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Introduction
In order to apply additive manufacturing (AM) for manufacturing 

of components for the aerospace industry a number of requirements 
need to be fulfilled, especially for parts that have critical functions for 
the overall performance. Even though AM has a large global interest 
today, there are still many uncertainties and process-/material related 
parameters that lack enough knowledge and understanding before 
AM can be widely adopted for aerospace components. Some of these 
variables include mechanical properties1‒3 and their relationship to 
process parameters,4,5 defects6,7 etc. An aerospace driven research 
focus is also repeatability,8 which means that one component 
manufactured in one AM machine should become exactly the same, or 
at least similar enough so that all necessary requirements are fulfilled, 
as if the same part was built in another machine of the same type. This 
has been realized to be difficult to achieve, especially for some AM 
processes where process complexity involves numerous variables. 
This is not necessarily only a disadvantage, the complexity with a 
number of variables can also be considered an advantage because it 
enables the flexibility to vary process parameters in different ways, 
depending on part geometry, material etc. and still manage to get the 
required end result. Two of the most important parameters to keep 
track of are temperature distribution and dimensional control. 

AM is regarded as a beneficial manufacturing process over 
conventional manufacturing processes, when high complexity and low 
lot sizes are wanted.9 Increased complexity and topology optimization 

make it possible to decrease the weight, remove assembly features, 
integrate mechanical functions, which are goals for aerospace 
designers.10,11 One example of a highly complex structure that can be 
manufactured with AM is the honeycomb structure that could even 
include internal cooling channels.11 Compared to other industrial 
sectors low lot sizes is a matter within the aerospace sector. This fact 
renders AM as a competitive option because the cost is similar whether 
one or several components are manufactured. In order to be able to 
qualify AM for manufacturing of critical applications more standards 
are needed to facilitate the qualification process. For competitiveness 
increased manufacturing speeds in most AM processes are needed, 
because conventional manufacturing processes can manufacture 
parts with higher rates. Normally some type of post processing of 
AM parts are needed, such as hot isostatic pressing (HIP)4,6 to close 
pores and improve the mechanical properties and machining to obtain 
acceptable surface conditions. The need of post processing leads to 
decreased manufacturing speeds and higher costs. There are several 
different AM processes available and one promising AM process is 
electron beam melting (EBM) as it offers near net shape production, 
even for complex geometries, with little material waste which enables 
large weight saving possibilities.12 EBM uses an electron beam as 
energy source to melt a powder bed and the chamber, in which the 
building is conducted, is kept at an elevated temperature throughout 
the build, which reduces the residual stresses compared with other 
competing powder bed processes. 

Ti-6Al-4V and Alloy 718 are two alloys that are widely used in 
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Abstract

Electron beam melting (EBM) is emerging as a promising manufacturing process 
where metallic components are manufactured from three-dimensional (3D) computer 
aided design models by melting layers onto layers. There are several advantages 
with this manufacturing process such as near net shaping, reduced lead times and the 
possibility to decrease weight by topology optimization, aspects that are of interest 
for the aerospace industry. In this work two alloys, Ti-6Al-4V and Alloy 718, widely 
used within the aerospace industry were investigated with X-ray microtomography 
(XMT), to characterize defects such as lack of fusion (LOF) and inclusions. It was 
furthermore possible to view the macrostructure with XMT, which was compared to 
macrostructure images obtained by light optical microscopy (LOM). XMT proved to 
be a useful tool for defect characterization and both LOF and un-melted powder could 
be found in the two investigated samples. In the EBM built Ti-6Al-4V sample high 
density inclusions, believed to be composed of tungsten, were found. One of the high-
density inclusions was found to be hollow, which indicate that the inclusion stems 
from the powder manufacturing process and not related with the EBM process. By 
performing defect analyses with the XMT software it was also possible to quantify 
the amount of LOF and un-melted powder in vol%. From the XMT-data meshes were 
produced so that finite element method (FEM) simulations could be performed. From 
these FEM simulations the significant impact of defects on the material properties was 
evident, as the defects led to high stress concentrations. It could moreover, with FEM, 
be shown that the as-built surface roughness of EBM material is of importance as high 
surface roughness led to increased stress concentrations. 
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aerospace applications. Ti-6Al-4V amounts to 80% of the total titanium 
alloys volume used within the aerospace sector,13,14 whereas Alloy 718 
is the most used Ni-based alloy within e.g. GE aircraft engines,15 being 
an important alloy for rotating parts and at temperatures exceeding 
titanium’s limit. AM of titanium has many advantages compared 
to conventional manufacturing because titanium is regarded as an 
expensive material compared to e.g. steel. The high production price 
for conventional manufacturing is partly due to that up to 80%16 of 
the titanium is machined away and due to titanium’s high affinity to 
oxygen making it a complicated metal to work with. If titanium is 
exposed to oxygen at high temperatures an oxide layer called α-case is 
formed, which reduces the mechanical properties.17 The problem with 
titanium’s affinity to oxygen is no issue when using EBM because the 
manufacturing takes place in vacuum. One of the main reasons for 
using titanium is that this metal has low density while having good 
mechanical properties giving it a high specific strength.13,18 Titanium 
is furthermore a good choice for use in harsh environments as it has 
good corrosion resistance in most environments. In EBM, along with 
other AM processes, there are several types of defects that can form 
during the building process, such as lack of fusion (LOF), porosity 
and inclusions. LOF could for instance be caused by an insufficient 
amount of applied energy needed to melt the material. Porosity could 
as an example be caused by entrapped gas e.g. argon gas, while 
inclusions could arrive from various sources e.g. cross contamination. 
Previous work6,19,20 has shown that defects like LOF present in AM 
can degrade the mechanical properties dramatically. Wycisk et al.21 
analyzed the effect of defects on fatigue properties and found that 
variations in fatigue properties to be the same for consistent defects, 
whereas a large variation was observed for different defects, their size 
and location. Anisotropy is another topic that has been reported for 
additive manufactured titanium,22,23 leading to different mechanical 
properties in different loading directions.

