10
Multiphysics Integrated Computational Materials
Engineering Linking Additive Manufacturing Process
Parameters with Part Performance
John Michopoulos, Athanasios Iliopoulos, John Steuben, Andrew Birnbaum, Nicole Apetre
US Naval Research Lab, Code 6394, Washington, DC, USA
Jeong-Hoon Song
University of Colorado Boulder, Boulder, CO, USA
Yao Fu
University of Cincinnati, Cincinnati, OH, USA
Ajit Achuthan
Clarkson University, Potsdam, NY, USA
Robert Saunders, Amit Bagchi, Richard Fonda, David Rowenhorst
US Naval Research Lab, Code 6350, Washington, DC, USA
Scott Olig, Farrel Martin, James Moran, Adelina Ntiros
US Naval Research Lab, Code 6100, Washington, DC, USA

10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10.2 Scientific Issues of Additive Manufacturing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10.3 A Framework for Linking AM-process to AM-product Performance . . . . . . . . . . . . . . . . . . . . . .
10.4 Multiscale Multiphysics ICME Framework Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10.5 Continuum Modeling Approaches for a Solid-Liquid-Gas System . . . . . . . . . . . . . . . . . . . . . . . . .
10.6 Discrete Modeling Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10.7 Analytic and Surrogate Modeling Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10.8 Multi-scale functional tailoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10.9 Synthetic Microstructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10.10Linking Microstructure to Performance via Crystal Plasticity . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10.11Corrosion Behavior of 316L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10.12Conclusions and Plans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

294
295
299
300
301
309
313
316
319
323
327
328
330

293

294

10.1
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Introduction

The central goal of this chapter is to present an outline of the plan and current status of an effort
to connect Additive Manufacturing (AM) process parameters with parameters describing the functional performance of produced parts. The term “functional performance” here represents primarily
mechanical or thermal or electrochemical performance. The described effort represents an overview of the main research activities within a new multi-year grand-challenge project initiated at the
US Naval Research Laboratory (US-NRL) in late 2016, in collaboration with groups from various
academic institutions.
Additive Manufacturing has become an important technology for the fabrication of a wide variety
of components and structures. The interest in AM has been driven both by advances in technology
automation leading to improved capabilities of the AM machines and by its ability to introduce
features across multiple scales in a relatively unconstrained manner that no other manufacturing
technology can achieve. However, AM processes are highly nonuniform in terms of the unintended
process-induced features both from a materials and a geometry perspectives. This will be discussed
more extensively in the section below presenting scientific issues associated with AM.
Consequently, additively manufactured products can suffer from issues such as geometric errors,
potentially large residual stresses and strains, porosity, layer delamination, and poor or indeterminate material properties [60]. These issues create uncertain functional performance conditions that
often preclude the use of AM technology for manufacturing parts in performance-critical applications [60].
To address these issues our team has embarked on the development of a Multiphysics Integrated
Computational Materials Engineering (MICME) framework for AM. Its description will be the
topic of this chapter. This framework incorporates multiscale multiphysics modeling coupled with
experimentation in order to fully encapsulate the important roles that micro- and meso-structures
play in tailoring material properties and responses in engineering applications [73]. The immediate
goal of this effort is to enable on-demand control of AM processes for tailoring meso- and microstructures to endow desirable properties and eliminate undesirable ones. The recognition of the fact
that AM processes have a direct impact on the morphological characteristics of the microstructure
is hardly disputable as evidenced by a plethora of studies for various material systems and processes
[32, 87, 88, 118].
Although the concept of “materials-by-design” was arguably introduced in the beginning of the
previous decade by Olson in his classic essay [71], the specialization of the term to tailoring the
micro-structure came a few years later in the same decade by various investigators [34, 72, 74, 85]
under the guise of Integrated Computational Materials Engineering (ICME). Consequently, the
ICME paradigm has been proposed as a viable and effective approach for the control of manufacturing processes including additive manufacturing by various research organizations and investigators [18, 20, 29, 67].
This chapter describes the multiphysics multiscale modeling and simulation elements, which
have been developed in order to implement our MICME framework for AM. More specifically this
chapter begins with a description of the multiscale scientific issues associated with AM. It continues
with an overview of the components of our MICME framework for AM. Particular emphasis is given
to the formal semantics and structure of the relationship between various models and computational
tools within the framework. The use of ICME precepts to reinterpret the AM “digital thread” are
also presented here. Then the continuum modeling of metal AM processes using the Finite Element
Method (FEM) to solve a semantically reduced multiphysics model of a powder-jet AM process is
discussed. Attention will be given to the importance and difficulties of simulating the nonlinearities associated with phase change. The next topic is non-continuum modeling of powder-based
AM processes using the Discrete Element Method (DEM). The development of NRL’s Additive
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Manufacturing Multiphysics Discrete Element Method (NAMMDEM) simulation framework for
AM is discussed along with its computational implementation. This simulation framework demonstrates the bridging of scales from meso-scale feedstock powder to macro-scale components, and
the importance of multiphysics constitutive models. In response to the computational costs of the
FEM and NAMMDEM approaches mentioned previously, the use of analytic and surrogate models
for various components of the ICME framework are discussed as well. The use of analytical heat
models will be explored in-depth. Additionally, the use of analytic “metaball” models for material
melting and solidification will be shown in the context of the previously mentioned MDEM simulation. The description of a new physics aware “slicer” or toolpath generator for AM is presented as an
add-on effort. The role of such slicers in the AM MICME framework is described, and the mathematics of a powerful physics agnostic implicit slicer will be elaborated upon. The use of the implicit
slicer to functionally tailor components at both the meso- and macro-scale will be experimentally
demonstrated.
Techniques for simulating the growth of AM-generated microstructures will be demonstrated for
both micro- and meso-scales. A particular focus will be on the Multiphysics Phase Field (MPF)
technique. The use of this methodology to capture the effect of the AM toolpath on the micro
structure and morphology will be shown.
An example of a crystal plasticity theory will be described to account for the very high size and
aspect ratio variabilities of the crystal grain structure, and porosity that were induced by the AM
process. This last element will serve as the final building block required to connect process parameters to micro- and meso-structural characteristics introduced by the AM process on the crystalline
structure, to the macro-scale mechanical response of the material.
The progress associated with the polarization behavior of 316SS material produced by AM as a
function of the depth from the as-built surface is reported as well.
This chapter will conclude by describing an overview of the results achieved to date, and future
work planned.

10.2

Scientific Issues of Additive Manufacturing

This section presents a representative sampling of some issues and challenges associated with AM
processes as they relate to the three length scales associated with the resulting material as well as
some electrochemical issues.
Prior to describing some of these issues, it is important to define the length scales associated with
our discussion. The scale of the effective diameter of the energy source beam diameter has been
selected to to define the meso-scale. Depending on the particular AM processes this diameter can
vary from 5 µm to 500 µm . Consequently, the macro-scale will be referring to length features
> 500 µm or even > 1 mm, while the micro-scale covers features with lengths < 5 − 10 µm.

10.2.1

Micro-scale Issues

The important role of microstructure in being associated with many of the macroscopic mechanical
properties has been a well known and well established fact. In Fig. 10.1(a) an Electron BackScattering Diffraction (EBSD) image of a wrought annealed 316L stainless steel alloy is presented.
It demonstrates a typical equiaxed crystalline microstructure where the shape and aspect ratio of the
crystalline grains are normal and within the same order of magnitude.
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Figure 10.1: EBSD images of sectioned 316L-SS microstructure in wrought annealed (a), AM form
via SLM (b) and AM form via SLM subdomain magnification (c).
However, Fig. 10.1(b) features an EBSD micrograph from a Selective Laser Melting (SLM)
built 316L specimen. The section displayed was made transverse to the build direction of the SLM
process. It is worthwhile noting here that the size distribution extends in a range almost over 3 orders
of magnitude wide. Similarly, the grains appear in acutely irregular shapes with a wild variation of
their notional aspect ratios distributed over a range extending over 3 to 4 orders of magnitude.
These dramatic variations are further demonstrated in Fig. 10.1(c) that displays a magnification of
a subarea of Fig. 10.1(b). An additional feature demonstrated in both of Figs. 10.1(b) and 10.1(c)
is the porosity demonstrated by the black colored domains.
In a similar manner, Fig. 10.2 demonstrates the EBSD image of the section of the first pass of a
direct energy deposition (DED) process over the base plate. This image presents a very fine equiaxed
microstructure near the surface where the cooling rate is very high while in the middle of the image
the long columnar grains appear emanating from the baseplate. The transition from the columnar
to the equiaxed microstructure occurs in a gradual manner that conveys a graded microstrutural
evolution.
The significant variability of both the size and aspect ratio as well as the presence in both powder
bed fusion (PBF) processes such as Selective Layer Sintering (SLS) or Selective Layer Melting
(SLM) and powder deposition process such as LENS as demonstrated in the previous figures, along
with the porosity introduced by the SLM process, all suggest that the macroscopic properties of the
316L alloy will experience some deviations when compared to those of the wrought mill annealed
316L alloy. For this reason, it is imperative that an understanding on how to control the process in a
manner that affects the polycrystalline morphology in the micro- and meso- lengthscales in a manner
that enables adjustment of the material behavior parameters at the macro-scale is established.

10.2.2

Meso-scale Issues

In addition to the variability of the microstructure, the variability of the morphology of the material
at the meso-scale can have a large impact on the material properties.
As demonstrated in [76,103] for Selective Laser Melting (SLM) of AlSi10Mg and In718 respectively, the AM process introduces certain aggregation of a dominant crystallographic orientation
along bands associated with the highest intensity lane where the laser beam has passed or certain
re solidification fronts that encapsulate microstructural clusters within meso-scale sized domains.
Although these morphologies do not appear for all processes and all material systems, it should be
noted that for some cases the AM process can enforce special crystallographic aggregation modes
at the meso-scale that lead to apparent effective anisotropy.
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Figure 10.2: EBSD image of sectioned 316L stainless steel alloy microstructure produced via the
first pass on top of a base plate via a DED process.

