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In this study, a thermal-elastic—plastic finite element model is proposed to investigate the effect of volume
energy density on the temperature field, molten pool size, and residual stress distribution in the selective laser
melting (SLM) process of Inconel 718 alloy. A temperature-dependent thermal-mechanical property of materials
is considered, as well as the properties conversion between powder layer and solidified alloy. Within the scope
of the study parameters, the simulated molten pool size increases with increasing volume energy density and
exhibits linear growth relationship, which are validated by the experimental results and show a good
agreement. In addition, five scanning strategies are adopted to study the effect of these scanning strategies on
the residual stress distribution in this research. The results show that the residual stress distribution of SLM
Inconel 718 specimen largely depends on the scanning strategy. Finally, to reveal the mechanism of residual
stress formation, the restraint bar model is used to further analyze the formation mechanism of residual stress

during the SLM process.

Nickel-based Inconel 718 superalloy is a Ni-Fe-Cr austenite
alloy, which has several good performances, especially in high-
temperature working conditions. It is an essential material for
manufacturing gas turbine blades, combustors, turbo charger
rotors, and a variety of corrosion containments and structural
applications up to 700 °C [1, 2, 3, 4].

In recent years, many new designs of high-complex Inconel
718 components made by additive manufacturing (AM) pro-
vide an improvement in their performances. Differ from
traditional subtractive manufacturing, the AM allows the
design of the components more complex and more flexibility,
such as integration design, internal flow path, grillage
structure, etc.

Selective laser melting (SLM), as one of major AM
technologies, supplies a promising perspective for designing
and production of high-complex components with near net
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shape and has attracted more and more attention in aerospace
and aviation industries [5, 6]. However, there are several
challenges in SLM process which limit its further application
and development, such as porosity, microcracks, thermal
stress, residual stress, distortion, dimensional accuracy, and
repeatability [7].

Among these challenges, residual stress is one of key
challenges which controls the formation of microcracks,
distortion, and repeatability [8]. The presence of tensile
residual stress can be detrimental to the mechanical behaviors
of SLM parts as well. It has been reported that several
processing parameters may influence the residual stress
distribution in SLM, such as laser power, scanning speed,
scanning strategy, beam diameter, etc. [7, 8, 9, 10, 11, 12].
However, most of the studies on residual stress through
experiments are hard to analyze the evolution of thermal

stress during SLM and the mechanism of the formation of
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residual stress, since the internal stress is almost unable to
measure through experiments.

To understand how the processing parameters affect the
residual stress distribution and their mechanisms, several
research works focus on numerical simulations, which indeed
provide some valuable information on the analysis and pre-
diction of thermal stress evolution and residual stress forma-
tion. Yu et al. [13] established a 3D mesoscopic FEM to study
the effect of processing parameters on the powder-to-solid
transition during the process of SLM AlSil0Mg powder. It was
found that the optimal processing parameters were laser power
of 250 W, scanning speed of 400 mm/s, and powder layer
thickness of 50 pm, which resulted in a relatively smooth
surface and reasonable shrinkage value for AlSi10Mg samples.
Li et al. [14] conducted a multiscale FEM to forecast stress
and distortion in the SLM process. Their simulations indicated
that compared with vertical or island scanning strategy, the
horizontal consecutive scanning strategy resulted in smaller
substrate deformation. Cheng et al. [15] developed a 3D
sequentially coupled FEM to analyze the effect of scanning
strategies on the part stress. Their results demonstrated that the
out-in scanning strategy generated maximum stress compo-
nents along X and Y directions, while the 45 inclined line
scanning strategy reduced the stress components in both
directions among all cases. Ali et al. [16] applied numerical
simulations to examine the influence of scanning strategy on
the residual stress and mechanical properties of SLM Ti6Al4V
samples. Their conclusions were that the 90° rotate scanning
strategy led to the minimum residual stress and scanning
strategy hardly had effect on the mechanical properties.

