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Abstract

In recent years, metal additive manufacturing (AM) and particularly the laser powder bed fusion (LPBF) process have sub-
stantially grown in popularity in industrial applications due to its unique ability to produce a wide variety of components
with complex geometry. The LPBF process is now an integral part of digital manufacturing and the industry 4.0 concept.
However, a considerable amount of residual stress and deformation induced by the fast and intense heating/cooling cycle as
well as phase change in each layer are still some important technical barriers in the LPBF process, giving rise to increasing
inaccuracy and structural failure in some cases. Developing an efficient physics-based simulation model capable of predict-
ing the induced residual stresses is, thus, of paramount importance to build parts with minimal distortion in a wide range of
applications, while avoiding expensive and time-consuming experimental procedures. The simulation model also is efficiently
utilized to investigate the effect of process parameters, material, and geometry on the development and redesign of parts. In
the last decade, multi-scale process modeling frameworks have been developed to predict the residual stress and deformation
cost-effectively in the parts fabricated by LPBF. The purpose of this survey is to systematically provide an in-depth overview
of the inherent strain modeling approach with a focus more on the methodology development, highlighting the positive
outcomes and limitations of recent investigations, followed by presenting potential future work to optimize this technique.

Keywords Metal additive manufacturing - Laser powder bed fusion - Inherent strain method - Finite element method

1 Introduction

In the past decade, the versatile metal laser powder bed
fusion (LPBF) has been recognized as an accepted method
for the fabrication of complex-shaped prototypes with
excellent resolution, high performance, reduced material
waste, and dramatically shortened time between design and
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manufacture [1, 2]. Despite these superior properties, many
applications in the biomedical, aerospace, and automotive
industries are affected by several restrictions and technical
barriers, ranging from porosity defects, micro-cracks, and
balling effect to warping and distortion related to large tem-
perature gradients experienced in the LBPF process [3-8].
Typically, the LPBF utilizes a high-density laser beam as a
thermal source to selectively melt the materials in the form
of powder onto a build plate along a pre-defined scanning
route in a layer upon layer fashion. Deposited layers are
fused together based on the sliced layer geometry until the
desired shape is entirely built. Due to a high magnitude of
temperature gradient, phase change transformation, and fast
thermal and cooling cycles, a significant amount of residual
stress is created, and subsequent deformation occurs in the
components [9-11]. Although many experimental investiga-
tions using X-ray diffraction, hole drilling, contour method,
and laser line profilometry have been conducted to study the
influence of different process parameters on residual stress
formation [12-21], these experiments are not only often very
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costly and time-consuming, but they cannot also explicitly
demonstrate how the temperature and thermal stress fields
evolve over time. For instance, Kantzos et al. [22] examined
the effects of beam power, scan speed, and hatch spacing
alterations on the microstructures and mechanical properties
of Inconel 718. Young et al. [23] determined the characteris-
tics and propagation mechanisms of five principal forms of
spatter during the LPBF process by using in situ high-speed,
high-energy X-ray imaging. Gockel et al. [24] proposed a
method to determine the relationship between surface rough-
ness and laser power and speed and fatigue performance of
alloy 718. Nayak et al. [25] successfully achieved the LPBF
of a dense IN625 at a higher layer thickness of 100 um by
varying the combined parameters of laser energy density.
Obviously, the LPBF process is affected by several contrib-
uting factors, such as material types, process parameters,
and the geometry of the part. The examination of the effect
of these factors on the induced thermo-mechanical residual
stresses and distortion experimentally would be impractical
if not impossible. Although experimental validation is still
necessary, a reliable numerical modeling may significantly
reduce the number of costly experimental trials in some
certain conditions. Therefore, numerical-based techniques
have emerged as promising tools to fundamentally under-
stand the multiple highly coupled thermophysical phenom-
enon occurring during the LPBF process and to systemati-
cally investigate the effect of process parameters, material,
and geometry factors on the induced residual stresses and
part defects. The validated high fidelity numerical simula-
tion model can be effectively utilized to accurately and effi-
ciently predict the temperature distribution, induced residual
stresses, and distortion in the entire parts under varied pro-
cess parameters and part’s geometry and material factors
without carrying out time-consuming and expensive trial
and error experiments.

