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Abstract

The ability to simulate the thermal, mechanical, and material response in additive manufacturing offers tremendous utility for gaining a deeper
understanding of the process, while also having significant practical application. The approach and progress in establishing an integrated compu-
tational system for simulating additive manufacturing of metallic components are discussed, with the primary focus directed at the computational
intensive components, which include the process and material models. The ability to experimentally measure key characteristics for verification
of the models is also presented and is seen as critical in the development of the integrated computational system. Two examples are also presented
that utilize the current features of the analyses techniques for exploring and applying additive manufacturing technology.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Additive manufacturing (AM) for metallic materials rep-
resents a group of novel, formative, manufacturing processes
by which functional components are produced directly from a
digital part description. In contrast to conventional formative
(joining) and subtractive (machining) processes, metallic com-
ponents or structures are manufactured in a sequential manner
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through a layer-wise addition of material, in the case of the
directed energy process, or selective consolidation of preplaced
powder, such as with the powder bed fusion process. Compo-
nents produced using these processes may comprise volumes of
material ranging from approximately 1 cm? to greater than 1 m?.
The interaction of the material, energy source, motion system,
sensors, and controls that govern AM processes represents a
broad range of engineering and scientific principles. Frazier has
recently provided an excellent review of the subject [1].

The ability to simulate the various functions that comprise
the additive manufacturing process within an integrated compu-
tational system offers tremendous opportunities for optimizing
processing conditions, ensuring material quality, ensuring
dimensional attributes, developing initial process metrics, and
accelerating process acceptance. In the case of producing
functional components in metallic materials through additive
manufacturing, consideration must be given to not only form
and fit, but also function. In many instances, the functional-
ity of the part will be governed by its mechanical properties,
which in turn are closely defined by the process and resultant
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microstructures. Another important aspect that has broad impli-
cations is the generation of residual stress states and the ensuing
thermal distortion generated during the process. The ability to
describe these conditions are typically defined within general
computational methods involving the physical description of
the process in terms of energy and mass transport, followed by
the ensuing effect on microstructural development, and finally,
mechanical properties anticipated from the resultant microstruc-
ture. Although this methodology typically follows the general
“process-microstructure-property” approach, the application of
these principles to additive manufacturing poses several chal-
lenges. Firstly, the numerical simulation must accurately mimic
the physical process. Secondly, it must capture sufficient detail
of the process to enable meaningful predictive capabilities, and
finally the simulation must be capable of representing a highly
dynamic process.

Additive manufacturing processes for metallic materials rep-
resenting actual components involves relative complex motion
between the heat source and the substrate to produce the various
layers that will eventually constitute the final part. The digital
process that is used to accomplish this begins with a CAD model
that is translated into an STL (Standard Tessellation Language)
file format, which defines the exterior of the three-dimensional
part through normal vectors of a triangulated surface. The STL
file is then utilized to create a slice file of the part that drives the
motion of the additive manufacturing system to produce two-
dimensional layers necessary for creating the part geometry. The
specific motion used to produce the individual layers may be
external or internal to the additive manufacturing machine.

The motion required to produce an individual layer is usually
complex, involving a wide range of velocities over a two-
dimensional plane. Although current numerical schemes, such as
finite element or finite difference, are easily capable of represent-
ing this motion, the necessity to accurately depict the convoluted
movement of the heat source directly influences the location and
size of the elements within the computational domain, as well as
the modification of the grid during subsequent layers. This entire
process has direct consequences on the computational efficiency
of the model. Simple, single track models that allow the compu-
tational grid to be relatively straightforward are not considered
in this framework, since the technique does not provide ample
representation for most applications.

Both laser-based powder bed fusion and directed energy
deposition processes utilize fiber delivered lasers, and the inher-
ent nature of fiber delivery is the creation of the focused beam
having a “top hat” energy distribution, shown in Fig. 1, with
the diameter being related to the fiber diameter and the degree
of focus at the substrate [2]. Lasers employed for powder bed
fusion are relatively low power, in the range of 200-400 W, and
utilize smaller fiber diameters that resultin a spot size of between
50 and 100 pm. Lasers used for directed energy deposition may
range between 500 and 10kW, and are normally used with a
defocused beam having a diameter of 300-3000 pm.

