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a b s t r a c t 

A metal additive manufacturing process results in a nearly net-shaped fabrication of parts directly from digital 
data. A local heat source melts the deposited material, and a part is built layer-by-layer. Residual stress and de- 
formation are critical issues experienced by additively manufactured parts. Modeling the additive manufacturing 
process provides important insights and can help determine an optimal build plan so as to minimize residual 
stress formation. Various approaches have been used for modeling of residual stresses, ranging from high-fidelity 
models to simplified models, for quicker results. This paper provides a state-of-the-art review of the approaches 
used to numerically model residual deformation and stresses in structures built using additive manufacturing. Fur- 
thermore, it describes the physical causes of residual-stress generation in an additively manufactured structure. 
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. Introduction 

Diverse additive manufacturing (AM) processes are used to build
etal parts [1] . Although the processes vary widely in detail, the generic

ayer-by-layer process can be defined as a process in which a local heat
ource melts a small volume of previously deposited material (or sub-
trate) and an additional volume of new material, while the heat source
oves relative to the substrate and deposited material [2] . An AM pro-

ess results in nearly net-shaped manufacturing of parts directly from
omputer-aided design (CAD) data. The main AM processes for metals
nclude powder bed fusion (PBF) and directed energy deposition (DED).
BF includes all processes in which an energy source (electron beam or
aser beam) is used to selectively melt or sinter a layer of a powder bed.
fter a layer is completely built, a new layer of powder is spread over

he built area, and the energy source begins to scan. The DED method
ncludes processes in which an energy source, such as a laser beam, elec-
ron beam, or plasma/electric arc, is used to fuse materials in the form
f a powder or wire by directly melting them as they are being deposited
 3 , 4 ]. 

AM processes allow the construction of geometrically complex com-
onents with very little material waste. AM enables the fabrication of
ptimized part geometries, for example, using topology optimization
ools and lattice structures [ 5 , 6 ]. However, several challenges must be
vercome to take full advantage of AM. One of the most critical chal-
enges that impedes the adoption of AM processes is the formation of
esidual stresses and geometric distortion [7–10] . 
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Residual stresses are defined as stresses that remain within a part of
he environment after it reaches equilibrium [11] . In several manufac-
uring processes, permanent stresses develop in a component even after
xternal causes, such as temperature gradients or forces, have been re-
oved. In the case of the presence of thermal stresses in a part, if they

re large enough to cause yielding, these stresses may develop into resid-
al stresses after cooling [ 12 , 13 ]. Residual stress can cause distortion of
n AM part after removal from the build platform, such that the part
oes not conform to the required geometric tolerances (see Fig. 1 ). Fur-
hermore, residual stresses can cause cracking and are detrimental to
atigue resistance [14–20] . Although post-process heat treatments can
e performed to alleviate residual stresses, they increase the production
ime and cost [21] . Furthermore, these stresses may cause parts to fail
uring construction. 

Residual stresses are generally classified according to their length
cales [ 23 , 24 ]. Type-I residual stresses are macroscopic stresses that
ary over large distances. They affect the scale of the component ge-
metry and can result in distortion of the part. Type II residual stresses
ct on the individual grain scales. These stresses are formed owing to
he local microstructural effects. Type III residual stresses act on the
tomic scale. Type I stresses cause distortion during and/or after part
abrication. These stresses can cause loss of geometric tolerance after
hey are removed from the build plate. Furthermore, they can affect the
atigue life of the built components. Therefore, they are of interest from
he perspectives of product design and operation and will be the focus
st 2023 
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Fig. 1. Distortion in a twin cantilever beam due to residual stresses: (a) Building 
strategy; (b) Cutting of support from the substrate; (c) Distortion after support 
removal; (d) Macrograph of cantilever with different arm thicknesses after cut- 
ting of support [ 22 ]. 
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.1. Source of residual stresses 

In Fig. 2(a) , the bar is fixed in a rigid frame. The bar is then subjected
o a temperature load. It is heated uniformly from room temperature
o a maximum temperature of 600 °C and then cooled back to room
emperature ( Fig. 2(b) ). 

Ignoring the creep and phase transformation strains, the total strain
n the bar can be expressed as: 

 

total = 𝜺 elas tic + 𝜺 plas tic + 𝜺 ther mal , (1) 

here 𝜺 elas tic , 𝜺 plas tic , and 𝜺 ther mal represent the elastic, plastic, and ther-
al strains, respectively. 𝜺 elas tic is determined from this relation, and

hen stresses can be computed using Hooke’s law as follows: 

= 𝑫 𝜺 elas tic . (2) 

Fig. 2(c) shows a graph of the different strain measurements in
he bar in the longitudinal direction while employing a temperature-
ndependent material model. The thermal strain increases linearly with
ncreasing temperature. As the bar was restrained in the longitudinal
irection, the expanding material caused compressive strain in the bar.
nitially, only compressive elastic strain appeared; however, as the ma-
erial reached its elastic limit, compressive plastic yielding began. Both
lastic and plastic strains continue to increase as the thermal strain in-
reases. After the thermal strain starts to decrease, the elastic strain first
hows a decreasing trend and then becomes tensile. During the decrease
nd reversal of the elastic strain, the plastic strain remains constant.
ith a further decrease in the thermal strain, the material reaches its

lastic limit and starts yielding under tension. This yielding under ten-
ion causes a reduction in the magnitude of the plastic strain. As the bar
s completely cooled, the thermal strain vanishes, and residual elastic
nd plastic strains develop in the material. This causes residual stresses
n the material, even when the external excitation source is removed
25] . The residual elastic strain is tensile; hence, the residual stress is
lso tensile. Considering the force balance, the horizontal sides of the
rame experience compressive stresses when the bar is cooled. 
2 
.2. Formation mechanism of residual stresses 

The analogy of a fixed bar can be used to explain the residual stresses
n a layer-by-layer deposition manufacturing process [ 11 , 24 ]. Let us
onsider a simplified building process in which the material is deposited
ayer-by-layer on a substrate, as shown in Fig. 3 . It was assumed that
he existing part was at a uniform temperature, while the newly de-
osited layer was simultaneously heated. The higher temperature of the
op layer caused the material to expand. However, this expansion is hin-
ered by the lower layers, resulting in compressive stress in the top layer
nd tensile stress in the lower layers. During this expansion, the mate-
ial in the top layer undergoes plastic yielding, as in the case of the bar
see Fig. 2 ). After the heat source is removed and the top layer is cooled,
ensile stresses appear in the top layer, and compressive stresses in the
ower layers. In Ref. [26] , this mechanism is called the cooldown phase
echanism. 

However, in reality, thermomechanical history is very complicated
ecause new layers are not instantaneously heated. The heat source
eats the feedstock material locally and the heated material tends to ex-
and; however, this thermal expansion is confined by the surrounding
aterial. This results in a compressive stress state and permanent plastic

ielding in the heated zone (see Fig. 4 ). As the heat source moves away
nd this zone begins to cool, the material in this zone shrinks; how-
ver, this shrinkage is restrained by earlier plastic yielding [11] . This
esults in a residual tensile stress in this zone. These tensile stresses are
alanced by the compressive zone, as shown in Fig. 4(b) . These thermo-
echanical excitations cause the part to bend toward the heat source.
his mechanism is referred to as the temperature gradient mechanism
TGM) in Ref. [11] . 

Because the heat source is constantly moving and the material un-
ergoes heating–cooling cycles, the evolution of the stress–strain state
s highly complex. Fig. 5 illustrates the stress–strain history induced at
 material point (black dot) as the power source passes, as elaborated
y Liang et al. [28] . It is assumed that the point is stress- and strain-free
hen the power source is placed on the position shown in configura-

ion A. Owing to the temperature increase, the material expands and
xperiences compressive stresses because it is constrained by the sur-
ounding material. This local expansion causes permanent deformation
f the material. The maximum strain occurs when the power source is
oved to the left, as shown in configuration B. As the power source
oved further, the material point cooled and tensile stresses appeared.
ith further cooling and owing to the shrinkage of the surrounding ma-

erial, the material point yields under tension. The tensile stresses reach
he maximum point corresponding to configuration C. 

.3. Process dependencies 

Several parameters and factors affect the generation and distribu-
ion of residual stress in AM-built parts. First, the component design
nd material selection have a significant impact on the residual stress
nd strain distributions [26] . The thermomechanical properties of the
elected material (Young’s modulus, yield strength, phase transforma-
ion temperature, thermal conductivity, coefficient of expansion, etc.)
nfluence the temperature gradient and deformation of the part during
he building process, which in turn affect the distribution of residual
tress. Similarly, different regions of a part might experience different
hermal gradients owing to, for example, different cross sections and/or
he ability to conduct heat to the base plate, which again affects the
istribution of residual stress. 

In addition to the part design and material, the process parameters
nd scanning strategy used to build a part considerably affect the dis-
ribution of residual stress and distortion. By increasing the power level
f the heat source, a higher relative density can be achieved in the built
art [29] . Wang et al. [30] reported that the relative density of a bulk
ample first increases and then decreases with increasing energy density.
urthermore, the yield and tensile strengths decrease with an increase



A. Rashid and A. Gopaluni Chinese Journal of Mechanical Engineering: Additive Manufacturing Frontiers 2 (2023) 100102 

Fig. 2. (a) A bar fixed in a rigid frame to illustrate the origin of residual stresses; (b) Temperature load; (c) Evolution of different strain measures with time when 
the bar is subjected to the temperature load. 

Fig. 3. Schematic of the origin of residual 
stress in the AM process according to Ref. [ 24 ]. 

Fig. 4. Origin of residual stresses in AM structures: (a) Heating by power source; 
(b) After cooling [27] . 
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n the power of the heat source [ 31 , 32 ]. Mukherjee et al. [33] reported
hat distortion increased almost linearly with power. This was attributed
o the observation that a higher heat input results in a larger melt pool,
hich results in larger distortion during solidification. It has been shown

hat the higher the energy input, the larger the residual stress produced
3 
34] . However, other studies have reported that the maximum residual
tress decreases with an increase in the energy input [35] . 

Scanning speed is also an important process parameter that has a
ignificant effect on residual stresses and distortion. A lower scanning
peed increases the elongation to failure [32] . Mukherjee et al. [33] re-
orted that distortion decreases with an increase in scanning speed. Sh-
omi et al. [36] found that the residual stress first decreases and then
ncreases with increasing scan speed. Xiao et al. [37] inferred that, al-
hough the process parameters affect the residual stress, no clear con-
lusion can be drawn regarding the relationship between the process
arameters and the induced residual stress. Furthermore, the complex
elationship between the residual stress and process parameters is likely
esponsible for the conflicting results reported in the literature. 

Various scanning strategies can be used to produce these compo-
ents. Scanning strategy refers to a pattern in which a heat source moves
ver a substrate. The choice of the scanning strategy method has been
ound to have a significant impact on the residual stresses and distortion
38–41] . The scanning strategy affects the thermal history, which con-
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Fig. 5. Schematic illustration of residual stress 
generated at a point during power source scan- 
ning [28] . 
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equently affects the solidification pattern. Consequently, components
ith similar geometries fabricated using different scanning strategies

an exhibit completely different physical properties. 
The physical properties of a material depend on its microstructures.

n metal alloys, the microstructure is characterized by the number of
hases, their proportions, and distribution. Microstructure formation de-
ends on the alloying elements, their concentrations, and the thermal
istory to which the material has been subjected. As the consolidated
aterial in an additively manufactured part undergoes heating and cool-

ng cycles, its microstructure undergoes several changes. The process pa-
ameters utilized to produce a component influence the thermal cycle
xperienced by the material and, consequently, control the microstruc-
ure. Diverse phases can be present in AM-fabricated structures because
f their very high spatial and temporal temperature gradients. Hence,
nowledge of the phase fractions is required for more accurate residual
tress and strain predictions. 

The residual stresses in a part built using an AM process can lead
o part distortion, loss of geometric tolerance, and detrimental effects
n fatigue performance [ 11 , 42 ]. Thus, residual pressures can affect not
nly the behavior but also the longevity of a component. Several post-
uild treatments are available to mitigate the residual stress, such as hot
sostatic pressing [ 43 , 44 ]. However, these treatments increase produc-
ion costs and, in some cases, are impractical because of the complex
hapes and geometric precision required. The preferred approach to ad-
ress this problem is to determine an optimal build plan that minimizes
he residual stress formation and part distortion [ 45 , 46 ]. Understanding
he relationship between the processing parameters and the properties
f the final part is challenging because of the complex thermal phenom-
na that occur during the AM process. Experimental trial runs are a com-
on practice for determining the optimal process parameters; however,

hey are time-consuming and expensive [1] . Numerical models have also
een extensively used to shed light on how process parameters influence
he AM process. Because the physics governing the AM process is con-
iderably complex, it is impractical to capture all aspects of the process
sing one model. Therefore, modeling of AM-related phenomena was
erformed at different length scales. For example, such models can be
sed to model heat source and feedstock interaction, phase changes,
elt pool size, and grain evolution [47] . 

Part-scale models are used to study the global behavior of the com-
onents. Such a model is used to predict the residual-stress develop-
ent and deformation as a function of the process parameters. Mod-

ling phenomena, such as grain structure formation, melt pool size,
nd microstructure evolution [46] , are of little or no interest in mod-
ling part-level behavior. In addition, considering the required com-
utational resources, a single model that captures all aspects of the
rocess is not feasible. Therefore, such phenomena are ignored in the
4 
art-scale model. However, to realistically predict the global behavior,
 part-scale model should account for all phenomena involved in the
M process [46] . In general, reductions in part-level models are intro-
uced for the time-efficient prediction of global behavior [8] , for ex-
mple, the laser-material interaction is ignored; instead, a heat source
odel is used to approximate the transient heat transfer mechanism at

he molten pool. Some engineering judgments ignore phenomena with
nsignificant effects. The goal is to simulate the problem with minimum
omputational resources while retaining sufficient physical fidelity to
nsure confidence in the analysis results. 

Several researchers have developed numerical models based on
he finite element (FE) method to predict the thermal and mechani-
al behaviors of built components [48] . Such models typically involve
aterial-state transition, incremental addition of feedstock material,

ransient heat transfer, realistic material models, and heat source mod-
ling. A thermomechanical model involving a moving heat source is
onsidered a high-fidelity model. 

Many deposited layers are typically represented by a single layer
n an FE model to reduce the total number of degrees of freedom in
 high-fidelity model. This is called “layer lumping ” or “layer agglom-
ration ” [ 49 , 50 ]. Adaptive remeshing techniques have also been used
ith high-fidelity models with the aim of achieving fewer DoFs while

etaining accuracy. This technique alters the element size, such as to
ave a fine mesh in regions where the solution gradients are high and
 coarser mesh in regions where the solution gradients are low [51] .
ven after introducing these reductions and enhancements, high-fidelity
odels remain computationally expensive, hindering their large-scale

daptability. To further reduce the computational resources required to
imulate part-scale behavior, radical assumptions are introduced to de-
elop simpler models. In simplified models, a complete layer is typically
ubjected to a uniform load (e.g., strain, heat flux, or temperature field)
nstead of a moving heat source. Several simplified models have been
eveloped to rapidly simulate part-scale behavior. These models yield
uicker results at the cost of accuracy loss. Layer lumping was used in
ost studies involving simplified models [ 52 , 53 ]. By adopting simpli-
ed modes, the computational times are significantly reduced, which
akes the AM process simulation of engineering components feasible. 