In the LPBF process modeling, a significant amount of
computational effort is required due to highly non-linear
plastic deformation, transient heat transfer, fluid dynamics,
and chemical reactions within the melt pool [26]. One of the
major challenging issues in the simulation and modeling of
LPBF is taking into consideration all complex multi-physics,
namely, phase change transformation from solid to liquid,
wetting and capillary forces, Marangoni convection phe-
nomenon, recoil pressure, surface tension, and vaporization
[27]. As a result, considering all the complex multi-physics
in modeling leads to increasing computational time sig-
nificantly for solving the problem. Because fluid dynamics
equations and chemical reactions have negligible effects,
they are frequently ignored in many studies focusing on
residual stress and deformation prediction [28, 29]. Induced
residual stresses and deformation have been initially pre-
dicted by the detailed thermo-mechanical simulations using
a thermal source model [30-37]. However, despite its high
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accuracy, due to an infinitesimal laser spot size and thou-
sands of thin layers with a thickness at the micron level, the
LPBF detailed thermo-mechanical simulation for the com-
plex geometric parts requires a large number of time steps
to estimate residual stress and deformation, which is not
computationally cost-effective. Furthermore, based on the
large thermal gradient near the heat source, the mesh size
must be sufficiently small to accurately predict the induced
residual stress and deformation of the deposited layers in the
heat-affected zone. Therefore, applying a coupled thermo-
mechanical analysis for multiple laser scans with a fine mesh
model to macro-scale simulation would incur excessively
large computational costs. Additionally, the large number
of degrees of freedom for each element in the mechani-
cal analysis leads to higher complexity as well as a longer
amount of processing time. Detailed thermo-mechanical
analysis for an industrial component is almost impractical
since it would demand hundreds of terabytes of memory and
years to calculate. Although many simplified strategies, such
as the layer lumping method [38—41], static and dynamic
adaptive mesh refinement techniques [33, 42-47], multi-
scale modeling framework [6, 38, 41], and simplified heat
source modeling and heat transfer problems [48, 49], have
been developed over years to improve the efficiency of LPBF
simulation with reasonable accuracy, the computational time
has not been significantly improved, particularly for compli-
cated industrial components. To overcome the huge compu-
tational burden associated with the numerical simulation of
LPBF process, a number of studies have been conducted to
explore the inherent strain method (ISM) proposed by Ueda
[50, 517 as the most viable and efficient approach to predict
the induced residual stress in the welded parts. Furthermore,
the applied plastic strain method inspired by the inherent
strain theory was developed to predict the residual distortion
of laser engineered net shaping process [52, 53]. Both the
suggested methods led to reducing the calculation time sig-
nificantly. Since the numerical simulation of PBF is almost
similar to the multi-pass welding process, the extension of
the ISM in AM parts was drawn remarkable interest [54].
The possibility of applying this well-established method in
AM was comprehensively investigated, demonstrating that
the computational cost may be decreased from potentially
days or weeks to a few hours while maintaining the accu-
racy compared to the detailed thermo-mechanical simula-
tion [49, 55, 56]. Although the ISM has been introduced in
many commercial software packages such as Abaqus [57,
58], MSC Simufact [10], Autodesk Netfabb [45], and Ansys
[58, 59] for industrial parts simulation, their underlying
algorithms (i.e., how the inherent strains are extracted and
applied to the part-scale model) are not described in detail.

This paper attempts to provide a comprehensive overview
of finite element-based modeling of the LPBF process using
the inherent strain approach. In Sect. 2, an explanation of
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fully and partially coupled thermo-mechanical simulation
involving their governing equations is presented. Further-
more, it summarizes the articles that discussed the classical
inherent strain theory, based on the physical phenomenon
in the welding process. In Sect. 3, a detailed description
of thermal and mechanical simulations at the multi-scale
framework using the modified inherent strain method
(MISM) is presented. In Sect. 4, the practical implications of
the research associated with the ISM are reviewed. Finally,
the conclusion and some future research possibilities are
provided.

2 Thermo-mechanical simulations

The detailed thermo-mechanical simulation is divided into
fully coupled and partially coupled techniques. The fully
coupled method considers the thermal and mechanical anal-
yses consecutively in which the temperature field is affected
by modified geometry in every increment. The partially cou-
pled method, on the other hand, utilizes the temperature his-
tory derived from a complete transient thermal analysis as
a thermal load to be used in structural analysis separately
[60]. Due to the poor coupling between the mechanical and
thermal fields in the LPBF process and also computational
efficiency, the majority of research studies are based on the
partially coupled approach [11]. In this section, the govern-
ing equations for the detailed thermo-mechanical simula-
tions are provided in order to have a better understanding of
their differences and implementation of the finite element
method based on these approaches. In addition, following
the explanation of the classical inherent strain theory as an
efficient alternative numerical method in welding and AM
simulations, some of the associated improvements and vali-
dations are discussed.

2.1 Fully coupled approach
The typical flow chart for the fully coupled modeling of
temperature and thermal stress fields in the LPBF pro-

cess is illustrated in Fig. 1 [61]. The coupled temperature-
displacement analysis is performed sequentially from the

Fig. 1 Flowchart of fully

bottom layer to the final top layer, wherein each layer, it
is conducted on every increment of each scanning track.
In the early stage of the analysis, which is done on the
first scanning track of the substrate, since the displacement
is zero, the temperature field extracted from the thermal
analysis in the first increment is applied as a load to deter-
mine the displacement value for the next increment. This
procedure continues increment by increment from each
layer to another layer, until the last increment in the final
scanning track of the top layer is being analyzed. As a
consequence, the residual stress and deformation of the
built part can be predicted.

