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Abstract

This study aims to understand the effect of build platform preheating on the microstructural
features and mechanical properties of 316L stainless steel (SS) fabricated via laser beam powder
bed fusion (LB-PBF) process. Two sets of specimens were fabricated on a non-preheated build
platform and the build platform preheated to 150 °C. Thermal simulations are carried out using
ANSYS using additive manufacturing module to investigate the variation in thermal history
experienced by the specimens in each condition. Microstructural features are analyzed via
simulation, and the results are validated experimentally. In addition, the effect of preheating on the
porosity size and distribution is evaluated using digital optical microscopy. Mechanical properties
of specimens from each condition are further assessed and correlated to the variations in
microstructure and defect size distributions.

Keywords: Laser beam powder bed fusion (LB-PBF); Preheating; Stainless steel; Porosity;
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Introduction

Establishing process-structure-property-performance (PSPP) relationships for various
material systems fabricated via additive manufacturing (AM) techniques has been becoming of
particular interest for various industrial sectors. Although AM provides an opportunity to
manufacture parts with complex geometries, the intricate thermal history experienced by the parts
during fabrication leads to the formation of defects (i.e. pores, lack of fusion, surface roughness),
producing anisotropic microstructure [1,2] as well as inducing residual stress. Daniewicz and
Shamsaei [1] introduced the fatigue and fracture of additively manufactured parts as the most
challenging issue hindering the adoption of AM for critical load bearing components. Several other
studies also have shown that the presence of the aforementioned defects reduces the fatigue
resistance of AM parts. Accordingly, as the most critical load-bearing parts are usually
experiencing cyclic loading in service, it is essential to reduce defects and microstructure
heterogeneity by controlling the thermal history.

Thermal history is controlled by the employed process parameters (i.e. laser power, scan
speed, scan strategy, etc.) [3], part size and geometry [4], build orientation [5], and the fabrication
environment (due to shielding gas thermal properties and enclosure walls) [6]. These have been
reported as the controlling parameters for reducing the defects and anisotropy in the microstructure
[2] and residual stress. Moreover, controlling thermal history may eliminate the need for post-
processing procedures (e.g. heat treatment, surface machining, hot isostatic pressing (HIP)), which
expedites the adoption of AM for widespread industrial applications and reduces the cost of such
procedures.
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Shrestha et al. [4] studied the effect of part size and geometry on the thermal history and
mechanical properties of laser beam powder bed fusion (LB-PBF) 17-4 PH stainless steel (SS).
They showed that small changes in the size and geometry of the part will change the thermal
history experienced by the part, thereby influencing the defect size and distribution. They also
reported better fatigue resistance for specimens machined out from square bars as compared to the
ones fabricated slightly oversized than the near net-shape. This was attributed to the higher bulk
temperature in former specimens and led to the formation of lower porosity level.

Gu et al. [7] studied the effects of energy density on the microstructure and porosity
formation in LB-PBF 17-4 PH SS by altering the scan speed and laser power. Results showed that
lower porosity level will be achieved by adjusting the energy density in the range of 44-81 J/mm’.
However, they showed that energy density cannot be a good indication of the porosity level. For
instance, increased scan speed and laser power led to the lower energy density in the range,
however, the porosity level increased due to the balling phenomenon. Sun et al. [8] produced a
unique crystallographic lamellar microstructure (CLM) in LB-PBF 316L SS via controlling the
energy density. The newly developed texture for this material comprised of two grain orientations,
<001> and <011>, which enhanced the mechanical properties significantly.

