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Abstract 
This document aims to propose a classification for common defects found in materials 

processed by powder bed fusion technologies. Indeed, by studying the state of the 
art, it appears there is no synthetic document which proposes a classification of all 

defects found in parts made with this process. Thus, a classification is hereafter 
proposed, widely inspired by a work done in the framework of casting of aluminum 

alloys by Bonollo and Fiorese. The document tries to highlight the physical origin of 
each defect by explaining it with the elements found in the literature. For each defect, 

it is specified if there is a particularity due to the process (EBM or LBM) or the alloy 
(AS7G06, Ti6-4 or 718) employed. 
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1 Introduction 

Additive manufacturing by powder bed fusion generates an important number of defects. All these defects are highly 
diverse in terms of their nature their origin, size and shape. According to literature review, there are few studies which 
propose exhaustive defects description. The information, for a couple of processes such as EBM or LBM and alloy used, 
has to be compiled. Thus, to our knowledge, no defects database exist for powder bed fusion processes. This type of 
database has the benefit to list all the defects that can be found in these processes and to classify them as a function of 
their characteristics such as morphology or origin. In the following literature review, the classification by the origin of 
the defects has been chosen.  

This classification will allow the organization of a defect database in the framework of the ANDDURO project. This 
database will be supplied by defect found in the analysis made in the framework of the project such as microscopic 
analysis or XRays CT scans. 

2 Semantic precision and need of a database 

2.1 Semantic precision 

The term “defects” will be used in the following document by simplification. The reader has to keep in mind this 
document will not introduce acceptance criteria for additive manufacturing. Indeed, in most processes, the word 
“defect” is linked with a quality characteristic of the material. If defects are detected, at least, an additional justification 
is needed to use the part, in the worst case, the part has to be scrapped, and in an intermediate case, the part has to 
be repaired.  

An object named “defect” hereafter will refer to an undesired heterogeneity in the material which may be detrimental 
[1] for the mechanical behavior of the fabricated material such as void, pore, crack, detrimental phases, inclusions,  
heterogeneity of microstructure … 

2.2 Need of a database 

To the best of our knowledge, there is no paper dealing with a quasi-exhaustive defects database for additive 
manufacturing. According to this literature review, there was no pertinent result neither on the scientifics editors  
website nor on common research engine with the following keywords: “defects database EBM”, “defects database 
LBM”, “defect database additive manufacturing”, “defect classification additive manufacturing”, “defect classification 
EBM” or “defect classification LBM”.  

In most cases, the authors of papers on defects in metallic additive manufacturing only deal with a specific type of 
defect, from its origin to the solution to mitigate it. 

Moreover, by comparing with more traditional processes as casting or forging, papers found dealing with the 
development of a defects database are not widespread. The most relevant study found is proposed by the team lead 
by Bonollo et Fiorese [2], [3]. The following defects classification dealing with powder bed fusion proposed is widely 
inspired by this work as developed in the following paragraph. 

3 Method of classification 

The method proposed by the IRT Saint Exupéry used hereafter (Table 1 and Table 2) to classify defects and imperfections 
in powder bed fusion technologies is widely derived from the work of Bonollo et al. [2], [3] in the framework of the 
StaCast project, focusing on the development of new quality and design standards for aluminium alloys cast products. 
They would like to make more understandable the physical origin of the defects and imperfections produced during 
casting processes than the existing classifications [4]–[6].  

The principle of this classification is illustrated in the Figure 1. Authors chose to classify defects among three levels: 

1- The first level refers to the location of the defect: internal, external or geometrical. For this level, it could be 
noted that a subsurface defect, internal, could have consequences on the surface of the studied part. So such 
defect could induce surface, external, or geometrical defect. The first level will be noted with the letters A, B 
or C. 

2- The second level refers to the physical origin of the defect. The physical origins are gases, lack of fusion (often 
abbreviated with “LOF”), undesired phases, balling… The second level will be noted with a number next to the 
letter of the first level: A1 or B3 for examples. 
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3- The third level specifies the second level when necessary. It allows to strongly link the formation of the defect 
with a process parameter. 

 
Figure 1: Extract of the classification proposed by Fiorese et al. [3] : case of internal casting defects and imperfection. 

Several issues encountered for proposing this classification and then for describing each phenomenon have to be 
highlighted.  

The main issue to be resolved for classifying is the identification of the physical phenomenon. As said previously, lot of 
studies allow the definition of a process map and identify key parameters which, if they are outside this process map, 
cause an increase of defect rate in the material. In most studies, the physical phenomenon linked to defects creation is 
not identified.  

In the same way, a process can lead to the creation of another type of defect. For example, balling [7]–[9] is a surface 
defect as it will be described in more details in the following paragraphs (§4.2). If this type of defect is recoated by a 
new layer of powder, it leads to an irregularity of the powder bed and may lead to a lack of fusion. Thus, the physical 
origin of the lack of fusion is an irregularity of the powder bed and not the balling phenomenon. 

Finally, in the framework of the ANDURRO project, two different processes, EBM and LBM, are used in combination 
with three alloys (AS7G06, Ti6-4 and Ni718). Sometimes, a couple of {process and alloy} presents affinity or not to 
produce a type of defect. These specificities are mentioned at the end of the description of the formation of the defects. 

 

Our proposition of classification is presented in the Table 1 and the Table 2. If the content of the Table 1 may be 
considered as exhaustive, not all surface defects are listed in the Table 2: only surface defects which induce bulk defects 
after being recovered by the following layer are developed. The content of the Table 2 may be completed later if 
necessary. For a more exhaustive classification, Airbus [10] wrote a technical specification for additive manufactured 
parts in alloy Ti6-4. 

The description of each class is then developed in the §4.1 for the Table 1 and in the §4.2 for the Table 2. 
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1st Level 2nd Level 3rd Level 

A 

Internal defects 

A1 Gas-related defects 

A1.1 Powder Induced pores 

A1.2 Vaporized alloys element 

A1.3 Inert gas entrapment 

A1.4 Hydrogen pores 

A2 Shrinkage defects A2.1 Shrinkage defect 

A3 Lack of fusion defects 
A3.1 Hatching induced LOF  

A3.2 Interlayer LOF 

A4 Cracks A4.1 Liquation cracking 

A4.2 Solidification cracking 

A4.3 Strain-age cracking (SAC)1 

A4.4 Ductility Dipe Cracking (DDC)1 

A5 Undesired phases A5.1 Inclusion 

A5.2 Precipitates 

A5.3 Oxydes 

A5.4 Microstructural heterogeneity 

Table 1: Classification of internal defects. 

1st Level 2nd Level 3rd Level 

Surface defects B1 Melt pool induced B1.1 Balling 

B1.2 Spattering 

B1.3 Swelling 

B2 Cracks B2.1 Residual stress induced 

Table 2: Classification of surface defects. 