The governing heat transfer energy equation of coupled
thermoelectricity for temperature distribution can be writ-
ten as follows [62]:

kT ; — pcT — aTy(3A + 2u)é; + Q=0 1)
where p is the material density, c is the temperature-dependent
heat capacity, T is the temperature, k is the temperature-dependent
thermal conductivity of the material, A and u are the Lamé elastic
constants, « is the coefficient of thermal expansion, 7}, is the refer-
ence temperature, € is the strain, and Q rate is defined by the heat
generated within the body per unit volume and unit time. As can
be seen in the fully coupled approach, the governing transient
heat transfer equation for temperature variation includes the rate
of strain.

The governing equation for displacement can be derived
by combining the equations of motion, strain—displacement
relations, and constitutive Hook’s law equation stated as
[62, 63]:

Equations of motion : o;; = pii;

(@)

3

. , 1
Strain-displacement relations : ¢; = E(ui’j +u;;)

Constitutive equations : o; = 2ue; + Aeyd; — 34+ 2u)a(T — 1),
)

Substituting Eq. (3) for strains into Eq. (4) and then
substituting the resultant into Eq. (2) yields the following

governing equation for displacement:
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UV + (A + g — aBA+2u) (T - Ty) ,+F, =0 (5)

where F; is the body force per unit volume and 6; denotes
the Kronecker’s symbol expressed by:

1

Equations (1) and (5) are fully coupled with respect to
both temperature and displacement. These coupled equations
together with initial and boundary conditions for thermal and
mechanical loads can provide the displacement and tempera-
ture distribution in a part.

fori=j
fori#] ©

2.2 Partially coupled approach

In the partially coupled simulation, a thorough thermal analysis
for the given geometry and boundary conditions is performed
first, and the resultant temperature history is implemented as
thermal loads in the quasi-static mechanical analysis. There-
fore, the thermal and mechanical governing equations are inde-
pendent (Fig. 2). The energy Eq. (1) is simplified to a 3D heat
transfer Fourier equation for homogeneous isotropic materials
to obtain the transient temperature distribution as follows:

kT ;; — pcT+Q=0 @)

In mechanical analysis, the material constitutive model can
be assumed to be either elastic and perfectly plastic with the
J2-von Mises plasticity law [10, 64] or pure plastic behavior
with isotropic/kinematic or mixed strain hardening rules, using
the associative J2 plasticity law [65, 66].

c=C:g, 8)
etotal = ge + 6[7 + 6[/1 (9)
£, = a.AT (10)

Fig.2 Flowchart of partially
coupled thermo-mechanical FE
model

Jyieta =0 —0y =0 11

where C is the fourth-order material stiffness tensor;
Egs €y Eyy ATC the second-order elastic, plastic, and thermal
strain tensors, respectively; a is the temperature-dependent
coefficients of thermal expansion; and AT represents the
temperature change during the process. o, is the von Mises
stress, and oy is the yield stress determined by the uniaxial
tensile test. To consider the strain hardening rules, oy can
also be expressed by the Johnson—Cook plasticity model
[67]. Typically, it is assumed that the plastic strain occurs
for fleia > 0.

2.3 Original inherent strain method (ISM)

Based on the proposed method by Ueda [50, 51], the inher-
ent strain method involves two main steps: (1) conducting
a detailed thermo-mechanical simulation on a micro-scale
specimen to compute the plastic strain tensor once the built
part cools down to room temperature and (2) applying the
resultant plastic strain tensor to an actual component and
performing a linear elastic analysis. In computational weld-
ing mechanics, the micro-welding process involves rapid
heating, melting, and cooling cycles of the material along
the weld line, which results in a significant temperature
gradient and residual deformation [68]. Therefore, the total
strain throughout the process is constituted by the summa-
tion of elastic, plastic, thermal, and phase change strains.
The original inherent strain theory assumes that the total
elastic strain is relieved after the welded part is cooled
down to ambient temperature. Moreover, considering the
final cooled state of the part, the thermal strain vanishes.
Thus, by neglecting the infinitesimal phase change strain for
the simplification [51], the inherent strain equals the plastic
strain formed during the welding process.

