J Mater Sci (2022) 57:9818-9865

Metal Additive Manufacturing

o')

Check for
updates

A critical review on the effects of process-induced
porosity on the mechanical properties of alloys
fabricated by laser powder bed fusion

Wen Hao Kan'#* ®, Louis Ngai Sam Chiu'?, Chao Voon Samuel Lim"?, Yuman Zhu'?,
Yang Tian"?, Derui Jiang"?, and Aijun Huang'#*

"Monash Centre for Additive Manufacturing, Monash University, Notting Hill, VIC 3168, Australia
2Department of Materials Science and Engineering, Monash University, Clayton, VIC 3800, Australia

Received: 22 October 2021 ABSTRACT

E LT ) R by 12 Laser powder bed fusion (LPBF) is an emerging additive manufacturing tech-

Published online: nique that is currently adopted by a number of industries for its ability to
11 March 2022 directly fabricate complex near-net-shaped components with minimal material

wastage. Two major limitations of LPBF, however, are that the process inher-
© The Author(s) 2022 ently produces components containing some amount of porosity and that fab-

ricated components tend to suffer from poor repeatability. While recent
advances have allowed the porosity level to be reduced to a minimum, con-
sistent porosity-free fabrication remains elusive. Therefore, it is important to
understand how porosity affects mechanical properties in alloys fabricated this
way in order to inform the safe design and application of components. To this
aim, this article will review recent literature on the effects of porosity on tensile
properties, fatigue life, impact and fracture toughness, creep response, and wear
behavior. As the number of alloys that can be fabricated by this technology
continues to grow, this overview will mainly focus on four alloys that are
commonly fabricated by LPBF—Ti-6Al-4 V, Inconel 718, AISI 316L, and
AlSi10Mg.

Introduction technologies typically used for metal fabrication are
shown in Fig. 1. Laser powder bed fusion (LPBF, also
commonly known as selective laser melting and

Additive manufacturing (AM) refers to a group of direct metal laser sintering [1]), with a schematic

technologies defined by the ablhty to fabricate near- shown in Flg 2, fabricates Components by spreading

net-shaped components using 3D model data by = metal powder across a bed/platform using a re-
joining materials layer by layer [1, 2]. Various AM coater (or rake), layer by layer, such that the
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region(s) of interest at each powder layer is melted
and fused using a high-powered laser.

Process-induced porosity remains one of the major
limitations of LPBF-processed alloys. Gas pores form
when gas is trapped in the molten metal as it rapidly
solidifies. The gas either originates from within the
powder particles (due to powder porosity or intro-
duced from the atomization process) or from the
space that surrounds them [3, 4]. When an exces-
sively high energy input is used, the evaporation of
the metal can occur which then leads to keyhole
formation within the melt pool where the cavity is
kept open as a result of the vapor pressure [5]. As the
laser beam passes, the keyhole would collapse, and
molten metal would flow into the cavity. Since
solidification occurs from the bottom of the melt-
pool, there is often sufficient time for trapped vapor
near the top of the melt-pool to float upwards and
escape before the melt-pool solidifies, but this may
not be the case for vapor trapped near the bottom of
the melt-pool, in which case a large, typically spher-
ical, pore(s) will remain within the solidified melt-
pool and such pores are termed keyhole pores.

Lack of fusion (LoF) pores occur when the energy
input is insufficient to fully melt the current powder
layer along with the prior solidified layer(s) to pro-
duce an adequate bond between them [3, 6, 7], and
therefore, they are often located between scan tracks
and deposited layers. While LoF pores may or may
not contain unmelted powder, the presence of
unmelted powder is clear evidence of LoF. The
energy input, in this context, is usually expressed in
terms of the volumetric laser energy density Eqopmet-
ric = P/(Vehet) where E is the energy density, P is the
laser power, & is the hatch spacing, and ¢ is the layer
thickness [8]. Occasionally, the linear laser energy
density function Ej;,e.r = P/V is used [9]. In general,

Figure 1 A summary of
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Figure 2 Schematic of a typical laser powder bed fusion system.

Reproduced with permission from [44]  (Copyright 2021,

Elsevier).

the three types of porosity can be distinguished by
their morphology [10]. Gas pores tend to be small
(< 100 pm) and spherical [3, 10]. LoF pores, on the
other hand, tend to be much larger and have an
irregular shape (large aspect ratio, low sphericity)
[3, 10]. Keyhole pores are generally large and spher-
ical [10]. Figure 3 illustrates how LoF and keyhole
pores can be distinguishable by pore length and
roundness via 2D imaging analysis. Figure 4 shows
what these pores typically look like when observed in
an LPBF-processed alloy.

To measure porosity in an LPBF part, there are
three common approaches—(i) microscopy imaging
(typically optical microscopy, OM), (ii) pu-computed
tomography (u-CT) and (iii) the Archimedes method.
The OM approach is the simplest method for pro-
viding detailed porosity information, but it is
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Figure 3 Relationship between pore roundness and pore length
from a sample set of 2D pore data where the authors investigated
various computational methods to accurately identify different
types of pores in Ti and Ni alloys from 2D optical micrographs.
The regions where pores are typically classified as LoF or keyhole
are also illustrated in the diagram. This figure was reproduced in
grayscale from [10] which was published under the Creative
Commons Attribution 4.0 International License (http://creativec
ommons.org/licenses/by/4.0/).

Energy too high: Keyholing

(a)

Figure 4 Typical morphology of (a) a keyhole pore and (b) an LoF
pore found in LPBF Inconel 713C as obtained using u-CT and
scanning electron microscopy (SEM). Reproduced from [10] which
was published under the Creative Commons Attribution 4.0
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destructive as it involves the cutting and polishing of
samples. Additionally, it is fundamentally a 2D
technique that is also more prone to selection bias
[11]. On the other hand, ¢-CT is a complex non-de-
structive 3D technique, with the main disadvantage
being that its accuracy is often a compromise between
porosity resolution, the volume to be analyzed and
cost, which can lead to an underestimation of the
porosity level [11], and noise reduction through filter
algorithms often needs to be done at the expense of
image clarity [12]. A recent study, however, has
shown that for a given sample volume, u-CT is gen-
erally more cost-effective and more accurate than OM
for porosity analysis [13]. Lastly, the Archimedes
approach is also non-destructive, but its accuracy is
more limited for near fully dense parts because the
true theoretical density of an AM alloy is often not
known and the measurement can be affected by
surface quality [11, 12]. Furthermore, this approach
does not provide any information on the nature,
distribution and size of the pores [14]. Therefore, in
acknowledging that there are slight differences in the
accuracy of these methods, whenever a porosity level

iv

20 pm
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Energy too low: LOF

(b)

International License (http://creativecommons.org/licenses/by/4.0/).
The swirl identified in (a) was caused by turbulent flow during
fabrication in [166].
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(assumed to be the volume percentage of pores in the
context of this review) is reported from a cited work,
the measurement method will also be provided.

Even though porosity formation can be greatly
minimized by choosing optimal LPBF parameters, it
must be emphasized that there is no guarantee that
using the same set of processing parameters would
always result in the same type(s) and amount of
pores since LPBF production is known to suffer from
poor repeatability [15] and porosity distribution can
also be affected by other factors such as part geom-
etry [16, 17], feedstock powder particle size [18],
powder bed temperature [19], heat treatment (which
can cause gas pore to enlarge) [20-22], and gas flow
behavior [23]. In fact, pores may not necessarily be
uniformly distributed within a single part [24] and
LPBF parameters optimized for part density often
involve an undesirable trade-off with production
speed [25]. Additionally, post-fabrication pore clo-
sure strategies often have limitations. For instance,
hot isostatic pressing (HIP) is commonly used to close
pores across an entire part, but this approach also
alters the material’s microstructure and may not
necessarily close all pores due to trapped gases [26].
HIP is also more limited in closing irregular-shaped
pores, and spherical pores that fail to close may
actually end up being more elongated [27]. While
surface treatment methods such as shot-peening can
close surface and sub-surface pores (which tend to be
more detrimental to mechanical properties as com-
pared to pores within the bulk material) [28], this
approach only works on accessible surfaces of a given
component.

Considering that porosity is unavoidable in LPBF
alloys and mitigation/reduction strategies often have
limitations, understanding how pores affect various
mechanical properties is particularly important for
damage tolerant component design, service life
expectations, risk management, and the pursuit of
faster LPBF production speeds. To this end, this
review provides a concise overview of how process-
induced porosity affects the tensile behavior, impact
toughness, fracture toughness, creep response, wear,
and fatigue of LPBF alloys. While the number of
alloys that can be fabricated by LPBF has grown in
recent years, this review will focus on the most
commonly investigated alloy from four different
alloy classes—Ti-6Al-4 V, Inconel 718, AISI 316L, and
AlSi10Mg. Thus, this review differs from other simi-
lar articles such as [29-31]. Additionally, there are
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also other reviews that cover various aspects of these
LPBF alloys such as [32-43] for Ti-6Al-4YV,
[32, 33, 44-47] for Inconel 718, [32-37, 48, 49] for AISI
316L and [33, 50-56] for AlSi10Mg.

Alloy overview

Ti-6Al-4 V, herein referred to as Ti64, has received
significant attention for LPBF fabrication particularly
in the aerospace industry as this alloy accounts for
more than half of Ti usage, and AM substantially
reduces machining costs and material wastage (Ti is
expensive and also costly to machine) [39, 57]. The
fast cooling rate of LPBF fabrication will often result
in a strong but brittle o’ martensitic structure, as
shown in Fig. 5a. Thus, a post-process heat treatment
is often required to decompose this phase into the
more desirable o + f lamellar or bimodal
microstructure, as shown in Fig. 5b—e and 6 [58-60].

Alloy GH4169, or Inconel 718 (herein referred to as
IN718), is the most widely used superalloy due to a
combination of good strength, good corrosion resis-
tance, weldability and long term stability at moder-
ately high temperatures (~ 650 °C) [61-63]. It is often
strengthened through intermetallic precipitation—
namely, Niz(Al, Ti, Nb), NizNb (body-centered
tetragonal), and NizNb (orthorhombic). These phases
are referred to as y’, 7'/, and ¢, respectively [63]. As the
amount of solid solution Nb is an important consid-
eration for the formation of the strengthening phases
[64], an initial heat treatment step to dissolve any
precipitated Laves or ¢ phases is crucial to increase
and possibly homogenize the amount of Nb in solu-
tion. The homogenization step (if performed) is done
at ~ 1080 °C, followed by solution treatment at ~
980 °C, and finally, two subsequent aging steps at
720 °C and 620 °C are usually performed to precipi-
tate the strengthening phases. Figures 7 and 8 show
the typical microstructures of LPBF IN718 in the as-
built and solution-treated + double-aged conditions,
respectively. Figure 8 also shows forged and cast
IN718 for comparison.