                                                                 
1 Strain-Age Cracking and Ductility Dipe Cracking are currently found in Ni based alloys with a bad weldability such as 
IN738 or U230. It is mentionned here for memory and will not be developped later on. 
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4 Classification of defects 

4.1 Internal defects 

4.1.1 Gas related defects 

Internal defect 

A Internal defect I 

A1 Gas-related defect II 

A1.1 Powder induced pores III 

Definition: 

The powder induced porosity consists of spherical cavities due to gas 
entrapped (in most of the case, Argon, due to the powder sources used) in 
the powder during its production (Figure 2). When the powder is melt by the 
electron or the laser beam, depending on the viscosity, the distance of the 
gas bubble to the free surface and the cooling rate, the gas bubble can 
remain trapped in the melt pool and then in the solidified material.  

Sames et al. [11] point out that gas related porosity in EBM parts is an 
illustration of physical phenomena during the process: the high cooling rate 
combined to the low pressure gradient between the gas bubble in the melt 
pool and the chamber deteriorates the degassing conditions. Thus, the 
outgassing of the melt pool is usually difficult. Despite a lowest pressure 
gradient in case of LBM, no article mentions this effect in the literature.  

 

Morphology 

The morphology of gas related defect is supposed to be rather spherical. 
With this assumption, for alloy Ti6-4, Cunningham et al. [12] assume the 
average equivalent diameter of powder induced pores is beside 10 µm with 
a maximum size around 40 µm. This average size seems to be correlated with 
the average equivalent diameter of voids found in the powder: they do not 
assess that a potential re-growth of the voids during the melting of the upper 
layers occurs. As mentioned in a further paragraph (§A1.4 – hydrogen 
porosity), this phenomenon has already been identified, in particular for 
AlSi10Mg alloy [13]. 

Tammas-Williams [14] showed the regrowth of gas pores after heat 
treatment in EBMed alloy Ti6-4. But they attribute the gas porosity 
exclusively to inert gas initially entrapped in the powder. 

 

Physical origin 

As mentioned previously, the method of powder production is a key 
parameter of the gas induced porosity. The literature show that powder 
produce by Plasma Rotating Electrode Process (PREP) contain less gas pores 
inside the powder particles than powder produce by Gas Atomisation (GA) 
or Rotary Atomization (RA) [11], [12], [15], [16] . The gas entrapped is 
considered to be the gas used during the atomization, i-e in most of the cases 
Argon for the alloys studied in this document. The use of PREP powder show 
a clear decrease of the defect density in the raw material as illustrated by 
Figure 3. 

 

 

 

 
Figure 2: Gas voids in Ti6-4 powder : 
Optical metallography of a powder 
particle containing pore (up) - SEM view of 
a gas bubble (down) (from [17]). 

 
Figure 3: X-ray CT scans comparing two 
types of Ti6-4  powder obtain by GA (a) 
and PREP (e) then the resulting material 
as-built by EBM (b) and (f) (from [12]). 
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Special features for EBM, LBM, Al, Ti or Ni alloy 

There is no studies found about gas entrapment neither for LBM process nor 
for alloy AS7G06. 

 

A Internal defect I 

A1 Gas-related defect II 

A1.2 Vaporized element in the melt pool III 

Definition: 

The porosity is induced by the vaporization of elements constituting the 
alloys under the effect of the laser or electron beam. 

 

Morphology 

By studying LBMed alloy AS7G06, Rao et al. [13] described the keyhole voids 
as irregular pores with range between 100 µ𝑚 and few hundreds of microns, 
often located at melt pool boundaries. 

Gong et al. (Gong, Gu, et al. 2014) isolated keyhole voids of LBMed alloy Ti6-
4 on micrograph as illustrated in Figure 4. Here, one melt pool with a keyhole 
geometry is isolated from the bulk material. A void with an irregular shape is 
clearly visible at the bottom of the melt pool. 

Stef [18] specified that defects isolated in Kasperovitch study [19], shown in 
Figure 5 are keyhole induced defects.  

Stef [18] built specimens in process conditions favorable to keyhole mode 
and then analyzed defects population with a CT scan: he estimated a mean 
diameter of keyhole induced defect between 25 µ𝑚 and 35µ𝑚 and an 
aspect ratio between 1.3 and 1.4. Ti6-4 

The keyhole induced porosity could be formed at a significant depth. Martin 
et al. [20] showed pore formation from 100 µ𝑚 depth to 1000 µ𝑚 depth for 
LBMed alloy Ti6-4 for laser powers ranging from 50𝑊 to 300𝑊.   

Each alloy, due to its properties, lead to a specific geometry of keyhole defect 
as shown by Huang et al. [21]. 

 

Physical origin 

The keyhole mode is well known  in the process of electron or laser welding  
[22] , in particular for welds requiring deep-penetration for which the energy 
density is higher than for additive manufacturing. 

Two regimes of a melt pool are known: the conductive mode and the keyhole 
mode [23]–[26]. In a conductive regime, the melt pool is only composed only 
by a liquid phase of the melt alloy whereas in a keyhole regime, the melt pool 
is composed both by a liquid and a vaporized phase. Under specifics 
conditions, the material in the keyhole can even form a plasma  [27].  

The keyhole mode induces multiples phenomenon [22] : 

- Large temperature gradient; 
- Strong vapor flux; 
- Enhancement of the laser absorption; 
- Flow directions in the melt pool… 

Which are themselves influenced by others such as the presence of oxides 
on the melt pool surfaces [28]. Stef [18] noted that keyhole mode induces 
sometimes powder ejection around the laser path.  

These phenomenon are intense and interact, thus, it is challenging to obtain 
a stable keyhole mode.  

 
Figure 4: Micrograph of LBMed alloy Ti6-4 
showing a keyhole induced pore in [32] 

 
Figure 5 : SEM images of keyhole induced 
pore in LBMed alloy Ti6-4 [19]. 

 
Figure 6 : Fractography showing keyhole 
induced pores in LBMed alloy Ti6-4 [18] 
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Zhao and Debroy [29] supported this affirmation by highlighting that 
between the conductive mode and the keyhole mode, there is an 
intermediate region where the melt pool mode is unpredictable.  As a result, 
it is tricky to predict the stability of the phenomenon and so to predict the 
absence of pore. Rai et al. [24] proposed analytical models compared with 
experimental results for predicting the stability of the keyhole mode laser 
welding of various metallic alloys.  

