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Abstract: Metal additive manufacturing (AM) has grown in recent years to supplement
or even replace traditional fabrication methods. Specifically, the laser powder bed fusion
(LPBF) process has been used to manufacture components in support of sustainment
issues, where obsolete components are hard to procure. While LPBF can be used to solve
these issues, much work is still required to fully understand the metal AM technology to
determine its usefulness as a reliable manufacturing process. Due to the complex physical
mechanisms involved in the multiscale problem of LPBF, repeatability is often difficult
to achieve and consequently makes meeting qualification requirements challenging. The
purpose of this work is to provide a review of the physics of metal AM at the melt pool and
part scales, thermomechanical simulation methods, as well as the available commercial
software used for finite element analysis and computational fluid dynamics modeling. In
addition, metal AM process qualification frameworks are briefly discussed in the context of
the computational basis established in this work.

Keywords: metal additive manufacturing; multiscale physics; process simulation;
multiscale simulation; process qualification; laser powder bed fusion

1. Introduction
Metal additive manufacturing (AM) has grown in recent years to supplement tradi-

tional manufacturing methods in the spaces of design, parts production, and even com-
ponent repair. Whereas the AM technology was largely used for rapid prototyping, it has
now gained in popularity to become a part of mainstream manufacturing processes [1,2].
In several cases, metal AM has been used to replace traditional manufacturing methods
due to its ability to manufacture low volume complex components more cheaply [3]. As
parts age in older systems and become obsolete, they consequently become more difficult
to procure. Therefore, it becomes challenging to source these parts at a reasonable price
due to a high initial investment by manufacturing facilities to set up tooling, material, and
manpower [4]. Metal AM avoids this as the only setup required is the fabrication machine
itself, which makes producing low volume complex components more favorable [5].

The laser powder bed fusion (LPBF) process has emerged as a popular form of metal
AM; it is depicted in Figure 1. The metal powder is raked across the build plate and is
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melted with a high-power laser [6] including, but not limited to, YAG [7,8] and CO2 [9,10]
laser sources. The build piston is then lowered, and a new layer of powder is deposited.
This process continues until the part is fully built. The chamber is typically filled with an
inert gas environment like argon or nitrogen to reduce the risk of oxidation of the part
during the micro-welding process [11].
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Figure 1. Typical internal schematic of an LPBF machine.

In the LPBF process, the key parameters involved in the manufacturing process can be
categorized as follows [5]:

• Processing: laser power, laser spot size, scan velocity, scan strategy, hatching space.
• Material: alloy powder, powder size distribution, packing density, layer thickness,

build plate temperature.
• Chamber environment: build volume, inert gas, gas flow speed, chamber temperature.

While this list is not comprehensive, as there are hundreds of process parameters
involved both controllable and uncontrollable, a combination of them must be regulated
and checked to ensure that the part can be printed with the desired material properties. In
tandem, the process itself must be repeatable [12].

Despite advances in the usage of metal AM as innovative solutions in support of
the production of both new and old components, the issue of process repeatability re-
mains a large issue in accepting it as a reliable manufacturing method [4,13]. In LPBF,
part related defects and errors can present themselves in the form of porosity, cracks, and
delamination due to exceeding tensile stresses at the layer interfaces exceeding the yield
stress of the alloy [14], incorrect scanning, part warpage, and distortion from developed
residual stresses [15], and the recoater crashes [16,17]. In the melt pool scale, defects, such
as gas porosities, keyholing, and lack of fusion, can manifest during the manufacturing
process [18]. An understanding of these defects and how to minimize their effects through
post-processing treatments can help improve the mechanical behavior of LPBF compo-
nents [19]. Samples of these defects are shown in Figure 2. Current efforts in process
qualification rely on destructive testing of coupons to obtain and validate material proper-
ties [16]. This can be costly, as destructive testing generally demands large quantities of
powder material and significant manpower to prepare, build, and test coupons. Further-
more, destructive testing typically has an extensive cost in regard to time depending on the
number of samples and type of test [4,13].
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Major developments have been made in using computer-aided design (CAD),
computer-aided engineering (CAE), and computer-aided manufacturing (CAM) meth-
ods in alleviating the costly factors in producing physical test samples [20–22]. For example,
thermomechanical modeling of LPBF aerospace components has been utilized as a qualifi-
cation tool to quantify part quality and verification of the manufacturing process [23–25].
However, the reliability of the CAD/CAE/CAM methods to verify the LPBF process are
dependent on the physical phenomena elucidated in simulation models [26]. Inherently,
the LPBF process is a multiscale process that involves complex physics from the melt pool
scale to the structural stress and distortions at the part scale [27]. Thus, the purpose of
this work is to provide a review of the physical phenomena, analysis methods, modeling
software, and process qualifications used in the LPBF process.

The rest of this paper is structured as follows: Section 2 discusses the multiscale
phenomena in LPBF from the melt pool scale to the part scale. Part scale thermomechanical
models and simulation methods of LPBF are examined in Section 3. In Section 4, com-
mercial software available to model the LPBF process are compared, highlighting their
capabilities and applications. Section 5 is focused on process qualification methods for
LPBF components. Finally, an overall discussion and summary of the work presented are
provided in Sections 6 and 7, respectively.

2. Physical Phenomena in the LPBF Process
As stated in the previous section, the LPBF process is a multiscale process, as many

phenomena are involved to fully capture the physics involved in product manufactur-
ing [27–29]. The length and time scales of the LPBF process are shown in Figure 3, where
the phenomena scale can range from the melt pool scale to the entire part scale. With
respect to time, the process scales from rapid melt pool formation all the way to the build
time of the components. By understanding the physical phenomena in the LPBF process,
strategies to select and optimize process parameters can be controlled to minimize defects,
obtain proper material properties, and ensure the reliability of the manufacturing process.
For example, optimization of process parameters for 316L steel can be used to obtain high
densities and overcome limitations in the mechanical properties of traditional manufactur-
ing by controlling the resulting microstructure [30]. The following section generalizes these
scales into the physics at the melt pool scale and at the part scale.



J. Manuf. Mater. Process. 2025, 9, 22 4 of 33J. Manuf. Mater. Process. 2025, 9, x FOR PEER REVIEW 4 of 35 
 

 

 

Figure 3. The multiscale relationships involved in the LPBF process [28]. 

2.1. Heat Source Models 

To obtain proper mechanical responses, whether in the melt pool scale to elucidate 
grain structure evolution or in melt pool modes all the way to part scale thermal distor-
tions and residual stresses, a proper thermal model must be used. Several models have 
been developed for heat sources [31–33] in analytical and energy sources for the heat equa-
tion. Rosenthal [34] was a pioneer in developing an analytical temperature solution for a 
moving heat source in welding applications for a semi-infinite solid; Goldak and Akhlaghi 
[35] summarized various models for welding heat sources including Gaussian, hemi-
spherical, and ellipsoidal distributions; and Yang and Ayas [32] presented three treat-
ments for modeling heat sources: point, surface, and volumetric heat sources for modeling 
the thermal scanning process of LPBF. 

Table 1 lists the above power distribution equations along with an exact temperature 
solution as provided in its reference source. The utilization of a specific heat source model 
depends on the level of simplification required to improve computational efficiency. 

Table 1. List of heat sources used in modeling temperature distributions in metal AM. 