Electron beams used for directed energy deposition and pow-
der bed fusion display more of a Gaussian distribution, with the
“sharpness” of the beam being controlled by the accelerating
voltage, beam current, and the focus coil current setting [3]. The

Fig. 1. Measured three-dimensional representation of a top hat energy distribu-
tion for a multi-kilowatt ytterbium fiber laser used for directed energy deposition.

electron beam may also be defocused, as well as rapidly manip-
ulated using electromagnetic coils to achieve a more diffuse heat
source. The power of the electron beam employed for powder
bed fusion is around 3 kW, and electron beam power used for
directed energy deposition may be anywhere from 2 to 20 kW.

Although both categories of additive manufacturing of metals
involve the repetitive creation of layers through melting and
solidification of material, there are major distinctions between
the two processes which have ramifications to the physical mod-
els that may be used to describe these processes. The directed
energy deposition process involves a lower velocity movement
at higher power where the added material is either powder that
is provided coaxially to a laser beam or wire directed into the
interaction region between the electron beam and the substrate.
Heating and melting simultaneously occur within the feedstock
and the substrate beneath the beam. Exchange of energy encom-
passes the direct transfer between the energy source and the
material, as well as mass and energy transport. In the case of
powder bed fusion techniques, a lower power laser or electron
beam is rapidly scanned over a pre-deposited powder layer to
melt and solidify the surface. The exchange of energy for laser
beam processing is the interaction of photons with electrons
within the material; whereas, the transfer of energy for electron
beam processing is governed by the kinetic energy of the accel-
erating electrons being transformed to heat upon collision with
the material. Fig. 2 illustrates the directed energy and powder
bed fusion processes for a top hat energy distribution and the
formation of a single layer.

Although Fig. 2 depicts a “quasi steady state” condition for
simplicity, the actual response of the material is highly dynamic.
As the heat source moves relative to the substrate, the thermal
fields generated within the material follow the heat source and
change continually. For the underlying material near the path
of the heat source, this results in rapid heating, and melting
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Fig. 2. Schematic of additive manufacturing describing the (a) directed energy
deposition process and (b) powder bed fusion process.

directly below the heat source, followed by rapid cooling. Tem-
peratures directly beneath the heat source will also resultin some
degree of evaporation of the liquid, and preferential evapora-
tion will occur for high vapor pressure species within an alloy.
Shown in Fig. 3 are measured temperatures over time using fine
tungsten-rhenium thermocouples embedded on the top surface at
the center plane of an Inconel 625™ substrate after depositing 5
layers of Inconel 625™ material using the laser-based directed
energy deposition process. The process was conducted on a plate
having dimensions of 12.5 mm by 76 mm by 152 mm with an
absorbed laser power measured to be 660 W, a scan velocity of
1.0 cm/s, and a powder mass flow rate of 0.12 g/s fed coaxially
with the beam [4].

As mentioned earlier, the materials response to the repetitive
thermal transients occurring during additive manufacturing is
dynamic and complex. The flow of heat is governed by con-
ductions and surface heat losses, which are dependent upon
the location within the build. For directed energy deposition,
conduction typically dominates the early stages of the process

when the build layers are in close proximity to the starting plate.
However, as the deposition height rises and the underlying sub-
strate temperature increases, surface conduction and radiation
also play an important role in extracting heat, except for the
electron beam process, which is performed within a vacuum and
relies solely on radiation at the surface. During the initial stages
of the build, these conditions result in directional solidification,
which begins within the underlying substrate and progresses to
the current deposit [5,6]. The direction of solidification is oppo-
site the primary direction of heat flow and in the direction of
the build. The directional solidification is also encouraged by
epitaxy between the partially remelted substrate and the liquid
deposit that continues the crystallographic orientation in the easy
growth direction. For powder bed fusion techniques, the insu-
lating quality of the surrounding, unfused powder somewhat
lessens the effect of directional heat flow; however, epitaxial
growth remains operative for many alloys [7,8].

