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Abstract

Next generation, additively-manufactured metallic parts will be designed with application-
optimized geometry, composition, and functionality. Manufacturers and researchers have
investigated various techniques for increasing the reliability of the metal-AM process to create
these components, however, understanding and manipulating the complex phenomena that occurs
within the printed component during processing remains a formidable challenge—limiting the use
of these unique design capabilities. Among various approaches, thermomechanical modeling has
emerged as a technique for increasing the reliability of metal-AM processes, however, most
literature is specialized and challenging to interpret for users unfamiliar with numerical modeling
techniques. This review article highlights fundamental modeling strategies, considerations, and
results, as well as validation techniques using experimental data. A discussion of emerging
research areas where simulation will enhance the metal-AM optimization process is presented, as
well as a potential modeling workflow for process optimization. This review is envisioned to
provide an essential framework on modeling techniques to supplement the experimental
optimization process.
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Introduction

Additive manufacturing (AM), or 3D Printing, has revolutionized the manufacturing
industry — all the way from developing concept models to creating functional parts, and is
now driving the next generation of engineering design and innovation. By decreasing the
cost of complex components and enabling game-changing designs, AM has significantly
impacted many industries [1-9]. Its continued growth has elicited new manufacturing
applications and demand for increased processing reliability for the next generation of the
technology, which includes application-optimized design, or the leveraging of additive
processes to generate components that have geometry, material properties, and functionality
optimized for the intended application. This design capability includes software tools that
allow engineers and designers to predict each component’s processing and performance
capabilities, lowering production costs and increasing design efficiency. Such
groundbreaking technology requires a foundational understanding of the underlying AM-
processing physics to address the challenges that are inherent in printing a component with
varying features, composition, and capabilities. One of the main roadblocks is a full
understanding of relationships between processing parameters and final part properties for
components that have unique features and/or material properties [10,11]. Because of the
complex thermal phenomena that occurs during the printing process, particularly for
metallic parts, variability in final part properties can be extremely high. It is important to
acknowledge that AM is based on layer-by-layer processing using powder as a starting
material for most metallic-AM technologies. Defects such as pin hole voids, incomplete
melting or incomplete filling is common in any layer while >99% of the part may be defect
free. The challenge is to detect and repair these defects as they happen, or stop the printing
process altogether — tasks that are extremely challenging. To accomplish a part with 0%
critical size defect requires optimization of the CAD file, its conversion to a surface file, in
addition to all AM processing parameters for that specific machine. This challenge typically
requires manufacturers to conduct large scale parametric studies to understand how
effectively a designed component could be processed via additive. As an example, when
manufacturers are first developing an additive-based manufacturing procedure for a specific
component or material, small test samples are printed with varying process parameters to
determine the optimal processing conditions for achieving desired properties. While this
typically results in information that can help drive the parameter choice process, it may not
be applicable for parts with large and/or complex geometrical features. Other less common
in situ process optimization methods such as on-line process monitoring and in-line quality
control have also been investigated, but are challenging to implement reliably into existing
machine technologies [12-14]. The use of volumetric heat-source energy density to optimize
printing parameters has also been investigated, but has been shown to lack necessary
information about the thermal phenomena that occurs during the process, and can be too
generalized to apply to many different material systems [15]. In general, these techniques
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require significant setup time and materials which quickly increase production costs and are
largely non-transferable among material systems and machines. Because of these challenges,
researchers and machine manufacturers are developing new, innovative approaches, such as
process simulation. The main driving force for modeling is that it requires no raw materials
or machine use, thereby reducing overall time, resources, and potential machine damage
[16-18]. In many cases, having a successful first print is the most challenging task for
developing an additive-based manufacturing process, which is where simulation can play a
vital role in identifying problems along several length scales. One of these model types is
thermomechanical simulation, whereby, temperature history and residual stresses at the part-
scale are predicted. These parameters are known to play a significant role in processing
variability and variation in final part properties. While it is understood that experiment-based
final optimization is necessary for substantiating the process, it is envisioned that
thermomechanical modeling will become a mainstay tool for engineers and manufacturers to
gain fundamental insights early in the design cycle, and supplement experimental parameter
optimization techniques [19]. The widespread implementation of modeling will ultimately
lead to a more economic overall manufacturing process because critical components that
require days to weeks to manufacture could be saved from becoming scrap through
predictive modeling. Additionally, new additive applications will significantly benefit from
thermal modeling of AM, such as multi-material additive manufacturing, alloy development,
topology optimization, which all individually contribute to application-optimized design
methodology. With increases in computational power and the need to meet increasing design
requirements while simultaneously saving cost and time, thermal modeling of additive
manufacturing phenomena will be used as often as structural or thermal analyses are used by
engineers for application-specific simulation in the engineering design process. While it
shows promise, much of the literature to date is meant to be understood by experts in the
thermal modeling/numerical analysis field, and not for experimentalists or a general
audience interested in gaining fundamental insights. Among relevant review papers, Galati et
al. (2018) and Thompson et al. (2015) have surveyed some of the complex transport
phenomena and modeling for EBM and DED processes, and Zeng et al. (2012) provided an
early review of initial thermal analysis techniques [20-22]. In addition, Francois et al.
(2017) reviewed some of the current challenges and length scales associated with additive
manufacturing modeling [16]. In a significant amount of the literature, however, authors are
focused solely on developing numerical models, leaving experimental validation, the
potential for direct applications, and an emphasis on the fundamental phenomena lacking.
The primary focus of this work is to provide coherence to an otherwise scattered landscape
of modeling efforts and emerging techniques of AM across the literature, as well as how
they might play a role in future applications. The fundamentals of modeling directed energy
deposition (DED) and powder bed fusion (PBF) thermal phenomena are discussed [23]. In
addition, techniques for validating these models, as well as future applications and
perspectives on thermal modeling are discussed.