Heat Source Model Equation Reference 

Rosenthal 𝑇 ൌ 𝑇  𝑞ሶ2𝜋𝑘𝑟 expቆ−𝑣ሺ𝑟  𝜉ሻ2𝛼 ቇ [34] 

Gaussian Distribution 𝑞ሺ𝑟ሻ ൌ 𝑞ሺ0ሻ𝑒ିమ [35] 

Hemispherical Distribution 𝑞ሺ𝑥,𝑦, 𝜉ሻ ൌ 6√3𝑄𝑐ଷ𝜋√𝜋 expቆ−3𝑥ଶ𝑎ଶ ቇ expቆ−3𝑦ଶ𝑏ଶ ቇ expቆ−3𝜉ଶ𝑐ଶ ቇ [35] 

Ellipsoidal Distribution 𝑞ሺ𝑥,𝑦, 𝑧, 𝑡ሻ ൌ 6√3𝑄𝑎𝑏𝑐𝜋√𝜋 expቆ−3𝑥ଶ𝑎ଶ ቇ expቆ−3𝑦ଶ𝑏ଶ ቇ expቆ−3ሾ𝑧  𝑣ሺ𝜏 − 𝑡ሻሿଶ𝑐ଶ ቇ [35] 

Point Heat Source 
𝑄 ൌ 𝑃Δ𝑡 𝑇ሺ𝑥, 𝑡ሻ ൌ 𝑄𝐴4𝜌𝑐൫𝜋𝛼ሺ𝑡 − 𝑡ሻ൯ଷ ଶ⁄ expቆ− 𝑈ଶ4𝛼ሺ𝑡 − 𝑡ሻ ቇ [32] 

Surface Heat Source 
𝑄௦ ൌ 2𝑄𝜋𝑟ଶ expቆ−2𝑟ଶ𝑟ଶ ቇ 𝑇௦ ൌ 𝜔න න 𝑄௦4𝜌𝑐൫𝜋𝛼ሺ𝑡 − 𝑡ሻ൯ଷ ଶ⁄ expቆ− 𝑈ଶ4𝛼ሺ𝑡 − 𝑡ሻ ቇ 𝑟𝑑𝜃ଶగ

 𝑑𝑟  
[32] 

Volumetric 𝑄௩ ൌ 𝑄𝛿 exp ൬−𝑈ଷ𝛿 ൰ [32] 

Figure 3. The multiscale relationships involved in the LPBF process [28].

2.1. Heat Source Models

To obtain proper mechanical responses, whether in the melt pool scale to elucidate
grain structure evolution or in melt pool modes all the way to part scale thermal distortions
and residual stresses, a proper thermal model must be used. Several models have been
developed for heat sources [31–33] in analytical and energy sources for the heat equation.
Rosenthal [34] was a pioneer in developing an analytical temperature solution for a moving
heat source in welding applications for a semi-infinite solid; Goldak and Akhlaghi [35]
summarized various models for welding heat sources including Gaussian, hemispherical,
and ellipsoidal distributions; and Yang and Ayas [32] presented three treatments for mod-
eling heat sources: point, surface, and volumetric heat sources for modeling the thermal
scanning process of LPBF.

Table 1 lists the above power distribution equations along with an exact temperature
solution as provided in its reference source. The utilization of a specific heat source model
depends on the level of simplification required to improve computational efficiency.

Table 1. List of heat sources used in modeling temperature distributions in metal AM.

Heat Source Model Equation Reference

Rosenthal T = T0 +
.
q

2πkr exp
(
− v(r+ξ)

2α

)
[34]

Gaussian Distribution q(r) = q(0)e−Cr2 [35]

Hemispherical Distribution q(x, y, ξ) = 6
√

3Q
c3π

√
π

exp
(
− 3x2

a2

)
exp

(
− 3y2

b2

)
exp

(
− 3ξ2

c2

)
[35]

Ellipsoidal Distribution q(x, y, z, t) = 6
√

3Q
abcπ

√
π

exp
(
− 3x2

a2

)
exp

(
− 3y2

b2

)
exp

(
− 3[z+v(τ−t)]2

c2

)
[35]

Point Heat Source
Q = P∆t

Tp(x, t) = QA
4ρcp(πα(t−t0))

3/2 exp
(
− U2

4α(t−t0)

)
[32]

Surface Heat Source
Qps =

2Q
πr2

l
exp

(
− 2r2

r2
l

)
Ts = ω

∫ rl
0

∫ 2π
0

Qps

4ρcp(πα(t−t0))
3/2 exp

(
− U2

4α(t−t0)

)
rdθ dr

[32]

Volumetric
Qpv = Q

δ exp
(
−U3

δ

)
Tv = ζ

∫ δ
0

∫ rl
0

∫ 2π
0

Qpv

4ρcp(πα(t−t0))
3/2 exp

(
− U2

4α(t−t0)

)
rdθ dr dx3

[32]
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Naturally, the volumetric heat source closely represents the actual heating in the LPBF
process, as both the surface and depth of the powder bed are penetrated by the laser source
to melt material. However, using simplified models for the heat source can often lead to
higher temperature predictions because the energy becomes more concentrated with each
simplification level [32], as shown in Figure 4. When comparing laser models, Yang and
Ayas [32] showed that point and surface models yield comparable results to each other
and were also higher than the volumetric heat source. The resulting lower temperature is
attributed to the laser’s penetration depth, δ, in which a larger value correlates to a lower
temperature. This is a direct result of the Beer–Lambert law, which states that the intensity
of the radiation inside the material drops to 1/e of the initial density of the heat source,
where e is Euler’s number [36].
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Figure 4. Comparison of normalized temperature histories by heat sources predicted by (a) point
source and surface source models and (b) point source and volumetric source models with vary-
ing penetration depth. The temperatures T and Tm are predicted and melting temperatures,
respectively [32].

2.2. Physical Phenomena at the Melt Pool Scale

The physical phenomena at the melt pool scale in the LPBF process is depicted in
Figure 5. When the laser source heats the powder bed, solid powder particles are heated,
changing phases to a liquid coalescing to a melt pool, then cooled completely to solidify as
part of the solid structure of the part [36]. The process in which this occurs is in the time
scale order of milliseconds due to high scan speeds ranging from about 100 to 1000 mm/s
and rapid solidification rates in the order of 106 K/s [37]. The length scale is in the order of
micrometers due to the size of metal powder particle sizes ranging from 10 to 100 µm as
well as laser spot sizes of tens of micrometers [38,39]. This process is highly dependent on
properties such as the laser exposure time, powder layer thickness, size of the laser beam
itself, as well as the thermal properties of the material.

The fundamental phenomena involved in melt pool dynamics is dependent on the
conservation equations of mass in Equation (1), momentum in Equation (2), and energy in
Equation (3), respectively:

∂ρ

∂t
+∇ · ρv = 0 (1)

ρ

[
∂v
∂t

+ (v · ∇)v
]
= −∇P + Sm (2)

ρ
∂h
∂t

− ρ(v · ∇)h = ∇ · (k∇T) + SE (3)
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where ρ is the material density, t is time, v is the velocity vector, P is pressure, Sm represents
the momentum sources related to the fluid dynamics in the melt pool, h is enthalpy, k is
the thermal conductivity of the material, T is temperature, and SE represents the energy
sources that contribute to the heat transfer in the melt pool and its surroundings. Cook and
Murphy [40] provide an excellent summary of the momentum and energy sources used in
the modeling and simulation of the melt pool dynamics. Namely, the momentum sources
include terms such as the viscosity of fluid, acceleration due to gravity, buoyancy, surface
tension, and recoil pressure. In addition, the energy sources include the addition of the
heat source, evaporation, radiation, and convection off the surface of the melt pool [40].
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The effects of process parameters on the evolution of the melt pool have been studied
by various authors [9,37,41–45]. For example, Yang et al. [37] demonstrated that the melt
pool shapes play a significant role in LPBF material properties for Ti-6Al-4V and identified
the relationships in their formability, microstructural evolution, and mechanical properties.
While the former study varied scanning speed, laser power, hatch spacing, and layer
thickness, Qi et al. [43] also considered the defocusing distance of the laser, which was
shown to impact the amount of laser energy absorbed by the powder bed inducing the two
melt pool shapes, as shown in Figure 6. In addition, they also observed that varying the
defocusing distance changes the morphology and distribution of cracks in builds.
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A few observations can be made with the formation of the melt pool shapes with
respect to melt pool dynamics [44,46]. In the conduction melt pool shape, as shown in
Figure 6a, the laser energy is initially absorbed at the surface of the topmost powder
particles, with the molten material accumulating due to surface tension. The liquid must
have sufficient enthalpy to melt the underlying powder and solid material, so a strong
bond is developed with the lower layers. By contrast, the keyhole melt pool shape—as
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shown in Figure 6b—is characterized by intense metal evaporation [42], recoil pressure [47],
and Marangoni flow [41], causing a deep vapor cavity that enables the laser to penetrate
and absorb energy far deeper than in the conduction melt pool [48]. A more detailed
visual explanation of melt pool dynamics was elaborated by Leung et al. [49] using in situ
x-ray imaging. They were able to capture and quantify the mechanisms that influence the
evolution of melt pool features and their morphology. To ensure control of the resulting
quality of LPBF builds, process monitoring techniques, such as experimental designs [38]
or machine learning [45], have the ability to produce consistent desired material properties
during the manufacturing process.

