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A review and a statistical analysis of porosity in
metals additively manufactured by laser
powder bed fusion
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Additive manufacturing (AM), or 3D printing, is an emerging technology that “adds” materials up and constructs products
through a layer-by-layer procedure. Laser powder bed fusion (LPBF) is a powder-bed-based AM technology that can fab-
ricate a large variety of metallic materials with excellent quality and accuracy. However, various defects such as porosity,
cracks, and incursions can be generated during the printing process. As the most universal and a near-inevitable defect,
porosity plays a substantial role in determining the mechanical performance of as-printed products. This work presents a
comprehensive review of literatures that focused on the porosity in LPBF printed metals. The formation mechanisms,
evaluation methods, effects on mechanical performance with corresponding models, and controlling methods of porosity
have been illustrated and discussed in-depth. Achievements in four representative metals, namely Ti-6Al-4V, 316L, In-
conel 718, and AISi10Mg, have been critically reviewed with a statistical analysis on the correlation between porosity
fraction and tensile properties. Ductility has been determined as the most sensitive property to porosity among several
key tensile properties. This review also provides potential directions and opportunities to address the current porosity-re-
lated challenges.
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Introduction digital models'-*. Materials are “added” up during AM

Overview of additive manufacturing of metals processing, making it the distinguishing feature that op-

Additive manufacturing (AM), or 3D printing, is a rising posed to traditional subtractive and formative manufac-

star in the field of manufacturing technology. AM tech- turing. According to the literatures** and the classifica-
nologies are renowned for lifting the geometric con- tions proposed by the American Society for Testing and
straints of design and fabricating products directly from Materials (ASTM)’, plentiful materials including metals,
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intermetallics, polymers'?, ceramics, and composites, can
be additively manufactured. The application of AM sig-
nificantly reduces the time consumption and economic
cost of prototyping and mold making!'2 Scientific re-
searches and technological developments can be substan-
tially facilitated through utilizing the AM technologies
wisely.

The AM of metals has been attracting intense re-
search and industrial interest recently'*~'*. As-printed
metal components have been vastly used in healthcare,
aerospace, automotive, and marine industries'®!”. Most
commercially-available AM technologies use metal
powders or wires as the feedstock'!. Feedstock materials
are melted by heat sources, such as laser/electron beams
and electric arc, then deposited to the products'*. The
motions of heat sources are numerically guided on the
basis of sliced digital models. Thus, the products are con-
structed layer-by-layer to their final form. The powder-
bed-based AM technologies are well adopted at present
to fabricate metallic products with high accuracy and
good quality'*2°. A powder bed is paved on the building
substrate and subsequently scanned by the heat source. A
layer is therefore “printed” through the selective melting
or sintering. The metals fabricated by powder-bed-based
AM are able to archive excellent mechanical perform-
ance and high relative density (up to 99.9%)".

This review focuses on the laser powder bed fusion
(LPBF) technology (also known as selective laser melting,
SLM) that uses laser beam as the heat source. As a main-
stream technology for the AM of metals*'??, LPBF is
chosen for its capability of shaping plentiful metals and
its universality in both research and industrial applica-
tions?. The products are “printed” through a fully melt-
ing of feedstock powder and the subsequent solidifica-
tion. A schematic illustration of LPBF processing is
presented in Fig. 1.

Overview of LPBF processing and defects
The feedstock powder’s morphology and granulometry
can exert certain influences on the LPBF processing*-%,
whereas, the quality of as-printed metal products are
generally controlled, even dictated by the processing
parameters®” . The laser power, scanning velocity,
hatch spacing (spacing between scanning tracks), layer
thickness, and scanning patterns are major parameters
that can be adjusted to pursue a stable and defect-free
melting-to-solidification process!'®?*2,

Appropriate laser parameters are required to main-
tain a stable molten pool, and to fuse the powder com-
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pletely without activating detrimental instabilities!*?:.
However, the whole LPBF processing is a complicated
operation. Melting at the beginnings, ends, and turns of
scanning tracks is extremely difficult to stabilize due to
the distinctive heating behaviors at those points*. The
shadowing and related effects brought by laser spatter,
vapor plume, and plasma are chaotic yet hard to meas-
ure®-%¢, Besides, the layer-by-layer deposition behavior
of LPBF results in a cyclic heat history””. The accumu-
lated impacts of heating/cooling cycles are difficult to
evaluate. In summary, the instabilities and formation of
defects in LPBF processing probably will not be entirely

eliminated in the near future.

Scanning lenses
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Fig. 1 | Schematic illustration of LPBF processing.

Defects are formed when printing deviates from its
optimized range. Porosity, lack of fusion (LOF), unfavor-
able inclusion (e.g. unmelted particles), and cracks are
common defects that observed in LPBF printed metal
products?*%%, Study of the defects and correlated mech-
anical effects is essential for the qualification and applic-
ation of LPBF printed metal products!'®!.

Scope of this review

As-printed products containing fatal defects, such as
large LOFs and cracks, are generally not acceptable for
heavy loads or longtime services**!. However, as a less
detrimental but near-inevitable defect, porosity exists in
almost every LPBF printed metal component. This re-
view focuses on this most universal and difficult-to-
eliminate defect. A thorough illustration of porosity
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formation and evaluation is presented at first, followed
by a collective analysis of its effects on mechanical per-
formance. Ti-6A1-4V alloy, 316L stainless steel (SS), In-
conel 718 superalloy, and AlSil0Mg alloy are selected as
representative metals in the further analysis. Their uni-
axial tensile properties are compiled with an in-depth
discussion on the correlation between porosity and
tensile properties. Furthermore, the controlling strategies
of porosity as well as the current challenges and oppor-
tunities for LPBF applications have been summarized in
the last part.

Formation mechanisms of the porosity in
LPBF printed metals

Porosity existed in LPBF printed metals are classified in-
to two main categories: the gas porosity and the LOF
porosity*'#24, Criteria of this classification is the mor-
phological differences since gas porosity is generally
spherical, whereas, LOF porosity is irregular and com-
monly has unmelted particles in it****, Representative ob-
servations of the two types of porosity are presented in
Fig. 2. Both types of porosity are filled with inert shield-
ing gas after LPBF processing. The entrapped gas pre-
vents the total closure of pores even after hot isostatic
pressing (HIP)*>“. What’s worse, the porosity can even
grow after heat treatments (HTs) due to the thermal ex-
pansion of entrapped gas*’*.

Formation mechanisms of gas porosity

The gas porosity is induced by the entrapment of gas in
the molten pool*.. Both the melting depression and the
cavities in feedstock powder can bring entrapped gas to
the molten pool during LPBF processing'*?4>*. The en-
trapped gas aggregates in the molten pool and forms
spherical bubbles due to surface tension®'. Bubbles that
cannot escape before solidification become gas porosity
in the as-printed products.

The vapor recoil pressure, surface tension, and
Marangoni force (thermo-capillary force) are the three
major forces that control the flow behavior in a molten
pool?5253, On the basis of numerical simulations and ex-
perimental observations, recent studies’®* revealed that
a stable molten pool can prevent the formation of poros-
ity. On the contrary, if the balance of forces breaks, the
resulted instabilities such as turbulence and keyholes
have been observed to be responsible for the residual
pores™. “Keyhole” is a description for the deep and nar-
row depression in the molten pool. Figure 3 displays the

formation of pores through the collapse of keyhole tips.
A high laser energy density boosts the recoil pressure
thus increases the depth of depression®. Gas is therefore
apt to be trapped in the deep keyholes. Furthermore,
acoustic waves generated near the keyhole tips also facil-
itate the separation of tips®, increasing the risk of form-
ing gas porosity’’. In summary, the keyhole melting
mode is unfavorable from the perspective of porosity
control when compared to the shallow and semicircular
conduction melting mode.

Gas porosity
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Fig. 2 | Representative cross-sections and 3D reconstructions of (a)

20 ym

gas porosity and (b) LOF porosity detected in LPBF printed metals.
The dashed circles in (b) indicate unmelted feedstock powder. Fig-
ure reproduced with permission from (a) ref.>"43, Elsevier; (b) ref.®,
Elsevier, under a Creative Commons Attribution-NonCommercial-No-
Derivatives 4.0 International License.

The selective vaporization of volatile compounds and
elements can provide additional recoil pressure and con-
tribute to the chaos in molten pool®’~*°. This mechanism
is capable of inducing massive porosity in as-printed
metals and should be avoided” . However, such com-
pounds and elements can be employed intentionally as

foaming agents, to fabricate foam materials such as
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Fig. 3 | Synchrotron X-ray images of pores generated from keyholes. The time marks represent the delays of each graph after the first shot.

Figure reproduced with permisson from ref.?°, The American Association for the Advancement of Science.

low-modulus implants and breathable mold steels®. In
addition, the feedstock powders of LPBF, commonly pre-
pared by gas atomization and plasma rotating electrode
process, have intrinsic porosity®®®2. The powder-en-
trapped porosity can be inherited if the feedstock powder
was not completely melted””**. Otherwise, the powder-
entrapped gas releases during melting, which also in-
creases the bubbles in molten pool and the risk of form-
ing gas porosity®. Several studies reported the inherited
porosity from powder in as-printed metals®-. Wu et
al.** confirmed a strong positive correlation between the
porosity in feedstock powder and that in as-printed
samples recently, through a comparative study using
feedstock powders with different porosity fractions.