In addition to how AM processes can affect the part behavior due to mesoscale level material
property localizations they form, there is also another issue originating from geometry-based context
that is also manifesting at the mesoscale. It relates the fact that there is an infinite number of toolpath
combinations for filling a layer. Some examples of infill toolpaths for a segment of layer associated
with the AM build of the part shown in Fig. 10.3 are depicted in Fig. 10.3(a)-(d).

Figure 10.3: Four possible infill paths
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Since the infill paths act as stiffeners at the mesoscale it is anticipated that they will be spatially
modulating the apparent stiffness of the part at the macroscale. Therefore it is reasonable to seek
the proper infill pattern for the part to exhibit a pre-specified behavior. Tailoring the infill paths to
achieve a particular functional performance is a challenge that can have significant consequences
and progress in this direction will be presented later in section 1.8.

10.2.3

Macro-scale Issues

The major issues identified by various groups for the macro-scale (part size scale) are the variability
of certain aspects of mechanical behavior of the material depending on the location of the part where
the specimens were extracted and and direction of the specimens relative to the build direction. For
example, as it has reported in [58] for the case of using SLM to manufacture austenitic steel UNS
S17400 parts the variability mechanical performance of the specimens can be characterized by the
following conclusions:
1. The non-linear response of specimens extracted from different locations within the build vary
significantly with each other.
2. The within-build and build-to-build repeatability of the tensile properties of the UNS S17400
material steel are lower than mature engineering structural alloys but similar to other structural
alloys made by additive manufacturing.
3. The anisotropy of the mechanical properties of the UNS S17400 material is larger than that
of mature structural alloys, but is similar to other structural alloys made by additive manufacturing.
4. The tensile mechanical properties of the UNS S17400 material fabricated by SLM are very
different from those of wrought, heat-treated 17-4PH stainless steel.
5. The large discontinuous yielding strain in all tests resulted from the formation and propagation of Luders bands.
6. Like wrought materials, the mechanical properties of the UNS S17400 material depend on
the orientation introduced by the processing.
7. The recommended stress-relief heat treatment increases the tensile strength, reduces the yield
strength, and decreases the extent of the discontinuous yielding.
8. The mechanical properties, assessed by hardness, are very uniform across the build plate, but
the stress-relief heat treatment introduced a small non-uniformity that had no correlation to
position on the build plate.
Other materials such as Ti-6Al-4V, can yield improved outcomes when manufactured under SLM.
As indicated in [114], a proper selection of SLM processing variables, especially layer thickness,
0
energy density, and focal offset distance, can enable in situ transformation of the nonequilibrium α
martensite to near-equilibrium α and β phases in the form of an ultrafine lamellar (α + β ) structure
without undergoing significant coarsening. As a result, this ultrafine (α + β ) structure causes the
development of high yield strength of 1106 MPa and large tensile elongation of 11.4% in the asfabricated state. The wrought counterpart exhibits a lower yield at 950 MPa. Similar differentials
appear for the ultimate tensile strength.

10.2.4

Electrochemical Multiscale Scientific Issues

A very significant effect of SLM for 316L powder feedstock is the drastic variability of its electrochemical polarization behavior when compared to that of wrought 316L as depicted in Fig.10.4.
These data were derived for a particular set of SLM process parameters and indicate that the SLM
produced sample plate has lost its passivation region of behavior, and exhibits pitting corrosion
almost from the beginning of the polarization curve [8].
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Figure 10.4: Cyclic electrochemical potentiodynamic polarization results from [8] showing degraded passivity of AM 316L compared to Wrought 316L.

This behavior motivates the need for identifying a potential process parameter space locale where
this drastic degradation of the polarization behavior is alleviated or eliminated.

10.3

A Framework for Linking AM-process to AM-product Performance

In order to address most of the issues introduced by AM processes including those mentioned in
the previous section, it seems that establishing a methodology that determines the proper values of
the process parameters in order to achieve a desired and pre-specified functional performance of the
parts to be produced, is needed. The term “functional” here implies the mechanical, electrochemical,
thermal as well as any other behavioral aspect of them. That is to say, a mapping relating the process
parameters with the functional behavior parameters as indicated by the arrow at the top of Fig.
10.5 is needs to be established. To achieve this goal our team has initiated the development of an
analytical framework that performs the composition of models defined over cascaded length scales
in a manner that accounts for the relevant physics at each length scale as shown by the blue arrows
connecting all blue nodes representing the various models are the various length scales as depicted
in Fig. 10.5.

Figure 10.5: Linking AM process with AM part functional performance parameters.
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A key requirement of the modeling elements associated with each length scale is the fact that they
are as much as possible data-driven in order to contain intrinsically validated utility. At the same
time, they must be computationally efficient in order to enable either feedback loop or forward
controllability of the relevant AM process. Therefore, an approach that involves 4 major tasks
described schematically as activities enabling the linking among the elements shown in Fig. 10.6
was adopted.

Figure 10.6: Proposed approach in terms of tasks T1 through T4 as they relate to the activities
represented by the green and blue nodes.

Task T1 involves the multiscale quantification and analysis of the effects of the process parameters
on the process itself, the material of the part produced and the performance specification of the
part for a specific application. This task will produce large datasets containing the quantitative
behavioral encapsulation of the process, the part and the functional specification of the part. The
data in these datasets will be used in the second task T2 to construct data-driven models capable
of simulating the behavior of the process, the part and the functional specification of the part. In
task T3 these models will be used for controlling the process via feedback loop or a feed forward
fashion, in a manner that ensures that the process will produce a part capable of performing as close
as possible to its performance specification. Finally, in task T4 the developed framework will be
used to demonstrate how it can be used for Navy relevant applications aiming to tailor the process
in terms of both material and geometry parameters involved, such as optimal parts in terms of their
functional specification can be achieved.

10.4

Multiscale Multiphysics ICME Framework Overview

The two blue nodes referring to the models representing the AM process and the AM produced part
in Fig. 10.6 can be expanded further to expose a proposed Multiscale Multiphysics Integrated Computational Engineering (MMICME) framework. The detailed architecture of the adopted framework
is presented in Fig. 10.7. The framework consists of models defined along with the various length
scales involved.
The root of all models is defined at the mesoscale where the powder ensemble is exposed to the
energy deposition beam and turns powder particles to sintered or molten and solidified material. In
fact, it should be noted here that the mesoscale length scale is defined as the one where the average
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diameter of the energy deposition beam is quantified. This model provides the necessary thermal
history and boundary conditions for a Representative Volume Element (RVE) at the microscale that
enables the formation and application of a model that accounts for the creation, evolution, and equilibration of microcrystalline grains. This will be our microstructure model. In the mesoscale the
microstructure needs to be viewed from a perspective that allows its replacement with a mesoscopic
homogenization that captures the mesoscale features such as anisotropy and porosity effects. Furthermore, a model of the spatially controlled stiffening produced by the geometry induced by the
toolpaths at the mesoscale is the second model required at the mesoscale.

Figure 10.7: Multiscale Multiphysics Integrated Computational Materials Engineering framework
from additive manufacturing process and produced parts.

The previously described models will generate the information required for the macroscale models. The macroscale models will either be represented by the partial differential equations (PDEs)
representing the local form of conservation laws for continua represented by effective properties, or
by models of discrete particle assemblies representing the feedstock powder.
For the cases where material postprocessing follows the AM processes the models that represent
this postprocessing phase must also be considered in order to ensure the ability to achieve simulation and prediction capability of “as produced” parts. Such models would have to represent the
changes occurring in the material of the AM-produced part during processes such as heat treatment
or application of high isostatic pressure aiming at relieving residual strains and reduce the porosity
and increase the density to improves the material’s mechanical properties and workability.
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Continuum Modeling Approaches for a Solid-Liquid-Gas System

At the meso- and macro-scales the physics of energy and powder deposition can be represented by
the applicable conservation laws of mass, momentum, and energy. As described by our initial work
[64] there are many multiphysics challenges associated with this approach. Primary among them is
the fact that as the breadth of the models used is expanding the computational efficiency decreases at
prohibitive levels at least from the perspective of feed-forward or feedback loop control of the AM
process. A second difficulty of the high level of detailed modeling approaches is associated with
the fact that due to the phase transformation associated with AM processes involving transitions
of solid powder to liquid phase followed by rapid solidification, intrinsically forces the process
dependent expression of the relevant conservation laws from those valid for the solids, to those
valid for fluids and their interaction with the surrounding solid particles and finally those associated
with the solidified solids.
The local form of the generalized conservation law can be written as
∂ (ρCΦ Φ)
+ ∇ · (ρCΦ Φv) = ∇ · F + S,
∂t

(10.1)

where F is flux of the quantity Φ through the domain boundary, v is the transport velocity of Φ
through the domain boundary, and S is the source or sink term.
The conservation of mass, momentum and energy can now be expressed by substituting the proper
quantities displayed in rows 2, 3 and 4 of Table 10.1 into Eq. 10.1. Furthermore, the conservation of
Ns species the mass fraction Yi is also expressed by replacing the quantities of the 5th row of Table
10.1 into Eq. 10.1. The species in the build chamber that are vapor emitted during the build process
are tracked using the species conservation equation to provide information on whether the gases
are correctly extracted or whether they obscure the heat source. Species conservation could also
be used to track alloy elements in the evaporating melt pool and the solid substrate. The system of
these equations is complimented by a scalar equation to track the free surface of the molten metal.
The scalar is usually chosen to be a fluid volume fraction of one of the material states, such as that
of the liquid state (volume of fluid (VOF) ).