AISI 316L is a comparatively simple alloy as it is
not strengthened by the presence of hard phases or
by the microstructural manipulation of multiple
metallic phases. Conventionally, heat treatments are
mainly done to homogenize alloying elements in
solution, for hot working, for stress relieving, and/or
to undo the effects of cold working [65]. Thus,

@ Springer



Figure 5 SEM images taken on the horizontal plane of LPBF
Ti64 samples showing (a) the as-built o/ martensitic structure, and
(b—e) the effect of various decomposition heat-treatment
parameters on the resulting o + f microstructure. The authors
found that a higher heat treatment temperature or a longer

(a)

Figure 6 SEM images showing the bimodal microstructure of
LPBF Ti64 where (a) shows the globularized o and (b) shows the
Widmanstdtten morphology of the grains between the globularized

whether a (typical) heat treatment is applied or not,
LPBF 316L will generally be a single-phase austenitic
alloy [66].

Al alloys are very challenging materials for LPBF
production due to their high thermal conductivity,

@ Springer

treatment time resulted in coarser o grains and an increase in 3
volume fraction and thus, decreased yield and tensile strengths in
exchange for improved ductility. Reproduced with permission
from [58] (Copyright 2018, Elsevier).

o. This microstructure was obtained through thermal cycling
between 875 °C and 975 °C for 24 h followed by air cooling.
Adapted with permission from [60] (Copyright 2019, Elsevier).

reflectivity and propensity for oxidation [53, 67, 68].
Thus, cast Al alloys have received significant focus as
their excellent castability and weldability allow for
easier LPBF processing [69], with AlSi10Mg being
one of the most common. In the as-built condition,
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Figure 7 Typical
microstructure of as-built
LPBF IN718 where (a) and
(b) show the melt-pool
boundaries from the side and
top views, respectively, and
(c) and (d) show the grains
located at the layer—Ilayer
melt-pool boundaries and at
the track—track boundaries,
respectively. The yellow
arrows show the dendrite
growth directions and BD is
the building direction.
Reproduced with permission
from [167] (Copyright 2017,
Elsevier).

Figure 8 Microstructure
comparison of LPBF- e
processed, forged, and cast ', l" [er Vo

IN718. The | and | symbols S N )

represent measurements and q g /
images taken on sample planes ' ;

parallel and perpendicular to
the LPBF building direction,
respectively. The authors
found that LPBF processing
resulted in much finer
microstructures as compared
to conventional manufacturing
methods. The LPBF IN718
was solution-treated and
double-aged. Reproduced with
permission from [168]
(Copyright 2016, Elsevier).
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AlSi10Mg has a hierarchical microstructure where
large Al grains present a fine cellular—dendritic
solidification structure with submicron-sized pri-
mary Al-cells and an intercellular Si network. The T6
is very commonly investigated for this alloy, which
involves a solution treatment followed by an artificial
ageing step [70-83]. This causes the re-organization
of the Si phase which goes from being a nano-scale
precipitate arranged in a cellular network to coarse Si
particles that are several microns large, as shown in
Fig. 9a and b. As T6 has often been found to be
detrimental to strength, other authors have investi-
gated other heat treatment strategies such as direct-
ageing/T5 [84-86]. Figure 9c shows the effect of such
a treatment where the as-built Si morphology is
retained but with additional precipitation of nano-
scale Si particles.

Tensile properties

Figures 10, 11, 12, 13 provide an indication of the
expected yield strength and ductility of LPBF Ti64,
IN718, 316L, and AlSil0Mg, respectively. For LPBF
Ti64, the yield strength generally ranges from 700 to
1300 MPa depending on the heat treatment involved.
In general, the as-built o’ microstructure confers high
strength but poorer elongation (typically above
1000 MPa and less than 10%, respectively) [38]. Heat
treatment substantially increases elongation (up
to ~ 22%) though this is often accompanied by a
decrease in yield strength. Standard heat treatments
for LPBF IN718 can substantially improve yield
strength (from ~ 700 MPa to above 1000 MPa) at the

J Mater Sci (2022) 57:9818-9865
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Figure 10 Yield strength and elongation relationship of various
AM-fabricated (where EBM stands for electron beam melting and
LMD for laser metal deposition) and conventionally processed
Ti64 as compiled from several sources by, and reproduced from,
[37], which was published under the Creative Commons
Attribution 4.0 International License (http:/creativecommons.or
g/licenses/by/4.0/).

expense of elongation (generally 20% or less after
heat treatment). LPBF 316L is by far the most ductile
of the four alloys, with elongation values exceeding
50% (note that Fig. 12 displays uniform, not total,
elongation). The as-built yield strength of this alloy is
generally marginally lower than that of as-built
IN718, but this alloy cannot be strengthened by heat
treatment. Lastly, as-built LPBF AlSil0OMg has the
lowest yield strength and elongation of the four

Figure 9 Morphology of the Si phase in LPBF AlISi10Mg where
(a) is the as-built condition, (b) is the T6 condition, and (c) is the
direct-aged condition. Since the T6 heat treatment involves a
solution treatment step, the as-built Si network is completely

@ Springer

dissolved into the matrix and subsequent ageing causes Si to
precipitate as coarse discrete particles. With direct ageing, the as-
built Si morphology is retained. Adapted with permission from
[84] (Copyright 2021, Elsevier).
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*S : solid solution / A : standard double aging
Non indicated marks are HIP + S+ A samples
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Figure 11 Effect of various heat treatments on the yield strength

and elongation of LPBF IN718, with the result of a wrought alloy

also included for comparison as compiled from several sources by,

and reproduced with permission from, [150] (Copyright 2020,
John Wiley and Sons).
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Figure 12 Capability of LPBF 316L
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conventional processing of 316L, as compiled from several
sources by, and reproduced from, [169], which was published
under the Creative Commons Attribution 4.0 International License
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in breaking the

alloys at ~ 300 MPa and ~ 5% ductility, respec-
tively. As shown in Fig. 13, solution treatment sub-
stantially improves ductility at the expense of
strength. As mentioned in the previous section, sub-
sequent ageing (i.e. T6) may nor may not fully restore
that strength.
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Figure 13 Effect of solution treatment temperature on the yield
strength, tensile strength, and ductility of LPBF AISilOMg.
Reproduced from [56] which was published under the Creative
Commons Attribution 4.0 International License (http://creativec
ommons.org/licenses/by/4.0/).

Table 1 summarizes the influence that porosity
plays on the tensile properties of LPBF-processed
Ti64, IN718, 316L, and AlSilOMg, respectively, as
reported in recent literature. As can be observed,
elongation at fracture is generally reported to be far
more sensitive to porosity level as compared to
strength. The detrimental nature of pores is typically
explained through (i) a reduction in the true load-
bearing area, (ii) the facilitation of pore coalescence
leading to premature failure, (iii) increased stress-
concentration points, (iv) acting as initiation sites for
micro-cracking, and (iv) providing a preferential path
for crack propagation [75, 83, 87-95]. These issues are
frequently reported to be worse for vertically built
samples due to the orientation of LoF pores and/or
interlayer pores (i.e., pores that are distributed along
layer boundaries) [75, 90, 96-102].

As can also be observed in the table, a number of
studies have confirmed for these LPBF alloys that as
porosity is decreased, tensile behavior generally
improves, but at low porosity levels, there may be no
correlation to porosity. This is because, as porosity
approaches zero, microstructure begins to overtake
porosity to become the dominant factor that deter-
mines tensile behavior [25, 94]. For instance, Kan
et al. noted that this transition occurred when the
porosity in LPBF Ti64 is reduced below 1% (OM
method) [25]. Kaschel, Celikin, and Dowling also
highlight this for LPBF Ti64 as shown in Fig. 14,
where porosity reduced from ~ 0.27% to ~ 0.02%
(CT method) as laser power increased to 250 W (with

@ Springer
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Table 1 Observations of how porosity affects the tensile behavior of LPBF alloys either as reported or inferred from the recent literature

Influence of porosity on tensile behavior

Material References

Poor elastic modulus, yield strength, tensile strength and/or elongation at fracture IN718 [125]
attributed to porosity AlSilOMg [8, 18, 171-174]
At high porosity levels, decreasing porosity improves elastic modulus, yield Ti64 [7, 25, 103, 175]
strength, tensile strength, and/or elongation at fracture. At low porosity levels,  IN718 [9, 102, 116]
these properties may show no correlation with the amount of porosity present 316L [176, 177]
AlSilOMg [92, 178-180]
Elongation at fracture is particularly sensitive to the amount of porosity present as Ti64 [7, 25, 88, 94, 105, 181]
compared to strength IN718 [104]
316L [16, 176, 182]
AlSilOMg [92, 183]
LoF pores are more detrimental to the modulus, strengths and/or ductility as Ti64 [7, 25, 87]
compared to other pore types IN718 [104, 184-186]
AlSilOMg [187]
LoF or interlayer pores are far more detrimental to elastic modulus, strengths, and/ Ti64 [90, 96-99]
or elongation at fracture for vertically built samples as compared to other IN718 [9, 102]
orientations 316L [14, 17, 100, 101, 106, 107, 188, 189]
AlSilOMg [75, 76, 183]
Smaller sample sizes lead to increasing pore fraction at the cross-section, resulting Ti64 [190]
in poorer strength and ductility
Figure 14 Tensile results of a m Ultimate Tensile Strength ~ m Yield Strength  m Elongation

study that investigated the 1200 -
effects of laser energy input on
the mechanical properties and

Strength (MPa)

Laser Power (W)

microstructure of LPBF Ti64 1000 4
where the energy input was L
varied by adjusting laser
power while keeping all other 800 4 |
LPBF parameters kept
constant. The 100 W, 250 W |
and 400 W samples have 600
approximately 0.27, 0.02 and |
0.05% porosity (CT method),
respectively. Reproduced with 200 | |
permission from [103]
(Copyright 2020, Elsevier). I

200 1
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other LPBF parameters kept constant), and the poor shown by the results of the 250 W and 400 W sam-
performance of the 100 and 150 W samples was ples in the figure where the latter had a higher
attributed high porosity levels [103]. However, at low  porosity level than the former (~ 0.05% vs ~ 0.02%,
porosity levels, their results showed that the amount  respectively). Yi et al. investigated various line laser
of porosity did not influence tensile properties, as energy densities for LPBF IN718, as shown in Fig. 15,
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and attributed improved strength and elongation
performance to the reduction in size and amount of
pores present, with the 0.2 J/mm condition being
optimal [9].