Metallic AM — Towards Processing Simulation

ASTM has developed a widely-acknowledged classification standard that distinguishes
additive manufacturing processes into seven main categories, each defined by the mechanics

Addit Manuf. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bandyopadhyay and Traxel Page 4

of the layer-by-layer building process [24]. Out of the seven designated categories, directed-
energy-deposition (DED) and powder-bed-fusion (PBF) techniques are most known for their
ability to manufacture functional metal components with properties that rival those of
traditional processing techniques while requiring minimal post-processing steps [23]. Both
PBF and DED techniques utilize a laser or electron beam to melt metal powder or wire that
solidifies in a layer-by-layer manner (see Figure 1). The primary difference between the two
techniques is that DED utilizes a powder flow/wire feedstock system to direct material onto
the build substrate while simultaneously tracing out the build layer, whereas in the case of
PBF, the powder is already within the build chamber and the energy source need only trace
out each layer. A comparison of these techniques, as well as their overall advantages and
disadvantages, can be found in review articles from Debroy (2018) as well as Tofail (2017)
[1,2]. Some examples of components enabled through these two processes are porous
biomedical implants [25-28], internal cooling channels and embedded features [29,30],
location-specific coatings [31-33], multi-material and compositionally graded structures
[34-37], part repair [38—40], among others (see Figs. 1A-1F). Investigation of any of these
innovative designs hinges on a printer’s ability to reliably operate according to the machine
operator’s inputs, otherwise manufacturers become hesitant to explore new concepts, such as
application-optimized design. Increasing reliability requires a deep understanding of how
AM processing parameters play a role in the as-printed product. Some of these aspects
include the as-printed microstructure, defects, porosity, and warping, among others [1,41-
43]. Pores and powder balling can emerge due to either excessive or insufficient laser power
for a given scan speed. The “keyhole effect” occurs when too high power is used at low scan
speeds, and the heat source penetrates deep into the material [42,44,45]. These pores can
become sources of stress concentration in the part and can lead to crack propagation and
failure during processing, or even under more alarming circumstances such as during part
operation (see Figure 2). Teng et al (2017) reviewed some of these main defect modes as
well as some modeling techniques for understanding their origin [45]. Damage tolerance and
defect prediction requires significant attention due to the challenge of making seemingly-
perfect, defect-free metal components. Because large, or highly complex, components can
require days or weeks to finish printing, inconsistencies and failures are incredibly costly. As
an example, if improper parameters are chosen for a 10,000-layer component, the potential
for a defect on any layer can result in a scrapped component. Each machine, whether DED
or PBF-based, has different operating parameters (input power, scan speed, hatch spacing,
etc.), and choosing the optimal combination is often a significant undertaking involving trial
and error methods for each material, geometry, and desired as-printed part properties. These
methods are time-intensive, require extensive raw materials, and are not always successful in
identifying optimal processing parameters for specific applications. As an example, a single
material may work well with additive processes and the parameter optimization is
straightforward for printing small samples, but more complex geometries may require
additional experimentation and optimization. These situations are becoming increasingly
commonplace and warrant the use of supplemental methods and tools to identify optimal
process parameters, such as thermomechanical process modeling. These techniques can
significantly enhance the experimentation process by providing a quick feedback loop to
designers (see Figure 3A). It is more efficient than experimental techniques alone because it
does not require processing time, sample preparation, and extensive characterization
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methods, which may require weeks or months for feedback. With simulation, a few days
may be all that is required to run an effective set of simulations. This does come at a cost,
however, as simulation time and accuracy are inherent challenges to providing effective
information to machine users Nevertheless, thermomechanical modeling software has
already reached first-generation commercialization via companies such as 3DSim (recently
acquired by ANSYS), Simufact, NetFabb Simulation (formerly Pan Computing), and
GEONX (a part of GE Additive) [46—48], among others, and is envisioned to reach a level of
use similar to how extensively finite element software is employed to predict application-
based structural or thermal response to specific engineering situations. Figure 3B provides
an indication of the current state of modeling additive manufacturing-related phenomena on
several different length scales. Microstructural and mesoscale modeling has been
investigated to model phenomena such as grain growth and phase formations [49,50], and
integrated approaches have been made to combine different length scale simulations [51,52].
The more commonly employed simulations for end-users, however, are on the part level i.e.
the macro scale, and involve thermomechanical modeling methods such as finite-element or
finite-difference schemes. Many researchers have used finite element modeling packages to
model macroscale AM processing phenomena (see Table 1), but there is a significant need
to provide easy integration to existing CAD architecture, simplify our understanding of
residual stress formation, and address emerging techniques and applications of metal-AM.

3. Modeling and Simulation of Metal-based Additive Manufacturing:
Fundamentals

The fundamentals of thermomechanical modeling of metal-AM stem directly from early
works on welding from both Rosenthal (1946) and Goldak (1983), who proposed
fundamental relations for welding that describe the interaction between the build substrate,
filler material, and energy source [53,54]. In general, modeling schemes are typically
constructed based on the desired scale, and then reductions based on engineering judgment
are made to eliminate negligible effects and increase computational efficiency. The
importance of specific parameters and modeling strategies varies from technique to
technique, but core aspects such as energy source and heat transfer, material addition, and
residual stress, are present in modeling all metal-AM processes. A modeling consideration
diagram is illustrated in Figure 4, highlighting the main choices researchers have made
based on the desired model output. Table 1 outlines selected modeling literature for the
different processes, strategies that were employed to model the process, and the outcomes
that were achieved.