Nevertheless, some authors succeeded to define processes operating 
domains. Cunningham et al. [28] proposed a threshold for the formation of 
a keyhole around 0.5𝑀𝑊/𝑐𝑚² for LBMed powder Ti6-4.  Gong et al. (Gong, 
Gu, et al. 2014) suggested only a qualitative domain allowing a keyhole 
mode: low scan speed and high energy density. Martin et al. [20] pointed 
that turning points of the laser path are favorable areas for keyhole induced 
pores. They suggested with success to mitigate the laser power near turning 
points to avoid the keyhole mode.  

 

Special features for EBM, LBM, Al, Ti or Ni alloy 

Gong et al. [30] mentioned that the preset parameters of EBM machines is 
chosen to avoid keyhole. Only parameters chosen by users can lead to a 
keyhole mode. 

Blackburn [31] notes that shielding gas, argon in case of the LBM process, 
may be found in pore creating by the collapsing of the keyhole. 

 

A Internal defect I 

A1 Gas-related defect II 

A1.3 Inert gas entrapment III 

Definition: 

This type of pores is induced by the entrapment of inert gas of the 
manufacturing chamber in the melt pool. In specific condition, the melt pool 
cannot outgas which lead to an entrapment into the raw material.   

 

Morphology 

Vilaro [33] assumed this type of voids is spherical and little between 10µm 
and 50µm of diameter for alloy Ti6-4. Kimura and Nalamoto [34] highlighted 
voids of few hundred of micrometers in alloy AS7G03, an alloy close to alloy 
AS7G06, as shown in Figure 7. 

 

Physical origin 

There are some consistent explanations in the literature. The inert gas of the 
chamber is contained into the spaces between the powder particles. As the 
melt pool is firstly created in surface of the powder bed, it can form a sort of 
cover on a layer of unmelted powder with gas. Thus, function of the melt 
pool properties, gas can be entrapped into the melt pool during the 
solidification. Kimura and Nalamoto [34] measured the gas present in the 
voids with a Quadrupole Mass Spectrometer (QMS). They found a high rate 
of Argon (67%) that they attributed only to the gas present in the 
manufacturing chamber. 

With regard to the “powder induced defects” described previously, it is a 
regrettable fact that they did not analyze the powder, especially since the 
powder is produced by gas atomization.  

 
Figure 7: Micrography of AS7G03 
specimen LBMed under high energy 

conditions (from [34]).  

 
Figure 8: Schema of the simulation model 
of alloy 718 from [35]. 
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Nevertheless, Aggarwal et Kumar [35], with the support of simulation, 
questioned the possibility of inert gas entrapment in the case of LBMed alloy 
718. They simulated the melt process of a layer of 20 µ𝑚 of Ni718 powder 
with a laser of 100 µ𝑚 of spot diameter, 100 𝑊 of power and 700 𝑚𝑚. 𝑠−1 
of velocity. They concluded that significant convective flow of the melt pool 
allow the rejection of inert gas trapped in the powder bed. It have to be 
noticed that a strong hypothesis is made by the authors for the simulation 
about the layer thickness of powder. Usually in LBM process, the layer 
thickness is around 40 µ𝑚 with a powder of [20 ; 63 µ𝑚] range. 

Kimura et Nalamoto [34] suggested some solutions to mitigate this effect as 
an increasing of the apparent density of the powder bed, decreasing the gas 
solubility by decreasing the volume of the melt pool (either by decreasing 
the powder bed thickness or by decreasing the laser power) or reduce the 
partial pressure of gas into the manufacturing chamber. 

 

Special features for EBM, LBM, Al, Ti or Ni alloy 

EBM process is not concerned due to the partial vacuum in the 
manufacturing chamber (10−3𝑃𝑎 of 𝐻𝑒). 

 

 
Figure 9: Results of the simulation - Up: 
Temperature map of the melt pool 
surrounded by velocity vectors along the 
XZ plane – Down : Temperature map of 
the melt pool along the YZ plane from 
[35]. 

A Internal defect I 

A1 Gas-related defect II 

A1.4 Hydrogen porosity III 

Definition: 

This porosity is induced by entrapment in the melt pool of hydrogen gas 
coming from moisture of the powder or present in the manufacturing 
chamber. In specific condition, the melt pool cannot outgas which lead to an 
entrapment into the raw material. This type of porosity is described and 
known as “metallurgical pores” in welding process [36], [37]. 

 

Morphology 

These voids are rather spherical within the melt pool (not at the boundary). 
Rao [13] exhibits spherical pores located in the melt pool cores, with a 
diameter below 100 µ𝑚 (Figure 10) for LBMed alloy A357. Sallica-Leva [38] 
mentions the presence of hydrogen porosity in LBMed alloy Ti6-4 but does 
not precise the morphology. 

 

Physical origin 

The hydrogen related porosity is due to the local hydrogen content which is 
higher than the maximum solubility of the molten pool [31], [38], [39].  

As shown by Lakomski et Kaliunyuk [40] in Figure 11, despite the solubility of 
the hydrogen in pure titanium increases with the decreasing of temperature, 
there is an important decrease at the melting point. Then, due to the 
decreasing of the solubility, gas bubbles are formed and remain entrapped 
in the melt pool during the solidification. Most of hydrogen bubbles are 
produced at the solidification front as illustrated by Figure 12 [39], [41]. Li et 
al. [42] proposed an analytical model for the nucleation and the growth of 
hydrogen pores in casted alloy AlSi7Mg0.3. 

The hydrogen mainly comes from the moisture of the powder. Weingarten 
et al. [39] reminded that moisture reacts with the aluminum to produce 
aluminum oxide and dihydrogen according to the equation: 

3𝐻2𝑂 + 2𝐴𝑙 → 𝐴𝑙2𝑂3 + 3𝐻2 

 
Figure 10 : Hydrogen porosity in LBMed 
alloy AlSi10Mg modified from [13]. 

 

 
Figure 11 : Solubility of hydrogen in 
titanium from [40]. 
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So, the main parameter to manage to mitigate the hydrogen porosity is 
hydrogen content in powder. 

In case of LBMed alloy AlSi7Mg0.6 (GA powder), Yang [43] estimate that 96% 
of the gas content is hydrogen whereas Kimura and Nakamoto [34] 
estimated that 67%  were argon and 30%  were hydrogen for LBMed alloy 
AlSi7Mg0.3 (GA powder). 

Weingarten et al. [39]noticed that the last scanned layer does not present 
spherical pores as illustrated by Figure 13. They assumed the previous layers 
are heat treated, inducing an expansion of the entrapped gas in the matrix 
which have a lower yielding point at high temperature. They verify their 
assumption by submitted the specimen to a heat treatment at 550°C: they 
observe the formation of gas pores of few millimeters of diameter.  

  

Special features for EBM, LBM, Al, Ti or Ni alloy 

No hydrogen porosity is explicitly reported for alloy 718 neither for EBM nor 
LBM process. 