Formation mechanisms of LOF porosity
The LOF porosity is a result of local LOFs. When the
laser energy is not enough to melt and fuse the material
completely, separated surfaces will be generated and the
voids among those surfaces become LOF porosity*'*.
Origin of the LOF porosity can be divided into two
categories: the incomplete melt of feedstock powder and
the incomplete fusion of melting tracks. The first cat-
egory of porosity can be eliminated through processing
optimization®?, although it is still challenging if the feed-
stock powder contains refractory particles such as Mo
and ceramics® . As mentioned before, the processing of
LPBF is full of uncertainty. It is presently impractical to
maintain the heat input stable for the whole scanning
track®. Inhomogeneities in powder bed such as large
voids and agglomeration, are still ubiquitous®!. The spat-

ter caused by unstable heat input and the powder ag-
glomerations can produce significant shadowing effect,
consuming the laser power and creating LOF voids in as-
printed tracks**>*. Those large voids require longer time
and more fluid to fill, making them may not be fully
fused under regular processing parameters®. Even
though the LOF porosity can be enclosed by the remelt-
ing when printing the layer above it™, it is still a com-
mon defect in the as-printed refractory metals and
metals that printed feedstock

using  irregular

powders®s70-72,

Measurement and evaluation of the
porosity in LPBF printed metals

Measurement of the quantity, size, morphology, and spa-
tial distribution of porosity is an initial step for evaluat-
ing LPBF printed metals. Measurement and evaluation
methods presented in this review are divided into two
classical categories: the destructive evaluation (DE) and
the nondestructive evaluation (NDE). NDE methods do
not permanently alter the inspected sample, making
them feasible in both research and industrial applica-
tions”>’%. On the other hand, DE methods also hold
unique advantages such as the precise inspection of near-
surface porosity”®. Key descriptors and four mainstream
methods of porosity evaluation are presented and ana-
lyzed briefly in the subsequent contents.

Descriptors of porosity
Measurement and statistical analysis of key characteristics
are crucial for the study of porosity. The characteristics
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of porosity in LPBF printed metals can be divided into
morphology, and

four categories: quantity, size,
location®*7°7%, The quantity of porosity is the most uni-
versal characteristic that appears in almost every piece of
AM research works. Both volume-based (Archimedes,
CT, etc.) and area-based (cross-sectional imaging, sur-
face imaging, etc.) methods are able to provide the
quantity data of porosity despite a variation in
accuracy’®. Meanwhile, the other three categories of key
characteristics are dependent specifically on the imaging
of porosity.

The size of porosity has been reported to have a strong
effect on the void growth in plastic deformation’®. The
irregularity of porosity also increases with elevating size
according to phenomenological statistics’#%2. The
square root of projected porosity area on a plane perpen-
dicular to the maximum principal stress, +/area, is
broadly adopted to evaluate the scale effect of
porosity”>#-%, According to the literatures on fracture
mechanics, the largest pore holds the highest risk of in-
ducing tensile and fatigue failures*5**’. Statistical tools
such as the extreme value statistics (EVS) have been em-
ployed to statistically estimate the size distribution of
porosity, particularly the largest \/area, to compensate
the limited data sampling®. EVS method at 3D scale has
shown success with the assistance of micro-CT in estim-
ating the porosity size and fatigue life for LPBF printed

AlSi10Mg alloy®:#.

Porosity morphology is also critical for the evaluation
since it is closely related to the stress concentration®. To
avoid the exhausting calculation of curvatures at poros-
ity interfaces, aspect ratio (AR) and sphericity (y) are
used as two common descriptors in the studies of poros-
ity morphology®***°. AR is used to measure the elonga-
tion of a pore, defined by**:

Lminor
AR = "2 (1)
Lmajor

where Lminor and Lmajor are lengths of minor and major

axes, respectively. Sphericity is used to describe the geo-

metric deviation of a pore from a sphere, defined by*:

where V and A are volume and surface area of the pore,
respectively. A visualized comparison of pores with dif-
ferent AR and sphericity is presented in Fig. 4. The two
morphological descriptors can be easily calculated using
data processing software then implemented in statistical
analyses. Furthermore, 2D descriptors such as circular-
ity and convexity are also valuable candidates for rating
the porosity in LPBF printed metals”.

The study on porosity clusters and spatial distribution
of porosity in LPBF printed metals is currently at an
early stage. Most quantitative researches are based on the
artificial porosity that far dissimilar to the real

situations® . It is promising to combine the actually-
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Fig. 4 | Porosity detected in LPBF printed Ti-6Al-4V alloy, with respective AR and sphericity values. Figure reproduced with permission

from ref.®4, under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.
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detected porosity with spatial statistics in the future ana-
lytical investigations, since a successful example has been
established by Becker® for predicting the performance of
powder metallurgy (PM) products.

The Archimedes method

The Archimedes method may be the oldest NDE ap-
proach to measure the density of solid samples with ar-
bitrary shapes®. Samples are immersed in a liquid medi-
um, such as water, to determine the margin of weight
when weighed in air and in the liquid medium. There-
fore, if the densities of liquid medium (pr,) and air (p,)

are known, the relative density of a sample is yielded as:

—p M,
Pra = { [% +pa} / pref} x100% ,  (3)

where p, is relative density, M, is mass weighed in air,
M, is mass weighed in the liquid medium, and pyr is ref-
erence density of fully-dense material’®®. Although the
Archimedes method only measures the whole quantity of
porosity, it is still a practical and broadly-adopted meth-
od for evaluating the porosity in LPBF printed
products®787%8 A~ commercial Archimedes density
meter usually uses small samples’®, but this approach
can be smoothly expanded to large and heavy products
through utilizing proper weighing instruments. The
Archimedes method counts the contribution of all the
internal voids, resulting in a higher detectivity of total
porosity quantity compared to other imaging-dependent
methods®”””. The Archimedes method has been extens-
ively employed in the AM community to achieve a rapid

overall evaluation of the as-printed products’™.

X-ray computed tomography
X-ray computed tomography (CT) is an advanced NDE

technology that combines the X-ray imaging with the
computed 3D reconstruction'®*!?!. The intensity of X-ray
attenuates after it transmitted a medium. The rate of at-
tenuation varies among different mediums, e.g. the
porosity and the dense metal. Therefore, the intensity of
transmitted X-ray contains the inner structural informa-
tion of the irradiated sample!'®. During CT inspection,
the tested sample is exposed to X-ray radiation and a 2D
slice is generated through collecting the X-ray intensity
data from multiple angles with subsequent graphical re-
construction®”%. Those 2D slices are stacked and finally
reconstructed into a 3D model with visible inner struc-
ture!®. X-ray CT provides abundant information of the
porosity in LPBF printed metals, including spatial distri-
bution, morphology, dimensions and volumes, and oth-
er quantitative data!®’. Figure 5 demonstrates represent-
ative views of porosity distribution and a pore detected
by CT.

X-ray CT method has received intense interest from
the academia. Whereas, limitations of this method are
hindering its application in certain circumstances. First,
the resolution and efficiency of CT inspection are pre-
dominantly dependent on the dimensions of samples'®.
Metal samples need to be small, generally in millimeter
scale, to ensure valid X-ray transmission and to achieve
an ideal resolution'®’. Thus, small samples need to be cut
out from large products before CT inspection, raising
concerns on the damage caused by sampling and the
generality of results**”8. Second, the X-ray CT method
may not be able to detect all the micro pores or refined
geometric features due to its nature’!?’. Features smal-
ler than several voxels cannot be reconstructed accur-
ately due to the image artefacts’. The signal-to-noise ra-
tio may become even worse at sample’s surface and the
edges of pores!®103104 A comparison between the CT
result and the actual cross-section of an LOF pore is

Top surface

Fig. 5 | Representative 3D reconstructions of (a) the distribution of porosity in a Ti-6Al-4V sample and (b) views of a specific pore. Figure repro-

duced with permission from: (a) ref.”°', Springer Nature. (b) ref.*%, Elsevier.
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presented in Fig. 6. The quanty of porosity calculated us-
ing CT is generally lower than that measured using the
Archimedes method owing to the missed micro pores
and edges’®"".

2D imaging method

The 2D imaging method is a DE method on the basis of
cross-section imaging. Samples are cut along specific
planes, then polished and examined using microscopic
instruments such as optical and scanning electron micro-
scopes (SEM)!®. This method provides the spatial distri-
bution, morphology, and other characteristics of poros-
ity similar to the CT method, but only in a 2D form. Sev-
eral cross-sections will be prepared and examined to gen-
erate statistically-reliable results for a common
sample!®>1%. Although the 2D imaging method destructs
the sample and only provides 2D information, it is still
favored because of the outstanding accessibility and de-
tectivity*>#>1071% A modern SEM is capable of produ-
cing graphs with nanometer-scale resolution®. The mi-
cro features of porosity can be captured clearly on the
whole cross-section, which is evidently beneficial for the

statistical study of geometric descriptors®!®,

Ultrasonic method

Ultrasonic testing (UT) holds enormous applications in

Unmolten
powde

ST \ Pore

CT slice

detecting defects in metal components!®-!'". This meth-
od is favored primarily for its excellent penetration depth
in metals (can be as deep as several meters) and portabil-
ity>. The inner defects are detected and evaluated
through their interactions with the emitted ultrasonic
waves!!’. Ultrasonic method has raised research interest
in the community of AM recently''?-!*>. Advanced ultra-
sonic technologies, such as laser ultrasonics and phased
array ultrasonics, have been applied to pioneer the po-
tential of UT in detecting porosity inside AM
products!*!'e, Porosity-related time domain diagrams
and 2D/3D images can be generated through probing the
wave speed and energy distribution’. Figure 7 presents
the representative 1D and 2D UT results of a TC18 alloy
sample'”. Employment of the phased array ultrasonic in-
stead of conventional ultrasonic has significantly im-
proved the signal-to-noise ratio. The ultrasonic method
is an emerging NDE approach for detecting the defects
inside LPBF printed metals, particularly for the examina-
tion of large and complex components due to its excel-
lent portability and high penetration depth. On the oth-
er hand, although UT can provide precise location in-
formation of pores, it is currently limited by its inad-
equate quantitative ability’>!"”. Post-processing of data
and other evaluation methods should be implemented as

complements to improve the detectivity of UT.