Table 10.1: Conservation law specialization
1
2
3
4
5
6

General
Mass
Momentum
Energy
Species
VOF

Φ
1
vi
T
Yi
αL

CΦ
1
1
cp
1
1

F
0
τi j i j − pii
−k∇T
ji
0

S
0 or ṁdep
SVi + FSi
ST + QT
0
mL − mV

nE
1
3
1
Ns
1

The quantities ρ, v, ṁdep , vi , τi j , p, SVi , FSi .T, c p , k, ST , QT ,Yi , ji , αL and mL − mV in table 10.1 represent respectively the mass density, velocity of the material through the boundary, velocity of the
medium, the stress tensor components, the hydrostatic pressure, the thermal buoyancy momentum
source, the smeared surface force, the temperature, the heat capacity, the thermal conductivity, the
heat source term accounting for the evolution of the latent heat during phase change, the surface
heat due to the energy deposition, the species mass fraction, species current, the difference between
the liquid volume fraction and the liquid-vapor mass sources due to phase change.
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Substituting these quantities in Eq. 10.1 produce a system of 6 + Ns coupled PDEs as shown
by the sum of the number of equations denoted in the last column of Table 10.1. This system
of coupled PDEs represents the full order model of heat and mass deposition AM processes and
currently, our team is in the process of formulating a computational framework for its numerical
implementation within the context of a combination of Finite Volume and Finite Element methods.
In the past, the foundational aspects of solving various subsets of this system of PDEs have been
given both in a general setting [28] but also in a specialized settings such as weld pool and metal
powder cladding [33, 50, 77, 83, 105, 107, 120] and for AM processes [2, 3, 44, 46, 52, 53].
The most common theme emerging among all of these efforts, is the fact that accounting for the
fluid dynamics of the liquid phase in a phase transforming powder material ensemble by solving the
relevant system of PDEs, is computationally a very expensive endeavor. For this reason, simulating
the AM process for an entire part under this level of detail appears to be prohibitively impractical.
Consequently, our group and many other investigators have focused on formulating reduced physics
models that are able to capture important engineering performance features at the part length scale
level (such as warping, residual stresses and strains). The term used for these models is ‘semantically reduced’ to distinguish them from the ‘reduced models’ associated with the numerical ‘reduced
order models’ that involve the projection of a full order numerical problem to a lower dimensional
space in order to obtain a much more efficient numerical model. However, it should be noted that
for models that would be capable of accounting for process induced features at the meso- and microscales (such as porosity and crystallographic features), the level of modeling detail expressed by Eq.
10.7 and the substitutions from Table 10.1, is necessary.

10.5.1

Semantically Reduced Arbitrary Lagrangian Eulerian Model

A typical powder jet AM process such as DED, is described schematically in Fig. 10.8. In the spirit
of developing a model that captures some course functional features of the part produced by this
process, a semantically reduced model is described below as a typical example of combining FEA
with an Arbitrary Lagrangian Eulerian (ALE) framework for computing the additive morphology of
the powder-jet process in a manner that does not violate the conservation of energy.

Figure 10.8: Schematic representation of side and top view of a typical layered manufacturing
process.
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The physics of the main model are represented by the energetics of the process as expressed by
the non-linear form of the transient heat equation [15]:
ρC p (T, θ )

∂T
= −∇(k(T, θ )∇T ) + Q(x, y,t),
∂t

(10.2)

where T and t are temperature and time, and ρ,k are the temperature and phase (θ = 0, fully solid)
volume fraction dependent density and thermal conductivity calculated via a linear mixture rule.
Phase transition is incorporated via the effective heat capacity method that for this case can be
written as [38]:
1
∂ αm
C p = (θ ρsC p,s + (1 − θ )ρl C p,l ) + L
(10.3)
ρ
∂T
where C p,s ,C p,l , L are the heat capacity of the solid and the liquid phases and the latent heat of fusion
respectively, and α is calculated as:
αm =

1 (1 − θ )ρl − θ ρs
,
2 θ ρs + (1 − θ )ρl

where ρs , ρl are the densities of the solid and liquid phases.
The surface flux source is calculated as a Gaussian distribution of the form:


(x − vxt)2 + (y − vyt)2
q = q0 exp −2
r02

(10.4)

(10.5)

where vx ,vy and q0 are the velocity in the x and y directions and the peak laser energy. For all
cases shown in this study, in order to enforce a serpentine scan geometry, when scanning in the x
direction, vx = 50 mm/s, and vy = 0 mm/s, and vx = 0 mm/s, and vy = 50 mm/s, when scanning in
the y direction. It is noted that this investigation includes a comparison between models that took
phase transition into account, and those that did not. Temperature dependent properties of solid
Ti-6Al-4V are obtained from [12], while molten Ti-6Al-4V properties were obtained from [54].
Details of the computational domain definition and boundary conditions applied with a uniform
initial temperature for the entire Ti-6Al-4V domain are presented in [9]. No convection or radiation
to ambient is taken into account, with all of the free domain surfaces specified as thermally insulated.
Identical eight-node hexahedral element meshes were used in all presented simulations.
The discretization and solution of the resulting system of equations were implemented on the
“COMSOL multiphysics” computational system. An important feature that allows the localized
mesh deformation to capture the deposited material track due to the powder jet deposition, is the
“deforming geometry” feature enabled in COMSOL. This feature essentially enables an ALE formulation that drives the motion of the local mesh surface according to the powder mass deposition
dynamics as they are captured by proper internal variables. To account for tracing the maximum
value of temperature throughout the entire field along the time history, and as indicated in [64], an
additional ODE must be solved simultaneously with Eq. (10.2):
dTmolten
= ST ,
dt

(10.6)

dTmolten
where Tmolten is the temperature within the molted area, ST = dT
> 0 ∧ T > Tmolten and
dt for
dt
ST = 0 otherwise. While the previous equation determines the maximum temperature experienced
by every location in the domain, the condition Tmolten > Tmelt determines candidate deposition locales subject to a proper nodal displacement condition as described later in the section. The laser
source has been implemented as a surface flux as detailed in the figure where a serpentine path
is defined with the “major” and “minor” scan directions along the x and y axes respectively, and
pitch, δ , defined as the distance along the minor scan between successive major scans. For the
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Figure 10.9: Surface temperature contours overlaid on mass-modified domain for three separate
scan cases, δ = r0 , δ = 2r0 and δ = 4r0 . Note the presence of significant thermal accumulation for
the close-pitched cases, and the mass accumulation on the overlapping regions at the turn areas.
current analysis, the deformed geometry capability was leveraged to simulate the addition of mass
via powder-jet AM. Nodal displacements were enforced in the z direction only, and were calculated
based on [105].
ṁts
(10.7)
h= 2 ,
πr0 ρs
where ṁ and ts are the mass flow rate of the powder and simulation time step respectively. This
equation essentially ensures that mass conservation of the powder jet is enforced. An additional
constraint is applied via enforcing that nodal displacement (mass addition) only occurs according
to Eq. (10.7) if the nodal temperature exceeds the specified equilibrium melt temperature, and the
node is spatially located within a radial distance r0 from the center of the moving heat source:
x2 + y2 < r2jet .

(10.8)

These conditions are meant to reflect the actual process in that solid powder will only melt and be
incorporated with a preexisting melt pool present in the powder substrate. It should be noted that
this implies that the powder jet diameter is, in this case equal to the laser spot size, though this is not
compulsory, and may be adjusted accordingly. Furthermore, the melting of incident solid powder is
not taken into account when calculating the local melt pool temperatures, and a uniform mass flow
rate over a circular cross-section jet is assumed.
Three separate laser scan pitches were examined including δ = r0 , δ = 2r0 and δ = 4r0 . Fig. 10.9
shows surface temperature distributions for all three cases of δ for simulations conducted with local
phase transformation being taken into account. Each surface plot shown was taken at its respective
scan completion times which vary based upon the total scan length.
The first noteworthy observation from Fig. 10.9, is the fact that the simulation captures the
naturally occurring mass accumulation at the turn points of each track since immediately after the
right angle turn of the beam at the end if each track, there is a part of the powder injection crosssection that passes twice over the same area. This phenomenon is easily observed for the case of
pitchδ = r0 where the overlap occurs along the entire length of the track.
The second observation from Fig. 10.9 is the fact that as the scan pitch decreases, thermal accumulation becomes significant, and manifests as a persistently elevated temperature in regions
adjacent to the active scan path.
Figure 10.10 provides further insight into this scan pitch effect as it reveals the temperature evolution for all three scan pitches at four discrete points (Y1 − Y4 ) located at the midpoint of each
major scan. These plots reveal that in addition to persistent elevated temperatures after the laser
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has passed, there is a pre- and post-scan effect whereby adjacent points that have yet to be scanned
directly, or adjacent points that had just been scanned exhibit local temperature rises. These temperature rises are particularly dramatic for the single radius pitched case, detectable in the two-radius
and completely absent from the four-radius.

Figure 10.10: Time-temperature histories at points Y1 − Y4 for varying pitch. Note the thermal
accumulation for close pitched cases, while large pitches result in independent temperature rises.
Also note the presence of pre and post-scan adjacency effects particularly dramatic in the δ = r0
case.