However, the type, rather than amount, of pores
may matter more, as LoF pores are frequently
reported to be far more detrimental to tensile prop-
erties as compared to gas/keyhole pores. Montalbano
et al. investigated LPBF Ti64 samples containing up
to ~ 8% porosity (CT method) where these samples
either contained predominately LoF pores or keyhole
pores, with the tensile results shown in Fig. 16 [7].
The authors found that LoF samples with ~ 1%
porosity had similar modulus to keyhole samples of
comparable porosity levels, but LoF samples with
more than 4% porosity performed worse. In terms of
strength, LoF samples performed worse than KH
samples across all porosity levels. Furthermore, when
the authors corrected these results to account for the
reduction in load bearing caused by porosity fraction,
they found that the modulus and strength of keyhole
samples were reduced as expected, but the reduction
was worse than expected for LoF samples. The
authors attributed this to the increase in stress con-
centrations caused by the irregular shapes of LoF
pores. It should be noted that these samples were
printed horizontally, or specifically, along the re-
coating direction, which minimizes the detrimental
influence of LoF pores. The study by Kantzos et al.
also highlights this for LPBF IN718 as shown in
Fig. 17 [104]. Despite Parameter Set 5 containing the
highest amount and the largest of (keyhole) pores,
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Figure 15 Tensile results of a study that investigated the effects of
laser energy input, as defined using linear laser energy density
calculations, on the mechanical properties and microstructure of
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Parameter Set 2 had the lowest average elongation
because it contained LoF pores, though elongation of
Parameter Set 5 displayed considerable scatter.

Both Figs. 16 and 17 also show the sensitivity of
elongation to porosity as compared to strength. In the
former, elongation was greatly reduced as porosity
increased even for samples that only contained key-
hole pores. In the latter, the scatter in strength is far
less than the scatter in elongation. Similarly, Mathe
et al. show that even with a very small increase in
porosity, the elongation of LPBF Ti6é4 was substan-
tially reduced, as shown in Fig. 18 [105]. The authors
noted that the Archimedes measurements were taken
on machined samples while the CT measurements
were taken with as-built surfaces, which could
account for the discrepancy in the data in addition to
the limitations of each measurement method.
Another example, for LPBF IN718 with porosity
levels up to 1.2% (Archimedes method), as shown by
the 650 °C tensile tests conducted by Hilaire,
Andrieu, and Wu in Fig. 19 [102], only the strain to
failure decreased with increasing porosity level (with
vertical samples being more sensitive due to LoF pore
orientation) while yield and tensile strengths had no
relation, at least with the samples containing 1% or
less porosity. Likewise, with the results shown in
Fig. 20, Laursen et al. found that porosity (both in
terms of fracture surface and bulk material porosities)
had a much stronger correlation with elongation than
with stiffness or strength for LPBF AlSi10Mg for
porosity levels of up to 5% (Archimedes method)
[92].
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as-built LPBF IN718 bars: (a) ultimate tensile strength/MPa and
yield strength/MPa; and (b) elongation. Reproduced with
permission from [9] (Copyright 2019, Elsevier).
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Figure 16 Results of a study that investigated the effects of
increasing keyhole (KH) or LoF (LF) porosity on microstructure
and mechanical properties of LPBF Ti64. The relationship between
laser energy density and the type of pores formed is shown on the

LoF pores being particularly detrimental to verti-
cally built samples were explained by Ronneberg,
Davies and Hooper, in their study on LPBF 316L, to
be due to how the major axis of LoF pores is oriented
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% Porosity

top and their subsequent influence on tensile properties in shown

on the bottom. Adapted with permission from [7] (Copyright

2021, Elsevier).

relative to the tensile axis as illustrated in Fig. 21
[106]. As observed in Fig. 21b, not only is the actual
load-bearing cross-sectional area much smaller, the
pore is “stretched apart” perpendicularly to its major
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Figure 17 Results of a study that investigated the effects of LPBF
parameters on the microstructure, porosity and mechanical
properties of IN718. All samples were heat-treated (986 °C for
1 h followed by 718 °C for 9 h). The porosity distribution results
of the five different processing parameters used, as obtained
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Figure 18 Ductility results of a study investigating the effects
porosity on the ductility of LPBF Ti64 where porosity was
measured using two different methods—(a) Archimedes and (b) u-
CT. The authors noted the discrepancies between the two porosity

axis in tension and can lead to crack initiation. This is
less of an issue for horizontal samples, since the
tensile load will tend to cause the pore to close, as
illustrated in Fig. 21c. This is highlighted in greater
detail in Fig. 22 by Choo et al. where the evolution of
pores during tensile testing of LPBF 316L was
investigated [107]. As can be observed, for vertical
samples, LoF pores easily grow and cause crack
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through synchrotron-based p-CT analysis, is shown at the top, and
their resulting tensile properties are shown at the bottom, as
adapted with permission from [104] (Copyright 2019, Springer
Nature).
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measurement methods which could have also been affected by the
fact that the Archimedes samples had machined surfaces, but the

u-CT samples were measured as-built. Reproduced with

permission from [105] (Copyright 2021, Springer Nature).

initiation. The cracks quickly link up neighboring
pores, and they quickly coalescence and fracture pre-
maturely with minimal necking. However, for hori-
zontal samples, the LoF pores rarely interact with
neighboring pores and cracks do not propagate,
allowing the material to neck considerably more. This
inability to neck might also be the reason why pores
tend to affect elongation more than strength, and
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Figure 19 High temperature tensile results (650 °C), as a function
of the corresponding sample’s relative density, of a study that
investigated the effects of LPBF parameters and building direction

strength is generally only affected if reduction in the
true load-bearing area exceeds that which can be
compensated for by microstructure.

The aforementioned observation where tensile
behavior transitions from being microstructure con-
trolled to a porosity controlled when the porosity
level exceeds a certain threshold highlights the fact
that tensile properties are generally not significantly
influenced by specific microstructure—porosity
interactions, and therefore, the detrimental influence
of porosity can be deduced purely from a structural
perspective. For instance, as porosity is increased and
the true load-bearing area is decreased as a result,
then a corresponding decrease in strength should
follow assuming that the microstructure is relatively
unchanged. This was highlighted in the work by Kan
et al. for LPBF Ti64 containing up to 14% porosity
(OM method) where the decrease in elastic modulus,
yield strength, and tensile strength can be more clo-
sely correlated with the porosity fraction without a
consideration to microstructure effects using the lin-
ear rule of mixtures as long as the pores are spherical
[25]. The authors noted that for samples containing
predominately LoF pores, the rule of mixtures
approach will need to be corrected for pore shape
irregularities. This result is consistent with those of
Montalbano et al., which, as mentioned earlier, found
that the reduction in modulus and strength of LPBF
Ti64 samples containing keyhole pores is directly
correlated with the loss in the load-bearing area that
corresponds to a given porosity level [7]. However,
for samples containing LoF pores, these properties
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Relative density

Relative density

on the mechanical properties of LPBF IN718. The relative
densities were measured using the Archimedes method. Adapted
with permission from [102] (Copyright 2019, Elsevier).

were found to be lower than expected even after
taking the reduced load bearing area into account. It
should also be emphasized that both studies inves-
tigated horizontally built samples which meant that
the detrimental effect of LoF pore orientation could
not be fully mitigated even when the tensile axis is
aligned parallel with the major axis of the pores.

As pore growth and coalescence typically occur
during the necking portion of a tensile test (i.e., after
the ultimate tensile strength is reached), yield and
tensile strengths can be said to be fundamentally
affected by the initial porosity levels, while total
elongation will be affected by the way pores grow,
coalesce, and initiate and propagate cracks. Since
pore fraction increases dramatically once necking
occurs [94], elongation at fracture should behave far
worse than what the rule of mixtures, where calcu-
lations are based on initial porosity levels, would
suggest, as was reported by Kan et al. [25]. For
example, Fig. 20 shows that for LPBF AlSi10Mg,
fracture surface porosity can be ~ 3 x higher than
the initial bulk porosity level. Since the ease of pore
growth and coalescence, and porosity-assisted crack
initiation and propagation involve some interaction
with the matrix, the elongation at fracture of a more
ductile or tougher microstructure could potentially
be less sensitive to the presence of porosity. This was
confirmed by Smith et al., where the authors showed
that the ductility of LPBF 316L was far less affected
by process-induced porosity (as well as artificially
built geometric defects) as compared to as-built and
heat-treated LPBF AlSi10Mg [108]. Based on Figs. 10,
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<«Figure 20 Effect of fracture surface porosity (a, c, e, g) and bulk
porosity (b, d, f, h) on tensile properties of LPBF AlSil0Mg as
obtained from a study that aimed to model the effects of porosity
on tensile properties for LPBF-processed and cast AlISilOMg
alloys. Fracture surface porosity was measured using SEM
imaging after the tensile tests while bulk porosity was measured
using the Archimedes method, also after the tensile tests.
Reproduced with permission from [92]  (Copyright 2020,

Elsevier).
(a)
BD
TD
(b) 0=90° © p=0°

Direction of loading

Figure 21 A schematic illustration of the (a) relationship between
LoF pore orientation and the building direction, and the direction
of the tensile axis with respect to the pore orientation in
(b) vertically built samples and (c) horizontally built samples.
Reproduced from [106], which was published under the Creative
Commons Attribution 4.0 International License (http://creativec
ommons.org/licenses/by/4.0/) and where the objective of the study
was to determine the effects of microstructure and porosity on the
mechanical properties of LPBF 316L.

11, 12, 13, LPBF AlSi10Mg and 316L should be the
least and most tolerant to porosity (i.e., as porosity is
increased, the corresponding relative decrease in
elongation should be lower for the latter), respec-
tively. In the as-built condition, LPBF Ti64 is expected
to be more sensitive to porosity than LPBF IN718
while the reverse may be true if these alloys are heat-
treated.

As mentioned earlier, HIP is often proposed as a
way to close pores after LPBF production. The main
issue with HIP is that pore closure is only effective
when a high temperature is used, and this approach
will remove the as-built microstructure of the alloy
which is often known to confer high strength. For
Ti64, a post-process heat treatment will decompose
the as-built o’ microstructure into a dual-phase
lamellar o + f microstructure (if performed below
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the f transus) which typically trades strength for
improved ductility, a process that is further acceler-
ated at higher temperatures. Thus, if a lamellar
microstructure is desired, the decomposition treat-
ment is typically done between 700 and 800 °C [58],
and strength substantially falls due to significant
coarsening of the microstructure if the heat treatment
temperature approaches 900 °C [109]. Since HIP is
often done above 900 °C for this alloy, the compro-
mise to strength can be a major concern [110, 111].
With regards to 316L, the LPBF process results in a
high dislocation density, fine grain size and the seg-
regation of solutes into a cellular structure, all of
which contribute to high strength [112]. As high-
temperature heat treatments would annihilate dislo-
cations and dissolve its cellular structure, a substan-
tial reduction in strength usually follows [113] and
this presents a problem with HIP since it is often
performed above 1100 °C [100, 114]. Likewise, the
nano-crystalline cellular structure of as-built LPBF
AlSil0OMg will go into solution during HIP, and
subsequent ageing, which results in the precipitation
of coarse Si particles, will typically only restore a
portion of its initial strength [75].