Pore detected Pore considered by
by CT archimedes method

Fig. 6 | Comparative illustration of the limitations of X-ray CT. (a) Microscopic image of a LOF pore; (b) comparison of pores detected using

X-ray CT and the Archimedes method; and (c) comparison of the same cross-section in a 316L sample detected by CT and by confocal micro-

scopy (CM). Figure reproduced with permission from: (a, b) ref.’8, Elsevier; (c) ref.'%, under a Creative Commons Attribution-NonCommercial-No-

Derivatives 4.0 International License.
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Defect 1

Fig. 7 | 1D ultrasonic A-scan diagrams of (a) conventional UT and (b) phased array UT; and 2D ultrasonic C-scan images of (c) conventional UT

and (d) phased array UT. Figure reproduced from ref.""”, under a Creative Commons Attribution 4.0 International License.

General effects of porosity on the
mechanical performance of LPBF
printed metals

The existence of porosity can exert substantial influ-
ences on the mechanical performance of metal
products®. Numerous studies have reported the degrada-
tion of mechanical performance that attributed to poros-
ity!830.85118-120 "‘Whereas, porosity can also be intention-
ally induced to realize specific functions. For instance,
the porous biomedical implants with extra-low elastic
modulus!?"22, Porosity in metals can induce the nucle-
ation of cracks due to the stress concentration under
mechanical loads'*”. Therefore, the deterioration of
ductility and dynamic mechanical performance of LPBF
printed metals is often ascribed to the presence of poros-
ity?s7112512¢ - Meanwhile, the influence and acceptance
level of porosity vary from different types of mechanical
loads**". The effects and critical indicators of porosity in
different loading situations will be discussed individu-
ally in the following subsections.

Tensile properties

Porosity causes reductions in tensile strength and ductil-
ity is a general consensus in the studies of cast
metals'?>12°, Although LPBF prints products through a
way differentiated from the traditional casting, the mech-
anical effects of porosity do share many similarities
among LPBF printed and cast metals®'?. As illustrated
in Fig. 8(a), the uniform stress field is altered in the adja-
cent region of an ellipsoidal pore and stress level is elev-
ated near the tip. For an ideal ellipsoidal pore in an iso-

tropic material, the maximum stress, opayx, is determined

by the tip radius, p, and the length of semi-major axis, b,

as'?’:
b
Omax =S 1+24/— |, (4)
P

where S is the remote stress. Stress concentration caused
by porosity can deteriorate the mechanical performance
of as-printed metals. A representative fractographic im-
age in Fig. 8(b) demonstrates the presence of LOF pores
in a LPBF printed Ti-6Al-4V sample with poor strength
and ductility.

Tensile load

A

g

LPBF printed Ti-6Al-4V,
Ours=978 MPa, £=3.7%
R ot o, A S

BRI

Porosity

|
-

Stress
concentration

b

Fig. 8 | Detriments of porosity to the mechanical performance.

(a) Schematic illustration of uniaxial tensile load applied to a sample
with inner porosity; (b) fractographic image of a LPBF printed
Ti-6Al-4V tensile sample. Figure reproduced with permission from
(b) ref.’?%, Elsevier.

Uniaxial tensile test is one of the most basic and uni-
versal mechanical tests for engineering materials®*. Im-
portant mechanical properties, such as yield strength
(YS, oy), ultimate tensile strength (UTS, ouyrs), strain at

fracture (ep), reduction of area (RA), and elastic
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modulus (E), can be determined through applying a
simple uniaxial tensile force to the sample until it breaks.
Porosity reduces the volume of material that can inter-
act with the applied force. The elastic moduli of porosity-
containing materials can be estimated by several empir-
ical models. Bert'?® suggested a model with morphologic-
al considerations of porosity based on Rossi’s'* study as:

E V KDVp,max
—=|1- 5 ) (5)
EO Vp,max

where Ej is elastic modulus of fully-dense material, V}, is

volume fraction of porosity, Vp, max is geometrically-pos-
sible maximum fraction of porosity, and K is stress con-
centration factor dependent on the morphology of
porosity. Previous studies!?»!2#13 have validated the feas-
ibility of Eq. 5 to predict the effect of porosity on elastic
modulus using both finite element method (FEM) and
experiments. The influence of porosity on YS is similar
to that on elastic modulus due to similar theoretical ana-
lyses at the elastic deformation stage'*"'*2. YS decreases
with rising porosity fraction owing to the reduction of
material as well as the crack initiation at pores. Empiric-
al studies'?3*13* have also established relationships
between porosity fraction and YS of LPBF printed metals
that similar to Eq. 5.

Porosity’s influence at the plastic deformation stage is
much more complicated compared to that at the elastic
stage because ductile fracture is inherently anisotropic*'.
Eq. 4 suggests a smaller tip radius causes a higher stress
concentration, indicating that the sharpness, or
curvature of the tip, plays a dominant role in determin-
ing the local stress. Kabir and Richter” studied the stress
distribution of an LPBF printed Ti—6Al-4V sample with
pores in it. Figure 9 presents the FEM simulated stress
profile that clearly illustrates the intensified stress nearby
pores’ sharp tips. During tensile loading, a plastic zone
will be generated surrounding a pore’s tip before the
nominal stress reaches the yield point. The tips of pores
can expand and propagate in the corresponding plastic
zones, resulting in local plastic deformation and may ini-
tiate cracks!1?7.

The ductile fracture behavior of polycrystalline metals
is presently explained by the void nucleation, growth,
and coalescence mechanism®*'35136, A set of microscopic
images of void growth—coalescence under uniaxial
tensile stress in an Al-Cu-Mg alloy are presented in Fig.
10. The porosity in LPBF printed metals are natural void
sites as discussed above. Those pores grow and facilitate

700 800 900
Von Mises equivalent stress (MPa)

LY

Fig. 9 | Simulated stress distribution profile of two pores in a
LPBF printed Ti-6Al-4V sample under identical uniaxial tensile
load. Figure reproduced from ref.®, under a Creative Commons Attri-
bution 4.0 International License.

the void nucleation in their neighborhood during plastic
deformation. When two voids become close enough, an
internal necking happens at the inter-void ligament and
leads to the coalescence of voids**!'¥’. Other coalescence
mechanisms, such as internal shearing of inter-void liga-
ment and “necklace” coalescence, can also contribute to
the void coalescence depending on the strain and distri-
bution of porosity*"'*. In addition, clustered and period-
ically-arranged porosity are prone to coalescence owing
to the smaller distances between pores and stronger
stress triaxiality*!. Thus, the spatial distribution of poros-
ity can as well influence the mechanical performance sig-
nificantly. For instance, Yadroitsev et al.'*® reported an
apparent correlation between tensile necking and
clustered inner pores in an LPBF printed Ti-6Al-4V.

It has been well established that the strain hardening
phenomenon dictates the UTS of metals*"*!%°, There-
fore, the elongation at the onset of necking (macroscop-
ic localized strain), a property that closely connected to
the porosity®*?+!**, is crucial in determining the engineer-
ing UTS of LPBF printed metals. Susmel et al.'** repor-
ted the theory of critical distances (TCD) held a good ac-
curacy in predicting the strength of notched tensile
samples, which indicates the detriment increases expo-
nentially against the rising length of pores. Voisin et al.'*!
further noted that an LPBF printed Ti-6Al-4V sample
with large, clustered subsurface porosity exhibited ap-
proximately the same UTS and ductility compared to a
sample with porosity fraction two times higher than it.
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Gliding'step:

—= Necking

Fig. 10 | Void growth and coalescence under tensile load. (a—f) High-resolution transmission electron microscopic images presenting the void
growth and coalescence during in-situ tensile loading of an Al-Cu—Mg sample, with (g) corresponding schematic illustration. Figure reproduced

with permission from ref.'3¢, Elsevier.

Those findings suggest that the periodically-arranged ar-
tificial porosity used in functional porous products may
cause more harm to the tensile properties than the ran-
domly-arranged porosity. In conclusion, large, sharp,
and clustered pores are the most influential types of
porosity at the plastic deformation stage.

Along with the increasing strain, the damage accumu-
lates through the interactions of voids till a crack initi-
ates/propagates, or the plastic instability begins'*2. This
leads to the localization of strain (“necking”) and the de-
crease of engineering strength®. Constitutive yield func-
tions have been proposed by Gurson'*, Tvergaard'*, and
Needleman'®, the porosity-related Gurson-Tvergaard-

Needleman (GTN) yield function @ is expressed as':

2 2 2
D= (—) +2q,V," - cosh <3q—m> —1—g;V,*, (6)

2
Oy 20y

where X is the von Mise stress, X, is hydrostatic stress,
q1> 92, and g3 are material constants, and V" isa func-
tion of V},. On the basis of yield functions and experi-
mental data, several numerical models have been pro-
posed to predict the correlation between porosity frac-
tion and deformation behaviors®#!3>1314  Hao and
Brocks'* incorporated the effects of strain rate and tem-
perature into the GTN model and successfully verified
their model using FEM and a 22NiMoCr37 steel sample
as presented in Fig. 11.

Haynes'¥” developed an simplified empirical model
that illustrates the reduction in ductility caused by poros-
ity in sintered metals as:
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Fig. 11 | FEM simulation of uniaxial tensile tests and corresponding comparison between experimental and predicted data of a 22NiMo-

Cr37 steel sample; the mesh is installed with cylindrical voids. Figure reproduced with permission from ref.’#¢, Springer Nature.