 

 
Figure 12: Schema of hydrogen 
entrapment during LBM process from 
[39]. 

 

 
Figure 13: Micrography of the last layers 
of  LBMed alloy  AlSi10Mg [39]. 
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4.1.2 Shrinkage defects 

A Internal defect I 

A2 Shrinkage defects II 

A2.1 Shrinkage defect At  

Definition: 

A shrinkage defect is caused by the contraction of the material during the 
solidification of the melt pool. 

 

Morphology: 

Due to the physical phenomenon, all studies described the shrinkage defects 
as flat voids, close to a crack geometry. No rims or unmelted powder are 
found in this type of defect. 

On one hand, for LBMed alloy Ti6-4, Song et al. [44] showed cracks of 
hundreds of micrometers length and dozens of micrometers width , rather 
vertically oriented despite the absence of built direction indication given by 
the authors in Figure 14. 

On other hand, two studies [45], [46] mentioned shrinkage defects for 
EBMed alloy 718 as illustrated by Figure 15 and Figure 16. Sames (Figure 15) 
exhibited flat defects under 20 µ𝑚 large and few micrometers thick oriented 
around 45° compared to the built direction whereas the other study (Figure 
16) exhibited shrinkage defects around 100 µ𝑚 large and dozen 
micrometers thick, oriented rather perpendicular to the built direction. 
Balachandramurthi et al. [46] showed string patterns of shrinkage defects 
(Figure 17) perpendicular to the built direction. Each string pattern is distant 
of around 350 µ𝑚 high. There is no shrinkage defects in the contour region. 

 

Physical origin 

Song et al. [44] report the presence of this type of defect in SLMed alloy Ti6-
4 for single tracks built at a high energy power and low scanning speed. They 
attributed these cracks (Figure 14) to a high retraction and residual stress. 
For EBMed alloy 718, Sames [45] gave the same explanation, he even 
assumed that could be considered like hot cracking. 

In contrast, Balachandramurthi et al. [46] assumed shrinkage defects are 
caused by a too low energy input linked to the control parameters of the 
electron beam. For supporting their assumption, they highlighted the space 
of 350µ𝑚 corresponds to five layers. For their builds, the orientation of the 
hatching theme changes at each layer for 5 consecutive layer. After the 6th 
layer, the orientation of the melting them is the same than for the first layer. 
In their opinion, every five layers, the beam parameters are not suitable for 
the alloy 718 due to the Arcam software that lead to a too low energy input. 

 

Special features for EBM, LBM, Al, Ti or Ni alloy 

According to the literature, only SLMed alloy Ti6-4 and EBMed alloy 718 are 
concerned by shrinkage. Balachandramurthi [46] specify that shrinkage 
defects are only present in EBMed alloy 718. 

 
Figure 14: Shrinkage defects reported for 
SLMed alloy Ti6-4 in a single track from 
[44], Top – OM of the single track – 
Bottom – cross-sectional of the single 
track. 

 
Figure 15 : Skrinkage defect in EBMed 
alloy 718 from [45]. 

 
Figure 16 : Defects in EBMed alloy 718 – 
Number 2 correspond to shrinkage defect 
from [46]. 

 
Figure 17 : String pattern shrinkage 
defects in EBMed alloy 718 from [46]. 
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4.1.3 Lack of fusion defects 

In the light of Stef’s study [18], these type of defects are created at the interface between melt pools. In practice, the 
presence of lack of fusion defects is generally due to a combination of phenomenon. It is difficult to isolate in practice 
only one factor at the origin of the lack of fusion defect. 

A Internal defect I 

A3 Lack of fusion defects II 

A3.1 Hatching induced LOF III 

Definition: 

A hatching induced lack of fusion is a lack of fusion occurring between two 
parallel melt pools belonging to the same layer as illustrated in Figure 19. 
Gong et al. [32] named this type of defect “Line Offset (LO) Defects”. 

 

Morphology 

This type of defect are - in theory - pyramid-shaped or trapezoidal as 
illustrated by Figure 20, if the defect is observed in a slice parallel to the 
building direction. Unmelted powder is in theory present in the void. This 
type of voids are located along the hatch lines.  

From experimental results, Stef [18] found an equivalent diameter2 between 
5µ𝑚 and 20µ𝑚 and an aspect ratio3 between 1.7 and 1.9 for this type of 
defects in LBMed alloy Ti6-4 as illustrated by the Figure 18. 

Mean diameter distribution Aspect ratio distribution 

  

Figure 18 : Mean diameter and aspect ratio distributions of hatching induced LOF for 
LBMed alloy Ti6-4 from [18]. 

Physical origin 

The hatching induced lack of fusion is widely studied but most papers assess 
the global impact of the hatching spacing in term of density of the bulk 
material. The most detailed studies about this type of defect are presented 
by Gong et al. and Stef [18], [32]. 

A too small overlap between two hatch lines or a local lack of powder due to 
ejection for example [47]–[49] modifies the wetting and the thermal 
conduction of the melt pool [32]. Then, as shown in Figure 20, , a local 
surface of the previous layer is not wetted by the melt pool of the new layer 
because of too important surface tension effect, in other words, because of 
a contact angle higher than 90° (Figure 21).  The void can be filled when the 
upper layer is melted: if the penetration is significant, the void may partially 
or totally collapse, if the penetration is low may the void may remain intact. 

 

Special features for EBM, LBM, Al, Ti or Ni alloy 

All processes and alloys are concerned. 

 
Figure 19 : Illustration of the hatch 
spacing without overlap from  [30]. 

 

 

 

 

 

 

 
Figure 20: Schema of the metallurgical 
origin of hatching induced LOF from [18]. 

 
Figure 21: Illustration of the contact angle 
on stainless steel single scan track made 
by LBM. Adapted from [50]. 

                                                                 
2 Stef [18] defined the equivalent diameter as 𝐷𝑒𝑞 = √6. 𝑉 𝜋⁄3

 where 𝑉 is the volume of the defect detected by mean of RX µCT scan. 
3 Stef [18] defined the aspect ratio as 𝐹 = 𝑑𝑚𝑎𝑥 𝑑𝑚𝑖𝑛⁄  where 𝑑𝑚𝑎𝑥  and 𝑑𝑚𝑖𝑛 are the maximum and the minimum length of the defect 
detected by mean of RX µCT scan also called the Feret’s diameter. 
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A Internal defect I 

A3 Lack of fusion defects II 

A3.2 Interlayer LOF  III 

Definition: 

An interlayer lack of fusion is a lack of fusion occurring between two 
consecutive layers as illustrated in Figure 22. This term is employed by Zhang 
et al. [51].  