3.1 General Modeling Outline and Structure

All metal-AM processes discussed herein require treatment for all three modes of heat
transfer, as well as strategies for reducing computation time. These modes include radiation
from the heat source and combined radiation-convection across the surface of the printed
component, as well as conduction through the printed material and surroundings (see Figure
5). In most cases, including all three modes results in a model that is computationally costly,
so reduction strategies must be used to narrow both the scope and model size. One technique
employed by Vasinonta et al. (2007) and Foteinopoulos et al. (2018) is to create a small-
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scale, reduced 2-D model as opposed to a full-scale 3-D part simulation, and focus purely on
the heat transfer phenomena [55,56]. The main advantage of this strategy is the reduced
computational domain and corresponding solution time, but the drawback is the assumption
that out of plane heat transfer and distortion are negligible, which decreases model fidelity
when working with large components and complex geometries. Because of this, 2D
simulation will not provide the insight required for building large-scale functional
components [51], but highlights a strategy that has been employed effectively to model the
process. Even in 3D simulations, however, researchers sometimes take advantage of the fact
that the energy source will be symmetric along the build direction, and they reduce their
computational domain to one half of the actual build size on each layer for single-track
simulations [57]. Most employ the finite element (FE), finite-difference (FD), or finite-
volume (FV) method for modeling the cyclic heat transfer and/or molten metal flow. A
simplified model is shown in Figure 6A, whereby, a mesh of elements is shown on the build
substrate as well as the area where the heat source will be activated [58]. For an extended
discussion of the fundamentals of the finite element method, readers are referred to texts
from K. Bathe (1997) and D. Burnett (1987) [59,60]. Most researchers employ commercial
programs to evaluate the temperature profiles and residual stress using these methods, as
shown in Table 1, but others have developed their own programs to customize the modeling
process. Foteinopoulos et al. (2018) has outlined a 2D modeling procedure that highlights
some of the key aspects of writing a numerical procedure for calculating temperature
profiles and residual stress [55]. Although it employs a finite difference approach (FD) using
rectangular-based elements, the general programming outline is like the finite element (FE)
approach and provides insight into the key aspects of the process (see Figure 7a). Following
this programming structure, material properties and process parameters are first input into
the model, whereby the transient solver properties are determined (time increment, mesh
density i.e. AX & Az). In the first time-increment, heat transfer governing equations are
applied to each of the nodes and solved simultaneously to estimate the temperatures of the
first time-step along the component. This process is repeated until the final nodes are heated
on each layer. At this point, the program simulates a new layer of powder by increasing the
distance between the bottom nodes a value of Az from the base of the domain, and this
general process is repeated until the final height is reached. Extended discussion on the
choice of boundary conditions and other numerical parameters shown in Figure 7b can be
found in ref. [55]. While this model is indicative of the general approach to creating a
thermal model of the additive process, it does not include radiation and any effects from
phase change on the surface of the printed component, which may lead to errors when
calculating the final stress profiles, highlighting a drawback for developing internal
programs to model the complex phenomena inherent in additive processes.

3.2 Energy Source and Heat Transfer Modes

Energy sources are traditionally modeled in the form of a Gaussian distribution (see Figure
6B), whereby the energy input is highest at the center of the beam, and decreases to zero
towards the outer diameter of the spot, within a range that is dependent on the energy source
characteristics and the interactions with the feedstock material [1]. Because of this, these
heat input models generally follow an input equation dependent on the distance from the
center of the beam, r:
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where Q;yis the total power flux (power per unit area) of the heat source, fis a
distribution or density factor of the heat source, # is the laser heating efficiency, and r; is the
radius of the heat source. This relation is often adapted to work in cartesian coordinates via a
simple coordinate transformation dependent on the choice of reference frame and dimension
of the model (2D vs. 3D). From this expression, it is evident that the input power drops
exponentially from the center of the heat source, and with larger r, there is a lower power
density at every location (see Figure 6B). The Gaussian relation directly affects
temperatures near the surface of the component, conduction through the component and to
the baseplate, as well as the residual stresses that are formed within the component over
time. Other heat source models can be found in the literature, such as ellipsoidal [61,62],
which is used to mimic the temporal distribution into the component (as determined
experimentally from a typical melt pool), which removes the requirement to model a heat
source in detail, significantly reducing overall computational cost [63]. Once the energy
source begins to interact with the feedstock material, the heat produced is either absorbed by
the feedstock or reflected into the build chamber. The heat transferred into the feedstock
induces a combined conduction and phase change heat transfer process (solid to liquid) to
form a melt pool which is then rapidly solidified. Among different approaches, energy
absorption can be fully accounted for in the efficiency term 5, where the material absorbance
and laser efficiency are lumped together. E. Yang et al. (2016) set this value to 45% for DED
of Ti6A14V [64]. Mukherjee et al. (2017) incorporated a second absorptivity term to
represent the absorption of laser energy by the previously deposited layer, adding an
additional level of detail that is typically ignored within most models [57]. For powder-bed
processes, the laser efficiency can also be related to the height of the powder bed and factors
such as powder packing density, temperature, operating environment, etc., that can affect the
overall absorptivity and conductivity of the powder bed [65,66]. In addition, to model DED-
wire based processes, an alternative method involves breaking up the heat source into two
components (one to heat the wire, and one to heat the substrate) to model the difference in
the laser-materials interactions of DED-wire based from both DED-powder based and PBF
methods [67,68]. This method takes into consideration the speed of the wire feed, and for
arc-based processes considers the electric current and operating voltage of the arc. Once the
underlying energy source-material interaction is established, all thermomechanical models
consider a small control volume near the surface of the printed component for balancing the
energy input with the substrate and deposited material. The transient energy balance results
in the governing equation for a cartesian 2D-coordinate system (x and y directions are in
plane with the heat source) centered on the build substrate:

PG = Q™ i)~ 5k @
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Where p, Cp, and kare material properties that fluctuate significantly throughout the
printing process and are invariably modeled as temperature dependent to accurately reflect
such behavior. The left-hand side of the equation represents the accumulation of heat at the
printed surface during the additive manufacturing process, resulting from the difference of
volumetric heating and conduction loss terms in the x and y directions. This results in a
temperature increase at the surface that is eventually reduced through heat loss once the
energy source begins scanning a different area (i.e. where Qjpp, correspondingly decreases).
Note that for simplicity, enthalpy of formation for phase change is neglected in this equation.
The solution, i.e., temperature profile, for one point in a component will follow transient
temperature (temporal) curves as outlined in Figure 6C [69]. Typical temporal distributions
across a component are illustrated in Figure 6D, where red corresponds to high-temperature,
and dark-blue to low temperature. On the boundary of the model, a combination of
convection and radiation heat flux boundary conditions are applied to balance heat loss to
the environment with the heat conducted into the printed material. The convection and
radiation heat flux loss expressions are outlined as such:

T

Qconvection = surface Tenvironment) (3)

= €O'(T4 - Tio) 4

deiation surface

Where £is the convection coefficient across the surface of the printed component, 7g, face IS
the component surface temperature, 7gnvironment iS the build chamber temperature, 7. is the
temperature of the surface by which the printed component will exchange radiative heat
transfer (typically the build chamber walls and taken as room temperature), o is the Stefan-
Boltzmann constant, and e is the printed surface emissivity, whose values can be found
throughout the literature. Because EBM is done in vacuum, the convection heat loss
boundary condition is not considered in analyses of its process, only surface radiation. In
both SLM and DED-based processes, however, convection can play a significant role in
accurately modeling heat loss to the environment. For DED, this is due to the forced flow of
inert carrier gas across the surface of the printed material, which significantly increases heat
transfer through convection and reduces overall surface temperatures. J. Hiegel et al. (2015)
demonstrated this significance by running model cases with varying values and expressions
for A, observing a decrease in model error from 15.4% to 2.4% by incorporating

experimentally-determined values of / (forced convection ~ 30 — 40%) in comparison to
m~C

lower values (free convection ~ 10%) [70]. The free convection value is commonly
m-~C

incorporated for SLM processes to account for the inert gas environment such as in work
from Cheng et al. (2016) [71]. For PBF processes, an additional conduction surface
boundary condition consideration is for the un-melted powder bed particles surrounding the
built structure. Some authors have neglected this condition to reduce computation time (by
assuming an insulated outer surface), but Denlinger et al. (2016) demonstrated that not
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including it can lead to 30% higher temperatures compared to experimental values, and even
higher for larger components, suggesting that accommaodation of this condition is critical for
modeling additive processes for functional metal components [72]. Furthermore, because the
radiation boundary condition is nonlinear in temperature, it is sometimes neglected in
models to increase computational efficiency with the assumption that the dominant mode of
heat loss is through conduction to the substrate [73,74]. While this assumption may decrease
computation time for internally-developed programs that don’t have robust radiation
modeling algorithms, it will also have the effect of increasing the surface and bulk
temperatures, which may lead to significant model error, particularly for complex
geometries and larger components.

3.3 Material Deposition and Computational-Domain Growth

One of the most diversely-addressed aspects of metal-AM modeling is the treatment of an
expanding computational domain as a part is printed. Most commercial finite element
programs are designed to operate with a fixed geometry, in addition to being able to perform
mesh-refinement. The challenge with additive processes is that the domain is continually
growing, and modeling simple scans without an increase in domain will not provide enough
insight for printing large and/or complex components. This has motivated researchers to
develop their own programs and/or write subroutines in commercial FEA codes. The two
most common methods of modeling material addition involve the use of “quiet” and
“inactive” element activation (see Figure 8) [75]. In the “quiet” technique, the entire part is
computationally present from the beginning of the process, however, elements’ thermal
properties are significantly lowered until the topmost printed surface reaches the height of
the element of interest. By decreasing the thermal properties of yet-to-exist elements, they
have no thermomechanical effect on the rest of the model [61]. This has been implemented
successfully by Denlinger et al. (2016), Zhao et al. (2012), and Yang et al. (2016) to model
both DED and PBF processes using commercial programs, because the technique does not
require a domain to be built during the simulation procedure, only a condition that activates
the thermal properties of elements nearby to the heat source as it builds a structure. As an
example, one common technique is to activate a top-layer element’s properties when its
location lies within the ~90% range of the Gaussian distribution. In other words, when an
element is within the outer 5% of the scanning heat flux, it is considered solid. A unique
variant of this technique developed by Foteinopoulos et. al. (2018), simply increases the
distance between the bottommost nodes on each successive layer, allowing for an increase in
the computational domain without having to renumber nodes and increase computation time
[55]. Alternatively, in the inactive-activation technique, elements are added as a layer is
finished building, and the entire computational domain resets to accommodate additional
elements. While this technique makes the most physical sense, it is challenging to
implement in commercial FE codes as elements must be renumbered after each layer,
significantly increasing computational cost and motivating the use of internally-developed
codes and programs. This technique has been successfully employed to model both DED
and PBF processes by Ding (2011, 2014), Li et al. (2016), and Prabhakar et al. (2017)
[76,77]. A hybrid strategy employed by Michaleris (2014) has shown reduced computation
time by combining both modeling strategies, whereby, elements higher in the build are set as
inactive, and the following layer is set to “quiet,” then activated when the laser comes into
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contact with the element [78]. This technique is similarly referred to as “life and death”
element activation by Wang et al. (2008) who studied thermal phenomena in welding [79].