With respect to the resulting part quality at the melt pool scale, Maamoun et al. [50,51]
studied the effects of process parameters on Al alloy parts with respect to the volumetric
energy density, Ed:

Ed =
PL

vdhtl
(4)

where PL is the laser power, v is the scan speed, dh is the hatch spacing, and tl is the
layer thickness. The authors of [50] determined that Ed affects relative density and porosity
formation as higher Ed values induce gas pores, while lower Ed values contribute to keyhole
pore formation due to lack of powder fusion. Also, with increasing Ed values, surface
roughness is reduced. With respect to dimensional tolerance, the best surface flatness was
obtained with higher dh and v values. In addition, it was shown that grain structure can
change with varying Ed [51].

2.3. Physical Phenomena at the Part Scale

When describing the physical phenomena of AM components in the part scale, or
macroscale, analysis usually occurs in length scales from millimeters to meters, comprising
fine part features (>1 mm) to completed parts tens of centimeters large [22]. The time
scale for parts manufactured by the LPBF process can range from hours to several days,
depending on the build size, as it is determined by the build time during the process.
Referring again to Figure 1, it is useful to understand that the physical processes typically
observed at the part scale include the layer-by-layer build, residual stresses developed, as
well as the thermal deformation of builds.

When builds undergo the immense amount of heat in the LPBF process, heat is ex-
pected to accumulate within the previously melted layers [35,52]. The energy accumulation,
however, is less than typical welding processes since the energy deposited in the LPBF
process is highly localized and rapid, while thermal evolution is more gradual and less
extreme at the part scale [53]. When measuring the thermal evolution in Ti-6Al-4V compo-
nents, Hooper [54] determined that components experience temperature gradients from 5
to 20 K/µm and cooling rates of 1 to 40 K/µs. Depending on the geometry of the compo-
nent, heat will dissipate in the part differently as bulk, solid materials have higher thermal
conductivity when compared to powder particles [55]. More specifically, heat dissipates
faster through conduction when surrounded by fully solidified material, whereas heat
dissipation is slower when surrounded by unmelted powder, due to air gaps between the
particles that hinder conduction. Solidified melt pools surrounded by powder particles can
cause hotspots, exacerbating residual stresses and thermal deformation of the build [56].
Since the AM process is repetitive, in that previously printed layers are often cyclically
heated and cooled, thermal deformation of the entire part is inevitable. This usually results
in manufacturing errors related to build stoppages and defects, such as gas porosities,
keyholing, and lack of fusion [18].
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At the part scale, the fundamental relationships in which a printed part can be modeled
is through the mechanical constitutive equations of stress and strain [57]:

σ = Dεel (5)

ε = εel + εp + εth (6)

where σ is the stress tensor, D is the stiffness tensor, and ε is the total strain tensor. As
shown in Equation (6), the total strain tensor ε is composed of εel , εp, and εth, which are the
elastic, plastic, and thermal strains, respectively. The equations above are dependent on
the temperature profile output from Equation (1) through (3) to model the mechanics of
deformation and stresses developed in the part, quantified by Equation (5).

The evolution of stresses and strain can be studied at the melt pool scale and provide
significant information on the final quality of the component at the part scale. However,
there is a mismatch in connecting analysis at the melt pool scale to part scale [39,56].
While dimensional accuracy has been observed in terms of Equation (4) to show that
contraction of the parts occurs with lower energy densities and oversized parts were
observed with higher energy density values [50], it does not necessarily quantify the
instantaneous evolution of stress and strain developed in as-printed components. The
finer-scale physics related to melt pool formation, such as melt flow and rapid solidification,
directly impact microstructural properties, but are unable to be fully captured at the part
scale due to computational limitations. The reverse is also true, as will be discussed in
the next section, part scale simulations use simplified thermal models to predict residual
stresses and thermal distortion, not considering melt pool dynamics due to the complex
computational power needed to incorporate its physics [58]. As there is a mismatch in the
analysis between the melt pool and part scales, efforts have been made to alleviate and
bridge this gap. A few of these methods are discussed in subsequent sections.

3. Part Scale Modeling and Simulation Methods
Computational modeling and comprehensive simulation tools are essential to elucidate

the principal behaviors of any system. Since a major concern in the adoption of metal AM
is the process repeatability and quality assurance, it is valuable to focus on developing
the physical phenomena that occurs within a build. Issues such as lack of fusion porosity,
melt pool mode effects, and microstructure heavily influence the final as-built part and
its mechanical properties. Being informed of these effects influences the part’s design
and determines whether it can be manufactured via AM. A popular focus on achieving
a comprehensive understanding of the metal AM technology is through the adoption of
process–structure–property (p-s-p) perspective of modeling [5,22,59]. The p-s-p model is a
concept that aims to link the LPBF process parameters to the material’s microstructure and
phase composition, and its resulting material strength properties [22].

A visual of the simulation driven/product design strategy that encompasses the p-s-p
process is shown in Figure 7, where it illustrates how different modeling and simulation
techniques are intertwined to predict and optimize the properties of metal AM components.
The more process-driven aspects of the LPBF process, such as its parameters, tool path,
build geometry, and thermal history, influence much of the thermal history and temper-
ature distribution of the build. Then, the thermal history influences the structure-driven
process where microstructure evolution [60,61] can be described from grain size, orienta-
tion, porosity, and residual stresses. Finally, microstructure data can be used to inform
the property-driven process where constitutive modeling can be used to predict material
properties, such as tensile strength and fatigue properties [62]. Utilizing the p-s-p approach
in the LPBF process can be used to optimize the process by linking thermal conditions,
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microstructure, and final material properties to ensure parts are built with high quality
and precision.
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Incorporating a digital framework to design, analyze, and develop AM products
enables users to develop a comprehensive understanding of the technology. However, the
technology to perform various analyses in metal AM has yet to be fully integrated into
such a computational modeling tool because building a multiscale predictive framework is
challenging in its implementation and accuracy. Yan et al. [59] developed a p-s-p model
for the selective electron beam melting (SEBM) of Ti-6Al-4V, generating an integrated
framework that contains separate physics-based modules that feed into subsequent mod-
ules to ultimately predict yield strength and fatigue properties. The proposed framework
effectively integrated various types of analyses related to the metal AM process, enabling
the computational design of practical components. While development is still required in
establishing a fully integrated modeling tool, the prospects of a multiscale analytical tool
that encompasses the p-s-p model are achievable.

The subsequent sections discuss current methods in performing LPBF modeling and
simulations to predict part scale residual stresses and thermal distortion from temperature
field predictions. Multiple methods of obtaining temperature fields of metal AM build
layers and components through coupled and decoupled thermomechanical approaches are
discussed. It should be noted that all the methods examined below utilize finite element
analysis (FEA) for predictive modeling and simulations.

3.1. Coupled Thermomechanical Models

Thermomechanical models utilize the fundamentals of welding mechanics when
studying high thermal deformations in LPBF [63]. Leveraging from welding models as
a basis, these models aim to predict stresses and resulting deformations in the manu-
facturing process. Alongside residual stresses, thermal deformations occur in the forms
of thermal shrinkage, distortion, or warpage [35]. In layer AM processes, such as LPBF,
previously printed layers that are solidified are subjected to repeated heating and remelt-
ing cycles [64,65], thereby making the formation of fully solidified objects in metal AM
different than typical welding processes. It is critical that the process of modeling the
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part scale stresses and distortions in the LPBF process captures essential physics related to
temperature evolution within the manufactured component to accurately predict material
properties and desired component performance through optimized parameters that meet
requirements to qualify and accept the AM process and part.

In the following sections, three coupled thermomechanical methods for part scale
analysis are discussed. It is coupled because the final structural analysis of the part being
simulated is dependent on the resulting thermal analysis performed. The temperature his-
tory obtained from the thermal simulation is used as the input to the structural simulation
to predict stresses and deformations.