3
1-V))?
£ = (791 £ro » )
(1+CV7)?
where C is a material constant, and &g is strain at frac-
ture of fully-dense material. This model is applicable for

preliminary fast estimations.

Fatigue performance

Fatigue failure of metals is caused by the initiation and
propagation of fatigue cracks that similar to the last stage
of tensile failure after plastic instability occurs®!*%,
Meanwhile, the fatigue cracks are induced by cyclic load-
ings instead of a simple tension. Two systematic
reviews**!“¢ have been published recently, focusing on
the effects of defects on the fatigue performance of addit-
ively manufactured metals. Porosity is one of the most
critical roles in determining the fatigue performance of
LPBF printed metals because it can serve as fatigue crack
initiation sites'*®1%. As depicted in Fig.12, Tammas-Wil-
liams et al.”* illustrated the propagation of porosity-in-
duced fatigue cracks in as-printed Ti-6Al-4V samples.

The size, morphology, and spatial distribution of
porosity have received the most research interest since
the status of stress concentration generally dominants
the fatigue performance of metals’>*”1°0-15, Considering
the fact that morphological descriptors of all the pores in
a sample are difficult to measure, studies on the effects of
porosity on fatigue performance are mainly focused on
the size of pores’>#>86.150.15L154155 The maximum pore size
has been broadly suggested as the most critical indicator.
Statistical tools have been extensively used to estimate
the size distribution of porosity’>s>1°¢-1%, Murakami'*
proposed an empirical model to describe the relation-
ship between stress intensity factor, AKj, and the size of
spherical pores as:

AK; = 0.5A0\/ \/area , (8)
AK; = 0.65A01\/ \/area | 9)

where Ao is stress amplitude. Eq. 8 is for internal pores
and Eq. 9 is for surface pores. The stress concentration
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Fig. 12 | Fatigue crack propagation detected by CT in three LPBF printed Ti-6Al-4V samples. The red regions indicate the pores as the ini-

tiation sites of fatigue cracks. Figure reproduced with permission from ref.'*°, under a Creative Commons Attribution 4.0 International License.

elevates with increasing projected area of pores, indicat-
ing a positive scale effect.

The TCD concept has been suggested by Taylor'** as
an effective tool to establish the linkage between poros-
ity and fatigue performance. The material characteristic
length, L, is used in TCD models to evaluate the risk of
drastic reduction in fatigue limit as:

L—I(K>, (10)
7\ 0,

where K. is fracture toughness of material, and oy is
characteristic strength of material, which is closely-re-
lated to ours and determined experimentally. Defects
with length longer than L can exert significantly higher
impacts on the fatigue performance as displayed in Fig.
13154160 Taylor'®! further noted a small sample size can
lead to a smaller L, indicating the hazard of porosity may
aggravate in LPBF printed metals with complex and
small structural features. In addition, Caton et al.!'*> de-
veloped a phenomenological model to correlate the ini-
tial pore size and the fatigue life as:

da a\' 1
dT\] - Ca |:(smax®) a:| ) (11)

where a is crack length with the initial value of corres-
ponding pore size, N is number of loading cycles, C,, s,
and t are material constants, £,y is the maximum strain,
and o, is alternating stress magnitude. The aforemen-
tioned findings suggest a promising methodology for es-
timating fatigue performance directly from porosity
descriptors.

LPBF printed metal products are reported to have sig-
nificantly lower fatigue performance, particularly the
high cycle fatigue strength, compared to their wrought
counterparts®®!4. This difference is currently attributed
to the defects, the high residual stress, and the non-equi-
librium microstructures®*7>148163161 " etc. However, two
most vital descriptors, namely the irregularity and the
largest size of pores, generally increase with rising poros-
ity fraction based on the experimental results’”:18284165,

The findings above have revealed a potential that a high-
er porosity fraction may indicate higher probability of fa-
tigue crack initiation and propagation. Therefore, it is
possible to develop a constitutive model that correlates
porosity fraction with fatigue limit in the future, which
will be of great value for quick engineering estimations.

1000
900
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ELTR 5 K ST, \ SRR
_600
& 500
%400
£
=300 )
2 ¢ Experimental data
2 PM prediction
(8200 f —— | M prediction
—----LEFM prediction
-------- Inherent strength
100 L L L
1E-4 0.00 0.1 1

! Defect%?z1e (mm)
Fig. 13 | Experimental and predicted fatigue limits of silicon
carbide samples against defect size. PM, LM, and LEFM are ac-
ronyms of point method, line method, and linear elastic fracture
mechanics, respectively. Figure reproduced with permission from

ref.’>*, Elsevier.

Correlation between porosity fraction and
tensile properties of representative LPBF
printed metals

Mechanical performance is crucial for most engineering
metals. Excellent tensile properties are desired in ser-
vices under heavy/dynamic loads'®'®. Ti alloys, steels,
nickel superalloys, and Al alloys are four major categor-
ies of LPBF printed engineering metals at present®*1¢,
Four most extensively studied materials, namely
Ti-6Al-4V, 316L, Inconel 718, and AlSi10Mg, are selec-
ted as the representatives of the aforementioned four cat-
egories. Their tensile properties at room temperature are
discussed along with the influence of porosity. The fin-
ish conditions and the methods of density measurement
are noted in the tables below to specify the collected data.
Cartesian coordinates are employed to represent the
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orientations of mechanical tests as shown in Fig. 14. Z
designates the deposition (building) direction, X desig-
nates the longitudinal direction perpendicular to Z, and
Y designates the transverse direction perpendicular to
both X and Z.

Fig. 14 | Designation of the testing directions.

With the aim of finding general trends and providing
a more accessible way to predict the tensile properties,
the correlation between tensile properties and porosity
volume fraction is fitted using a simple phenomenologic-
al model as:

y = ye?" | (12)
where y is a specific tensile property (E, oy, ouTs, and €g),
yo is fitted y value of fully-dense material, and Cj, is a fit-
ted constant that indicates the sensitivity to porosity
fraction. The differences in processing parameters, strain
rates, and other factors are neglected in this review.

Ti-6Al-4V alloy

Ti—-6Al-4V alloy is the most popular Ti alloy (accounts
for more than 50% of total Ti usage) that has been vastly
used in aerospace, marine, and biomedical industries
since the 19505319, It is an «a + 3 dual-phase alloy with
excellent specific strength, good corrosion resistance,
and biocompatibility'”’. The LPBF of Ti-6Al-4V alloy
has attracted extensive interest due to the challenges in
its subtractive machining!”~'”2. With the advances in
processing optimization, as-printed Ti—6Al-4V com-
ponents are capable of achieving an excellent combina-
tion of strength and ductility without any post treat-
ments97,123,173.

Tensile properties of the Ti-6A1-4V alloy printed via
LPBF are summarized in Table 1. The as-printed
Ti—6Al-4V normally contains a high fraction of fine
martensitic grains (a-Ti) that grants high strength to the
Conventional HTs for LPBF printed
Ti—6Al-4V are stress-relief annealing and solution-

material'”4.

https://doi.org/10.29026/0ea.2022.210058

treated and aging (STA)*”'°. HTs above the effective
martensite decomposition temperature (~780 °C) can
transform martensitic phase into more stable « + f3
phases, enhancing the ductility simultaneously'®.
However, the HT-induced decomposition of fine
martensites usually decreases the strength of Ti-6Al-4V
as presented in Table 1. HIP treatments are capable of
eliminating porosity to near-zero, whereas, the simultan-
eous reduction in strength is ascribed to the high tem-
perature heating (> 1000 °C ) during HIP processing’>”’.
Meanwhile, several studies'’®!”” reported moderate ori-
entation effects on the tensile properties. The variation of
tensile properties for samples built along different direc-
tions have been attributed to the inhomogeneity of de-
fects and microstructures. Figure 15 displays the tensile
properties against porosity fraction of as-printed

Ti-6Al-4V. Phenomenological models are developed as:

E =112.72¢ %% | (13)
oy = 1090.68e %" | (14)
oyrs = 1208.53e 284" | (15)

e = 8.75¢7 07 (16)

The mean squared errors (E?) of fittings are presented
in Fig. 15 along with the fitted curves. The tensile prop-
erties maintain good when the porosity fraction is sup-
pressed to below 1%. However, ductility of as-printed
Ti—-6Al-4V appears to be sensitive to both interstitial
solutes and porosity fraction. Suppressing the porosity
fraction to below 0.5% is necessary for achieving ductile
and reliable Ti—6Al-4V products. The YS, UTS, and
ductility data spreads significantly, which is probably
caused by the variations in interstitial solutes (O, N, C,
etc.). Addition of interstitial solutes brings a remarkable
hardening effect to Ti-6Al-4V, whereas, the ductility
drops significantly once the content of interstitial solutes
exceeds a certain critical limit!7*!7,

316L stainless steel

316L SS is the second-most used austenitic SS after 304
SSi#4. The primary alloying elements of 316L SS are Cr
(16-18 wt.%), Ni (10-12 wt.%), and Mo (2-3 wt.%).
316L exhibits excellent ductility and weldability under
multiple finish conditions'*-'%. It has been extensively
used in chemical, food processing, marine, and biomed-
ical industries due to its reasonable cost, fine formability,
and good resistance to corrosion/oxidation'®"'¥7. A ma-
jor drawback of conventionally-formed 316L is the low
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Table 1 | Summarized tensile properties of LPBF printed Ti-6Al-4V samples. Data not available is marked as NA.