Thermal history was also observed to be sensitive to the build platform temperature during
fabrication through AM process. It was reported that preheating the build platform can lead to
lower residual stress, more homogenized microstructure, and consequently, better mechanical
properties (e.g. ductility, fatigue resistance, and etc.) as compared to the condition without
preheating the build platform [9]. Yang et al. [10] investigated the effect of preheating the build
platform at constant energy densities on the microstructure of Al-Mg (-Sc)-Zr. They observed
columnar to equiaxed grain morphology as the build platform preheated at 200 °C. They attributed
this microstructure evolution to the reduced thermal gradients and increased remelting zone
volumes. Liu et al. [11] investigated the effects of various build platform preheating temperatures
on the texture evolution of TiAl alloy via LB-PBF process. They reported significant differences
between the grain orientations obtained under different preheating temperatures.

Accordingly, due to the complexity of changing process parameters such as laser power,
scan speed, scan strategy, etc., fabricating parts by preheating the build platform can be a solution
to manufacture parts with more homogeneous microstructure and less residual stress. Austenitic
stainless steel 316L is one of the most attractive materials in various industrial sectors. Moreover,
its biocompatibility and corrosion resistance make this material suitable for medical applications
such as bone implants [12]. The goal of this study is to investigate the effects of build platform
preheating on the microstructure and porosity level of LB-PBF 316L SS. Numerical simulations
are carried out using ANSYS Additive Manufacturing module to calculate the variation in cooling
rates. Numerical simulations are then validated by experimental observations of the melt pool
dimensions and microstructural variation for different cooling rates. Eventually, the porosity size
and distribution are evaluated for specimens fabricated with preheating the build plate and
compared with the ones fabricated without preheating the build plate. Tensile deformation
behavior is assessed for each condition and correlated to the microstructure and porosity size and
distribution.

416



Experimental Procedures

In this study, 316L stainless steel (SS) powder provided by LPW Inc. with the chemical
composition listed in Table 1 was used to fabricate specimens. The specimens were fabricated via
a laser beam powder bed fusion (LB-PBF) method in the vertical direction using Renishaw AM
250 machine.

Table 1. Chemical composition of 316L SS powder, provided by LPW Technology Inc.

Cr Ni Mn Si Nb Mo N 0 P S Fe

(Wt. %) 16-18 4.03 020 0.10 033 2.0-3.0 <0.10 <0.10 <0.04 <0.03 Bal.

Two sets of specimens were fabricated under argon shielding gas, without and with
preheating the build platform to 150°C. Specimen geometry is shown in Figure 1. For better
tracking each set of specimens in the following context, specimens fabricated without preheating
the build platform, and the ones fabricated with preheating the build platform to 150 °C are
designated by NP and P150, respectively.
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Figure 1. Drawing of sub-sized tensile specimens based on the ASTM ES8 standard.

Thermal properties were predicted for each condition (i.e. NP and P150) employing the
commercial ANSYS Additive Manufacturing module. In this module, deposition thickness, scan
speed, hatch spacing, layer time interval, preheating temperature, and powder and gas convection
coefficients were input to the software. Software input parameters were selected based on the
manufacturing machine (i.e. Renishaw AM 250) and optimized process parameters for 316L SS
(i.e. layer thickness of 50 um, hatch spacing of 0.11 mm, laser power of 200 W, and a scan speed
of 1833 mm/s). The layer time interval in the gauge section was 65 s recorded during the
fabrication process. Material (i.e. 3161 SS) was selected from the ANSYS database with pre-
defined temperature-dependent properties including density, thermal conductivity, and heat
capacity. Computer-aided designed (CAD) or stereolithography (STL) files of fabricated
specimens were imported directly to ANSYS to perform the numerical analyses. In addition, the
build platform was considered in the design in order to consider the heat dissipation to the build
plate. The software outputs were the maximum and minimum temperatures in each layer
depending on the fabrication time. In ANSYS Additive Manufacturing module, temperatures are
obtained by solving the partial differential equation (PDE) of conduction heat transfer given in Eq.
1, which is the main source of heat dissipation in LB-PBF process given [13].
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In which, T is the temperature as a function of time and location. The p, k, and ¢ are material
temperature-dependent density, thermal conductivity, and heat capacity, respectively. In addition,
q is the heat input per volume due to laser beam source, which is considered via a Gaussian
distribution [13]. Convection and radiation heat losses can be also considered as the boundary
conditions to solve the PDE [13]. However, in this study, the effects of convection and radiation
were neglected to simplify the model. Finally, specimen drawings were cut in the middle of the
gauge and used for numerical analyses in order to focus on the thermal history of the gauge section
as well as decreasing the processing time. The heat transfer coefficients of powder and shielding
gas (i.e. argon) were selected as a relatively small number to ensure that conduction is the main
source of heat dissipation. Two simulations were performed based on the two experiments, one
with preheating the build platform of 150 °C and one without preheating. In addition, the mesh
size was selected as 0.2 mm to ensure the mesh discrepancy of the results. The build plate was
meshed with an element size of 5 mm since it was kept at a constant temperature during the
fabrication time.