3.1.1. Semi-Analytical Methods

The semi-analytical modeling approach aims to address the LPBF thermal process
simulations utilizing the superposition principle for complete part build analysis [31,66].
It combines both analytical and numerical boundary value problems (BVPs) to predict
thermal field evolution by representing the moving laser source with a finite number of
point heat sources. In this method, the heat equation

ρcp
∂T
∂t

= ∇ · (k∇T) + Qv (7)

is solved where cp is constant-pressure specific heat of the material and Qv is the rate of
volumetric heat generation. While cp can be a function to temperature [67], it is assumed to
be a constant to simplify calculations. In addition, Qv is a function of space and time and
represents the heat generated by the laser heat source during the local scans in the LPBF
process [33]. It should be noted that the temperature field solution does not capture the
phenomena observed in the melt pool scale due to assumptions of temperature independent
properties. The entire domain of the printed component and surrounding environment of
the powder layer and baseplate are geometrically decomposed to its boundaries, as shown
in Figure 8a and 8b, respectively. The basic overview of the temperature of the body, as
shown in Figure 8c, is mathematically composed as follows:

T =
∼
T + T̂ + T̆ (8)

where
∼
T is the analytical solution for a body in semi-infinite space, T̂ is the complemen-

tary temperature field that is solved by the BVP numerically, and T̆ is the temperature
field of specifically spaced image sources as the laser moves sufficiently near the part
boundary [31,68,69].

In the process of the semi-analytical method for one layer, as described by Yang et al. [31],
the scanning of the laser starts over the uppermost powder layer with a predefined scanning
pattern and the increase in temperature within the body is solved by the BVP through
FEA. This process is repeated until the entire part has been built. The assumptions of the
problem are that the heat transfer between the solid and powder regions is negligible, as
well as heat loss due to radiation and when compared to the heat transfer by conduction
within the solid. In addition, the initial boundary condition is the current temperature of
the body when the uppermost layer is placed, and the boundary condition is zero heat flux
on the lateral and top surfaces of the body due to solid and powder interaction; whereas
the boundary temperature at the bottom surface is that of the base plate. The melting,
solidification, and phase change transformations are neglected with no loss of generality in
predicting the thermal field [69].
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Figure 8. Schematic illustration of (a) the body V with its surface ∂V decomposed, (b) body V
submerged into the powder bed bonded to the baseplate and the laser scan applied to the uppermost
layer of the powder, and (c) decomposition of the thermal BVP (adapted from Yang et al. [31]).

To properly model the laser source movement, the mesh size of the FEA is discretized
by a finite number of point sources that are separated by v∆t, where ∆t is limited by the
discretization of the FEA model and computational power available to effectively track the
moving heat source. As a result, the mesh is typically kept sufficiently coarse well inside
the part boundary. However, as the heat source approaches the boundary of the part, the
mesh must be further refined to avoid deviation from the correct temperature solution [68].
This error in temperature is a direct result of T̂ being negligible away from the part’s edges

so the part’s temperature field is described by
∼
T.

In another study, Cole et al. [66] developed a semi-analytical approach to solving the
heat equation by using spectral graph theory and discrete Green’s functions at various
heating conditions in combinations of time and space. Whereas the previous semi-analytical
method relies on intensive meshing and time integration steps typical of FEA processes,
the application of graph theory allows for the meshless spatial relationships of temperature
among discrete points, which simplifies thermal modeling. For the BVP, the Green’s
function solution, defined for the temperature, was defined as follows:

∼
T(r, t) =

∼
Tin(r, t) +

∼
Tg(r, t) +

∼
Tbc(r, t) (9)

where
∼
Tin is the temperature contribution from the initial condition,

∼
Tg is the temperature

from internal heating, and
∼
Tbc is the temperature from the boundary conditions. An

important aspect of the Green’s function is to define the Laplacian matrix operator, which
was derived using the concepts of numerical heat transfer and thermal resistances [70].
When demonstrating the utility of the developed semi-analytical method, Cole et al. [66]
validated that the model agreed with experimental calibration and test case with absolute
errors of less than 5%.

An application making the semi-analytical method useful for simulating the thermal
field at the part scale was demonstrated by Moran et al. [68] with a V-22 osprey link. In
this study, the complete part’s thermal field was modeled and analyzed layer-by-layer to
predict the distribution of thermal defects, namely lack of fusion defects and overheating,
during the LPBF production of the part. The results successfully indicated the regions
where the component is susceptible to defect formation, as shown in Figure 9a. However,
the results are unable to identify the number of actual defects expected in the part, as
no experimental validations for the part were performed. The defect thermal error index
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values in Figure 9b indicate high probabilities of defects based on the temperature output
threshold used in the study. While the semi-analytical method is able to model the laser
movement well, it poses challenges to include the computational performance, and the
amount of refinement needed to capture reasonable results [69]. With the amount of mesh
refinement needed to properly capture the thermal field evolution for each layer scan
of an entire part, it could take up to years in performing thermal analysis of the entire
part, whereas the actual manufacturing time can take days. Therefore, a large cluster of
computing power would be necessary to complete solutions at a reasonable time compared
to the measure of fabrication time.
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3.1.2. The Flash Heating Method

Unlike the semi-analytical method where the scanning pattern and single layers
are analyzed, the flash heating (FH) method is also a part scale technique that analyzes
full groups of layers at elevated temperatures to approximate the heating of individual
laser scans [71]. The process of carrying out the simulation is to perform an analytical
thermal loading for predetermined blocked layers (or meta-layers) of the component,
determine the thermal gradients to a part scale model, and finally perform a structural
simulation to predict the mechanical response to the applied thermal loads as the part is
built. An important aspect of the FH method is that the thermal loading of the meta-layer is
independent of laser-material interaction or, in other words, is independent of scan path, so
an equivalent heat source is uniformly applied to the current activated meta-layer [67,72].
Depending on how thick the meta-layer is compared to an actual layer, the process input
energy and volumetric energy applied is scaled proportionally by ∆/δ where ∆ is the
thickness of the meta-layer and δ is the actual layer thickness [67].

Williams et al. [73] applied the FH method to demonstrate the sequential application
of the block deposition heated at the material melting temperature and allowed to cool
transiently prior to the application of a new block, as shown in Figure 10. This entire
process was repeated until the part was fully built. In their study, the vertical deflection of
a bridge component due to warping as a result of part sectioning from the build plate was
analyzed. When comparing the vertical deflection simulation results to the experiment,
it was shown that results generally agree at the near zero position, where a leg was fixed
to the build plate but diverged further along the span of the component (Figure 11). By
varying the meta-layer height in the simulation build, the results show that larger block
heights tend to diverge from the experimental measurements with underestimations near
the zero x-position and overestimations for the max deflection at the end.
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3.1.3. The Agglomerated Heating Method

While the FH method is generally independent of the scan strategy through means of
lumping multiple layers together, the agglomerated heating (AH) method [74] takes into ac-
count the laser pattern to simulate multiple physical layers. The detailed process simulation
is carried out with agglomerated, or scaled, parameters of the powder layer thickness, laser
radius, and laser power, keeping the scan speed constant. For example, Hodge et al. [75]
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chose to scale their parameters to 20 physical layers, which translated to the laser beam
profile in gray/black, as shown in Figure 12a, to be substantially larger than a typical laser
diameter of about 50 µm [39] due to the chosen number of layers agglomerated.
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represents the normal stress in the z-direction (adapted from Hodge et al. [75]).

The AH method, however, presents limitations in that the results are generally qualita-
tive since the agglomerated layers are overheated due to the size of its laser source used in
the model [74]. By overheating the layers, the thermal profile during the print is overesti-
mated, thus the structural responses, such as stress and deformation, are overestimated [71].
Gouge et al. [71] reported that the simulations resulted in deformations that were 26–28%
magnitude in error compared to experimental validations. In the LPBF process, the laser
scan strategy, for example, plays a crucial role in accurately capturing the temperature
changes that occur during the manufacturing process. The plastic deformation caused by
the movement of the heat source is a significant factor contributing to the development
of residual stresses developed in the component [35,76]. Understanding the relationship
between the process parameters and the resulting residual stresses, as well as thermal
deformation, is essential for improving the quality and performance of LPBF components.

3.2. Decoupled Thermomechanical Methods

Whereas the methods discussed in Section 3.1 are coupled with thermal–structural
approaches, the methods presented in this section are decoupled, meaning that the part
scale structural simulations do not entirely use the full thermal history of the part to predict
residual stresses and thermal deformation.