Based on the literature study, it can be found that the
processing parameters indeed can influence the residual stress
distribution; however, the discussion of the mechanism of
residual stress formation is limited. Therefore, to further
understand the processing parameters affecting residual stress
in SLM process, a thermal-elastic-plastic FEM and a restraint-
bar model are designed.

In this paper, through these models, influence of different
laser volume energy density on the temperature field distribu-
tion and molten pool size during the process of SLM Inconel
718 powder are studied. The results of the model for the molten
pool size are validated with the values measured from the
optical metallography (OM). In addition, based on the tem-
perature field, the mechanical simulation is conducted to
research the effect of different laser scanning strategies on the
residual stress distribution of Inconel 718 part. The restraint
bar model is used to further analyze the formation mechanism
of residual stress during the SLM process. The conclusions in
this research may provide some theoretical guidance and data
support for optimizing the technology parameters of SLM
Inconel 718 alloy.
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Effect of laser volume energy density on the
thermal behavior during SLM process

It is reported that laser volume energy density determines the
size of molten pool and other thermal behaviors. Insufficient
energy density results in poor metallurgical bonding, thus large
amount of pores. Excessive energy density may lead to balling
effect on the surface, which will affect the density as well. In
this research, several combinations of laser power and scanning
speed which represent different volume energy density are
selected to reveal their effects on thermal behaviors in detail.

In our previous study, the simulated temperature distribu-
tion around molten pool size was analyzed, and details were
found in Ref. 17. It is clearly shown an asymmetrical thermal
field during SLM process. Along the scanning direction, the
temperature gradient in the front area is much higher than in
the back area, which is mainly caused by the movement of laser
beam. In perpendicular direction of scanning, the ellipsoidal
temperature distribution shifted to the scanned solid side. This
can be attributed to the fact that the solidified section and the
powder bed have different conductivity.

Larger volume energy density causes wider and deeper
molten pool, both in the simulated result and in the experi-
mental measurement, as shown in Fig. 1(a). The molten pool
sizes from experimental measurement are in good agreement
with simulated prediction. An example of simulated molten
pool under laser power of 285 W and scanning speed of
960 mm/s and its experimental measurements are shown in
Figs. 1(b) and 1(c), respectively. It is worth to notice that if we
compare the cases which have similar volume energy density
but with different laser power and scanning speed, we can see
that laser power might have a slightly stronger effect on molten

pool than scanning speed.

Effect of laser volume energy density on the
residual stress distribution

In SLM, the solidification process of the molten metal will
cause the localized inhomogeneous contraction, which will
result in the formation of internal stress. During the whole
cyclic heating and cooling, the internal stress evolves contin-
ually with the development of thermal conditions and finally
forms the residual stress in SLM parts. The distribution of
internal stress and residual stress is crucial to the distortion and
the formation of cracks in SLM. Thus, understanding the
mechanism of stress formation and optimizing processing
parameters to alleviate the detrimental effect of tensile internal
and residual stress are hot research areas in SLM.

In this research, the typical distribution of residual stress in
selective laser melted part is modeled and discussed. An

example of simulated residual stress distribution under laser
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Figure 1: Simulated melting pool and experimental results: (a) effect of laser volume energy on the size of melting pool, both simulated result and experimental
results; (b) an example of simulated melting pool under laser power 285 W and scanning speed 960 mm/s, gray area represents melting pool; and (c) an example of
experimental results under laser power 285 W and scanning speed 960 mm/s using metallographic microscope.
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Figure 2: An example of residual stress distribution in the SLM specimen under laser power 285 W and scanning speed 960 mm/s, using long-path scanning:
(a) the residual stress component along scanning direction, (b) the residual stress along deposited direction, and (c) the residual stress component perpendicular to
scanning direction.