Keller and Ploshikhin [55] applied the inherent strain
theory in a new multi-scale approach to the AM process for
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the first time to approximate the deformation and residual
stress distribution. They proposed three models at differ-
ent lengths and time scales to account for both thermal and
mechanical development during the LPBF process, namely,
micro-scale calibration of a heat source model, meso-
scale analysis of the hatching strategy to extract the inher-
ent strains, and macro-scale development of a mechanical
layer equivalent (MLE) model. The small-scale modeling
includes laser power, scanning speed, hatching pattern, and
layer thickness as the main process parameters. The com-
puted inherent strains obtained from the meso-scale are then
loaded onto a macro-scale finite element model as the initial
strains to predict the residual stress and deformation by a
linear elastic analysis. This multi-scale framework based on
inherent strain approach to predict the residual stress and
deformation in LPBF process is clearly shown in Fig. 3. The
element activation methods [69, 70] are used in both the
detailed process and part-scale modeling to accelerate the
numerical simulation. Their findings were very well matched
with experimental results, and the method was shown to be
more computationally practical than conventional thermo-
mechanical simulations.

Following the proof of the inherent strain method’s
suitability to the AM process, further studies were con-
ducted in order to enhance this breakthrough. Bugatti and
Semeraro [56] investigated the limitations of the inherent
strain method (ISM) in the LPBF process both numerically
and experimentally. They indicated that the macroscopic
dimensional features had an influence on the inherent
strain in their experiments, which implies that the basic
geometry-independence assumption of inherent strain in
the previous studies may be problematic. As a result, the
ISM must be calibrated as the geometry becomes more
complicated. Siewert et al. [71] delved deeper into the
mechanical layer equivalent model by using the inherent

Fig.3 Multi-scale framework
using inherent strain approach
to predict residual stress and
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strains obtained from experimental calibration in two can-
tilever beams fabricated by LPBF. Their numerical model
accurately predicted residual deformation based on experi-
mental results. Ahmad et al. [72] indicated the consistency
between the residual stress values estimated by inherent
strain and contour methods. It was found that the forma-
tion of tensile and compressive residual stresses occurs
near the surface (along the edges) and at the center area
of samples, respectively. Furthermore, Setien et al. [73]
presented an empirical methodology to determine inher-
ent strains based on classical laminate theory (CLT) in
composite laminates. They established a strong correla-
tion between the sequential layer-wise LPBF process and
the technology utilized to fabricate composite laminates.
Considering the same effects of the hatching sequence and
fiber orientation, the unique inherent strains that corre-
spond to each layer are determined by iteratively optimiz-
ing the discrepancy between estimated residual distortions
and experimental results of twin cantilever beams (Fig. 4).
As a key finding of their research, the inter-layer inherent
strains tend to be consistent when the laser scanning route
turns regularly regardless of rotational angle. However,
despite its good accuracy, the need for numerical optimi-
zation and the fabrication of a large number of samples
restrict the use of this costly methodology in industry.

3 Modified inherent strain method (MISM)
3.1 Concept of MISM

The original inherent strain theory made the key assump-
tion in the micro-scale simulation that the elastic strain is
negligible in comparison to the plastic strain after the part
is cooled down to room temperature. However, due to the
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Fig.4 Inherent strain determination strategy based on experimental tests for double cantilever beam [73]

difference between the physical phenomena of LPBF and
the welding process resulting from the fast-moving heat
source and multi-layer build model, this hypothesis cannot
be employed in the LPBF process. Theoretically, throughout
the LPBF, mechanical boundaries evolve with melting and
solidification when additional layers are deposited, reach-
ing a steady-state after printing subsequent layers. Thus, the
elastic strain cannot be fully relieved when the part cools
to ambient temperature [68]. The concept of the modified
inherent strain method (MISM) was basically formulated by
considering the contribution of two main factors during the
process as follows:

e = ¢! + (e

1 S )
plastic

elastic — Eelastic (12)
where I and S represent the period of time belonging to the
intermediate and steady-state conditions, respectively. In the
modified version, the inherent strains taken from the meso-
scale are implemented into the macro-scale as the constant
coefficients of thermal expansion in x, y, and z directions,
and a unit temperature increase is applied to each activated
layer. Due to the much smaller value of the shear strains than
the normal strains, the inherent shear strains are neglected in
the multi-scale framework without sacrificing precision [68].
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The mechanism of intermediate and steady states can
be explained by the temperature and strain evolution of a
bottom layer (first layer) in a 3-layer simulation through
the MISM as illustrated in Fig. 5 [10]. Figure 5a represents
the formation of compressive elastic and plastic strains
at the early stage, as the material powder is sintered,
which later transforms into tensile strain caused by fur-
ther printed layers. The three sequential temperature peaks
in Fig. 5b reflect the thermal history of the first depos-
ited layer, with the second and third peaks resulting from
succeeding layer depositions. According to Eq. (12), two
significant sources are considered in the modified inher-
ent strain theory: (1) the contribution from compressive
plastic strain at the intermediate state and (2) the influ-
ence of thermal shrinkage coupled with the inter-layer
effect. The accumulation of initially compressive strain
in the intermediate state is due to a substantial drop in
mechanical strength at an elevated temperature where
the non-uniform thermal expansion, induced by a sharp
temperature gradient in the melt pool area, is restrained
by neighboring solidified metals. When the component is
cooled to room temperature, the magnitude of compres-
sive stress and strain is reduced, becoming tensile as a
result of thermal contraction. Regarding the steady-state,
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Fig. 5c, d depict the significant relief of elastic strain by
thermal shrinkage of surrounding solidified materials and
previously deposited layers, demonstrating the small and
profound impact of subsequent depositions on the plastic
and elastic strain of the first layer, respectively. In the fol-
lowing sections, some groundbreaking research on MISM
has been systematically reviewed.