 

Morphology 

This type of defect is irregularly shaped, between two layers, and often 
contains unmelted powder [51]. Hrabe and Quinn [52] confirmed this 
assumption with optical observations as illustrated by Figure 23 : regardless 
the distance from the build plate, they observed thin pores, less than 10 µ𝑚 
height in the build direction (z) for hundred micrometers length. They added 
fracture surfaces observation (Figure 24) on which they identified interlayer 
LOF. The bottom of the interlayer LOF defect (Figure 24(b)) shows a flat 
surface of 300 𝑥 250 µ𝑚2 where some rims appear, revealing melting 
vectors of the melt pool. There are also almost aligned tear marks. The top 
of the interlayer LOF defect (Figure 24(d)) shows some unmelted powder and 
partial melted powder. In fact, the fracture initiated on this defect, the 
powder only sintered made the tear marks on the bottom surface. 

 

Physical origin 

An interlayer lack of fusion is generally created by an insufficient energy 
density provided to create a melt pool through the last powder layer and the 
already solidified layers  [18], [30], [33], [51], [52].  There are several factors 
which can lead to this type of defects: a too low energy or a too high powder 
layer thickness. The first factor can be induced by improper parameters, such 
as beam power and scan speed. The second can induce surface defects on 
the previous layer. In these cases, at least, there is an irregular penetration 
or even no penetration of the melted material in the previous layer 
otherwise there is just a wetting of the powder surrounding the melt pool. 
These physical origins are quite close from the previous group “Hatching 
induced LOF”, it is sometimes difficult to clearly classify a LOF in one group 
or another. 

The optimization of the beam parameters such as power and scan speed as 
well as the raking system and the surface roughness of the last melted layer 
prevent the generation of this type of defects. 

 

Special features for EBM, LBM, Al, Ti or Ni alloy 

All processes and alloys are concerned. 

 
Figure 22: Schema of a interlayer LOF 
from [30]. 

 

 
Figure 23 : Micrograph of defect in EBMed 
alloy Ti6-4 (e) pores – (f) zoom on an 
interlayer LOF from [52]. 

 
Figure 24 : Interlayer LOF on a fracture 
surface of EBMed alloy Ti6-4 specimen (b) 
bottom – (d) top from [52]. 
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4.1.4 Cracks 

A Internal defect I 

A4 Cracks II 

A4.1 Liquation cracking III 

Definition: 

Liquation cracking is a crack which occurs in the partial melted zone (PMZ). 
This zone is defined like the zone where liquid and solid phases are coexisting 
during the solidification, Figure 25 [53].The PMZ is the interface between the 
solid material and the melt pool. This crack is intergranular and present an 
irregular morphology, often following the dendritic morphology.  

 

Morphology 

Despite liquation cracking is a well-known phenomenon in welding,  and 
Attallah et al. [54] asserted “other cracking mechanisms such as liquation 
and solidification cracking, which could occur during welding of alloys, 
regardless of the chemistry. », there is no liquation crack identified and 
observed in literature for the couples {process + alloys} addressed in this 
document.  

 

Physical origin 

Due to the lack of reference in powder bed fusion literature, the reader is 
invited to refer directly to the studies of Kou, Fournier dit Chabert, Carter et 
al. and Attallah et al. [53]–[56]. 

 

Special features for EBM, LBM, Al, Ti or Ni alloy 

Liquation cracking is reported for another LBMed Ni based alloy (alloy 738), 
containing more additional elements than alloy 718 [54], [56] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 25: Macrograph (top) and 
micrograph of a liquation cracking in an 
aluminum weld from [53]. 
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A Internal defect I 

A4 Cracks II 

A4.2 Solidification cracking III 

Definition: 

Also often called “Hot tearing”, solidification cracking occurs during 
solidification into the melt pool (Figure 26) [53]. As liquation, solidification is 
an intergranular crack, but present a morphology more regular, straighter 
than a liquation crack. The two phenomenon are often tricky to discriminate. 

 

Morphology 

As well as for liquation cracking, despite solidification cracking is a well-
known phenomenon in welding,  and Attallah et al. [54] assert “other 
cracking mechanisms such as liquation and solidification cracking, which 
could occur during welding of alloys, regardless of the chemistry. », there is 
no solidification crack identified and observed in literature for the couples 
{process + alloys} addressed in this document. . 

 

Physical origin 

As previously, due to the lack of reference in powder bed fusion literature, 
the reader is invited to refer directly to the studies of Kou, Fournier dit 
Chabert, Carter et al. and Attallah et al. [45], [53]–[56] 

 

Special features for EBM, LBM, Al, Ti or Ni alloy 

 

 

 

 

 
Figure 26: Macrograph (top) and 
micrograph of a solidification cracking in 
an aluminum weld from [53]. 
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4.1.5 Undesired phases 

A Internal defect I 

A5 Undesired phases II 

A5.1 Inclusion III 

Definition: 

An inclusion on the bulk material is generally created with foreign material 
that contaminates the powder.  

 

Morphology 

By mean of X-rays CT scan analysis (Figure 28), Neikter et al.  [57] exhibited 
inclusion with an approximate diameter of 150µ𝑚 in EBMed alloy Ti6-4. The 
high intensity of the particle on the scan significate that it is composed of 
dense elements. By mean of optical micrograph (Figure 29), Brandao et al. 
[58] exhibited inclusion with a diameter below 100 µ𝑚. In these pictures, 
there is a void between the titanium matrix and the inclusion. By mean of X 
rays CT scans, a statistically representative population of inclusions was 
characterized (Figure 50): it appears the inclusions are spherical since the 
projected area are equivalent in all section plans. Figure 27 shows inclusions 
on a fracture surface of EBMed alloy Ti6-4 tensile specimen. There are quite 
spherical with a diameter around 20 µ𝑚. 

 

Physical origin 

As highlighted by Neikter et al. and Brandao et al. [57], [58] in their articles, 
in EBMed alloy Ti6-4, only tungsten inclusions were found. Their 
investigations led to two assumptions for explaining the phenomenon. The 
Plasma Rotating Electrode Process (PREP) used to produce Ti6-4 powder 
could be the first origin of the tungsten contamination as a tungsten 
electrode is used. This assumption is supported by the shape of the inclusion 
found by Neikter et al. [57]. The donut shape indicates a void formed during 
the solidification of the inclusion, probably due to the gas used in the PREP. 

Brandao et al. [58] assume the inclusion comes from a cross contamination 
due to a previous batch of tungsten specimens manufactured with the 
machine. 

These inclusions are hard and brittle. Due to the melting point of the 
tungsten twice as high as the titanium (3422°C vs 1668°C), these inclusions 
are not melted during the AM process. 