Volume 34

power of 285 W, scanning velocity of 960 mm/s, and scanning  residual stress component perpendicular to scanning direction,
strategy (a) are shown in Fig. 2. SI1 represents the residual  and S22 represents the residual stress along deposited direction.

stress component along scanning direction, S33 represents the It is interesting to find that the residual stress of Inconel 718
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specimen is mainly tensile stress and the maximum S11 and
S$33 tensile stresses usually appear close to the surface layer, as
shown in Figs. 2(a) and 2(c). The S22 is above 700 MPa and
primarily concentrated in the four bottom corners of the
contact area between the SLM Inconel 718 part and substrate.
This can be attributed to the large S11 and S33 tensile stresses
which result in the tendency of buckling. It is worth to notice
that, during the SLM manufacturing processing, the sensitive
area of cracking usually appears in the corner area between
deposited parts and substrate. This is similar to the simulation
result in this research, which means that the FEM used in this
study has a good prediction ability for the tendency of residual
stress distribution in the SLM process.

Similar to temperature field analysis, the relationship
between volume energy density and residual stress is worth
to investigate as well. Figure 3 describes the influence of volume
energy density on the max residual stress in Inconel 718
specimen in this research. From the simulated results, it is
clearly shown that the max residual stress decreases linearly
with the increase in volume energy density. As the volume
energy density increases from 60.14 to 91.57 J/mm’, the
residual stress components decrease from 771 to 582 MPa for
S11, from 334 to 224 MPa for S33, respectively. The above
simulated results show that a higher laser heat input will
decrease the residual stress of the SLM Inconel 718 sample,
which ultimately helps to reduce the deformation and cracking
tendency of the sample during and after SLM process.

To further reveal the mechanism of residual stress forma-
tion in the SLM process and why the laser volume energy
density reduces residual stress, a self-designed constraint bar
model is proposed in this study, as shown in Fig. 4. The
constraint bar model consists of three independent bars, and all
connect to a nearly rigid part, which forms a frame structure.
The total frame used in this model is 200 X 50 x 4 mm, while
the dimension of each bar is 40 x 4 x 4 mm. A volumetric heat

flux with uniform density was applied in the middle of bar 1.
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Figure 3: Effect of laser volume energy on the residual stress distribution.
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Figure 4: The residual stress distribution after heating and cooling in
constraint bar model for analysis of residual stress formation during and after
SLM.

The middle part of bar 1 was heated up 1600 °C and then
cooled down to room temperature.

The SLM procedure can be simply represented by this
3-bar model. The bar 1 represents the fusion area. The cold
base materials around fusion area are represented by bar 2. The
region 3 can be considered as rigid materials, which are far
away from the moving laser scanning area during SLM. Using
this bar model, the evolution of internal stress and the
formation of residual stress can be revealed clearly.

Figure 4 demonstrates the residual stress distribution after
heating and cooling. It is clearly shown that the heated area
(bar 1) presents a strong tensile residual stress, while the
unheated area (bar 2) presents a compressive residual stress.
This kind of residual stress distribution can be normally found
in localized heating processes, such as welding and SLM.

To reveal the mechanism of residual stress formation, the
evolution of thermal stress during heating and cooling in
constraint bar model is analyzed, as shown in Figs. 5(a) and 5(b).
During the heating process, the center area in bar 1 first
expanded due to thermal heat input. However, this expansion
in the direction along the bar was hindered by surrounded cold
region in bar 2. This resulted in the compressive stress in bar 1
and tensile stress in bar 2. With the increase in temperature
in bar 1, the material started to yield and the developed stress
decreased. When the material was melting, no stress can be
built up, as shown in Fig. 5(a). During the cooling stage, the
subsequent cooling led to the contraction of bar 1. This
contraction was again hindered by bar 2, which caused the
development of tensile stress in bar 1 and compressive stress
in bar 2. After cooling down to the room temperature, the
original cause of the stresses had been removed. However, the

tensile stress in bar 1 and compressive stress in bar 2 still

cambridge.org/JMR

www.mrs.org/jmr

Issue 8 © Apr 29, 2019

Volume 34

Journal of Materials Research

1398


http://multimediafluids.uam.elogim.com/JMR
http://www.mrs.org/jmr
https://doi.org/10.1557/jmr.2018.504

https://doi.org/10.1557/jmr.2018.504 Published online by Cambridge University Press

