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1 | INTRODUCTION
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Abstract

The effect of preheating the build platform (process) on the microstructure/
defect structure (structure) as well as the tensile and fatigue behaviour
(property) of the laser beam powder bed fused (LB-PBF) 316L stainless steel
(SS) is investigated. Preheating the build platform to 150°C (P150) affects the
thermal gradient and cooling rate resulting in the reduction of the volumetric
defects (i.e., gas-entrapped pores and lack of fusion (LoF)) as compared with
the condition where the build platform is non-preheated (NP). The ductility of
P150 LB-PBF 316L SS is improved as compared with the NP counterpart,
resulting from the less volumetric defects as well as the change in the crystallo-
graphic orientation of the grains in P150 condition. In addition, preheating the
build platform is found to enhance the fatigue resistance of LB-PBF 316L SS
specimens. This is associated with fewer and smaller volumetric defects in
P150 specimens as compared with the NP ones.
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the fatigue resistance of the material.> Qualifying AM
materials for the load-bearing applications prone to cyclic

Additive manufacturing (AM) is an intricate metallurgi-
cal process comprising rapid melting and solidification
regimes, which can be beneficial or detrimental to the
mechanical performance of the material. The high
cooling/solidification rate of the AM process typically
leads to a relatively fine microstructure, which enhances
the static strength of AM materials, in most cases supe-
rior to that of the wrought counterparts.! However, such
cooling/solidification rates may also lead to the formation
of volumetric defects (e.g., gas-entrapped pores and lack
of fusion (LoF)), residual stresses and heterogeneous
anisotropic microstructures, which can be detrimental to

loading is known to be one of the main challenges for
adoption of AM technology by several key industries.’
Solberg and Berto* have recently overviewed and com-
pared the fatigue performance of different AM materials
such as Inconel 718, Ti-6Al-4V and several stainless steels
(SS) with that of their wrought counterparts. They
reported that in most cases for AM materials with the
machined surface condition, the fatigue performance is
deteriorated due to the presence of the volumetric defects
formed during the AM processes.

Formation of the volumetric defects (i.e., gas-
entrapped pores, LoF) in the AM materials is associated
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with the thermal history experienced by the part
throughout the fabrication process.””’ Variation in the
thermal history can be related to the part size and
geometry,®® interlayer time interval,'® the building envi-
ronment (i.e., shielding gas type)'* and process parame-
ters (e.g., laser power and scan strategy).'? In fact, the
solidification rate (R), temperature gradient (G) and
consequently the cooling rate (R X G) are influenced by
the aforementioned factors, which may alter the final
structure (i.e., grain structure, level of defects and surface
roughness) within the AM material.>'*>™*> For instance, if
the part is large or the interlayer time interval is short,
more heat accumulates in the part and reduces the
cooling rate, and as a result, a more homogenized
microstructure with less volumetric defects will be pro-
duced.”'® Furthermore, optimizing the process parame-
ters (i.e., laser power, scan speed and scan strategy) to
obtain higher heat input to the material, and therefore,
lower cooling rate and temperature gradient, may result
into proper melt pool overlap, which reduces the level of
LoF defects in the AM material.*'® However, excessive
heat input may result in the formation of keyhole defects;
therefore, process parameters windows are to be devel-
oped for different materials/parts and AM systems."”

Altering the thermal history that a part experiences
during the AM process, however, is not limited to the
above-mentioned factors (i.e., part size geometry, inter-
layer time interval, laser power and scan speed). It has
been shown that preheating the build platform can also
play an important role in the final structure and reducing
the anisotropy in tensile behaviour of the AM materials."®
Yang et al." reported that the size and volume fraction
of equiaxed grains in laser beam powder bed fused
(LB-PBF) AIl-Mg(-Sc)-Zr are sensitive to the energy
density applied and the build platform temperature. They
showed that columnar grains transform to the equiaxed
grains by increasing the energy density via decreasing the
scan speed and preheating the build platform up to
200°C. This was attributed to the influence of lower
thermal gradients as well as increased remelting zone
volumes (i.e., larger melt pools). Preheating the build
platform was also shown to be effective in altering the
microstructure of an electron beam powder bed fused
(EB-PBF) Inconel 718.%°