Figure 10.11 shows the profiles of the associated clad lines predicted by the model. It is readily
seen that the scan pitch has a dramatic effect on both the magnitude of the clad heights, as well as
their relative height distributions. The radius-pitched case exhibits an increased baseline thickness
with local peaks on top. The high baseline thickness is attributed to locations effectively receiving

Figure 10.11: Clad height profiles at mid scan for varying pitches. Note the significant quantitative
and qualitative variations due to partial overlap vs no overlap for the δ = r0 and δ = 2r0 and δ = 4r0
cases.

multiple passes, as the powder jet is modeled as having a uniform mass flow rate, though since the
laser flux is modeled by a Gaussian distribution, it is not exactly equivalent to having been subjected
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to two complete passes. Furthermore, the local peaks exhibit a monotonic height increase along the
minor scan direction. This is due to the thermal accumulation and adjacency effects discussed
above. Likewise, though the two-radius pitch case does clearly show independent clads, the peak
height also increases with minor scan direction as can be explained by the temperature evolutions
shown in Fig. 10.10. Finally, the four radius-pitched case is associated with totally independent
clads that are for all intents and purposes, identical.
In addition to examining scan pitch, an analysis, and comparison between predictions made based
upon models that included local phase transition versus those that did not was conducted. Fig.
10.12 shows the temperature-time history of the same four discrete locations as defined in Fig.
10.10 for both the phase transition and non-transition cases subject to the radius-scan pitch case.
As mentioned previously, for the case of phase transition, temperature evolution proceeded in a
non-linear manner, resulting in temperatures that were significantly reduced relative to the purely
solid-phase counterpart due to latent heat absorption.

Figure 10.12: Time-temperature history plot comparisons between models that did and did not
incorporate Phase Transformation (PT) effects for the δ = r0 case. Note the significant discrepancy
in peak temperatures for each of the respective cases.

Although the peak temperature discrepancy noted above was expected, Fig. 10.13(a) reveals
an unexpected, somewhat counterintuitive result. The plot focuses on the phase transition versus
non-transitioning temperature evolution at point Y4 for the radius pitch scan. Essentially it shows
that although the peak temperatures diverge rather significantly, the melt duration for both appear
to be almost identical. That is, the two predictions start to diverge precisely at the equilibrium
melt temperature as one might expect, but apparently “resolidify” at the same time. Although not
specifically shown here, modifying both the power, velocity and testing an Al-6061 model resulted
in the same behavior. This point evolution behavior further suggests that any point on the surface
boundary of the melt pool, that is the melt temperature isosurface, should behave the same way.
Figure 10.13(b) depicts a contour map expressing the percent difference in melt pool depth as a
function of x and y, shows that the melt pool geometries are extremely similar, varying mostly by
fewer than three percent, and eight percent at the greatest near the tail of the pool. This suggests,
that for many types of AM analyses, the computational expense for simulating the phase transition,
which is quite significant, may not be incurred necessarily. For example, the run-time for these
two models on a 16 core dual Xeon system with 14 core utilization, were six hours (without phase
transition), and approximately 70 hours when phase transition was included. This slowdown is
caused not only by the general fact that the heat conduction PDE is non-linear due to the temperature
dependence of the material properties, but most importantly by both the steep thermal gradients
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(a)

(b)

Figure 10.13: (a) Detailed thermal history of point Y4 for the δ = r0 pitch. It is seen that although
there is significant divergence between the two models (with and without phase transformation (PT))
above the equilibrium melt temperature, the total melt duration is nearly identical. (b) Contour
plot revealing the percent difference in depth between the melt pool geometry (equilibrium melt
temperature isosurface) for the phase transition and non-transitioning models. They differ by a
maximum of 7.8 percent, while mostly varying less than three percent.

induced by the Gaussian heat flux, as well as the requisite drop in the solver’s (MUMPS) time step
required for calculating the accompanying steep transition for volume fraction changes as a function
of temperature.
Finally, it should be noted that while the thermal histories inside the melt pool are significantly
different from one another, the clad heights for the non-phase transforming models are essentially
identical to those that include transition, as shown in Fig. 10.11. This is due to the fact that the constraints imposed on the accumulation of new mass are essentially dependent on simply exceeding
the melt temperature and the melt duration relative to the laser beam dwell time as shown schematically in Fig. 10.13(a). Since melt durations are equivalent, there is nothing driving a difference
between the two geometric predictions.

10.5.2

Semantically Reduced Model via Property Controlled Mass Activation

An alternate modeling methodology was developed that implements a temporal change of material
properties in a manner that accounts for the evolving geometry during the associated powder jet AM
process.
As a first step this approach involves the definition of the geometry and mesh of the whole part.
At the same time, it requires that the properties of the finite elements are modified temporally based
on the path followed by the AM process in a manner that uses actual properties for the build material
and negligible values of the properties for the not-yet build material. A Heaviside kernel function is
used for this purpose. Its application is performed on a per time step basis and follows the defined
scanning path, as opposed to alternate methods, where an aggregate heat profile is applied. That is
to say, that initially the entire build volume is comprised of elements with very low Young modulus,
and the heat conduction properties of air. As the fabrication simulation progresses, the elements take
on the properties of the deposited material, thus taking into account their temperature dependence
as well via a Heaviside function.
An example of applying this infrastructure involves the simulation of the fabrication of a single
wall cubical box was performed for a process duration totaling 2000 secs.
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The computational implementation is solving the coupled heat transfer physics (Eqn. (10.2))
with linear elastic solid mechanics, taking into account thermal expansion effects. The temperature
evolution results of the solution of the heat conduction equation for various time points are presented
in Fig. 10.14. In addition, the von Mises stress contours induced by the fabrication process for the
corresponding time instances are presented in Fig. 10.15. The geometry of the model in Fig. 10.15
is deformed in an exaggerated manner (scaling factor of 50), to enhance the residual deformation
effects resulting from the particular AM process.

(a) 3 secs

(b) 100 secs

(c) 570 secs

(d) 1800 secs

Figure 10.14: Temperature distribution at various time points as calculated by the myltiphysics
simulation of the DED fabrication of a square box

Some interesting observations can be made based on the results of the present analysis. First, the
total simulation time was similar to the actual build time, making it potentially appropriate for in-the
loop control applications. Second, the maximum von Mises stresses are observed at the locations
where the edges of the fabricated box meets the build plate and lastly the thermal expansion induced
deformation follows an expanding profile, that is consistent with manufacturing artifacts of the final
manufactured geometry. In the future we plan to introduce solid mechanics based analysis that take
into account material plasticity, in order to accurately predict the residual stresses and deformation
after the fabrication process is complete.
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(a) 3 secs

(b) 100 secs

(c) 750 secs

(d) 1800 secs

Figure 10.15: Von Mises stress distribution at various time points as calculated by the myltiphysics
simulation of the DED fabrication of a square box. Deformation shown is scaled by a factor of 50.

10.6

Discrete Modeling Approaches

An important observation, regarding AM processes, is that the feedstock materials are granular. This
challenges the notions which underly continuum models, such as those discussed in the previous
section. This is especially associated with the fact that for continuum process models granular
ensembles are represented by continuum media with effective material properties. The uncertainty
for determining these effective properties motivated us to explore approaches that account explicitly
for the individual particles and their interactions.
More specifically, a Discrete Element Method (DEM) [70] modeling framework for AM was developed by our team. The DEM is a numerical approximation method for capturing the behavior
of particle interactions from a Newtonian mechanics perspective. By extending the DEM beyond
elementary Newtonian mechanics to include multiple physics a simulation that captures the polydisperse granular dynamics, energy application and conservation is enabled, along with the accretive
aspects of powder-based AM. For the purposes of specificity, the multiphysics DEM is abbreviated
as MDEM and our implementation thereof, the NRL Additive Manufacturing Multiphysics Discrete
Element Method, is abbreviated as NAMMDEM. It should be noted that a few other groups in addition to ours have also been exploring the use of DEM in the context of additive manufacturing
applications [113, 121, 122] including those related to functionalized materials [123, 124].
A DEM simulation contains a number of particles, a subset of which may be “bonded,” or attached to each other. To the extent that they contact each other both bonded and unbonded particles
participate in Newtonian collisions that produce reaction forces. These forces, in turn, propagate
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Figure 10.16: Overview of the DEM (left), the variables associated with the collision mechanics
(center), and the particle domain (right).

into changes in particle velocity and position. A schematic overview of the associated concepts
from the perspective of interacting particles is shown in Fig. 10.16. The major conceptual elements
of a general DEM implementation are as follows:
• Collision detection. Generally, it is not practicable to exhaustively check every particle in
the DEM simulation for contact with all other particles. Instead, spatial subdivision schemes
are used so that collision searching is reduced to local neighborhoods [25, 27, 69, 112].
• Particle contact behaviors. Once particles are determined to be in contact, an appropriate
interaction law that captures the material constitutive response must be applied. Summaries
of common contact formulations are given in [48, 57].
• Boundary conditions. Common boundary conditions applied to DEM simulations include
stationary or moving planes and triangle meshes [27]. Periodic boundary conditions, e.g.
those employed in [61], are also common. The boundary contact laws are not necessarily the
same as those for inter-particle collisions.
• Bonding An important feature of the DEM is the formation of bonds between particles. The
use of bonds to capture the properties of materials is discussed in depth by [41]. Once formed,
bonds deform under mechanical forces, and break once a failure criterion is reached. This
allows the simulation of complex failure modes, such as delamination or fracture [101, 102].
• Time step integration. Once the physical influences (e.g. forces, heat fluxes) on every
particle have been determined, it is necessary to propagate these motions of the particle system
and step the DEM simulation forward in time. An explicit Eulerian [82, 84] or Verlet [100,
108] time-step integration is most widely used for this purpose.
In our early work [91,94], the conceptual elements of the DEM were systematically developed in
order to produce a general MDEM framework for the simulation of powder-based AM processes.
Collision detection is performed using a dynamically-optimized octree augmented by Verlet lists.
A linear-elastic inter-particle contact formulation was used initially but was later generalized to
also account for thermoplasticity [95]. Bonds are formed based on a thermal criterion, and are
also modeled as 1D linear elastic elements, and are assumed to fail instantaneously when a critical
stress level is reached. Both particle contacts and bonds mediate the conduction of heat; particle
radii and bond length are modeled as a function of temperature in order to simulate thermal expansion/contraction. A two-dimensional visualization example of the bonding process is shown in Fig.
10.17.
The MDEM boundary conditions include gravity, viscous drag, the laser heat source, and collisions with stationary or moving planes. The planar boundary conditions are utilized to construct
a “scraper” arrangement that closely mimics the physical AM process. The laser heat source is
modeled as a uniform circular heat source of constant radius, the position of which is dictated by
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Input Energy