Ym

Journal of
MATERIALS RESEARCH

400 ¢

300 .
Lo L § -—Bar 1
o 200 :
o : - = Bar 2
= 100 | A
el ’ L] 3
w r Mo :
7] 0 F - - 1
Q : Eata
— i - 1
b =
v -l : \\‘

: O e i

-200

-300 § :
(a) Heating : Melting: Cooling

H 1 H
H 1 H 1 1 H
t 3 1 ]
+ - + = - 4+ -

(b) Initial Bar | . Heating Il. Melting 111. Cooling

Figure 5: (a) Stress evolution in three bars during heating and cooling. (b) A schematic diagram for the evolution process of different restraint bars in the SLM

process.

remained in the material as residual stress. Figure 5(b) is
a schematic diagram for the evolution process of different
restraint bars in the SLM process.

The simulated stress evolution in different restraint bars
clearly shown that the locally uneven heating and local self-
constraint state, which are caused by the fast moving laser, will
lead to the cycle evolution of the internal stress and the
formation of residual stress. Therefore, the temperature field
distribution of SLM process plays a crucial role in the evolution
of internal stress and the formation of final residual stress.
However, in real SLM processing, the stress development and
the formation of residual stress are much more complex due to
the moving heat source and the different geometries of the

components and need to be further analyzed case by case.

Role of scanning strategy in the residual stress
distribution

As mentioned above, the residual stress and internal stress are
greatly affected by the temperature field distribution during
SLM. Therefore, it is worth to study one of main factors affecting
the temperature field distribution: scanning patterns. This factor
can strongly influence the temperature field distribution in the
SLM process, thus determining the local self-constraint con-

ditions in the solidification shrinkage process.

© Materials Research Society 2019

In this study, five scanning strategies are selected to
investigate the residual stress of Inconel 718 parts manufac-
tured by SLM using FEM. Figure 6 shows the distribution of
the residual stress filed using different scanning strategies. It
can be clearly seen that the residual stress distribution of SLM
Inconel 718 specimen largely depends on the scanning strategy,
and the scanning patterns can be roughly inferred from the
residual stress distribution. This phenomenon is because that
the different scanning strategies lead to different local thermal
cycle and constraint condition during the solidification process.
In addition, it can be found that the peak value of the residual
stress usually occurs near the end point of the laser scanning
area. This might be mainly attributed to the fact that there is no
reheating process in the vicinity of the end point of the laser
scanning, which leads to the development of the tensile residual

stress during cooling stage.

In this study, a thermal-elastic—plastic 3D FEM is proposed to
investigate the effect of volume energy density on the temper-
ature field, molten pool size, and residual stress distribution in
the SLM process of Inconel 718 alloy. The simulated result of
molten pool size is validated by the experimental results and

shows a good agreement. In addition, five scanning strategies

cambridge.org/JMR

www.mrs.org/jmr

Issue 8 © Apr 29, 2019

Volume 34

Journal of Materials Research

1399


http://multimediafluids.uam.elogim.com/JMR
http://www.mrs.org/jmr
https://doi.org/10.1557/jmr.2018.504

https://doi.org/10.1557/jmr.2018.504 Published online by Cambridge University Press

Y I o

(a)

S, S11
(Avg: 75%)

S, S11
(Avg: 75%)

Figure 6: Effect of scanning strategy on the residual stress distribution.

are adopted to study the effect of different scanning patterns on
the residual stress distribution in this research. To reveal the
mechanism of residual stress formation, the restraint bar model
is used to further analyze the formation mechanism of residual
stress during the SLM process. Several conclusions can be

drawn from this research.

(1) The molten pool sizes increase with increasing volume
energy density, both in the simulated result and in the
experimental measurement. And within the scope of the
study parameters, the volume energy density and molten
pool size exhibit linear growth relationship.

(2) Within the scope of the study parameters, a higher laser
heat input can decrease the maximum residual stress of
the SLM Inconel 718 sample.