In order to characterize microstructure and defects in AM materials 
it is common to make sample preparations, like cutting, grinding, 
polishing, etching etc., followed by microscopy evaluation. This type 
of characterization is time consuming and not completely accurate as 
only a part of the sample can be investigated and some defects might be 
missed. Furthermore, the sample of interest is destroyed in the process. 
A possible complement to this is to use X-ray microtomography 
(XMT)24,25 which is a non-destructive characterization method that 
is used for obtaining high resolution 3D images of the investigated 
material. During the past 10-15 years XMT has become a popular 
tool for quantitative studies of various materials, including geological, 
biological, pharmaceutical and engineering materials.26‒29 XMT offers 
unique possibilities, where the high-resolution 3D image is an accurate 
map of the density and element distribution.30 From the acquired 
3D data, it is possible to make a quantitative characterization of the 
internal features (voids, cracks, grains, fibers etc.). Quantities such 
as porosity, volume fraction of phases and features, and grain size 
distribution, can be calculated using 3D image analysis.26 Porosity of 
materials has traditionally been measured by Archimedes principle 
where the material is immersed in water and with the known density 
of water and the material, the porosity can be calculated. With XMT 
this porosity can be measured digitally, with high accuracy. In the last 
40 years XMT has been used within the medical field with typical 
resolutions of 0.3mm,31 but today with increased resolution it is also 
an interesting characterization technique in materials science where 
it is a powerful tool for e.g. detecting defects. The images are based 
on density distribution of the investigated material and one scan is 

composed of many X-ray projection images that are captured at equal 
angles of the sample, while the sample makes one full rotation. These 
images are then constructed into a 3D image by using tomographic 
reconstruction software. The XMT method can be used in both larger 
synchrotron facilities30,31 and smaller in-house instruments.32 Apart 
from direct analysis of the XMT data it is also possible to use the data 
to form authentic finite element models (FEM) of the sample, including 
the defects, for further analysis using FEM-software.33 The FEM is 
the most developed and used numerical method based on continuum 
mechanics modelling, a constitutive relation for the actual material is 
described and the governing equations are solved.33 The strength of 
the FEM is the many possibilities to study different mechanical and 
physical events. Also simple models can give interesting information 
on load and stress events and their consequences. 

The aim of this work has been to show typical defects that are 
present in as built EBM Ti-6Al-4V and Alloy 718. These defects have 
furthermore been quantified and their distributions in the samples have 
been analyzed. The effects of the defects on mechanical properties 
are discussed in relation to already published results and the defect 
distribution is linked to process parameters.