Several studies have reviewed the residual stress measurement tech-
iques, formation mechanisms, modeling approaches used for predic-
ion, and process parameter dependencies. In 2014, King et al. [54] pro-
ided an overview of the modeling and simulation of the PBF process at
he Lawrence Livermore National Laboratory. In 2016, Megahed et al.
46] surveyed the modeling approaches used for residual stress predic-
ion. They discussed the models required to encompass a range of AM
rocesses with different lengths and timescales. In another study pub-
ished in 2016, Markl and Körner [55] reviewed numerical modeling
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Fig. 6. Schematic illustration of the melt-pool formed during the PBF process 
[ 65 ]. 
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pproaches on multiple length scales and timescales to describe differ-
nt aspects of PBF processes. In 2017, Meier et al. [56] reviewed model-
ng and numerical solution procedures for PBF processes. They also re-
iewed experimental studies that are important for understanding ther-
ophysical mechanisms. Bartlett and Li [ 24 ] in 2018 reviewed the lit-

rature and described the background mechanics for residual stress de-
elopment along with the methods of measurement. They also reviewed
he modeling techniques and in-process experimental measurements. In
018, Luo and Zhao [57] summarized FE models used in the simula-
ion of the PBF process. They also discussed the simulation techniques
sed to reduce the computational costs. Bertini et al. [58] in 2019 re-
iewed numerical models aimed at predicting the residual stress–strain
elds. Debroy et al. [59] in 2018 comprehensively reviewed the AM of
etallic components and discussed the origin of residual stress. They

lso summarized the thermal and structural analyses reported in the lit-
rature. Recently, Wei et al. [60] provided an excellent review of the
echanistic models used to model various AM phenomena. The solidifi-

ation, residual stresses, distortion, formation of defects, and evolution
f microstructures and properties were critically reviewed. Bayat et al.
61] presented a review of numerical simulations for AM with a focus
n mesoscale models. The study also discusses different classes of com-
utational fluid dynamics (CFD) models for investigating melt pools.
owever, they do not describe any model in detail. Chen et al. [26] re-
iewed residual stress in AM with a focus on the formation mechanism,
rocess parameter dependencies, prediction, and control methods. Xie
t al. [62] wrote a review paper detailing the evolution of distortion and
esidual stresses for various AM processes. They also described the fac-
ors influencing residual stress. Qin et al. [63] reviewed the formation
echanism of geometrical defects, including the distortion and delami-
ation of parts manufactured using the DED process. They also discussed
roduct design adjustments to compensate for material shrinkage and
istortion. 

The aforementioned reviews have either become outdated or do not
ocus entirely on the modeling of residual stresses. In this paper, a re-
iew of the latest papers published on modeling approaches used for
he simulation of residual stress and deformation during the AM build
rocess is presented. Both high-fidelity and simplified models described
n the literature were reviewed. The remainder of this paper is divided
nto seven sections. In the second section, the major elements of the
igh-fidelity model are described. In the third section, the two popular
implified models are described in detail. The fourth section discusses
ata-driven approaches to residual stress and distortion in AM. In the
fth section, measurement techniques used to validate numerical ap-
roaches are presented. The sixth section, titled miscellaneous, covers
opics that did not fit into the previous sections. Finally, concluding re-
arks are presented. 

. High-fidelity Models 

High-fidelity models involve a moving heat source, and the incre-
ental addition of a material as a part is performed pass-by-pass and

ayer-by-layer. The major aspects of a high-fidelity model are the heat
ource model, material deposition techniques, layer lumping, thermal
tress analysis, adaptive meshing techniques, powder-to-solid transition,
olid-state phase transformation, material models, and scanning strat-
gy. 

.1. Heat source model 

All AM processes involve a heat source that melts the feedstock ma-
erial locally. Melting of the feedstock material occurs on the front side
f the melt pool, whereas solidification occurs on the back side of the
ool, creating a fusion zone (FZ). The nonmelted area of the adjacent
aterial that has undergone changes in material properties caused by

xposure to high temperatures is called the heat-affected zone (HAZ).
igh temperatures can cause solid-state transformations in the HAZ. 
5 
Molten metal convection and solidification render melt-pool physics
 cumbersome task to model. A schematic illustration of the melt pool
ormed during PBF is shown in Fig. 6 . In a part-level thermomechanical
odel, such complex phenomena are not directly simulated; instead, a
eat flux distribution is specified to approximate the power source and
eedstock interactions [59] . Various heat source models that specify dif-
erent heat flux distributions have been reported in the literature. A heat
ource model specifies how much of the heat source power is used to
eat the feedstock material and how this heat is distributed [ 64 ]. Issues
uch as the interactions between the melt pool and heat source spot,
arying radiation properties of the build surface, and penetration depth
f the heat source into the build are some of the physical phenomena
hat a heat source model can be used to estimate in a part-scale model
sing empirical data [ 64 ]. 

Heat source models for AM are often derived from welding liter-
ture. They are categorized into point, line, surface, and volumetric
eat sources. Both surface and volumetric heat source models have been
idely used for modeling of the AM processes. Surface heat source mod-

ls assume that heat is distributed along the deposition surface with no
eat penetration beneath the surface and ignore the digging action of
he heat source that transports the heat well below the surface [66] . Vol-
metric heat source models consider the heat penetration beneath the
urface of the material. The following is a brief description of the heat
ource models found in the AM literature. A detailed discussion of the
eat source models is provided in Refs. [ 64 , 67 , 68 ]. Some of the most
opular heat source models are as follows. 

Gaussian surface flux model 

One of the earliest models for heat distribution in welding problems
ssumed a uniform power density distribution. This model does not pro-
ide satisfactory results from either physical or numerical perspectives.
hysically, the results do not relate well to the observed phenomena,
nd numerically, this assumption requires a fine mesh density to con-
ider the power density step at the boundary [66] . To address these
ssues, a Gaussian distribution of heat flux [66] over the surface was
ssumed, as shown in Fig. 7 . 

A Gaussian heat distribution can be expressed as: 

( 𝑟) = 𝑞max exp 
(
− 𝑘𝑟2 

)
, ( 3) 

here 𝑞max is the maximum heat flux, k is the concentration factor, and
 is the radial distance from the center of the heat source. By assuming
hat 95% of the thermal heat is absorbed within the radius of the heat
ource spot, heat flux can be written as: 

( 𝑟) = 3 𝑄 

π𝑟2 
𝑠 

exp 

( 

−3 𝑟2 

𝑟2 
𝑠 

) 

, 

here Q is the effective power of the heat source and 𝑟𝑠 is the maximum
adius of the heat source spot. In a coordinate system that moves with
he heat source, the above equation can be expressed as: 

𝑞( 𝑥, 𝜉) = 3 𝑄 

π𝑟2 
exp (− 3 𝑥2 

𝑟2 
− 3 𝜉2 

𝑟2 
) . 
𝑠 𝑠 𝑠 
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Fig. 7. Distribution of a Gaussian heat source. 

 

c  

n  

a  

t  

G  

h  

e  

p  

s

 

a  

t  

m  

d  

𝑞

 

s  

w  

d  

p

𝑞

w  

t  

[

 

t  

b  

m  

T  

fl  

t  

e  

g  

h  

r

𝑞

𝑞

w  

r  

a  

r  

r
 

z  

z  

d  

d  

[

 

u  

i  

a  

g  

r  

s  

f

𝑞

w  

a  

s

 

l  

t  

a  

q  

t  

s  

o  

d  

a  

a

 

w  

s  

m  

i  

R  

a  

t  

s
 

r
 

p  

t  

s

In this model, the heat intensity at the edges of the heat source spot is
onsiderably less than the maximum heat intensity, which is preferable
umerically, as with the constant power density, an FE model requires
n excessively finer mesh to consider the thermal impulse at the edge of
he spot [ 64 ]. When the penetration depth of the heat flux is small, the
aussian surface flux model yields acceptable results. Because a laser
eat source cannot penetrate a material deeply [57] , it has been mod-
led as a surface flux in several works [ 10 , 69 ]. An electron beam can
enetrate a material considerably deeper than a laser beam; therefore,
urface heat sources are not considered suitable [57] . 

Hemispherical power density model 

For high-power heat sources, the digging action becomes significant
nd a volumetric model is necessary. The hemispherical Gaussian dis-
ribution of heat density is an extension of the Gaussian surface flux
odel, which considers heat penetration beneath the surface. The heat
istribution for the hemispherical Gaussian model can be expressed as:

( 𝑥, 𝑦, 𝜉) =
6
√
3 𝑄 

π
√
π𝑟3 

𝑠 

exp 

( 

−3 𝑥2 

𝑟2 
𝑠 

− 3 𝑦2 

𝑟2 
𝑠 

− 3 𝜉2 

𝑟2 
𝑠 

) 

. 

Ellipsoidal power density model 

The melt pool around several heat sources is far from spherical in
hape. Therefore, an ellipsoidal power density model was proposed [66] ,
hich presents a more generalized formulation. It assumes a Gaussian
istribution on an ellipsoid. The heat distribution for the ellipsoidal
ower density model can be expressed as: 

( 𝑥, 𝑦, 𝜉) =
6
√
3 𝑄 

π
√
πabc 

exp 
( 

−3 𝑥2 

𝑎2 −
3 𝑦2 

𝑏2 
− 3 𝜉2 

𝑐2 

) 

, 

here 𝑎 , 𝑏, and 𝑐 represent the lengths of the semiaxes. Generally, 𝑎 is
aken as the half-width of the deposition, and 𝑏 is the melt pool depth
70] . 

Double ellipsoidal model 

This model is based on the work of Goldak et al. [66] . In this model,
he power density of the region in front of the heat source center and
ehind the heat source center is defined separately, which allows the
odeling of asymmetries in the heat distribution over the melt pool.
wo different ellipsoidal sources are combined, providing considerable
exibility in specifying the power density distribution. The front half is
he quadrant of one ellipsoid, and the rear half is the quadrant of another
llipsoid. This model enables the consideration of different temperature
radients at the front and trailing sides of an experimentally observed
6 
eat source. The heat density distributions for the front and rear quad-
ants are expressed as follows: 

( 𝑥, 𝑦, 𝜉) =
6
√
3 𝑓𝑓 𝑄 

π
√
πab 𝑐𝑓 

exp 

( 

−3 𝑥2 

𝑎2 −
3 𝑦2 

𝑏2 
− 3 𝜉2 

𝑐2 
𝑓 

) 

, 

( 𝑥, 𝑦, 𝜉) =
6
√
3 𝑓𝑟 𝑄 

π
√
πab 𝑐𝑟 

exp 

( 

−3 𝑥2 

𝑎2 −
3 𝑦2 

𝑏2 
− 3 𝜉2 

𝑐2 
𝑟 

) 

, 

here 𝑐𝑓 and 𝑐𝑟 represent the lengths of the semi-axes of the front and
ear ellipsoids, respectively. 𝑄 is the effective power of the heat source
nd 𝑟𝑠 is the maximum radius of the heat source spot. 𝑓𝑓 and 𝑓𝑟 rep-
esent the fractions of heat deposited in the front and rear quadrants,
espectively, where 𝑓𝑓 + 𝑓𝑟 = 2 . 

Physically, 𝑐𝑓 and 𝑐𝑟 represent the radial dimensions of the molten
one at the front and rear of the heat source [66] . If the size of the molten
one is known from the experiment, this information can be used to
etermine the lengths of the semi-axes. In the absence of experimental
ata, 𝑐𝑓 is assumed to be equal to 𝑎 and 𝑐𝑟 to 2 𝑎 in the first approximation
66] . 

Conical heat source model 

The conical heat source model is a volumetric model that has been
sed in welding simulations [71–73] . The heat deposition area is max-
mized at the top and decreases with increasing depth. In other words,
s the depth increases, the diameter of the heat-density distribution re-
ion decreases linearly. However, the heat density along the central axis
emains constant. In any plane perpendicular to the z axis, the heat den-
ity is given by a Gaussian distribution. The power density distribution
or the conical power density model can be expressed as: 

( 𝑟, 𝑧) = 𝑞max exp 

( 

−3 𝑟2 

𝑟2 0 

) 

, 

here 𝑞max is the maximum heat flux, r0 is the distribution parameter,
nd r is the radial distance of any point from the center of the heat
ource. 

Line heat input model 

This model was developed for powder-bed AM by Irwin and Micha-
eris [70] . To simulate the movement of a heat source accurately, the
ime increments must be sufficiently small such that the source moves
 distance smaller than its radius during each increment [74] . Conse-
uently, very small time steps are required to accurately model the mo-
ion of the heat source when the source radius is small. This requires
ignificant computational resources to model PBF systems. Aliasing may
ccur if the time increments are large. The line heat input model ad-
resses this problem by averaging the heat sources along the path. The
veraged heat input over the period of a time step Δ𝑡 can be expressed
s [69] : 

𝑞 (𝑥, 𝜉, 𝑡 ) = 1 
Δ𝑡 

𝑡0 +Δ𝑡 ∫
𝑡0 

𝑞(𝑥, 𝜉)d 𝑡 . 

The scan path is broken into several small linear segments, each of
hich is simulated in one-time increments. This results in considerably

horter computation times. However, the lengths of these linear seg-
ents cannot be large; otherwise, a significant amount of error will be

ntroduced. To overcome this issue, a hybrid approach was proposed in
ef. [69] in which a moving Gaussian surface heat source was applied
long with a line heat input for each scan track. It was demonstrated
hat the hybrid approach could be adapted to significantly reduce the
imulation time without sacrificing excessive accuracy. 

In general, three methods can be employed for estimating the pa-
ameters in a heat source model [75] : 

1 ○ Temperature can be measured using thermocouples at selected
oints. Subsequently, an FE analysis was performed alliteratively to fit
he parameters such that the predicted temperatures matched the mea-
urements at specific points. 



A. Rashid and A. Gopaluni Chinese Journal of Mechanical Engineering: Additive Manufacturing Frontiers 2 (2023) 100102 

 

m  

t  

r  

s
 

p  

p  

m
 

a  

c  

t  

e  

m  

f

 

c  

c  

h  

s  

a  

p  

t  

[  

s  

p  

p  

s  

c  

[  

p  

e  

b  

m  

t  

h  

m  

m  

s  

d  

p  

e  

P  

a  

t  

t  

T  

t  

o  

a  

G

 

u  

t  

i  

o  

u  

f  

m  

e  

b  

c  

w  

w  

s  

a  

s  

a  

m  

r  

w  

t  

e  

a

2

 

a  

l  

t  

t  

D  

a  

t  

T  

s  

h  

c  

f  

a
 

f  

w  

L  

m  

E  

e  

f  

n  

c  

E  

p  

t  

r
 

p  

p  

p  

r  

u  

r  

h  

s
 

e  

f  

m  

t
 

c  

a  

i
 

d  

t  
2 ○The residual stress or strain can be measured using any measure-
ent technique (e.g., hole drilling, neutron diffraction, or X-ray diffrac-

ion). Subsequently, FE analysis was performed iteratively to fit the pa-
ameters such that the predicted residual stresses matched the measured
tress or strain data. 

3 ○Macrographs of cross-sections of deposition can be prepared. The
arameters are then simulated iteratively such that the geometric ap-
earance of the fusion zone, molten pool, and heat-affected zone (HAZ)
atch the dimensions in the macrograph [76] . 

Owing to the complexity of the AM process, determining whether
 heat source model functions well within a high-fidelity model can be
hallenging. The high-fidelity model involves several experimentally es-
ablished assumptions and empirical constants. In the presence of sev-
ral factors, it is challenging to determine the validity of a heat source
odel. Therefore, a heat source model must be validated separately be-

ore being incorporated into a high-fidelity model [ 64 ]. 