3.2.1. The Inherent Strain Theory

The theory of inherent strains (IS) is fundamental to the concept of thermal cycling
within welds [35]. Thermal cycling on welded objects causes repeated expansion and
contraction which vary with time and location. Strains that appear in hot regions of welded
areas are restrained by cooler regions further out because expansion is not uniform. When
a new layer is added and heated in the LPBF process, the new material expands; however,
it is constrained by the cooler part beneath, which results in compressive stresses in the
new layer and tensile stresses below. Upon cooling, the new layer contracts faster than
the lower part, generating tensile stresses in the new layer and compressive stresses in the
cooler part underneath [77]. This local phenomenon results in plastic deformation and
leads to residual stresses that are formed in the object after it cools to ambient temperatures;
its associated strains are called inherent stresses. To introduce the IS, the total strain from
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Equation (5) must include the effects of phase transformation and creep strain [35,78] and
can be expressed as follows:

ε = εel + εp + εth + εpt + εcr (10)

where the additional terms εpt and εcr are strains due to phase transformation and creep
strain, respectively. Originally introduced by Ueda et al. [79,80], the inherent strain is
defined by the difference of the total and elastic strains of a welded region at its cooled
equilibrium state:

ε∗ = ε − εel = εp + εth + εpt + εcr (11)

where ε∗ denotes the inherent strain tensor.
The physical interpretation of the inherent strain is shown in Figure 13. Consider

two material points A and B on the undeformed state of a small-scale solid to be at an
initial distance of ds0. After the welding process, the solid is stressed and the material
points deform to new states A′B′ with a distance of ds due to induced thermal stresses. At
this stressed state, the material is cooled down to a defined ambient temperature, causing
thermal strains to relax. When cutting the material near the welded area, its stress is
relieved causing mechanical elastic strain to be released and reach its stress-free state A′′B′′

at a distance ds∗ [76].
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In this process, the IS of an infinitesimal deformation is formulated from the unde-
formed state to the stress-free state as follows [76]:

ε∗ =
ds∗ − ds0

ds0
=

ds − ds0

ds0
− ds − ds∗

ds0
= ε − εel (12)

where the inherent strain is the difference between the total strain experienced in the
welding process and the elastic strain relaxation.

3.2.2. The Modified Inherent Strain Method

The original experimental method for determining inherent strains were performed
with metal plates and assumed to be plastic strains only. However, this approach is inaccu-
rate for metal AM processes due to their more complex physical phenomena compared to
simple welding. Key deficiencies in the original IS theory to metal AM include treatment of
welded material from the solid metal plate to powder bed particles, layer-by-layer shrink-
age of upper layers that contribute to elastic deformation and stresses in lower layers, as
well as a high dependence on boundary conditions and physical settings of the metal AM
process that dictate inelastic strains [78]. Thus, the procedure for the modified IS method
(MISM) was proposed to address the layer-by-layer nature of metal AM [76,78,81]. In this
method, the inherent strain is taken as a process-history dependent quantity rather than
being only dependent on the final cooled state. Since AM is a multilayer process, two
major sources of IS are considered: contribution from plastic deformation, denoted as ε∗p,
and contribution from thermal shrinking, coupled with an inter-layer effect, denoted as
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ε∗th [78]. In short, the mathematical presentation of the modified inherent strain model is
summarized by:

ε∗ = ε∗p + ε∗th = εI
p + εI

e − εS
e = εI

total − εS
e (13)

where the MISM is defined by the difference in the total mechanical strain at the intermedi-
ate state, εI

total and the elastic strain at steady state, εS
e [76,81].

Implementation of the MISM takes two steps, as visualized in Figure 14. Under the
representative volume detailed analysis, a microscale model of two layers ~1 to 10 mm in
size is analyzed. A detailed thermal analysis is performed to obtain the thermal history,
then a structural analysis is performed solving the continuity and stress equations to obtain
and extract inherent strains [78,82], where the distortion energy theorem is typically used
to determine when the solidifying material plastically deforms. Then, the assignment
of the extracted IS value from the detailed analysis is applied as a constant to the whole
component geometry using layer deposition modeling [83] to predict the resulting thermal
distortion of the component.
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3.2.3. Updates in the Modified Inherent Strain Methods

Since the original proposal of the MISM, new procedures and improvements to the
method have been introduced. Dong et al. [82,84] found that the original procedure for
implementing the MISM yielded inaccurate residual stress results due to only applying
the IS at ambient temperature, resulting in an overestimation of elastic and plastic strains
contributing to the total strain in the part scale. Instead of using constant ambient tem-
perature material properties, the authors proposed a two-step process in which (1) the
material properties at the intermediate temperature induce conversion of thermal strain
to mechanical strain in the intermediate state and solve the equilibrium equation, then
(2) adjust the material properties to those at the ambient temperature and solve the equilib-
rium equation again. In the work for predicting residual stress and distortion using the
MISM [84], the model showed an increase in accuracy with errors for residual stresses from
46.5% to 8.7% for a 112 mm wall build and maximum distortion decreased from 29.7%
to 7.9% for a 250 mm wall build. However, the authors reported a five-fold increase in
computation time due to implementing a temperature dependent IS calculation, instead of
keeping it constant.

It is important to note that the constitutive relationship used in the IS methods was
assumed to be elastic–plastic, meaning the material curves are independent of strain rate.
Bellet et al. [85,86] introduced the inherent strain rate method (ISRM) to calculate inherent
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strains by using inherent strain rates. The ISRM assumes a thermo-elastic–viscoplastic
constitutive model to perform analysis. Whereas the previous methods are dependent on
the analysis of representative microscale models to inform the part scale, the ISR is updated
as new layers are deposited through a live modeling reduction process. Mathematically,
the total strain rate

.
ε is presented as:

.
ε =

.
ε

el
+

.
ε

vp
+

.
ε

th (14)

where
.
ε

el is the elastic strain rate,
.
ε

th is the thermal strain rate, and
.
ε

vp is the viscoplastic
part of the strain rate [86,87]:

.
ε

vp
=

3
2σ

[
σ − (σY + R(ε))

k

] 1
m

s (15)

where σ is the von Mises stress, σY is the initial plastic yield stress, R(ε) is the strain
hardening function dependent on the generalized viscoplastic strain ε, k is the viscoplastic
constant, and m is the strain rate sensitivity constant. In the ISRM, the use of the viscoplastic
term in the ISR calculation assumes time and temperature dependent creep in plastic
deformation that the MISM does not account for [86]. While the authors showed this
method to be accurate in predicting residual stress and distortion, there is a significant
amount of time added in the computation time of this method when compared to the
MISM. In addition, the works referenced do not provide experimental validation.

4. Modeling Software for Metal AM Processes
Simulation software, both commercial and research, serves a critical role in under-

standing the properties of AM components and thus, the technology itself. CAE software
tools are sophisticated in handling the analysis of thermal, mechanical, and fluid dynamics
as they apply to metal AM [88]. Of particular interest, CAE can be used to analyze heat flow
and mechanical system deformation to investigate the development of residual stresses
caused by thermal and mechanical loading [16].

Active areas of research for software tools include process modeling of the microstruc-
ture evolution during solidification and grain growth [89–91] and distortion and stresses
in components. Multiscale simulation is increasingly becoming critical to achieve a com-
prehensive understanding of the entire metal AM process [20,22,27,92–94]. However,
this is difficult to accomplish with today’s computational power. Simulation and analy-
sis through methods, such as FEA and computational fluid dynamics (CFD), have been
used over several decades to model various physical phenomena. A list of commercial
software that integrates AM processes in their FEA codes is shown in Table 2, where its
capabilities for analysis, physics incorporated, method of analysis, and analysis scales are
briefly summarized.

With respect to the modeling methods discussed in the previous section, the FEA
software listed traditionally tend to follow a coupled thermomechanical analysis, where the
thermal analysis precedes the structural analysis, which is seen in such works produced by
Chen et al. [81], using ANSYS, and Mollamahmutoglu et al. [95], using COMSOL. However,
Ninpetch et al. [96] used Simufact to model the MISM without the need of performing and
obtaining the thermal history and purely modeled the additive nature of LPBF, as depicted
in Figure 14.
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Table 2. Commercial FEA software available to simulate AM processes.