 

Special features for EBM, LBM, Al, Ti or Ni alloy 

In the EBMed alloy 718 specimens no high density inclusion was found [57]. 
There is no mention of inclusion for SLMed alloy AS7G06. Improper cleaning 
of the machine can also lead to this type of pollution. 

 
Figure 27 : Fractography of tensile specimens (LBMed alloy Ti6-4) showing inclusions 
from [58]. 

 
Figure 28: RX CT scan of an EBMed alloy 
Ti6-4 sample, successive magnifications (b 
& c) on an inclusion of 150 µ𝑚 
approximate diameter from [57] – No 
scale indicated by the authors on the 
picture. 

 

(a) 

 

(b) 

Figure 29: Micrography of LBMed alloy 
Ti6-4 showing inclusion (a) X-Y section – 
(b) Y-Z section modified from [58]. 
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A Internal defect I 

A5 Undesired phases II 

A5.2 Precipitates III 

Definition: 

A precipitate is a dispersed phase formed into a main phase, a matrix.  

In some cases, for structural strengthening for example, this phase is 
voluntarily formed by heat treatment to enhance the material behavior. 
Precipitates formation after heat treatment or ageing are exposed in the 
following ANDURRO projects deliverables LIV-M-031-L6-480-v0 and LIV-
M031-L6-491 [59], [60] 

In the following paragraph, only precipitates formed in as built condition and 
potentially considered as undesirables will be presented. 

 

Morphology 

Thijs et al. [61] highlighted the presence of 𝑇𝑖3𝐴𝑙 precipitates in the vicinity 
of the melt pool for LBMed alloy Ti6-4. They noted concentration of these 
intermetallic precipitates around the melt pool by mean of EDX analysis as 
illustrated by Figure 30: they interpreted the local increase of 𝐴𝑙 content as 
presence of 𝑇𝑖3𝐴𝑙 precipitates. There is no specific analysis of these 
precipitate such as micrograph presented in this study. 

There are many precipitates in alloy 718 which is a precipitate-strengthened 
alloy. Polonsky et al. and Sun et al.  [62], [63] highlighted carbides and 
nitrides precipitates in SLMed (Figure 31) and EBMed alloy 718. These 
precipitates are very small, below the micron. Sun et al. showed these 
precipitates are aligned along the build direction.  

 

Physical origin 

The formation of the 𝑇𝑖3𝐴𝑙 precipitates is explained by the increase of  𝐴𝑙 
content in local area. As the solubility of the 𝐴𝑙 in the 𝑇𝑖 is low around 550°𝐶, 
𝑇𝑖3𝐴𝑙 precipitates. The precipitation is enhanced by the decreasing of the 
scan speed or of the hatch spacing. According to several studies, this phase 
decrease the ductility of the Ti6-4 alloy [64]–[66].  

The carbides and nitrides shown by Polonsky et al. and Sun et al. [62], [63] 
are formed due to the high cooling speed. 𝐴𝑙, 𝑇𝑖 and 𝑁𝑏 segregate in the 
liquid thus promoting the formation of intermetallic particles such as 𝑇𝑖𝑁 
and 𝑁𝑏𝐶. Sun et al. precised the build height is a key parameter for the 
formation of these precipitates. 

 

Special features for EBM, LBM, Al, Ti or Ni alloy 

No significant study was found about the impact of undesirables precipitates 
in AMed aluminum alloys as built. 

In conventionally processed alloy 718, Laves phases are considered as 
detrimental precipitates since they are brittle. In AMed alloy 718, Laves 
phases are around 10 times smaller and so less detrimental than in 
conventional process: no study was found about their detrimental effect. 
Hugues [67] detailed the formation of the Laves phases in ANDURRO project 
deliverable LIV-M-031-L6-409-v0. 

 

 

 

 
Figure 30 : Depiction of 𝐴𝑙 content by 
mean of EDX analysis along a vertical line 
from the top to the bottom in a LBMed 
alloy Ti6-4 specimen from [61]. 

 
Figure 31: Carbide and nitride precipitates 
in SLMed alloy 718 from [62]. 
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A Internal defect I 

A5 Undesired phases II 

A5.3 Oxides III 

Definition: 

An oxide is formed by an anion, generally oxygen and a metallic cation. 
Sometimes, oxide is considered as inclusion [3]. In case of AM, the oxide can 
form thin films, and is considered as a particular undesired phase. 

 

Morphology 

The literature does not report case of detection of the oxides by NDT. All 
oxides are detected on fracture surfaces or on micrographs, with the help of 
EDX analysis.  

For LBMed and EBMed alloy 718, [62], [68] reported the presence of 
inclusions in the material. Liu et al. show fracture surface without showing 
the associate EDS analysis, but from the size of the dimples, these inclusions 
have a diameter in the micron order. Polonsky showed micrographs (Figure 
32) where a micrometric oxide inclusion of 𝐴𝑙2𝑂3 is entrapped in a 𝑇𝑖𝑁 or 
𝑁𝑏𝐶 precipitate. 

Irregular shaped voids surrounded of a thick oxide film, as illustrated in 
Figure 33, are mainly reported [69]–[71] for LBMed aluminum alloy. These 
oxide films cover an area of several hundred of µ𝑚². Tang and Pistorius 
showed another shape of oxide defect: sub-micron particles. They proposed 
an assumption for the formation of the two types of oxide defects as 
explained later.  

Tradowsky et al. [70] showed oxide layer and the potential voids or cracks 
associate do not disappear after HIP treatment as showed in Figure 34. 

 

Physical origin 

All studies [54], [62], [68]–[72] converge on the two same assumptions for 
explaining the formation of oxide layer or oxide inclusion: a contamination 
of the powder during its production or its storage or a too high oxygen 
concentration in the building chamber due to a poor quality of the shielding 
gas or to a low vacuum function of the process (LBM or EBM).  

For alloy 718, a low oxygen content may directly form oxide inclusions such 
as Al2O3, TiO2, and ZrO2 [62] . Theses inclusions are then germination sites 
for precipitates such as nitrides or carbides. 

Aluminum alloys are more favorable to the formation of oxide layer covering 
the last melted layer or surrounding the powder than to the formation of 
inclusions. As illustrated by Figure 35, the oxide layer on the last layer 
decreases the wetting of the substrate and this oxide layer (𝐴𝑙2𝑂3) requires 
more power to be melted. Thus the probability to form an interlayer LOF, 
with unmelted powder entrapped in the void, increases.  The oxide layer can 
also be broken by the melt pool without being melted and entrapped in the 
material. The same mechanism applied to the oxide layer surrounded the 
powder is described by Tang and Pistorius [71] to explain sub-micron oxide 
found in the material. 

 

 

 

 

 
Figure 32: SEM micrograph of oxide 
inclusions entrapped in a nitride (c) or a 
carbide in EBMed alloy 718 from [62]. 