Fig. 4 illustrates the macro and micro-structures observed
in a directed energy deposition process for Ti—-6Al-4V alloy in
the as-built condition. The macrostructure, to the left in the fig-
ure, depicts the multiple passes used to produce the feature, as
well as large columnar S-phase grains growing in the direction
of the build. Although the grain directionality is less distin-
guishable in the observed microstructures, which is primarily
due to the transformation of B to & and &' phases after solid-
ification, the directional growth is slightly discernible within
the microstructures through faint prior 8 grain boundaries. The
microstructural anisotropy that is found during additive man-
ufacturing of many alloys also manifests itself as mechanical
property anisotropy or change in strength and other characteris-
tics based on the orientation within the build [1,9,10].

2. Integrated computational approach

Aspects of the additive manufacturing processes that are con-
sidered for computational simulations include the thermal and
mechanical response of the material during and after processing,
the evolution of the material’s microstructure during processing,
and the mechanical properties representing the material that
result from the development of the final microstructure. There
is significant utility in linking these analyses within an inte-
grated framework that provides an accurate depiction of the
part geometry and build sequence, manages the multiple spatial
scales that are involved, and allows the sequential flow of data
between functions. Shown in Fig. 5 is the integrated computa-
tional system for describing additive manufacturing of metallic
systems under development at the Center for Innovative Mate-
rial Processing through Direct Digital Deposition (CIMP-3D) at
the Pennsylvania State University. The creation of this system
involves a wide range of individuals having significant expertise
in computational analysis, as well as in obtaining experimental
information that may be utilized for validation.

As illustrated in Fig. 5, the integrated computational system
under development entails various analysis methods required to
obtain critical information concerning additive manufacturing
of metallic materials in a virtual environment. The components
of the system that are computationally intensive include the
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Fig. 3. Detailed measurements of temperature over time at the surface of an Inconel 62.

produced using the directed laser deposition process.

simulation of the material’s thermal and mechanical response to
the process (thermo-mechanical simulations) and the evolution
of the material’s microstructure based on the thermal excursions
representing the process. Since thermo-mechanical and micro-
structural analyses are seen as critical for obtaining important
information regarding the additive manufacturing process and
are the most computationally intensive components, these
subjects will be the primary focus of this discussion.

It should be noted that although the various analyses are
integrated within the engineering system, the computation is
uncoupled between functions. The obvious advantage of an
uncoupled formulation at this stage is the ability of the modules
to be independently developed assuming that a data exchange
format, that includes appropriate units and scaling, is utilized.
The greatest challenge in data transfer lies in simulating the
motion of the heat source based on the machine or software
build plan. The simulation for thermal and mechanical response
of the material, representing the process model, must truly mimic
the actual build sequence, and this requires considerable coor-
dination between the path plan, generation of the computational
grid, and motion of the heat source within the model.

Data requirements for the integrated computational system
begin with the STL file describing surfaces of the part to be
built. Based on the STL file input, the slicing procedure gener-
ated by the additive manufacturing system, when available, is
transposed using a custom translator to generate the layer geome-
tries and motion of the heat source within a Cartesian system.
The use of the custom translator enables the computational grid

STM

substrate directly under an Inconel 625™ deposit representing five passes

for thermo-mechanical simulations to be created automatically;
however, when the slicing arrangement is not easily transferable
from the machine, manual creation of the geometry and path
plans are required. The output file of the thermo-mechanical sim-
ulation is time, temperature, displacement, and stress for each
computational node/element within the model. The TTSP (time,
temperature, and stress at position) file represents formatted text
that may be used as input for microstructural simulations for
positions of interest within the build. The microstructural simu-
lation utilizes the time and temperature data for a unique position
to track the evolution of microstructure based on the thermal
excursions occurring at that location within the build. The out-
put of the microstructural simulation is a text file describing
phase constitution and microstructural features as a function of
time and temperature, such as percentage of « and  formed in an
o/ B titanium alloy or precipitate size and number density within
a precipitation strengthened nickel-based alloy. The description
of the microstructure at the time defined as terminal is used
within the mechanical property analysis to determine anticipated
properties associated with a position of interest within the build.

