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X-ray tomography has emerged as a uniquely powerful and non-destructive tool to analyze defects in additive
manufacturing. Defects include unintended porosity, rough surfaces and deviations from design, which can
have different root causes and can vary significantly among samples. Powder material properties, non-uniform
delivery of the powder layer, deformation during manufacturing, deviations from optimal process-parameters
caused by changes in the laser beam, the optical components and the scanning system operation, may result in
lack of fusion pores, metallurgical pores, keyhole pores, etc. These different types of pores have different typical
sizes, shapes and 3D distributions. All types of defects have effects on the mechanical properties of a final part.
The use of X-ray tomography to visualize pores in parts (non-destructively) prior to mechanical testing has
allowed us to improve our understanding of the effect of this porosity on the mechanical properties of the part
(also referred to as “effect of defect”). This can provide the possibility to discriminate critical defects from harm-
less ones, and thereby build confidence in additivemanufacturing processes. This paper reviews the current state
of knowledge with regard to the “effect of defect” inmetal additive manufacturing, and highlights some relevant
examples from our recent work.
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1. Introduction

Additivemanufacturing (AM) and especiallymetal laser powder bed
fusion (L-PBF) is a fast growing manufacturing technology allowing ex-
cellent mechanical properties for final end-use parts [1–5] in various
material types [6], especially for complex geometries and optimized de-
signs which are often impossible to realize by other manufacturing
methods [7–9]. The rapid and significant progress in AM over the last
decade opens great market potential for L-PBF [10,11]. As AM technol-
ogy has become better understood, its applications are increasingly
being adopted in various industries. Bone replacements by personalised
AM implants are now becoming common practice [12,13]. Automotive
and aerospace industries have also shown great interest in metal L-
PBF components [7,14]. The fabrication of directly printed components
with microscale resolution is also of interest to dentistry and jewellery
industries [15]. Furthermore, various engineering devices, tools and
sensors including heat exchangers and heat sinks for the energy conver-
sion sector is envisioned [16,17]. L-PBF is suitable for in-situ alloyedma-
terials and metal matrix composites and could offer customized
functional products for a wide range of engineering applications
[18–20]. Additive manufacturing or 3D printing, as a new paradigm of
manufacturing, permits the design and production of “metamaterials”
with targeted and tunable mechanical, fatigue, acoustic, and even bio-
integration properties [21]. AM is also able to produce self-
transforming structures that can respond to an external input, or so-
called ‘4D printing’ of smart materials [22–24].

The presence of manufacturing defects or flaws can have a negative
influence on mechanical properties of final produced parts, for all pro-
duction methods – not only additive manufacturing. Therefore it is im-
portant to constantly improve processes and minimize defects which
can have such influences. With the emergence of X-ray tomography
for inspection of defects in parts, it became possible to inspect final
parts and reject them based on defect size or location, according to
some criteria. This has become routine for industrial inspection of cast-
ings, injectionmoldings and composites as summarized in the review of
industrial applications of X-ray tomography [25]. The use of X-ray to-
mography has been reviewed for materials sciences [26,27], metrology
[28] and additive manufacturing [29,30]. The time and cost benefits of
X-ray tomography for screening AM parts was confirmed in recent
work [31], where it was convincingly shown that CT scans allow quick
investigation of largermaterial volumes in comparisonwith destructive
and more time-consuming metallographic preparation and analysis.

With the ongoing development of additivemanufacturing and L-PBF
in particular, it is becoming clear that pores and pore distributions are
very complex. Various process parameters, scanning and building strat-
egies, feedstock materials, deformation during manufacturing or other
factors lead to a wide range of potential flaws and resulting pore
shape and size differences and total volumetric porosity values. The for-
mation of different pore types are discussed in various publications, see
for example [32–40]. There is also a wide variety of possible effects of
these pores on the mechanical properties, which is not yet fully under-
stood. For example it can be expected that irregular lack of fusion pores
aremore likely to act as stress concentrators as compared to small near-
spherical metallurgical or gas pores, but this has not explicitly been
tested due to the only recent emergence of X-ray tomography in “effect
of defect” studies, and the difficulty (up to now) in inducing controlled
pore distributions.

The reported mechanical properties of metal AMmaterials vary sig-
nificantly between studies, especially showing large scatter in fatigue
tests [41,42]. A summary of mechanical properties of L-PBF metals is
provided in [42,43]. In most publications of L-PBF of metals and reports
of their mechanical properties, the focus is usually on relating the mi-
crostructure to themechanical properties and demonstrating the aniso-
tropic microstructure in as-built samples. While microstructure is
obviously important, the “effect of defect” is increasingly being ac-
knowledged in recent years and needs to be investigated in more detail
as outlined in [41,43]. This is because various defect types may be pres-
ent in widely varying total content values, maximal sizes, locations and
distributions (random vs structured), depending on the production sys-
tem [1]. Some early L-PBF optimization studies reported at best a den-
sity of 87% (13% porosity) [44], with improvements over the years
resulting in much higher density and typically achieved densities
N99% (b1% porosity) as demonstrated using Archimedes method, anal-
ysis of cross-sections by SEM, opticalmicroscopy andX-ray tomography
[5,36,45]. It is even possible to generate porosity values as low as 0.002%
using optimized process parameters as for example in [46]. This covers a
wide range of porosity: from 13% down to 0.002%.

Complex shapes of parts, powder delivery peculiarities, random dis-
tribution of powder particles with different sizes and shapes, particle
ejection during scanning, fluid flows in the meltpool and unstable for-
mation of single tracks with ripples and humping that forms uneven
layers can all lead to the formation of porosity. Even with optimal L-
PBF process-parameters, appropriate and verified scanning and building
strategies, various errors or imperfections can occur. The probability of
pore formation in 3D L-PBF parts cannot be excluded [47], and it is ex-
pected that higher porosity will have a stronger effect on mechanical
properties.