Condition Sample orientation Method Porosity fraction (vol.%) E (GPa) YS (MPa) UTS (MPa) &F (%) Ref.
0 109+21 1098+15 1237 +13 8.8+ 0.6
1 111+14 1150+91 1257 +74 8.0+20
As-printed z Archimedes 5 95+ 3.0 932 £ 16 1112 £ 13 66+14 ref’®
1 109+3.7 1066+91 1148 £+ 80 54+3.8
5 84 +3.0 813 £ 23 978 + 32 3.7+0.6
As-printed 0.3+0.1 1105 990+ 5 1095 + 10 8.1+0.3
NA Archimedes ref. 180
Annealed 0.3+0.1 117 £1 870+ 15 990 + 15 11.0+ 0.5
As-printed 5 105+5 1137 +£20 1206 + 8 76+2
Annealed 101+ 4 965 + 16 1046 + 6 95+ 1
Archimedes 1 reffic
As-printed . 102+7 962 + 47 1166 + 25 1.7+0.3
Annealed 110+29 900+ 101 1000 + 53 19+0.8
As-printed 112+21 1098+2 1265+4.8 9.4 +0.42
X CT 0.1 ref.'78
Annealed 117+22 1098+4.8 1170+5.7 10.9+0.75
4.4 710 760
Annealed z Archimedes NA NA ref.”®
1.6 868 944
As-printed 112.4 986 1155 10.9
Annealed (700 °C) 0.077 117.4 1051 1115 11.3
z 2D ref.o”
Annealed (900 °C) 118.8 908 988 9.5
HIP 0.012 115.4 885 973 19.0
X 1273+23 1421+120 3.2+0.5
As-printed Archimedes 0.8 NA ref.181
z 1150+ 67 1246+134 14105
HIP z CT 0 NA 912 1005 8.3 ref.4®
As-printed 1197 967 + 10 1117 £ 3 89+04
X 2D 0.6+0.2 ref.1e2
Annealed 117+ 6 937 +9 1052 + 11 9.6+04
As-printed 1056 +29 1351+ 34 55+0.8
z 2D 5 NA ref.'7®
Annealed 1098 + 41 1181+ 9 5.0+0.1
X 0.45 1050 1230 4.8
As-printed
z 0.28 1021 1186 7.7
2D NA ref.183
X 994 1083 12.7
HIP 0
z 926 990 15.8

YS (~250-300 MPa) since it cannot be hardened through
quenching'®*!%%, However, hierarchical, heterogeneous
microstructures have been discovered in the LPBF prin-
ted 316L, granting an encouraging high Y§ to the materi-
al’*¥_ The scope of this classical engineering metal is
expanding with the assistance of LPBF.

Tensile properties of the 316L SS printed via LPBF are
summarized in Table 2. The hierarchical cellular micro-
structure generated through LPBF printing is critical to
realize high strength, thus, the conventional HT is a

simple stress-relief/solution annealing to maintain most

structure, textures, and defects'***!. A general trend of
strength—ductility trade-off appears in those high-dens-
ity 316L SS samples. High laser energies as well as high-
temperature HTs can improve the ductility, whereas, it
may reduce the density of dislocations and thus the
YS!#7193 Therefore, HIP becomes a less-favorable post
treatment due to its possible damage to the YS. Figure 16
displays the tensile properties against porosity fraction of
as-printed 316L SS. Phenomenological models are de-

veloped as:

i ) o E =204.48¢ %" | (17)
of the as-printed microstructural features'®. Similar to
the Ti-6A1-4V alloy, 316L SS printed using proper para- oy = 597.33¢ " | (18)
meters exhibits excellent tensile properties without any Gurs = 7307255 | (19)
post treatments. Mechanical anisotropy has been noted
in samples printed along different directions'**'*2. These ep = 51.70e "% (20)

variations have been ascribed to the anisotropic micro-

The mean squared errors of fittings are presented in
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Fig. 15 | Summarized tensile properties of LPBF printed Ti-6Al-4V versus porosity fraction, with corresponding phenomenological

models. The red data spots are outliers that excluded from fitting.

Fig. 16 along with the fitted curves. As depicted by Eq.
20, the ductility of as-printed 316L is highly-sensitive to
porosity fraction. A nearly 40% reduction in ductility has
been observed in the samples with ~1% porosity fraction
compared to the fully-dense samples. To achieve excel-
lent ductility and UTS, the porosity fraction should be
suppressed to below 1% for as-printed 316L SS. The
spreads of data in low-porosity-fraction areas are mainly
caused by the microstructural anisotropy'*:**+1%>. The
columnar grains that grow along the deposition direc-
tion may decrease the strength of 316L samples printed
along Z direction due to a lower density of grain
boundaries.

Inconel 718 superalloy

Inconel 718 superalloy is a Ni-Fe—Cr based superalloy
with  a nominal chemical composition  of
Fe—51Ni—19Cr—5Nb—-3Mo—1Co—1Ti—xAl (in wt.%)2°%201,
It maintains outstanding strength, fatigue life, and resist-
ance to oxidation/corrosion up to 700 °C, making this
material an excellent choice for high-temperature applic-

ations®'2%, Inconel 718 is particularly favored in fabric-

ating gas turbines, combustors, and high pressure ves-
sels?00202205 As reported by Paulonis and Schirra®*, the
alloy can make up over half the total weight of a modern
aircraft turbofan engine. On the other hand, the high
strength at elevated temperatures as well as the low
thermal conductivity of Inconel 718 hinders its forging
and cold machining?”'. AM technologies including LPBF
have been therefore vastly employed in the fabrication of
complex Inconel 718 components?>2>-205, The ¢y’
(Niz(AlL Ti)) and p” (Ni3Nb) precipitates are dominating
roles in determining the mechanical performance of In-
conel 718 products*”. Proper HT's are essential for LPBF
printed Inconel 718 to achieve ideal properties3207:20%,
Tensile properties of Inconel 718 printed via LPBF are
summarized in Table 3. The STA treatment, for instance,
that recommended by AMS 56622, has long been used
as a standard HT for Inconel 718 products?*-2%>, This HT
also works well with LPBF printed Inconel 718, generat-
ing a significant precipitation hardening effect while sup-
pressing the detrimental Laves phase®!!. Anisotropic mi-
crostructure and mechanical performance have been ob-

served. Notable fluctuations in elastic modulus and YS
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Table 2 | Summarized tensile properties of LPBF printed 316L SS samples. Data not available is marked as NA.

Condition Sample orientation Method Porosity fraction (vol.%) E (GPa) YS (MPa) UTS (MPa) &F (%) Ref.
As-printed 0.2 487 + 3 594 + 4 49+ 4
Z Archimedes NA refss
HIP 0 220 570 54
As-printed X Archimedes 0.5 NA 648 744.8 52.5 ref.19
X 562.5+6.7 616.6+8.1 24.2+3.0
As-printed NA 0.05 NA ref.190
z 572 £ 8.3 635.9+6.2 38.6+28
X 173+ 8 648 + 4 772+5 248+0.3
As-printed Archimedes 1 ref. 194
z 190 + 17 588 + 10 720 £ 12 29.0+29
X 25+1.0 534 +5.7 653+34 16.2+0.8
As-printed Y 2D 3.3+1.0 NA 528 +3.9 659+32 16.6+0.4 ref.’*?
z 6.2+26 444 +26.5 567 + 18.6 8+29
As-printed 637.9+11.3 751.6+159 412+27
Annealed (1050 °C) NA Archimedes 0.3 NA 423.8+84 672.8+13.4 439+3.1 ref'®
Annealed (1200 °C) 4157+9.1 683.9+164 51.6+26
1.31+£0.20 473.1+84 6101+77 355+34
As-printed X 2D NA ref.185
0.06 + 0.02 487.1+7.2 618.6+436 55.7+25
X 1.54 £ 0.49 167 £ 12 609 + 43 681+7 28.9+3.9
As-printed 2D ref.19
z 0.85+0.27 1527 490 + 2 612+ 2 214+1.6
X 25+1.0 534 + 6 653 £ 3 16.2+0.8
As-printed Y 2D 33+1.0 NA 528 +4 659+ 3 16.6 £ 0.4 ref.'””
V4 6.2+26 444 + 27 567 + 19 8+29
0.41 541.75 653.15 56.45
As-printed z 2D 0.08 NA 531.1 632.1 59.2 ref.97
0.07 453.1 556.7 63.6
X 417 £ 19 481+ 23 18.5+3.2
As-printed 2D 4.8 NA ref.1%8
z 416+ 18 454 +12 9.7+3.8
As-printed z 219+ 41 517 + 38 687 + 40 325
z 212+ 44 463 + 34 687 + 37 25+8
X CT 0.2 169 + 22 454 + 52 750+ 8 29+2 ref.’91
Annealed
XZ (45°) 190 + 58 440 £ 52 662 + 24 28+3
XYZ (45°) 186 £ 52 409 + 64 674 £ 10 26+3
1.2 190 422
1.3 183 467
As-printed Z Archimedes NA NA ref.1%°
1.3 184 437
5.1 173 345

have been detected for both as-printed and STA-treated
samples?'?2%°, indicating the elastic modulus of as-prin-
ted Inconel 718 is highly-sensitive to processing para-
meters (sample orientations, laser energy density, etc.).
Considering the STA treatment is essential for the
hardening of Inconel 718, Fig. 17 displays the tensile
properties against porosity fraction of STA-treated In-
conel 718 superalloy. Phenomenological models are de-
veloped as:

The mean squared errors of fittings are presented in
Fig. 17 along with the fitted curves. The number of elast-
ic modulus data spots is not enough for a reasonable fit-
ting, thus the model of E is omitted for Inconel 718. A
porosity fraction below 0.5% is possibly suitable for
LPBF printed Inconel 718 to realize excellent tensile
properties. The trend of tensile properties are similar to
that of 316L. The YS and UTS drop near-proportionally
against elevating porosity fraction. The ductility of STA-

oy = 1228.74e %% | (21) treated Inconel 718 is less sensitive to the porosity frac-
tion compared to that of as-printed 316L. In addition,

Gurs = 1422.53¢ 44" (22) ! b b
the spreads of elastic modulus and ductility data are high
ep = 15.63e 7% (23) in the low-porosity-fraction areas. Therefore, the
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microstructural factors are probably the dominating
roles in determining the mechanical performance of In-

conel 718 when the porosity fraction is below 1%.