Software Website Capabilities Physics for AM Method of
Analysis

Scales of
Analysis

ANSYS
Additive Suite

(3DSim)

https:
//www.ansys.com/
products/additive

(accessed on
1 August 2024)

Design, optimization,
build thermal and

static analysis
Additive Science: melt

pool, scan strategy,
microstructure models

Thermal model:
heat transfer

equation
Structural:

equilibrium

Thermal model:
flash heating

method
Structural:

inherent strain
method

Multiscale:
microstructure,

melt pool,
thermal layer

history, part-scale
distortion, and
residual stress

Autodesk
Netfabb

https:
//www.autodesk.

com/products/
netfabb/overview

(accessed on
1 August 2024)

Creation of process
parameter files to run

macroscale
simulations

Thermal: energy
balance, Goldak’s

ellipsoid heat
source model

Structural:
equilibrium

Thermal model:
detailed microscale

process
Structural:

inherent strain
method (uniform

strain)

Multiscale:
Detailed fine-scale
process parameter
model, part-scale
geometric model

COMSOL
Multiphysics

https://www.
comsol.com/
(accessed on

1 August 2024)

Multiscale physics
phenomena that can

be completed
simultaneously

Heat transfer,
multiphase fluid

flow

Coupled fluid flow
and heat transfer

Microscale: melt
pool

Simufact
Additive

https:
//www.simufact.

com/simufact-
additive.html
(accessed on

1 August 2024)

Part scale distortion,
residual stress, build
space, optimization,

manufacturing issues,
postprocessing

Thermal: energy
balance

Structural:
equilibrium

Thermal method
not disclosed

Inherent strain
method

Coupled thermo-
mechanical

calculation method

Part scale only

Siemens
NX-AM

https://www.plm.
automation.siemens.

com/global/en/
products/

manufacturing-
planning/additive-
manufacturing.html

(accessed on
1 August 2024)

Design, optimization,
build part preparation,

build simulation,
machine connectivity

export

Thermal: energy
balance

Structural:
equilibrium

Thermal model:
flash heating

method
Structural:

inherent strain
method (uniform

strain)

Part scale only

Altair
Amphyon
(Additive

Works)

https://www.oqton.
com/amphyon/

(accessed on
1 August 2024)

Build thermal and
structural analysis,
compensated part
distortion, build

orientation
determination

Thermal: energy
balance

Structural:
equilibrium

Thermal model:
flash heating

method
Structural:

inherent strain
method

Part scale only

While FEA has capabilities in performing simulations of varying scales, it is mostly use-
ful in elucidating properties in the part scale, due to the necessary simplifications required
to numerically solve complex physics in the formation of the finite element equations. A
key issue is choosing the appropriate representation of the heat sources [35] and associated
physical phenomena [97], which could result in an overestimation of the temperature field
of printed components. To combat this, CFD has been used to incorporate more complex
physics, as described in Section 2.1. Namely, mechanisms related to metal vaporization that
influence other phenomena related to melt pool formation are incorporated for the LPBF
process [98,99]. Table 3 provides a list of commercial and research codes available to model
and simulate melt pool processes in metal AM.

https://www.ansys.com/products/additive
https://www.ansys.com/products/additive
https://www.ansys.com/products/additive
https://www.autodesk.com/products/netfabb/overview
https://www.autodesk.com/products/netfabb/overview
https://www.autodesk.com/products/netfabb/overview
https://www.autodesk.com/products/netfabb/overview
https://www.comsol.com/
https://www.comsol.com/
https://www.simufact.com/simufact-additive.html
https://www.simufact.com/simufact-additive.html
https://www.simufact.com/simufact-additive.html
https://www.simufact.com/simufact-additive.html
https://www.plm.automation.siemens.com/global/en/products/manufacturing-planning/additive-manufacturing.html
https://www.plm.automation.siemens.com/global/en/products/manufacturing-planning/additive-manufacturing.html
https://www.plm.automation.siemens.com/global/en/products/manufacturing-planning/additive-manufacturing.html
https://www.plm.automation.siemens.com/global/en/products/manufacturing-planning/additive-manufacturing.html
https://www.plm.automation.siemens.com/global/en/products/manufacturing-planning/additive-manufacturing.html
https://www.plm.automation.siemens.com/global/en/products/manufacturing-planning/additive-manufacturing.html
https://www.plm.automation.siemens.com/global/en/products/manufacturing-planning/additive-manufacturing.html
https://www.oqton.com/amphyon/
https://www.oqton.com/amphyon/
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Table 3. Commercial CFD software available to simulate AM processes.

Software Website Capabilities Physics for AM Method of
Analysis

Scales of
Analysis

FLOW-3D AM

https://www.flow3
d.com/products/

flow3d-am/
(accessed on 1
August 2024)

CFD for multiple
AM processes: LPBF,

direct energy
deposition, binder

jetting, fused
deposition modeling

Heat transfer,
particle spreading,
melting, multilayer
analysis, keyholing,
scan strategy, beam

shaping,
multi-material PBF

Free surface fluid
flow, volume of

fluid method

Microscale:
powder bed level

ANSYS Fluent

https://www.ansys.
com/products/

fluids/ansys-fluent
(accessed on 1
August 2024)

General CFD
problems, although
not set up properly

to handle
AM-specific

problems

Thermal history:
solidification,

melting
Source terms in

energy and
momentum:
Buoyancy,

Marangoni effects,
phase changes

Volume of fluid
method

Microscale: melt
pool

ALE3D (LLNL)

https:
//ale3d4i.llnl.gov/

(accessed on 1
August 2024)

CFD, solves and
simulates various

flow problems

Laser energy
deposition, heat
transfer, surface

tension, vapor recoil

Coupled fluid
flow and heat
transfer using

arbitrary
Lagrangian–

Eulerian
techniques

Microscale:
powder bed

level, melt pool

OpenFOAM
(University of

Erlangen–
Nuremberg)

https://www.
openfoam.com/
(accessed on 1
August 2024)

Open source CFD for
many applications,

text-based
simulation (no GUI)

Heat transfer,
multiphase flows,
thermophysical

models

Volume of fluid
method

Microscale: melt
pool, powder

bed

4.1. Part Scale LPBF Modeling and Simulation Using FEA

In Section 3, various thermomechanical models discussed use FEA to obtain part
scale thermal and structural predictions. The basic concept of applying the finite element
method is to consider a structure discretized as simple elements connected at their nodes
and solve weak form representations of partial differential equations to obtain approximate
solutions [100]. For thermal FEA, Equation (7) is solved with initial conditions for a new
powder layer [101]:

T(x, y, z, t0) = T0 (16)

where (x, y, z) is the location of the new layer, t0 is the time step in which the new layer
is applied, and T0 is the temperature of the new layer. The general boundary conditions
associated with thermal FEA problem are as follows [102]:

−k∇T · n = h(T − T0) + ξσSB

(
T4 − T4

0

)
+ q (17)

On the left-hand side of Equation (16), n signifies the normal vector to the surface in
which the condition is applied. On the right-hand side of the equation, the first term is the
convective heat loss, where h is the heat transfer coefficient, the second term is the heat loss
due to radiation where ξ is the emissivity of the material and σSB is the Steffan–Boltzmann
constant, and the third term q rate of heat input from the laser source.

For structural FEA, the static equilibrium equation, as shown in Equation (17), is
solved [102].

∇ · σ = 0 (18)
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The associated displacement boundary condition is given by

u = u (19)

where u is the displacement vector and u is usually set to zero because the entire part is
fixed to the build plate, with no external body or traction forces that cause relative motion
during the LPBF process.

While FEA is able to elucidate the multiscale aspects of the LPBF process, there remain
active areas of research to address computational challenges as well as the fidelity of
the analyses completed. For example, ANSYS offers two comprehensive AM platforms,
which provide designers with the tools to analyze the process, materials, and component
validation in the context of design for AM (DfAM) [103]. The simulation approaches taken
by ANSYS are through a simplified approach using the Additive Print (AAP) software
(per v2021) and a fully embedded environment within Workbench, called Additive Suite
(AAS). When using AAP, a constant inherent strain value is a priori assumed to perform
fast simulations and are user inputs by:

ε∗ = SSF · σY
E

(20)

where SSF is the isotropic strain scaling factor and E is the material’s elastic modulus,
which are dependent on the calibration of print geometries and independent of a thermal
analysis [103,104]. For anisotropic analysis, an additional factor called the anisotropic
strain coefficients (ASC) are multiplied to Equation (20) to account for the scan pattern. In
addition, it is assumed that the inherent strain is applied at the yield strength. The yielding
condition in structural FEA is given by [87]:

σ − σY ≤ 0 (21)

When this condition is met and the component experiences stresses beyond its yield
stress limit, the component in consideration is no longer elastic deformation, but entering a
permanent or plastic form of deformation. Due to the high temperatures experienced in the
LPBF process, this is to be expected [52]. To account for plasticity, constitutive models, such
as those described in Section 3.2 for the IS methods, are numerically implemented [87].