As was shown in [48–51], hot isostatic pressing (HIP) is a powerful
instrument to eliminate porosity and to change the microstructure in
AM parts. HIP has a beneficial effect on ductility and fatigue resistance
especially for samples with polished/machined surfaces without de-
fects. However, despite the improvements, surface defects are retained
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after HIP and this deteriorates the performance properties of AM parts
[48,50]. In study [49] it was found that in HIPped electron beammelted
titanium parts, pores re-appeared after high temperature annealing
(post-HIP) due to the low diffusivity of argon in titanium. In another
study, when L-PBF samples were produced in vacuum, HIP with subse-
quent heat treatments further reduced porosity from 0.095% to 0.067%
and 0.044% correspondingly [52]. In this case the porosity did not en-
large due to heat treatment after HIP, due to the pores not containing
gas initially. In another study, the formation of alpha-case in Ti alloy oc-
curred with oxygen contamination of the Ar protective atmosphere in
which the HIP treatment was conducted and this significantly deterio-
rated the fatigue properties of cellular L-PBF Ti6Al4V structures [53].
In a recent study [54], HIP treatment was done for complex L-PBF
Ti6Al4V cellular structures. Pores in the as-built struts (0.5%)were elim-
inated by HIP as was shown by CT scans at isotropic voxel size near
20 μm. It was found that HIP also modified the microstructure, improv-
ing the ductility and leading to continuous stress-strain curves of the
cellular specimens: struts under compressionwere plastically deformed
rather than fracturing layer-wise. Therefore, HIP parameters and their
optimization for AM parts as well as post-treatment processes and pro-
cedures deserve separate detailed studies. But primarily, optimization of
L-PBF process for individualmaterials is required tominimize defects as
far as possible in as-built parts.

X-ray tomography is critical in providing non-destructive insights
into porosity values and also on pore distributions. Ideally this can be
done prior to mechanical tests to clearly reveal the effect of the defects
– relating unexpected premature failures to specific defect types, loca-
tions or distributions. Other competing parameterswhich also influence
themechanical properties are the surface roughness, residual stress and
microstructures: the relative importance of each of these in determining
the mechanical properties is not always known and can vary between
materials. The use of X-ray tomography for inspection and qualification
of additively manufactured parts was discussed in detail in [55,56] and
the need for more detailed “effect of defect studies” was highlighted in
these papers. There are also some limitations to the applicability of CT
scans, especiallywith regard to the resolution limit aswas shown in var-
ious studies [26,28,29,48,57,58].

The mechanical properties themselves refer to a range of properties,
which includes modulus of elasticity, strength (yield strength and ulti-
mate strength), ductility (reduction of area or elongation up to frac-
ture), toughness, hardness, etc. for static/quasi-static loading. For
dynamic loading, both high number of cycles to crack initiation and
crack growth resistance are desired. For each material type, there typi-
cally exists standards for wrought or cast material, which can be taken
as a reference to which L-PBF materials must adhere. For example, for
Ti6Al4V ELI, the minimum prescribed values for L-PBF are given in
[59] with elongation N8%, yield strength N760 MPa. A summary of liter-
ature studies of additively manufactured Ti6Al4V is given in [43,60] and
this demonstrates a wide range of values obtained in various different
studies. In the case of L-PBF tensile samples that were machined from
solid bars producedwith an ISO certified process for 3Dprinting ofmed-
ical devices, the properties obtained adheres to the minimum require-
ments very well: annealed L-PBF Ti6Al4V with elongation up to 20%
was demonstrated [60]. In this case porosity was extremely small
(b0.02%), with all pores b0.2mm in diameter and randomly distributed
in the parts. However when complex parts are manufactured, deforma-
tions and vibrations of thin features may cause redistribution of pow-
ders which can lead to porosity as discussed in [61,62]. The question is
–when some larger pores might be present due to variousmanufactur-
ing errors, at what point does this affect the obtained mechanical prop-
erties and become a threat to critical use, e.g. in medical or aerospace
applications?

The aim of this overview paper is to present some insight into the ef-
fect of defects on laser powder bed fusion materials, especially Ti6Al4V.
Priorworks have focused heavily on the role ofmicrostructures and also
surface roughness [63,64]. In one recent review paper the effects of
various manufacturing parameters in L-PBF which affect mechanical
properties of parts, including effects of porosity and surface roughness,
was examined [65].

The focus of this paper is mainly on porosity and a discussion of var-
ious recent studies where the correlation between porosity and me-
chanical properties is demonstrated. The goal is to improve the
general understanding of the role of pores, the criticality of pores, the
prediction of mechanical properties and eventual quality control and
quality improvement of L-PBF materials. This overview is not exhaus-
tive of the available literature, but rather focuses on the applicability
of non-destructive X-ray computed tomography insights and uses
some examples from the authors' ownwork to identify some key trends
in this area. In addition, key areas for future work are highlighted.

2. X-ray tomography

X-ray micro computed tomography (microCT or simply X-ray to-
mography or CT scanning) is an emerging technology used to non-
destructively investigate the structural integrity and internal details of
samples in various research application fields including materials sci-
ences [26], geosciences [66], concrete and asphalt building materials
[67], biological materials [68–71] and also in industrial applications
[25,72]. The non-destructive nature of themethod allows the investiga-
tion of internal defects such as porosity and cracks in parts, in addition
to checking geometrical accuracy for all surfaces including complex
and internal features. The use of the technique in additive manufactur-
ing is already well-known and various different applications exist as
there is a huge synergy between the complexity in L-PBF and the ability
to analyze these complex features by X-ray tomography, as discussed in
the comprehensive review paper on this topic [29]. Most importantly,
the use of the technique to improve process parameters using high res-
olution analysis of coupon samples holds great promise, as this can help
to refine parameters to minimize unwanted defects in the manufactur-
ing process. A schematic of the X-ray tomography process is given in
Fig. 1, using the example of a 3D printed sample with internal lattice.
The X-ray tomography result shows the presence of powder within
the sample between the lattice struts.