Figure 10.17: Illustration of bond formation due to a concentrated heat source moving in the
upwards direction. Particle hue corresponds to temperature. Bond opacity corresponds to a general
notion of bond strength.

a precomputed series of directives known as “G-code.” In recent work, boundary conditions to account for gas pressure and resultant particle denudation associated with the heat source [95] have
been added.
Time-step integration for the Newtonian mechanics of the MDEM is performed using the symplectic velocity-Verlet integrator [109], while the implicit Euler method is used to solve the heat
equation. The concept of selective physics deactivation was recently introduced [95] to improve
computational performance. The MDEM framework is implemented in C++, and employs sharedmemory parallelization via Open-MP [16]. A custom graphics engine for visualizing huge numbers
of particles was developed using OpenGL and the Qt cross-platform framework [10]. Performance
benchmarking [94] showed that the NAMMDEM implementation exhibited superior computational
performance as compared to other DEM tools.
To demonstrate the capabilities of the NAMMDEM tool, the AM build of a small jet turbine
blade (2cm in height) was simulated. The material properties of 316L stainless steel were used,
including an experimentally measured particle size distribution. The input STL model, and several
snapshots of the NAMMDEM output at various layers are given in Figure 10.18. These results
clearly show that the MDEM formulation captures the mechanics and accretive behaviors of SLM
AM. Approximately 24 hours of computing time were required on a 12-core workstation computer
to simulate the build.
In order to demonstrate the evolution of NAMMDEM, and the importance of effects such as gas
pressure denudation and thermoplasticity, another build was simulated. Additionally, modeling of
the resultant solidified component was accomplished using a level-set “metaball” formulation [95].
The input geometry and metaball representation of the resultant geometry output is given in Fig.
10.19.
In the metaball display of Fig. 10.19 several gross defects from the printing process may be
observed, the most notable of which is a major delamination between layers about half-way up the
build volume. Figure 10.20 shows the cause of this defect: warping during the cooling of one layer
results in the recoater blade strike on the next, which gouges material out of the build domain. To
the best of our knowledge, no other simulation technique for AM has demonstrated the capability
to capture these effects and the resultant features.
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Figure 10.18: Input STL file (left) and DEM simulation output (right) at the 50th , 100th , 170th ,
178th , and final layers. Particles that have formed no bonds are not rendered, unless they are in the
top layer. The colours represent temperature.

Figure 10.19: Input geometry (left) and the metaball representation of the NAMMDEM output
(right). Coloration corresponds to surface normal direction, in order to show texture.

These results demonstrate that the NAMMDEM approach not only is capable of simulating the
AM build for multiple paths and layers for an entire part but also is capable of predicting porosity
and surface texture. This is achieved in a manner that accounts for the particle size distribution
involved, the AM machine process parameters (power, velocity, beam diameter scan path) as well
as the interaction of the powder and AM part with the re-coater and the gas dynamics of the AM
system. More details can be found in [91, 94, 95].
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Figure 10.20: Illustration of layer curling during cooling and subsequent recoater blade strike (left)
causing the expulsion of material as seen in the output geometry (right).

10.7

Analytic and Surrogate Modeling Approaches

The continuous and discrete modeling methods illustrated in the previous sections are alike in one
undesirable aspect: they are computationally intensive and require hours or days to produce meaningful results. While such simulations enable many aspects of an ICME-driven digital thread, the
high computational burden limits their use in some applications such as real time process control of
AM systems. In such an application the analysis routine must run “in the loop,” which in the context of laser or electron-beam scanning implies that only milliseconds are available for computation.
It is immediately clear, despite the power of modern computing systems, that numerical methods
requiring the solution of large systems of equations are not feasible for this purpose. As a natural
consequence, the development of closed form analytic and surrogate models has been selected to be
developed in order to which capture the evolution of the thermal physics of the AM build.
Analytic solutions to the heat equation are the most logical starting point for such an effort. The
most seminal early work is that of [81], which gives a closed-form expression for a point heat
source applied on a semi-infinite domain. Subsequently, [23] and [19] developed a solution for a
moving Gaussian heat source which is directly applicable to AM applications. The model of [23], in
particular may readily compared to those generated by continuum FEA approaches, such as those
mentioned previously. The solution of [23] was implemented and utilized the same heat source
trajectory, laser beam parameters, and material properties as those used to generate Figure 10.9.
The material domain and heat source toolpath are shown in Figure 10.21, as are various section
lines used to visualize results.
Figure 10.22 shows a comparison of the FEA and analytic model results at four different snapshots in time, just as the heat source is arriving at the end of each long path segment. It is seen that
the two models are virtually identical in all four cases, with minor differences primarily seen in the
far-field from the heat source location. This is reinforced by Figure 10.23, which shows the contours
of temperature at the moment when the heat source reaches the end of its prescribed trajectory.
Because the analytic model delivers a relatively accurate prediction of the temperature, especially
in regions which exceed the melt temperature, the mass accretion model associated with the FEA
modeling may also be implemented. The results of using the accretion model, driven by the analytic
temperature model, are given in Figure 10.24. Comparison with Figure 10.11 shows nearly identical
results, and that the surplus accretion between the closely spaced tracks of the heat source trajectory
is also captured using the analytic model.
While the comparisons shown in Figures 10.22 and 10.23 are initially promising, they reveal several shortcomings of the analytic approach. The minor differences between curves in Figure 10.22
are due to the assumption of constant thermal properties. For many relevant material systems, such

Multiphysics ICME Linking AM Process Parameters with Part Performance

315

Figure 10.21: Problem domain and heat source trajectory for the FEA / analytic model comparison.
Note the lines labeled ‘a’ through ‘e,’ which denote slices of the domain which will be referenced
in the next two figures.

Figure 10.22: Comparison of analytic and FEA models of temperature distribution along the four
sections indicated in Figure 10.21.

properties are strongly temperature dependent, which may cause divergence of the two solutions.
The assumption of an infinite domain by the analytic solution is also clearly illustrated in Figure
10.23, although the effects appear to be fairly small and limited to the far-field of the heat source.
Of greater concern, the analytic solution does not readily permit the introduction of a source term
into the heat equation; this greatly complicates the accurate modeling of the heat energy absorbed
by phase change. As the previously mentioned FEA modeling demonstrated, this effect is large in
magnitude. When these individual limitations are considered together a third concern emerges: the
properties of previously solidified material will be radically different than those of the un-solidified
feedstock materials or substrate. It is not readily apparent how (and indeed if) an analytic solution
to the heat equation may be formulated to address these limitations.
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Figure 10.23: Comparison of analytic and FEA models of temperature distribution when the heat
source reaches the end of the toolpath.

Figure 10.24: Results of mass accretion driven by analytical temperature model.

There are several available strategies for addressing the limitations of analytical solutions previously outlined. The classical “method of images” commonly used in the field of electrodynamics
may be used to achieve solutions for finite, irregularly shaped domains was proposed and developed
by our group. The use of physics-agnostic surrogate models (which may be fit to data generated
using physics-derived methods) is also an attractive possibility. It may be possible to build a small
library of surrogate models which may be modulated and composed to produce accurate solutions.
The development of such surrogates is preconditioned by the development of sufficiently accurate
physics-driven models, and the computational cost of utilizing such models to fit the surrogates may
be considerable. Despite this, it is our forecast that the development of fast analytic or surrogate
models for in-the-loop process control can be a highly promising avenue of future research.

10.8

Multi-scale functional tailoring

The micro-scale and meso-scale material structures produced by AM can be strikingly different
from those that arise from conventional manufacturing processes. These micro and meso-scale
structures are a direct result of the time history of mass and energy deposition within the AM system.
This indicates that the patterns of mass/energy deposition in the AM build may be manipulated in
order to achieve a desired structure or features at the meso-scale and resultant functional properties
at the macro-scale. In order to a achieve such “functional tailoring,” a multiscale approach that is
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Figure 10.25: Example of implicit slicing (left). At top left, the input geometry and applied force
F. At center, the von Mises stress in the part, as calculated using Finite Element Analysis. At
bottom right, the toolpath produced by the implicit slicer.
enabled by an implicit slicing methodology was developed. This approach was used to optimize
material macro and meso-structures in order to improve the mechanical properties of the resulting
components.

10.8.1

Meso-scale tailoring via Implicit Slicing

Slicers are based on the field of computational geometry and manifest as computational tools that
convert input three dimensional models into a series of motion commands (a “toolpath”) for an
additive manufacturing machine. In prior research efforts, an alternative to the existing slicing
algorithms was developed and was termed “implicit slicing” [92, 93, 96, 97]. The implicit slicer is
based on computing the level sets of functional fields defined over the spatial domain of the object
to be manufactured. Generally, it defines the AM toolpath to be a singleton set g,
g≡

nl ]
nk
no ]
]

H j (x) = ck , x ∈ ωi

(10.9)

i=0 j=0 k=0

where ωi are the two-dimensional regions corresponding to each slice of the input model, and x is
a Cartesian coordinate within such a slice. H j are the field functions U
defining the toolpath shape,
and ck are the values at which the toolpath is computed. The operator indicates a superset union
corresponding the sequencing and ordering of toolpath segments in a manner appropriate for the
AM system being targeted, nk is the number of level sets computed for each field function, no is the
number of field functions considered for each slice, and nl is the number of layers used to slice the
part.
This formulation elegantly solves the problem of computing polygon offsets for arbitrary (and
possibly degenerate) geometries, but it allows the introduction of “design intent” into the digital
thread. Since the field(s) upon which the infill toolpaths are computed may be specified by the user,
this function may be chosen based on performance criteria. An example, illustrated in Fig. 10.25
shows the use of the von Mises stress in order to generate the infill for a “dogbone” test specimen.
Experimentation showed that the meso-scale tailoring of the implicit slicer produced parts with
mechanical properties superior to those exhibited by parts produced using conventional slicers as
described in [92].