For AAS, a coupled simulation in Workbench is performed where a transient thermal
calculation is performed prior to a static structural simulation [105]. In this modeling
technique, the numerical layers in the FEA represent agglomerated layers and are sequen-
tially activated using the element birth and death method [83] and is heated akin the FH
method to perform analysis. Within Workbench, ANSYS has integrated the AM process
steps to show how the simulation is performed overall, as shown in Figure 15. Under the
static structural simulation, there is an option to perform additional steps in the process,
including heat treatment and support structure removal [105].

In the comparative study produced by Mayer et al. [103], they concluded that the
simulation approaches offered by ANSYS present good qualitative predictions for the parts
that were investigated. While AAS can perform more advanced process simulations in
comparison to AAP, the dependence on data generation is required for both platforms
to achieve accurate results. This implies that a large amount of calibration from physical
geometries and scanning strategies are necessary to substantiate the predictive models. To
further elucidate the capabilities of the ANSYS AM platforms, Weber et al. [106] also ob-
served that thermal properties for LPBF powder materials are not often available, resulting
in additional deviations from simulations and actual experiments.
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4.2. Melt Pool Scale Modeling and Simulation Using CFD

One disadvantage of using FEA to model and simulate the LPBF process is that it
does not fully capture the full complexity of the physics at the melt pool scale. Several
assumptions and simplifications must be made to perform analysis with the available
computing resources and limitations of FEA [107]. In an effort to correlate melt pool
properties to the LPBF process parameters, Vanini et al. [108] developed an FEA model
that captures melt pool morphology. However, this model is limited in its study when
considering thermal deformations, only providing a qualitative treatment based on their
experimental results. Unlike FEA, CFD simulations are able to model the deformation that
occurs within fluid systems. Since the material melted in LPBF go through multiple phase
changes, from its powder particle form to liquid that coalesces as the melt pool then to final
solid of the part being manufactured [36], understanding how the material deforms and
influences the part build at the powder scale can be useful in analysis. While the literature
has often neglected to consider the thermo-fluid dynamics (TFD) [109] due to added
complexity, it does aid in predicting and analyzing melt pool evolution and microstructural
growth [55,109,110]. Additionally, forces of TFD, such as the Marangoni forces that drive
mixing within the melt pool, contribute to reducing the overestimation of peak temperature
and shape of the melt pool seen in models based on heat conduction only. This was
observed by Mukherjee et al. [97], where the conduction-only model produces a 400 K
difference in peak temperature and a narrower temperature distribution in comparison
to the conduction and convection model used, as shown in Figure 16. Thus, inaccurate
temperature distributions can have negative impacts on the energy delivered to the melt
pool, leading to unrealistically high cooling rates [110], which impacts predictive results of
stress and strain distributions during fabrication [111].

A popular commercial CFD software, FLOW-3D [112], was developed to model the
LPBF process at the powder scale and has been used by many researchers to study areas
in melt pool dynamics to thermal gradients developed that influence more macroscale
material properties [111,113–117]. The process in which FLOW-3D is able to describe the
TFD of the melt pool is through the volume of fluid method [118,119] where, in addition to
solving the conservation equations Equation (1) through (3), it solves the free surface of the
working fluid equation.

∂F
∂t

+∇ · (Fv) = 0 (22)

Here, F denotes the fluid fraction within a CFD cell and is used for reconstructing
the free surface of the melt pool at a time increment. When comparing the results of CFD
simulation to obtain thermal history to that of a thermomechanical simulation performed
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in FEA, the CFD-based simulations closely mimic the evolution of the free surface of actual
melt pools, as shown in Figure 17. In addition, the profiles of the melt pool and stress
distributions in the CFD simulations show a more irregular gradient than the FEA based
counterparts. This suggests that a high-fidelity model can be used to accurately predict
potential areas of high stresses and defects during the LPBF manufacturing process [111].
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5. Qualification Processes of LPBF Components
In the past few years, standards related to the certification process of metal AM have

been developed. Still, a major challenge lies in the protocols in which many industries
utilize the technology. For example, in the aerospace industry, metal AM built components
must pass the rigorous certification process to adopt parts into major systems [4,120].
However, due to lack of prior knowledge and traceability of the AM process, not to
mention industries adopting the technology for the first time, it is difficult to provide
detailed and complete verification and validation studies of metal AM material properties
that are unified [4,12,120]. Work detailing the characterization of materials and failure
mechanisms are essential when demonstrating an AM part’s ability to perform equivalently
or better than its traditionally manufactured counterpart.
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Rigorous standards are needed to alleviate many of the problems concerning inconsis-
tent methods, including testing, process checks, quality, and evaluation of materials [4,12].
Currently, organizations such as ISO/ASTM and SAE have developed a wide range of
standards that encompass the elements, as shown in Figure 18, which make the adoption
of metal AM traceable and can accommodate a more streamlined process in ensuring
metal AM is appropriate for various industries [13]. A summary of several commercial
standards specifically for LPBF are shown in Table 4. Current standards assume metal
AM to be a high-risk technology, so substantiation of the entire fabrication process from
material selection, machine set parameters, and its resulting material properties, as well as
machine/facility requirements, must be provided to achieve qualification and acceptance.
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Achieving a totally qualified part utilizing AM requires a compliance strategy. A
combination of physics-based modeling as well as experimental verification and valida-
tion early in the design process for an AM component can help alleviate any inevitable
inflexibilities in decision-making further as more knowledge is gained about the product
through time [121]. An example of a compliance strategy through a certification framework
is shown in Figure 19, where the enclosed gray box utilizes an integrated computational
material engineering (ICME) platform presented by Megahed et al. [38]. The framework
sequentially outlines the process of how performance of a component is assessed. The
evaluation comprises modeling both the powder material and the component to be used
in the manufacturing process. Computational models were used to study the effects of
input process parameters during material development and process qualification stages.
Furthermore, the authors performed a case study of a rocket nozzle where a distortion
and residual stress model was used to predict the final shape of the component as well as
critical features on the part. The model was able to predict material strength and accuracy
of the design through target metrics by using the qualification framework, when compared
to experimental assessments.

In an effort to centralize the qualification process framework, Dordlofva [122] proposed
a design for qualification framework using six design tactics, as shown in Figure 20. Rather
than holistically looking at the functions of the AM technology to produce a qualified part
through the common viewpoint of DfAM [4,88,120], the proposed framework supports
the engineering process by proactively considering the qualification process during AM
component development. The framework emphasizes the need for early consideration of
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the qualification requirements during the design process, relying on AM process knowledge
to capture requirements ensuring parts can be qualified in a verification approach. In
the six tactics shown in Figure 20, the process outlined is highly part dependent, which
insinuates that the road to qualification is part specific since the system need, requirements,
and verification plan rely on the application itself more than the AM technology used to
produce the part.
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Whereas the frameworks aforementioned provide a good outline for part and pro-
cess acceptance of the LPBF process, the qualification process must be substantiated and
compliant to standards identified by its users. In the context of process verification, the
design freedom of the LPBF process relies mostly on material curves obtained through
experimental testing, such as ASTM E8 tensile bars [123]. Factors such as component
features, performance requirements, material limitations, and criticality significantly in-
fluence the application of LPBF [124]. ASTM 52902 can be used as a benchmark, outlining
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the qualification of process development and validation to ensure part accuracy and de-
sired material properties. The design of components, however, is dictated by the loading
conditions the part is subjected to [122]. To enable successful integration of metal AM
processes, thorough requirements research must be performed [12]. A consideration of
factors, such as part complexity, size, alloy selection, potential failure modes, and compo-
nent performance metrics, must be identified early in the design process. By aligning with
established standards, the design approach taken in the qualification process can address
the challenges and opportunities presented by the LPBF process, enabling the production
of reliable, high-performance components [4].

Table 4. Commercial standards and requirements developed for metal AM LPBF [125–146].