Although the effect of preheating the build platform
on the residual stresses and final grain structure has been
investigated to some extent,'®?!*? the effect of preheating
on the fatigue performance of AM parts is not yet studied
to the best of our knowledge. Therefore, the goal of this
study is to evaluate the effect of build platform
preheating not only on the microstructure/defect struc-
ture but also on the mechanical properties, in particular,
the fatigue resistance of LB-PBF-processed metallic

materials. The commonly used 316L SS is chosen for the
experimental programme in this study because of its
higher ductility and lower sensitivity to volumetric
defects under cyclic loading.*® Therefore, if there are any
effects of build platform preheating on the fatigue
strength of LB-PBF 316L SS, greater effects are expected
for materials with less ductility and more sensitivity to
volumetric defects.

2 | MATERIAL AND METHODS

The austenitic 316L SS powder (17.7Cr-0.02C-12.6Ni-
0.87Mn-0.67Si-2.29Mo) was used in this study. The
Renishaw AM 250 additive system, an LB-PBF method,
was used to fabricate the specimens. Two sets of cylindri-
cal bars (to be machined to fatigue specimens) and
net-shaped tensile test specimens were fabricated. In
order to study the effect of build platform preheating on
the microstructure/defect structure and consequently
mechanical performance of the material, the first set of
specimens was fabricated without preheating the build
platform (designated as non-preheated (NP)), whereas
the build platform was preheated to 150°C (designated as
P150) for fabricating the second set (150°C is the maxi-
mum temperature that could be reached with the AM
machine used in this study). The same process parame-
ters (laser power 200 W, hatching distance 0.11 mm, scan
speed 1833.3 mm.s™' and layer thickness 0.05 mm),
except the preheating temperature, were used to fabricate
all the parts. It is worth noting that no heat treatment
was applied to the specimens in this study. The cylindri-
cal bars were further machined to round fatigue speci-
mens with straight gage sections. Figure 1 presents the
final geometry and dimensions for fatigue and tensile test
specimens following ASEM E606** and ASTM ES8,*
respectively.

The effect of preheating the build platform on the
microstructural features, including the melt pool, defect
size and population, and grain structure, was studied in
the gage section of the fabricated specimens. To perform
the melt pool analysis, specimens were cross sectioned
perpendicular to the final laser track on the very top layer
that was not affected by a subsequent layer deposition
and thus represented the nominal process condition.”®
The melt pool boundaries were further revealed on the
longitudinal plane parallel to the build direction
(i.e., longitudinal cross section) by chemical etching
(using HCL:HNO;:CH3COOH etchant). In order to ana-
lyse the size and distribution of the volumetric defects
(i.e., gas-entrapped pores, LoF), X-ray CT scans were
made using a Zeiss Xradia 620 system for 3D visualiza-
tion and comparison of the porosity level in each
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FIGURE 1 The final geometry and dimensions of (A) fatigue
and (B) tensile specimens.CEM3311

condition (i.e., NP and P150). Electron backscatter dif-
fraction (EBSD) scanning was also performed on the
mirror-finished polished longitudinal cross sections using
a Zeiss Crossbeam 550 scanning electron microscope
(SEM)/focused ion beam (FIB) for microstructure
characterization.

Quasi-static tensile and uniaxial fully reversed, strain-
controlled fatigue tests were conducted using an MTS
Landmark servohydraulic load frame with a 100-kN load
cell. An MTS extensometer was used to measure the
strains accurately during quasi-static and cyclic deforma-
tions. Tensile tests were conducted at 0.001 s~ at ambi-
ent temperature in two steps: first, the test was
conducted up to 0.045 mm.mm™' of strain with the
extensometer mounted on the specimen to measure the
strain. The extensometer was then removed to avoid any
damage to the extensometer because of the limitation in
its travel distance, and the test was continued after
0.045 mm mm™' of strain in displacement-controlled
mode until fracture. Two tensile tests were conducted for
each condition (i.e., NP and P150) to check the repeat-
ability of the results. Uniaxial fully reversed (R, = —1),
strain-controlled fatigue tests were carried out in the
range of 0.00175-0.0040 mm.mm™" of strain amplitudes
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to cover the cyclic behaviour of the material from low
cycle fatigue (LCF) to high cycle fatigue (HCF) regimes.
The test frequencies were attuned for each strain level to
obtain a similar average cyclic strain rate of approxi-
mately 0.02 s™. Finally, fractography analysis was per-
formed on the fracture surfaces using the SEM to shed
light on the fatigue failure mechanisms.