It is already widely appreciated that X-ray tomography can be used
to detect and measure defects in additively manufactured metals, as
discussed above. It is also known as an accurate dimensional measure-
ment device [73]. What is not yet widely known is that when the sam-
ples are small enough, the resulting images can be indicative of the type
of defect and its cause, as different defects have different characteristic
sizes, shapes and 3D distributions. A recent round robin study where
parts were produced at various metal L-PBF production facilities and
subsequently analyzed by X-ray tomography under identical condi-
tions, showed the presence of a variety of different defect types and dis-
tributions, evenwhile all parts had a density over 99.87% [37]. Examples
of these are shown in Fig. 2. This analysis was performed using a newly
developed standardized workflow for X-ray tomography scanning and
image analysis steps, using a 10 mm cube sample of Ti6Al4V [74]. Sim-
ilar procedures were developed for X-ray tomography-based determi-
nation of mean density [75], surface roughness [64] and for powder
analysis [76].

The different porosity distributions as seen above arise from differ-
ent process imperfections. In the examples shown, the irregular random
porosity in the first example (sample A) is most likely due to lack of fu-
sion, the cause of whichmay be non-optimal process-parameters, prob-
lems with powder delivering and so on. It seems that this sample was
manufactured without contouring and the very rough top and side sur-
faces indicate the presence of balling effect, which confirms the assump-
tion of non-optimal process-parameters [47]. The porosity in the second
example (sample B) is likely due to either an incorrect overlap spacing
between contour and hatch scan patterns, or due to keyhole generation
at the edges of scan tracks, when the laser slows down to turn around,
resulting in higher energy input near the contours [77–80]. Similar



Fig. 1. Schematic of the X-ray micro computed tomography process, taken from [29].
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results of keyholemodepores near the end of scan trackswere shown in
[81] with electron beam PBF (E-PBF) of Ti6Al4V components. The third
example (sample C) shown contains spherical pores under the top sur-
face of the sample mainly, which is suspected to be keyhole mode po-
rosity that was generated with up-skin scanning of top layers. Clearly
these examples illustrate a useful insight into process conditions and
provide a tool to optimize these conditions tominimize the porosity dis-
tributions in the first place. The transfer of these porosity distributions
to complex parts has been demonstrated, but in complex parts addi-
tional porosity causes may be present which must also be considered.

3. Effect of defect in castings

In order to build an understanding of the effects of defects on me-
chanical properties, it is useful to consider cast metals. It is already
well known that casting porosity results in poor mechanical properties.
The casting process results in trapped gas which creates quite large
pores in places – often several mm in diameter. There are methods to
minimize the size and extent of this porosity, in particular using casting
simulation methods to optimize the injection velocity, the location and
shape of casting ingates, and cooling areas on the mold. X-ray tomogra-
phy is a proven technique to inspect the extent and size of these defects
and quality control criteria can be applied. In terms of the effect of these
defects, studies have shown that increased porosity in cast metals re-
sults in lower tensile strength and lower ductility [82].

Du Plessis et al. [83] manufactured a series of Ti6Al4V investment
cast rods, machined to tensile dogbone geometry, with pores all located
in themiddle of the tensile axis. In a series of tests using X-ray tomogra-
phy and mechanical testing, it was found by static tensile tests that the
failure almost always occurs at the largest pore (despite differentmicro-
structures in different batches of samples) and the pore size was
inversely correlated with yield strength and ductility. However, even
for pores up to 4 mm in diameter in a 6 mm gauge diameter, the yield
strength was still close to that of the wrought standard. One sample
from this study is shown before and after tensile failure in Fig. 3a. The
scan before testing shows the poreswith colour coding according to vol-
ume, and scanning after tensile test shows the location of failure at the
largest pore. In this study, the X-ray tomography data including actual
pore geometries were also used in load simulations (finite element
analysis) to identify stress concentrations and correlate stress hotspots
to failure locations (Fig. 3b).

This approach to apply image-based simulation is increasingly used,
since the voxel-based linear elastic simulation is now available without
additional meshing steps as was required previously [84,85]. This
image-based simulation approach also can be introduced for simulation
of AMmulti-material parts for multi-scale finite-element simulations to
predict mechanical response due to external loading, this has already
been done for some civil engineering materials as described in
[67,86,87]. The general use of X-ray tomography images for simulations
is useful for understanding the effect of defects or inclusions on complex
sample geometries.

4. Effect of defect: artificial pores in L-PBF

The previous section demonstrated that relatively large pores found
in castings have a definitive effect on the failure location and the
resulting mechanical properties of the parts. The general consensus is
that casting porosity causes a reduction in yield strength and reduced
elongation to failure with increasing pore size. This general rule might
be true for additive manufacturing porosity also, but L-PBF pores are
typically much smaller and have a different distribution and shape. Uti-
lizing the complexity possible by L-PBF, somework is aimed at creating



Fig. 2. Examples of different porosity distributions in 10mm coupon samples. In the three examples shown – each cube (A, B and C) is viewed in CT slice image (top), 3D angled view, 3D
from top, and 3D from side. Top is defined in terms of vertical in build direction, so top view shows the top surface of the built cube.
Data taken from reference [37], with new visualizations performed.
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artificial pores or defects in parts and then doingmechanical tests to re-
veal the effect of defect for specific defect types found in L-PBF, this is an
active area of investigation, see for example [88]. In experimental data
for L-PBF of 316L stainless steel [89], the authors created artificial flat,
circular pores emulating lack of fusion, of varying diameters. They
showed how the ultimate tensile strength reduced for pores N2.4 mm
and elongation was reduced for pores N1.2 mm, in 6 mm diameter ten-
sile rods. Such studies assist in understanding the effect of defect, and
many different artificial pore types and locations can be produced for
this purpose. In Fig. 4 is shown a test part produced in Ti6Al4V with
flaws induced by designing cavities of different thickness from 30 to
180 μm – these X-ray tomography scans were reported in [35,90].