For microstructure characterization, some specimens were fabricated to the half-height of
the regular ones. Those specimens were transversely cut perpendicular to the final laser tracks to
look into the melt pool’s geometry. Microstructure samples were then ground using 320-2500 grit
sandpapers to the mirror-like surface finish. Prior to reveal the microstructure, porosity
measurement was carried out using KEYENCE digital optical microscope. Specimens were further
etched to reveal the microstructure, showing the grains and melt pool dimensions on the most top
fabricated layer.

Tensile tests at 0.001 s™! strain rate were conducted at room temperature using an MTS
Landmark servohydraulic test system with 100 kN load cells. Tests were conducted in two steps,
strain-controlled mode followed by displacement-control mode. Strain-control mode step was
performed up to 0.045 strain using an MTS extensometer to record the strain. However, due to the
limited displacement of extensometer and to avoid any damage, tests were paused to remove the
extensometer. Subsequently, tests were continued in displacement-controlled mode to fracture
with a velocity equivalent to the same strain rate. To obtain the elongation to failure, gage sections
were marked prior testing, and measured after tests were done. Two tests were conducted for each
condition to observe the consistency of the results. To understand the fracture behavior in each
condition, fractography analysis was carried out for all the tested specimens using KEYENCE
digital microscope.

Results and Discussion

Thermal Simulation and Microstructure

Figure 2 shows a time window of the interlayer temperature fluctuation during fabrication
for each condition (i.e. P150 and NP). In simulations, the top layers of parts were fabricated at the
time 31305 s, when the laser scanned for the last time. It can be observed that in every deposited
layer, the temperature reaches to the melting point temperature and subsequently drops from that
temperature to the desired temperature (i.e. 150 °C for P150 and 22 °C for NP). It can be observed
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that temperature decreases faster from 1370 °C to 22 °C for the NP process while it decreases from
1370 °C to 150 °C at the same time for P150 process. This trend shows that NP condition possesses
a higher cooling rate than P150 condition.
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Figure 2. Temporal distribution of maximum temperature along the fabrication direction (z) for
both P150 and NP conditions. Middle of the gauge section is scanned at time 31,305 s.

Masoomi et al. [ 14] reported that cooling rates are governed by the conduction, convection,
and radiation within the heat affected zone (HAZ), i.e., the solid region in the vicinity of the melt
pool, shielding gas, and the walls of the chamber, respectively. Since the effects of convection and
radiation were neglected in this study, heat is dissipated by conduction in the HAZ. The conduction
heat dissipation is dependent on the thermal gradient between two points, thereby, cooling rates
are directly related to the temperature differences between these two points, which is in accordance
to Newton law of cooling. Therefore, a higher temperature difference between two points can
derive a higher cooling rate, which can be also observed in Figure 2. The cooling rate values were
obtained from the simulation to be 1.43x10° °C/s for P150, and 1.65x10° °C/s for the NP condition.
Some studies have shown that lower thermal gradients, and consequently, lower cooling rates, can
result in melt pools with larger dimensions [15]. Therefore, larger melt pool dimensions including
melt pool depth can be expected for the parts that are preheated.