10.8.2

Macro-scale tailoring via Topology Optimization

The term Topology Optimization (TO) refers to a diverse family of methods that seeks to optimize
the distribution of material within a given design space, for a given set of boundary conditions,
with the goal of maximizing a measure of performance of the resulting structure. The present work
utilizes the SIMP topology optimization method [7, 86, 98], where the true Young’s modulus E0 is
multiplied by an artificial density factor, ρd to define the effective Young’s modulus E utilized in
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the calculations according to,

E (x) = ρd (x) p E0 ,

x∈Ω

(10.10)

where again x is a coordinate in the domain Ω and p is a penalty factor that reduces the effective stiffness of intermediate densities. The artificial density is constrained to 0 ≤ ρd ≤ 1. This
spatially-resolved reduced modulus is used to evaluate a multi-resolution finite element analysis
(FEA) model, that is solved with a subsequently denser mesh in order to achieve the desired spatial
resolution. The density of every element in the FEA model is then adjusted according to an optimization scheme. The optimization is defined to minimize the strain energy regularized by the gradient
of the strain energy density.
It should be noted here that the potential anisotropic character of the material, –as introduced by
the AM process– is not reflected in the present implementation through proper adjustment of the
elastic 4th order Hooke’s tensor. However, this remains to be addressed in the future.

10.8.3

Topology Optimization for both the Meso- and Macro-scales

The optimization for the meso- and macro-scales can be easily linked by first conducting the topology optimization, and subsequently invoking the implicit slicer using the resultant density field as
the infill field function, i.e.
H j (x) = ρd (x) .
(10.11)
An example problem demonstrating this approach is the design of a bracket is given in Fig. 10.26,
which shows the original problem domain, the density field computed by TO, and the domain of
the component to be additively manufactured Ω = {x ∈ Ω0 : ρd (x) ≥ ρmin }. It is assumed that all
slices will have the same bounding geometry, resulting in “2.5D” structures.

Figure 10.26: Topology optimization Example. At left (a) the original domain and boundary conditions are shown. At center (b) the output ρd is shown, with the cutoff value ρd = ρmin highlighted.
At the right (c), the output domain Ω corresponding to ρd ≥ ρmin is highlighted.

As it has been shown in previous work [92], it is not feasible to directly compute the contours of
ρd to produce gin . Instead, a purely rectilinear grid infill is computed first, as used in many existing
slicers, which is subsequently modulated according to the value of ρd in order to produce infill that
is denser in high-stress regions. The infill function thus takes the form visualized in Fig. 10.27. The
complete bracket toolpath is shown in Fig. 10.28. The 2.5D nature of the resulting component is
clearly visible, as is the stack-up of infill toolpaths over multiple layers.
On one hand the multi-scale concept presented here offers an immediate path forward for the
production of lightweight functional structures using AM. On the other hand, viewed more broadly,
it represents the first steps towards a new interpretation of the AM digital thread. The use of
optimization-driven tools at multiple scales may reduce the number of heuristics-driven steps of
the present AM software toolchain (e.g. object placement and slicing), both reducing the difficult
of usage of AM systems, and allowing the production of improved objects. In order to fully realize
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Figure 10.27: Topology optimization example. (a) the density field from the topology optimizer.
(b, c) the corresponding linear infill function defined over the first and second layers. (d, e) the
modulated infill function for the first and second layers. (f) contours corresponding to the infill for
the first two layers superimposed, along with the perimeter contours.

Figure 10.28: Complete bracket toolpath in 3D space. All slices are of the same bounding geometry,
resulting in a 2.5D part.

such a goal, it is also necessary to model the physics of AM on a smaller scale than the meso- and
macro-scales discussed previously. Consequently, the discussion of modeling and simulation of AM
at the micro-scale is presented in the the next section.
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Synthetic Microstructures
Field Theories of Moving Boundaries

In order to support our efforts for simulating AM processes at the micro- and meso-scales, a brief
overview of two methods that are capable of modeling solidification of liquid metals and alloys as it
evolves from nucleation centers in a volume and converges to a particular crystalline microstructure
morphology, is presented.
A careful observation of the area involving theories of moving boundaries between phases easily
yields the realization that there are two approaches for phase-field modeling as noted in [11]. One
class of approaches is only concerned with reproducing the sharp-interfaces between phases, while
the other class of approaches uses thermodynamic treatment with gradient flow to account for the
evolution of the sharp boundaries between phases in physics informed manner.
In order to support the present study for generating synthetic microstructures for RVEs, a computational infrastructure that implements a Continuum Diffuse Interface Model (CDM) has been
established for simulating grain evolution within 3D domains and falls within the first category of
methods that are interested for the interfacial evolution alone. It was first introduced in [26] for 2D
domains and without grain aspect ratio control capability. This model has been generalized for 3D
domains and has introduced the proper parameters for controlling the size and aspect ratio variation
distributions.
When it comes to the second category of methods, the development of continuous field theories
for moving boundaries such as solidification began with the diffusive interface model more than
a century ago [111] followed by the development of the phase field model (PFM) by Cahn and
Hilliard [14] and more recently by [51].
PFM approaches are widely used in science and engineering to model a variety of moving interface phenomena. Typical examples are the dendritic alloy solidification [42], various moving boundary phenomena including solidification and microstructure evolution in materials processing [11, 17, 40, 47, 65, 104], fracture problems [4, 5] and multiscale up-scaling for nonlinear
materials [110].
The advantage of the PFM lies on its capability to address the numerical problem of tracking a
sharp solid-liquid interface without rigorous attention to the involved physics. Its principal characteristic is the diffuse interface between two phases, described by a steep but continuous transition
of a phase field variable between two states. The PFM models are also benefited by the fact that
they are derived in a thermodynamically consistent manner which enables the correlation of the
model parameters with proper thermodynamic variables. Subsequently, the multi-phase field model
(MPFM) was developed [24, 89, 90] to address an arbitrary number of different distinct phases or
grains of different orientation. In the MPFM approach, a grain α can be distinguishable from other
grains either by its orientation or phase (or both) and is endowed with an individual phase field
variable φα .
Despite the significant advances in MPFM, a major difficulty in its wide applicability to real
multicomponent alloy systems is the lack of knowledge of several required materials-specific parameters, such as bulk free energies, the diffusion coefficients, interfacial free energy, kinetic coefficients and so forth. To supplement experimental measurements, or to generate some of these
quantities when experiments are not feasible, computational techniques have become essential tools
for extracting the relevant material parameters [6, 13, 35–37]. For example, the small anisotropy
coefficient that is vital to determining the shape and velocity of dendritic growth cannot be measured accurately by existing experimental techniques. Instead, ab initio molecular dynamics (MD)
simulations have been shown to be capable of computing the necessary phase field parameters and
their associated small anisotropies. The semi-empirical embedded atom model (EAM) potentials
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have been introduced to compute the kinetic and diffusion coefficient of a variety of pure metals
including Cu, Ni, Au and Ag [35,37]. Several investigators employed an analysis of the equilibrium
fluctuation spectrum of the solid-liquid boundary to extract the interfacial free energy and its small
anisotropy in Ni, Cu, Fe, and Al metals [6, 35, 36, 99].
An important question relating to the applicability of PFM and MPFM is whether these methods,
in which the relaxation dynamics are driven by thermodynamic forces, can capture well the physical
phenomena at the time and length scale achievable by atomistic models. Recently,the ability to
bridge MD with MPFM for a Nickel (Ni) system has been demonstrated by calibrating the MPFM
to an MD-based analysis [31]. In fact, many critical thermodynamic and kinetic parameters were
calibrated in this study using MD for the solidification process of Ni at the moderate undercooling
degree (∼200 K) and the equivalence of MD and PFM methods was demonstrated at the nanometer
length scales.

10.9.2

The Continuum Diffuse Interface Model

In the CDM, an arbitrary polycrystalline microstructure is described by a set of continuous field
variables ηi (i = 1, ..., p), that are called orientation field variables for distinguishing different orientations of grains and p is the number of possible grain orientations.
It is assumed that across the grain boundaries between the grain η1 and its neighbors the value of
η1 changes continuously from 1 to 0. By following the process described in [26, 63] in defining the
initial free energy the system of equations that need to be solved for obtaining the evolutions of all
ηi can be derived in the form
p
∂ ηi
= −Li [−a1 ηi + a2 ηi3 + 2a3 ηi ∑ η 2j − κi ∇2 ηi ],
∂t
j6=i

(10.12)

for i = 1, 2, ..., p and for ak , (k = 1, 2, 3) defined as indicated in [26] to have the values a1 = a2 =
1, a3 = a1 /2.
To simulate the grain growth evolution for the purpose of generating synthetic RVE microstructures, the set of equations (4) are solved numerically by discretizing them in space and time. The
Laplacian is discretized by the following finite difference discrete form,
∇2 ηi =

1
[τ (ηi (x − ∆h, y, z) + ηi (x + ∆h, y, z) + ηi (x, y − ∆h, z)+
3(∆h)2
,
+ηi (x, y + ∆h, z) − ηi (x, y, z)) + ηi (x, y, z − ∆h) + ηi (x, y, z + ∆h)]

(10.13)

where ∆h is the size of the grid element and τ represents a bias factor on the x − y plane such that
a desired variation of grain aspect ratio can be tuned. In fact, considering that the energy gradient
coefficients κi are not represented by scalar quantities (isotropic case), but rather they are second
order diagonal tensors κ i (anisotropic case), leads to the conclusion that this factor can be thought of
as the proportion of discrepancy of the gradient energy coefficients along directions x and y relative
to those along z. This generalization can be expressed by κ i = ((τx κi , 0, 0), (0, τy κi , 0), (0, 0, κi )).
For the case where when the response is allowed to be the same on both directions in the x − y plane,
then τ = τx = τy .
The discretization with respect to time was implemented via a simple explicit forward Euler
scheme described by,
dηi
ηi (t + ∆t) = ηi (t) +
∆t,
(10.14)
dt
where ∆t represents the integration time step. Thus, for a given initial distribution of ηi , which
describes the initial grain structure, the temporal and spatial evolution of the microstructure can be
obtained by solving equation 10.12 numerically via Eqs. 10.13 and 10.14.
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To demonstrate the ability to capture the feature of the variability of aspect ratio the CDM presented earlier was implemented for an RVE discretized by 512 × 512 × 512 discrete elements. Figure 10.29 shows the effect of transitioning from an isotropic configuration for the bias coefficient
defined in Eq. (5) τ = 1 to an anisotropic configuration for τ = 6 and for an even more acute aspect
ratio for τ = 12. All three cases have been computed over the same cloud of randomly distributed
solidification nucleation points in the volume of the RVE.