Instead of the designed rectangular shape, the artificial flaw had a
complex shape as seen in Fig. 4. The designed and real L-PBF parts differ
due to the next layerwhichwasmelted and partially closed the gap. The
use of artificially designed flaws for test parts is useful for relating me-
chanical properties to specific pore types and sizes. It is similarly possi-
ble to change process parameters to induce specifically lack of fusion
pores, keyhole pores or specific defect distributions, by characterizing
the process using coupon samples and using X-ray tomography scans.
Some examples of coupon samples analyzed from a variety of systems
was reported recently in a round robin study [37] and which shows
small porosity (the highest value in the series tested was only 0.13%),
but specific defect distributions including contour regions, subsurface/
upskin pores just under top surface and more. In recent work [91] it
was also shown that this region between contour and core part of the
L-PBF object is an area that accumulates pores. It would be useful to cre-
atemechanical test specimenswith each of these conditions and subject
these to mechanical tests to determine which are problematic. This is
clearly an exciting area for future work.
5. Influence of L-PBF porosity on tensile properties

With optimized process-parameters and scanning strategy, L-PBF
porosity is typically quite small in pore size and total volumetric extent
and hence it can be expected that the effect on mechanical properties is
small. It was found in [92] that values of up to 1% porosity had little ef-
fect on the tensile strength or elongation to failure when these defects
were caused by excessive energy input (keyhole mode pores, which
are rounded). When samples were manufactured at non-optimal pro-
cess parameters with insufficient energy input (i.e. with lack of fusion
defects, typically larger in size and irregular shaped), 1% porosity had
a strong detrimental effect on the mechanical properties. As it was
shown in [46] generally, variation of elongation values of as-built
Ti6Al4V samples is quite wide – 2% up to 9%. The elongation depends
on process-parameters, chemical composition of powder and the pow-
der morphology which is a critical influencing factor on the homogene-
ity of the delivered powder layer. Since L-PBF process is very sensitive to
laser power density and temperature gradients, the variation of laser
power and spot size for different used systems can lead to large differ-
ences in molten pool size and temperature, residual stress and, as a re-
sult, high deviations in mechanical properties of as-built samples. A
more recent study where Ti6Al4V produced by L-PBF was analyzed by
X-ray tomographyprior to tensile testing, showedextremely lowductil-
ity of as-built samples - b2% - and varied tensile strength values among
6 samples tested in the range 740 MPa to 1220 MPa [93]. This work
showed clearly lack of fusion pores in tracks following the laser path,
due to lack of fusion between adjacent tracks, as also demonstrated pre-
viously in [35]. In other recent work it was shown how the first 100mm
of the build height in a L-PBF system is prone to more lack of fusion
pores, resulting in poor tensile properties [94]. Another recent study



Fig. 3. The effect of defect becomes very clear when imaging casting samples before and after tensile tests using X-ray tomography – failure occurred at the largest pore and simulations
including the defect highlight locations of high stress where failure is expected to occur [83].
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correlated the presence of porosity to elongation to failure, despite low
porosity values for Ti6Al4V produced by L-PBF [95]. A recent study in-
vestigated the effect of defects on the mechanical properties of Inconel
625 produced by L-PBF [96]. In this work the authors used X-ray tomog-
raphy and artificially induced porosity extents in the range of 0.7–1.2%
by varying process parameters. Itwas found that the ductility is strongly
influenced by the porosity level but not the ultimate tensile strength.

The use of in-situ X-ray tomography during mechanical loading can
be useful to understand the failure process, and for linking the failure to
specific defects. In such a studymaking use of in-situ X-ray tomography
during mechanical loading, steel L-PBF samples produced with lack of
fusion porosity in low and high quantities (from b0.1% up to 2.2%)
were used [97]. It was shown that the higher porosity samples failed
at the lack of fusion pores and despite some improvement by annealing,
the large-porosity samples still showed poor mechanical properties.
This highlights the importance of lack of fusion porosity especially.

In a study of optimized L-PBF of Ti6Al4V ELI [46], X-ray tomography
could demonstrate necking extent and analyze the pores in the necking



Fig. 4. An example of designed artificial pores and their actual size quantified: designed sample with rectangular flaws (A), CT scan reconstruction of manufactured sample (B, C) and
optical microscope image of polished cross-section of designed biggest flaw of 180 μm, from [35,90] (D).
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region in pre-strained samples, where pore coalescence occurred prior
to complex ductile-brittle fracture in this case (Fig. 5). In this work
with samples of porosity 0.002%, the as-built samples machined from
solid L-PBF blocks, reached 1265 MPa ultimate tensile stress (UTS)
and fracture strain 9.4%. Very low porosity resulted in high strength
and elongation with coefficient of variation (a ratio of average value to
standard deviation) of 4–6% for as-built Ti6Al4V ELI. With a stress-
relief cycle for removal of residual stress and for improving the micro-
structure, the UTS slightly reduced to 1170 MPa and ductility increased
to 10.9%. In a similar study for material qualification for the same pro-
cess with b0.01% porosity [60], it was shown how annealing can in-
crease the material ductility up to 20%, with a reduction in ultimate
tensile strength to 900 MPa. These changes in tensile properties were
the result of heat treatments and corresponding changes in microstruc-
ture and formation of microstructure close to conventional material.

Anisotropy of mechanical properties for parts built by L-PBF along
different angles relative to the build direction (e.g. vertical vs horizon-
tal) is well known and often related to microstructure [43]. In a study
by [98], the tensile strengths of the horizontal samples were found to
be slightly higher than that of forged specimens, but lower fracture
toughness in comparison with forged material was found. It was
shown that lack of fusion porosity led to inhomogeneous
microstructures and lower resistance to failure of L-PBF specimens.
The conclusion was made that lack of fusion defects could be one of
the major reasons for the low ductility of manufactured Inconel 718
samples. This conclusion is coherent with results found in [40].

In recent work, it was shown using X-ray tomography and tensile
tests, that EBM-produced Ti6Al4V from different build heights have dif-
ferent porosity values and this results in correspondingly different duc-
tility and tensile strength values [99]. The porosity was specifically
identified as lack of fusion porosity and its influence on mechanical
properties was found to be strongly influencing the ductility (by 20%)
and slightly influencing the strength (by 3%), in the range of porosity
from 0.08 to 0.003% and maximum pore sizes from 0.2 mm to 0.4 mm.