3.4 Residual Stress

For thermomechanical models of metal-AM, the end goal is to quantify the residual stress
and/or distortion that is developed during printing, and authors have chosen to model this
using a combination of elastic and plastic stress models based on temperature cycling.
Residual stress primarily stems from the high thermal gradients and cooling rates that are
inherent in the process, and influences the printed material’s tendency to expand and
contract due to temperature change, affecting the bonding forces and corresponding stresses
between the printed material, substrate, and/or other printed layers. Depending on the quality
of the build parameters and the feedstock material properties, thermal expansion/contraction
can result in delamination from the substrate and/or subsequent layers, wherever the bonding
is weakest. A fundamental explanation of this phenomenon is described in refs. [1,80],
which fundamentally shows that plastic strain plays a significant role in the metal-AM
process, and indicates why authors typically choose to incorporate elastic-plastic theory into
their thermomechanical models for residual stress prediction. Heigel et al. (2015) and Yang
et al. (2016) both used a perfect plasticity model for DED, and Heigel et al. also
incorporated effects from annealing due to reaching the annealing temperature for Ti6AI4V
[64,70]. Vastola et al. (2016) used an isotropic hardening model related to the absolute stress
in the material developed during the EBM process [81]. Parry et al. (2016) and L. et al.
(2018) additionally included effects of plastic-regime work-hardening to model SLM-based
processing [73,82]. Most models predict that in front of the energy source, compressive
stresses are developed, and then as the energy source passes, tensile stresses begin to
develop, verified by the simplified analysis referred to in the beginning of this section [1].
The stress in the build direction is predominantly recognized as the source of cracking and
distortion behavior, and the stress in the build direction is responsible for delamination from
the substrate (see Figure 8B) [57]. The main results from these models (and others
displayed in Table 1), show that residual stresses can be decreased through manipulation of
different processing factors. One of the main strategies mentioned in the literature is
preheating the baseplate and/or powder bed before depositing or melting the first layer of
material. Vastola et al. (2016) calculated that a 50°C increase in the powder bed temperature
in EBM showed a decrease of 20% in residual stresses, and this suggestion was similarly
proposed by Prabhakar et al. (2015) [83,84]. This strategy greatly reduces the thermal
gradients and subsequent thermal stresses that are incumbent during processing.
Additionally, varying scan patterns has been shown to play a role in the directional
dependence of final stresses in the printed component as well as the overall magnitude of the
residual stress [82,85,86]. Denlinger et al. (2017) proposed that reduced residual stresses
were exhibited due to the rotating nature of the scanning strategy, and the homogenization of
the stress field [86]. Similarly, Cheng et al. (2016) concluded that out of various line,
“island,” and “snake” SLM-processing strategies, the lowest stresses in the build direction
and out-of-plane distortion occurred with a 45° alternating scanning strategy, as similar
stress fields were developed in both the X and Y directions on subsequent layers [71]. These
models highlight the fact that thermal modeling has the potential to aid the design process
for engineers by providing fundamental insights into the thermomechanical behavior of the
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materials as they are being printed, and suggest strategies for mitigating defects and
delamination inherent in the parameter optimization process.

4. Experiment-Based Model Verification and Validation Techniques

Model verification ensures that the model runs as designed from the provided inputs and can
be accurately compared to a benchmark solution provided in the literature, or first-principles
analysis based on fundamental knowledge gained from other models or welding simulations.
Model validation involves the use of experimentation to quantitatively ensure that the model
accurately represents the physics of the problem [87]. Validation of both residual stress and
temperature becomes a formidable challenge for investigators due to the inability to
effectively incorporate physical measurement equipment on printed components, in addition
to capturing thermal phenomena that occurs on small time and length scales. Nevertheless,
researchers have utilized various techniques to evaluate the accuracy of their models. One
common technique involves the use of a specially-mounted build substrate with a
combination of thermocouples, displacement sensors, and strain gauges to monitor
temperature, residual stress, and substrate deflection due to the thermal contraction and
expansion during processing (see Figs 9A & 9B). In most experiments, the substrate will
tend to deflect upwards due to the compressive stresses in the topmost section of the
substrate, and this provides researchers a metric for comparing model deflection results to
those of experiment. This specific method is accomplished by modeling the temperature,
deflection, and residual stress occurring during the printing process with both the printed
component and the cantilevered substrate in the computational domain, and then
experimentally monitoring the response of the substrate. A simple structure is often chosen
to be printed to decrease computation time for the model, and minimize error associated
with predicting heat transfer in complex geometries. Thermocouples are typically attached to
the substrate near the printed structure to minimize error. For validation, the results of both
the thermal model and the experiment are superimposed on a graph, and comparisons are
drawn (as shown in Figure 9C). Lia et al. (2018) uniquely embedded a thermocouple within
the printed structure to monitor temperature (see Figure 9D) [88]. To quantify the model
error for temperature, a node in the thermal model that is nearest to the actual thermocouple
location is chosen, and the temperatures at each time point for the model are compared to the
actual thermocouple reading. Within experimental investigations, Yang et al. (2016)
measured as high as 1.2mm of deflection at the furthest point from the constrained substrate
end when printing Ti6Al4V [64]. Using a similar setup, Heigel et al. (2015) demonstrated
that the deflection direction is dependent on which direction the energy source is traveling
(towards the free end or away from the free end) [70]. It was shown that when the laser was
moving away from the free end, compressive stresses were developed that increased the
tendency for the substrate to bend upwards. The temperatures and residual stress
measurements were in strong agreement with the models (11% error for temperature, no
error reported for residual stress), highlighting the efficacy of this technique. While the
investigations shown in Figure 9 show techniques for DED, the same techniques have been
applied to PBF techniques [89]. Other temperature measurement techniques for both
investigating the thermal phenomena and verifying/validating thermal models have been
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investigated such as infrared thermography and pyrometry [90-93], which have equally
shown strong agreement between experiment and modeling.