3 | RESULTS AND DISCUSSION

In this section, the experimental observations on the
microstructure/defect structure and mechanical proper-
ties of LB-PBF 316L SS are presented for the specimens
fabricated in NP build platform and preheated build plat-
form to 150°C (P150). The effects of preheating the plat-
form on the melt pool size, defect size and distribution
and crystallographic orientation of grains are inspected.
The resulting mechanical properties, including tensile
and fatigue, of NP and P150 LB-PBF 316L SS are pres-
ented and discussed comprehensively with respect to the
differences seen in the material's microstructure/defect
structure (i.e., structure—property relationships).

3.1 | Microstructure characterization

Figure 2 presents the melt pool analysis for the speci-
mens from NP (Figure 2A) and P150 (Figure 2B) condi-
tions on their longitudinal plane parallel to the build
direction (shaded YZ-plane in the schematic), as shown
schematically. It can be seen from this figure that the
melt pools are shallower in NP condition (~90 pm) as
compared with the P150 one (~150 pm). The melt pool
depth has been reported to have an impact on the forma-
tion of volumetric defects (e.g., gas-entrapped pores and
LoF).?”*® However, it has been shown that the melt pool
depth is not the only parameter to influence the forma-
tion of volumetric defects but also overlap depth can be
very influential, specifically in the formation of LoF
defects.®? In this regard, NASA has proposed a method
to conduct the melt pool analysis through normalizing
the melt pool depth, dp,, and overlap depth, d,, by the
layer thickness, f, to evaluate the probability of forma-
tion of volumetric defects.?® The dy/t; and d,/f ratios for
NP condition (Figure 2A) are calculated to be 1.8 and 1.3,
respectively, which are lower than those of P150 condi-
tion (3 and 1.85, respectively). The higher melt pool and
overlap depth ratios for the P150 condition as compared
with the ones for the NP condition are associated
with the effect of preheating the build platform on
the thermal history experienced by the parts during fabri-
cation. Preheating the build platform at 150°C was
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FIGURE 2 Melt pool characterization following the method proposed by NASA?® for (A) non-preheated (NP) and (B) preheated to
150°C (P150) conditions [Colour figure can be viewed at wileyonlinelibrary.com]

simulated to reduce the cooling rate by about 14% as
compared with the condition that the build platform was
not preheated.”

The deeper melt pools in P150 condition as compared
with those of NP ones may be due to the higher tempera-
ture of the previously fused layers, while a new layer is
fabricated. The lower temperature difference between the
previously solidified layers and the newly fabricated layer
can result in a lower cooling/solidification rate. Consider-
ing the deeper melt pools and lower cooling/solidification
rates for P150 condition as compared with the NP condi-
tion, it is expected for P150 specimens to have smaller/
fewer pores and LoF defects than the NP ones. The low
cooling/solidification rates provide more time for the
gas-entrapped pores to escape from the melt pool during
solidification, and the sufficient overlap depth in the
P150 condition reduces the chance of LoF formation, or
at least smaller LoF defects are expected to be formed.

There may be a height dependency for the effect of
preheating the build platform on the part's structure. To
evaluate such effects, gage sections of an NP and a P150
specimen were scanned from bottom to top, and the
change in the size distribution of volumetric defects in
each condition is compared visually in Figure 3. It can be
seen that preheating the build platform (Figure 3B)
decreases the size and population of the defects through-
out the gage section as compared with the condition
where the build platform is not preheated (Figure 3A).
As was expected, the effect of preheating on the structure
is alleviated slightly towards the top of the specimen's
gage section (~40-45 mm far from the build platform);
fewer and smaller defects are observed in the bottom and

(A) NP

(B) P150

>l

Build Direction

FIGURE 3 X-ray CT scan results throughout the gage

section of the laser beam powder bed fused (LB-PBF) 316L stainless
steel (SS) specimens from (A) non-preheated (NP) and

(B) preheated to 150°C (P150) conditions [Colour figure can be
viewed at wileyonlinelibrary.com|

middle of the gage section as compared with the top part.
Note that the bottom part of the gage section is almost
more than 25 mm far from the build platform, and still
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preheating the build platform impacts the defects' size
and number up to an approximate height of 45 mm from
the build platform. Therefore, one should be careful with
taking advantage of preheating the build platform for
taller parts; however, the affected height may be
increased by increasing the preheating temperature. The
effect of an increased preheating temperature beyond
150°C is to be studied systematically in the future.