Figure 10.29: Simulated microstructures for τ = 1, 6, 12 by the Continuous Diffuse-interface
Method . 3D isometric views of a cubic RVE (top row), and respective front face views (bottom
row) demonstrating the grain aspect ratio variability

The computational implementation of this method was integrated in Matlab using a parallelized
kernel programmed in C++. The execution of 1800 steps of the 2.68 Billion DOFs Finite Difference
model was completed in 1.7 hours on a 24 core Intel E5 Shared Memory computer.
It should be mentioned that the variability on the grain size can be trivially achieved by the extent
of the duration that the time integrator is allowed to evolve.

10.9.3

The Multi-phase Field Model

The multigrain growth model adopted here is based on the conventional MPF developed in [24,
89, 90]. According to the approach described in [63] φ α (α=1 ,. . . , N) is the phase field variable
(i.e. order parameter) which represents a grain α with a different orientation; N represents the total
number of grains in the system, and φ α =1 indicates that the grain α is present (i.e. the solid phase)
while φ α =0 indicates its absence (i.e. the liquid phase). σ α β the interfacial energy between phases
(or grains) α and β , η α β the interface width that is assumed to be constant η for all interfaces, f α
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is the bulk free energy of an individual phase (grain) α, and h(φ α ) represents a contour function.
The condition ∑Nα=1 φα (x) = 1 must be satisfied at all time instances at any spatial position x within
the domain.
The final form of grain evolution law which is adopted in the current study:
N

φ̇α =

∑
β =1


µαβ





πq
π2
φα φβ ∆gαβ .
σαβ φβ ∇2 φα − φα ∇2 φβ + 2 φα − φβ +
2η
η

(10.15)

where µ α β stands for the interfacial mobility at the boundary of grains α and β , m represents the
total number of locally existing grains at the spatial point, and ∆gα β is the free energy difference
between grains α and β .
The particle difference method (PDM) [115–117] is used for implementing the discrete form of
the MPFM analysis. The PDM has shown great flexibility in discretizing various types of partial
differential equations (PDEs) while also can reach identical results as the finite difference method
(FDM), which has been frequently been used to solve phase field model by the material science
community.
The spatial discretization of the governing equation (i.e. the MPF model in Eq. (10.15)) is applied
for a computational domain that contains a spatially discretized distribution of nodes in the interior
of the domain and on its boundaries. The PDM can be applied directly to compute the differential
forms of governing equations at these distributed nodes. Im addition to the spatial discretization,
applying the explicit time integration scheme to Eq. (10.15) yields



 π q
N
π2  n
φαn+1 − φαn
n 2 n
n 2 n
n
n
n
φα φβ ∆gαβ
= ∑ µαβ σαβ φβ ∇ φα − φα ∇ φβ + 2 φα − φβ
+
∆t
2η
η
β =1
(10.16)
where ∆t is the time step and the superscript on the phase field φ represents the index for the time
step.
The application of the PDM to coupled MPF and energy balance equations for multi-grain solidification analysis will be presented in future work.
The materials parameters needed for the MPF model include the interfacial mobility µ, the interfacial energy σ , the free energy difference between phases ∆g , and the interface width η between
solid and liquid phases. The application of the MPF with PDM in for Ni system was recently
demonstrated [31, 63]. Since the Ni system has been relatively well investigated, most of the materials parameters are readily available. The kinetic coefficient µ* (i.e., the constant of proportionality
between the velocity of crystallization and the degree of undercooling) [36] and the solid-liquid
interfacial free energy (γ) have been investigated thoroughly by MD techniques because of the difficulty in obtaining their small anisotropy through experimental techniques [6, 31, 36].
A demonstration of our MPFM approach for Ni grain solidification is shown in Fig. 10.30 for
distinct time instances. This simulation has been performed assuming a homogeneous temperature
field.
The MPF analysis was conducted with a custom parallelized PDM code. The computational
parameters were chosen as follows: the grid size ∆x = ∆y = ∆z = 2 Å to ensure a satisfactory
resolution of the interface width. For the time integration of the PFM with the PDM approach, a
forward Euler scheme was adopted. According to the conducted numerical experiments, the PDM
retains its numerical stability with the full CFL condition ∆t > 1 f s, but to make an easy comparison
with MD results, ∆t = 1 f s was used as the size of stable time integration in our computations.
The number of grid points depends on the equilibrated dimension of the simulation cells in the
corresponding MD simulation as described in [31]. To reduce the required computational memory,
of the MPF analysis, only the nonzero MPF variables are stored in terms of the sparse matrix
representation [45].

324

Multiphysics ICME Linking AM Process Parameters with Part Performance

Figure 10.30: Simulated microstructures by the Multi-Phase Field Method of 3-D Ni solidification
of Ni at times: (a) 0 ps, (b) 100 ps, (c) 200 ps, and (d) 300 ps

10.10

Linking Microstructure to Performance via Crystal Plasticity

In an effort to link powder AM (PAM) process parameters with the functional performance of the
manufactured part, it is necessary to identify the effect of the special microstructural features generated by PAM on the final constitutive response of the relevant materials. (It should be noted that
the term PAM is introduced here because a term representing both PBF and DED processes was
not available in the ISO/ASTM 52900 standard.) Therefore, a microstructure-informed constitutive
model has been recently introduced to describe the mechanical behavior of solidified material produced by PAM processes [1]. The model is based on crystal plasticity and accounts for the effect of
grain size and aspect ratio of the microstructure. The effect of these dominant features is captured
by considering a core and mantle configuration for the grain volume, and by introducing a grain
boundary influence region. The constitutive model’s ability to capture the grain size and shape
effect is demonstrated by simulating the stress-strain behavior under uniaxial loading of a representative volume element (RVE) with columnar microstructure characterized by a range of grain
sizes and aspect ratios.
Metal PAM processes involve local melting and solidification of metallic powder that entails large
thermal gradient leading to the evolution of substantial local stress as the material solidifies [49].
With most metals typically exhibiting very low yield strength at high temperature, the large stress
causes substantial local yielding. Any non-uniformity in thermal shrinking and plastic deformation
produced in the build part, often arise due to factors such as free boundaries, baseplate, and scanning
strategy, may cause large residual stress as the part cools down to room temperature. The stress
evolution may in-turn produce various forms of defects, such as dislocations and microcracks [55],
and may cause undesirable distortion of the build part. Residual stress may also deteriorate fatigue
strength [43] and decrease its service life, significantly.
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Numerical methods such as the phase field simulations described earlier, in conjunction with finite
element analysis (FEA) or the PDM method are tools enabling the simulation of the PAM process
at the micro-scale and predict the evolution of temperature and stress fields. Early models primarily
focused on addressing the challenges associated with the complexities of simulating moving heat
source, material evolution and computational cost by considering small build volumes [30, 56, 62,
78, 80, 119]. Subsequently, studies focusing on residual stress evolution, particularly the role of
process parameters such as scanning strategies, were reported [21, 39, 59, 68, 75, 79]. In all these
models, where the emphasis was on capturing the underlying physics of the PAM processes at
very small length scale of the order of melt-pool dimensions, the size of the build volumes was
limited to millimeters due to exorbitant computational cost. Many studies have also been reported
on estimating the residual stress and distortion in large parts using multiscale models. The major
objectives of these studies pertained to developing techniques that can help increase computational
speed without compromising the accuracy significantly; thus allowing the simulation of the PAM of
parts with realistic sizes [22].
In addition to the challenges discussed earlier for the effect of the microstructure on PAM produced parts, geometrically non-isotropic microstructure, such as columnar grain structure, is widely
reported in parts manufactured by PAM as a result of the layer-by-layer building associated with
it. Consequently, the microstructure evolved in PAM has been found to be very rich with many
geometrical features, and very different from those produced by conventional manufacturing methods. The non uniform grain size distribution and geometrically anisotropic grain structures are two
dominant microstructural features that may influence the mechanical properties. Hence, the current
practice of using powder properties and classical constitutive models that do not have a mechanism to capture grain size and shape effect in the computational simulation of powder-bed based
additive manufacturing process may be imprudent. A major target of PAM being the manufacturing
of complex parts, where high part dimensions precision and mechanical properties are critical, using realistic mechanical properties and constitutive models in the predictive computational models
could be imperative.
The recently developed constitutive model [1] considers a core and mantle framework that addresses the linkage between microstructure and properties by capturing the grain size and shape
effect. The model was developed by extending the recently reported feature size-dependent crystal
plasticity constitutive model for nickel superalloy materials [66]. The main feature of the developed
model is that the grain size and aspect ratio effects derive from the grain boundary influence on the
dislocation nucleation, and therefore, are inherent to the plastic properties of metal. The resistance
to dislocation nucleation in the grain boundary influence region was captured by introducing appropriate parameters, and using crystal plasticity constitutive model as a pre-process step. A homogenization of the grain boundary effects over individual grains, after mapping the grain geometries to
an equivalent simple ellipsoid geometry, was introduced to address the challenges associated with a
material-point implementation of the theory.
The distribution of axial stress σxx on the RVE surface according to the analysis presented in [1]
is shown in Fig. 10.31(a). The difference in crystallographic orientations have introduced stress
intensification at the grain boundaries, highlighting the grain boundaries. Though the homogenization of the grain boundary effect over individual grains and the insufficient resolution in capturing
the smooth grain boundaries may introduce some errors, the predicted local intensification of stress
near the grain boundaries is more realistic since the grain size and aspect ratio effects had been
accounted for.
The grain size and shape effects on the average stress-strain behavior of the polycrystal RVE are
shown in Figure 10.31(b) and Table 10.2 as produced by exercise the model developed in [1].
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(a)

(b)

Figure 10.31: (a) Axial stress σxx distribution on the RVE surface. (b) Stress strain behavior of the
polycrystal RVE sample.