Unlike the other three alloys where the drawback
of HIP can be quite substantial, LPBF IN718 stands to
benefit the most from HIP, at least from a
microstructural perspective. As was discussed in the
preceding section, the as-built microstructure of
LPBF IN718 is generally undesirable and the precip-
itation of the main strengthening phase(s) of this
alloy requires homogenization and/or solution
treatment to be conducted before the ageing treat-
ments. Indeed, HIP is typically performed just
slightly above the temperature normally used for
homogenization treatments (~ 1080 °C). Ideally, HIP
followed by rapid cooling is preferred to resemble the
homogenized microstructure, which then allows
ageing to be performed directly after HIP [115]. Thus,
in addition to pore closure, HIP followed by subse-
quent ageing treatments of LPBF IN718 is often
reported to result in better yield and tensile strengths,
though at the expense of ductility, as compared to the
as-built condition [115, 116]. As for the other three
alloys, the main consideration whether to perform
HIP, at least purely from a tensile perspective, is
perhaps to reduce the scatter in (and potentially
improve) ductility results that can be caused by even
small amounts of porosity. This may be less of an
issue for LPBF 316L because it is a much more ductile
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|
Figure 22 2D images, obtained using in-situ Synchrotron X-ray
Computed p-Tomography, showing the evolution of the
longitudinal cross-section during tensile loading to failure where
(a) shows a near-fully dense sample, (b) shows LoF pores
perpendicular to the loading direction, and (c) shows LoF pores

material, though pore closure could be beneficial for
corrosion resistance. If heat treatments are necessary
for LPBF AlSi10Mg, then HIP might have the added
benefit of restricting pore growth during heat treat-
ment, a phenomenon commonly reported for this
alloy [20-22].

Fatigue life

Table 2 summarizes the key findings of how porosity
can influence fatigue life in LPBF-processed Ti64,
IN718, 316L and AlSil0Mg alloys as reported in or
inferred from recent literature. While fatigue behav-
ior can be affected by a multitude of factors such as
microstructure, composition, heat treatment, test
frequency, surface finish and compressive residual
stresses, it should be noted that the purpose of
Table 2 is just to summarize key observations of how
porosity affects fatigue behavior rather than to sum-
marize the key findings of each reviewed study, and

9833

parallel to the loading direction. Open pores are illustrated in green
while closed pores are in red. Reproduced with permission from
[107] where the authors investigated the deformation and fracture
behavior of LPBF 316L (Copyright 2021, Elsevier).

therefore, information such as heat treatment or
surface finish is only listed if it is relevant to the
influence of porosity. Jian et al. conducted fatigue
testing of LPBF AlSilOMg at different stress ratios
and found that the material behaved much better
under compression-tension fatigue (R =-1) as
opposed to pure tension fatigue (R = 0 or 0.5). The
authors noted that this was likely because in the
former case, pore closure occurs during the com-
pression phase of each fatigue cycle. For this reason,
the stress ratios are also included in Table 2.
Assuming that crack initiation is not caused by
surface roughness, the table highlights several key
observations regarding how porosity influences the
fatigue life of these alloys. Most notably, fatigue life
improvements due to machining are often limited
because sub-surface pores will simply be exposed as
the material between them and the surface is
removed [117-121]. Additionally, microstructure/
strength is often the dominant factor that determines
high-stress (low-cycle) fatigue performance, while
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Table 2 Observations of how porosity affects the fatigue behavior of LPBF alloys either as reported or inferred from recent literature. The

fatigue stress ratios (R) are also listed

Ref.

Material

Stress Ratio

Effect of porosity on fatigue life of LPBF Ti64

[191]

[111]

[117]

[118]

[192]
[193-196]

[129, 197]
[122-124]
[145]
[198]
[199]
[132]

[200]

[201]

[139, 140]

[202]

[125]

[128]

[203]

Ti64

Ti64

Ti64

Ti64

Ti64
Ti64

Ti64

Ti64

Ti64

Ti64

Ti64

IN718

IN718

IN718

IN718

IN718

IN718

IN718

IN718

R=0.1

R=-1
R=0.1
R=0.1

Without surface machining, internal pore closure using HIP alone does not improve
fatigue life

With HIP and machining, LPBF Ti64 can outperform an annealed one in high-cycle
fatigue despite a coarser microstructure

Effect of pore closure can be compared between heat-treated and HIPed samples
where both were conducted at 920 °C/2 h but the latter with a pressure of
100 MPa which reduced porosity from ~ 0.01% to ~ 0.001% and the average
pore diameter from ~ 30 um to ~ 15 pm

The heat treatment improved fatigue life from a fatigue limit of < 300 MPa to
350-400 MPa, but HIP improved it to 450-500 MPa

Surface machining is crucial for improving fatigue life, though sub-surface pores
exposed from the machining process can lead to fatigue failure

Polishing alone does not significantly improve fatigue life as exposed sub-surface
pores still lead to fatigue failure

HIP improved fatigue life but still resulted in considerable scatter while subsequent
polishing reduced scatter and achieved 70% fatigue strength of a wrought
equivalent was achieved

Pore morphology is less critical than pore location relative to the surface

LoF pores, especially if exposed, are more detrimental than other pores as they
often act as crack nucleation sites that lead to fatigue failure

LoF pores result in poorer fatigue life for vertically built samples as compared to
horizontal ones

Below very high-cycle fatigue regime, surface properties and surface/sub-surface
pores dictate fatigue life

At very high-cycle fatigue, bulk porosity becomes more relevant

Porosity closure through HIP can improve fatigue life

Small irregular-shaped pores can be as detrimental as large ones if the resulting
stress-concentration is similar

Microstructure is more important than pore closure in low-cycle fatigue

Sub-surface pores are detrimental to fatigue life

If LoF pores are aligned parallel to the loading axis, fatigue life can be predicted
based on the size of the spherical pores

For an average as-built IN 718 grain size of 48 um, the critical pore size is 20 um or
10 pm if the distance between pores is closer than 15 pm due to pore-to-pore
interactions

Using an appropriate heat treatment, the detrimental nature of pores can be
suppressed to an extent through the formation of fine acicular &

Surface LoF pores are extremely detrimental to fatigue life at 650 °C

Pore shape is more important when the pore depth is less than 200 pm

Machining and polishing can improve fatigue strength by ~ 50%

Transition from surface-induced failure to internal defect (typically pores, but also
inclusions and microstructural discontinuities) failure at ~ 10® cycles at room
temperature and at 650 °C

HIP can be detrimental despite porosity reduction if microstructure contains brittle
phases and inclusions, and if yield strength is reduced

Shot-peening only improves fatigue life only if HIP was not done prior

Double-ageing after HIP resulted in better fatigue life than HIP alone

Performance was still worse than wrought since HIP could not close surface pores
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Table 2 continued

Ref. Material Stress Ratio  Effect of porosity on fatigue life of LPBF Ti64

[204] IN718 Surface pore closure with HIP was achieved by applying a Ni-20Cr coating prior
After HIP and ageing, low-cycle fatigue life deteriorated as it was determined by
microstructure and not porosity
[126] 316L R=0.1, Fatigue cracks initiate from the surface under the high cycle fatigue regime but
-1 under the very high cycle fatigue regime, cracks initiated from internal unmelted
particles, inclusions or LoF pores
[127] 316L R=0.1 Fatigue cracks initiate from internal LoF pores under high loads, but from the
surface under low loads (transition occurred at ~ 10° cycles)
[119] 316L R=0.1 Machining can expose sub-surface/internal porosity that can become responsible for
fatigue failure
Small sub-surface LoF pores (contour area) can dominate over much larger internal

pores

[205] 316L R=-1 Porosity increases the scatter in fatigue results which can mask other factors that
influence fatigue life

[206] 316L R=-1 Fatigue cracks that initiate at sub-surface pores propagate without much resistance

as the as-built microstructural features are unable to act as barriers to crack
propagation or arrest cracks
[176] 316L R=0.1 Samples with high porosity performed worse in fatigue tests as the fatigue life was
driven by porosity
Fatigue life of dense samples (~ 1% porosity, Archimedes method) was dictated
by ductility under low-stress loading and by tensile strength at high-stress loading
[207] 316L R=0.1 Defects, sample orientation and surface quality are less influential in high-stress
fatigue
For low-stress fatigue, cracks initiate from sub-surface pores for machined or
surface-treated samples
[101] 316L R=-1 For low-stress amplitudes, vertically built samples have higher pore tolerance due to
better hardening potential to withstand localized stresses
At high-stress amplitudes, vertically built samples perform worse due to poor yield
strength
[208] 316L R=-1 Stress-relief can improve pore tolerance for horizontal samples to improve fatigue
life, but this is effect is more limited on vertical samples
[188] 316L R=0.1 Horizontal samples perform better than vertical samples across all stress levels
regardless of whether stress-relief treatment was done
With machining, cracks initiated from sub-surface LoF pores. Otherwise, cracks
initiated from the surface
[209] 316L R=0.1 Machining can improve fatigue life by reducing roughness, removing surface pores,
and introducing compressive residual stresses
[210] 316L R=0.1 The presence of small LoF pores or gas pores are not critical for high-stress fatigue
loading as this is microstructure-driven
[147] 316L R=0.1 A transition from porosity-driven fatigue failure (under fixed cyclic loading at
438 MPa) to a microstructural one was observed as density was improved from
98.88% t0 99.92%
A critical pore size causing this transition was proposed, which could be relative to
the length scales of various localized microstructural features
[211] 316L R=-1 Pore closure with HIP improves fatigue life at low-stress levels
HIP limited fatigue improvements at higher-stress levels due to a substantial
reduction in yield strength
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Ref. Material Stress Ratio  Effect of porosity on fatigue life of LPBF Ti64
[212] 316L Stress concentration effects relative to the loading axis are different for LoF pores
and spherical pores
Horizontally built samples had better fatigue life than vertically or diagonally built
samples
Large LoF pores are more critical than surface roughness or spherical pores
The projected area occupied by the LoF pores relative to the loading plane generally
reflected its fatigue life
[146] 316L R=-1 Miniaturized fatigue samples free of defects were used to investigate
microstructural effects on fatigue crack initiation and growth
In the absence of significant porosity, cracks tend to initiate from dislocation
interactions along slip bands
The as-built cellular substructure caused by solute segregation as found to
significantly delay fatigue crack initiation and crack growth
Thermal treatments, including HIP, weakened fatigue life by eliminating the cellular
substructure and coarsening the microstructure
[213] AlSilOMg R =0.1 Oxides can contribute LoF pore formation
[82, 130, 142, 213-215] AISilOMg R = —1,0, LoF pores are more detrimental to vertically built samples
0.1, 0.5
[216] AlSilOMg R =0.1 Porosity causes worse performance than cast AlSil0Mg
[217, 218] AlSilOMg R = — With optimized LPBF parameter sets and good surface finish, LPBF AlSi10Mg can
outperform wrought and machined Al6061 even with some LoF pores
[136-138] AlSilOMg R = — Fatigue life can be predicted from pore size
[75] AlSil0Mg =-1 Horizontal and vertical samples containing large LoF pores had similar fatigue
performance
HIP was unable to close the pores but could alter the localized geometries of the
pores
Localized geometrical features of the LoF pores were considered to be more critical
than pore size or orientation due to stress concentration effects
[219] AlSilOMg R = -1 LoF pores can be modeled as with simpler 3D shapes to predict fatigue life
Porosity location and orientation must also be accounted for
[220] AlSilOMg R =0 LoF pores account for nearly all fatigue failure
[221] AlSilOMg =—1 LoF pores account for nearly all fatigue failure
[19] AlSilOMg R = — Platform heating caused pores to be more spherical, leading to fatigue life
improvements
[143] AlSilOMg R = -1 Heat treatment resulted in poorer fatigue life in machined samples
While cracks often initiate from surface/sub-surface pores, yield strength governed
the fatigue life and globularization of Si was detrimental
[86] AlSilOMg R =0.1 While globularized Si can impede crack propagation, T6 was still found to be
detrimental
[222] AlSilOMg R =0.1 Fatigue crack initiates either at a surface/sub-surface Si phase or pore
[218] AlSilOMg =-1 In near-net shaped samples (as-built, vibratory-polished or jet blasted surfaces),
cracks initiated from surface pores
In milled-finished samples, cracks initiated from internal pores
[18] AlSilOMg R = —1,0, Internal porosity becomes more critical than surface quality or surface/sub-surface
0.5 pores at very high-cycle fatigue (i.e., approaching 10'° cycles)
Noted that fatigue performance is better when R = -1 possibly due to pore closure
under compression
[20] AlSilOMg R =0.1 Sub-surface pores can be more detrimental than a rough as-built surface in low-