 

 
Figure 33 : Void surrounded by oxide layer 
in LBMed alloy AlSi10Mg from [70] 

 
Figure 34 : Micrograph of LBMed alloy 
AlSi10Mg after T6 and HIP treatment 
showing a crack induced by oxide layer 
(red arrows) from [70]. 
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Special features for EBM, LBM, Al, Ti or Ni alloy 

Despite the high oxidation sensitivity of titanium alloys, no oxide-linked 
defect was reported for AMed titanium alloy in as built condition for this 
literature review. 

 
Figure 35: Mechanism of the oxide 
entrapment for LBMed aluminum alloy 
from [72]. 

A Internal defect I 

A5 Undesired phases II 

A5.3 Microstructural heterogeneity  III 

Definition: 

Microstructural heterogeneity is gradient in the alloy microstructure such as 
local grain size changes, local morphological grain changes, gradient of 
crystallographic texture or changes of the repartition of different phases in 
the material. 

 

Morphology 

Microstructural gradients are well known in AM, and have been developed 
for the three alloys and the associate processes in ANDURRO project 
deliverables LIV-M-031-L01-049 and LIV-M-031-L1-435-V0 [67], [73]. 
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4.2 Surface defects 

B Surface defect I 

B1 Melt pool induced II 

B1.1 Balling III 

Definition: 

The balling is define as a discontinuity of the melt pool track as illustrated by 
the single tracks at a low laser power on the left of the Figure 36. 

 

Morphology 

As balling is strongly linked to the geometry of the melt pool, this type of 
defect have the same order of magnitude than the melt pool. Except on the 
last melted layer, this defect is not visible. But the irregularity formed (Figure 
37) on the melted surface due to the balling leads to irregular layer thickness. 
As seen previously, irregular layer thickness lead to interlayer LOF. 

 

Physical origin 

The balling is linked with the surface tension of the melt pool and the 
wettability of the substrate. Balling occurs when a critical geometry of the 
melt pool is reached: Yadroitsev [74] identify a critical geometry for laser 
melted stainless steel: if the length to width ratio of the melt pool is superior 
to 𝜋, 𝐿 𝑊⁄ > 𝜋 balling occurred. 

Most of the studies dealing with defects in AM mention balling [7]–[9], [75], 
[76]. 

Promoppatum et al. [77] build a process map for LBMed alloy Ti6-4: balling 
effect occurred at a combined high scan speed and high laser power.  

 

Special features for EBM, LBM, Al, Ti or Ni alloy 

All processes and alloys are affected. 

 

 
Figure 36 : SEM images of balling 
phenomenon of LBMed stainless steel 
single tracks from [8]. 

 
Figure 37: SEM observation showing the 
irregular morphology of a surface 
submitted to extreme balling [7]. 

B Surface defect I 

B1 Melt pool induced II 

B1.2 Spattering III 

Definition: 

The spattering is the ejection of melted material on the solidified material or 
on the powder as illustrated on Figure 38 [78]. 

 

Morphology 

References found in the literature dealing with the spattering phenomenon 
are associated to LBM and stainless steel [78] or Invar36 [49], [79]. These 
two teams show spatter particles of hundreds of micrometer of diameter as 
illustrated by Figure 39 and Figure 40. This diameter should be compared 
with the powder size and the layer thickness: 22 − 70µ𝑚 for the LBMed 
stainless steel and 5 − 70µ𝑚 for the LBMed Invar36. 

 

Physical origin 

 
Figure 38: Schema of the spattering 
phenomenon during laser melting (D. 
Wang, Dou, and Yang 2018) 
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Spatter particles come from an ejection of the molten material due to the 
violent heating caused by the laser beam [80]. Depending on the initial state 
of the particle, totally or partially melted, its trajectory and the material on 
which it lands, the spatter could, in the worst case, being sintered on the last 
melted layer as illustrated on Figure 41. If the spatter particle is not removed 
by the recoater and larger than the powder, it can be partially melted or not 
melted. Thus, the spatter particle is entrapped in the bulk material. 
Spattering often appears simultaneously with keyhole. Assuncao et al. [25] 
suggested to favor conduction mode for avoiding spattering. 

Spatter particles have to be kept in mind during fracture surface analysis: if 
the void is around hundreds of micrometers of diameter, it may be due to a 
spatter particle and not to entrapped gas. 

 

Special features for EBM, LBM, Al, Ti or Ni alloy 

There is no reference dealing with spattering associated to the couple of 
{process/alloy} studied in the ANDURRO project. 

Nevertheless, there is no clear reason not to extrapolate the previous results 
to our couple {process/alloy}. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 39 : SEM observation of a spatter 
particle induced by LBMed stainless steel 
[78]. 

 
Figure 40 : Ejection of a spatter particle 
caught by mean of X-ray synchrotron [49]. 

 
Figure 41: Schema of the consequence of 
the spatter particle deposited on the last 
layer from [78]. 
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B Surface defect I 

B1 Melt pool induced II 

B1.3 Swelling III 

Definition: 

Swelling is a little wave above the plane of melting [45]. This phenomenon is 
quite similar to humping in framework of welding. 

 

Morphology 

Swelling are little waves at the top of the parts. The surface present regular 
patterns (Figure 42). 

 

Physical origin 

The swelling is due to surface tension effects function to the melt pool 
geometry [45]. Sames attributed the origin of the swelling to a parameter 
called “turning point” for EBM. The optimization of this parameter allow the 
disappearance of the swelling (Figure 43). He compared the swelling to the 
humping for welding. 

 

Special features for EBM, LBM, Al, Ti or Ni alloy 

No swelling was reported in another case than EBMed alloy 718. 

 

 
Figure 42: Parts showing swelling and no 
swelling for the same process parameters 
for EBMed alloy 718 from [11]. 

 
Figure 43: Optimization of process 
parameters for swelling reducing in 
EBMed alloy 718 parts from [11]. 

B Surface defect I 

B2 Cracks II 

B2.1 Residual stresses induced III 

Definition: 

Residual stresses are defined in the literature as the stresses remaining in a 
part in absence of external loading such as mechanical loading or thermal 
loading [54] . Residual stress gradient, optically invisible, may induce visible 
defects such as warpage, global or local part deformations, delamination or 
cracks (Figure 44). 

Despite residual stresses have well known consequences on the mechanical 
properties, only these visible consequences of the residual stress will be 
described hereafter, and more specifically the induced defects such as cracks 
and delamination that fall into the category of “A- internal defects” 
according to our classification. Authors described sometimes these defects 
as thermal cracks [81]. 