Various secondary techniques have been investigated for model validation of the metal-AM
process by testing the as-built structure after printing. These techniques, namely, the hole-
drilling technique and diffractometry, borrow concepts from non-destructive welding and
joint-evaluation. These techniques are established and well-understood, but are typically
only available after a component is built and are challenging to accurately compare to
thermomechanical simulations. The hole drilling method involves instrumentation of the
component with strain gauges in a rosette fashion, drilling a hole on the same plane as the
strain gauges, and then measuring the stress relaxation induced by the hole formation (see
Figure 9E) [94]. Denlinger et al. (2016) used this technique as a secondary model validation
to SLM processing of Ti6A14V and Inconel 625, with limited accuracy [95]. While the
setup is straightforward for this measurement, it is typically regarded as having accuracy
within £50 MPa and has been shown to be fairly unreliable in certain situations, and only
applicable to near-surface stresses [96]. Elsewhere, neutron diffraction has been utilized to
estimate the residual stresses in a similar manner to hole drilling, i.e., after processing
[97,98]. Wang et al. (2017) demonstrated the use of this technique and the challenges
associated with specific materials and their sensitivities to diffraction when in the as-
processed vs. heat treated condition [99]. It is envisioned that these techniques will be scaled
to work with larger geometries and provide feedback to models and the efficacy of
assumptions made during the modeling process.

5. Emerging Metal-AM Applications for Modeling and Simulation

While there are review articles that provide extensive discussion on new applications and
advances throughout additive manufacturing [1,9,100], this section aims to focus on the
major areas where thermal modeling is envisioned to play a vital role in providing
manufacturers feedback on their apgplication-optimized designs and aid the parameter
optimization process for functional metal components.

5.1 Multi-Material Additive Manufacturing

Multi-material AM is a technique that has received significant attention for its ability to
create structures with multiple and/or varying properties and compositions in one or more
dimensions that are challenging, or nearly impossible to make with other manufacturing
techniques [101]. For metals, this process generally falls into two categories: printing
premixed compositions into a functional component, or printing functionally graded
components, whereby, one metal is printed on top of another through a designed joint or
compositional gradient between the materials. Functionally graded components have
received significant attention for their ability to maintain properties that are specific to an
area of a component. These types of structures are typically manufactured from multi-step
methods such as plasma/chemical vapor deposition, special casting processes, or explosive
bonding, but additive allows for the precise control of geometry during processing [102—
105]. Both of these strategies have been investigated using directed-energy-deposition
(DED) due to the ease in changing feedstock compositions, but they have also been
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accomplished via powder-bed techniques with more required steps for changing feedstocks
when printing one end of a component on top of another, or providing a gradation from one
material to another. The main advantage of this technique is its ability to enable environment
or application-specific material design, whereby a component may have a specific material
in a region that sees high-temperature, oxidative, or structural environments, and a different
material in the rest of the component where there may be less-demanding conditions. In
many applications, this concept has been investigated for joining dissimilar materials and
creating unique structures and components that have varying properties from one section to
another. The joints and interfaces typically have smaller heat-affected-zones than welded
joints, and can be accomplished in a single manufacturing step, reducing the cost and time to
design welded joints as well as perform multiple setups and joining processes. Various
authors have investigated the use of this technique for joining common engineering materials
such as Ti6Al4V to Stainless Steel using DED [35,106], Inconel 718 to Copper Alloy using
DED [107], Ti6AIl4V to CoCrMo [108], and Ti6Al4V to Copper using EBM [109] (see
Figure 10). These materials and structures have applications in the aerospace, biomedical,
nuclear, among other industries, where the use of multiple materials in small spaces poses a
formidable challenge for welding or brazing. As with any joining process, however, there are
significant challenges to manufacturing these structures reliably. Some material systems
work well when printed together or on top of one another, but others have formidable
challenges related to thermal property mismatch, immiscibility of constituents, and
formation of brittle intermetallic/ceramic phases at the interface which can cause cracking
and eventually delamination, as is shown in Figure 10B. It is generally acknowledged that
material systems not easily weldable or joinable are also not easily manufacturable in a
multi-material AM process. These challenges are typically addressed via experimental
techniques to minimize thermal gradients, such as baseplate heating and premixing
prescribed compositions of each powder between the two main constituents (a compositional
gradation to decrease interface thermal property mismatch). Elsewhere, thermodynamic
modeling has resulted in optimal composition maps for functional gradients between
materials by avoiding known brittle intermetallic phases [106]. A novel thermomechanical
model proposed by Mukherjee et al. (2018) investigated the effect on residual stress and
distortion of printing both direct and graded joints between 800H (Incoloy/Ni-Cr alloy) and
Ti6Al4V/2.25Cr-1Mo Steel. The results demonstrated that large variations in
thermomechanical properties of the constituents across temperature, as well as variations
between separate materials, lead to complex states of stress and distortion in printed
components. It is envisioned that such modeling efforts will be combined with sufficient
experimentation to provide insight into the effect of processing parameters or feedstock
constituent materials on the transient residual stress development and printability of multi-
material systems (see Figure 10C).