Specification Title/Scope

ISO/ASTM 52900 Additive manufacturing—General principles—Fundamentals and vocabulary

ISO/ASTM 52901 Requirements for purchased AM parts

ISO/ASTM 52902 Additive manufacturing—Test artifacts—Geometric capability assessment of additive
manufacturing systems

ISO/ASTM 52904 Practice for metal powder bed fusion process to meet critical applications

ISO/ASTM 52905-EB Non-destructive testing and evaluation—Defect detection in parts

ISO/ASTM 52908-23 Post-processing, inspection and testing of parts produced by powder bed fusion

ISO/ASTM 52920-23 Requirements for industrial additive manufacturing processes and production sites

ISO/ASTM 52930-21 Installation, operation and performance (IQ/OQ/PQ) of PBF-LB equipment

ISO/ASTM 52941-210 Acceptance tests for laser metal powder-bed fusion machines for metallic materials for
aerospace application

ISO/ASTM 52942-20 Qualifying machine operators of laser metal powder bed fusion machines and equipment used in
aerospace applications

ISO/ASTM 52950-21 Additive manufacturing—General principles—Overview of data processing

ASTM F3530-22 Post-Processing for Metal PBF-LB

ASTM F3572-22 Part Classifications for Additive Manufactured Parts Used in Aviation

ASTM F3592-23 Standard Guide for Additive Manufacturing of Metals—Powder Bed Fusion—Guidelines for
Feedstock Re-use and Sampling Strategies

ASTM F3626-23 Accelerated Build Quality Assurance for Laser Beam Powder Bed Fusion (PBF-LB)

SAE/AMS 7003 Laser Powder Bed Fusion Process

SAE/AMS 7032 Machine Qualification for Fusion-Based Metal Additive Manufacturing

SAE/AMS 7002A Process Requirements for Production of Metal Powder Feedstock for Use in Additive Manufacturing
of Aerospace Parts

AWS D20.1 Specification for Fabrication of Metal Components Using Additive Manufacturing

SAE/AIR 7352 Additively Manufactured Component Substantiation

DIN 65123 Aerospace series—Methods for inspection of metallic components, produced with additive powder
bed fusion processes

DIN 65124 Aerospace series—Technical specifications for additive manufacturing of metallic materials with the
powder bed process

6. Discussion
The role of modeling the physical effects within the LPBF process must be studied

carefully, as it is essential to obtain quality and reliable parts. To our knowledge, there is no
one unified solution to this problem, as many researchers and industries alike approach
modeling techniques differently. An important issue to recognize is the vast scale on
which the LPBF process must be modeled and the computational resources available. For
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example, performing a full CFD analysis of an entire part build is infeasible due to many
computational limitations, such as the number of iterations required to solve a single
timestep of a single melt pool evolution. Chen and Yan [111] reported that using CFD
to complete a thermal-fluid simulation took 700 h, compared to an FEA simulation that
took 330 h to complete for a two-line single layer pass travelling only 2.14 mm on the
computational domain. While there is an increase in fidelity of the complex physics of
the melt pool, it is unrealistic to incorporate a full part analysis using CFD where parts
can be upwards of 100 cm. On the other hand, completely relying on a part scale analysis
to accurately predict residual stress and thermal distortion of components have, at best,
been qualitative due to simplifications in the thermal simulation process [103]. Even with
the advancement and improvement of methods discussed above, a large amount of data
gathering of more complex geometries are required to gain further understanding of the
parts manufactured by the LPBF process. Thus, an opportunity for future development in
modeling physical phenomena within the LPBF process would be to investigate critical
features of components along with their corresponding processing parameters. Such
an investigation would lead to a better understanding of how they influence resulting
temperature distributions, microstructure, strength properties, and quality of the final
manufactured components.

In addition, it is evident that performing a multiscale simulation is a difficult problem
to solve. In order to build such a framework, a tradeoff in simulation accuracy and
computational feasibility between melt pool dynamics, part scale residual stress, and
thermal distortion would be essential. Currently, thermomechanical models use simplified
thermal models due to the complex phenomena in the melt pool and capturing that in the
part scale is impracticable. Bresson et al. [92] proposed a multiscale method that could be
used to bridge the gap between temporal and spatial differences in modeling techniques by
using FEA. While the proposed simulation method aimed at zooming down from part scale
to the melt pool, it was specified that the user must make a choice for what specific areas
within the part must be zoomed into because of computational limitations. Despite this, a
framework to build an integrated multiscale system is possible, and it is worth investigating
such a comprehensive system. A future research direction in LPBF simulations is not only
to enhance computational methods, but to develop computationally viable simulations
that enable the use of high-fidelity models. These models should utilize resources, such as
high-performance computing, to reduce computation time, while obtaining reliable results.

With respect to the qualification of the LPBF process, candidate components must
achieve equivalent or better performance than their traditionally manufactured counter-
parts to ensure they can be reliable substitutes. This can be achieved through computational
modeling and simulations to predict essential properties and can inform us how process
parameters, post heat treatment, and material properties are set for AM materials. Of
course, experimental validation needs to occur to ensure the processes and established
guidelines for manufacturing are repeatable. Frameworks such as the ones shown in
Figures 19 and 20 provide a good path towards developing strategies for the adoption of
metal AM as a leading manufacturing method to support the acquisition of components
where diminishing sources exist [120]. As a potential research path, a framework geared
towards process qualification within a virtual integrated tool environment would be cost
effective when considering adoption of the LPBF process in place of traditional manufactur-
ing methods. When based off historical part and system data, the qualification framework
would ensure the accuracy and reliability of the LPBF process for its adoption in major
manufactured systems through validated modeling and simulations.
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7. Conclusions
The modeling and simulation of the metal AM LPBF method is complex, as it spans

multiple length and time scales. In the microscale, analysis involves the study of the
melt pool from thermal field evolution to microstructure development dependent from
thermal gradients. The analysis at this scale typically covers the length of micrometers
with a time span of microseconds, which results in fine time steps to accurately capture
the physics occurring at this scale. Depending on the computing power, simulations can
take from hours to days to solve, assuming the simulation is set up correctly. On the other
hand, macroscale analysis involves the study of multiple layers to a complete part build
where the length scale is typically centimeters to meters. Depending on the size of the
components being analyzed, the time scale being analyzed covers build times of many
hours. As seen above, part scale analysis can be achieved in minutes to hours to obtain
residual stress and thermal deformation measurements. Since there is a vast difference
in solution times, a complete multiscale analysis cannot be completed for a component
manufactured via the LPBF process with today’s computing power due to the complexities
seen with microscale analysis.

While progress has been made in developing the elementary understanding of the
LPBF process, the relationship of process parameters impacting melt pool characteristics
and the final build of the parts still require further study. Various modeling and simulation
techniques, as discussed above, have been explored and show capabilities in being able to
accurately predict the material properties of metal AM components. Being able to predict
these properties firsthand through modeling and simulation can reduce the cost of the
part manufacturing, since physical materials testing, manpower, and time are reduced.
In addition, early modeling and simulation can inform further design decisions, such as
post-treatment of as-built properties, to reduce the effects of defects inherent in the manufac-
turing process. This can largely influence the final quality of the parts being manufactured.

To achieve accurate builds and repeatable components, the metal AM technology
depends on standardized practices. While published standards for the LPBF process are
necessary and detail essential substantiation requirements, they do not specifically address
the quantitative measures that are explicit to changing the processes and unique parts
produced. An additional or modified approach to the qualification processes and standards
must be developed to address these gaps. While the capabilities of metal AM are still being
understood, as the field continues to grow, it introduces additional challenges that must be
addressed through additional innovations so a deeper, more comprehensive knowledge
base can be achieved. Through advancements in modeling and simulations, users of
metal AM are able to develop and produce critical information to adopt the technology
as an essential part of their supply chains and continue to support sustainment issues
surrounding older systems.

A summary of challenges and future directions for research discussed in this work are
summarized below:

• To address issues in understanding physical phenomena in the LPBF process, a focus
on critical component features and corresponding processing parameters can lead to
an enhanced understanding of the resulting properties of components.

• To improve capabilities in current modeling and simulation methods, future research
should be focused on enabling high-fidelity LPBF models through high-performance
computing to reduce computation time and obtain reliable results.

• To adopt the LPBF process as a reliable manufacturing method, an investigation
of a qualification framework utilizing a cost-effective virtual integrated tool en-
vironment should be assessed to evaluate capabilities in producing accurate and
reliable components.
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