Figure 3(a) and (b) show the melt pool dimensions for specimens fabricated without
preheating (NP), and with preheating (P150) the build platform, respectively. The average width
to depth ratios (i.e. Wayg /davg) of the melt pool is calculated for NP and P150 conditions to be 1.38
and 1.7, respectively. It can be seen that P150 condition has larger melt pools as compared to the
NP one, which is consistent with the lower cooling rate calculated for the former condition (i.e.
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P150). Moreover, melt pool size affects the porosity level due to the gas entrapment as argon
cannot be dissolved in steels.

Comparing the microstructure obtained for P150 with NP condition, the cellular structure
is seen in the former condition (shown with white arrows in Figure 3(b)). Based on the thermal
simulation results shown in Figure 2, the decrease in the cooling rate by preheating the build
platform is due to the lower temperature gradient induced between the layer melted and the
previous fused layers. This results in not only grain structure modification but also the texture
evolution [11]. Typically, formation of fine cellular-dendritic microstructure has been reported as
the common microstructure produced in the AM process [16,17]. This is due to the heat dissipation
toward the build platform. Formation of the cellular-dendritic structure has been also reported for
LB-PBF 316L SS [18]. However, it has been shown that preheating the build platform results in
more equiaxed grains [10]. Moreover, it has been reported that increasing the laser power (i.e.
higher energy density) leads to the formation of equiaxed cellular structure in 316L SS [19].
Accordingly, the results obtained found the preheated platform condition to be consistent with the
literature.

Figure 4(a) and (b) show the transverse plane in the gage section polished to characterize
the porosity size and distribution for NP and P150 conditions, respectively. In addition, the
porosity size and distribution histograms for each condition are plotted. Comparing the polished
sections, the porosity level decreased for the specimens fabricated with preheating the build
platform. The statistics results of porosity show that frequency of pores in P150 condition is higher
in low size classes (i.e. [11-18] um) as compared to the NP condition. Consequently, fewer large
pores are seen for P150 condition. A larger and higher number of pores in NP condition is related
to the relatively higher cooling rates in this condition as compared to P150. In fact, the entrapped
gas does not get the chance to escape from melt pools due to rapid solidification, thereby, it results
in more porosities.
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Figure 4. Porosity measurement results in the gage section: (a) polished section and porosity
size distribution for non-preheated, and (b) polished section and porosity size distribution for
preheated build platform conditions. Note the size classes for each condition.

Tensile properties

Monotonic tensile deformation behavior of specimens fabricated with and without
preheating the build platform is shown in Figure 5. The strain-controlled mode portion of the
tensile test is shown in Figure 5(a), and the stress-displacement curve from the beginning of the
tests to the fracture is shown in Figure 5(b). Moreover, the tensile results are compared with [20]
and wrought material [21-23], listed in Table 2. The ultimate tensile strength and elongation to
failure (E1%) of the present alloy increased as compared to those of additively manufactured and
wrought counterparts. Interestingly, preheating the build plate increased the E1% and yield strength
(oy) of the material by approximately 14% and 4%, respectively. This is attributed to the
microstructure and texture evolution. As seen in Figure 3(b) shown by white arrows, the cellular
structure has been developed in the P150 condition. These cellular structures, either dendritic- or
equiaxed-cellular structures, are made of high dislocation density as a result of the high cooling
rate during fabrication [18]. However, in P150 condition, dislocation rearrangement and recovery
may occur and lead into the equiaxed-cellular structure, as the previously fused layers are still at
high temperature [24]. Accordingly, dislocation density is decreased, and the microstructure might
be considered similar to the annealed condition. Therefore, the material is capable of
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accommodating higher plastic deformation by generation of geometry necessary dislocations
(GND) during straining the material [25].