3. Process models

Process simulations are of interest for acquiring detailed
insight into the additive manufacturing processes. Although
a complete representation of the process requires significant
details in the area of interaction, there are also important aspects
that require a global perspective. This is especially important
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Fig. 4. Macrographic image (1) of a blade-type feature produced using directed
laser deposition and Ti—-6A1-4V powder along with micrographs (r) at three
horizontal positions within the blade.

when examining the impact of the process on large, complex
structures. Because the computational schemes that are required
under these circumstances do not favor computational effi-
ciency, two approaches are under development. One involves
detailed modeling of the process under relatively simple geome-
tries, while the other entails macro simulations of complex
geometries. Both schemes have relevance depending upon the
information that is desired, and the long term goal is the incor-
poration of both methods into a single model. It should also be
noted that various features are incorporated into both models
when appropriated.

Most additive manufacturing processes involve interaction of
the heat source, a laser or electron beam, with the feedstock used
for material addition and the substrate. A full description of these
processes must include the amount of energy transferred from
the heat source to the build layer, addition of material, conduc-
tion and convection of heat within the build layer and substrate,
fluid flow within the liquid, and surface losses due to convention,
radiation, and evaporation. The theoretical description of these
transport phenomena involves the equations of conservation of
mass, and momentum, and energy that have been used exten-
sively for systems with moving heat sources, such as welding
[11-15]. These governing equations are:
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Fig. 5. Diagram showing integrated computational tools under development for
describing various facets of additive manufacturing.
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solved by discretization and approximation of the solution using
finite element or finite difference approaches. In the above equa-
tions, p is density, x is distance along three directions, u; is
velocity in the i-direction, ¢ is time, k is thermal conductivity,
C,, is specific heat,  is sensible heat, AH is latent heat con-
tent, w is the effective viscosity, S; represents the source term
for momentum, and Q represents the energy source. The total
enthalpy may be represented by the sum of the sensible heat and
the latent heat. The application of latent heat is treated as a lin-
ear relationship between the liquidus and solidus temperatures
of the material. Special consideration of the free surface within
the computational domain is also necessary [16—18].

The energy provided to the substrate during directed energy
deposition includes the energy provided by the laser or electron
beam that is projected to the part, as well as the energy that is
transferred to the substrate through the heated feed stock, which
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is typically powder in the case of laser deposition and wire for
electron beam processing. The total laser energy absorbed by
the part may be defined by the bulk absorption coefficient, B:

B=1—pBp—Bs ®

where B, is the amount of energy absorbed within the pow-
der stream, and B, is the amount of energy absorbed within
the substrate. Although several factors influence the amount
of energy that is absorbed, which include feedstock material,
powder size, mass flow rate, power, and scan velocity, the bulk
absorption coefficient may be measured directly and fairly accu-
rately through calorimetry [19]. For directed energy processes,
which generally are represented by a diffuse laser or electron
beam, the model utilizes the bulk absorption coefficient obtained
experimentally using a process calorimeter or estimates from
data within the literature representing similar conditions. The
total energy provide to the substrate, which is the product of the
energy presented from the source and the bulk absorption coeffi-
cient, is distributed over an area based on the appropriate energy
distribution, which is discussed below. Recent measurements
for the total energy absorbed during directed laser deposition at
940 W of energy (A =1.070 nm) yielded a bulk absorption coef-
ficient of 0.42 for Ti-6A1-4V alloy and 0.37 for Inconel 625™
[4].

The heat flux at the top surface, Q, may be defined through
the use of a Fermi-Dirac function to approximate the top hat
energy distribution for directed laser deposition [20]:

00 =M1 e (s (1))

where g is the power provided by the laser, r is the radius of the
beam on the substrate, R is the beam waist, and f is a quality
factor that aids in defining the sharpness of the top hat. It should
be noted that because the distribution is asymptotic to the x-
axis, the minimum spot size or beam waist (R) is defined when
the intensity has fallen to some value. In many instances, the
radius when the intensity has fallen to 1/¢* or approximately
13.5% of the peak intensity is used as the beam waist. Optical or
probe devices may be used to measure the beam caustic, such as
shown in Fig. 1, and are capable of calculating the beam waist.
Detailed measurements of the spot size at varying distances from
the focus optics, along with calculation of the beam divergence
angle, may also be used to estimate the beam waist.