AlSi10Mg alloy

Al alloys are renowned as light-weight engineering
metals??!. AlSil0Mg alloy is traditionally a cast Al alloy
that can be hardened through HTs??!-2%, It has been ex-
tensively employed to fabricate light-weight components
in the automobile and aerospace industries, owing to its
good strength, weldability, and limited thermal expan-
sion*?22-224_ With the development of LPBF technology,
crack-free AlSil0OMg products have been successfully
printed without adding nucleants, implying a further ex-
tension of its application??3-2%°,

Tensile properties of AlSi10Mg alloy printed via LPBF
are summarized in Table 4. Solution + peak aging HT
(STA, T6) is commonly applied to cast AlSil0Mg to in-
duce Mg,Si precipitates’®. However, this hardening
method has not shown significant effect on LPBF prin-
ted AlISilOMg samples**??222°, The strength—ductility
trade-off is a common trend in heat-treated AlSil0Mg
samples?”. Chen et al.?*® ascribed the high strength of as-

printed AlISi10Mg to the hierarchical microstructure that
induced by LPBF processing, which is similar to the
LPBF printed 316L SS'®*. Girelli* reported a notable in-
crease in the porosity fraction after 510-540 °C HT. The
growth of pores is probably caused by the thermal ex-
pansion of entrapped gas since the reduction in density
elevates with increasing peak temperature and heating
time. In addition, several works®?2-23! suggested that the
mechanical anisotropy of as-printed AISi1l0Mg can be ef-
fectively eliminated by HTs at 300 °C or above. Figure 18
displays the tensile properties against porosity fraction of
as-printed AlSil0Mg alloy. Phenomenological models
are developed as:

E = 73.02e *"™" | (24)
oy = 256.66e 4 (25)
Oyrs = 395.37¢ 10 (26)
e = 6.26e 7" (27)

The mean squared errors of fittings are presented in
Fig. 18 along with the fitted curves. As depicted by Eq.
27, AlSi10Mg is a relatively-brittle material in comparis-
on to Ti-6Al-4V, 316L, and Inconel 718. The ductility of
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Table 3 | Summarized tensile properties of LPBF printed Inconel 718 samples. Data not available is marked as NA.

Condition ~ Sample orientation Method Porosity fraction (vol.%) E (GPa) YS (MPa) UTS (MPa) & (%) Ref.
As-printed 580 845 19
ST 535 870 34
STA z 2D 0.1 NA 1240 1400 9.6 ref.205
HIP 430 875 38
HIP+A 1100 1315 15
z 711+ 14 1110+ 11 245+1.1
As-printed NA 0.48 NA ref,216
X 858 + 12 1167 + 10 215+13
X 1295 1484
STA XZ (45°) NA 0.3 NA 1368 1521 NA ref.207
z 1240 1398
STA X 2D 5.43 192.3 £ 32.0 916 + 14 1112+ 15 3.24+0.13 ref?"”
0.11 173 £13 668 + 16 1011 £ 27 22+2
As-printed X 2D ref,213
0.27 113+3 531+9 866 + 33 217
X 0.03 195 1290 11
STA XZ (45°) 0.11 215 1305 9.5
CT NA ref.?14
z 0.15 165 1215 9
HIP NA 0 200 1125 18.6
As-printed 204 898 1143 22.6
X Archimedes 0 [EfSE
STA 201 1132 1319 16
0.14 + 0.06 1213 1427 9.3
0.15+0.16 1234 1455 19.2
0.16 £ 0.18 1213 1434 10.2
0.16 +0.18 1213 1420 6.9
0.18 + 0.07 1213 1420 6.9
0.29+0.18 1179 1475 13.9
STA X Archimedes NA ref.21
0.30 £ 0.22 1213 1455 10.8
0.43 +0.49 1207 1448 12.2
0.92 + 1.36 1207 1372 3.6
1.03 + 1.59 1207 1455 14.5
2.84 +5.77 1220 1406 5.7
8.47 +4.98 1179 1358 44
0.48 1100 1360 17.5
STA z 2D NA ref.219
1.35 1120 1340 19.8
0.9 770.5+21 1064.5+3.5 22.35+0.21
0.9 7725+22 1065.0+1.4 2525%0.35
As-printed NA Archimedes NA ref.?20
1.33 804.0+49.5 1076.5+28.9 16.85+0.07
1.14 800.5+7.1 1075.0+8.5 21.05+0.21
z 162+ 18 572 + 44 904 + 22 19+4
X 193 £ 24 643 + 63 991 + 62 136
As-printed
XZ (45°) 200 + 23 590 + 15 954 + 10 201
XYZ (45°) 208 + 48 723 £ 55 1117 £ 45 16+£3
NA 0.2 ref.215
z 163 £ 30 1074 + 42 1320+ 6 19+2
s X 199 + 15 1159 + 32 1377 + 66 8+6
XZ (45°) 188 £ 19 1152 + 24 13715 155
XYZ (45°) 209 + 44 1241 + 68 1457 + 55 14+5
X 216.5+3.7 7543+44 10705+116 205+0.8
As-printed z 2D 0.16 211.5+47 659.4+19.2 1018.9+0.8 239+05 ref??
XZ (45°) 2134 +27 7042%5.1 1045+.85 20.2+0.2
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Table 3 (Continued)
Condition ~ Sample orientation =~ Method  Porosity fraction (vol.%) E (GPa) YS (MPa) UTS (MPa) &r (%) Ref.
As-printed 0.23 698.2 + 15.2 995.2+12.8 33.21+1.1
STA 0.25 1237.8+13.4 1379.3+104 19.4910.54
STA 4 2D 0.23 NA 1203.3+5.5 1390.2+8.1 21.96+0.37 ref?!"
HIP + STA 0.1 1087.2+7.5 1384.7 £ 6.2 23.36 £ 0.62
HIP + STA 0.11 11109+ 7.4 1395.7+4.2 23.61+0.36
220 1500
H Lg @ Elastic modulus n @ Yield strength
210}g 14001 —— Fitted data
= e E?=44.98
% 200 tg & 1300 K
S b S ko
S190f, = £ 1200 %
35 (2]
] c ;
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Fig. 17 | Summarized tensile properties of LPBF printed Inconel 718 versus porosity fraction, with corresponding phenomenological

models. The red data spots are outliers that excluded from fitting.

as-printed AISil0Mg is extremely sensitive to the poros-
ity fraction. Fatal cracks may initiate from the pores at an
early stage of tensile deformation, resulting in high
spreads of ductility and UTS data. To conclude, the elim-
ination of porosity is vital for less-ductile metals such as
LPBF printed AlSi10Mg'"****2, The porosity fraction of
as-printed AlISil0Mg should be as low as possible
(< 0.1%) to reduce the risk of crack initiation.

Comparison of tensile properties between LPBF
printed metals and their traditionally-fabricated,
porosity-free counterparts

The optimal tensile properties of the four aforemen-
tioned LPBF printed metals are summarized in Table 5,
along with those of their porosity-free wrought/cast

counterparts. Ti-6Al-4V, 316L, and Inconel 718 prin-
ted under optimized processes exhibit apparently superi-
or YS and UTS than their wrought counterparts. The as-
printed AlSi10Mg lacks Mg,Si precipitates, leading to a
slightly lower YS compared to that of STA-T6-treated
cast AlSi10Mg. The ductility of as-printed Ti—-6Al-4V
and Inconel 718 has reduced simultaneously as expenses
for hardening. Nevertheless, the ductility of as-printed
316L and AlSil0Mg has been enhanced owing to the
unique hierarchical microstructures generated by LPBF
processing. All four LPBF printed metals hold elastic
moduli that comparable to their wrought/cast counter-
parts when the porosity fraction has been suppressed to

near-zero. However, the anisotropic elastic moduli
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Table 4 | Summarized tensile properties of LPBF printed AlSi10Mg samples. Data not available is marked as NA.