3.2 Validation and layer lumping effect

Several recent studies have confirmed the validity and effi-
ciency of the MISM when applied to the LPBF process.
For instance, Chen et al. [10] estimated the deformation
of a double cantilever beam and a complex canonical part
by the MISM in LPBF process, which was in close agree-
ment with experiments. They proved that the micro-scale
modeling of 2-layer and 3-layer can nearly capture the same
results due to the limited impact of the third deposition

Time (s)

thermal history, ¢ plastic strain, and d elastic strain evolution history [10]

on the strain evolution of the bottom layer. Furthermore,
in another research study [74], they demonstrated that the
residual deformation accuracy can be improved by more
than 20% when using the MISM compared to the original
inherent strain method in a double cantilever beam simula-
tion. Moreover, according to the equivalent layer model in
MISM, when a number of physical layers are lumped into
one equivalent layer and a unit temperature rise is adopted
to the equivalent layer in a load step, a particular number
of lumped layers must be determined to accelerate the non-
linear layer-by-layer simulation while ensuring accurate
predictions. Their findings revealed that a thinner thickness
of the activation layer (i.e., less layer lumping) would cause
an underestimation of residual stress and deformation. The
most plausible reason behind this phenomenon is that the
tensile stress is generated in previous depositions due to
the mechanical constraints induced by lower layers, and the
thermal shrinkage of new deposited layers contributes to
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the shrinkage of already deposited layers, resulting in an
underestimation of tensile stress in lower layers due to the
stress relief effect. Based on some simple numerical trials,
the feasible layer activation thickness was identified as being
between 0.4 and 0.6 mm for different cases [74]. However,
the successive layer-by-layer simulation using 1015 layer
lumped was not still computationally practical for bulky
parts. To tackle this issue, Liang et al. [75] proposed an
enhanced layer lumping method (ELLM) in meso-scale
modeling in which the material properties for the lumped
super layers are modified to alleviate underestimation errors
in the residual stress and deformation. The procedure has
been shown in Fig. 6 in which the solid black line shows
the stress—strain progression once one equivalent layer 7 is
activated.

For the 2-super-layer situation, the n and n+ 1 layers are
activated concurrently, where the blue dashed line depicts
the stress evolution associated with the bottom layer that
attains to a lower magnitude in comparison with the acti-
vation of only one equivalent layer. The same scenario can
be explained for the 3-super-layer case, as the lowest layer
would behave like the red dashed line, and the n+ 1 and
n+ 2 layers should behave as the blue dashed and solid
black lines, respectively. Despite the simultaneous acti-
vation time for multiple equivalent layers in the lumped
super layer method, various stress levels would emerge in
different equivalent layers. As a result, specialized mate-
rial constitutive models should be employed to modify
the yield stress and inherent strains for distinct layers in
ELLM to reduce overestimation errors. The accuracy,
scalability, and robustness of ELLM were validated on
a cantilever beam and a large complicated canonical part
where the 4-layer ELLM case could reduce the simulation
time by 70% [75]. Promoppatum and Uthaisangsuk [64]
explored the importance of optimizing the number of scan-
ning paths to account for the influence of local preheating

o No Lumping
0'/\ ............. 2-layer ELLM
_____ 3-layer ELLM

Yield state,0y |_

e Layer n activation

Layer n+1 activation

Final state, 0¢ |- Layer n+2 activation

~
-
Final state &

&g Strain

Fig.6 The progress of residual stress and equivalent material models
as a result of 2-layer and 3-layer lumping [75]
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for the thermo-mechanical simulation of a single layer. In
addition, concerning the relationship between the part's
height and compressive stress accumulation, they asserted
that the stress would transfer toward the center of the part
as the height of the part becomes taller.