For powder bed fusion processes, the energy of the source is
attenuated through the depth of the powder bed. Since energy is
absorbed not only at the top surface but also through the depth,
additional information that describes the scattering of the energy
within the powder bed is necessary. This may also be measured
but requires detailed experimentation to determine the attenua-
tion factor that depicts the rate of absorption within the powder
bed. A relationship has been developed that approximates the
heat flux associated with laser irradiation representing a top hat
distribution for the powder bed process [21]:

Y Pa
e m} exp(—y2) @)

0(rn2) = { —

where z is the attenuation depth through the powder bed, ¢ is the
thickness of the powder bed, and y is the attenuation coefficient.

In the case of large, complex geometries and associated paths
of the heat source, the formulation is conducted within a rectilin-
ear coordinate system (x, y, z) that moves with the heat source in
the Lagrangian reference frame [22]. A transient conductive heat
transfer analyses is performed to compute the temperature his-
tory which is then used as input to compute the resulting micro-
structure. Both temperature history and microstructure are the
input to an elasto-plastic mechanical analysis to compute distor-
tion and residual stress upon cooling. Deposition of material in
additive manufacturing is modeled by using inactive or quiet ele-
ments which are activated as the added material (powder or wire)
solidifies. Two methods are used for modeling material deposi-
tion: the use of quiet elements or the use of inactive elements
[23-25]. In the quiet approach, the elements are present in the
analysis but are assigned properties so they do not affect the anal-
ysis. In the inactive element approach, elements are not included
in the analysis until the corresponding material has been added.

The amount of deposited metal in additive manufacturing
may be significant, and as such, potential errors associated with
modeling the metal deposition can be significant. As demon-
strated in Ref. [18], accurate modeling of material deposition in
additive manufacturing requires enforcing the discontinuity of
the temperature field in the transition from active to inactive (or
quiet) elements and tracing the continuously evolving surface
of the deposited material to apply radiative and convective
boundary conditions representing the process environment.
Implementing both of these requirements in general purpose
commercial FEA codes is either not feasible or computationally
inefficient.

Building a complex part with additive manufacturing may
require depositing hundreds or thousands of layers of mate-
rial which introduces significant computational cost. Therefore,
computational efficiency becomes paramount. To accelerate
computing times, a new hybrid inactive/quiet element deposition
method was developed by Michaleris [25] which is implemented
in the physics based process model of the additive manufacturing
FEA code CUBIC by Pan Computing LLC. In this approach, ele-
ments corresponding to deposition material are removed before
processing. Then, elements are added layer by layer in a quiet
state with properties that render them inactive. As the mate-
rial is deposited, quiet elements are switched to active based
on the location of the energy source. The hybrid inactive/quiet
element activation approach maximizes computational perfor-
mance by both reducing the active number of degrees of freedom
and minimizing equation renumbering and solver initialization.
Additional computational acceleration is achieved by octree H-
adaptivity, as illustrated in Fig. 6. As new elements are added
for each layer at the top of the build, elements are coarsened at
previous layers such that the total number of degrees of free-
dom during the simulation is kept low even when modeling
the deposition of very large parts. For example, Fig. 6(a and
b) shows the temperature distribution during deposition of the
25th and 104th layer respectively. Elements are kept in a refined
state near the active deposition layer and are coarsened for ele-
ments below. The approach results in significant improvement of
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Fig. 6. Illustration of octree H-adaptivity in modeling additive manufacturing
after (a) 25th layer and (b) 104th layer.

computational efficiency when compared to traditional FEA
methods. The simulation shown in Fig. 4 was performed within
248h on a 4 core 3.4GHz i7 processor using octree H-
adaptivity, while a traditional FEA approach required 176.27 h.