cycle fatigue
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Ref.

Material

Stress Ratio  Effect of porosity on fatigue life of LPBF Ti64

[144, 223]

[141]

[224]

[120]
[121]

(28]

[225]

[226, 227]

AlSi10Mg

AlISil0Mg

AlSi10Mg

AlSil0Mg
AlSil0Mg

AlSi10Mg

AlSi10Mg

AlSi10Mg

R=02,

In fatigue tests under 400 °C, porosity was found to play a critical role

Porosity is less critical at 400 °C as fatigue failure is caused by void formation due
to Si particle coarsening

HIP reduced porosity by 64% and the average pore equivalent circle diameter by
11%

HIP + ageing treatment resulted in better fatigue life than as-built

Crack initiation occurred in sub-surface pores for as-built samples and in sub-
surface coarsened Si or intermetallic precipitates in HIP + aged samples

While coarsened precipitates caused crack initiation, they also impeded crack
propagation

HIP can cause metal above sub-surface defects to deform inward, resulting in
surface defects

Additional surface machining after HIP is required to further improve fatigue life

Machining improves fatigue life, but pores exposed by machining will become
responsible for fatigue failure

Improvements to fatigue life is limited by machining due to exposure of previously
sub-surface/internal pores

Shot-peening can reduce sub-surface porosity and also causes the spheroidization of
sub-surface LoF pores

Shot-peening improved fatigue life

Improvement to fatigue life by shot-peening was attributed to compressive surface
stresses rather than any influence on surface/sub-surface porosity

Friction stir welding as a surface treatment was found to improve fatigue life by

closing surface pores and globularizing the Si phase

[142] AlSi10Mg

Heat treatment that coarsens the Si phase improves fatigue life

surface/sub-surface pores are generally more critical
at high-cycle fatigue. However, as the stress loading
is further reduced (i.e., very high-cycle fatigue), it
appears that there is another transition toward bulk
porosity (or other defects) being critical, as was
observed in [122-124] for Ti64, in [125] for IN718, in
[18] for AlSi10Mg and in [126] for 316L. However, it
is unclear if this is always true for LPBF 316L as
Solberg et al. showed that under higher loads (still in
the high-cycle fatigue regime), fatigue cracks initiated
from internal LoF pores, but as load decreased, crack
initiation occurred from the surface [127]. This can
potentially be explained by the fact that their samples
contained significant amounts of large LoF pores
(~ 5.4% porosity, CT method) [127]. While the
authors did not mention the material’s yield strength,
they noted an ultimate tensile strength of 437 MPa,
which is noticeably lower than the expected yield
strength of optimal LPBF 316L samples (refer to
Fig. 12). Even though the cycles to failure for all
samples were above 10* and were classified as high

cycle fatigue by the authors, the samples that failed
from internal LoF pores were tested above ~ 280
MPa. It is likely that the high localized stress-con-
centrations surrounding the irregular LoF pores
caused fatigue cracks to initiate from these pores as
opposed to from the surface at these higher high
loads.

Therefore, when considering post-processing
treatments, the intended fatigue application must be
considered. For example, if cracks initiate from sur-
face or sub-surface pores, then surface treatment
might be more useful than HIP. However, if cracks
are initiated from internal pores, then HIP becomes
more relevant. This is best illustrated by the studies
by Benedetti et al. as shown in Fig. 23 [122, 123] on
LPBF Ti64. Below the very high-cycle fatigue regime,
introducing surface compressive stresses (i.e., via
shot-peening) is much more beneficial to fatigue
performance relative to bulk pore closure as sur-
face/sub-surface pores/features are more critical.
However, for very high-cycle fatigue performance,
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Figure 23 Fatigue results of a study that investigated the effects
of various surface finishing on LPBF Ti64 for the purposes of
biomedical applications. It should be noted that all samples were
subjected to a stress-relief heat treatment of 670 °C for 5 h, and
electropolishing, shot peening and HIP were all performed after a
tribofinish. Reproduced with permission from [122] (Copyright
2017, Elsevier).

porosity closure across the entire cross-section using
HIP becomes far more effective since internal poros-
ity becomes more critical. Similarly, for LPBF IN718,
Ardi et al. found that despite porosity reduction
through HIP (0.39% to 0.08%), room temperature
high-cycle fatigue performance worsened due to
microstructural  changes  while  shot-peening
improved fatigue life [128]. In fact, they found that
HIP and shot-peening resulted in far worse fatigue
life. The results are shown in Fig. 24.

Furthermore, if it is known that within a particular
fatigue regime, surface/sub-surface pores are more
critical than internal pores, this can also be used to
improve the building speeds of LPBF components.
This was highlighted by Andreau et al. where they
showed that the fatigue life of LPBF 316L was very
tolerant of, or generally unaffected by, the presence of
internal porosity levels of up to 10% (CT method)
provided the sub-surface region was sufficiently
dense (which was achieved through contouring)
[119]. In other words, as long as the sub-surface
regions are built with highly optimized parameters,
the bulk of a component can be built with faster
parameters since some of amount of internal porosity
can be tolerated if internal pores are not critical.

As with tensile performance, LoF pores have also
been found to be far more damaging to fatigue
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Figure 24 Peak stress vs cycle-to-failure (S—N) plot for different
types of LPBF IN718 specimens with trend lines superimposed.
The black arrow indicates run-out, H stands for heat-treated
(solution-treatment followed by double ageing) and SP stands for
shot-peening. Reproduced with permission from [128] (Copyright
2020, Elsevier). The authors investigated HIP after standard heat
treatment because a single build plate is often heat-treated after
LPBF while containing a mixture of critical and non-critical
components, but HIP is only needed to be performed on critical
components and can often only be done after removal from the
build plate.

performance, especially for vertical samples, mainly
due to their irregular shape and size. This is illus-
trated in Fig. 25 from the LPBF Ti64 study by Xu, Liu
and Wang, which shows how crack propagation is
much easily facilitated by the LoF pores in vertically
built samples than in diagonally built samples [129].
Similarly, Xu et al. explain that LoF pores are more
detrimental to vertically built LPBF AlSi10Mg sam-
ples because of their location at melt-pool boundaries
which can facilitate crack propagation during fatigue,
as shown in Fig. 26 [130]. For horizontal samples, Bao
et al., illustrates how LoF pores evolve during a
fatigue test at 250 °C for LPBF AlSil10Mg, which is
mainly driven by coalescence leading to micro-cracks
as shown in Fig. 27 [131].

While a poor surface finish can often be responsible
for fatigue failure, Watring et al. demonstrated that if
the porosity level is high enough, sub-surface
porosity can still become critical, as is shown in
Fig. 28 [132]. With increasing porosity, the fatigue
failure transition from being dictated by surface
roughness (which is affected by building orientation)
to one being driven by sub-surface porosity—namely
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Figure 25 Influence of
sample orientation on the
interlayer porosity distribution
in LPBF Ti64 where

(a) illustration showing the
interlayer pore distribution in a

~
=
~

vertically built sample,

(b) shows an OM image of
such LoF pores in a vertically
built sample, (c) illustration
showing the interlayer pore

————t -

Building direction
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distribution in a diagonally

built sample, and (d) shows an ©)

OM image of such LoF pores

in a diagonally built sample.

Reproduced with permission A
from [129] (Copyright 2019, 5\
Elsevier) where the authors '§° !
investigated the effect of build '$0/I
direction on fatigue crack 5 /

’
propagation behavior. ’

LoF and keyhole for low and high energy density
parameters, respectively.

Assuming that pores cannot be closed and are
unavoidable, some other strategies can also be used
for the design of LPBF components in fatigue appli-
cations and to predict fatigue behavior based on the
porosity present. Edwards and Ramulu suggested
that a coarser LPBF Ti64 microstructure might
improve ductility at the expense of strength could
suppress crack initiation from the pores [133] and
Kumar and Ramamurty proposed incorporating a
damage tolerant design approach to LPBF Ti64
components [134]. In trying to solve the mismatch
between the real size of a pore and its true effect on
fatigue performance, Masuo et al. proposed that the
effective area approach of considering an irregular-
shaped pore or a cluster of pores for LPBF Ti64, as
estimated from a fracture mechanics standpoint, as
illustrated in Fig. 29 [135]. Other authors have also
shown that fatigue life can be predicted on the basis
of pore size, as shown in Fig. 30 by Ngnekou et al. for
LPBF AlSi10Mg [136, 137], where process-induced
pores were analyzed, but the data were also supple-
mented with machined defects, and in Fig. 31 by
Romano et al., also for LPBF AlSil0Mg [138].