Heat source modeling for PBF 

Different heat-source models have been used to model the PBF pro-
ess. A laser beam can only penetrate a solid material up to several mi-
rometers; therefore, it has been modeled in several studies as a surface
eat source to speed up the analysis [77] . However, volumetric heat
ources are preferred for accurate analysis [78] . The electron beam has
 considerably higher energy density, which results in a much deeper
enetration of the solid material [79] . Therefore, an electron beam is
ypically modeled using a volumetric heat source [77] . Tran and Lo
80] performed heat transfer simulations using a novel volumetric heat
ource based on a Gaussian distribution to estimate the size of the melt
ool cross-section during the laser PBF process. They reported that the
redicted peak temperature in the melt pool approximated the mea-
ured value. Furthermore, good agreement was observed between the
omputed melt-pool dimensions and measurements. Foroozmehr et al.
81] used a volumetric heat source model with a uniform distribution to
redict the melt pool size. Experiments were conducted to calibrate the
ffective optical penetration depth of the laser beam into the powder
ed. The predicted melt-pool depths were validated using the experi-
ental results. Zhang et al. [73] developed a finite element model for

he laser PBF process to predict the melt pool dimensions. Eight different
eat source models published in the literature were tested for the nu-
erical modeling. All the heat source models led to over 40% shallower
elt pools compared to the experiments. To improve the simulation re-

ults, a new model with varied anisotropically enhanced thermal con-
uctivities and absorptivities was proposed. The average errors in melt
ool width and depth reduced by 2.9% and 7.3%, respectively. Galati
t al. [82] developed a thermal numerical model for an electron-beam
BF process. They ignored the penetration depth of the electron beam
nd approximated the heat flux as a uniform circular distribution at the
op surface. Zäh and Lutzman [79] used a Gaussian volumetric distribu-
ion to model a heat source and simulate an electron-beam PBF process.
he model was validated by comparing the predicted temperature with
he temperature measured using a thermocouple. Yue et al. [83] devel-
ped a thermomechanical model to simulate the molten pool evolution
nd residual stress distribution in the electron-beam PBF process. The
oldak volumetric distribution was used to model the heat source. 

Heat source modeling for DED 

Similar to the PBF process, various heat source models have been
sed to model the DED process. The simplest model specifies that the
emperature of the newly deposited material should be equal to the melt-
ng temperature instead of employing heat flux [ 84 , 85 ]. This is based
n the assumption that the material reaches its melting temperature
pon reaching the surface of the part. In other studies [ 86 , 87 ], a sur-
ace heat flux was adopted to model the heat source. However, volu-
etric heat source models are considered to be the most accurate. Yang

t al. [ 88 ] developed a FE model to investigate the thermomechanical
7 
ehavior of a part built using the LENS-directed energy deposition pro-
ess. An ellipsoidal volumetric heat-flux model was used. The model
as validated by comparing the simulated distortion of the substrate
ith experimental measurements. Ding et al. [ 89 ] modeled the heat

ource as a well-distributed volumetric heat input for a part built using
 wire arc AM process. The model was insensitive to the mesh, which
ignificantly reduced the computational time. The computed temper-
ture history and distribution were validated by comparison with the
easurements from thermocouples and a thermal imaging camera. Gia-

ollo et al. [ 90 ] proposed a double bi-ellipsoid heat source model for the
ire-arch AM process and compared the numerical results with those of

he Goldak double-ellipsoid model. They concluded that the double bi-
llipsoid model describes the observed geometry in macrographs more
ccurately than the Goldak double-ellipsoid model. 

.2. Material deposition modeling 

In the metal manufacturing process, parts are produced pass-by-pass
nd layer-by-layer. Incremental addition of the material is the most chal-
enging aspect in the numerical modeling of residual stresses and distor-
ion and requires special techniques in numerical analysis. The available
echniques mainly depend on the type of AM process being modeled.
uring the PBF process, a layer of powder is spread over the build area,
nd an energy source scans specific areas according to the CAD geome-
ry. Thus, a layer could consist of both powder and solidified material.
he presence of a preplaced powder layer on the powder bed requires
pecial treatment because the solidified material and powder particles
ave different thermal and mechanical properties. During the DED pro-
ess, an energy source fuses the material as it is being deposited; there-
ore, the computational domain includes only the deposited material
nd no powder [ 91 ]. 

FE analysis can be performed in either an Eulerian or a Lagrangian
ramework. In a traditional Lagrangian analysis, the nodes are fixed
ithin the material, and the elements deform as the material deforms.
agrangian elements are always 100% full of a single material, so the
aterial boundary coincides with the element boundary. In contrast, in
ulerian analysis, nodes are fixed in space, and material flows through
lements that do not deform. Eulerian elements may not always be 100%
ull of materials. The Eulerian formulation trades accuracy for robust-
ess. Finite element discretization based on the Lagrangian framework is
ommonly used for metal AM processes [ 92 ]. Ding et al. implemented a
ulerian framework to simulate the AM process. It required fewer com-
utational resources than the Lagrangian formulation but was limited
o simpler geometries. In the following sections, all the discussions are
elated to the Lagrangian framework. 

Powders are the most commonly used feedstock materials in AM. The
owder material consists of a multitude of particles of different sizes and
orosity. Modeling a large number of particles requires enormous com-
utational resources [55] . For part-scale models, a common approach to
educe computational effort is to approximate the powder as a contin-
um with homogenized properties. In such models, the powder is rep-
esented as a reduced-density, low-strength solid [ 93 ]. Previous studies
ave shown that in thermal calculations, the metal powder can be con-
idered as a continuum with sufficient accuracy [ 79 , 94 ]. 

Material deposition modeling requires special methods for handling
lements as new materials are added to the built domain. The techniques
or the PBF and DED processes are quite different because of the funda-
ental differences in material deposition. The techniques used to model

he DED process are also described. 
The techniques used to model material deposition in DED processes

an be divided into three categories: (a) quiet element methods, (b) in-
ctive element methods, and (c) hybrid activation method [ 59 , 95 ]. This
s schematically illustrated in Fig. 8 . 

In the quiet element method, the final discretized geometry of the
esired part is already present in the model prior to the simulation of
he building process. As the material is deposited, real material prop-
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Fig. 8. Material deposition modeling tech- 
niques for the DED process. 
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Fig. 9. Material deposition modeling technique for the PBF process. 
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rties are assigned to the elements representing the deposited mate-
ial, whereas the material properties of the non-deposited elements are
caled down such that they have no or an insignificant effect on the
nalysis results. Hence, these nondeposited elements are called quiet el-
ments. As the heat source passes over other elements, these elements
re assigned real material properties. This method does not require the
edefinition of a computational domain during the solution procedure. 

In the inactive element method, only the elements representing the
eposited material are present in the model. As the heat source moves
nd the material is deposited, new elements representing the deposited
aterial are added. In other words, elements for the material yet to be
eposited are not included in the solution domain at the beginning and
re gradually born into the solution domain. This method is known as
he “B-element birth method ” [ 46 , 59 ]. This method makes the greatest
hysical sense. 

The major advantage of using the quiet element method is that be-
ause the number of elements is constant, the number of equations does
ot change, and solver initialization during the simulation process is not
equired [ 95 , 96 ]. Furthermore, this method can be easily implemented
sing commercial finite element software. However, there are several
uiet elements at the beginning of the deposition process that require
olving a large number of equations even though only a small amount
f material has been deposited. In other words, the DoF of the problem
emains constant because the DoF associated with the quiet elements is
lways present in the system of equations. Furthermore, owing to the
caling down of material properties, the stiffness matrix can become
ll-conditioned and convergence problems may occur [ 95 ]. However, if
he material properties are not sufficiently scaled down, thermal energy
nters the quiet elements, producing erroneous results [ 95 ]. 

The major advantage of using the inactive element method is that it
oes not require scaling factors to exclude elements from the analysis.
urthermore, the stiffness matrix was considerably smaller because only
he elements representing the deposited material were considered. The
tiffness matrix is also well defined because no scaling factor is used.
owever, this method requires the domain to be redefined during the

olution procedure, and the elements must be renumbered, which in-
reases the computational cost. This method is difficult to implement in
ommercial finite element solvers [ 95 , 96 ]. 

A hybrid activation method was proposed to exploit the strengths of
oth material deposition modeling methods [ 95 ]. In this method, the
art is divided into layers. The current layer, which is built using a
8 
eat source, is modeled using the quiet-element method. This implies
hat the nondeposited material in the current layer is represented by
uiet elements. As the heat source scans over the current layer, addi-
ional elements representing the newly deposited material are assigned
o the real material properties. The nondeposited layers above the cur-
ent layer are modeled using the inactive element method. Therefore,
he elements in these nondeposited layers are not present in the model.
fter completing the scan of the current layer, the next layer is added to

he model, and the elements are renumbered according to the inactive
lement method. By combining both the activation methods, an efficient
nd cost-effective solution can be achieved. 

The PBF process involves spreading the powder material over the
revious layers. This can be modeled using the inactive element method
50] , where a new layer of powder is represented by activating a com-
lete layer of elements. These elements are initially assigned to the prop-
rties of the powdered material. As the heat source moves over the layer,
he elements are heated above the liquidus temperature and assigned the
aterial properties of the liquid material. Ultimately, these elements are

ssigned bulk material properties when their temperatures are below
he solidus temperature. A schematic of this method is shown in Fig. 9 .
otably, the material is represented as either a powder or consolidated

tate (solid and liquid materials together). After the laser scans the com-
lete layer, a new layer of elements is activated. This process continues
ntil a complete part is constructed [69] . 

.3. Layer lumping 

A high-fidelity model requires significant computational resources to
redict the residual stress and strain. To minimize the total DoFs, sev-
ral physical layers are represented by a single layer in the FE model.
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A  
n other words, several physical layers are lumped into a single com-
utational layer. This enables the use of a relatively coarse FE mesh.
ive different aspects/parameters must be considered when considering
 layer lumping strategy for a problem [50] : (1) lumping ratio, (2) heat
ource size, (3) heat source power, (4) scan speed, and (5) inter-layer
well. 

The first consideration when implementing layer lumping is the
umping ratio, that is, the number of physical layers represented by a
ingle numerical layer. A higher lumping ratio results in a more time-
fficient analysis; however, the accuracy can suffer. A lumping ratio of
0 was used in Ref. [ 97 ] to obtain accurate results. A lumping ratio of
6.7 was used in Ref. [50] , and good agreement was observed between
he measured and simulated strains. 

The second aspect to be considered is the size of the heat source.
deally, it is scaled up by the lumping ratio such that it heats the en-
ire agglomerated layer. This scale-up is called heat source agglomera-
ion. Hodge et al. [49] implemented a model for predicting the resid-
al stresses and distortions in several parts built using selective laser
elting. An agglomerated laser heat source was used to scan each com-
utational layer. Comparisons with the experimental results were gen-
rally encouraging. Ganeriwala et al. [50] used layer and heat source
gglomeration to simulate the residual strains in a PBF-built part. Four
arts with the same geometry were constructed using different scanning
trategies. By comparing the predicted results with the X-ray diffrac-
ion measurements, it was concluded that the agglomeration techniques
ere unable to fully capture the scan strategy effects. It was also noted

n Ref. [ 97 ] that the heat source model is not as important as the to-
al magnitude of the heat flux [ 97 ]. In another study, Ganeriwala et al.
 98 ] used layer and heat source agglomeration to simulate the residual
trains in a PBF-built part at varying levels of layer height and mesh
efinement. They reported a negligible decrease in accuracy for coarser
eshes and concluded that more refined meshes alone are not sufficient

or accurate predictions; however, material models representing the true
ehavior of the material are also required. 

The third issue to be addressed is the correct power of the heat
ource. An obvious choice is to increase the power, such that the total
nergy input into the domain is conserved according to the number of
hysical layers represented by the numerical layer. However, this leads
o the overheating of the domain [50] . This is because, in the actual
rocess, heat is applied to a very small volume with continuous con-
uction to neighboring areas, and the material has time to cool down
uring inter-layer dwell. To address the overheating problem, tuning of
he heat source power is required to make the maximum temperature
ealistic. In other studies [ 49 , 98 , 99 ], the power was increased heuristi-
ally to ensure complete melting of the agglomerated layers. 

The fourth aspect that needs to be addressed is scan speed. In sev-
ral works [ 50 , 98 , 99 ], the scan speed was specified to be equal to the
hysical process value. By maintaining a scan speed equal to the process
peed, we attempted to conserve the characteristic heating time of an
ndividual point [50] . 

The fifth aspect to consider is the total inter-layer time. In Refs.
 50 , 99 ], the inter-layer time was scaled from the physical process value
y the lumping ratio such that the total part building time was kept
onstant. 

.4. Thermal-stress analysis 

The stress/deformation field in an additively manufactured structure
epends on its temperature history. Ideally, such an analysis should be
erformed using fully coupled thermal stress analysis. A fully coupled
nalysis simultaneously solves the heat conduction and stress equilib-
ium equations. However, coupled analyses are computationally expen-
ive. For problems in which the temperature field is almost independent
f the deformation response, that is where the effect of mechanical de-
ormation on the temperature field is negligible, a sequentially coupled
pproach can be used instead of a fully coupled approach. Sequential
9 
oupled analysis is typically more cost effective. However, the results
ay not be as accurate as those obtained using a fully coupled approach
epending on the degree of coupling between the mechanical and tem-
erature fields. A sequentially coupled analysis was performed by first
onducting heat transfer analysis and determining the transient temper-
ture field. In the second step, stress analysis was performed, and the
emperature field as a function of time from the heat transfer analysis
as imported as the thermal load. Therefore, the interactions between

he temperature and deformation fields were not considered in the se-
uentially coupled analysis. 

Sequentially coupled analysis 

Sequentially coupled analyses have been used in several studies to
imulate the PBF processes. Yang et al. [ 97 ] adopted a sequentially cou-
led thermomechanical approach to simulate residual strains in a laser
BF-fabricated part. A DELMIA powder bed fabrication application was
sed to generate the slicing and laser trajectories of the built part for
nalysis, according to the actual scanning strategy. A good correlation
as observed between the predicted strain field and X-ray diffraction
easurements of the built part. Similarly, to simulate residual stress

nd distortion in a laser PBF-fabricated part, Williams et al. [ 100 ] used
 sequentially coupled thermomechanical approach. They applied a uni-
orm temperature field instead of a heat flux as a load to a fraction of the
ayer to perform thermal analysis. The predicted distortion of the bridge
haped part was within 5% of the experimental measurements. Hussein
t al. [10] used a sequentially coupled thermomechanical approach to
tudy the temperature distribution, thermal stresses, and melt-pool di-
ensions in a single layer built on a powder bed. Laser energy density
as applied as a volumetric Gaussian heat source. The simulation re-

ults revealed the magnitudes of the temperature and stress at different
ocations in the layer. Cheng et al. [ 101 ] used a sequentially coupled
hermomechanical model to evaluate the effects of different scanning
trategies on the temperature, stress, and deformation of the laser-PBF
rocess. The model incorporated a volumetric Gaussian heat source and
imulated the stress and deformation of the multilayer deposition. 