4. Material model

Two methods are being developed for predicting micro-
structural evolution during additive manufacturing. These
techniques include DICTRA simulations for determining reac-
tion kinetics of specific diffusional transformations and phase
field modeling of spatial microstructural features during multi-
ple transformations. Similar to the process modeling effort, both
methods are being developed and employed depending upon the
information that is desired, and they share common thermody-
namics data developed by CALPHAD modeling. The materials
models are highly material dependent, and the current focus dur-
ing development has been on titanium and nickel-based alloys.
The general approach for following microstructural transforma-
tions using these techniques are discussed briefly and details
concerning these methods may be found within the references.

4.1. CALPHAD modeling of thermodynamics and atomic
mobility and DICTRA simulations of phase transformations

The use of CALPHAD modeling enables important informa-
tion for reactions of interest, such as transformation kinetics,

to be applied to nonisothermal conditions found in additive
manufacturing. The CALculation of PHAse Diagrams (CAL-
PHAD) method is based on the idea that, if the Gibbs energy of
every phase in a system is known as a function of temperature
and composition, the phase fractions and compositions can be
uniquely determined [26,27]. The goal, then, is to decompose the
Gibbs energy into contributions that can be reused across differ-
ent thermodynamic systems and extended into multi-component
systems. A common decomposition for a phase is shown in Eq.

(8).

GI“(T, P, Ni) = A°Gop + MG + NGy ®)
The Gibbs energy per mole of formula of a phase, G2 hase.

is the sum of (a) a weighted average of the Gibbs energy of the
pure-component phases compared to a selected reference state,
A°Gpy, (b) an ideal mixing contribution from configurational
entropy, A G%ﬁ‘ , and (c) an excess contribution that captures
all non-ideal interactions, A**G,,r. The excess Gibbs energy
includes differences in atomic bonding characteristics and other
binary and ternary interactions between components. In practice,
the formation energies and interaction parameters for the sta-
ble phases of many industrially relevant material systems have
been developed in commercial and non-commercial databases,
with new assessments published regularly in the literature. CAL-
PHAD models are self-consistent and can be compared to
experimental thermochemical data (e.g., calorimetry) as well
as phase equilibria data (e.g., powder X-ray diffraction). As an
example, the calculated isothermal section of the Ti—Al-V sys-
tem at 700 °C and isopleth of Ti—6 wt%Al-V are shown in Fig. 7
using Thermo-Calc [28].

Consideration of the time-dependence of a phase trans-
formation during the additive manufacturing process requires
calculation of the diffusivities of all components as a function
of temperature and composition. The CALPHAD approach can
be applied to atomic mobilities for diffusion [28]. The diffusivity
of substitutional species k in the composition gradient of species
Jj in the lattice-fixed frame of reference, DJL- , is calculated within
absolute reaction rate theory as follows.

—AQ; ) 1

RT ) RT ©

M; = M;° exp (

L'_% Ok
NV, dlnx;

(10)

where M; and x; are the atomic mobility and composition of
species i, respectively, M;° is a factor related to the frequency
of atomic jumps between lattice sites, AQ; is the activation
energy for diffusion, V, is the molar volume, and 0jx /dx j is the
chemical potential gradient of species k with respect to species j.
The CALPHAD modeling of M; follows the similar procedure
as Eq. (8) without the ideal mixing contribution term. As an
example, the atomic mobilities of Al and V in the bee phase are
plotted in Fig. 8 as a function of V concentration [29].

With the thermodynamic and atomic mobility databases
available, the diffusional phase transformations can be simu-
lated using the finite difference code DICTRA [30], a program
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Fig. 7. (a) Calculated isothermal section at 700 °C; (b) calculated isopleth of Ti—-6Al-V [23].

for simulating one-dimensional DIffusion-Controlled phase
TRAnsformations (DICTRA) in multicomponent alloy systems.
DICTRA is interfaced with Thermo-Calc, which handles all of
the required thermodynamic calculations, e.g., thermodynamic
factors for calculating interdiffusion coefficients, thermody-
namic driving force for diffusion and phase transformation, and
local equilibrium conditions at phase interfaces.