It should also be stated that for age-hardenable
alloys, namely IN718 and AIlSil0OMg, hard brittle

precipitates may be beneficial or detrimental to fati-
gue life since they can be considered defects as well
as obstacles to dislocations and/or crack propaga-
tion. Wan et al. showed that after standard heat
treatments of LPBF IN718, micro-crack formation
preferentially occurs on the acicular ¢ phase adjacent
to a critical pore [139]. Since the ability for an initiated
crack to propagate through the ¢ phase is dependent
on its width, if it is sufficiently fine, formed cracks
would be too small to propagate into the matrix and
the phase would then be able to resist dislocation
movement (in a similar way to the y and, y” precip-
itates) and lead to improved fatigue life. A similar
finding was also confirmed by Luo et al. [140]. Sim-
ilarly, the HIP and ageing study on LPBF AlSil0Mg
by Schneller et al. [141] noted that while coarsened Si
particles can act as crack initiation sites if competing
pores are small enough, they can also impede crack
propagation. On the other hand, in the as-built con-
dition, because the fine dendritic Si phase confers
high strength but easily facilitates crack propagation,
the loss of this microstructure through a conventional
heat treatment (where the Si phase is dissolved
through solution treatment and subsequent ageing
causes it to reprecipitate as coarse discrete particles)
may improve fatigue life if the improved resistance to
crack propagation more than compensates for the
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Figure 26 Influence of melt-
pool boundaries and LoF
distribution on the fatigue
crack propagation in LPBF
AlSi10Mg fabricated (a,

b) vertically, (c, d) diagonally,
(e, f) horizontally. Reproduced
with permission from [130]
(Copyright 2020, Elsevier)
where the authors investigated
the influence of porosity and
build directions on the high
cycle fatigue performance of
stress-relieved (520 °C, 2 h)
LPBF AlSil0Mg.

corresponding reduction in load bearing capacity due
to reduced strength [142]. This dichotomy explains
why ageing treatment was found to be beneficial in
[142] but detrimental in [86, 143]. An interesting
study by Bao et al. shows that the coarsening of the Si
phase during a fatigue test at 400 °C can actually
result in void formation that leads to fatigue failure,
while fatigue life at lower temperatures was driven
by existing porosity, as illustrated in Fig. 32 [144].
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As the interaction between porosity and
microstructure is particularly complex for the age-
hardenable LPBF alloys with regards to fatigue life,
post-heat treatment processes to modify hard pre-
cipitates are particularly crucial. In general, it is
beneficial for the hard phases to be discontinuous
since a dendritic morphology promotes crack prop-
agation (as with the as-built Si morphology in
AlSil0Mg as mentioned prior, and also with the
Laves phase in as-built IN 718 [139]) while a discrete
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Figure 27 Pore evolution (yellow) in LPBF AlISi10Mg during low
cycle fatigue at 250 °C—(a) initial state of the samples,
(b) elongation of large pores due to longitudinal strain,

Low energy densities

40 50

Figure 28 High-cycle fatigue life (600 MPa, R = 0.1, 20 Hz)
versus volumetric laser-energy density for 30 um layer thickness
specimens as reproduced with permission from [132] (2019,
Elsevier) where the authors investigated the effects of LPBF
parameters and surface roughness on the high cycle fatigue

Total Fatigue Life for 30 ym Layer Thickness

* 0" Build Orientation
© 60° Build Orientation
* 90" Build Orientation

lJl

Laser Energy Density
(J.’mm3i

(c) coalescence of adjacent pores, (d) cracks initiate at the cross-
section, (e) void nucleation and (f) fracture. Reproduced with
permission from [131] (Copyright 2020, Elsevier).

ngh energy densities

o

60 70 80 90

behavior of as-built LPBF IN718. The sample orientations are
relative to the re-coater direction. Outside of the optimal energy
density range, poor fatigue life is caused by sub-surface defects—
namely, LoF pores if the energy density is too low, and keyhole
pores and secondary cracking if the energy density is too high.
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(a)

Figure 29 Examples of the effective area estimations for (a) an
irregular-shaped pore and (b) a cluster of two pores where the
distance between them is smaller than the size of the smaller pore.

Reproduced with permission from [135] (Copyright 2018,

morphology improves fatigue life by being impedi-
ments to dislocation movement and crack propaga-
tion. However, the main concern with hard phases
appears to be their role in facilitating crack initiation
especially when interacting with an existing pore. If
the pores in a given alloy are much smaller than sizes
of the hard precipitates, crack initiation could simply
occur from the precipitate itself. In this case, further
reduction in pore size and amount (using HIP for
instance) may not yield any improvement in fatigue
life. This was demonstrated by Ardi et al. on LPBF
IN718 where pore closure via HIP resulted in fatigue
cracks originating from Nb-rich precipitates which
then limited fatigue improvements [128]. It should be
noted, however, that the authors did not perform the
ageing treatment after HIP. If the hard phase is much
smaller than the pores, then the precipitates located
at the vicinity of a pore may be subjected to higher
localized stresses and thus, result in micro-cracking.
As the degree of cracking is dependent on the pre-
cipitate size, further reductions in size would lead to
smaller and potentially non-consequential crack ini-
tiation [139]. Since, unlike the other three alloys, HIP
can be implemented into the typical heat treatment
cycles for LPBF IN718 to improve strength, as was
noted in the preceding section, it stands to reason that
LPBF IN718 can benefit the most from this process in
terms of improving fatigue life.

As for LPBF Ti64, assuming that a fatigue crack is
initiated due to microstructural features (i.e., not
from an existing pore, inclusion or surface rough-
ness), it is likely that the initiation would occur along
the o and P phase boundaries, as noted by Yan et al.
[145]. Nonetheless, for high cycle fatigue, the authors
noted that porosity (or defects) played the dominant
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Elsevier) where the authors studied the effects of surface
roughness and porosity, as well as the role of HIP, on the fatigue
strength of LPBF Ti64.

role in crack initiation, while variations in
microstructure were primarily responsible for the
rate at which the fatigue crack grew, with a coarser o
and B microstructure attributed to a slower growth
rate. Naturally, the reduced strength brought about
by the coarser microstructures tends to lead to poorer
low cycle fatigue performance.

On the other hand, since LPBF 316L is predomi-
nately a single-phase face-centered cubic alloy, if
fatigue cracks are initiated due to microstructural
features, they are likely to preferentially form along
slip bands caused by the gliding of dislocations, as
noted by Elangeswaran et al. [146]. The authors then
proposed that if the alloy retains its cellular sub-
structure caused by the segregation of solute atoms
during LPBF production, this substructure can hinder
the flow of dislocations such that the time required
for dislocations to glide over a sufficient distance to
accrue the required strain energy for crack initiation
is increased, thus improving crack initiation life.
Additionally, once initiated, the substructure also
restricts the crack growth rate by deflecting its path.
Most notably, the authors also showed HIP can be
detrimental to fatigue life because this process
removes the cellular substructure and, due to the
high ductility of 316L, this alloy is already highly
tolerant of (small) pores which might render pore
closure unnecessary. Naturally, this only holds true if
the pores are already sufficiently small such that
cracks are initiated from microstructural features
(indeed, the authors of the study specifically used
miniaturized fatigue samples that are essentially free
of porosity), and this could explain why, as summa-
rized in Table 2, some LPBF 316L studies reported
porosity-driven fatigue failure and others reported
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Figure 30 Kitagawa-type
diagram showing the
relationship between the
critical pore size and the
fatigue life of LPBF
AlSi10Mg. Some of the
samples tested had a pore
artificially machined into the
sample using electric discharge
machining. Reproduced with
permission from [137]
(Copyright 2019, Elsevier)
where the authors investigated
the effect of pore size on the
fatigue behavior of stress-
relieved (210 °C, 1 h or

300 °C, 2 h), as well as T6-
treated, LPBF AISi10Mg parts.
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microstructure-driven failure. Most notably, Zhang Impact and fracture toughness

et al. demonstrated a transition from porosity-driven

fatigue failure to a microstructure-driven one as the ~ Table 3 summarizes the influence of porosity on
alloy’s density increased from 98.88 to 99.92% [147]. impact and fracture toughness of the LPBF alloys

discussed in this review as reported in recent litera-
ture. LoF pores are frequently noted to be particularly
detrimental to crack propagation for both impact and
fracture toughness, especially in samples where the
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= ‘: v .\~ .. : SN '-‘ :\ 1
Fatigue axis 2 ‘\ 'O o .
£ % - E
f o 19) ! =
o 8 z 5 Vi £ E
Fine Si N &?_‘50 C by S N \\_J. U0 38
particles 100 C 5 = s 'Q‘O - f
Son 0Ty 58
nvelie Crack propagation
N . . D
"’ 2 & OE S ’ o o
SRR s E O.Q. ®e 0 o' %
O e [, NICR 5 0 .O‘OO..O é
e S w0, .0 .0 L%y 0000 £
o E . [EREEE .* 020,780
i - % Q 2 Q 3]
'% sl .O o0 " Ry g
Al matrix 3 O’O *0 ‘O 0 g J'e g £
400 o g U A © O .Qo © 5 "JO‘JO\{U'\‘) Ol‘.]\‘éoh/ Tg g
0 C 5 . =) 9 (e®/ \® () O &
9 B e (ned 2 L
n . O & O O 0 O ° o B é
s . v S S . e ° 0 s
Fatigue axis 0*e® © 5 @O. OG Q 0.0 o=
S 3
() (ii) (iii)

Figure 32 Illustration of how existing process-induced pores in with permission from [144] (Copyright 2021, Elsevier) where the
LPBF AlSilOMg are responsible for fatigue failure in low- authors investigated high temperature dwelling effects on the
temperature tests while at 400 °C, the formation of voids due to Si fatigue behavior of stress-relieved (300 °C, 2 h) LPBF AlSil0Mg
coarsening become responsible for fatigue failure. Reproduced parts.