6. Fatigue properties

Especially for high-end applications such as in aerospace and medi-
cal applications, the fatigue properties of L-PBFmaterials are important.
It has been highlighted in numerous works that the pores nearest the
surface are most important for fatigue life, while surface roughness, in-
clusions and microstructure also play important roles [60,65,100–103].
In a study by Brandão et al. [104], AlSi10Mg produced by L-PBF was an-
alyzed using X-ray tomography and fatigue tests. The variation of



Fig. 5. Time lapse X-ray tomography showing necking creation in stress-relieved Ti6Al4V ELI sample pre-strained from 3.55% to 9.44% from initial length [60].

8 A. du Plessis et al. / Materials and Design 187 (2020) 108385
process parameters resulted in the formation of sets of samples with
lack of fusion pores at levels of 0.4–0.8%, and some sets of samples
with very low porosity b0.05%. Furthermore, some samples were ma-
chined and tested in the as-built state. It was found that the surface
roughness of the as-built state results in poor fatigue properties irre-
spective of the defect populations, indicating the important role of sur-
face roughness for fatigue. Despite this, machined samples with smooth
surface also showed poor fatigue properties for those samples with
large lack of fusion pores. Best results were found for the combination
of machined and low porosity samples. In addition, it was shown that
porosity caused by non-optimal contour scanning is detrimental to the
fatigue properties.

A literature review on fatigue performance of AlSi10Mg alloy parts
produced by L-PBF was recently done by Tang and Pistorius [105]. On
the basis of SEM analysis of cross-sections it was shown that different
hatch distance and building direction result in different shapes and
size of pores that affected the fatigue performance of L-PBF AlSi10Mg
parts. Larrosa et al. [106] used Correlative Computed Tomography to es-
timate the role of defects on the fatigue behaviour of L-PBF AlSi10Mg. It
was found that crack-like, or so-called “pancake”-shapedpores act as fa-
tigue crack initiation and propagation sites: if these flat pores are per-
pendicular to the loading direction, they create high stress
concentrations from which fatigue cracks can propagate.

Zhao et al. [107] found that fatigue crackswere initiated from surface
or subsurface round gas pores and fatigue life of L-PBF specimens de-
pends on the building direction. Fatigue life was predicted on the basis
of average pore size and it was shown that fatigue life decreased with
an increase in pore size. Romano et al. [108] studied the HCF and LCF
properties of AlSi10Mg produced by L-PBF in the context of prediction
of fatigue properties from CT data. They found with statistical analysis,
that it is possible to predict the fatigue limit of the material using CT
data of witness specimens, which gives a prediction for the fatigue
limit of the complex part.

Liu et al. [109] indicated that lack of fusion defectswere primarily re-
sponsible for fatigue crack initiation in L-PBF Ti6Al4V samples. Location,
size and shape of these defects correlatedwith fatigue life. In another re-
cent study of high-cycle fatigue of optimized L-PBF Ti6Al4V (and an-
nealing heat treatment), it was demonstrated that despite porosity
levels as low as 0.02%, almost all high cycle fatigue cracks initiated on
pores just under the surface of machined L-PBF samples [110]. A
microCT result from this work is shown in Fig. 6, where the fracture sur-
facewas analyzed and the “killer pore” identified in fracture surface and
in themicro-CT data recorded prior to fatigue testing – the “killer pore”
is thus identified and can be compared to other pores in the vicinity. The
pore identified as the killer pore in Fig. 6 is near the surface and larger
than other pores in the 2mm region near the identified failure location.

In a similar process, samples were scanned before and after 3-point
bend fatigue tests, for L-PBF of aluminium alloy, containing subsurface
porosity. The crack can be visualized and its location and growth can
be followed in X-ray tomography images, as shown in Fig. 7. In this ex-
ample, the crack passes through a pore near the surface, which has a di-
ameter of ~0.2 mm.

A recent example of the importance of near-surface pores as critical
crack initiation pores is given in [111], where samples were produced
with high density contours and very porous interiors using process pa-
rameters leading to lack of fusion pores. Crack initiation occurred on
pores within 0.1 mm of the surface, despite much larger and higher
values of porosity on the interior of the samples, in high cycle fatigue
tests. The use of X-ray tomography clearly identifies pore distributions
and helps to correlate killer pores on the fracture surface with those in
X-ray tomography data. Analysis of CT scans and SEM micrographs of
fracture surfaces in the fatigued specimens that was done in [112]
showed that pores which occurred near the surface (in the outermost
400 μm thick layer) promoted crack initiation. In HIPped samples, at
long fatigue life, crack initiation occurred near very small pores
(20 μm), while at short fatigue life, the crack nucleated just from a shal-
low crater.

Another study [113] of the static and fatigue properties of L-PBF
steel, without using X-ray tomography, revealed a few interesting ob-
servations with regards to lack of fusion defects and their effect on me-
chanical properties. Static tensile properties were found to be superior
to that of the wrought standards in all respects, despite the presence
of large lack of fusion defects. Fatigue properties of different build orien-
tations and high and low cycle regimes were conducted, with as-built
surfaces and with polished surfaces. It was found that good fatigue
properties are found for all conditions, while high cycle fatigue



Fig. 6. Fracture surface analysis and X-ray tomography prior to fatigue tests, allowing visualization of all pores in region of failure – highlighting the “killer pore”.
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variations could be attributed to the orientation of the planar lack of fu-
sion pores relative to the loadingdirection. Failure also occurred primar-
ily on near-surface pores.

In electron beammelting (EBM) samples with porosity, high resolu-
tion X-ray tomographywas used to attempt a ranking of pore likelihood
to act as crack initiator in fatigue tests [114] with some success, when
using surface proximity and pore aspect ratio. This again highlighted
the capability to use tomography to provide a clear identification of
the role of defects.
Fig. 7. Example of 3-point bend test sample of L-PBF AlSi10Mg,with as built surface roughness a
of the largest pores near the surface (green). (For interpretation of the references to colour in
7. Post processing

Hot isostatic pressing (HIP) is already a widely used process for
closing pores and improving the microstructure in metal parts in
general [115], and for additively manufactured metals in particular
[48,116]. In a study of cast Ti6Al4V, relatively large pores in the
centre of rods were imaged by X-ray tomography before and after
HIP processing, one example is shown in Fig. 8, where almost all
pores are closed to below the resolution limit of the instrument
nd porosity near surface – in this case the crack has formed N1mmandpasses through one
this figure legend, the reader is referred to the web version of this article.)