Experimental method 
Material and sample preparation

The Ti-6Al-4V sample was built in an Arcam Q20 machine while 
the Alloy 718 sample was built in an Arcam A2x machine. The height 
of the titanium sample was 30mm while the diameter ranged from 
6-10mm (the titanium sample was a tensile bar with the bottom being 
10mm in diameter). Both the samples were built with the process 
parameter contouring. The Alloy 718 was one quarter of a cylindrical 
sample, with the radius 5mm. The height of this sample was 28mm. 
Both the samples were printed in a vertical position in the building 
chambers. None of the samples received any post heat treatment or 
HIPing (hot isostatic pressing). Prior to the XMT analyze no sample 
preparation was needed as XMT is a non-destructive analyzing 
method. Prior to the microstructure characterization the titanium 
sample was cut perpendicular to the layers, so that the prior β grains 
could be revealed. The Alloy 718 sample was cut so that one quarter of 
the sample remained for the XMT analyze (otherwise it would be too 
thick for the X-rays). Parts of the two samples were then embedded in 
Bakelite followed by grinding and polishing according to conventional 
polishing methods for titanium and Alloy 718 samples. The titanium 
sample received an etching with Kroll’s etchant according to ASTM 
Standard E 407 (192) and the Alloy 718 sample was etched with 
Kalling’s etchant according to ASTM Standard E 407 (95).

Method

The two samples were scanned at the X-ray microtomography 
lab at Luleå University of Technology, Luleå, Sweden, using a Zeiss 
Xradia 510 Versa (Carl Zeiss X-ray Microscopy, Pleasanton, CA, 
USA). This imaging system provides flexibility with high resolution 
(down to <0.7µm spatial resolution and <70nm achievable voxel) and 
high contrast capabilities. The maximum tube voltage and power of 
the instrument is 160kV and 10W, respectively, which is sufficient 
to penetrate and scan a homogeneous cylindrical Ti-sample (density 
4.5g/cm3) of approximately 12mm diameter. The equivalent diameter 
for a nickel based sample such as Alloy 718 (density 8.9g/cm3) is 
approximately 6mm. However, this is only approximate numbers and 
should therefore be considered as guidelines. The ZEISS Xradia 510 
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Versa system is also referred to as a 3D X-ray microscope (XRM) 
and has multiple detector objectives to enable imaging of the sample 
at a number of resolutions and field of view pairings, analogous to 
a light microscope. The Ti-6Al-4V sample was scanned two times 
using different objectives and scanning settings. The first scan, S1, 
is a large field of view (FOV) scan that covers the full cross section 
of the sample, with spatial resolution 8.23μm. The second scan, S2, 
is a local tomography scan, carried out with the spatial resolution 

4.78μm. The third scan, S3, is a FOV scan in the mid-section with 
a spatial resolution of 11.31μm. The Alloy 718 sample was scanned 
with large FOV settings. This scan, denoted S4, was carried out with 
the spatial resolution 9.07μm. The full set of scanning parameters 
(FOV, spatial resolution, detector objective, voltage, power, exposure 
time, number of projections and the total scan time) is given in Table 
1. 3D visualization and quantitative analysis of the microstructure in 
the AM samples were obtained using Dragonfly Pro software (ORS). 

Table 1 Overview of the scan settings that were used for the four scans S1-S4

Scan Spec
FOV

(mm)

Res.

(μm)
Obj.

Voltage

(kV)

Power

(W)
Exp.

(s)

Proj.
Scan time

(h)

S1 Ti-6Al-4V, top, FOV 8.42 8.23 0.4x 140 10 8 1601 5

S2 Ti-6Al-4V, top, local 4.82 4.78 4x 140 10 1 2201 2

S3 Ti-6Al-4V, mid, FOV 11.58 11.31 0.4x 150 10 6 1601 4

S4 Alloy 718 9.28 9.07 0.4x 160 10 12 1601 6

Mesh generation for FE-modelling was carried out using 
ScanIP software (Synopsys/Simpleware). For the microstructural 
characterization of both the Ti-6Al-4V and Alloy 718 samples a 
Nikon eclipse MA200 LOM was used. The software that was used 
for the LOM was NIS Elements BR that allows the user to take 
both macroscopic and high magnification (1000 times) images for 
distinguishing microstructural features. For the overview images 
several images were stitched together. 