5.2 Novel Materials and Alloy Design

The relative ease of changing the feedstock composition, particularly for powder-based DED
methods, has given rise to alloy design and material development using additive
manufacturing techniques. Traditionally, large scale methods must be used for designing and
experimenting with alloying systems, however, with additive processes, one need only
change the feedstock powder to experiment with the effect of different alloying elements on
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the resulting properties or processability of a material system. While there are inherent
challenges from incomplete melting during processing, this concept has been investigated
extensively to develop aluminum alloys for additive methods. These alloys have widespread
use in many different industries, but inherent challenges for being manufactured via additive
processes due to its high conductivity, thermal expansion rate, and solidification behavior
[110-112]. Investigations by researchers to tailor the solidification behavior has resulted in
aluminum alloys for additive manufacturing that contain elements such as silicon,
magnesium, copper (AISilOMg, Al-5Si-1Cu-Mg), as well as scandium (Scalmalloy®)
[113,114]. In other material systems, premixing compositions of zirconium and titanium
alloys has enabled researchers to design titanium alloys for biomedical and aerospace
applications [115,116]. It is envisioned that modeling could play a significant role in these
experimentation techniques by providing a tool that allows researchers to input the effective
properties of their designed alloy to simulate the additive manufacturing process and
evaluate its ability to be printed and scaled for use in large-scale components. High residual
stresses or thermal gradients due to input parameters could be identified, and modifications
to processing made as necessary.

5.3 Geometry and Process Optimization

Because of the impact that additive manufacturing has on enabling unique designs with
geometries that aren’t possible to manufacture with traditional techniques, there has been
significant investigation into environment-based geometric optimization (see Figure 11)
[117], which has specifically impacted the design of lattice structures for load-bearing and
mass-minimization applications [118-120]. Most CAD software typically offers packages
for topology optimization based on environmental structure and/or thermal loads, whereby,
the software will determine a geometry that safely withstands the prescribed environment
while simultaneously minimizing a design metric such as mass or operating temperature
capability [121]. These techniques, while successful in designing complex geometries, are
mainly based on preliminary design and final function, and not the AM processing
parameters. Due to the complex thermal phenomena that occurs during the additive
manufacturing process, a particular design may not be reliably manufactured and can result
in significantly anisotropic properties due to the chosen parameters [122]. Because of this, it
is envisioned that thermal modeling advances will enable analysis that not only optimizes a
component for a specific application, but is rooted in the chosen additive manufacturing
route, guiding manufacturers and engineers when designing advanced components.

6. Summary and Future Trend

A workflow is presented in Figure 12 which outlines how simulation can be incorporated
into the design-for-manufacturing process for application-optimized components. This
incorporates a full-spectrum, self-improving workflow intended to utilize model reduction
techniques as well as previous simulations to improve both computational efficiency and
accuracy. Inputs from the overall design (geometry, features, materials, first-guess process
parameters) are first uploaded to the simulation workbench (software) where a model is
initiated. Previous simulation data and model reduction techniques are subsequently
incorporated into the model to optimize the simulation time and accuracy. The model is then
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executed and the corresponding temperatures, stresses, distortion, etc. are analyzed by both
the software and the design/manufacturing engineers. If the results are determined to fall
within a range of acceptable tolerance, either by the software or engineers, the process
parameters can then be sent to the machine for experimental validation. If the simulation
results suggest otherwise, a second iteration in the mechanical design, choice of parameters,
or support structures is undertaken. This step could be supplemented with topology
optimization or parametric simulation studies to find an acceptable set of input parameters
and geometries for the desired component, which is highly dependent on the chosen metal-
AM process as well as the simplest solution to achieve acceptable results. In the rocket-
nozzle example presented in Figure 12, the simulation may determine that a unique set of
process parameters or compositional gradation between the two material sections is
necessary. Once an acceptable set of parameters is predicted and decided upon,
experimentation can commence. With the help of process monitoring techniques, the first
print can provide further information on aspects such as temperature, melt pool shape,
porosity, distortion, and other factors which can help validate and improve the accuracy of
the future simulations while contributing to a self-improving process for the specific
component. Final part properties and tolerances will additionally contribute to process
improvement. These efforts will directly reduce waste material and time inherent in brute-
force parameter optimization techniques and provide fundamental insights into the process
that can help to develop improved standardization and design metrics for manufacturers and
end-users of advanced components.
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Leading Metal AM Processes
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Figure 1:

Classification of additive manufacturing processes and relevant applications. Powder bed
fusion (PBF) and directed-energy-deposition (DED) are the two most widely-employed

techniques for printing functional metal components. (A) Pure-Copper component

manufactured via EBM with internal core structure [127] (B) Porous Nickel-Titanium shape-
memory structure enabled via SLM [128] (C) LMD (or DED) repair of SLM-based Inconel
718 fuel burner [39] (D) Porous Ti6Al4V components enabled via SLM technique [129] (E)
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Structurally-optimized titanium-alloy component enabled via SLM [122] (F) Titanium hip
stems manufactured via EBM [130].
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150 pm

Figure 2:
Common defects and failures during metal-AM processing. (A) Pores in EBM Ti6Al4V

prior to hot isostatic pressing [41] (B) Cracking and delamination in SLM M2-High Speed
Steel [131](C) Microcrack formation and pores induced in SLM Hastelloy X, a Ni-based
superalloy [132](D) Pores induced from keyhole laser effect in PBF SS316 stainless steel
[44]. (E) Keyhole formation in laser processing of Ti6Al4V [45].
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Figure 3:
Schematics of the role of thermomechanical modeling in the manufacturing simulation and

parameter optimization process. (A) Block diagram describing the process of parameter
optimization for a specific application. (B) A proposed integrated approach to model the
thermomechanical response and resulting properties of additively manufactured components
on multiple scales [16].
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Figure 4:

Thermomechanical modeling outline illustrating the main choices associated with creating a

thermal model of AM.
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Figure 5:
Dominant heat transfer modes in DED and PBF.
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Figure 6:

Examples of thermomechanical modeling fundamentals. (A) A general mesh around the
build substrate and the area where the heat source will be applied [58]. (B) A Gaussian
distribution showing the increase in focus of the distribution for higher values of f [1]. (C)
A typical temporal diagram [69]. (D) Distribution of heat within a printed component on the

first and third layers. Adapted from [57].
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Page 30