4.2. Phase field modeling

One of the main challenges in the highly nonisothermal
conditions involved in additive manufacturing of metallic sys-
tems for complex geometries is to predict and control the local
microstructures and properties. For example, a Ni-based super-
alloy or a Ti-alloy undergoes solidification and repetitive solid
state phase transformations during repetitive thermal cycles, pro-
ducing complex microstructures involving competitions among
nucleation, growth, coarsening and compositional partitioning.
It is difficult to fully characterize the microstructural evolution
under different processing conditions through experiments since
the experiments are generally not in situ and are only able to
obtain a snapshot of a microstructure at the end of processing or
after heat treatment.

One of the important roles that computational materials
science can play in additive manufacturing is in modeling
phase transformations and microstructural evolution for guiding
development of a process for meeting predetermined material
performance requirements. For example, a powerful micro-
structural modeling approach that has emerged over the last 10
years is the phase-field method [31-35] that has been applied to
modeling microstructural evolution in a wide variety of materials
processes ranging from solidification to microstructural coars-
ening and stress-induced morphological evolution. Hence, phase
field simulation offer significant potential for describing micro-
structures obtained during additive manufacturing. Shown in
Fig. 9 are microstructures obtained after directed laser deposition
of Ti-6A1-4V alloy, along with microstructural simulations for
a o/ B alloy obtained under isothermal condition using the phase
field approach [36]. Although in this example the results of the
phase field models do not represent the thermal history associ-
ated with the deposition process, it does illustrate the potential of
this method in simulating transformations associated with this
alloy under the conditions found in additive manufacturing.

However, almost all existing phase-field models are formu-
lated for isothermal conditions, and hence they need to be
modified to handle non-isothermal conditions, e.g., multiple
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Fig. 8. Calculated atomic mobilities (a) in Ti—-6Al-xV in B as a function of vanadium content at 700 °C, (b) in Ti-6A1-4V as a function of temperature.
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Fig. 9. Illustration of microstructures observed after additive manufacturing of Ti—-6A1-4V alloy along with results of isothermal phase field simulations for an «/8

titanium alloy.

thermal cycles, representative of additive manufacturing con-
ditions [37]. It has also been recently shown that it is also
possible to obtain effective properties of an arbitrary micro-
structure within the phase-field description. For example, the
local effective modulus of a complex microstructure can be
obtained by solving the elasticity equation taking into account
the modulus variation in a microstructure [38]. This would allow
the evaluation of local mechanical properties due to the spa-
tial variation of temperature and composition. A much bigger
challenge is to couple the phase-field model of microstructure
evolution with crystal plasticity to obtain the local elastoplas-
tic deformation [39]. Our preliminary effort along this direction
shows that this is possible [40]. There is a need to build an
efficient phase-field model integrating microstructural evolution
and plasticity, which can be employed to determine both the
plastic deformation of a microstructure and the microstructural
evolution during additive manufacturing. Such microstructure
and property modeling can be employed to produce quantitative
information that can be validated with experimental measure-
ments and characterization. It can also be used in conjunction
with other thermo-mechanical based models to provide a tool for
accelerating certification of components produced using additive
manufacturing techniques.

5. Selected examples of simulations
5.1. Process simulations

Validation of the thermo-mechanical process model
described above has been performed through experimental test-
ing using in situ temperature and distortion measurements
performed during electron beam deposition [41]. Initial appli-
cation of the model is proving its utility for predicting and
controlling residual stress and distortion of large parts of
industrial scale produced using additive manufacturing tech-
niques [42]. A Ti—-6Al-4V plate approximately 380cm long,
46cm wide, and 25mm thick was used as a substrate and
several hundred kilograms of Ti-6Al-4V were deposited in

107 layers using the Sciaky VX-300 electron beam deposi-
tion system. The deposition path consisted of several thousand
lines. The electron beam power was varied from 8kW to
10kW in order to control the melt pool size. Due to the
size and complexity of the large part, a three stage modeling
approach was implemented to simulate the entire deposition
process. The first stage modeled the first layer of deposition,
the second stage modeled the second through the ninth lay-
ers, and the third stage modeled all succeeding layers. The
approach allowed for mesh coarsening between each stage,
thus reducing the computational expense. Anti-symmetry was
also used to model only half of the deposition. The analy-
sis was performed using the code CUBIC by Pan Computing
LLC.