Finite element modelling

From the XMT measurements, finite element meshes were 
created for the Ti-6Al-4V and Alloy 718 samples. In order to study 
how defects in the samples affect the stress distributions, two finite 
element models were created for each sample. In the first model, 
all internal defects were included and in the second model, all 
internal defects were artificially removed. A quasi-static uniaxial 
displacement of 0.1mm in compression was simulated for the two 
samples. The non-linear finite element software LS-DYNA version 
R10.034 was used for the numerical simulations. For the finite element 
discretization of the samples, volume averaged 1-point nodal pressure 
tetrahedron elements were used. The finite element mesh of the Ti-
6Al-4V sample with internal defects included had approximately 9.1 
million elements, and the mesh with internal defects removed had 
approximately 5.6 million elements. For the Alloy 718, the mesh 
including internal defects had approximately 2.1 million elements, 
and the mesh with removed internal defects had approximately 1.8 
million elements. More elements were required to accurately resolve 
the defects, hence the difference in number of elements between the 
models. Furthermore, the Ti-6Al-4V sample required more elements 
because it had a larger volume compared to the Alloy 718 sample. 
The height of the samples that was modelled was 7.1mm for Alloy 
718, and 5.7mm for Ti-6Al-4V. A linear-elastic constitutive model 
was used to represent the Ti-6Al-4V and Alloy 718, and the elastic 
material parameters that were used are presented in Table 2. 

Table 2 Elastic material parameters for Ti-6Al-4V and Alloy 718

 Ti-6Al-4V35 Alloy 71836

Young’s modulus (GPa) 113.8 200

Poisson’s ratio 0.342 0.294

Density (g/cm3) 4.43 8.19

Results and discussion
Microstructures

Figure 1 shows the microstructures of the Alloy 718 (Figure 1A) 
and the Ti-6Al-4V samples (Figure 1B). The microstructure of EBM 
manufactured Alloy 718 in as built condition consists of a gamma 
phase matrix with a columnar structure. Delta phase with needle like 
morphology and MC carbides (mainly NbC) are distributed in the 
matrix. The main strengthening precipitate in Alloy 718 is gamma 
double prime which is also present in the as built condition. The 
distribution of all the secondary phases is heterogeneous and depends 
on the part geometry, especially the height and thickness. For Ti-
6Al-4V, β grains are formed above the beta transus temperature and 
these prior β grains grow epitaxially with a β<100> crystal growth37,38 

through the layers towards the temperature gradient direction.39,40 
When the temperature decreases below the β transus temperature α 
laths start to form from the β grain boundaries, and from within the 
grains depending on cooling rate. The microstructure of the present 
Ti-6Al-4V EBM sample was determined to be of basket weave type, 
where entangled α laths is the characteristic feature. When cooling 
rate is slow enough, α phase will nucleate and grow in the β grain 
boundaries, making the β grains easy to distinguish. Epitaxial growth 
of grains perpendicular to the layers was seen in both materials. 

The prior β grains in the Ti-6Al-4V sample can clearly be seen in 
Figure 2, both in the macrostructure from XMT (Figure 2A) and in the 
macrostructure from LOM (Figure 2B). When comparing these two 
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characterization techniques it can be concluded that both techniques 
show these prior β grains, although for LOM the grain boundaries 
appear more clearly. For XMT it was not possible to investigate the 
microstructure of the investigated material; however it gives a full 
3D representation, which is something that is important when there 
are local variations, variations that could stay undetected when 
investigating in 2D, such as with LOM. 

Figure 1 (A) Microstructure of Alloy 718, (B) Ti-6Al-4V. The microstructure 
of Alloy 718 is composed of a gamma phase matrix with needle like δ phase 
and MC carbides, while the microstructure of the Ti-6Al-4V sample is basket 
weave, where the intertwined α laths is a characteristic feature.

Figure 2 (A) the macrostructure from the XMT image and (B) the 
macrostructure as seen from the LOM. In both characterization methods the 
prior β grains growing epitaxially from one layer to another can be seen.41

Defects

In AM there are mainly three different defects that can be present 
in the build, LOF, porosity and inclusions. In general, pores are 
considered as spherical defects, LOF non-symmetrical defects and 
the inclusions are defects exhibiting different chemical composition 
than the base metal. All these three defects were found in the two 
investigated materials. LOF and porosity are known to be detrimental 
to the mechanical properties.6,19 Cao et al.7 investigated process 
parameters that altered the amounts of porosity and a clear correlation 
between the amount of porosity and tensile strength was observed. 
The process parameters with low amount of porosity had better tensile 
properties than material with high amount of porosity. Cao et al.7 also 
investigated the effect of orientation of the defects on the tensile 
properties, concluding that elongated defects parallel to the layers 
reduce the tensile properties if a load perpendicular to the layers 
is applied, due to that the defects are opened up. Whereas if a load 
parallel to the layers is applied the crack is closed. LOF is mainly 
formed in the interface between layers i.e. parallel to the layers, thus 
if load is applied parallel or perpendicular to the layers anisotropic 
behavior occurs, thus partly explaining the anisotropic behavior that is 
observed in AM.7,22 Qui et al.42 and Kobryn et al.6 also supported this 
reasoning of defects impact on fracture elongation. 