crack propagation path runs parallel to these pores Charpy impact energy due to the way the pores
(typically vertically built notched samples). For  interact with the fracture plane as shown in Fig. 33
example, Wu, Lai and Chen illustrated how LoF pore [148]. The detrimental influence of porosity in
orientation could result in anisotropic notched Charpy impact tests is frequently attributed to
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Table 3 Observations of how porosity affects impact and fracture toughness of LPBF alloys either as reported or inferred from recent

literature
Ref.  Alloy Influence of porosity on impact/fracture toughness
[25] Tio4 Investigated horizontally built samples with porosity up to 14%
A sharp reduction in Charpy impact toughness with increasing pore fraction was observed
For a given pore fraction, samples with LoF pores have much lower toughness than those with spherical pores
[148] Tio4 LoF pores are much more detrimental to vertically built Charpy samples than horizontally built ones (4.9 J vs 9.6 J)
Attributed to a substantially greater proportion of the cross-sectional area occupied by pores
[110] Tio4 HIP reduced pores from 0.7% to 0.2%
Substantially improved toughness attributed to microstructure
Reduced isotropy attributed to pore reduction
[149] Tio4 Coalescence of pores, and the formation and coalescence of new voids, were the main mechanisms of crack initiation
in as-built and stress-relieved un-notched Charpy samples
[148] Tio4 Vertically built samples had approximately half the fracture toughness (K;c) of horizontally built samples (65 MPa
v/m, 118 MPa y/m and 132 MPa /m, for the ZX, YX and XZ samples, respectively)
Attributed to porosity, surface finish and cracks
[110] Tio4 Porosity likely reduced fracture toughness through stress concentration points causing crack initiation
[154] Tio4 Noted that vertically built samples should have a lower K¢ but found that horizontally built samples performed
slightly worse due to microstructural reasons caused by cooling rate with respect to building height
[152] IN718 No trend in impact toughness with respect to porosity level
[150] IN718 HIP reduced the porosity level from 1.10% to 0.06%
HIP improved room temperature and cryogenic impact toughness, but the LPBF sample still performed worse than
wrought IN718
Fracture path preferentially went through unmelted particles in LoF pores
[115] IN718 Fracture toughness (Kq) worsened after HIP + solution treatment + double ageing despite pore closure
Attributed to grain coarsening and precipitation hardening
[170] 316L Absorbed energies of < 70 J reported in literature are due to high levels of porosity
Good build qualities tend to report greater than 130 J
If yield strength > 700 MPa and with ~ 0.2% porosity, toughness > 200 J can be achieved
[207] 316L Commented that low porosity was crucial in achieving a high impact toughness (~ 150 J)
[153] 316L Increasing density from 99.93% to 99.99% via HIP worsened toughness, attributed to the annealing effect
[14] 316L Higher yield strength attributed to poorer fracture toughness (Kq: 63 — 87 MPa m®®) as compared to conventional
316L (Kic: 112 — 278 MPa m®?)
Interconnected pores also found in the LPBF samples
Fracture toughness was lower when notch was oriented parallel to melt-pool boundaries. Could be due to LoF pores
located along these boundaries promoting crack propagation
[228] 316L Commented that the result in [14] could be attributed to porosity in the LPBF samples
Showed that near-fully dense samples (> 99.5% density) had better Jic as compared to wrought 316L due to superior
resistance to crack initiation
[17] 316L Vertical samples (ZX) had the poorest fracture toughness, horizontal XZ samples the best
Results were attributed to tensile stress—strain response
XZ samples were also noted to contain lower porosity
[130] AISilOMg K¢ calculated from fatigue fracture surfaces for vertical, diagonal and horizontal samples were 12.8 MPa m®? vs
13.1 MPa m®> and 14.0 MPa m®?, respectively
LoF pores along melt-pool boundaries aided crack propagation in vertical samples
[151] AISi10OMg Horizontal Charpy samples contain more gas pores but performed better than vertical samples due to microstructural

reasons—cracks go across rather than along melt-pool boundaries

Pores enlarged during T6 caused toughness to decrease and horizontal samples now performed worse than vertical
samples

Attributed to pores causing cracks to deviate from their usual path and the reduced load-bearing section area

HIP + T6 mitigated the pore growth issue, but Si coarsening limited toughness improvements
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Ref.  Alloy

Influence of porosity on impact/fracture toughness

[75] AISil0Mg Charpy samples contained significant LoF pores, which introduced stress concentration sites
As-built vertical samples performed better than horizontal ones due to microstructural reasons—as-built Si network

impedes crack propagation in the former, resulting in increased tolerance of the LoF pores

After T6, vertical samples performed worse due to LoF pore orientation facilitating crack propagation

Results being contrary to [151] could be due to the differences in the nature of porosity which can also cause
differences in the preferred crack propagation path

(i) coalescence of porosity during impact [149], (ii)
altering of the crack propagation path from one based
on microstructure toward one based on porosity
distribution [150, 151], (iii) increased stress-concen-
tration effects [75], and (iv) a substantial reduction in
the actual cross-sectional area occupied by material
that is available to absorb impact energy [148]. Thus,
when Wang et al. surveyed existing literature on the
impact toughness of LPBF 316L and found a wide
scatter in the impact toughness, as shown in Fig. 34,
the authors noted that studies reporting absorbed
energies of 70 J or less were a result of high levels of
porosity (or cracking issues) while studies with better
build quality tend to report much higher (more than
130 J) absorption energies. The authors then demon-
strated that it was possible to achieve toughness
exceeding 200] and yield strength exceeding
700 MPa at ~ 0.2% porosity.

Once again, as with the tensile results, if porosity is
sufficiently low, microstructural effects might domi-
nate the toughness results and the amount of energy
absorbed might not correlate with minor variations in
porosity, which could explain results reported by
Ardila et al. for LPBF IN718 [152]. Likewise, as the
Charpy impact study by Girelli et al. on LPBF
AlSil0Mg shows, the crack path is affected by the
melt-pool contours in the as-built condition but can
be affected by porosity after heat treatment due to
pore growth [151]. Similarly. Kan et al. showed that
for as-built vertical AlSi10Mg Charpy samples where
the LoF pores are supposed to be extremely detri-
mental, the nano-crystalline Si network was able to
impede crack propagation more effectively, allowing
it to surpass the horizontal samples [75]. Conversely,
as shown by Reijonen et al. on LPBF 316L samples
without HIP performed better than HIPed samples
due to a finer microstructure despite having more
porosity [153].

@ Springer

As with impact toughness, the following reasons
are often provided to explain the detrimental nature
of pores to fracture toughness such as (i) LoF pores
promoting crack propagation along melt-pool
boundaries [130], and (ii) increased stress concentra-
tion points [110]. Again, the negative influence of
porosity on fracture toughness can sometimes be
compensated with microstructure. For instance, in
[154] where Hartunian and Eshraghi found that the
vertical LPBF Ti64 samples performed better than
horizontal samples despite LoF pores being present
because of microstructure variations caused by the
LPBF cooling rate on the latter, and in [115] where
Seifi et al. found that double-ageing without prior
HIP resulted in better fracture toughness despite a
higher porosity level and the presence of LoF pores
due to microstructural reasons.

While porosity reduction strategies are clearly
beneficial for both impact and fracture toughness,
microstructural features must also be considered.
However, this can be complicated by the fact that
heat treatments often involve trade-offs between
strength and ductility, but both can be important
factors here. Additionally, melt-pool contours obvi-
ously play a crucial role in crack propagation. Fur-
thermore, this is unlike in fatigue where specific
strategies can be used to improve performance
depending on the fatigue regime of interest. There-
fore, in this regard, more work needs to be done to
understand how the unique LPBF microstructures
influence impact and fracture toughness in light of
the presence of porosity, and how heat treatment
may be able to help mitigate these issues.



J Mater Sci (2022) 57:9818-9865

Figure 33 Illustration of how (a)
sample orientation affects the

crack propagation path relative

to the orientation of the LoF impact
pores in (a) vertical and . el @¢
(b) horizontal LPBF Ti64 loading ~
samples. SEM images of the
fracture surfaces at different
magnifications showing the
morphologies of the exposed
LoF pores where (c, e, g) are

from a vertical sample and (d,
f, h) are from a horizontal
sample. The white arrows in
() and (d) indicate the
location of the pores. Adapted
with permission from [148]
(Copyright 2016, Elsevier)
where the authors investigated
the anisotropic impact
toughness behavior of LPBF
Ti64.

Creep response

Creep studies that discuss the influence of porosity
on performance are few in literature, with Table 4
summarizing recent studies on the topic. Among the
alloys reviewed in this article, IN718, being a super-
alloy, is intended to be used for high-temperature
applications. Thus, creep studies are most relevant
for this alloy and typically, large grains and grain

fracture surface
(x-y plane)

9847

(b) fracture surface
(y-z plane)

z impact

loading

boundary strengthening precipitates are generally
preferred [155]. As can be observed in the table,
growth and coalescence of pores are often responsi-
ble for creep failure [155, 156]. Additionally, pores
can also act as crack initiation sites that lead to pre-
mature creep fracture [155, 157]. For example, Xu
et al. investigated the effect of heat treatment (ho-
mogenization, solution treatment and single-ageing)
and surface finish on creep behavior of LPBF IN718 at

@ Springer
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Figure 34 Relationship between toughness and yield strength of
LPBF 316L in literature as surveyed by, and reproduced with
permission from, [170] (Copyright 2021, Elsevier) where the
authors studied the effect of crystallographic orientation of LPBF
316L parts on Charpy impact tougnness.

750 MPa and 650 °C, and found that while cracks
often originate from the surface (with pre-existing
cracks also caused by machining), porosity in the
material can grow, coalescence and eventually lead to
the fracture of the cross-section as illustrated in
Fig. 35 [155]. In a separate study, they captured the
evolution of porosity at various stages of creep

J Mater Sci (2022) 57:9818-9865

(650 °C, 747.45 MPa) using p-CT, as shown in Fig. 36
[156].

In general, there is a lack of understanding of how
process-induced pores truly affect the creep perfor-
mance of these alloys. For instance, it is uncertain
how the overall porosity level can affect creep life
and whether there is a certain threshold where
microstructural features can dominate over the
porosity level. One example would be a study like the
one on LPBF 316L by Bae et al. as shown in Fig. 37
[157]. The authors found that the creep behavior was
closely related to the density of the sample tested.
Sample B06, especially, had the largest amount of
process-induced pores which resulted in a tear very
early in the creep test. As LPBF-processing results in
unique microstructures not observed in conventional
processing, an understanding of microstructural fea-
tures that can provide greater tolerance of porosity
needs to be developed for these alloys. Furthermore,
beyond pores facilitating crack initiation and con-
tributing to coalescence, the influence on load-bear-
ing area is also rarely discussed. The effect of specific
pore types—keyhole, LoF and gas pores, is also not
very well known. Thus, for the alloys discussed
herein, there remains a substantial amount of work
that can be done to relate the detrimental nature of

Table 4 Observations of how porosity affects creep response of LPBF alloys either as reported or inferred from recent literature

Ref. Alloy Effect of porosity on creep response
[155] IN718 While cracks can initiate from the surface, existing pores can grow, coalescence and eventually lead to the
fracture of the cross-section
[229] IN718 Pore closure through HIP can be beneficial to creep as this can inhibit crack nucleation
[156] IN718 Growth in pore size occurs more prominently in earlier stages of creep
New pore formation typically occurs and becomes more apparent at later stages
Localized porous regions within a sample (due to scan strategy and part geometry) can act as fracture initiation
points during creep
[157] 316L Creep behavior is closely related to sample density
High levels of porosity act as crack initiation sites that result in a tear at the early stages of creep
[230] 316L Horizontal samples performed worse than vertical samples

Horizontal samples were found to contain more LoF pores

[231-233] 316L
[234] AlSil0Mg Fracture surfaces revealed LoF pores

Pores result in worse creep performance by accelerating creep cavitation damage

Authors commented that the pores only occupied a small fraction of the cross-section and were unlikely to have

affected the load-bearing area significantly

[235] AlSil0Mg Commented that the larger pores observed after creep testing were thermally induced pores

Based on fractography images of the room temperature samples, it is likely that the thermally induced pores

started as gas pores and grew during high-temperature creep

@ Springer
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Figure 35 Schematic showing the development of fractures
during creep testing as reproduced with permission from [155]
(Copyright 2018, Elsevier) where the authors investigated the
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Figure 36 Visualizations in porosity evolution at various stages
of a creep test where (a—c) are 3D u-CT models taken after Stages
1-3 of the test, respectively, and (d) is the SEM image of the
fracture surface at the end of the fourth stage. Adapted with
permission from [156] (Copyright 2017, Elsevier) where the
authors studied the effects of porosity on the creep behavior of
LPBF IN718 parts using staged thermomechanical testing.