Sequential coupling analysis has been used in several studies to sim-
late the DED process. Denlinger and Michaleris [ 102 ] used a sequen-
ially coupled thermomechanical approach to study the influence of in-
er layer dwell time on the distortion of a DED-built part. Single-wall
tructures were fabricated on a substrate of a similar material using a
aser DED process. The laser heat source was modeled using the Goldak
ouble ellipsoid model. The in situ temperature, in situ distortion, and
ost-process residual stress predictions were compared with experimen-
al measurements. Yang et al. [ 88 ] adopted a sequentially coupled ap-
roach to predict the thermomechanical behavior of a part built using
aser DED. Five layers of rectangular contours of Ti-6Al-4V were de-
osited on a substrate of the same material. The substrate was clamped
t one end using an aluminum fixture fixed to the table. An ellipsoidal
eat-source model was employed for the numerical study. The thermal
nalysis was validated by comparing the temperature history at fixed
oints with the temperature measured using thermocouples. The me-
hanical simulation was validated by comparing the distortion magni-
ude of the substrate with experimental observations. Yan et al. [ 103 ]
nvestigated the residual stress and warping of a stiffened panel pro-
uced by electron-beam freeform fabrication (wire DED process). The
anel was analyzed using a sequentially coupled thermomechanical ap-
roach. The elements in the layer were sequentially activated according
o the scanning path. Instead of specifying a heat source model, body
eat flux was applied to each newly activated element. In each ther-
al analysis step, only one element was activated and body heat flux
as applied. The predicted distortion agreed reasonably well with the

xperimental results. 

Fully coupled analysis 

Fully coupled analyses have been used by only a few researchers in
M process simulations. Strantza et al. [ 99 ] simulated the PBF build-
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Fig. 10. Contour plots of the middle cross-section of a bridge-shaped specimen for the x, y , and z components: (a) Measured residual strain; (b) Simulated residual 
strain; (c) Measured residual stress; (d) Simulated residual stress [ 99 ]. 
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ng process of a bridge-shaped component by adopting a layer and heat
ource agglomeration in a fully coupled model. They compared their
redictions with X-ray diffraction measurements and found a good cor-
elation between them. Fig. 10 compares the contour plots of the resid-
al strain and stress obtained from the simulations and measurements.
aneriwala et al. [50] implemented a fully coupled thermomechani-
al model to predict the residual stress during laser PBF. Good quali-
ative agreement was observed between the predicted strain field and
ynchrotron X-ray diffraction measurements of the built part. Riedl-
auer et al. [ 104 ] developed a thermomechanical model to simulate
he melting process. They focused on the performance considerations of
he two solution approaches for thermomechanically coupled problems.
 straight scanning path was simulated and the performances of the two
lgorithms were compared. 

For AM process simulations, sequentially coupled analysis has been
sed in most studies because it provides a cost-effective solution, despite
ome loss of accuracy [ 105 ]. 

.5. Adaptive meshing technique 

Part-scale FE models are powerful tools for accurately predicting the
esidual-stress distribution in parts built using additive-manufacturing
rocesses. A highly concentrated heat source requires the mesh to be re-
ned to capture the high temperature gradient at the location of the heat
ource spot. As the heat source scans each layer pass-by-pass, the built
art is discretized with a fine element density to capture high gradients.
onventionally, a part is discretized before the analysis and remains
nchanged throughout the analysis. For large parts with fine element
ensity, the degrees of freedom increase substantially, which makes FE
nalysis prohibitively expensive. 
10 
Adaptive remeshing techniques have been used to build FE models
ith a low DoF and sufficient accuracy. The objective of this technique is

o obtain a fine mesh in a region where the thermal and stress gradients
re high and a coarser mesh in a region where the gradients are low [51] .
n other words, the mesh refinement is determined based on variations
cross domains [ 106 ]. Because the gradients are smaller for the layers
way from the layer being built, these regions can have coarser mesh
izes. Thus, models with large spatial dimensions with respect to the
ize of the heat source can be analyzed accurately without considerably
ncreasing the total number of DoFs. Different strategies are available
or adaptive remeshing and have been implemented by researchers in
he AM process. One approach involves merging the elements in the
ower layers of a part while maintaining a higher density of elements in
he top layers [ 92 ]. As more layers were added to the top of the built
art, the mesh in the lower layers progressively coarsened. This results
n a substantial increase in computational efficiency. 

Patil et al. [ 106 ] presented a dynamic adaptive mesh refinement
AMR) and de-refinement method for time-dependent dynamic prob-
ems in which the mesh is dynamically adapted to new boundary con-
itions, evolving constitutive laws, or geometries. They applied this
ethod to a metal laser-sintering process. This shows significant poten-

ial for efficient and high-resolution simulations. Gouge et al. [ 107 ] used
–Octree adaptivity, which combines eight adjacent elements into a sin-
le larger element. Their algorithm allowed adaptivity only between lay-
rs and not within a single layer. The number of fine top layers was used
o determine how far away from the current layer the mesh was coars-
ned. Remeshing occurred after the addition of a new layer of elements.
aneriwala et al. [ 98 ] used a mesh refinement scheme based on error
stimators to simulate a single-track deposition. Refinement occurred
or the elements closest to the moving laser beam. After the laser passed
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Fig. 11. (a) Demonstration of adaptive mesh refinement 
using a 1 mm × 1 mm cross-sectional domain, fully re- 
fined mesh (top left), mesh with 1 (top right), 2 (bottom 

left), and 3 (bottom right) levels of de-refinements, red ele- 
ments represent the substrate, where green elements repre- 
sent initially powdered material [ 98 ]; (b) Multilayer mesh 
tying concept [ 108 ]. 
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way and the elements were cooled to room temperature, they were de-
efined. They also used a layer-wise technique for part-scale models to
ncrease the efficiency of the refining/de-refining processes. Elements in
he current layer were not refined/de-refined as a function of the laser
osition, as it would add the expense of remeshing every time step or
very few time steps, as opposed to once per layer. The de-refinement
as based on the distance from the top surface of the part. Refinement
nd/or de-refinement occurred immediately after the deposition of a
ew layer. Fig. 11(a) shows the remeshing of a domain using this al-
orithm. Initially, the domain comprised a fully refined mesh with 16
owder layers (green). Only two layers were set to remain at the most re-
ned level after de-refinement. After the three levels of de-refinement,
he total DoFs decreased considerably. Proell et al. [ 108 ] proposed a
ual-mortar mesh tying scheme to simplify the mesh generation. This
cheme was used in a thermomechanically coupled FE model to simulate
esidual stress in a PBF-built part. This allows for nonconforming meshes
etween subsequent layers, as shown in Fig. 11(b) . Traditional mesh-
eneration schemes require matching meshes between layers, which can
esult in distorted elements or large differences in nearby element sizes.
he dual-mortar mesh tying scheme allowed for undistorted and almost
qually sized elements, resulting in a reduced DoF. Another advantage
f the dual mortar mesh tying scheme is the optimal convergence rate
n the L2 -norm, which is generally not certain by other methods, such
s collocation-type and mesh-tying methods [ 108 , 109 ]. 

.6. Powder-to-solid transition 

As the heat source scans the feedstock material, it undergoes a solid–
iquid–solid transition. Therefore, special techniques are required to
odel this transition. Metal powders are the most common feedstock
sed in metal AM, so the discussion in this section is confined to them. 

Feedstock materials can exist in three states: powder, liquid, or solid.
 one-way change occurs during consolidation from powder to liquid,
ut the transition is bidirectional between the solid and liquid phases.
his is schematically shown in Fig. 12 . 

Latent heat, that is, the energy absorbed or released during a change
f state, is an important consideration in numerical modeling. In pure
aterials, this change occurs at a fixed melting temperature, that is, it

s an isothermal state change. For alloys, the change in state typically
ccurs over a narrow temperature interval between the solidus temper-
11 
ture, Ts , and the liquidus temperatures, Tl [ 110 ]. This interval is re-
erred to as the “mushy zone. ” Fig. 13(a) shows a typical temperature-
nthalpy relationship for a nonisothermal phase change. Several meth-
ds are available to model the latent heat effects, such as the apparent
eat capacity, effective capacity, and enthalpy methods. 

Apparent heat capacity method 

In this method, the latent heat is accounted for by increasing
he heat capacity of the material in the state transition temperature
ange, that is, between the solidus and liquidus temperatures [ 111 ].
ig. 13(b) schematically illustrates the apparent heat capacity calcula-
ion. The apparent heat capacity can be expressed as: 

app =
⎧ ⎪ ⎨ ⎪ ⎩ 

𝐶𝑠 𝑇 < 𝑇𝑠, 

𝐶in 𝑇𝑠 < 𝑇 < 

𝐶𝑙 𝑇 > 𝑇𝑙 , 

𝑇𝑙 , (4) 

here 𝐶𝑠 is the heat capacity of the solid state and 𝐶𝑙 is the heat capacity
f the liquid state. 𝐶𝑖𝑛 epresents the artificially increased heat capacity
f the material to account for the latent heat in the mushy zone, and is
iven by Eq. (5) . 

𝑖𝑛 =

{ ∫ 𝑇𝑙 

𝑇𝑠 
𝐶( 𝑇 ) d 𝑇 + 𝐻𝑓 

} 

(
𝑇𝑙 − 𝑇𝑠 

) , (5) 

here 𝐻𝑓 is the latent heat of the material. 
A drawback of this method is that if, for example, for a melting case,

he temperature of a point rises from below the solidus temperature to
bove the liquidus temperature in one time increment, latent heat is
ot accounted for in the control volume [ 111 ]. Therefore, small time
ncrements are used to ensure that the temperature change does not
xceed this interval. 

Heat integration method 

Using this method, the temperatures at all points were observed. For
 pure metal, if the temperature at any point exceeds the melting tem-
erature, the material is assumed to have undergone a state transition.
he temperature at that point is reset to the melting temperature, and
he equivalent amount of heat due to resetting the temperature is added
o the enthalpy accounting for that point [ 111 ]. Once the accumulation
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Fig. 12. Three states of feedstock material. 

Fig. 13. (a) A typical temperature-enthalpy re- 
lationship for non-isothermal state change; (b) 
Apparent heat capacity method with modified 
heat capacity Cin that includes the effect of la- 
tent heat. 
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Fig. 14. Dependence of yield limit of martensite, ferrite/pearlite mixture, and 
austenite on temperature [ 116 ]. 
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as equal to the latent heat, the temperature was allowed to increase.
his method is computationally economical, but the accuracy of the so-

ution strongly depends on the size of the time increments [ 111 ]. 

Enthalpy method 

In this method, the latent heat is accounted for by enthalpy [ 111 ].
he enthalpy as a function of temperature is given by Eq. (6) . 

 =
⎧ ⎪ ⎨ ⎪ ⎩ 

𝐶𝑠 𝑇 𝑇 < 𝑇𝑠 , 

𝐶𝑚 𝑇 + 𝐻𝑓 ( 𝑇 − 𝑇𝑠 ) 
( 𝑇𝑙 − 𝑇𝑠 ) 𝑇𝑠 ≤ 𝑇 ≤ 𝑇𝑙 , 

𝐶𝑙 𝑇 + 𝐻𝑓 + 𝐶𝑚 

(
𝑇𝑙 − 𝑇𝑠 

)
𝑇 ≥ 𝑇𝑙 , 

(6) 

here 𝐶𝑚 is the heat capacity of the material in the mushy zone. Al-
hough the enthalpy method is more expensive, it provides accurate so-
utions [ 111 ]. 

Luo and Zhao [69] performed a transient thermal analysis of a part
uring the selective laser melting process and adopted the apparent
eat capacity method. Foteinopoulos et al. [48] developed a numerical
odel to simulate the thermal history of parts manufactured using PBF.
hanges in the melting and solidification states were modeled using the
pparent heat capacity method. Cheng et al. [ 112 ] performed a thermal
nalysis of the PBF process using the enthalpy method to model the la-
ent heat. Parry et al. [ 113 ] did not include latent heat in their work to
void smaller time increments and argued that latent heat is relatively
nsignificant compared to the loss of heat through radiation. Cheng et al.
 112 ] developed a numerical model in which material properties were
ssigned according to the state of the material. An internal state variable
s defined to specify whether the material is powdered or consolidated.
he variable at a material point can be 0 or 1, where 0 represents powder
nd 1 represents a consolidated state. When the temperature at a ma-
erial point (in the powder state) exceeded the liquidus temperature, it
as considered to have transformed into the consolidated state, and the

tate variable was changed to 1. Then, the state variable was locked at 1,
s the state change could only be one-way (i.e., from powder to consoli-
ated). Similarly, Jeong et al. [ 114 ] performed a thermal analysis of the
BF process using temperature-dependent material properties for the
owder and consolidated states. They tracked the temperature history
f each integration point to determine the state and applied appropri-
te material properties. The numerical predictions were experimentally
alidated. 
12 
.7. Solid-state phase transformations 

Solid-state transformations have a significant effect on the physical
roperties that must be considered to accurately predict the residual
tress and strains. The difference in the coefficient of thermal expan-
ion and volume changes due to the difference in the densities of the
arent and transformed phases are two of the most important proper-
ies to consider in residual stress simulations. Similarly, the different
hases exhibit different thermal properties [ 115 ]. Furthermore, the me-
hanical properties of an alloy change significantly due to solid-state
ransformations because the properties of the individual phases are sub-
tantially different from each other. Fig. 14 shows the yield strengths
f different phases of a carbon-steel alloy as a function of temperature
 116 ]. Because the yield strengths of each phase are significantly dif-
erent, it is important to track the phase transformations to accurately
odel macroscopic alloy behavior. 

Materials that do not undergo a solid-state phase transformation,
uch as Inconel 625 [ 102 ], are relatively easier to model. In the case
f phase transformation in a material, the total strain is expressed as: 

 

total = 𝜺 elas tic + 𝜺 plas tic + 𝜺 ther mal + 𝜺 phase , (7) 

here 𝜺 phase represents the phase transformation strain. 
The strain caused by the solid-state phase transformation has been

hown to be critical for several materials [ 102 , 117 ]. If the residual
tresses are to be predicted accurately, it is necessary to know which
ransformations are likely to occur because a phase change is usually
ssociated with a transformation strain. It was shown in Ref. [ 102 ] that
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hen transformation strain was not incorporated into the model, the
esidual stress results were overpredicted by more than 500% for Ti-
Al-4V alloy. This was attributed to the difference in the coefficients
f thermal expansion, volume, and hardness between the parent and
esulting phases. 

The thermal and mechanical fields must be coupled with the evolu-
ion of the microstructure to account for the dependence of the physical
roperties of a material on its microstructure. In the approach adapted
y Alberg and Berglund [ 116 ], the thermal field is first computed, fol-
owed by the microstructural evolution. Finally, the mechanical field is
omputed. 

A numerical model requires separate material models to consider the
ifferent constitutive behaviors of each phase present in a part. How-
ver, the predictive numerical models for industrial parts would require
ignificant computational resources. 

.8. Material model 

Owing to the direct exposure to a heat source, the temperature of
 built part can become very high locally. Furthermore, the material
ndergoes repeated heating and cooling cycles because of pass-by-pass
nd layer-by-layer movements of the heat source. Due to temperature
uctuations, the behavior of the material changes drastically during
he AM process. Therefore, it is important to consider the temperature-
ependent properties of materials used in AM [67] . Furthermore, during
n AM process, the built part cools rapidly. Typical cooling rates are in
he order of 105 K/s around the melt pool [ 50 , 118 ]. Such rapid cooling
ates can cause significant strain in the surrounding materials. The flow
trength of metals usually exhibits significant strain-rate dependence at
levated temperatures [ 119 , 120 ]. Therefore, to accurately model the be-
avior of materials in an AM process, several authors have considered
he material properties over a wide range of temperatures. However,
any researchers have used strain-rate-independent material models in

heir work, probably for ease of implementation and to reduce the com-
utational resources required [50] . Such models cannot directly capture
tress and strain relaxation at elevated temperatures. 