Fig. 8. X-ray tomography of cast rods before and after HIP processing showing effective closing of pores. The example shows large pores closed very effectively (as seen in 3D image), but
some near surface pores are not affected - for example shown in the slice image.
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(from 4 mm down to b0.02 mm), except some selected pores
near the surface. This is likely due to the presence of an alpha
case layer at the surface which is prone to microcracks, invisible to
the X-ray tomography images, but allowing penetration of Argon
during the HIP process, making the process ineffective for these
pores.

While the HIP process is very effective, alternative processes
might be valuable. The effect of different surface processing tech-
niques on fatigue properties was already mentioned in the section
on fatigue properties, especially in the study [104] the rough surface
was highlighted as more important for fatigue properties than the
internal defect population. This study also found, with the given pro-
cess parameter set, that contour scanning created subsurface pores
which were detrimental to the fatigue properties, and scanning
without any contour track improved the fatigue properties more
than any jet blasting or vibratory finishing surface processing of the
as-built surface.

Considering the importance of subsurface pores and the surface
roughness of as-built specimens, surface enhancement processes are
highly important. Popular methods include shot peening [117,118]
and laser shock peening [119], both of which have been shown to im-
prove mechanical properties. This improvement is widely attributed
to the compressive stresses induced at the surface and the improved
surface finish, but recent work shows also that near-surface pores
were closed by laser shock peening of L-PBF AlSi10Mg, as shown in
Fig. 9 [120].
8. Process parameters

Asmentioned in the section on X-ray tomography, different porosity
types are present in L-PBF and can be distinguished by X-ray tomogra-
phy – typically these are categorized into lack of fusion, metallurgical
pores and keyhole mode pores. Various other distributions may exist
due to the complex interrelationship of the laser scan strategy, hatch
distance, layer thickness, laser power and scan speed, etc. In situations
where the energy density is high (slow speed and high power), the
high energy creates an unstable vapour depression which closes in on
itself during movement of the meltpool, creating keyhole pores
[32,121]. At too low power or fast scan speed, there may be lack of fu-
sion between adjacent tracks or between successive layers on top of
each other, due to the track width and depth being too small. The over-
lap of successive tracks and layers can result in remelting which can re-
duce porosity or modify existing pore distributions. Slowing at the end
of scan tracks, or incorrect hatch and contour spacing/offset can create
pores near the surface of the part. All of this is demonstrated beautifully
in recent synchrotron X-ray imaging efforts helping to improve the un-
derstanding of different pore formation mechanisms in laser powder
bed fusion [77,121–123]. The processes are also described in [124] and
Fig. 10 is taken from this work, indicating the porosity variation in L-
PBF cube samples produced at varying laser power, all other parameters
kept constant. This shows the regimes of lack of fusion, optimized pa-
rameters with porosity ~0.01% and increasing amounts of keyhole
mode porosity up to almost 0.5% as laser power is increased. This



Fig. 9. Laser shock peening closes near-surface pores in L-PBF-produced AlSi10Mg as demonstrated by X-ray tomography before and after processing in slice images and 3D views from
front and top.
From [120].
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work demonstrates the changes in size and morphology of typical de-
fects found in L-PBF processes. Another recent study elaborated on typ-
ical defect morphologies present in two different L-PBF systems for a
thin-walled test sample, where the pore morphology and sphericity
was studied as a function of location and repeatability in different sys-
tems used [125].

It is important to realize that despite optimized process parameters,
variations during processing can create areas with increased porosity.
For example, as shown in Fig. 11, the down-skin areas at the underside
of a complex partwhere the supportswere connected, is typically prone
to increased porosity. This might be due to irregularity on the powder
bed at these locations due to the solid supports with powder in be-
tween, causing uneven powder spreading, or it could be due to thermal
Fig. 10. Porosity variation with laser power and 0.8 m/s scanning speed for L-PBF Ti6Al4V usin
30 μm powder layer thickness. Note the log scale on the y-axis.
Image from [124].
differences – in unsupported areas between supports, there is less ther-
mal conduction raising the local temperature which can increase the
likelihood for keyhole mode porosity. While these are speculative
ideas and requires further study, it is clear that the process itself may
cause porosity which is not regularly spaced especially in complex
shaped parts, and optimizing process parameters is therefore not
enough, inspection of final parts is also necessary.

9. Complex-geometry parts

Evaluating the effect of defects on standard test geometries is impor-
tant, but howdoes this relate to complex geometries as realized by laser
powder bed fusion? For example it is possiblewith L-PBF to realize parts
g an EOS M290 system – all other process parameters according to their default values for



Fig. 11. An example of increasing porosity on down-skin areas, taken from [126].
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with biomimetic designs with organic shapes, cellular or lattice struc-
tures or combinations of complex design approaches [7]. Often these
parts contain thin walls or struts, and rough surfaces which are not ac-
cessible for post processing, and therefore the as-built surface rough-
ness of such inaccessible locations may act as crack initiation sites (as
notches effectively). Since the struts or walls are thin in places, having
a pore in such a thin section, even if it is very small, may have a strong
influence on the mechanical performance of the part. Here X-ray to-
mographyplays a crucial role for checking surface quality and pore loca-
tions. Quantifying the surface roughness and porosity using
tomography allows to determine quality approval criteria, but destruc-
tive tests might still be required to validate this choice, as it cannot eas-
ily be predicted what the effect of such defects might be. An example of
a cubic lattice produced by L-PBF is shown in Fig. 12, with its CAD design
geometry also shown in purple. There are clear deviations from the de-
sign, on all surfaces. Such relatively large deviations can be expected to
have an influence on themechanical properties. Also visible in Fig. 12 at
the top left is a spherical pore space designed and intentionally pro-
duced for investigating its effect on themechanical properties of the lat-
tice structure.