In Figure 3A & Figure 3B two different digital slices of the Alloy 

718 sample are shown and the typical appearance of defects in the 
XMT images are distinguished by a difference in contrast as e.g. 
highlighted by black arrows in Figure 3B. In this case the LOF shown 
by the left black arrow in b) is parallel to the layers, thus it would 
according to the theory discussed previously decrease the tensile 
properties if load would be applied perpendicular to the layers, while 
not affecting a loading parallel to the layers. 

Figure 3 XMT images of the Alloy 718 sample. (A) An overview image 
showing different sections of the material in 3D perspective. (B) A section 
of the material exhibiting several defects which are represented by a contrast 
difference (black spots) in the image, two defects being highlighted by black 
arrows.

In order to evaluate the defects more carefully, defect analyzes of 
the two samples were carried out and the result is shown in Figure 
4. The green color signifies cavities in the material i.e. LOF or pores 
and the red color signifies spherical shapes with a different density, 
compared to the cavities, which in this case could be related to un-
melted powder due to LOF. In Figure 4B it is clearly shown that the un-
melted powder (red shapes) is present within irregular cavities, which 
is related to the incomplete melting of powder i.e. LOF. In Table 3, the 
amount of cavities and un-melted powder for the evaluated volume 
of the materials is shown for Ti-6Al-4V and Alloy 718. Noteworthy 
is the difference in the amount of cavities when comparing the 
two materials, where Alloy 718 has more defects. Moreover, the 
distribution of defects seems to be higher close to the surface while 
the bulk has lower amounts of defects. The higher defect level near 
the surface compared to the bulk could be explained by the process 
parameter “contouring”43,44 that creates an edge effect leading to an 
increased amount of defects close to the contour line. Contouring is 
used for improving surface quality and is done by melting the contour, 
prior to the hatching phase, and is normally performed in two steps, 
inner and outer contouring. According to Smith et al.4 the dimensional 
accuracy of EBM can be improved by not using contouring and by 
reducing the beam energy density by increasing the beam speed. The 
drawbacks with this are on the other hand an increased amount and 
size of porosity in localized regions. The defects could however be 
closed by performing HIP treatment,4,6 which is a process that heat the 
material to about 900°C in high pressure atmosphere. The combination 
of elevated temperature and the high pressure leads to those vacancies 
are closed. It is however desired not to perform this post treatment as 
it increases the manufacturing time and cost. 

Two inclusions were found in the investigated Ti-6Al-4V sample 
and in Figure 5A an XMT view of an inclusion is shown. The inclusion 
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is distinguished in the XMT by a different density contrast, in this 
case the inclusion shows high intensity i.e. bright particle, see white 
arrows. 

Figure 4 (A) the Ti-6Al-4V sample and (B) the Alloy 718 sample. The green 
color signifies porosity while the red signifies spherical particles.
Table 3 The amount of cavities (porosity and LOF) and un-melted powder for 
the two samples