The solution to the heat conduction equation requires information on
he density, heat conductivity, and heat capacity of the material. Gener-
lly, it is easier to obtain thermal properties than mechanical properties.
any studies have used temperature-dependent thermal properties for

hermal analysis. Hocine et al. [ 121 ] developed a FE model to predict
he temperature evolution of a part fabricated using the selective laser
elting process. They used temperature-dependent thermal properties

f bulk materials in their work. The powder density at temperatures be-
ow the melting point was obtained by multiplying the bulk density by
 scaling factor. The thermal conductivity of the powder was calculated
sing the following equation: The specific heat capacity was assumed to
e equal to that of the bulk material. Zhang et al. [73] developed a heat
ransfer FE model for the PBF process to predict melt pool dimensions.
emperature-dependent thermal properties of the bulk material were
onsidered. The powder conductivity for temperatures lower than the
elting point was assumed to be 1% of the bulk thermal conductivity.
he powder density was calculated using the following equation: The
pecific heat capacity of the powder was assumed to be equal to that of
he bulk material. 

Constitutive models that describe the response of a material to differ-
nt loading conditions are required for stress analyses. Accurate predic-
ion of residual stresses requires physically realistic constitutive models,
hich necessitate a better understanding of the relationship between

emperature, microstructure, and material properties. Different consti-
utive models have been proposed to account for the observed behavior
f materials, such as strain dependence, strain rate dependence, temper-
ture dependence, and microstructure dependence. Constitutive mod-
ls are generally divided into two categories: physics-based and phe-
omenological. Physics-based models (also known as physically based
odels in the literature) consider the underlying physical processes,
13 
uch as dislocation density, recrystallization, grain growth, and grain
ize gradients, to formulate constitutive equations [ 122 ]. In contrast,
henomenological models are based on fitting a function to experimen-
al data without any consideration of the underlying physical process.
everal empirical models exist, such as Hollomon’s equation and Lud-
ik’s equation, which are power laws used to describe the hardening
ehavior of metals. A commonly used model for strain-rate-dependent
aterials is the Johnson-Cook (JC) model. Such models are not based on

he knowledge of the underlying deformation mechanism. These models
enerally exhibit a good fit to the measured stress–strain curves. How-
ver, they have no predictive capability beyond the range of the mea-
ured data. Hence, they usually provide good results within the range of
onditions in which they are fitted, and the accuracy outside that range
s often unsatisfactory. However, physics-based models can be extrapo-
ated outside the range of data used for calibration, provided that the
nderlying mechanisms still dominate the behavior [ 123 ]. Therefore,
t provides a more realistic prediction than phenomenological models.
 phenomenological model has fewer parameters to fit than a physics-
ased model. 

Yang et al. [ 97 ] predicted residual strains within an Inconel 625 part
sing a sequentially coupled thermomechanical model. A temperature-
ndependent material model of Inconel 625 was used for mechanical
imulation. A bilinear orthotropic plasticity-hardening behavior was im-
lemented in this model. Different yield strengths are assumed in the
orizontal and build directions. The material model is justified based on
he accuracy of the predictions. Dong et al. [ 124 ] modeled the mechan-
cal behavior of a material as an ideal plastic using the von Mises yield
riterion to predict the residual stresses in a part built using the PBF pro-
ess. Song et al. [ 125 ] implemented a temperature-dependent plasticity
odel using the von Mises yield criterion to investigate the process of

imulation of AM components fabricated using Inconel 718. As the pre-
iously deposited material undergoes remelting and heating cycles ow-
ng to the new material deposition, it is supposed to undergo annealing.
he process of annealing (heat treatment) involves maintaining a suit-
ble temperature, which is significantly lower than the melting temper-
ture, for a certain amount of time (usually hours) for microstructural
hanges to occur. However, the temperatures increase locally for only a
ery short period during the AM of a part. Therefore, annealing is antic-
pated to occur only in regions where the temperatures are significantly
igher than the published full annealing (heat treatment) temperatures
 126 , 127 ]. However, annealing data for higher temperatures are scarce,
o in Ref. [ 126 ], an annealing temperature of 1200 °C was assumed for
elding of steel, keeping in view shorter exposure times. Several stud-

es [ 102 , 113 , 128 , 129 ] have modeled annealing by resetting the strain
omponents to zero above a certain reference temperature. The value of
he reference temperature usually needs to be tuned to best match the
xperimental results. To capture the annealing phenomenon, Qiao et al.
 127 ] adopted the dynamic strain-hardening reduction factor. 

When this factor was set to 1, the dislocations were completely an-
ihilated, such that all strain hardening effects were eliminated, and
he material returned to a fully annealed state without any dislocations.
n contrast, when this factor was set to zero, there was no dislocation
nnihilation. (e.g., when deformation was complete at room tempera-
ure). It was also shown that this reduction factor was more sensitive
o temperature than to time. Ganeriwala et al. [50] combined three dif-
erent classes of material models to capture the strain-rate dependence
nd annealing behavior of Ti-6Al-4V. The adopted model depends on
he temperature as follows: 

1) Strain rate independent plasticity for T < 0.5 Tm 

; 
2) Viscoplasticity (strain rate dependent plasticity) for 0.5 Tm 

≤ T < 0.8
Tm 

; 
3) Maxwell-type viscoelasticity for T ≥ 0.8 Tm 

. 

Where Tm 

is the melting temperature of the material and T is the
emperature at a given point. The results of the thermomechanical sim-
lation were in good agreement with the synchrotron X-ray diffraction



A. Rashid and A. Gopaluni Chinese Journal of Mechanical Engineering: Additive Manufacturing Frontiers 2 (2023) 100102 

m  

s  

l  

c  

[  

t  

l  

J  

F  

v  

c  

l  

r  

m  

c  

e  

c  

s

2

 

o  

s  

t  

s  

t  

c  

s  

T
 

a  

e  

e  

t  

C  

s  

[

 

g  

T  

t  

o  

P  

w  

t  

s  

o  

m  

d  

a  

g  

m  

t  

h  

t  

t  

s  

p  

o  

t  

r  

w  

e  

i  

p  

n  

s  

t  

w  

C  

c  

p  

l  

t  

s  

o  

m  

t  

s  

m  

t  

d  

u  

e  

s  

r  

w

 

s  

H  

n  

f  

l  

s  

e  

T  

t  

a  

c  

a  

s  

p  

s  

i  

l  

o  

c  

i
r  

o  

e  

m  

a  

r  

i  

i  

r  

u  

e  

w  

w  

t  

w  

s  

e  

a  

p  
easurements. Lindgren et al. [ 130 ] developed a physics-based flow
tress model for Ti-6Al-4V. This model allows the removal of accumu-
ated plastic strains corresponding to the annealing of the material. They
oupled a constitutive model with a microstructural model. Urevc et al.
 131 ] implemented a phenomenological viscous-elastic-plastic consti-
utive model to simulate the stress relief in AISI 316 L austenitic stain-
ess steel. Zhao et al. [ 132 ] compared the Johnson-Cook and modified
ohnson-Cook constitutive material models to predict the behavior of
eCr alloys during AM. The dynamic impact tests were conducted at
arious strain rates and temperatures. Gupta et al. [ 133 ] developed four
onstitutive models to predict the flow stress in 316 austenitic stain-
ess steels. They concluded that the modified Zerilli-Armstrong and Ar-
henius models predicted the flow stress better than the Johnson-Cook
odel. Promoppatum and Rollett [ 122 ] compared physics-based (Me-

hanical Threshold Stress) and phenomenological (Johnson-Cook) mod-
ls for thermomechanical simulations. The results showed that the me-
hanical threshold stress model has an advantage in capturing the tran-
ient growth of plastic strain compared with the Johnson-Cook model. 

.9. Scanning strategy 

Scanning strategy refers to a pattern in which the heat source moves
ver a substrate. These components can be fabricated using different
canning strategies. Several aspects and parameters are associated with
he scanning strategy. These include the scan vector length, angle of the
can vectors, order of scanning, and rotation of the scan vector during
he construction of subsequent layers [ 41 , 134 ]. Varying any of these
an result in significant combinations of the scanning strategies. Various
canning strategies have been implemented and described in literature.
he basic strategies described in the literature are shown in Fig. 15 . 

The choice of scanning strategy significantly affects residual stress
nd distortion [ 11 , 38–41 ]. Moreover, scanning strategies determine sev-
ral other characteristics of the built part, such as the mechanical prop-
rties, density, and surface finish. The scanning strategy affects the
hermal history, which consequently affects the solidification pattern.
onsequently, components with similar geometries built using different
canning strategies can exhibit completely different physical properties
 40 , 135 ]. 

Scanning strategies for PBF process 

Kruth et al. [ 136 ] investigated the effects of different scanning strate-
ies on the deformation of a part fabricated using the laser-PBF process.
hey observed that sector-wise scanning resulted in smaller deforma-
ions than unidirectional scanning. Ali et al. [ 134 ] investigated the effect
f the scanning strategy on residual stress development during the laser
BF process. They reported that a 90° alternating scanning strategy, in
hich the orientation of each new layer was rotated by 90°, resulted in

he lowest residual stress. An FE model with a moving volumetric heat
ource was developed to understand the effect of the scan vector length
n temperature evolution in the powder bed. Parry et al. [ 113 ] imple-
ented a fully coupled thermomechanical model to simulate PBF. The
eposition of a single powder layer on a substrate was simulated using
 volumetric Gaussian heat source. The results showed that stress was
enerated as consolidated material behind the cooled and contracted
elt pool. Furthermore, the longitudinal stress (i.e., along the scan vec-

or) was higher than the transverse stress. This was attributed to the
igher temperature gradient along the scan vector than perpendicular
o it, and to the lack of solid material inhibiting thermal expansion in
he perpendicular direction. It was also observed that the longitudinal
tress increased with the scan vector length. Robinson et al. [ 137 ] ex-
erimentally studied the influence of seven different scanning strategies
n residual stresses in PBF-built parts. The stress distribution along the
hickness of each part was estimated using the contour method. The
esults showed that the part built using the XY alternating strategy, in
hich scan vectors alternate along the x- and y-axes on consecutive lay-

rs, yielded the lowest measured residual stress. Kruth et al. [ 138 ] exper-
14 
mentally studied the effect of the scanning vector length and scanning
attern on the residual deformation in a laser PBF-fabricated compo-
ent. The residual deformation exhibited a decreasing trend when the
can vector length was reduced. Furthermore, the island scanning pat-
ern reduced the residual deformation, and the minimum deformation
as observed when the scanning path was inclined 45° to the x-axis.
heng et al. [ 101 ] developed a sequentially coupled thermomechani-
al model to test various scanning strategies for PBF. Three layers of
owder and a conical moving heat source were considered for the simu-
ation, without any agglomeration technique. Owing to the high compu-
ational costs, only a small scanning domain of 6 mm × 6 mm was con-
idered. The results revealed the effects of different scanning strategies
n temperature, stress, and deformation. However, no physical experi-
ents have been conducted to validate these results. It was shown that

he 45° inclined back-and-forth line scanning caused the lowest residual
tresses. Ganeriwala et al. [50] investigated the strain field using a ther-
omechanical model, while adopting layer and heat source agglomera-

ion. Bridge-shaped specimens were produced by the PBF process using
ifferent scan strategies, and the residual strain fields were measured
sing synchrotron X-ray diffraction. The measurements showed differ-
nt strain distributions in the parts depending on the scan strategy. The
imulation results were unable to capture all scan strategy effects cor-
ectly. They concluded that scan strategy effects could not be captured
hen agglomeration techniques were used. 

Scanning strategies for DED process 

Many studies have been conducted to investigate the effect of the
canning strategy on the residual stresses in parts produced by PBF.
owever, only a limited number of studies have investigated this phe-
omenon during DED [ 139 ]. DED is quite different from the PBF process,
or example, in terms of the power and moving speed of the heat source,
ayer thickness, and bead profile size. Therefore, applying the conclu-
ions drawn from PBF-related studies to DED is not straightforward. Yu
t al. [ 140 ] applied four different deposition patterns to construct parts.
hey compared the distortions of the parts and determined that the frac-
al deposition pattern yielded the lowest distortion. They also developed
 finite element model to perform a thermal analysis of the build pro-
ess and concluded that the magnitude of the temperature gradient has
 critical effect on part distortion. Yan et al. [ 141 ] compared an island
canning pattern and an interlayer orthogonal reciprocating scanning
attern to determine their influence on substrate distortion and residual
tress distribution for large DED-built parts. The results showed that the
sland scanning pattern reduced distortion by 71%. Furthermore, the is-
and scanning order had a more significant influence than the island size
n the deformation and residual stress. Saboori et al. [ 142 ] produced
ubes by DED using two different deposition strategies: 0°∼90°, which
s an orthogonal rotation between two layers, and 0°∼67°, which is a 67°
otation for each new layer. They observed higher residual stress values
n the lateral surfaces of cubes produced using the 90° deposition strat-
gy. Wang et al. [ 143 ] developed a thermomechanical finite element
odel to simulate the effects of scanning strategies on the residual stress

nd deformation of components using a high-power DED process. The
esults showed that different heat source jump strategies between the
slands resulted in substantial differences in residual deformation. The
ncrease in the heat-source jump distance between the islands resulted in
esidual deformation reduction. The results also showed that the resid-
al stress and deformation decreased with decreasing island size. Zhou
t al. [ 144 ] investigated the planning of a continuous tool path for a
ire-arc AM process with the aim of reducing the residual stress. In the
ire-arc process, a continuous toolpath is typically preferred because of

he better surface quality and forming efficiency of the part compared
ith a discontinuous toolpath. However, a continuous toolpath can re-

ult in an uneven thermal distribution and higher residual stress. Zhou
t al. used an evolutionary method based on a genetic algorithm to plan
 continuous tool path. The experiments showed that the optimized tool-
ath obtained using the proposed method yielded a smaller magnitude
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Fig. 15. Schematic of four different scanning 
strategies. 
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f residual stress and distortion than the initial toolpaths. Aliyev et al.
 145 ] investigated the effects of different deposition strategies on the
hermomechanical characteristics of the Inconel 718 deposited region
n a cantilever substrate using a laser-engineered net shaping process.
hey concluded that the zigzag deposition strategy performed better
han the unidirectional deposition strategy, because the distortion of
he former during the deposition and cooling stages was significantly
maller. 

In addition to the scanning strategy, the inter-layer dwell time also
ffects the microstructures of additively manufactured parts. The inter-
ayer dwell can be defined as the time between the completion of the cur-
ent layer and the beginning of the next. Denlinger and Michaleris [ 102 ]
howed that Inconel 625 exhibited increasing distortion with decreas-
ng dwell time; however, the distortion dramatically decreased with de-
reasing dwell time for Ti-6Al-4V. By simulating this problem, they ex-
lained that reducing the dwell time resulted in higher temperatures in
he build as the cooling duration was reduced, which resulted in higher
istortion and residual stress in the Inconel 625 part. Similarly, shorter
well times in Ti-6Al-4V builds resulted in higher in-process temper-
tures, but higher temperatures promoted phase transformation. This
auses considerable transformation strain, which opposes all other strain
omponents [ 135 ]. The offsetting of strains owing to thermal contrac-
ion by transformation strains changes the residual stress distribution.
onsequently, lower levels of distortion and residual stress were ob-
erved. Because Inconel 625 did not undergo a solid-state phase trans-
ormation, stress relaxation was not observed. After including the trans-
h  

15 
ormation strain in the constitutive model, numerical simulations pro-
ided predictions that agreed well with the experimental results. 