LPBF process-induced pores to creep life and
performance.

Wear behavior

Table 5 summarizes recent wear studies on where the
influence of porosity was discussed or mentioned. It
is important to state that wear is not an intrinsic
material property, but it depends on the entire

creep behavior of LPBF IN718 parts at 650 °C after
homogenization, solution and double ageing treatments.

16

| SP Creep Testing
| Test Temp.: 650°C

E 14 [ss316Lusingstm

£ [ (Load : 320N)
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c L
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o Scanning  Energy
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Figure 37 Creep test results of LPBF 316L fabricated using
different energy densities. Samples B02, B03, B04, B0O5 and B06
had densities of 7.88, 7.88, 7.85, 7.82 and 7.60 g/cm3,
respectively. Reproduced with permission from [157]
(Copyright 2021, Springer Nature) where the authors
investigated the effects of different LPBF parameters on the
creep behavior of LPBF 316L parts.

tribological system involved. In this regard, it is not
surprising that studies have reported porosity to be
detrimental, negligible or even beneficial. Regarding
studies that report a negative influence, porosity is
often stated to (i) increase friction [158, 159], (ii)
increase contact pressure by reducing the actual
contact area across a sliding interface [79, 160], (iii)
reduce bulk hardness [161], and/or promote crack
initiation and propagation [79, 160, 162, 163]. For
instance, Li, Ramezani and Chen proposed that the
amount of strain experienced (and therefore, the
wear mechanisms involved) during wear loading or
hardness testing of LPBF Ti64 can be related to its
stress—strain behavior, as illustrated in Fig. 38, and
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Table 5 Observations of how porosity affects wear behavior of LPBF alloys either as reported or inferred from recent literature

Ref. Alloy Test Type Effect of porosity on wear behavior
[158] Ti64 Sliding Ultrasonic nanocrystal surface modification (UNSM) is able to reduce surface roughness,
increase surface hardness, and close surface pores
Wear rate improvement was attributed to increased hardness and friction reduction was
attributed to a smoother surface and pore closure
[162] Ti64 Sliding Ultrasonic surface rolling closed surface pores and increased surface hardness
Pore closure improves wear performance by minimizing stress concentration points and
reducing crack propagation probability
[161] Ti64 Sliding Wear rate can be related to stress—strain tensile behavior
Porosity can influence hardness, which can then affect wear performance
[103] Ti64 Sliding In samples containing up to ~ 0.27% porosity (CT), wear rate and friction coefficient were
not correlated with the porosity level or micro-hardness
[236] Ti64 Sliding ~ 1.8% porosity had no influence of wear rate or friction
[237] IN718 Sliding Wear rate and friction found to be lower in samples with lower porosity
Role of porosity was not discussed as sliding performance was related to microstructure and
hardness
[24] IN718 Sliding Wear rate decreased after HIP + solution treatment + double ageing
Improved performance was attributed mainly to microstructural changes and improved
hardness, with closure of pores noted
Bottom section of samples had worse wear performance than middle and top sections. This
was attributed to open pores
[163] 316L Sliding In samples containing up to 6.7% porosity, cracks tend to initiate and propagate from pre-
existing pores, resulting in micro-fracturing being the dominant wear mechanism
[238] 316L Sliding Against a hard counterpart, pores can reduce bonding between melt-pools resulting in cracks
that accelerate wear
[239] 316L Sliding The presence of porosity results in poorer sliding wear performance
[159] 316L Sliding Suggested that an ideal smooth surface free of porosity can minimize friction and wear
[160] 316L Sliding Porosity increases contact stresses by reducing the real contact area during sliding wear
Pores can act as crack initiation sites during sliding
Surface deformation as a post-treatment step can improve wear resistance by reducing sub-
surface porosity and increase hardness
[240] 316L Sliding Used UNSM to close surface pores, reduce roughness and improve hardness
Wear rate and friction were both reduced
[26, 164, 165] 316L Sliding Pores were proposed to improve wear resistance by trapping wear debris that could be
compacted and cold-welded into the pores
[241] 316L Cavitation Large pores act as stress-concentration sites and can facilitate crack propagation
Erosion Irregular-shaped pores can contain material fragments that are torn apart by cavitation-
induced impact
[242] 316L Erosion Small pores in LPBF 316L can result in weaker re-passivation
Corrosion  Despite higher hardness and better pitting resistance, pores cause poorer erosion-corrosion
compared to conventional 316L
[243] 316L Cavitation Argued that even if all pores could be removed, the elongated grain morphology would still
Erosion promote cavitation-induced crack propagation
[244] 316L Particle LPBF 316L performed worse than wrought 316L regardless of impingement angle
Erosion Poor performance generally attributed to porosity
[79] AlSil0OMg Sliding Sub-surface LoF pore orientation can affect crack propagation leading to delamination
Surface LoF pore orientation can alter the actual contact area and thus, the contact stresses
The influence of porosity is also affected by sliding test conditions and microstructure
[21] AlSil0Mg Sliding T6 treatment can cause an increase in porosity, resulting in LPBF AlSi10Mg performing
worse than cast AISI10Mg despite similar hardness
[245] AlSil0Mg Fretting Numerical study shows that sub-surface gas pores can be detrimental
Fatigue Commented that experiments are required to confirm findings
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Ref. Alloy Test Type

Effect of porosity on wear behavior

[246] AlSil0Mg Cavitation

Erosion

LoF pores in LPBF samples resulted in a much higher initial erosion rate due to rapid
removal of unmelted powder

Samples with lower porosity had lower wear losses at this stage
After the initial erosion period, all LPBF samples stabilized at similar erosion rates
Overall, all LPBF samples outperformed wrought AISi10mg due to their higher hardness

Gy
c:
G}

Adhesive
wear

(fracture)

Abrasive wear
Ti-6AI-4V Tad —")’ad (fracture)

(a)

Figure 38 Schematic illustration of (a) force, stress and strain
interactions during a sliding wear test which can result in adhesive
or abrasive wear of Ti64 in relation to the (b) stress—strain
behavior and (c) hardness response of LPBF, electron beam PBF

hardness can be significantly affected by porosity
[161]. Conversely, Kan et al. illustrated how the ori-
entation of surface LoF pores relative to the sliding
direction could alter the actual contact area across the
sliding interface, as shown in Fig. 39a and b [79].
Similarly, the degree of crack propagation facilitated
by a sub-surface LoF pore can also be affected by its
orientation, as illustrated in Fig. 39c and d.

As for the beneficial influence that porosity can
play, Huang et al. found that LPBF 316L generally
displayed better sliding wear resistance against
GCr15 than wrought 316L and they proposed that the
presence of pores in the former improved its wear
resistance because worn debris could be trapped,
compacted and cold welded into the pores [164].
However, it is plausible that the LPBF 316L could
have performed well despite containing porosity by
virtue of it being harder than the wrought 316L.
Nonetheless, other studies have reported the phe-
nomenon [26, 165]. The exact reason for this to occur

AVAVA"Z V2

€3

8f1

&, &

y1

(b) (©

and conventionally processed Ti64. Reproduced with permission
from [161] (Copyright 2019, Elsevier) where the authors studied
the dry sliding wear behavior of LPBF Ti64 parts against WC—Co.

is not clear, though the fact that it is reported for
LPBF 316L rather than the other alloys suggests that
ductility could be playing a role. Certainly, more
studies can be done to investigate the influence of
porosity across a wider range of wear systems and
loading conditions so as to identify the situations
where wear performance is or is not severely affected
by porosity.

Concluding remarks

After a review of the literature on the influence of
process-induced porosity on the mechanical proper-
ties of four alloys commonly produced by LPBF,
broad general observations can be made. LoF pores
are more detrimental among various pore types and
affect vertically built samples more. Reducing
porosity, however, only improves tensile properties
up to a point, beyond which microstructural effects
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Figure 39 Influence of LoF pore orientation on sliding wear
interactions in LPBF AlSil0Mg where (a) and (b) shows how a
surface pore orientation relative to the sliding interface can result
in differences in the actual contact area across the sliding interface
and therefore, the contact stresses experienced by the alloy, and

dominate. Where porosity compromises tensile
properties, elastic modulus and strength are primar-
ily affected by the morphology and amount of the
pores rather than specific microstructure—porosity
interactions, while total elongation is much more
sensitive to the presence of porosity though the
degree of sensitivity is dependent on the alloy’s
toughness or ductility. In most cases, assuming a
good surface finish, fatigue behavior appears to be
governed by strength under high-stress loading, but
as the loading decreases, surface/sub-surface pores
become critical. When the loading is decreased suf-
ficiently, bulk porosity starts to matter. Thus,
depending on the intended fatigue application, an
appropriate post-processing treatment can be chosen
to improve service life. The main microstructural
considerations that affect fatigue life in relation to the
presence of pores are also different for each alloy—
the morphology and size of hard precipitates in
IN718 and AlSil0Mg, o and 8 boundary interactions
for Ti64 and dislocation interactions along slip bands
for 316L. Impact and fracture toughness are nega-
tively affected by bulk porosity, but care must be
taken to close the pores via HIP because these prop-
erties are also affected by the combination of strength
and ductility. The presence of pores can also affect
these properties by altering the crack propagation
path from the original microstructure-directed path.
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(c) and (d) shows how the orientation of a sub-surface pore can
facilitate sub-surface cracking. Reproduced with permission from
[79] (Copyright 2021, Elsevier) where the authors studied the
effects of T6 treatment on the sliding wear performance of LPBF
AlSi10Mg parts sliding against SiC and steel.

As for creep, while porosity is known to be detri-
mental, studies that specifically relate pore type, size,
amount, and orientation to creep life are lacking.
Lastly, the majority of wear studies noted the detri-
mental nature of pores and some noted that porosity
(assuming its low enough) can be negligible. A small
number of studies noted that porosity can be bene-
ficial, though the conditions for this to be true are
unclear.
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