Fig. 10 shows the computed final distortion for the part after
it was released from the fixture. The figure includes both the
modeled half portion and the other half which is plotted using
anti-symmetry. 3D scan distortion measurements were obtained
by Neomek Inc., as shown in the top view rendering in Fig. 11.
A comparison between simulated and measured distortion along
the edge of the part, as shown in Fig. 10, is displayed in Fig. 12.
The simulated and experimental results are in good agreement.

5.2. Simulation of the diffusional phase transformation in
Ti-6A1-4YV alloy

The diffusional phase transformation for the 8 — o+ 8
reaction in Ti—6A14V was simulated by means of DICTRA
for various cooling rates [22]. As mentioned above, the ther-
modynamic properties of both phases were modeled by means
of the CALPHAD technique along with the atomic mobili-
ties of Ti, Al, and V. Under the assumption of planar interface
between the two phases and the local equilibrium condition at
the phase interface, the diffusion fluxes and concentration pro-
files in both phases were updated at each time step, and the
migration rate of the interface was then evaluated. The simula-
tions are progressed with automatic adaptive grid spacing and
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Line along w hich experimental and simulated results are compared

Fig. 11. Top view rendering of 3D scan of part, as provided by Nomek, Inc.
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Fig. 12. Comparison of experimental and simulated distortion results in a large part manufactured by the electron beam-based directed energy deposition process.

adaptive time steps until reaching the pre-set simulation ending
time.

The amount of the o phase formed during cooling from
successive deposition passes was one important component in
predicting mechanical properties for this alloy. Predictions for
the amount of the o phase formed during three cooling rates
are shown in Fig. 13. The equilibrium case is compared to
two constant cooling rates. The thermodynamic model provides
information about the system at equilibrium. However, the rapid
heating and cooling cycles associated with the deposition pro-
cess generally resulted in some deviation from equilibrium. By
including composition- and temperature-dependent diffusivi-
ties in the model, the composition profile and motion of the
a/B interface could be monitored as a function of simulated
time.
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Fig. 13. Calculated phase fraction of « for a f-homogenized Ti-6A1-4V alloy
during continuous cooling through diffusion-controlled simulations.
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An implicit assumption for the simulation is that the phase
transformation under consideration is diffusion-controlled. This
assumption is not overly restrictive for directed laser deposition
of titanium employing moderate heat input for producing larger
components since the 8 — o + B reaction will be controlled by
solute diffusion for low cooling rates [43]. For high cooling rates,
where large interface velocities drive the system to the marten-
sitic regime, the fraction and composition of martensite can be
estimated by performing the corresponding diffusion-controlled
simulation at that cooling rate and assigning all retained 8 to
martensite. The critical cooling rate delimiting these two regimes
can be determined experimentally or by phase-field simulations.

6. Conclusions

The Center for Innovative Materials Processing through
Direct Digital Deposition (CIMP-3D) at the Pennsylvania State
University is developing an integrated computational system
for describing important attributes of additive manufacturing
of metallic components. The major computationally intensive
components of this system include process models of the ther-
mal and mechanical response of the material during processing
and materials modeling to predict the development and evolu-
tion of microstructure during processing. The process models
under development have the capability for simulating the two
most common processes applicable to additive manufacturing
of metallic materials: directed energy deposition and powder
bed fusion. In both cases, the complexity of the part geometry
and build path creates challenges for establishing and preserving
an efficient computational mesh, and this is exasperated during
simulation of large structures. An approach that is utilized for
the computational scheme for global thermo-mechanical analy-
sis of large structures is a hybrid inactive/quiet element activation
technique that maximizes computational performance by both
reducing the active number of degrees of freedom and minimiz-
ing equation renumbering and solver initialization. The materi-
als models under development are primarily focused on titanium
and nickel-based alloys. The minute scale associated with
detailed microstructural analysis requires significant computa-
tional time; however, similar to the process modeling approach,
two techniques are under development that may be used to opti-
mize analysis based on the desired output. This includes CAL-
PHAD modeling for determining reaction kinetics of specific
diffusional transformations and phase field modeling of spatial
microstructural features representing multiple transformations.
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