Sometimes simulations can assist in minimizing the amount of
destructive testing – specifically using the same X-ray tomography
data and making image-based simulations of the part design com-
pared to its actual geometry and pores. This calculates the effective
elastic modulus and VonMises stress values, highlighting the impor-
tance of pores in specific locations: this was demonstrated in
[83,127]. A study was performed in [128] where a cubic lattice
(very simple lattice with vertical load bearing struts) was designed
with a single 0.5 mm diameter intentional pore in a single load bear-
ing strut of 0.8 mm diameter (as in Fig. 12 above). X-ray tomography
validated the presence of the pores and compression tests were per-
formed on control and defect samples – all produced by L-PBF in
Ti6Al4V and stress-relieved prior to testing. The results are shown
in Fig. 13. Surprisingly, the yield strength was not affected by the



Fig. 12. Comparison of actual L-PBF lattice with its CAD design. An intentional designed pore space is included and is visible in the top left of the structure.
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presence of the pore. This could be explained by simulations where it
was shown that the actual geometry compared to the ideal geometry
shows much larger differences than between samples with and
Fig. 13. Effect of defect in a single load bearin
without pores. Effectively it shows that the lattice geometry is
more important than the internal defect size. This is for an ideal
spherical pore in the middle of a single strut in static compression
g lattice strut, on compressive strength.
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loading only, but is nevertheless promising. It demonstrates the im-
portance of design, and the fact that not all pores are harmful.

10. The role of simulations and property predictions from CT data

Thermal simulations of the layer by layer build process is increas-
ingly used to assist in design modifications, appropriate placement of
support structures and the choice of best orientation of the build in
the chamber, to minimize thermal hotspots which leads to residual
stress and even cracking of parts during build [129–131]. These simula-
tions might also be useful for predicting areas of porosity, as increased
thermal buildup results in effectively a form of pre-heating and hence
a higher thermal input into the meltpool – this can result in the forma-
tion of keyhole mode pores in some areas and not others, for example,
dependingon the local thermal conditionsduring thebuild. Appropriate
build simulation and appropriate design might mitigate this, and it
might also be possible to implement in real time power control to mod-
ify the meltpool to maintain constant and stable tracks despite local
thermal changes, reducing porosity as well as residual stress. These
are exciting areas of development for the near future [132].

In another simulation-based approach, traditional finite element
analysis can be used to understand the effect of defects on parts. This
was done for typical pore sizes and shapes in recent work, for assessing
the effect on fatigue strength, based on cross-sectional pore information
[133]. This can be done using X-ray tomography data of the actual part
including its defect, or on idealizedmodelswith artificially induced pore
spaces, also in complex parts. In Fig. 14 is shown an ideal model of a
cubic lattice with load applied vertically downwards, with pore space
in a load bearing strut. The close-up view shows the local high stress
Fig. 14. Finite element analysis simulations can be used to evaluate the e
at the sides of the pore – quantifying this stress value and the local stress
in the adjacent strut, as a function of varying pore size, allows to under-
stand the role of the pore in reaching a critical stress value. In Fig. 14 is
shown that in this case the stress next to the pore only becomes larger
than the stress in the adjacent strut, for pores larger than 0.1 mm in
pore diameter – hence the geometry plays a larger role up to this
point. The increase is also not as sudden as might be expected, but this
is of course for an ideal spherical pore space, in the middle of the strut.

Expected loads and constraints are applied and simulations show
stress hotspots and can even be used to assess effective elastic modulus
of the structure – e.g. lattice structures of different designs as in [134].
Similarly, two designs were compared in physical mechanical tests
compared to simulations and the simulation stress hotspots
corresponded to the initial failure locations and indirectly to the failure
modes in layer-by-layer and diagonal failures in [135].

Dallago et al. [136] compared themechanical properties of predicted
as-designed lattice structures and produced L-PBF samples and
highlighted that it is strongly influenced by the defects (notches, geo-
metrical deviations from design) and residual stress that was intro-
duced by AM process. It was also noted that the combination of micro
X-ray tomography with FE simulations permits to investigate effect of
L-PBF defects on the mechanical properties in-depth.

The use of load simulations can be particularly useful in studies
where the as-built surface and internal defects are both present, possi-
bly including a complex design – in that the most important factor is
not clear and a combination of effects result in the complex stress distri-
bution. Another approach is to use statistical models to estimate the in-
fluence of defects on the mechanical behaviour. Romano et al. [108]
have investigated the use of statistics of extremes to estimate the critical
ffect of defects, as shown here for an ideal lattice design, from [128].
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defect size, which may be used as part of a quality control process, for
example. Recent work has extended this concept to understand the im-
portance of volumetric defects as compared to surface flaws [137].

11. Implications of critical pore sizes

The understanding that larger pores are more important for me-
chanical properties, and that very often pores smaller than some critical
size – for example 0.5mm –make nodifference to themechanical prop-
erties of a part, is an important general resultwhich builds confidence in
the capability of L-PBF. Despite small pores, mechanical properties can
be excellent and if pores are kept small, the critical factors affecting
the mechanical properties shift towards microstructure, surface rough-
ness and part geometry, irrespective of the material type. When pores
become larger than some critical size - for example 0.5 mm - they
start to play a significant role andmay overtake these others as the crit-
ical feature affecting mechanical properties and leading to premature
failure. The relative importance of pore size and extent depends onma-
terial type and this needs to be further investigated for an even better
understanding in future work. For example, the critical pore size in
Ti6Al4V might be 0.5 mm while in Inconel it could be 2 mm. It must
be kept in mind that this is a major simplification and it is possible
that clusters of small pores may act as a single large pore, pores located
along a line or plane perpendicular to the load direction may be critical
even though the individual pores are very small, or a pore very near a
surface may be more critical and hence smaller pores are more impor-
tant in those special cases. This all requires further study to unravel
the relative importance of each effect.