The X-ray CT results presented in Figure 4 show both
the visual and statistical evaluation of volumetric defects
in the middle of the gage section for NP and P150 speci-
mens. Similar to the results presented in Figure 3, there
are more and larger volumetric defects in NP condition
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(Figure 4A) as compared with the P150 one (Figure 4B);
some examples of LoF defects and gas-entrapped pores
are highlighted in Figure 4A,B by red and green colours,
respectively. The diameter of the defects, obtained by
taking the square root of the projected area of each defect
on the loading plane for NP and P150 specimens, was
also compared statistically in Figure 4C.

The statistical results show that the NP specimens
possess more and larger volumetric defects (i.e., gas-
entrapped pores and LoF defects) than the P150 ones.
Note that statistics are taken from the sliced radial cross
sections of the scanned volume, with these sections being
apart with the distance more than the maximum height
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FIGURE 4 X-ray CT scan results from a
small section (~5 mm) of the gage section of
machined laser beam powder bed fused
(LB-PBF) 316L stainless steel (SS) specimens for :
(A) non-preheated (NP) and (B) preheated to . : L . =

150°C (P150) conditions, as well as (C) defects
size distributions based on 100 radial
cross-sections [Colour figure can be viewed at
wileyonlinelibrary.com]
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of defects to avoid duplication in the results. Therefore,
the results presented in Figure 4C do not represent the
entire pore size distribution, and they are just for the
comparison. The largest diameter of defect in the entire
scanned volume of each specimen was also detected to
be 163 and 94 pm, respectively, for NP and P150 speci-
mens. It must be noted that the size and distribution of
the defects throughout the specimen may be somewhat
different from these statistics as only a small section of
the gage length was scanned (~5 mm) and about
100 radial cross sections were analysed. However, the
results prove that the P150 specimens contain less and
smaller volumetric defects as compared with the NP
specimens.

If the melt pool depths and overlap depths are suffi-
ciently large, the previously fused layers are affected by
the subsequently deposited layer; that is, the previous
layers will be partially/thoroughly remelted. The d,
should be at least larger than the layer thickness, £, to
avoid the formation of the LoF defect?®; however, if the

(A) NP
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2.83 {001}
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x‘.“‘e
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i 001 001 001
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do/t; ratio becomes close to 2, the probability of formation
of LoF defects will be reduced significantly. In the case of
NP condition, although the ratio of dy/t; and d/t; is
larger than 1, they are not close to 2, which increases the
chance for the formation of gas-entrapped pores and LoF
defects, respectively (see Figure 4A). On the other hand,
in the P150 condition, although the d, is three times
larger than the ¢, resulting in fewer and smaller gas-
entrapped pores (see Figure 4B), the d,/f; is 1.85 and
smaller than 2 (note that it is still larger than d,/t; in NP
specimens). Therefore, LoF defects are also formed in
P150 condition, but they are smaller and fewer in num-
ber than those in NP specimens (see Figure 4C).

The thermal history experienced by the part can also
affect the grain structure.” The microstructure of the
LB-PBF 316L SS in NP and P150 conditions is presented
in Figure 5. The inverse pole figure (IPF) maps show the
microstructure in YZ-plane (i.e., parallel to the build
direction and loading direction). As seen, similar to the
other AM materials reported in the literature,’*>* grains

{110} {111}

18
@x" x‘@
4 Y Y, Y,

001 001 001
E‘ ml B
110 i 110 110 m

Ix (R |z

{110} {11}

FIGURE 5 Microstructure
and crystallographic
characterization on the
longitudinal plane; inverse pole
figure (IPF) maps along the z-
axis as well as pole figures and
IPFs for (A) non-preheated
(NP) and (B) preheated to 150°C
(P150) specimens [Colour figure
R can be viewed at
wileyonlinelibrary.com]
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are elongated along the heat dissipation path towards the
build platform. In NP condition (Figure 5A), the set of
pole figures and IPFs (see //X and//Y) show that the aus-
tenite, y, grains are mostly <001> oriented. In fact,
<001> is the easy solidification growth direction for
cubic structures (e.g., face-centred cubic (FCC) or body-
centred cubic (BCC) structures), and grains grow epitaxi-
ally in this direction."?