Condition Sample orientation  Method  Porosity fraction (vol.%) E (GPa) YS (MPa) UTS (MPa) &r (%) Ref.
X 264 + 4 452 + 1 8.6+ 1
As-printed 0
z 247 +1 482+1 6.5+0.3
Archimedes NA ref.*®
X 277 £1 332+1 58+0.2
STA (T6) 2.31
z 248+14 299+24 5111
5.67 248
As-printed X Archimedes NA NA NA ref.2%3
0.71 330
As-printed X 2D 0 NA 327 470 8 ref.23
X 0.01 2412+1.0 379.6+4.5 8.1+04
As-printed XZ (45°) CT 0.06 NA 239.1+6.2 367.8+4.4 57+0.8 ref?®
z 0.08 236.8+6.2 351.8+6.5 8.3+0.3
282.2
As-printed X
353.3
343.1
STA (T6) z
330
2D 1 NA NA NA ref.226
248.9
As-printed 300 °C pre-heated X
270
353.1
STA (T6) 300 °C pre-heated z
341.1
py 71.3 168 267 8.6
69.0 170 267 9.5
70.3 170 272 7.8
Annealed (300 °C) Archimedes 1.87 refiast
> 70.1 170 277 8.7
69.5 168 273 8.2
73.0 167 269 8.0
. 180 287 14.3
Annealed (300 °C) zX Archimedes 0.02 NA ref.5”
182 285 17.9
X 0.08 73 243+ 7 330t3 6.2+0.3
Annealed (300 °C) + shot peened Archimedes ref.230
z 0.07 72 231+3 329+2 41+0.2
As-printed 683 396+8 3506
X Archimedes 0.6 NA ref.2%?
Aged (175 °C) 665 399+7 33+04
1.73 215 275 1.3
As-printed 0.25 225 297 1.65
z 2D/CT NA ref.???
2 206 280 1.48
STA (T6) 1.1 213 225 1.1
As-printed 77+5 2682 292+4 1403
X NA 0.06 ref.2%0
STA (T6) 73+4 239+2 333+15 39+0.5
X 68 +3 391+6 555+04
As-printed Archimedes 1.5 NA ref.2%
z NA 396+8 3.47 £06

discovered in as-printed 316L and Inconel 718 demand
extra attention in applications!*»194195212-215 T summary,
the tensile properties of LPBF printed metals can be
comparable to, even superior to those of the tradition-
ally-fabricated, porosity-free counterparts. Suppressing
the porosity fraction to certain acceptance levels is essen-
tial for achieving excellent mechanical performance. On
the other hand, metals with high porosity fractions may

be intentionally printed to pursue lower moduli.

Controlling the porosity in LPBF printed
metals

The relative density of LPBF printed metal products has
always been a primary metric to evaluate their usability.
As displayed in the sections above, the presence of high
porosity fraction or large-scale porosity exhibits substan-
tial detriment to the mechanical performance. Products
with minimum fraction of porosity are generally pre-

ferred for their better performance and reliability.
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Fig. 18 | Summarized tensile properties of LPBF printed AISi10Mg versus porosity fraction, with corresponding phenomenological

models. The red data spots are outliers that excluded from fitting.

Table 5 | Summarized optimal tensile properties of LPBF printed Ti-6Al-4V, 316L, Inconel 718, and AISi10Mg samples, as well as their

porosity-free counterparts. Data not available is marked as NA.

Material Condition Porosity fraction (vol.%) E (GPa) YS (MPa) UTS (MPa) &F (%) Ref.

Wrought 0 108.2 944 1045 24.7 ref.2%6

Ti-6AlI-4V As-printed (optimal) 0.1 112+2.1 1098 + 2 1265+4.8 941042 ref. 17
Predicted (optimal) 112.72 1090.68 1208.53 8.75 This work

Wrought 200 255-310 535-623 30-40 ref.2%7

316L As-printed (optimal) 0.2 NA 637.9+11.3 751.6+159 412+27 ref.193
Predicted (optimal) 204.48 597.33 730.72 51.70 This work

Wrought + STA 200-211 1048-1138 1317-1348 19-21 ref.?15

Inconel 718 As-printed + STA (optimal) 0.2 209 + 44 1241 + 68 1457 + 55 14+5 ref.?15
Predicted (optimal) 0 NA 1228.74 1422.53 15.63 This work

High-pressure die cast + STA (T6) 0 71 285-330 330-365 85 ref.2®

AlISi10Mg As-printed (optimal) 0.08 NA 264 +4 452 +1 8.6 +1 ref.*®
Predicted (optimal) 0 73.02 256.66 395.37 6.26 This work

Samples printed using matured materials, such as
Ti-6Al-4V and AlSilOMg, are capable of achieving
near-full density and excellent performance. Whereas,
challenges still exist in the LPBF processing of refractory,
brittle metals, and metal matrix composites®”->*°. To sup-
press the porosity in as-printed metals is crucial yet be-

neficial for the repeatable fabrication of high-quality

products. The porosity controlling methods can be di-
vided into three primary categories at present: the pro-
cessing optimization, the post treatments, and the online

monitoring.

Processing optimization

Processing optimization is the most accessible approach
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to suppress porosity formation'®®2%, This optimization is
frequently performed as an initial step of studies on
LPBF.

Yadroitsev et al.>* suggested three major categories of
processing variables: the feedstock powder, the laser
parameters, and the strategy of manufacturing. The
granulometry and morphology of feedstock powder are
predominant roles in determining the properties of as-
paved powder bed*!?%. Using feedstock powder with
good flowability and proper size distribution can pave a
denser and more homogeneous powder bed, resulting in
less porosity after printing?!.

Most commercially-available LPBF machines allow
certain customization/adjustments to the processing
parameters. Laser power, scanning velocity, hatch spa-
cing, and layer thickness are parameters that have been
mostly adjusted??+232243, Figure 19 illustrates the signific-
ant variation in molten pools that generated through ad-
justing the aforementioned parameters. The optimiza-
tion of laser parameters can contribute considerably to
the stabilization of molten pool'*®. Hence, ideal melting

tracks combined with proper overlap rates are essential

ﬂ Laser power (W)
/

for eliminating the processing-induced porosity**‘. Nu-
merical methods, particularly the FEM simulations, have
shown great potential in guiding the processing optimiz-
ation?824>2%_ Khairallah et al.?® performed multiphysics,
high-fidelity LPBF simulations on Ti-6Al-V and 316L,
using an advanced full-laser-ray-tracing heat source. An
optimized laser power map to reduce spatter and poros-
ity has been proposed based on their simulations.
However, such high-fidelity simulations demand enorm-
ous computing power and extremely-complicated mod-
eling. Current high-fidelity simulations are mostly lim-
ited to a single track or a single layer?. Substantial im-
provements in processing parameters demand for prac-
tical multi-track and multi-layer simulations, which are
presently at an initial yet promising stage?%2.

Other parameters of manufacturing, such as the pre-
heating temperatures, the scanning patterns, the orienta-
tions to place components, and the speed/blowing direc-
tion of shielding gas, can be further utilized to suppress

the porosity. Adjusting these minor parameters lead to

varied thermal behaviors, which may influence the melt-
ing177,233,250,251‘

Anwar and Pham?* reported notable

200 500 pm . P
Droplets
“500_um"
200 500 800 1100 1400
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n [ : 1
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Solidified .’ l P Powder Solidified Overlapping
track Void track zone
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Unmelted
powder

Previous layer

Fig. 19 | The influence of LPBF processing parameters. (a) Cross-sections of single scan tracks of LPBF printed AlSi10Mg; (b) schematic il-

lustration of the porosity formation due to inappropriate overlap rates. Figure reproduced with permission from: (a) ref.?®2, Taylor & Francis; (b)

ref.2*4, Elsevier.
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differences in the amount of laser spatter for samples
printed along different directions. Extra attention should
be paid to these minor processing parameters when
printing materials that are prone to forming porosity.

Post treatments
HTs and machining after LPBF printing are capable of
reducing the porosity fraction. Owing to the entrapped
gas in pores, pressure-less HTs are generally not feasible
for the elimination of porosity’~*". Thermal expansion of
entrapped gas may even induce porosity growth in less-
stiff materials*®. HIP treatment has been employed in
casting and PM for over 60 years to reduce the inner
voids’. This treatment applies high isostatic pressure to
the products via the surrounding medium (usually inert
gases) at elevated temperatures®>. Heating and pressing
facilitate the closure of void-type defects thorough lower-
ing the YS while raising the diffusivity**>. Proper HIP
treatments can significantly increase the ductility of
LPBF printed metals!¢*15720525¢ The strength, in particu-
lar UTS, may also increase after HIP due to the densifica-
tion and elongated strain-hardening stage’. Substantial
improvements in fatigue performance have been repor-
ted for LPBF printed less-ductile metals after HIP#255-257,
However, the benefit on fatigue performance disappears
for the dense and ductile LPBF printed 316L SS**°. This
phenomenon is probably caused by the microstructural
evolution and corresponding loss in strength after HIP.
The heating of HIP can induce grain growth, decomposi-
tion of nonequilibrium phases, and reduction in disloca-
tion density?>. Therefore, the parameters of HIP request
elaborate optimization to achieve positive influences.
Surface and near-surface defects can be removed by
post subtractive machining. Samples with polished sur-
faces always exhibit better fatigue performance than
those with rough surfaces since the surface defects hold
the highest probability of crack initiation®*7>!%3. The hy-
brid additive manufacturing technology has emerged in
recent years as a promising tool for in-situ defect elimin-
ation*?*°, Products can be printed and then precisely
machined within a hybrid machine, saving considerable
time and labor cost. With the guidance of evaluation
tools (e.g. CT), the subtractive methods can be more ef-
fective in eliminating porosity and other near-surface
defects.

Online monitoring
The online (or in-situ) monitoring of LPBF processing
has attracted intense research interest in recent

years?2%0-26¢2. Optical sensors, pyrometers, thermo-
couples, and other sensors have been implemented for
the real-time monitoring of processing®*?. The online
monitoring technologies provide more information, par-
ticularly on the laser—matter interactions and the melt-
ing/solidification behaviors, than the traditional offline
measurements®**2**, The formation, dimensions, mor-
phology, and locations of defects can be captured dir-
ectly through online monitoring without any destruc-
tion to the products®!?>. Such details can act as strong
evidence for the subsequent processing optimization (see
Fig. 20). Cunningham et al.” determined the critical
threshold of laser parameters to avoid unfavorable key-
holes on the basis of online synchrotron X-ray imaging.
Through analyzing the temperature feedbacks of molten
pool, a closed-loop system that equipped with adaptive
laser control has been built by Renken et al.?%¢. It reduces
the risk of defect formation through stabilizing the melt-
ing process. Furthermore, multi-sensor monitoring
should be capable of providing coupled information in-
cluding image, temperature field, and acoustic data.
Those data can provide more detailed insights into the
LPBF processing, which will be of great value for both re-

search and industrial applications.