These results clearly indicate that the grain size and shape effects can be significant, especially
during the early stages of stress evolution. The average yield stress of the sample increased substantially due to the effect of size and shape as expected. It is worthwhile mentioning that the grain
boundary effects can increase significantly if the volume fraction of the smaller grains in general,
and smaller grains with larger aspect ratio in particular, increase in the grain microstructure.

Table 10.2: Effect of grain size and shape on stress-strain behavior
Strain εxx (%)

Size effect on
σxx (%)

1
5
10
15
20

60.6
20.1
8.3
3.5
2.0

Size and shape
effect on σxx
(%)
74.9
25.0
10.3
4.8
2.4

The model was verified to capture important features of the microstructure in a manner that
affects the macrosopic material behavior. The grain size and shape effects on the average stressstrain behavior of the polycrystal RVE are shown in Fig. 10.31(b) and Table 10.2 as produced by
exercise the model developed in [1]. These results clearly show that the grain size and shape effects
are significant, especially during the early stages of stress evolution. As expected the average yield
stress of the sample increased substantially due to the effect of size and shape. A decrease in
grain size or an increase in aspect ratio increases the yield strength and decreases the initial strain
hardening modulus significantly. It is important to note that the grain boundary effects can increase
significantly if the volume fraction of the smaller grains in general, and smaller grains with larger
aspect ratio in particular, increase in the grain microstructure.
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Therefore, results from the verification analysis show that accounting the grain size and aspect
ratio effect in the computational simulation of PAM processes, where the microstructure is widely
reported to have columnar grains of large aspect ratio, can be very critical.

10.11

Corrosion Behavior of 316L

The body of published literature related to corrosion science on AM processed alloys is scarce but
continues to emerge as attention to these materials increases. The limited literature on corrosion
behavior of AM 316L alloy specifically addresses two main topics that differentiate AM materials
from their wrought counterparts: 1) the influences of different metallurgical phases and microstructures on corrosion behavior, and 2) the impact of porosity and surface area differences on corrosion
resistance. The net result of these published works [8, 106] indicates that AM 316L is less prone
to form stable, corrosion-resistant passive films and more likely to experience pitting corrosion,
crevice corrosion, and manifest an insidious sub-surface corrosion damage mechanism.
The discussion herein serves to highlight the fact that AM metallurgy can be quite different from
the traditionally processed alloy equivalents, with respect to electrochemical response. While the
authors don’t purport to produce a comprehensive list within this particular text at this time, it can
be concluded that when designing for AM metals, it is important to recognize the inter-relationship
of microstructure and corrosion exists and must be accounted for when undertaking relevant efforts.
One of our longer term goals involves establishing the understanding of the linkages between AM
process parameters and microstructure and porosity as they relate specifically to the electrochemical
response of AM produced parts. In the following subsections, first steps towards this goal are
presented.

10.11.1

Influence of Metallurgy and Microstructure on Corrosion and Passivity

Recent work [106] has highlighted the fact that metallurgical phases in AM 316L and resulting
microstructures are less likely to form corrosion-protective passive films. This work shows results
from electrochemical potentiodynamic polarization experiments in 0.1M HCl solutions for comparable wrought and AM equivalents of 316L. These polarization experiments demonstrate that in
this aqueous solution, 316L is less likely to form a stable and protective passive film. The authors
attribute this behavior to redistribution and segregation of Mo in the microstructure. It is well documented that Mo contributes to passivity in 316L, and consequently a heterogeneous distribution
of the element is presumed to be a key element in a resilient passive film. During electrochemical
polarizations studied, localized attack on weak regions of the passive film may have produced the
shift in electrochemical polarization behavior observed in [106].

10.11.2

Advanced Electrochemical Testing

Recent studies [8] have documented degraded corrosion resistance of AM 316L as compared to
wrought products of the same alloy. Under these test conditions, the AM 316L stainless steel showed
a more electronegative Open Circuit Potential (OCP) at −265 mVAg/AgCl than the wrought specimen
(−145 mVAg/AgCl ) and had no passive region. As indicated in Fig. 10.4 the passive region is the
portion of the polarization curve where the current density is independent of potential due to the
presence of a passive oxide film, which prevents the underlying metal from undergoing corrosion.
It is seen as a nearly vertical rise in potential with minimal current density change. The wrought
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sample shows a typical behavior for a stainless steel polarized in a 0.6M NaCl solution with a
passive region and a pitting potential occurring at +95mV. The AM 316L stainless steel polarization
curve observed in Fig. 10.4 performs more like a low-alloyed steel.
Scanning Electrochemical Microscopy (SEM) on these AM specimens showed significant pitting
and undercutting at the sealed edge of exposure region whereas this behavior was not observed in
the wrought alloy. It was also observed that the crevice-like corrosion penetrated below the surface
into the depths of the AM specimens through the porous structure, resulting in significant corrosion
throughout the specimens beyond the directly immersed exposure areas.

Figure 10.32: Cyclic electrochemical potentiodynamic polarization results from [8]. Locationdependent passivity for AM materials, showing that top-level depositions are more susceptible to
corrosion that deposited layers below the surface.

A closer look at electrochemical properties of AM materials using non-standard anodic polarization ramp rates allowed for a more precise evaluation of 316L stainless steel corrosion as a function
of depth from the surface. Testing was performed on the specimen with surfaces as close to the
as-built condition, polished only enough to ensure a seal during the corrosion experiments. Specimen were then sectioned (metallographically ground) to a level of between 0.0000 − 0.01500 below
the as-built surface, which was just at the depth where near-surface porosity had been reduced and
tested again. A final sectioning was performed through metallographic polishing to a depth where
the specimen were effectively 99.7% dense bulk material. Figure 10.32 shows the results of anodic polarization testing performed with this procedure. The polarization curves exhibit the range
of open circuit potentials relative to a depth from the surface of AM processed 316L. These data
suggest a significant dependency of open circuit potential and corrosion behavior on the location
and amount of porosity within an AM 316L.
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Conclusions and Plans

This chapter presented an overview of our team’s efforts towards addressing some of the main issues
and challenges associated with the control of AM processes for the functional tailoring of AMproduced parts in a manner that takes advantages of the benefits of PAM while at the same time
minimizes its undesirable features. Some of the issues associated with AM for each of the three
length-scales involved with PAM along some of the potential issues associated with the corrosion
behavior of 316L were presented. Subsequently, the architecture of a proposed framework linking
AM process parameters with functional performance parameters through an approach based on
multiphysics ICME infrastructure was described. Aspects of this infrastructure were introduced in
terms of both continuum and discrete modeling approaches.
In the thematic area of continuum methods, the full physics of granular ensembles subjected to
phase transformation under influence of heat deposition was introduced and two simplified physics
specializations were presented in higher detail. One is based on enriched conservation of energy
and is enhanced with an ALE formalism to simulate material deposition through mesh deformation.
The other involves material properties transformation to activate deposited material at the scale of
full parts.
In the thematic area of discrete methods our NAMMDEM framework based on DEM was described and the ability to simulate the buildup of full PAM-produced parts as well as the utilization
of metaballs for converting solidified particle ensembles to actual PAM generated morphologies was
demonstrated.
An overview of our efforts to utilize analytical solutions was a;so presented on order effort to
alleviate the computational cost of the previous approaches. Both the benefits and weaknesses of
this approach are also presented.
The potential for multiscale topology optimization to achieve optimized functional performance
was also presented in terms of combining our implicit slicer technology for the meso-scale along
with conventional macro-scale based topology optimization.
Furthermore, to address the modeling needs at the microstructural and mesostructural levels,
two methods were described for generating synthetic microstructures needed for connecting microstructural morphology with material properties and performance. A crystal plasticity approach was
described to demonstrate its applicability in generating stress-strain curves for PAM produced parts.
Further improvements in the implementation of the model, in terms of material point implementation of the developed theory rather than homogenization, and better capturing of the smooth grain
boundaries are the immediate goals for future research.
Finally, our progress related with our effort to understand the corrosion mechanisms associated
with PAM produces 316L parts was presented.
Our plans for the future involve the extension of our computational infrastructure to account for
all features introduced by the PAM processes in a data-driven manner, and finally demonstrate the
utility of our MICME framework, relative to materials that are relevant for Naval applications. This
will be accomplished by utilizing the framework to control PAM processes for functional tailoring
of PAM-produced parts across multiple scales.
It should be noted that the data-driven character of our models will ensure that they sill be intrinsically valid. However, for the cases where sparsity of data will not allow the establishment of
data-driven models, additional validation activities will have to be undertaken.
Other plans include efforts in developing reduced and surrogate models as well as hybrid numerical approaches and selective physics activation and deactivation for enabling real time performance
of the computational infrastructure in order to enable and demonstrate real rime control of AM
processes.
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