Interestingly, preheating the build platform up to
150°C alters the crystallographic orientation of the y
grains, as seen in Figure 5B; the grain orientation is
changed from <001> to <110> and <111>. This is most
likely associated with the lower thermal gradient and the
solidification rate in the P150 condition. It is well
established that the thermal gradient along the melt pool
walls during the solidification influences the grain orien-
tation.**>* Sun et al*® reported that an increase in the
heat input, resulting in lower thermal gradient and lower
cooling rate, can change the grain orientation of LB-PBF
316L from <001> to <110>, similar to the results
obtained for P150 condition in this study. Therefore,
preheating the build platform resembles the condition
where the process parameters are attuned to obtain a
higher heat input for reaching a lower cooling/solidifica-
tion rate during AM processes.

¥
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The well-known microstructure characteristic of the
AM materials, cellular structure,*®*” for both conditions
is shown in Figure 6; however, the cells are more
equiaxed and even appear to be finer in the P150 condi-
tion (see Figure 6B) as compared with the NP condition
(see Figure 6A). This can be explained by the lower tem-
perature gradient and consequently lower cooling/solidi-
fication rates for the P150 condition as compared with
the NP one. Moreover, it appears that preheating the
build platform may lead to recrystallization of the grains;
subgrains are formed in P150 condition (shown by yellow
dashed arrows/boundaries in Figure 6B); however, the
subgrains could not turn into the grains with high angle
boundaries and result in grain refinement (average grain
size of 16 pm was calculated for both NP and P150 condi-
tions using EBSD results). This may be explained by
insufficient preheating temperature to provide adequate
driving force energy for recrystallization of the grains.

3.2 | Quasi-static tensile behaviour

Reduction in the fraction of volumetric defects and the
alteration in the crystallographic orientation of y grains
may impact the mechanical properties of the material.

Subgrains

FIGURE 6 Microstructure characterization of laser beam powder bed fused (LB-PBF) 316L stainless steel (SS) (on the longitudinal
plane parallel to the build direction) fabricated in (A) non-preheated (NP) and (B) preheated to 150°C (P150) conditions showing the cellular

structures [Colour figure can be viewed at wileyonlinelibrary.com]
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The quasi-static tensile stress-strain curves of NP and
P150 LB-PBF 316L SS are presented in Figure 7. As seen,
preheating the build platform (i.e., P150 condition)
increased the ductility by about 18%, without jeopardiz-
ing the strength of the material. Improved ductility may

700
_ 600 - / FE
g # NP P150
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gz i
£ 400 -
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£ 300 -
g NP PI50
Eo 200 - oy 547 543
oy 616 616
100 1 El% 67 79
0 . , . .
0 0.2 0.4 0.6 0.8 1

Engineering Strain (mm/mm)

FIGURE 7 Quasi-static tensile engineering stress-engineering
strain behaviour of laser beam powder bed fused (LB-PBF) 316L
stainless steel (SS) fabricated in non-preheated (NP) and preheated
to 150°C (P150) conditions [Colour figure can be viewed at
wileyonlinelibrary.com]

be associated with both the lower volumetric defects in
P150 specimens (see Figure 4), as well as the grains
orienting more along the FCC preferred slip system
(i.e., <110>-/<111>-oriented grains) as compared with
those in NP specimens (<100>-oriented grains) seen in
Figure 5.