The choice of the scanning strategy is critical for addressing the resid-
al stress and distortion in AM-built components. By effectively integrat-
ng the scan strategies, hatch length, hatch spacing, dwell time, and scan
peed during the preprocessing stage, residual stress effects can be mit-
gated [41] . Furthermore, new strategies need to be devised to reduce
tress levels and avoid time-consuming and costly post-processing steps.

Important models 

High-fidelity models have been used by many researchers to simu-
ate the residual stress and strain in AM-built parts. Yang et al. [ 88 ] de-
eloped a sequentially coupled thermomechanical model to predict the
hermomechanical behavior of a DED-built component. An ellipsoidal
eat source model was employed. To validate the thermal-analysis re-
ults, two thermocouples were attached to the substrates. It was con-
luded that both the measured and simulated temperature histories fol-
owed the same trends, although there was a discrepancy in magnitude.
urthermore, the computed deformations agree well with the measured
eformations. Ganeriwala et al. [50] used layer and heat-source agglom-
ration to simulate the residual stress and strain in a bridge-shaped com-
onent. They used a fully coupled thermomechanical model for the anal-
sis. The heat source was modeled as a uniformly distributed volumet-
ic model to improve the computational performance. A material model
as developed to capture the strain rate dependence and annealing be-
avior at higher temperatures. Comparisons between the strains simu-
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Fig. 16. Contour plot of residual strain in the 
x -direction in the middle plane of the bridge 
structure: (a) Measured using X-ray diffraction; 
(b) Simulated without AMR with a layer height 
of 0.5 mm; (c) Simulated using 1 level of pre- 
refinement; (d) Simulated using 2 levels of pre- 
refinement [ 98 ]. 
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ated and measured using X-ray diffraction showed good qualitative and
uantitative agreement. Chen and Yan [ 146 ] used a high-fidelity mod-
ling approach to simulate thermal stress. Instead of using a heat source
odel, they used the temperature profiles obtained from the thermal
uid model as a load. Thermal loads were applied using a linear inter-
olation function to map the temperature values from the cell centers
f the thermal fluid model into element nodes in the FE model. Because
f the extensive computational resources required, they used this ap-
roach only to simulate the thermal stress evolution in a few tracks and
ayer depositions. However, they planned to efficiently simulate the en-
ire part by adopting a multiscale modeling approach in the future. Yang
t al. [ 97 ] used sequentially coupled thermomechanical analysis to sim-
late the residual strains in a bridge-shaped laser PBF-built specimen.
he laser was modeled as a moving concentrated point heat source dur-

ng the thermal analysis. A layer-lumping technique was used to reduce
he DoF. The thermal history was imported into the mechanical model
s a predefined field. The predicted results were compared with X-ray
iffraction measurements, and a good level of agreement was observed.
aneriwala et al. [ 98 ] used layer and heat source agglomeration in a

ully coupled thermomechanical analysis to simulate residual strains in
he same bridge-shaped specimen, as considered in the work by Yang
t al. [ 97 ]. They used a layer-wise AMR technique to reduce the DoFs.
he elements in the current layer were not refined/de-refined as a func-
ion of the laser position; instead, the elements in the previous layers
e-refined as new layers were added. The de-refinement was based on
he distance from the top surface of the part. By comparing the pre-
icted results with X-ray and neutron diffraction measurements, they
oncluded that the simulations captured the general trend; however, in
ome areas, the residual strains were overpredicted. Fig. 16 shows a
omparison of the measured and simulated results in the longitudinal
irection with and without AMR. 

Final comments 
16 
High-fidelity models require spatial discretization of an order smaller
han the melt pool size. They also require temporal discretization, which
orresponds to the scanning speed of the energy source, to accurately
apture the local stress and temperature fields [ 147 ]. Owing to the
remendous computational resource requirements, high-fidelity models
ave mostly been used for parts of limited size and complexity. The fun-
amental challenges in this approach are the number of time increments
equired to prevent aliasing and the fine mesh. Despite the availability
f powerful computers in recent years and the aforementioned tech-
iques for reducing the DoF, high-fidelity models are mostly limited to
odestly sized models [ 107 ]. 

. Simplified Models 

High-fidelity models have been used by several researchers for AM
rocess simulation [ 50 , 97 , 104 ]. The predicted results in these stud-
es were validated by comparing them with measurements. However,
igh-fidelity models require significant computational resources, mak-
ng their use on an industrial scale impractical. To make the modeling
rocess time efficient, drastic assumptions were made to develop simpli-
ed models (also called reduced-order models [ 148 ]). Usually, a com-
lete layer is assumed to be deposited simultaneously and subjected to
 uniform load, for example, heat flux, strain, or temperature field, in-
tead of being scanned using a moving heat source. Layer lumping was
lso implemented in the simplified models, further reducing the compu-
ational cost. 

Several simplified approaches have been developed to model part-
cale behavior to obtain results quickly. The simplified models yield
uicker results at the cost of accuracy loss. One of the most promising
nd simplified approaches is the inherent-strain method [ 149 ]. The ap-
lication of plastic strain [ 150 ] is another simplified method inspired
y the inherent strain method. In another method (referred to as the
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Fig. 17. Schematic workflow of the inherent strain method [ 157 ]. 
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ash heating method in this paper), a uniform heat flux is applied to
 complete layer or a fraction of the layer, and the thermomechanical
roblem is solved [ 151 , 152 ]. In a variation of the flash heating method,
 uniform temperature field, instead of a heat flux, is applied as a load
o the complete layer to simulate the AM process [ 100 , 153 ]. 

Owing to their popularity, inherent strain and thermomechanical
acrolayer methods are described in the following sections. 

.1. Inherent strain method 

The inherent strain method is an inexpensive method that enables
ast prediction of the mechanical histories of built components. It sim-
lates part-level behavior by performing a mechanical analysis instead
f a computationally expensive thermomechanical analysis. The layer is
ssumed to be instantaneously deposited. The deformation of the ma-
erial in a layer is induced by specifying the strain tensor as the initial
oad, and the equilibrium solution is sequentially computed for each
ayer. 

The fusion zone created after scanning the power source experiences
n almost identical thermomechanical history for the complete part.
his hypothesis was used to reduce the expensive thermomechanical
roblem to a significantly less demanding problem [ 154 ]. Therefore,
or a particular material under a certain set of process parameters, an
nherent strain tensor is determined, which is assumed to be the same
or any other part built using the same material and process parame-
ers. This inherent strain tensor was used to compute the residual stress
nd deformation in an AM part by performing a mechanical analysis in-
tead of simulating the problem using a thermomechanical model. The
echanical behavior of the welded structures was simulated by adopt-

ng linear-elastic material models for the inherent strain method. How-
ver, such models are insufficient for parts fabricated using AM; instead,
lastoplastic material models have been implemented [ 53 , 94 ]. 

Consider the bar shown in Fig. 2 . When the bar is cooled, the thermal
train becomes zero, and only the residual elastic and plastic strains
xist. According to the inherent strain theory, if the final plastic strain
n the bar is known, it is possible to compute the elastic strain, and
ence the residual stress, without knowing the thermal history. This has
een used to compute residual stresses in welded structures using the
nherent strain method [ 149 ]. 

During the welding or AM process, the total strain is divided into
lastic, plastic, thermal, creep, and strain induced by phase transforma-
ion, which is expressed as: 

 

total = 𝜺 elas tic + 𝜺 plas tic + 𝜺 ther mal + 𝜺 creep + 𝜺 phase , (8) 

here 𝜺 creep and 𝜺 phase represent the creep and phase transformation
trains, respectively. The inherent strain is defined as the sum of all
trains other than the elastic strain and is expressed as: 

 

inh = 𝜺 total − 𝜺 elas tic = 𝜺 plas tic + 𝜺 ther mal + 𝜺 creep + 𝜺 phase . (9) 

nce the inherent strain is determined, it is introduced into the FE model
s the initial strain [ 155 , 156 ]. The equivalent nodal load is computed
sing the following relation: 

 = ∫ 𝑩 

T 𝑫 𝜺 inh d 𝑣, (10) 

here 𝑩 is the strain-displacement matrix, and 𝑫 is the elastic stress–
train matrix. The nodal load is then used to compute the nodal dis-
lacement using the following relationship: 

 = 𝑲 

−1 𝒇 , (11) 

here 𝑲 denotes the stiffness matrix. After the nodal displacement is
btained, the total strain can be computed using the following relation:

 

total = 𝑩 𝒖 . (12) 
17 
tresses can be computed using Hooke’s law as: 

= 𝑫 𝜺 elas tic = 𝑫 

(
𝜺 total − 𝜺 inh 

)
. (13) 

In the framework of the inherent strain method, the fabrication of
n AM part is approximated using layer-by-layer material deposition.
ence, the geometry of the built component is discretized into layers.
t the beginning of the analysis, all the layers are deactivated. At each

ime step, a new layer is activated, and the inherent strain tensor is ap-
lied as an initial load to all the elements in that layer. Therefore, the
lements in a layer are not a part of the model until the layer is activated,
esulting in smaller FE models. The process of layer activation and in-
erent strain application was repeated until all the layers were added to
he model. Finally, the cutting of the built part from the base plate was
odeled using deactivating elements. Temperature-independent mate-

ial properties were used in this analysis. The workflow of this method
s schematically shown in Fig. 17 . Note that a temperature history is not
equired, and only the mechanical problem is solved. The layer activa-
ion strategy for the intermediate state of the simulation is schematically
hown in Fig. 18 . In this figure, the current layer is the layer activated in
he current step for inherent strain application. It is also a common prac-
ice to combine several physical layers into a single computational layer
 157 ]. In the literature, a part-level model is also known as a macroscale
odel. 

Computing inherent strain 

One of the main challenges in the inherent strain method is the esti-
ation of the inherent strains. The following two methods are available

n the literature for estimating the inherent strain: 

(a) Empirical method; 
(b) Meso-scale submodel. 

The empirical method involves fabricating a test part using AM and
easuring the distortion after cutting the part from the build plate. An

nverse analysis is then performed using a mechanical FE model to de-
ermine the inherent strains of the test part [ 157 ]. The inverse analysis
nvolves specifying a range of inherent strain values that can contain
nherent strains for the test part. Subsequently, a few sample points are
et, and finite element analysis is performed to calculate the distortion.
n error function is defined by comparing the computed and measured
istortions. Inverse analysis aims to minimize the error and search for
n accurate value of inherent strain, such that the computed distortion
ecomes equal to the measured distortion [ 158 ]. 

Siewert et al. [ 159 ] built a twin-cantilever beam and determined its
nherent strain using an empirical method. They used Newton’s method
o minimize the error and determine the optimum, that is, the inherent
trains that reduce the difference between the measured and computed
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Fig. 18. Analysis workflow for the inherent strain method for part-scale simulation (The current layer is the layer that is activated in the current step for inherent 
strain application [ 124 ]). 

Fig. 19. Simulation of the building of a specimen to determine the inherent 
strain tensor using AdditiveLab [ 160 ]. 
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Fig. 20. Schematic plot of the plastic strain in the bottom layer along a path 
defined in the middle of the representative volume. 
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istortions to zero. The calibrated strains were used to simulate another
art built using the same processing parameters as those used for the
win-cantilever beam. The difference between the measured and com-
uted distortions in this part was negligible. Setien et al. [ 157 ] built a
win-cantilever beam and calibrated the inherent strains using an em-
irical method. The Hooke-Jeeves direct penalty technique was used
o solve the optimization problem and minimize errors. They built sev-
ral beams using different scanning strategies and concluded that pe-
iodic scanning strategies resulted in-plane isotropic inherent strains.
hen et al. [ 158 ] built a two-layer structure on a substrate using DED.
he substrate was clamped to only one side. The measured distortion of
he substrate was used to compute inherent strains. A multifactor uni-
orm experimental design was used to establish sample points for the FE
imulation, and a genetic algorithm was used to solve the optimization
roblem. It was found that the average error was less than 6% while
sing the computed inherent strains to simulate the distortion in AM
arts. 

The mesoscale submodel (also called the microscale submodel in
ome studies [53] ) is a numerical technique for determining the inher-
nt strain tensor with little or no dependency on physical tests [ 53 , 157 ].
his involves the simulation of the building process of a small compo-
ent, usually called a representative volume, using a sequentially cou-
led thermomechanical analysis. This includes a transient thermal anal-
sis, followed by a static stress analysis. The temperature history for all
lements from the thermal analysis was introduced as the initial load
uring the stress analysis. Temperature-dependent material properties
re required for the analysis. The inherent strain tensor components are
xtracted when the part is cooled to the ambient temperature. The build
imulation was conducted by considering the scanning strategy and pro-
ess parameters used for the fabrication of the actual part. Fig. 19 shows
 simulation of such a specimen for a powder-bed fusion process with a
aser of diameter 0.1 mm [162]. Each layer is scanned using five trajec-
ories in alternating directions. 

An important consideration when defining a mesoscale model is the
umber of layers required for the inherent strain extraction. This usu-
lly depends on the thickness of the feedstock material and the depth
o which the heat source affects the magnitude of the plastic strain. It is
sually sufficient to simulate a three-layer model for inherent strain ex-
raction in a laser PBF (LPBF) process [28] . However, for a directed en-
rgy deposition (DED) process, it is sufficient to have a two-layer model
ecause of the much thicker deposition layer compared to the LPBF pro-
ess [28] . 

After the simulation results were obtained, the final plastic strain
tate of the representative volume was plotted. The plastic strain tensor
18 
onsists of shear and normal components. The shear strain components
ave considerably smaller magnitudes and are therefore ignored. Only
he normal strain components are considered for the inherent strain def-
nition [ 94 , 154 ]. Two methods are used to extract the inherent strain
ensors. Fig. 20 shows a schematic of the residual plastic strain in the
uild plane of the first layer of the representative volume. Chen et al.
53] considered steady-state values in the middle region of the plot for
he inherent strain tensor. In contrast, Bugatti and Semeraro [ 94 ] com-
uted a weighted average of the strain components using their centroid
alues and element volume as the weights for all elements in the build
lane. The weighted average values were used to define the inherent
train tensor. 

The inherent strain method is a multiscale process modeling frame-
ork. A mesoscale model is used to determine the inherent strain tensor.
ubsequently, a macroscale FE model was developed to determine the
esidual stress and strain distributions in the actual part. Temperature-
ndependent material properties were used during macroscale mechan-
cal analyses, resulting in simpler models. The computational resources
equired for macroscale mechanical analysis were significantly lower
han those required for thermomechanical analysis. Once the inherent
train tensor for a particular material and processing parameters are
btained, a part-level layer-by-layer analysis can be performed directly
ithout repeating the analysis using the mesoscale submodel if the pro-

essing conditions are the same. Therefore, a reference database could
e constructed for different materials using different process parame-
ers and scanning strategies. Fig. 21 schematically shows the workflow
f the multiscale process modeling framework based on the inherent
train method used to model the AM. 

The predictions made using the inherent strain method for the metal
elding process were validated by experimental results [28] . However,

he inherent strain method does not provide satisfactory results for AM.
his is attributed to the fundamental differences between welding and
M processes. To address this issue, a modified definition of inherent
train has been proposed [28] . 