General programming outline for a 2D, uncoupled-finite difference (FD) numerical analysis
scheme for predicting temperatures while a component is printed. (A) Programming block

diagram illustrating the logic structure that governs the numerical solver. (B) The

computational domain on which the logic structure in (A) applies, where a rectangular mesh
is employed. Both images adapted from [55].
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Figure 8:

Strategies and outputs of thermomechanical models. (A) Material addition modeling
strategies employed by various authors. (B) Stress distributions in a printed structure after
the final layer has been printed [57]. (C) Residual stress profile along deposition path of a

multi-material structure [133].
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Figure 9:
Model validation experimental setups and design. (A) Thermo-mechanical validation station

for DED of Ti6Al4V [70]. (B) Thermocouple and strain gauge locations for the setup in (A)
[70]. (C) Typical temporal (temperature) curves illustrating a comparison between model
and experimental data [76]. (D) Micrograph of an embedded Alumina thermocouple within
a track of printed material, measuring temperatures during processing [88]. (E) Schematic of
the hole drilling method with the resultant residual stresses shown [94].
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(A

Ti64 Layer

SS410 Base

Figure 10:
Examples of multi-material additive manufacturing. (A) Ti6Al4V cylinders with copper

deposited on top, utilizing a multi-step EBM process. Adapted from [109]. (B) Stainless
Steel (SS410) to Ti6AI4V direct-bonding microstructure showing crack perpendicular to
interface, fabricated via DED [35]. (C) Bimetallic structure composed of magnetic Stainless
Steel (SS430) and non-magnetic stainless steel (SS316), fabrication via DED [36]. (D)
Stainless steel (304L) to Inconel 625 with gradient zone fabricated via DED. Adapted from
[134].
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Figure 11:
Topology optimization process for AM of metals using ABAQUS™ software package.

[118].
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Figure 12:
Design for manufacturing process workflow for incorporating simulation into the parameter

optimization process for advanced components with variable geometry, composition, and
functionality.
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Parameters, Geometry, Support
Structure Design, etc.
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parameters have been
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Table 1:

Selected thermomechanical modeling literature, the authors’ overall strategy, and major outcomes.
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Process

Ref

Material

Energy Source

Element Scheme

Analysis

Major Outcomes

DED Powder Feed

[70]

Ti6AI4V

Ellipsoidal

Hybrid

3D-Uncoupled, Pan Computing

Incorporating
forced convection
boundary
conditions in the
model improves
temperature and
corresponding
residual stress
estimates.

[64]

Ti6Al4V

Ellipsoidal

Quiet

3D-Coupled, Not Listed

When printing on
cantilevered plate
for model
verification, plate
will tend to bend
upwards.

[57]

Inconel 718 +
Ti6Al4V

Gaussian

Not Specified

3D-Uncoupled, ABAQUS

For printing tall
structures,
reducing the layer
thickness can
increase
distortion, while
simultaneously
decreasing
residual stresses.

DED Wire Feed

[76,77]

Mild Steel Wire

Gaussian

Inactive

3D-Coupled, ABAQUS

Residual stress
across a line of
deposit is
uniform with low
affect from
previous layers’
stress profile.

[123]

Steel Wire

Ellipsoidal

Quiet

3D-Coupled, MSC-Marc

Final deposition
path can have
significant effect
on the final
residual stresses

[68]

Inconel 718 Wire

Uniform Source

Inactive

3D-Coupled

Using a large-
strain plasticity
model can result
in higher
accuracy, but also
increases
computational
cost significantly.

PDF EBM

[81]

Ti6AI4V

Gaussian

None-Single Scan

3D-Coupled, ABAQUS

Increase in bed
preheat
temperature as
high as 50°C can
reduce residual
stresses by ~20%.

[124]

Rene 80 (Ni-based
superalloy)

Gaussian

None-Single Scan

3D-Coupled, SYSWELD

Yield stresses
were easily
achieved after
heat source
passing.

[84]

Inconel 718

Effective (Temp-Driven)

Inactive
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3D-Uncoupled, ABAQUS

Preheating
substrate prior to
printing will
reduce the
magnitude of the
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Process

Material

Energy Source

Element Scheme

Analysis

Major Outcomes

residual stresses
developed.

PBF SLM

[65]

AlSi10Mg

Gaussian

Hybrid

3D-Uncoupled, ABAQUS

Relatively long
laser exposure
time (slower scan
speeds) will tend
to induce a much
larger residual
stress field.

[73]

Stainless Steel 316

Gaussian

Inactive

3D-Indirectly Coupled-FE ANSYS

Residual stress
calculation is
reduced at high
temperature when
temperature-
dependent
thermophysical
properties are
accounted for.

[82]

Ti6AI4V

Gaussian

Inactive

3D-Coupled, MSC-Marc

No significant
variation in
residual stresses
among different
“square pattern”
scan strategies,
but significant
variation in
directional
stresses.

[125]

Inconel 718

Double Ellipsoidal

Quiet

Thermal FE-Only Pan Computing

Assuming
powder layer is
insulator can
significantly
overpredict
temperatures in
component.

[62]

Inconel 718

Ellipsoidal

Hybrid

3D-Weakly Coupled Pan
Computing

Rotating scan
patterns can
homogenize
residual stress
fields.

[126]

Fe-based

Gaussian

Inactive

3D-Coupled ABAQUS

Equivalent heat
source method
used from single-
layer simulated
temperature field,
reduced
computational
cost and
maintained
accuracy.

[71]

Inconel 718

Gaussian

Quiet

3-D Coupled, ABAQUS

Rotating 45° scan
patterns produce
the lowest planar
stresses and
deformation
when compared
with other
scanning
strategies
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