The tensile fracture surfaces for both NP and P150
LB-PBF 316L SS are shown in Figure 8. In line with the
X-ray CT results (see Figure 4), a higher level of volumet-
ric defects is observed on the fracture surface of NP speci-
mens (Figure 8A) as compared with that of the P150
counterparts (Figure 8B). Large LoF defects are charac-
terized on the fracture surface of the NP specimen
comprising unmelted powder particles, whereas there are
fewer and smaller LoF defects observed for the P150
specimen Besides, a finer cellular structure can be
noticed on the fracture surface of the P150 specimen in
Figure 8A, as compared with the NP specimen, presented
in Figure 8B.

The higher population of LoF defects in NP speci-
mens could have contributed to the lower ductility
observed. Elimination/reduction of such defects by
preheating the build platform (i.e., P150 condition)
assisted with the increase in the ductility under quasi-
static tensile loading. In addition, grains are oriented

& Un-melted
powder particle

FIGURE 8 Tensile fracture surfaces of laser beam powder bed fused (LB-PBF) 316L stainless steel (SS) specimens fabricated in
(A) non-preheated (NP) and (B) preheated to 150°C (P150) conditions. The unmelted powder particles found in the lack of fusion (LoF)
defects are shown by yellow arrows [Colour figure can be viewed at wileyonlinelibrary.com]
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along the direction of the easy slip system for FCC struc-
ture in P150 condition; thus, dislocations can cross slip
and glide easier, which could have also assisted with the
increased ductility and elongation in P150 specimens.
Similarly, Wang et al.>® reported an increase in ductility
of LB-PBF 316L SS as a result of containing oriented
grains as compared with the condition with <100>-
oriented grains, whereas the yield strength remained
unchanged.

3.3 | Fatigue behaviour

Preheating the build platform had no effects on the cyclic
deformation as NP and P150 specimens exhibited similar
cyclic deformation behaviours, initial cyclic hardening
followed by cyclic softening. In addition, the stable
stress—strain hysteresis loops were identical for both
conditions. The fatigue test data including total strain
amplitude, ¢,, elastic strain amplitude, %, plastic strain
amplitude, %, stress amplitude, o,, mean stress, ¢,,, and
reversals to failure, 2Ny, are listed in Table 1. Moreover,
the strain-life fatigue properties (i.e., fatigue ductility
coefficient, ¢ fatigue ductility exponent, c, fatigue
strength coefficient, ¢, and fatigue strength exponent,
b*®) are calculated as ¢ r = 05207, ¢ = -0.591,
o' = 563.1 MPa and b = —0.036 for NP and ¢'; = 0.2752,
¢ = —0.501, o'y = 543.7 MPa and b = —0.030 for P150.
Accordingly, the strain-life fatigue data and fits for NP
and P150 LB-PBF 316L SS are presented in Figure 9 (all
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specimens in machined surface condition). It should be
noted that the tests at 0.00175 mm.mm™" of strain ampli-
tude took each more than 2 weeks, and therefore, only
one test for each condition was performed at this strain
level. This was because of the applied test frequency
(f = 2.85 Hz) to keep the average cyclic strain rate con-
stant among all tests. As seen in Figure 9, there is some
improvement in fatigue performance of LB-PBF 316L SS
across life regimes by preheating the build platform up to
150°C, which is most likely due to the lower volumetric
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FIGURE 9 Strain-life fatigue data and fits for machined laser

beam powder bed-fused (LB-PBF) 316L stainless steel

(SS) specimens fabricated in non-preheated (NP) and preheated to
150°C (P150) conditions [Colour figure can be viewed at
wileyonlinelibrary.com|

TABLE 1 Uniaxial fully reversed, strain-controlled fatigue test results of machined LB-PBF 316L SS fabricated in NP and P150
conditions, as well as the y/area of the crack initiating defects based on the Murakami's approach