700 700
600 600 - CIRSN
.-.-&.ii-'ﬁ-'ﬁ""““-'.* / ‘I \\\
P : \
500 ad 500 4/ \
/ I
& 400 - 'f & 400 il
s H S |
£ 3001 ;‘ - NP_TI0 £ 3001
g ) S - NP_TI10
200 4} " NP_T29 200 | - NP_T29
! — P150_T10 — P150_T10
100 100 | "
f — P150_T29 — P150_T29
0 - , . T 0 . r r . . T
0 0.01 0.02 0.03 0.04 0.05 0 2 4 6 8 10 12 14
Strain (mm/mm) Displacement (mm)
(a) (b)

Figure 5. Tensile deformation behavior of LB-PBF 316L SS fabricated both in non-preheated
and preheated build plate conditions: (a) stress-strain up to 0.045 strain, and (b) stress-
displacement to fracture

Table 2. Monotonic tensile properties of 316L SS fabricated under argon shielding gas in both
non-preheated and preheated build platform conditions.

Build platform o
conditions oy (MPa) ou (MPa) El1%
Non-preheated 448 617 72
Preheated 465 618 82
LB-PBF 316L
120] 485 594 58
Wrought
[21][22.23] 255-310 535-623 30-40
Fractography

Figure 6 shows the fracture surfaces of tensile specimens for the non-preheated and
preheated conditions. As seen, both fracture surfaces exhibited cup and cone type failure and
consisted of fibrous and shear region. These fracture features are consistent with the tensile results
obtained, showing ductile behavior of the material. As seen in Figure 6(a), NP specimen has larger
fibrous region than that of P150 specimen, however, tensile results show lower ductility for the
former condition. This is due to the lower structural integrity of NP condition resulted from higher
porosity level as compared to P150 condition. Moreover, although dimples exist in both conditions
(shown by red arrows), the specimens fabricated on the preheated build platform consist of deeper
dimples (~ 25-27 pm) as compared to those of the ones fabricated on the non-preheated build
platform (~ 15-21 um). Deeper dimples are the sign of higher ductility in the material, which can
be seen that the P150 specimens possess higher ductility than NP ones. Shallower dimples in NP
condition can also be due to less structural integrity in this condition due to the presence of more
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porosities and lack- of-fusion (LOF) defects as compared to the P150 condition (see Figure 4).
Shrestha et al. [20] also showed various LOF defects in the fracture surfaces of LB-PBF 316L SS
fabricated with non-preheated build platform condition.

Fibrous Fibrous

(@) | (b)
Figure 6. Tensile fracture surfaces of LB-PBF 316L SS specimens: (a) non-preheated, and (b)
preheated build platform conditions.

Conclusions and future study

The effect of preheating the build platform on the microstructure and mechanical properties of LB-
PBF 316L SS was investigated. The following conclusions can be drawn based on the results:

1.

2.

The cooling rate of P150 condition was decreased as compared to that of the NP condition.
This resulted into formation of equiaxed cellular structure.

Preheating the build platform to 150 °C increased the ductility of material by 14%. This is
attributed to the more homogenized microstructure as well as cellular structure with
geometry necessary dislocations (GNDs), thereby material accommodated more plastic
strains during deformation.

The porosity size and distribution were decreased by preheating the build platform. The
critical defect size for the NP condition was in the range of [32-39], while it was in the
range of [17-24] for the P150 condition.

Tensile fracture surfaces of P150 specimens were found to have less fibrous region as
compared to NP ones. However, due to the higher structural integrity of P150 (i.e. less
porosity and lack of fusion defects) than NP specimens, ductility increased without any
change in the material strength.

Due to the significant effect of preheating the build platform on reducing the porosity size and
distribution, fatigue performance of the material assumed to be enhanced as compared to the
condition without preheating the build platform. Therefore, in the next step of our study we are
investigating the fatigue behavior of LB-PBF 316L SS fabricated in both preheated and non-
preheated build platform conditions with as-built and machined surface conditions.
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