
product-scale process model.

As previously stated, another key microstructural parame-
ter related to the mechanical properties of a material is SDAS.
Zheng et al. [36] have previously developed a phenomeno-
logical relationship between the SDAS and the cooling rate
(see Fig. 7) for SS316L,

do —0.33

A=80|—

& (14)

where A is the SDAS. Using Eq. 14 and the results shown in
Fig. 4b, the resulting SDAS can be predicted for a given set
of process parameters. It should be noted that the equation
shown for the SDAS is only relevant during the solidifi-
cation phase. Moreover, the SDAS will require either an
effective temperature rate through the solidification process
(see Fig. 8) or an effective SDAS. The predicted SDAS for
the handbook-based solution and the predicted SDAS for the
CALPHAD-based solution are compared in Table 11. While
it is unclear what the correct effective temperature rate or
effective SDAS should be (due to a lack of sufficient exper-
imental data), the authors have chosen to use an effective
temperature rate approach for the current comparison study
between the two solutions.

The predicted SDAS shown in Table 11 was calculated
using the following effective cooling rate equation for the
solidification process,

dé
dt

Os — 0L,
s —1L

15)

e

where tg and f; are the time at which the solidus and
liquidus temperatures are reached during the solidification
process, respectively. The discrepancy is substantial between
the predicted SDAS for the handbook-based and CALPHAD-
based solutions, having a percent difference of around 21%.
Although a thorough quantitative comparison between the
predicted SDAS values and experimental measurements will
need to be conducted in the future, the difference in the values
predicted using the handbook properties and the CALPHAD-
derived thermodynamically consistent properties is sufficient
to warrant further investigation in how material properties are
derived for heat transfer analysis involving complex solidi-
fication behavior.
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6 Conclusions

The localized nature of the energy input, cyclic phase
changes, and rapid cooling rates establishes AM process
modeling as a strongly materials science driven problem.
Interdisciplinary research between mechanical engineers and
metallurgists/materials engineers is vital to the success of
AM processes. The current work presents a novel interdisci-
plinary CALPHAD-based heat transfer analysis by utilizing
thermodynamically consistent properties in FEA. The trans-
fer of data from the CALPHAD method to the FEA allows the
3D prediction of the phase evolution during complex solid-
ification behavior. An additive manufacturing powder bed
example, in which the standard handbook-based properties
and the CALPHAD-derived properties have been compared,
was used in order to showcase the potential advancement
in the understanding of process-structure relationships for
applications involving supercooling behavior. The distribu-
tion of the solid, bcc, and fcc phase fractions were elucidated
based on the outputs from the CALPHAD method and
a comparison of the predicted SDAS obtained from the
handbook-based and CALPHAD-based property assump-
tions were discussed. The results conclusively show that there
is a substantial difference between the predicted temperature
response and microstructural evolution when using thermo-
dynamically consistent properties and those obtained using
handbook-based properties.

While the authors have shown a promising method for con-
necting CALPHAD-based thermodynamic property infor-
mation to 3D FEA, further experimental calibration and
validation is required. The primary difficulty is in model cali-
bration and validation from the standpoint of the temperature
near the melt pool. To the knowledge of the authors, there
has yet to be a successful experimental method developed for
accurately obtaining the temperature and thermal gradients
near the melt pool (primarily due to the extremely high tem-
perature ranges observed in AM processes and the localized
nature of these processes). It should be noted that the cur-
rent model could potentially be further improved if accurate
measurements of the temperature profile were available for
the extreme cooling/heating behavior in AM processes. For
example, the solute trapping model [13] has a more accurate
description of rapid solidification kinetics than that obtained
from the Scheil-Gulliver model and could also be applied to
FEA within the propsed framework. In addition, a more satis-
factory model for superheating needs to be developed for AM
processes, as compared with the local equilibria assumption
currently used for the superheating behavior in AM.

Aside from the impact that the thermodynamically con-
sistent properties can have on the microstructure prediction
in AM processes, there could potentially be dramatic effects
on the predicted thermal gradients and evaporation behavior.
The thermal gradients in the material are important descrip-

tors for determining the residual stresses in as-built AM
materials. The prediction of evaporation behavior during the
process can lead to the detection of both internal and sur-
face porosity, which is detrimental to products with stringent
demands on surface quality and fatigue life. An accurate
prediction of the microstructure, the residual stresses, and
the surface roughness could potentially lead to an enhanced
understanding of the correlation between process parameters,
microstructure, and final product properties and perfor-
mance. The process-structure-property relationship is the key
to process optimization and ubiquitous adoption of AM in
industrial applications. Future work will be directed at pre-
diction of residual stresses, porosity, and surface roughness
using the presented thermodynamically consistent modeling
method.

The connection between the CALPHAD method and the
FE method has many applications. In particular, applica-
tions where a material is heated to temperatures above the
solidus temperature and where non-equilibrium supercooling
behavior is observed. Aside from the aforementioned further
development of the CALPHAD-based thermodynamic prop-
erty predictions, future work of the authors is to apply the
methodology presented here to other material compositions
and other processes. This method can have a tremendous
impact in understanding the process-structure relationship
for many processes involving multicomponent alloys, e.g.,
selective laser melting (SLM) and laser engineered net shap-
ing (LENS).
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