Specimen €a f A A—;ﬂ Ga Om 2N \/area of

ID mmmm™) Hz) @@mmm?') @mmmm ') (MPa) (MPa) (reversals) defect(s) (pm)
NP_1 0.00175 2.86 0.00172 0.00003 337 -32 3446 774 264
NP_2 0.0020 2.5 0.00190 0.00010 352 =31 499 108 153,190, 161
NP_3 0.0020 2.5 0.00190 0.00010 364 —24 384 138 144, 83, 24, 71
NP_4 0.0025 2 0.00200 0.00050 391 =22 134 976 221
NP_5 0.0025 2 0.00200 0.00050 384 -23 119 996 337
NP_6 0.0040 1.25 0.00210 0.00190 415 -9 13 630 256
NP_7 0.0040 1.25 0.00210 0.00190 415 -9 13 064 237
P150_1 0.00175 2.86 0.00172 0.00003 339 =21 8 308 714 139
P150_2 0.0020 2.5 0.00190 0.00010 360 =21 893 014 68
P150_3 0.0020 2.5 0.00190 0.00010 361 =29 765 648 191
P150_4 0.0025 2 0.00200 0.00050 382 -16 360 264 132
P150_5 0.0025 2 0.00200 0.00050 384 —28 231 006 323
P150_6 0.0040 1.25 0.00210 0.00190 418 -7 24 238 97
P150_7 0.0040 1.25 0.00210 0.00190 414 =7 18 452 191

Abbreviations: LB-PBF, laser beam powder bed fused; NP, non-preheated; P150, preheated to 150°C; SS, stainless steel.
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defects, specifically LoF ones, in the P150 specimens as
compared with the NP counterparts.

It is well established that the portion of overall
fatigue life spent in the crack initiation stage becomes
larger at the HCF regime.*® On the other hand, the
cracks often initiate from volumetric defects in AM
specimens in the machined surface condition, and thus,
the more the volumetric defects are present, the more
chance for the cracks to initiate and propagate.
Moreover, it has been shown that the larger the defects
are, the shorter the fatigue lives become.**** Accord-
ingly, the longer fatigue lives for P150 specimens in the
HCF regime are attributed to the fewer and smaller
volumetric defects as compared with NP specimens (see

Figure 4). Although preheating the build platform may
have a marginal impact on the residual stresses in the
part, it is shown that the fracture mechanism of the
LB-PBF 316L SS is somewhat independent of the resid-
ual stresses.” In addition, residual stresses have been
found to be only induced in shallow depths from the
surface of a part built vertically*>*’; therefore, the
residual stresses were most likely removed as the speci-
mens were deeply machined in this study. Accordingly,
the observed improvement in the fatigue behaviour of
P150 specimens can be credited to their reduced number
and size of volumetric defects.

The crack initiating defect size based on the
Murakami's /area approach is reported for all the

(A)NP_3
e,= 0.0020 mm/mm
2Nf= 384,138 reversals

W

varea = 144 yj

(B) P150_2
e,= 0.0020 mm/mm
ZNf = 893,014 reversals

FIGURE 10 Fracture surface of the machined laser beam powder bed fused (LB-PBF) 316L stainless steel (SS) specimens in (A) non-
preheated (NP) and (B) preheated to 150°C (P150) conditions and tested at 0.0020 mm.mm™" of strain amplitude. Note that the defect area is
filled with dashed yellow curves, whereas the defect area based on Murakami's approach is shown with solid white curves [Colour figure can

be viewed at wileyonlinelibrary.com]
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FIGURE 11 Fracture surfaces of
the machined laser beam powder bed
fused (LB-PBF) 316L specimens
fabricated in (A) non-preheated

(NP) and (B) preheated to 150°C (P150)
conditions and tested at 0.00175 mm.
mm™" of strain amplitude. Note that the
defect area is filled with dashed yellow
curves, whereas the defect area based on
Murakami's approach is shown with
solid white curves [Colour figure can be
viewed at wileyonlinelibrary.com]

specimens in Table 1.***~*® Figure 10 shows the fracture
surfaces of the NP and P150 specimens tested at
0.0020 mm.mm™ of strain amplitude. As seen, several
cracks initiated from LoF defects in both conditions.
However, in NP specimen (Figure 10A), cracks started
from four LoF defects close to the surface with \/area of
144, 83, 71, and 24 pm, whereas in P150 specimen
(Figure 10B), cracks started from one defect with /area
of 68 pm. Preheating the build platform then can consid-
erably assist with reducing the volumetric defects and
potentially enhance the fatigue performance of AM mate-
rials. It is worth noting that the fatigue performance of
300 SS series is not much sensitive to defects and their
effects are typically alleviated by the microstructure and
ductility.>® As can be seen in Figure 11A, for an NP speci-
men (NP_1 specimen) tested at 0.00175 mm mm™" of
strain amplitude, the crack initiated from a large LoF
defect (/area = 264 um) close to the surface; however,
the fatigue life is still considerably long due to the low
sensitivity of this material to the defects. For the P150
LB-PBF 316L SS counterpart (P150_1 specimen) tested at
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(A)NP_1
e,= 0.00175 mm/mm
ZNf: 3,446,774 reversals