(3) The residual stress distribution of SLM Inconel 718
specimen largely depends on the scanning strategy. This

© Materials Research Society 2019

is because the different scanning strategies lead to
different local thermal cycle and constraint condition
during the solidification process.

(4) The temperature field distribution of SLM process plays
a crucial role in the evolution of internal stress and the
formation of final residual stress. The locally uneven
heating and local self-constraint state caused by the fast
moving laser beam determine the final residual stress
distribution in SLM process.

Model and experiment description

Finite element model and experiments for thermal
analysis

In this study, a thermal-elastic-plastic finite element model is
developed for calculating temperature distribution and residual
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stress field during and after SLM. It is reported that the
dimensional change and stress build-up procedure have minor
effect on thermal field development and can be negligible
during thermal analysis. Thus, the calculation procedure in the
model consists of two steps. Firstly, the heat input, heat
conduction, and heat loss during SLM are modeled indepen-
dently from the stress analysis. After obtaining the temperature
history during the whole SLM processing, the temperature field
is employed as a thermal load in the subsequent mechanical-
elastic-plastic model to calculate the stress evolution during
SLM and final residual stress distribution.

The thermal model is based on a 3D finite element
approach. For a function g(x, y, z, t) of three spatial variables
(%, y» z) and the time variable f, the thermal conduction
equation in the model can be described as follows [18]:

oq  k (82q 0q qu)

oG \a2 "oy T a2

ot pCp (1)

where ¢ is heat flux, p is density, Cp is heat capacity, and k is
thermal conduction coefficient, and the material is believed to
be isotropic in (x, y, z) directions.

To reduce the computational cost and reveal the basic law
of the effect of heat input, a two-layer scanning model is
selected in this study, which consists of a two-layer powder bed
with the dimension of 0.80 x 0.40 x 0.08 mm and an dense
substrate with the dimension of 1.40 x 0.80 x 0.20 mm. The
element dimension is 0.0125 x 0.0125 x 0.0125 mm in the
powder layer with 8-node linear hexahedral element type to
improve the computational accuracy in the scanning area,
while the substrate has coarser mesh whose size is set to
gradually increase with the distance away from the scanning
domain [15]. As a result, the three-dimensional simulation
model is meshed into 34,881 nodes and 30,296 elements in
total.

Considering the laser penetration and the transient thermal
transportation phenomenon in the SLM process, the continu-
ous heat source is applied as a moving modified Gaussian heat

source distribution [19, 20],

e = Ben( ) @

where q(x, y, z) is the heat flux density of point (x, y, z) in the
coordinate system, Q is the laser power, m is the laser
absorptivity of powders, r represents the radius of Gaussian
laser beam, and £ is the depth of Gaussian heat flux. The laser
scanning direction and magnitude of heat source are controlled
by a self-developed FORTRAN program.

To improve the accuracy of the model, differences of
thermo-physical performance between the powders and solid-
ified parts are considered and summarized in Table I. Under

the effect of laser scanning, when the temperature of the

© Materials Research Society 2019

TABLE I: Thermo-physical properties of Inconel 718 alloy used in the model.

Temperature °C Density g/cm® Conductivity W/(m K) Specific heat J/(g K)

25 8.23 10.93 0.42
300 8.13 15.38 0.73
600 8.01 20.07 0.60
900 7.87 2497 135
1200 7.70 28.74 2.18
1450 7.39 29.28 0.74

powder layer exceeds the solidus line, the thermo-physical
properties of the powder layer are set to be automatically
transformed into the thermo-physical properties of the solid-
ified material, and the state of the solidified parts will be
maintained in the subsequent cooling process [21]. This
thermo-physical conversion process from powder to solidified
part after laser scanning is realized through a self-developed
program.