3.3 Simulation of the thin-walled lattice support
structure by the MISM

Due to the high computational cost of performing a non-
linear thermo-mechanical analysis of lattice support struc-
tures, Liang et al. [76] achieved pioneering research in
adapting the MISM to these structures using the asymp-
totic homogenization technique. Following the MISM in
previous studies, they obtained directional inherent strains
through the meso-scale modeling of thin-walled as a rep-
resentative volume element (RVE) given the periodicity
of the macroscopic lattice support structures as shown
in Fig. 7. An asymptotic homogenization approach [77]
was then used to calculate RVE’s equivalent thermal and
mechanical parameters, including elastic modulus and
inherent strains. After homogenizing the mechanical prop-
erties, the block made by the lattice support structure can
be regarded as a solid continuum model in layer-wise sim-
ulation [76]. Not only did the postulated homogenization
approach demonstrate good agreement with experimental
measurements, but it also resulted in a tenfold increase in
computational performance.

3.4 On the incorporation of scanning patterns
into the MISM modeling

The laser scanning strategy is one of the crucial elements
responsible for the anisotropy in the mechanical proper-
ties of parts manufactured by the LPBF process [78]. This
issue confirms the longitudinal and transverse deviation in
Young’s modulus and yield strength of many LPBF com-
ponents with respect to the laser moving direction. On the

(a) () s

Fig.7 a The thin-walled lattice support structures in LPBF; b the
representative unit cell (red dashed square); ¢ the representative vol-
ume for small-scale modeling [76]
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other hand, the layer-by-layer fashion rotational laser scan-
ning method has less impact on the mechanical properties
compared to the unidirectional scanning approach partially
due to the high dependency of microstructures on tempera-
ture gradients caused by the laser moving direction [78].
Concerning the impact of anisotropy on residual deforma-
tion, Liang et al. [79] investigated the effects of various
laser scanning strategies included in MISM to accurately
predict the residual deformation of the LPBF components.
Despite the parallel line (PL) laser scanning strategy, where
the directional material properties like inherent strains and
elastic modulus can be implemented in a single local ele-
mental coordinate system (LECS) toward the laser moving
direction, in the rotational line (RL) laser scanning strategy,
the LECS should be separately assigned to different lay-
ers according to the laser moving direction. To satisfy both
accuracy and efficiency in the finite element analysis of a
large model, the asymptotic homogenization method [77]
was employed to extract the equivalent elastic modulus and
the correct form of the modified inherent strain vector for
the RL laser scanning pattern. Technically, the homogenized
inherent strain vector (HISV) can be computed by assigning
the directional inherent strain vector attained from small-
scale modeling to a number of lumped real layers as the
coefficients of thermal expansion in accordance with the
laser scanning direction for each thin layer. The number of
merged layers is considered a representative volume ele-
ment (RVE) as the smallest repetitive volume. The height
of this RVE depends on the regularity of the rotational laser
scanning routes in a part. As an example, Fig. 8 illustrates
a 3-layer RVE for the 60°-RL laser scanning pattern with a

Fig.8 The 3-layer RVE model
in the local and global coordi-

nate systems for a 60-RL laser
scanning pattern [79]

0.12
mm

Global coordinate

layer thickness of 40 um, which shows that at least 3 layers
are necessary to achieve a 180° rotation of the laser scanning
line relative to the initial position of the laser moving vec-
tor direction. Finally, the homogenized elastic modulus and
HISV are used in a layer-by-layer fashion irrespective of the
laser scanning strategies to measure the residual deformation
in an efficient way [79].

The incorporation of scanning strategies into MISM has
been validated by the experimental data, ensuring excellent
accuracy of the proposed workflow. Besides the capabil-
ity of this comprehensive method to be used in many cases
involving RL laser scanning strategies, the development of
this methodology with the integration of anisotropic plas-
tic yielding law is a potential future work suggested by the
authors.

3.5 Improved modified inherent strain method

Although the MISM demonstrated its ability to accurately
compute the residual deformation in LPBF parts, its accu-
racy in the residual stress prediction was not still validated.
To do so, Dong et al. [80] conducted detailed investigation
to evaluate the capability of the existing MISM to fairly esti-
mate residual stress distribution without affecting the pre-
diction of residual deformation. In the first step, a 3-layer
single-walled structure was modeled to compare the residual
stress accumulation between the detailed simulation results
and the existing MISM. To capture a precise broad range
of temperature-dependent material properties, they applied
a cut-off temperature, recommended by Lindgren [81],
beyond which the material properties remain unchanged.