(B) P150_1
e,= 0.00175 mm/mm
2]\6(= 8,308,714 reversals

the same strain amplitude level (i.e., 0.00175 mm.mm ™),
the fatigue life is 2.5 times longer than the NP specimen.
It can be observed in Figure 11B that this is due to the
fact that the crack initiated from a smaller internal LoF
defect (y/area = 139 pum) as compared with the large,
close to the surface LoF defect in the NP one (y/area
= 165 pm). As seen, the internal defect created a fisheye
failure pattern*”*® in the P150 LB-PBF 316L SS specimen,
which led to a longer fatigue life (8 308 714 reversals) as
compared with the NP specimen (3 446 774 reversals)
tested at the same strain amplitude.

4 | CONCLUSIONS

The effect of preheating the build platform (process) on
the porosity level and microstructure (structure) as well
as tensile and fatigue behaviour (property) of LB-PBF
316L SS was investigated. Specifically, the microstruc-
ture/defect structure (i.e., the volumetric defect size
and distribution, grain structure and crystallographic
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orientation of the grains) was correlated with the conse-
quent mechanical properties of the material in NP and
preheated build platform to 150°C (P150) conditions. The
following conclusions can be drawn from the experimen-
tal results and observations:

1. Because of the reduced temperature gradient between
the melt pool and the bulk solidified material,
preheating the build platform lowered the cooling/
solidification rates, which resulted in deeper melt
pools as compared with the condition that the build
platform was not preheated.

2. Fewer and smaller volumetric defects (i.e., gas-
entrapped pores and LoF) were formed by preheating
the build platform because of the higher melt pool
and overlap depths in P150 condition. However, the
beneficial effect of preheating seemed to be dependent
on the height of the part.

3. The crystallographic orientation of grains was chan-
ged from <100> to <110> and <111> by preheating
the build platform because of variation in thermal his-
tory experienced during fabrication. In addition, finer
and more equiaxed cellular structures were formed in
P150 condition as compared with the NP one,
which contained more needle-like dendritic cellular
structure.

4. Subgrains were formed in the microstructure of the
P150 specimens; however, because of the insufficient
preheating temperature, recrystallization did not
occur to form finer grains.

5. Total elongation to failure of P150 LB-PBF 316L SS
under quasi-static tensile loading was enhanced by
about 18% as compared with the NP counterpart,
which was attributed to the fewer and smaller defects,
the finer cellular structure and the grain orientation
along with the preferred FCC slip system in the P150
condition.

6. Preheating the build platform enhanced the fatigue
resistance of LB-PBF 316L SS reasonably well in all
the life regimes investigated in this study. This
improvement was explained by the presence of fewer
and smaller volumetric defects in the preheated condi-
tion as compared with the condition when the build
platform was not preheated.
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NOMENCLATURE
b fatigue strength exponent
c fatigue ductility exponent
f frequency
Ny, 2Ny cycles to failure, reversals to failure
R, ratio of minimum to maximum strain
y austenite
0q stress amplitude
o's fatigue strength coefficient
Om mean stress
oy yield strength
oy ultimate tensile strength
Emax maximum strain
Emin minimum strain
&4 total strain amplitude
i’ ¢ fatigue ductility coefficient
£p

=2 plastic strain amplitude

% elastic strain amplitude

ABBREVIATIONS

AM additive manufacturing/additively
manufactured

BCC body-centred cubic

EB-PBF electron beam powder bed fused

EBSD electron backscatter diffraction

El% percent elongation to failure

FCC face-centred cubic

FIB focused ion beam

HCF high cycle fatigue

IPF inverse pole figure

LB-PBF laser beam powder bed fusion/fused

LCF low cycle fatigue

LoF lack of fusion

NP non-preheated

P150 preheated to 150°C

SEM scanning electron microscope/microscopy

SS stainless steel
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