Modified i nherent s train m ethod 

The original inherent strain method assumes that the residual elastic
train is either insignificant compared with the residual plastic strain or
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Fig. 21. Workflow of the multiscale process 
modeling framework based on the inherent 
strain method. 
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s relaxed because the welded parts are not fully constrained [ 28 , 53 ].
ence, the computed plastic strain was directly applied as the initial

train in the part-scale model. However, the elastic strain does not relax
hen the part cools to the ambient temperature in AM. Furthermore,
wing to changes in the magnitude of the accumulated plastic strain
aused by repeated heating and cooling, the stress–strain history must
e considered to correctly determine the present state of the material. A
odified inherent strain (MIS) model was proposed to account for the
ifferences in both processes. The modified inherent strain is defined as
he difference between the total mechanical strain at the intermediate
tate and the elastic strain at the steady state, and can be expressed as
 28 , 53 ]: 

 

inh = 𝜺 
plas tic 
𝑡1 

+ 𝜺 elas tic 
𝑡1 

− 𝜺 elas tic 
𝑡2 

, (14) 

here 𝑡1 is the intermediate state when the power source passes and the
ompressive mechanical strain reaches its peak magnitude, and 𝑡2 is the
teady state when the deposited part cools to the ambient temperature.

After extraction of the inherent strain vector, a mechanical anal-
sis was performed using a macroscale model in which temperature-
ndependent material properties were used. 

Limitations of the modified inherent strain method 

Several studies have validated the results obtained using the MIS
ethod by comparing the residual deformation of the built part after

eing cut from the base plate [ 28 , 53 ]. However, detailed comparisons
f the distributions of residual stresses and strains are lacking. Dong
t al. [ 124 ] showed that the MIS method provided an inaccurate resid-
al stress prediction. They proposed a new implementation procedure
o improve the simulation accuracy of the residual stress. In this proce-
ure, inherent strains were applied using the material properties at an
ntermediate-state temperature. After solving for equilibrium, the mate-
ial properties of the current layer were changed to those at steady-state
emperature. The equilibrium was resolved again, while maintaining the
ame inherent strains. Experimental validation using as-built PBF parts
howed a significant improvement in the accuracy of the residual-stress
rediction without affecting distortion prediction. 

The fundamental hypothesis of the inherent strain method is that the
nherent strain depends only on the thermal history and is not a function
f the geometry or dimensional characteristics of the part [ 94 ]. Another
ssumption of the inherent strain method is that each layer is subjected
o a uniform temperature history. Therefore, each layer in the model
as subjected to the same inherent strains [ 53 , 94 ]. However, owing to

he varying thicknesses of a part’s geometry and the varying heat con-
uction to the base plate during the building of a layer, the material
ools at different rates, resulting in temperature gradients in different
irections. Consequently, a layer may not be subjected to a uniform
emperature history. Furthermore, layers at different heights may expe-
ience varying thermal histories [53] . Therefore, the permanent strain
ccumulated during the building process could be different in each layer
nd might possess different mechanical properties owing to the differ-
nt microstructures. To improve the prediction accuracy, the effect of
arying the thermal history on the inherent strain tensor should be con-
idered. This is particularly important for large parts built using AM. 

The MIS method generally yields good results for the PBF and DED
rocesses with relatively small parts. However, for large parts, the pre-
icted results do not agree well with the measurements [ 161 ]. To ad-
ress this, Dong et al. [ 161 ] implemented a temperature-dependent MIS
19 
ethod. In this implementation, each layer was divided into several
egments and temperature-dependent inherent strains were applied to
ach segment according to the temperature of the material in the seg-
ent. A mesoscale model was used with different parameters to develop

he inherent strain-versus-temperature relationship. Compared with the
onstant MIS method, the maximum distortion error was reduced from
9.7 % to 7.9 % for a large wall using the temperature-dependent MIS
ethod. 

Many parts built using AM require support structures for success-
ul building processes. Cellular lattices have recently been used as sup-
ort structures. While simulating the residual stress and distortion, the
eometry of the support structure must be considered alongside the
omponent geometry for accurate prediction. However, the inclusion
f complex lattice support structures increases the required computa-
ional resources. Liang et al. [ 162 ] proposed an inherent strain method
ased on homogenization to address this problem. Using homogeniza-
ion, thin-walled lattice structures can be treated as solid continua. This
esults in a significant improvement in the computational performance.
he results showed that using homogenization, a 10 times speedup
an be achieved compared to the case when homogenization is not
sed. 

Noll et al. [ 163 ] developed a phase transformation model and imple-
ented it within the framework of the inherent strain method to con-

ider phase transformations in AM-built parts. First, a single-melt-line
imulation was performed using a phase transformation model with a
oldak heat source. The results from the single-line simulation were
sed in the layer-hatch model, from which the inherent strains were ex-
racted. A simplified constitutive model was used for the layer-hatch
odel. The aim of the single-melt line simulations was to calibrate

he heat source model on a realistic material model such that the melt
ool geometry correlated with observations in the physical experiments.
he results showed that the melt-line simulations could adequately pre-
ict different melt-pool geometries. However, they did not simulate the
esidual stress and deformation in a part model using the framework and
eft it for future work. In their subsequent work [ 164 ], Noll et al. used
he extracted inherent strains to investigate the residual stress and strain
n a twin cantilever beam built using a laser PBF process. In most stud-
es on the inherent strain method, the shear components of the inher-
nt strain tensor are neglected because of their very small magnitudes.
owever, Noll et al. reported large shear components and did not ignore

hem. 
Shiyan and Achuthan [ 147 ] developed a hybrid model in which they

sed both high-fidelity and inherent strain methods within a single part
o simulate residual stress and strain. They divided the parts into two
egions depending on the stress gradient level. Higher stress gradient
egions were simulated using the high-fidelity method and lower stress
radient regions were simulated using the inherent strain method. For
he bracket like part, the computational savings were approximately
4% using the hybrid approach compared with the high-fidelity method.

.2. Flash heating method 

In this method, the deposition of material is assumed to occur simul-
aneously as an entire layer, and a uniform heat flux is specified as the
oad for the entire layer [ 52 , 151 , 152 , 165 ]. Coupled thermomechanical
nalysis was performed to determine the temperature and deformation
istories. Later, the part was allowed to cool, and a new layer was de-
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Fig. 22. Decomposition of a layer into fractions to be heated consecutively 
[ 151 ]. 
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osited. In this way, the simulation of the fabrication process progressed
ayer-by-layer. This method was further developed by Zhang et al. [ 151 ],
uch that each layer could be decomposed into several layer fractions, as
hown in Fig. 22 . When a layer consists of multiple fractions, the entire
raction of the layer is assumed to be deposited simultaneously and the
emaining fractions are assumed to be deposited successively. When a
ayer is divided into multiple fractions, it is called the sequential flash
eating (SFH) method [ 166 ]. 

Each layer or fraction, if the layer consists of multiple fractions, is
xposed to heat energy for a 𝑡ℎ𝑒𝑎𝑡 time interval, as estimated by the
ollowing relation: 

ℎ𝑒𝑎𝑡 =
𝜑𝐿 

𝑣𝐿 

, (15) 

here 𝜑𝐿 is the laser beam diameter and 𝑣𝐿 is the laser scanning ve-
ocity. Note that the time interval is not specific to a layer; that is, its
alue is the same, irrespective of the size of the layer or fraction. After
eating, the layer and built part are allowed to cool for 𝑡

𝑙𝑓 

𝑐 𝑜𝑜𝑙 
interval,

hich is given by Eq. (16) . 

𝑙𝑓 

𝑐 𝑜𝑜𝑙 
= 𝑡𝑙𝑓 

𝑠𝑐 𝑎𝑛 
− 𝑡ℎ𝑒𝑎𝑡 , (16)

here 𝑡𝑙𝑓 
𝑠𝑐 𝑎𝑛 is the actual scan time of a layer fraction. Fig. 23(a) describes

he heating and cooling sequences of the layer fraction. Fig. 23(b) shows
he successive treatments of the layer fractions over time. 

A uniform heat flux was applied during the heating interval along
he surface of the layer. The total energy input during the scanning of a
ayer fraction can be expressed as Eq. (17) . 

( 1 − 𝑅 ) 𝑃𝐿 𝑡
𝑙𝑓 
𝑠𝑐 𝑎𝑛 

, (17) 

here R is the reflection coefficient of the laser radiation at the surface
nd PL is the nominal laser power. The energy balance equation can be
ritten by considering the surface heat flux 𝑞̇𝐿 , which should be applied

o the surface area 𝑆 𝑙𝑓 of the layer fraction during the heating time 𝑡ℎ𝑒𝑎𝑡 :

( 1 − 𝑅 ) 𝑃𝐿 𝑡
𝑙𝑓 
𝑠𝑐 𝑎𝑛 

= 𝑆 𝑙𝑓 𝑞̇𝐿 𝑡ℎ𝑒𝑎𝑡 . (18)

The heat input was uniformly applied to the entire thickness 𝑧𝑙𝑓 of
he layer fraction using a volume heat source 𝑄̇𝐿 . This uniform volume
ource is then given by Eq. (19) . 

̇
𝐿 =

𝑞̇𝐿 

𝑧𝑙𝑓 
=

( 1 − 𝑅 ) 𝑃𝐿 𝑡
𝑙𝑓 
𝑠𝑐 𝑎𝑛 

𝑆 𝑙𝑓 𝑧𝑙𝑓 𝑡ℎ𝑒𝑎𝑡 

. (19) 

After sequentially simulating all fractions of a layer, an inter-layer
well time is required, which corresponds to the spread of a new powder
ayer and movement of the roller at the top surface of the recently added
ayer. 

Bayat et al. [ 166 ] used this method to simulate residual distor-
ion in PBF-built parts. The results showed that when a complete layer
as activated simultaneously, the results were insensitive to the scan-
ing pattern and the distortion was overestimated. Furthermore, if
he SFH is used, the predicted distortion approaches the experimen-
al measurements as the fraction size is refined. However, this results
n increased computational time. Santi et al. [ 148 ] used SFH to sim-
late the residual strains and deformations in a PBF-built bridge-like
tructure. They reported a good agreement between the strains mea-
ured using X-ray diffraction and the predicted strains in terms of
oth magnitude and spatial distribution. Ganeriwala et al. [50] used
20 
H to simulate residual strains in a PBF-built part and compared
he results to a high-fidelity simulation in which a layer and heat
ource agglomeration were used. They concluded that the results were
ery similar; however, the FH simulation was significantly cheaper
omputationally. 

As a variation of the SFH method, Williams et al. [ 100 ] applied a uni-
orm temperature as the load instead of heat flux to simulate the residual
tress in a bridge-shaped part built using the PBF process. When a frac-
ion of a layer was activated, its initial temperature was set as the melt-
ng temperature of the material. For computational efficiency, they used
equentially coupled thermomechanical analyses. The predicted distor-
ion of the bridge shaped part was within 5% of the experimental mea-
urements. Similarly, Pant et al. [ 153 ] analyzed l -shaped samples man-
factured using a laser PBF process. They applied a temperature close to
he melting point of the material as the initial temperature of the com-
lete layer when it was activated. For validation, the predicted results
ere compared with the neutron diffraction measurements. Although

he predicted stress levels were higher than the measured values, the
istribution trends were in good agreement. Prabhakar et al. [ 167 ] ana-
yzed tensile test coupons manufactured using an electron beam melting
rocess. Very high temperatures (approx. 1000 ◦C) were observed in the
owder bed, base plate, and build in the electron beam melting process.
 uniform temperature close to the melting point of the material was
pplied to a complete layer to analyze the building process. The temper-
ture was controlled using a profile curve such that, after cooling, the
ayer temperature became equal to the temperature of the powder bed. A
equentially coupled thermomechanical analysis was adopted for com-
utational efficiency. The simulation results are qualitatively compara-
le to the deformations observed in the build. Psihoyos et al. [ 168 ] ana-
yzed two different parts manufactured using a laser PBF process. They
pplied a uniform temperature close to the melting point of the material
o the complete layer when it was activated. The predicted results cap-
ured the general trends of residual strain and stress; however, in some
egions, there were discrepancies. Bresson et al. [ 169 ] simulated a part
sing a cone-shaped support. Upon the activation of the layer, the initial
emperature was set to the melting temperature of the material. Brick
lements were used to mesh the part and supports; however, these ele-
ents could not represent the region connecting the supports to the part,

wing to the narrowing of the support. Alternatively, supports have been
eveloped using 1D-beam elements. A uniformly reduced cross-section
as specified for the beam elements to model narrowing. Physical tests

evealed that the mechanical properties of the supports were signifi-
antly different from those of the bulk materials. This was attributed to
he different thermal histories of the supports. A ductile damage initia-
ion criterion was specified for the beam elements to model the break-
ge of supports. The simulation was able to predict the detachment of
upports from the part, but the predicted number of detached supports
as higher than the number of detached supports during the building
rocess. 

.2.1. Final comments 

The predictions obtained using simplified models are considered
ess accurate than those obtained using high-fidelity models owing to
he simplifications introduced in such models. The most recent efforts
 124 , 161 ] to refine the inherent strain approach appear to hold promise
or increasing the accuracy while maintaining a low computational ex-
ense. The flash heating method requires more computational resources
han the inherent strain method but typically provides more accurate
redictions. This is attributed to the fact that the flash heating method
an at least partially account for the nonuniform temperature history
xperienced by different regions of a part and because a temperature-
ependent elastoplastic material model was used throughout the analy-
is [50] . The main advantage of high-fidelity models is that they can sim-
late part-building processes according to the actual scanning strategies.
owever, the effects of the scanning strategy cannot be captured when
gglomeration techniques are used [ 98 ]. Therefore, the flash heating
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Fig. 23. Treatment of layer fractions [ 151 ]. 
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ethod is generally more attractive because it is considerably cheaper
han high-fidelity methods. 

. Data-driven Methods in AM Simulation 

Mechanistic models (e.g., finite element models) can predict part
ttributes, such as temperature, distortion, and microstructure, using
nformation about process variables. If data are available on process
ariables and product attributes, data-driven methods can help under-
tand the relationship between them. Once the relationship is estab-
ished, predictions can be made regarding the part attributes without
sing computationally expensive mechanistic models. Predictions made
sing data-driven tools are very rapid compared to those made using
echanistic models. The accuracy of the predictions improves with an

ncrease in the volume of available data. Data from real-world experi-
ents and previously run simulations were collected and analyzed to

ain a better understanding of how different factors affect the qual-
ty and performance of AM-produced parts [ 170 ]. As the accuracy of
redictions made by data-driven methods improves, the need for trial-
nd-error methodologies and simulations to optimize the AM process is
educed. Thus, data-driven models help save costs and time and improve
he quality of parts produced by AM [ 171 ]. 

Machine learning, a subset of artificial intelligence, allows a machine
r system to learn from data and make predictions without being ex-
licitly programmed [ 172 ]. Machine learning algorithms build a model
ased on the available data, which is then used to make predictions or
ecisions. It can quickly recognize data patterns from available data and
stablish data-driven predictive models [ 171 ]. In recent years, machine
earning has gained widespread attention in AM owing to its excellent
erformance in data tasks [ 172 ]. 

Mechanistic models and machine learning, when combined with the
nowledge domain of metallurgy, can efficiently and economically pro-
ide a link between process variables, component geometry, mechanical
roperties, microstructure, and defects [47] . Such correlations are im-
ortant because they help achieve high-quality parts without trial and
rror. 