Local coordinate
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After performing the numerical analyses, despite the good
agreement in the maximum residual deformation predicted
by the two processes, the obtained residual von Mises stress
was overestimated by the MISM, which was much higher
than the detailed simulation (close to the yield strength).
Therefore, the existing MISM approach failed to measure
residual stress precisely. The first attempt was to identify
the potential source of the error. Due to the valid residual
deformation results, they concluded that the inherent strain
values measured in the meso-scale stage are trustworthy
and an inaccurate relative percentage of elastic and plastic
strains in total strains may give rise to an overestimation in
predicted residual stress level. They reported that the use of
constant ambient temperature material properties in macro-
scale modeling may be a possible source of inaccuracy [80].
As mentioned in Sect. 3.1, over the span of two phases,
namely, intermediate and steady state, the local and global
temperature gradients induce strains, respectively. Thus,
in the macro-scale modeling of MISM, in order to reach
an accurate proportion between the final elastic and plastic
strains, both the effects of localized and global thermal gra-
dients must be included, which implies that using just mate-
rial properties at ambient temperature cannot satisfy this
condition. Based on this hypothesis, a new implementation
procedure for the MIS-based simulation was proposed in
which two consecutive static analyses are performed using
the material properties at the intermediate and steady-state
temperatures, respectively, while the inherent strains are
kept constant in both steps [80]. Figure 9 provides a detailed
description of both the existing and the new MISM. As a
demonstration of the new procedure’s validity with respect
to the detailed simulation results, the von Mises stress field
for a 3-layer thin-walled model is represented in Fig. 10
where the new MISM offers better residual stress predic-
tion compared to the existing one. Furthermore, to assess
the viability of the new MISM experimentally, the L-bracket
and canonical parts were printed, and the good agreement
between numerical and experimental results indicated the
sound performance of the new implementation [80].

3.6 Optimization based on the ISM

In the last couple of years, innovative optimization tech-
niques based on the inherent strain method have been devel-
oped to identify the optimum design parameters with the
goal of lowering the detrimental residual stresses and vol-
ume of the support structure. As the most patently examples,
Cheng and To [82] proposed a multi-objective optimiza-
tion methodology to automatically define the optimal build
orientation for complicated parts. In their modeling, the
stress distribution in the support structure was calculated
by the voxel-based fictitious domain (i.e. finite cell method)

@ Springer

rather than the conformal mesh to avoid time-consuming
mesh generation during the optimization process. It was
found that not only does the suggested method mitigate the
impact of residual stress in the build part, but it also secures
the design manufacturability while diminishing the mate-
rial consumption for the support structure. In another study,
Zhang et al. [83] executed the topology optimization and
inherent strain method for the support structure by consider-
ing the gravity load in the objective function to reduce the
before and after-cutting deflections in printed cantilevers.
Their experimental and numerical (ISM) findings revealed
that the optimized supports may reduce component deflec-
tion and material consumption by more than 60% and 50%,
respectively, compared to the default support structure.
Examining the feasibility of the part-scale topology opti-
mization for continuum and lattice support structure design
via the inherent strain method was also carried out by other
researchers [83—87]. Besides confirming previous findings
on advantage of optimized support structure on mitigation
of residual stress and part deformation, it was also observed
that stress-induced cracking would no longer appear in the
parts with optimized support structure.

As previously mentioned, according to the anisotropic
nature of the local deformation caused by the moving heat
source in the LPBF process, the scanning route may dra-
matically alter residual stress inside a component. Scanning
path optimization has thus been proved to be an efficient
solution in the reduction of residual stress and deformation.
For instance, Chen et al. [88] proposed a novel method to
perform continuous layer-by-layer scanning path optimiza-
tion using the inherent strain method. A numerical strat-
egy, namely, adaptive level set adjustment (ALSA), was
employed to ameliorate the detrimental effect of disregard-
ing a portion of the sensitivity result. Typically, the level set
technique is a mathematical framework for assessing and
monitoring implicit moving interfaces [89]. It was observed
that the zero-level set contour continues to shrink, until it
comprises a very small portion of the design domain, caus-
ing the optimization problem fails to converge. In this situ-
ation, the ALSA technique tries to keep the zero-level set
contour inside the design domain during the process optimi-
zation, achieving a good convergence for both compliance
and stress minimization problems. This scalable approach
demonstrated its ability to be used for parts with more com-
plicated geometrical features, extending to integrating both
topology and laser scanning path optimization simultane-
ously [88]. The island scanning pattern optimization method
was another study conducted by Chen et al. [90] to reduce
part deformation. Considering the scanning orientation-
dependent inherent strain vector associated with each island
in a given geometry as a design variable, finite element anal-
ysis was used to determine the optimal scanning direction
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Fig.9 Comparison of the existing and new procedures for MIS-based part-scale simulation [80]

for each island through an iterative optimization algorithm. connecting rod. A considerable reduction in residual defor-
The feasibility and effectiveness of the suggested method  mation of the two parts was achieved by over 50% compared
were experimentally validated on a block structure and a ~ with the initial scanning pattern.