With this kind of information of critical pore size it is possible to ad-
dress the situation in a number ofways. Thefirst is tominimize process-
induced porosity such that pore sizes are below the critical size. This is
easily achieved in commercial L-PBF systems as demonstrated widely
already. In addition to process parameter optimization, unexpected
pores can be formed during the L-PBF process which are not related to
process parameters. These unexpected pores can be identified by in-
situmonitoring using various techniques currently under development.
Post-production testing by X-ray tomography is an obvious solution but
is relatively expensive and therefore only used for highly critical appli-
cations thus far. The fact that only roughly 0.5mmpores and larger nec-
essarily need to be detected can greatly simplify the X-ray tomography
process and hence reduce scan times and costs. For example, scanning a
20mm-diameter part at 20 μmvoxel size allows accurate quantification
of all pores N27 voxels in extent (a cube of 3x3x3 voxels), which relates
to pores N60 μm. By scanning at the same quality (voltage and exposure
time, etc.) but at voxel size of 100 μm, all pores N0.3 mmwill be quanti-
fied but the number of projection images is reduced due to the lower
magnification. This relates to scan time reduction in this example from
1 h to 10 min, for example. Alternatively, more of the same size parts
can fit into the field of view and e.g. 8 parts can be scanned in 1 h. De-
pending on the part geometry and material type, scanner type and re-
quired scan quality, optimized scanning is possible for high
throughput of samples in different permutations as explained above.

It should be emphasised here that this critical value of 0.5 mm is a
simplification for the case of optimized L-PBF process parameters and
not for situations with regularly spaces pores along scan tracks, or sim-
ilar non-random pore distributions. This simplification also ignores
some other factors which can influence the mechanical properties,
which cannot be detected by X-ray tomography. For example, oxidation
during the L-PBF process due to shielding gas problems causes brittle
material properties. Residual stress and microstructure are invisible to
X-ray tomography andmay be critical in some cases. X-ray tomography
also has other limitations and is clearly not a single solution to quality
control. For example, very high voltages are required for steel and
other metals with high atomic mass compositions, as these absorb X-
rays very strongly. Many desktop microCT instruments are not suited
to this sample type, even when the samples are very small. Larger X-
ray microCT instruments are expensive to maintain and hence less
widely available at present. There are also still variedmethods for quan-
tification of porosity from3D images, image quality differences between
different X-ray tomography instruments, operators using different scan
settings and sometimes inducing image artifacts, all of which can affect
the obtained results. Therefore continuedwork in developing standards
and simplified workflows for X-ray tomography is important, as is the
fact that it should be used in combination with other quality control
tools.
12. Conclusions

This review paper has focused on the effect of defects on the me-
chanical properties of metal L-PBF parts. It is increasingly becoming
clear that L-PBF materials always have small pores present in varying
degrees and this porositymight vary in its extent, distribution andmor-
phology depending on the system used, the powder used and the pro-
cess parameters used, among others. The effects of these pores might
be detrimental to the mechanical properties of the produced parts and
this is not always well understood or predictable. It has been shown in
a range of examples how small pores up to 0.5 mm and total porosity
extent up to 1% often seem to make no difference – surface roughness
and part geometry are much more important and failure mechanisms
are mainly driven by microstructure [138]. While exceptions might
occur, for example for layered flaws with large extent, the main mes-
sage is that in most cases the small porosity present is harmless for
strength and ductility in static loading conditions. With increasing po-
rosity the strength is reduced and the ductility is also reduced, and the
failures are likely to initiate at the largest pores. In most studies it was
shown that ductility is more strongly influenced by the porosity than
the strength. It should be emphasised that porosity formation up to
levels where this is a problem may occur easily when a L-PBF system
has some error, andmany things can gowrongwhich pushes the poros-
ity above this level. These sizes of pores and levels of porosity are easily
identified in X-ray tomography andwhile oneof the disadvantages of X-
ray tomography is the limited resolution for large objects, the above-
mentioned relatively large critical pore size means that only the largest
pores are really important, so quality control criteria can be adjusted.
This has implications for faster tomography scans and higher through-
put. It is also clear that current commercial L-PBF systems easily achieve
better than 0.13% porosity as demonstrated in a round robin test [37].
Despite this positive trend, some pore types are problematic. Specifi-
cally lack of fusion pores are more irregular and have been shown to
be more detrimental to mechanical properties than other forms of po-
rosity, so special care must be taken to ensure no lack of fusion occurs
(high enough power, close spacing between tracks and layer thickness
is small enough).

Fatigue properties aremore critical to total porosity extent and prox-
imity of defects to the surface, with pores within 1 mm of the surface
typical crack initiators and the largest such pores will likely be the killer
defects. This has been underestimated until now but the use of X-ray to-
mography and the advances in quality of L-PBF materials has led to the
identification of near-surface pores as critical for fatigue applications
(and the fact that these often occur in AM materials). One solution to
improve density is by process optimization and quality control – this
is practically possible and has been demonstrated for Ti6Al4V. Improve-
ments in the reproducibility of CT-based quantification of such small
levels of porosity is only now becoming possible by standardworkflows
for X-ray tomography analysis of coupon samples, so more work in
other materials is required for this approach. The other approach is
post-processing to remove these pores. One well-known and widely
used post-processing method is HIPping. While it works extremely
well, it has specifically been shown to be ineffective for pores very
near (or open to) the surface in selected cases. Another alternative is
the use of shot peening or laser shock peening, which not only induces
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compressive stress in thematerial but also partially or fully closes near-
surface pores.

The quality improvement of L-PBF processes and the increased con-
fidence in the use of this process for production is highly important – for
primary load bearing structures andmission-critical parts. An improved
understanding ofwhichdefects are critical andwhich are less important
can help in quality control, quality improvement and for development
of better post-processing techniques and otherways to increase reliabil-
ity and reproducibility of high quality metal L-PBF parts. There will
never be a precise rule to determine the threshold for the size or loca-
tion or some value which exactly defines a pore to be dangerous or
not, especially considering thewide range of production processes (dif-
ferent L-PBF scan strategies, powers, etc.) and different materials. Some
materialsmay bemore prone to defect-driven failureswhile othersmay
be drivenmore strongly bymicrostructural effects. Despite this, there is
an interest to improve our understanding of the effects of defects on
mechanical properties in general and specifically for popular L-PBF ma-
terials such as Ti6Al4V and AlSi10Mg. Central to understanding defects
is the use of X-ray tomography to unravel the true effect of defects non-
destructively, andwe hope this work stimulates more work along these
lines to continue this process and reveal practical “rules”which may be
broadly applicable.
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