 

Morphology 

Residual stresses are closely linked to the geometry of the fabricated part. 
Thus, the morphology (size and shape) of the induced cracks and 
delamination will be linked with the geometry. Figure 45 and Figure 46 
illustrate the type of cracks induced by residual stresses. On Figure 45, the 
crack may be considered as delamination crack since it seems to be 
perpendicular to the building direction. The Figure 46 shows a crack of few 
millimeters length on the top of a SLMed bridge. On the top of the bridge 

 
Figure 44 : Cracks and distortion defects, 
consequence of the residual stresses from 
[87]. 
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the crack seem to follow the roughness whereas on the front of the bridge, 
the crack is more or less inclined. 

 

Physical origin 

The origin and the complexity of the residual stress is widely discussed in the 
literature [82], [45], [54], [83]–[85]. 

Asserin [82] summarize the three phenomenon which lead to the residual 
stresses: 

- Temperature gradient associate to the clamping of the parts; 
- The metallurgical transformations which lead to volume change; 
- Difference of thermal expansion coefficient (between the build 

plate and the part mainly). 

Mercelis et al. [86] provide a concise explanation of the first phenomenon 
leading to “global” residual stresses which is illustrated in Figure 47. By 
considering only the irradiated zone, they explained residual stresses result 
to differential and localized thermal gradients induced by the melt pool.  

About the second phenomenon, the thermal contraction of the melted 
material during its solidification combined to the constraint of the underlying 
solidified material induce a stress gradient. The top layer is rather submitted 
to tensile stress whereas the underlying layer is submitted to compressive 
stress. 

If the residual stresses exceed the yield strength, critical defects such as 
permanent distortion, warping or even cracks may appeared in the part [54], 
[87]. 

The main influencing parameters on residual stresses apparition are the 
shape of the part, in particular the slenderness ratio, and the scanning 
strategy [85], [86]. Both parameters affect thermal gradient in the part. 
Kruth et al. [81] present an interesting mean of residual stress assessment 
function of the scanning strategy: they built bridge with several scanning 
strategies and they measure the curling angle after removing the bridge from 
the base plate (Figure 48). By comparing the curling angle 𝛼 of the bridges, 
they assessed the scanning strategy which induced the less residual stress.  

A non-intuitive idea is highlighted in these studies: residual stresses intensity 
is inversely proportional to the pores density. Indeed, as pores have free 
surfaces, residual stressed may be relaxed by pores deformation. Therefore, 
caution should be exercised when parameters are optimized to reduce 
porosity in manufactured parts. This can lead to the creation of significant 
residual stresses. Compromises between a decrease of the porosity and 
increase of the residual stresses may be necessary to achieve a targeted part 
quality. 

 

Special features for EBM, LBM, Al, Ti or Ni alloy 

In the literature, studies [88]–[90],compiled by Hugues et al. [67],   assessed 
the maximal value of residual stress between around 100𝑀𝑃𝑎 and 775𝑀𝑃𝑎 
in LBMed alloy Ti64 parts. 

In contrary, studies show that EBM process is almost not concerned about 
residual stresses. Two research groups measured residual stresses by mean 
of neutron diffraction experiments. By comparing residual stresses in alloy 
718 specimens made by Direct Laser Metal Deposition and EBM, Sochalski-
Kolbus et al.  [91] showed residual stresses are negligible in EBMed alloy 718 
specimens. Hrabe et al. [92]  measured no significant residual stress, and 
thus concluded to the absence of residual stress in EBMed alloy Ti6-4 
specimens. 

 
Figure 45: Residual stresses induced crack 
in LBMed part from [81]. 

 
Figure 46 : Illustration of a crack at the top 
of a SLMed bridge from [93]. 

 
Figure 47 : Thermal Gradient Mechanism 
(TGM) leading to the residual stress in a 
single melt pool from [81]. 

 
Figure 48: Bridge curling measurement for 
residual stress assessment of LBM process 
from [81]. 
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5 Outlook 

The classification presented above aims to be the structure of the defect database.  

Considering the huge amount of specimens which will be manufactured, tested and analyzed, it seems to be important 
to capitalize as much information as possible from these specimens especially since a significant number of defect 
analysis is planned in the framework of the ANDDURO project. In particular, a large amount of micrographs, RX CT scans 
and fractographs will allow to precise the distribution and the morphological features of each class of defects.  

This type of information is quite rare in the literature. Three studies are particularly noteworthy for proposing both a 
classification: Gong, Brandao et al. and Stef [18], [58], [94]. The results of their works are presented in Figure 49 and 
Figure 50. 

 
Figure 49 : Classification, size distribution, aspect ratio distribution, mean size and mean aspect ratio of defects analysed in LBMed 
alloy Ti6-4 from [18]. 

One point particularly caught our attention in the methodology of Stef’s work [18]: for supporting its fracture surface 
analysis, he superimposed a virtual grid parallel to the fusion path. This method is very helpful for discriminated the 
defect type. 
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Figure 50 : Distribution of the projected area of inclusion in LBMed alloy Ti6-4 from (Brandão et al. 2017). 

This type of work implies having enough data to lead a statistical approach on specimens to represent the material, 
which seems possible in the ANDURRO project. This work is tedious but will allow a good evaluation of acceptable and 
detectable defects for each alloy process pair studied. 

6 Conclusions 

Based on the work of Fiorese and Bonolo et al. [2], [3], this document proposes both a literature review and a 
classification for defects found in powder bed fusion for alloys AS7G06, Ti6-4 and 718.  

The classification allows, by using data from the literature, to present a morphology description of the defects as well 
as a physical origin of the defect. The references attached to the physical origin provide sometimes methodological 
element for studying associated key parameters. 

It was shown that some defects such as lack of fusion or keyhole induced pores are closely linked with the process 
parameters and may be avoided by the optimization of these process parameters. Some defects such as gas entrapment, 
hydrogen related pores or residual stresses are trickier to mitigate. However, on one hand, the size of the gas related 
pores are often below above 50µ𝑚 of equivalent diameter. It is assumed this size of defects are not very detrimental 
for the material, even if there is an important cluster of the gas related pores. The work of the WP4 should give some 
objective element for supporting – or not – this assumption. In other hand, for the residual stresses, if there is no crack 
created by the stress gradient, a heat treatment may decrease efficiently these residual stresses.  

If the proposed classification of the internal defects is quasi exhaustive, there is missing classes for internal defects. For 
efficiency reasons, we did not consider surface defects which have no impact on the bulk material. All surface defects 
considered in this document are defects that can cause subsequent internal defects. In the framework of the ANDDURO 
project, this lack has a negligible impact since all of the analysis are made on machined specimens. The surface 
roughness is not a parameter in our powder bed fusion assessment. 

This proposed classification is the starting point for the defect database implementation in the dedicated IRT’s software.  

As mentioned in the outlooks, the next step consist to fill this defects database with the project’s results. 
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