@ Springer



2198 The International Journal of Advanced Manufacturing Technology (2022) 122:2187-2202

ANSYS

2020 RY.

(a)

L 698E+07
.135E

.263E109 .S19E+0% LT16E+09 .1038710
409 L391E409 L648E409 .904E409 .1162410

1200
(b)
P0000000000000000000000000000000000000000N)

1000+ © 9
©
o
=
— 8001
2]
1]
o
» 600t
%]
0}
2 °
= 400+
[ e L]
S

200 } ®  Detailed process simulation -

i O  MIS method - existing ™
0 MIS method - new
0 : : ;

20 40 60 80 100 120 140
X coordinate / mm

Fig. 10 a Von Mises stress field; b comparison of the von Mises stress along the top centerline in different simulations [80]

The principle for hatch pattern optimization was explored
by Li and Anand [91] via developing an innovative neu-
ral network-based model, capable of predicting inherent
strains for any given hatch pattern used in the part build.
They trained a feedforward propagation neural network
model with inherent strain values obtained from an initial
hatch pattern and validated with the inherent strain data
attained from subsequent hatch pattern using the micro-
scale detailed simulation. The neural network examines the
correlation between the hatch angles of various layers to
determine the total inherent strain. Figure 11 represents the
overall methodology of the suggested approach step by step.
It was shown that trained neural network could estimate the
inherent strain of any randomly hatch pattern with less than
8% inaccuracy.

4 Practical implications of the research

This section highlights some of the practical implications of
this research derived from two components reviewed pre-
viously in this paper. In the optimization-based problems,
the numerical method may require hundreds of iterations to
converge, and each iteration demands a part-scale residual
stress calculation. Using a high-fidelity ISM-based numeri-
cal model in which the LPBF process is replicated based
on the actual process parameters can be the most accurate
and efficient way to predict the residual stress and distor-
tion. The salient feature of the inherent strain approach is
that it replaces the computationally costly detailed thermo-
mechanical simulation with a pure mechanical analysis. This
enables physics-based iterative optimization to systematically
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Rotation, translation

of temperature profile

Arbitrary hatch pattern
—¥| Temperature history —»  FEM simulation
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Arbitrary hatch angl
permutation (61, 62,
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Fig. 11 Flowchart of the proposed neural network-based method to predict inherent strain [91]
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remove residual stress-induced build failure [82]. Moreover,
when lattice support structures are employed in build of
the parts with overhanging structure, the detailed simula-
tion of the LPBF process becomes more complicated due
to the difficulty in mesh generation and the implementation
of the exact laser scanning strategy and process parameters.
Using the ISM can facilitate to efficiently predict the residual
deformation of those AM components with open-cell lattice
structure in terms of topological features and physical print-
ing manners. Therefore, due to the wide range of industrial
applications for the parts fabricated by the LPBF, the imple-
mentation of high-fidelity and efficient numerical methods
such as the ISM, not only the computational cost is signifi-
cantly reduced, but in terms of sustainability, it may establish
an industry that is smarter and more efficient (Iess material
waste and faster supply chains).

5 Conclusions and future directions

In this paper, a detailed review is performed on the develop-
ment of the inherent strain method as an efficient technique
compared to the conventional thermo-mechanical simulation
in LPBF additive manufacturing process. A brief discus-
sion was first presented on the coupled thermo-mechanical
simulations, including their energy, temperature displace-
ment, and governing mechanical formulations. Due to the
inaccurate residual stress and deformation predictions result-
ing from the original inherent strain method, the proposed
modified version demonstrated its ability to provide a more
precise analysis of inherent strains considering the contri-
bution of residual strain in the intermediate and final steady
states of the depositions. Moreover, the application of the
MISM to the thin-walled lattice support structure by using
the asymptotic homogenization method was reviewed dem-
onstrating its capability to dramatically enhance the compu-
tational performance. It was shown that the improved MISM
can predict the residual stress in excellent agreement with
experimental results by taking into account the effect of
both local and global thermal gradients on the temperature-
dependent material properties.

Thus far, much research has been conducted using the
inherent strain method to evaluate the influence of some con-
tributing factors, such as layer lumping effect, scanning strat-
egy, and process optimization on the formation of residual
stress and deformation. However, there are still some impor-
tant parameters like strain and rate of hardening in the plastic
yielding law or the influence of phase transformation in the
microstructure evolution [92] that can be a potential source of
error since they were overlooked in the majority of the recent
inherent strain-based investigations. Therefore, it is expected
that future research attempts will be directed toward determin-
ing the effect of these characteristics on the prediction made by

the MIS approach. On the other hand, incorporating machine
learning methods such as neural networks to connect a large
number of process parameters to the associated inherent strains
is a captivating outlook by which a large database can be used
to train the neural networks with the aim of building a relation-
ship between undeformed and deformed geometry, compensat-
ing for the distortion in the metal parts [93]. Moreover, formal
design optimization formulation to identify optimal process
and geometrical parameters in the LBPF to minimize the part
distortion due to induced residual stresses has not been inves-
tigated. Combination of high-fidelity-validated finite element
model and deep learning artificial intelligence algorithm as
a growing trend may provide unique opportunity to develop
computationally efficient reduced order models to be practi-
cally used in optimization formulation.
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