The thermo-physical properties are theoretically calculated
from the room temperature to melting point of Inconel 718
alloy with the interval of 300 °C, because the main purpose of
this study is to investigate the tendency of influence of laser
volume energy density on thermal behavior. To simulate the
strong convective effect on the molten pool at high temperature,
the thermal conductivity of liquid phase is as assumed to be
three times that of the solid phase below the solidus. The surface
convective and heat radiation effect of the powder and the
substrate are considered in the model by using a temperature-
dependent comprehensive thermal parameters A [22]:

0.0668T 0<T<500°C 3)
02317 —82.1 T >500°C ’

in which the unit of comprehensive thermal parameters (A)

is g
Afterward, the whole structure is cooled down to room

temperature to analyze the residual stress distribution.

In this research, several laser scanning strategies are
selected in the model to reveal their effect on thermal behavior
and residual stress distribution. Different scanning strategies
are shown in Fig. 7. The laser moving paths in each scanning

strategy are illustrated using arrows and are ordered in number.

Finite element model for structural analysis

In the structural analysis, the nodal temperature history
obtained from thermal model is used as input data for
mechanical simulation. It is well known that the residual stress
distribution is affected by local thermal history and its
mechanical constraint condition. To reveal the mechanism of
the formation of residual stress caused by thermal input during
SLM, three vertices on the top surface of substrate are
constrained in (x, ¥, 2), (%, ¥), and (x) directions, respectively,

to avoid the rigid movement of the model.
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Figure 7: Three-dimensional finite element model for scanning strategy analysis used in this study: (a) long-path scanning, (b) short-path scanning, (c) partition
long-path scanning, (d) partition short-path scanning, and (e) partition vertical scanning.

In this study, temperature-dependent Young’s modulus, TABLE II: Mechanical properties of Inconel 718 alloy used in the model.
Poisson’s ratio, and yield strength are used not only to improve

Temperature °C Young modulus MPa  Poisson’s ratio  Yield stress MPa

the accuracy of the model, but also to make our simulations

25 203.95 0.31 1033.51
closer to the actual situation, since the SLM process involves yield, 300 187.13 0.32 932.75

600 166.60 033 868.36
heat shrinking, and thermal expansion of Inconel 718 alloy. Like g4 14291 034 478.44
thermo-physical properties, the mechanical properties are also 1200 44.36 038 25.64

1450 5.00 0.49 1331
derived from theoretical calculations and listed in Table II.
© Materials Research Society 2019 cambridge.org/JMR
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Experimental procedure for model validation

An EOS M290 SLM equipment is applied to fabricate Inconel
718 specimens for model validation. This installation consists
of a fiber laser beam as the forming energy with a maximum
power of 400 W and a laser spot diameter of 80-150 pm before
SLM processing, and the stainless-steel substrate is preheated to
200 °C. To verify simulation results, the processing parameters
in the experiments are the same as the data in the simulations.
The chemical composition of Inconel 718 powder is listed as
follows (mass fraction. %): 5.26 Nb, 17.30 Cr, 19.36 Fe, 0.05
Mn, 3.52 Mo, 0.83 Ti, 0.52 Al, 0.07 C, 0.01 V, 0.08 W, and
52.89 Ni.

In SLM process, laser volume energy density E is a key
factor affecting the metallurgical characteristics of products,
which is a measure of the averaged applied energy per volume

of material during the scanning of a layer:

P
" Veh-t

(4)

where P is the laser power, V is the scanning velocity, h is the
hatch spacing, and ¢ is the layer thickness. In our research,
the h and ¢t are fixed at 100 pm and 40 um, respectively, so the
values of E are 60.14, 66.41, 67.22, 74.12, 74.22, 74.29, 82.03,
and 82.85 J/mm? in this study.

The SLM Inconel 718 specimens are cut into small pieces,
ground, and polished carefully. Specimens are then slightly
eroded by a mixture of hydrochloric acid, water, and hydrogen
peroxide (Vua:Vm,o0:Vmo0, = 2:1:1). The cross-sectional mi-
crostructure of the eroded part is examined by an OM. In the
metallographic microanalysis, the sizes of 20 clear molten pools

are measured and then averaged.
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