Offline CT slice

Fig. 20 | Comparison between online monitoring and offline CT
images. (a) The image acquired through online optical monitoring
and (b) the offline CT slice at the same layer of a LPBF printed
AISi10Mg sample. Figure reproduced with permission from ref.?%,
Springer Nature.

Challenges and potential opportunities

LPBF printed metals are now serving in diverse indus-
tries'®. As a rapid-growing technology, LPBF has its fair
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share of scientific and technological challenges. The
mechanical performance of LPBF printed metals can be
significantly influenced by porosity. Challenges on the
evaluation and suppression of porosity stem from the
limitations in evaluation methods and the complex
laser—matter interactions during LPBF processing. On
the other hand, opportunities exist at where the obstacles
located. Potential solutions that may be helpful are
provided in the following contents. Key concepts of this
section are summarized in Fig. 21.

From detection to evaluation

® Formation mechanisms

® Comprehensive evaluation

* In-situ observations * Comprehensive evaluation of

» High-fidelity simulations it CEsEpiEs
* For practical multi-layer printing * Feasibility and portability

i Accessibility and economy J

" @ Precise predictions "\ / @ Evolution and compatibility

+Online monitoring and adaptive
laser controlling

* Introduce continuum mechanics
* 3D reconstruction of real products

* Introduce spatial statistics *Standardization of machines and
| | feedstock powders

Fig. 21 | Challenges and potential opportunities for the study of
porosity in LPBF printed metals.

Formation mechanisms of porosity in multi-layer
printing

Great developments have been made in understanding
the formation of porosity in single-track printing. A clear
formation process of gas porosity has been revealed us-
ing in-situ synchrotron X-ray imaging®. High-fidelity
FEM simulations of single melting track have been per-
formed based on the synchrotron X-ray observations®.
However, the track-by-track, layer-by-layer LPBF print-
ing generates complicated thermal cycles, resulting in a
thermal history that definitely differs from that of single-
track investigations. The formation mechanisms of
porosity in practical multi-layer printing have not yet
been well-studied. This challenge may be addressed in
the future using evolved instruments and FEM
codes/models. Establishing a database of LPBF-printable
metals shall accelerate the research progress on this issue,
since physical properties of materials are indispensable
for numerical studies. The sensitivities to porosity of
various metals can also be included in this database,
which will be helpful to avoid the expensive trial-and-er-
ror testing in designing processing parameters.

Comprehensive and accessible evaluation of
porosity

The merits and drawbacks of currently-available poros-
ity evaluation methods are conspicuous as discussed in
above sections. NDE methods lack the ability of pre-
cisely measuring the dimensions or the small-scale fea-
tures of porosity, while DE methods are time-consum-
ing, costly, and even unacceptable in industrial applica-
tions. The CT method has been widely used in academia
since it can provide 3D reconstructions of porosity,
whereas, the dimensions of samples have been strictly
limited (generally in millimeter scale) by the flux of X-
ray as well as the samples’ density. Besides, the inferior
portability of CT scanners is a major drawback for indus-
trial applications. Therefore, a comprehensive evalu-
ation method with 3D measuring ability, good accuracy,
and reasonable portability can raise a revolution in the
evaluation of porosity. The online monitoring appears to
be a promising approach since it is capable of providing
images of every layer, even every scanning track, without
additional time-consumption or any destruction to the
products. 3D reconstruction through stacking those on-
line-captured images is technically feasible. Furthermore,
a multi-sensor online monitoring system should be able
to provide graphical information coupled with thermal
data, which is valuable for the in-depth investigation of

porosity formation.

Precise prediction of the mechanical performance
of LPBF printed metals

As displayed in this review, the majority of predictive
models on mechanical properties are staying at the phe-
nomenological stage presently. However, the models
based on continuum mechanics have shown ability of
predicting the mechanical behaviors of isotropic materi-
als with internal porosity'*®. This technique may be able
to be extended to the LPBF printed metals. The actually-
detected porosity can be incorporated into the 3D-recon-
structed models as the base of FEM meshes. Therefore,
high-fidelity simulations of mechanical tests can be per-
formed with the assistance of modern porosity evalu-
ation tools (e.g. micro-CT). In addition, the spatial stat-
istics should be introduced into the product qualifica-
tion. The influences of porosity is closely-related to its
spatial distribution. Clustered and near-surface porosity
can be given “more weight” in a spatially-related risk

model.
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Evolution and compatibility of machines and
feedstock powders

Monitoring and adaptive control of laser processes have
been successfully implemented in laser cladding, direct
energy deposition, and other manufacturing technolo-
gies®®*. On the basis of real-time feedbacks, laser para-
meters are adaptively controlled during processing to
achieve better products. A closed-loop, in-process inter-
vention system can eliminate the defects automatically
during LPBF processing, improving the quality and re-
peatability of products. This technology seems prom-
ising to be implemented to LPBF since a simple laser
remelting can remove most of the porosity within a lay-
er’”. LPBF machines equipped with a porosity con-
trolling system will be favored by the materials that not
suitable for HIP treatment (e.g. 316L and AlSil0Mg).
Furthermore, standards for qualifying the as-printed
products are developing rapidly owing to the efforts of
many organizations such as the ASTM*®. The develop-
ment of standards for machines and feedstock powders,
however, is relatively sluggish. Significant influences of
feedstock powder on the quality of as-printed products
have been well-established*’. Moreover, useful porosity-
controlling techniques, such as the “skywriting”, have
been developed by the manufacturers of LPBF machines
but not yet been standardized?®. Establishment of ma-
chine and feedstock standards will be of profound signi-
ficance to the compatibility and repeatability of LPBF
printed metals.

Concluding remarks

The rapid-expanding applications of LPBF printed
metals demand for high-performance yet reliable
products. As the most universal defect in LPBF printed
metals, porosity plays a critical role in determining the
mechanical performance and reliability of printed
products. A systematic review on the formation, evalu-
ation, effects on mechanical performance, and con-
trolling methods of porosity has been presented in this
work. The achievements and challenges have been critic-
ally reviewed, with a statistical analysis on the correla-
tion between porosity fraction and tensile properties of
four representative metals. This review attempts to
provide an overview of the studies focused on the poros-
ity in LPBF printed metals along with potential oppor-
tunities for future researches.

Porosity generates primarily from the complicated
laser—matter interactions during LPBF processing. The

https://doi.org/10.29026/0ea.2022.210058

instabilities in molten pool can induce residual gas pores
after solidification. The LOF induced by inappropriate
processing parameters, spatter shadowing, and other
mechanisms can also generate porosity in as-printed
metals. The formation mechanisms of single-track print-
ing have been well-established on the basis of in-situ
imaging and advanced FEM simulations, whereas, the
porosity generated during multi-layer printing has not
yet been illustrated clearly.

NDE and DE methods have been extensively em-
ployed in the evaluation of porosity. Projected area, AR,
and sphericity have been used as common descriptors to
porosity. NDE methods (e.g. the
Archimedes method) can provide an accurate overall

evaluate the

quantity of porosity. The resolution of NDE imaging,
however, is highly-dependent on the dimensions of
samples and the performance of instruments. DE meth-
ods hold an intrinsic advantage of providing precise de-
tails on the morphology and spatial distribution of
porosity, although the applications of DE methods are
hindered by their destructive nature. Statistical tech-
niques (e.g. the EVS) have exhibited a good ability in en-
hancing the generality of limited measurements. Incor-
porating the spatial information of porosity into evalu-
ation may be a substantial improvement for future
studies.

The presence of porosity is detrimental to the mechan-
ical performance of LPBF printed metals, particularly to
the tensile properties and fatigue performance. Large and
irregular pores are severe stress raisers that facilitate the
initiation and propagation of cracks. Statistical analysis
in this review shows ductility is most sensitive to poros-
ity among several key tensile properties. The critical lim-
it of porosity fraction before drastic performance degrad-
ation is also closely related to ductility. Ductile metals
such as 316L SS can sustain apparently higher porosity
fractions than the brittle metals such as AlSil0OMg.
Thermal expansion of entrapped gas in porosity de-
mands extra attention during post treatments. High-
temperature and long-time HTs may induce hazardous
porosity growth in less-stiff materials.

Processing optimization is currently the most feasible
way to control the porosity in LPBF printed metals. Post
HTs with applied pressure are able to further minimize
the porosity to a near-zero level. However, HT's are not
omnipotent due to the microstructural changes and
porosity growth that may happen at elevated temperat-

ures. Online monitoring instruments have been
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implemented to assist the in-depth LPBF processing op-
timization. On the basis of online monitoring and adapt-
ive laser control, automatic defect suppression through
in-process intervention can emerge in the near future.

Further study on the formation mechanisms of poros-
ity is requesting for advanced monitoring instruments
and high-fidelity simulations. On the other hand, devel-
oping NDE methods with excellent detectivity and port-
ability are crucial for the porosity evaluation in LPBF
printed metal products. 3D reconstruction based on the
online monitoring images may be a promising solution.
Semi-empirical models incorporated with continuum
mechanics and spatial statics should be of great value in
predicting the mechanical performance of LPBF printed
metal products. The standardization of machines and
feedstocks can further improve the repeatability and
reliability.

In summary, studies on the porosity in LPBF printed
metals are essential for improving mechanical perform-
ance and reliability. Understanding the formation and
effects of porosity is an important step to the complete
understanding of process-structure-property relation-
ship. Quantitative investigations are requested by the
prediction and simulation of mechanical behaviors. With
the development of physical theories and models, the
formation of porosity can probably be controlled accur-
ately using evolved equipment in the future. The poros-
ity in LPBF printed metals may even be utilized deliber-
ately to achieve specific functions.
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