Data collected from AM processes have been analyzed by differ-
nt researchers using techniques such as physics-informed neural net-
orks (PINN), quadratic regression (QR), and Gaussian process regres-

ion (GPR) [ 173–175 ]. Zhu et al. [ 176 ] used machine learning tech-
iques to estimate geometric deviation patterns by statistical learning
rom multiple-shape data. Francis and Bian [ 177 ] used a deep learn-
ng technique to predict distortion. Thermal images were recorded and
nalyzed using the algorithm along with the relevant process parame-
ers. The point-wise distortion was measured by scanning after the part
as removed from the build plate. The distortion was correlated with

he thermal images and process parameters. Analysis of thermal images
equires large amounts of memory and significant computational re-
ources. Hence, 26 days were required to train the algorithm. Dong et al.
 178 ] developed a surrogate model to predict the residual stress of parts
abricated using a laser-PBF process. A 3D U-Net convolutional neural
etwork (CNN) was used to build a surrogate model. A high-fidelity
odel was used to analyze the part geometry and generate training data.
21 
he results indicated that the CNN model could accurately predict the
tress field. Li et al. [ 179 ] used a data-driven approach to predict the
ayer-by-layer thermal history of a laser PBF-built part. Results of finite
lement analysis were sampled to establish a surrogate model based on
he functional Gaussian process. Cross-validation showed that the model
ould accurately predict the thermal field for different process parame-
ers and geometries. 

Machine learning is an effective method to perform intricate pattern
ecognition and regression analysis without explicitly solving mechanis-
ic models [ 180 ]. It can assist engineers in planning, reducing defects,
chieving superior microstructures, assessing product quality, and con-
rol [ 172 ]. The current state of machine learning techniques focusing
n AM is covered in state-of-the-art reviews [ 172 , 180–183 ]. 

. Measurement of Residual Stresses and Distortion 

The validation of a numerical approach to ensure that predictions
re accurate is an important consideration in any study. Such validation
equires various types of in situ and ex situ measurements. As in-situ
onitoring occurs during the building process, it is more challenging

han ex-situ measurements [ 184 , 185 ]. Consequently, it is more common
o validate an FE model using ex situ measurements [ 186 ]. 

Both destructive and nondestructive techniques are used to measure
he residual stress and strain in AM parts. Many of these techniques have
lready been used for residual stress measurements in welded structures
 187 , 188 ]. The Vickers microindentation method is considered a sim-
le and fast method for evaluating the residual stress. The two most
ommon destructive measurement techniques are hole drilling and con-
our methods. The hole-drilling method is a semi-destructive method for
valuating residual stress. This involves the introduction of a small hole
nto the stressed body. Owing to the drilling of the hole, the stresses are
elieved, which leads to a change in the surrounding strain field. This
an be quantified and correlated with the relaxed stress. The damage
aused to the specimen is localized and, in some cases, can be tolerated
r repaired. The hole-drilling method can measure the residual stresses
nly near the material surface. The contour method is used to measure
he stresses deep inside a part [ 189 , 190 ]. Residual stresses remain in-
ide a part when it has reached static equilibrium; therefore, across any
ection plane, the sum of stresses normal to the plane must be zero [ 24 ].
his principle forms the basis of the contouring method. When a part
ith residual stresses is sectioned to maintain a static equilibrium, the
ewly cut surfaces deform to relax the stresses such that the net nor-
al stress at the surface is zero. The deformation of the surface was
easured and used to estimate the original state of stress in the com-
onent by performing a FE analysis. Thus, the contour method can be
sed to determine the strain distribution on the entire sectioned plane.
ractically, the contour method involves cutting a part into two halves,
sually using wire EDM, and measuring the surface deformation maps
r contours on the free surfaces created by the cut. The deformations
f the cut surface were measured using a coordinate measurement ma-
hine, a laser scanner, or digital image correlation. A deformation map
as used to compute the residual stresses by performing a finite element
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Fig. 24. (a) Contour plot of longitudinal residual stresses using the contour 
method through 7th leg (L7) (Courtesy www.hill-engineering.com ) [ 191 ]; (b) 
Measurement location for the residual stress in the bridge. 
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Fig. 25. Contour plot of computed longitudinal residual stress using (a) DED- 
GMA (b) DED-L and (c) PBF-L process; Each part is 16 mm long, 4 mm high and 
fabricated on a 20 mm long, 10 mm wide and 10 mm thick substrate; The parts 
are fabricated using 4, 5 and 16 layers respectively as each process has different 
characteristic layer thicknesses [ 213 ]. 
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nalysis [ 191 ]. The result of the analysis is a 2-D map of the residual
tress normal to the measurement plane. 

In Refs. [ 192 , 193 ], residual stress measurements in AM parts were
erformed using Vickers microindentation. In Refs. [ 194 , 195 ], residual
tress measurements in AM parts were performed using the hole drilling
ethod. In Ref. [ 191 ], the contour method was used to measure residual

tresses in bridge-shaped parts. After the wire EDM operation, the two
ut surface profiles were measured, and the forms of each half of the cut
urface pair were averaged to eliminate the effects of shear stress and
ut path variation. The negative value of the average surface form was
sed as a displacement boundary condition in the linear elastic stress
nalysis to estimate the residual stress as a function of the position on
he cut plane. The bridge was not symmetrical; therefore, two separate
tress analyses were performed, each using the geometry of half of the
ut part. The final measured stress was assumed to be the average of
he two stress analyses ( Fig. 24 ). In Ref. [ 196 ], the contour method
as used to measure residual stresses in a cantilever beam. The mea-

urement results were compared with those of numerical simulations. A
ood correlation was observed between the numerical predictions and
he contour method. 

The two most commonly used nondestructive methods for measur-
ng residual strains are X-ray diffraction [ 197 ] and neutron diffraction
 198 , 199 ]. These methods exploit the fact that, when a metal is under
tress, the resulting elastic strain causes atomic planes in the crystal
tructure to change their spacing [ 187 ]. Diffraction analysis techniques
nvolve determination of the crystallographic structure of a material by
rradiation. Radiation is diffracted by atomic planes in the crystal. The
iffraction patterns provide information on the structure of the mate-
ial. By measuring the intensities and scattering angles of the radiation
eaving the material, changes in the atomic lattice spacing can be de-
ected. The relative changes in the lattice spacing were calibrated using
 stress-free material sample. Using this information, the residual strain
n the material can be determined. Diffraction techniques can be used
o build full-field strain maps by measuring the diffraction spectra at
everal positions on a plane [ 24 , 191 ]. A contour plot of the residual
train distribution along the longitudinal direction measured using X-
ay diffraction for a bridge structure fabricated using the PBF process is
hown in Fig. 16 . 

One advantage of neutron diffraction is its greater penetration depth
ompared to X-ray diffraction [ 188 ]. It allows to measure residual
trains at near-surface depths of 0.2 mm, down to a bulk measurement
f up to a few centimeters deep into material [ 187 ]. However, the neu-
ron diffraction technique does not offer as good a spatial resolution as
-ray diffraction. Therefore, part characteristics such as fatigue, which
ay depend on residual stresses or strains close to the surface, might be

etter investigated using the X-ray diffraction technique [ 191 ]. Another
dvantage of neutron diffraction is that it provides all three orthogonal
train components, whereas X-ray diffraction can only provide two or-
hogonal components [ 187 , 191 ]. This is because the X-ray diffraction
22 
echnique has limits in measuring the thickness of a structure [ 187 ].
ecause of the missing strain component, it is not possible to compute
he stresses unless a simplifying assumption such as plane stress is intro-
uced [ 188 ]. The choice of the measurement technique depends on the
art size, material, and spatial resolution requirements [ 191 ]. Table 1
ummarizes the capabilities of these measurement techniques. 

Ganeriwala et al. [50] simulated the strain field in an AM-built part
nd compared it with synchrotron X-ray diffraction measurements. Wu
t al. [ 200 ] used X-ray diffraction measurements to validate the pre-
icted numerical results of stress analysis in a part fabricated using the
elective laser melting process. Good qualitative and quantitative agree-
ents were observed. Phan et al. [ 191 ] measured the residual strain in a
BF-built part using X-ray and neutron diffraction techniques. The com-
arisons revealed a high degree of agreement between X-ray and neu-

http://www.hill-engineering.com
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Table 1 

Summary of the capabilities of measurement techniques according to Ref. [ 191 ]. 

Technique Spatial resolution Penetration Complete strain/stress state 

Neutron diffraction 10− 3 High Yes 
X-ray diffraction 10− 4 Medium No 
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ron diffraction results. However, neutron diffraction was unable to cap-
ure the large strain gradients near the edges of the part. The higher ef-
ective spatial resolution of X-ray diffraction allowed the measurements
o be much closer to the edges of the part. Labudovic and Kovacevic
 201 ] developed a numerical model for simulating the residual stresses
n parts fabricated using the direct laser metal powder deposition pro-
ess. They compared the numerical results with X-ray measurements and
ound good agreement. Takase et al. [ 202 ] used high-precision X-ray
iffraction to investigate the influence of the manufacturing method on
he distribution of residual stress and phase evolution. The investigation
elped correlate the different phase structures with the cooling rates.
n et al. [ 203 ] used neutron diffraction to measure the strain distribu-

ion in an Inconel 625 part fabricated via PBF. Jayanath and Achuthan
 204 ] measured the residual elastic strain via neutron diffraction in a
hin-walled part fabricated using DED. Wu et al. [ 205 ] used a digital
mage correlation-based method in conjunction with sectioning to mea-
ure surface-level residual stresses. They compared these results with
hose of neutron diffraction measurements and observed good agree-
ent. Rangaswamy et al. [ 190 ] measured the residual stresses in parts

abricated via DED using the neutron diffraction method. They com-
ared the results with stresses measured using the contour method and
eported good agreement. Pant et al. [ 153 ] developed a simplified model
o predict the residual stresses in parts manufactured using the laser PBF
ethod and validated it using the results from neutron diffraction mea-

urements. 
In-situ measurements can be performed to measure or infer the resid-

al stresses and distortions during fabrication. Several researchers have
sed laser displacement sensors to measure substrate distortion during
art fabrication using the DED process [ 68 , 102 , 129 , 135 , 206 ]. This pro-
ided additional information that would remain uncaptured if only ex
itu measurements were used. Temperature history is one of the most
ommonly used variables to validate numerical models. Digital cameras
nd photodiodes are frequently used as noncontact temperature mea-
urement devices. They measur radiation from an object whose tem-
erature is to be measured. High-speed cameras are commonly used
o observe the molten pool size and oscillation [ 112 , 194 , 201 , 207 , 208 ].
mbedded thermocouples have been widely used to measure the tem-
erature on or within a substrate [ 100 , 124 , 209 ]. They are then placed
way from the molten region. The digital image correlation (DIC) tech-
ique provides the full-field displacement of a target object by com-
aring images recorded before and after deformation [ 210 ]. The strain
eld can be computed using the measured displacement [ 211 ]. There-
 p  

23 
ore, a robust numerical differentiation algorithm is required. Further-
ore, residual stresses can be inferred from the displacement field
easured using DIC [ 212 ]. In-situ residual stress measurement faces

ignificant technical challenges and is an emerging field of research
 184 , 185 ]. 

. Miscellaneous 

The selection of an AM process for a given component can also
e considered from the perspective of the residual stress and strain.
ukherjee and DebRoy [ 213 ] investigated the printability of 316 stain-

ess steel for three different AM processes and found that the residual
tresses in components built using DED with a gas-metal arc were ap-
roximately six times higher than the stresses in components built us-
ng PBF with a laser heat source. This is attributed to the deposition of
hicker layers during the DED process. Furthermore, the residual stresses
n a DED-fabricated part using a laser as a heat source were greater
han the stress in a PBF-fabricated part using a laser as a heat source.
ig. 25 shows the distribution of residual stresses for each part fabri-
ated using different processes. Goel et al. [ 214 ] manufactured two sim-
lar parts of alloy 718 using the PBF process, one with a laser and the
ther with an electron beam as the energy source. Neutron diffraction
easurements showed that the part built using an electron beam had
 significantly lower residual stress than the part built using a laser as
he energy source. This was attributed to the lower temperature gra-
ient in the former owing to the higher temperature of the build plate
 215 ]. These results agree with those reported by Sochalski-Kolbus et al.
 216 ]. Takase et al. [ 202 ] fabricated specimens using laser PBF and elec-
ron beam powder processes to investigate the influence of the manu-
acturing method on the distribution of residual stress and phase evo-
ution. The specimens were analyzed using high-precision X-ray diffrac-
ion (XRD). The specimens fabricated using an electron beam exhibited
ignificantly lower residual stresses than those fabricated using a laser
eam as the heat source. 

Simplified models using techniques such as layer lumping and
daptive meshing make it possible to simulate the residual deformation
f components in an industrial environment. It is possible to make
uch simulations more efficient by making better use of the available
ardware resources. Dugast et al. [ 217 ] developed an FE model for
he FH simulation of a part built using the PBF process. They used
 specially developed solver for the analysis to take advantage of
arallel computing and matrix-free methods. The matrix-free method
Fig. 26. Illustration of basic idea the finite cell 
method [ 218 ]. 
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as used to avoid the assembly of the global matrix by performing all
atrix-vector products at the element or node level. They reported that

he matrix-free solver achieved 1.8 times faster completion than ANSYS
PDL while using a single CPU. They also reported that the analysis
as 300 times faster when the matrix-free solver was run on a GPU

han when it was run on a CPU. 
Carraturo et al. [ 218 ] employed the finite cell method instead of the

nite element method to simulate the residual stress and strain. They
sed a flash heating method in a finite cell framework. They reported
hat the analysis was completed in less than 90 min, with a very good
orrelation with neutron diffraction measurements of the strain distri-
ution. The finite cell method belongs to a class of embedded domain
ethods, also called fictitious domain or immersed boundary methods

 219 ]. The FE method requires domain discretization that conforms to
he physical boundary of the component to be analyzed. For compo-
ents with complex geometries, such discretization can result in a large
umber of DoFs. The finite cell method can be an attractive alternative
ecause it allows the use of a significantly coarser mesh because the el-
ments do not need to conform to the boundary of the physical domain.
ig. 26 illustrates the basic concept of the finite-cell method. The phys-
cal domain, denoted as Ωphys , represents a generic initial domain. The
nite cell method extends the physical domain by adding a fictitious do-
ain, denoted as Ωfict , so that the final domain has a simple geometry

hat can be trivially discretized using regular elements. 
To run simulations faster, Hodge [ 220 ] investigated an alternative

epresentation of the temporal evolution of the thermal problem in the
BF process. Two numerical methods are considered: multirate time in-
egration and parallel-in-time integration. These methods have been ap-
lied to the two-dimensional heat transfer problem of the PBF process.
 speed-up of solution calculations by 40 ∼100 times has been reported.

. Conclusions 

A review is presented on the core aspects of residual stress and defor-
ation modeling of parts built using AM processes. The major aspects

f the high-fidelity modeling approach are described in detail. One of
he important challenges for this approach is the significant computa-
ional resources required for accurate analysis. Different techniques used
y researchers to make the analysis more efficient have been described
reviously. Simplified models in which radical assumptions are intro-
uced to estimate a part’s behavior faster have been outlined. Two of
he most popular simplified approaches are described in detail. Most re-
earchers have validated these approaches by comparing the part-level
esidual distortions predicted by numerical simulations with those mea-
ured by physical tests. However, the validation of the distribution of
esidual stress and strain is lacking in the literature. The most common
easurement techniques used for validating numerical predictions are

lso reviewed. 
Accurate prediction of the residual stress and deformation of a built

art using computational models will reduce waste material and time
ost owing to failed or out-of-tolerance parts. Several promising mod-
ls have been developed and used to predict the behavior of AM parts.
owever, a fully predictive and accurate model that can be used on an

ndustrial scale for various engineering materials is of great interest. 
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