 Ti-6Al-4V Alloy 718

Sample volume (mm3) 172.8 130.7

Cavities (vol%) 0.056 0.121

Un-melted powder (vol%) 0.022 0.026

In Figure 5 an inclusion is shown, at low (b) and high (c)
magnification. Its diameter was measured to be approximately 150µm. 
This type of inclusions could originate from various sources e.g. from 
storage conditions, cross contamination from different powders and 
the actual powder production. The tomography instrument used is 
not equipped with any spectroscopy possibilities and hence it was not 
possible to determine the exact element of the inclusion. However, 
the high intensity makes it possible to conclude that it is a high-
density inclusion. One plausible element is thus tungsten, an element 
that has been verified to exist in additive manufactured titanium in 
other studies.23 During the powder production a tungsten filament 
was utilized for melting the material. Thus a tungsten inclusion could 
for instance come from this filament, as it has been reported that the 
tungsten filament can wear out and emit such small particles.18 So, a 
possible reason for this “donut”-shaped inclusion in Figure 5 could 
be that during the powder production, the high-pressure gas that is 
used somehow penetrated the liquid spherical powder creating this 
void. Tungsten filaments are also used to create the electron beam 
in the EBM machine, but the machine itself can be ruled out as the 
source of the inclusion due to the facts that the void is located in the 
center of the inclusion and that the machine is structured to prevent 
this to occur. So due to this it is thought that this inclusion comes 
from the powder production rather than from the EBM process itself. 
Tungsten inclusions are hard and brittle at low temperatures45 and 
its high melting temperature will make it stay un-melted in liquid 
titanium and Alloy 718. Due to their brittle nature they can act as crack 
initiation sites leading to reduced mechanical properties. According to 
Brando et al.23 the impact of these inclusions have a similar impact 
on the mechanical properties as LOF, thus being a highly unwanted 
feature in AM built material. In the Alloy 718 sample no high density 

inclusion was found. 

Figure 5 (A) Inclusion in Ti-6Al-4V shown in one out of many possible 
views by XMT. In these digital cuts only one high density inclusion is present, 
although more high-density inclusions can hide in other cuts. (B) and (C) show 
the high-density inclusion in different magnifications, (B) low and (C) high 
magnification. In both images it is seen that the particle has a cavity in the 
middle, giving it a “donut-shape”. In the high magnification image (C), it was 
also possible to measure the radius of the particle to 76.9μm.

Finite element simulation

The distribution of the effective von Mises stress in the Alloy 718 
and Ti-6Al-4V models were evaluated from uniaxial compression 
simulations. Figure 6A shows the position of the cross sections used. 
In Figure 6B one cross section from the Alloy 718 models without 
internal defects is shown, and Figure 6C shows the model with internal 
defects. The corresponding cross sections for the Ti-6Al-4V models 
are shown in Figure 7. The models where the defects were included 
resulted in the development of stress concentrations close to the 
defects. This is shown in Figure 6C and Figure 7C, where the defects 
in the interior of the samples appear as voids in the cross sections. 
Components that have large stress concentrations are more prone to 
initiation of cracks and premature fatigue failure. Figure 8 shows the 
distribution of the effective von Mises stress on the surface of the Alloy 
718 and Ti-6Al-4V models. Stress concentrations were observed on 
the surfaces of both materials, giving a good indication of the severity 
of rough surfaces for the mechanical properties. Rough surfaces that 
result in stress concentrations will decrease the mechanical properties 
of a component. Due to the stress concentrations, the surfaces of the 
materials are prone to crack initiation thus decreasing the resistance to 
fatigue. This is in good correlation with Chan et al.,46 who investigated 
the effect of surface roughness on the fatigue properties of EBM built 
Ti-6Al-4V. The conclusion of their study was that the roughness 
decreased the fatigue life time. 

Figure 6 Finite element model of the Alloy 718 sample. (A) The position of 
the cross section used to study how internal defects affect the stress state in the 
sample during uniaxial compression. Cross sections (B) and (C) showing the 
effective von Mises stress after simulated uniaxial compression of the Alloy 
718 sample, where (B) is without and (C) with internal defects. The impact 
of defects is shown as stress concentrations located at the interior void in (C). 
Stress concentrations could lead to crack initiation and eventually to premature 
material failure. The effect of the surface roughness is also visible as swift 
changes between high and low stresses.

https://doi.org/10.15406/aaoaj.2018.02.00044


Defect characterization of electron beam melted Ti-6Al-4V and Alloy 718 with X-ray microtomography 144
Copyright:

©2018 Neikter et al.

Citation: Neikter M, Forsberg F, Pederson R, et al. Defect characterization of electron beam melted Ti-6Al-4V and Alloy 718 with X-ray microtomography. 
Aeron Aero Open Access J. 2018;2(3):139‒145. DOI: 10.15406/aaoaj.2018.02.00044

Figure 7 Finite element model of the Ti-6Al-4V sample (A) the position of 
the cross section used to study how internal defects affect the stress state in 
the sample during uniaxial compression. Cross sections (B) and (C) showing 
the effective von Mises stress after simulated uniaxial compression of the Ti-
6Al-4V sample, where (B) is without and (C) with internal defects. The impact 
of defects is shown as stress concentrations located at the interior void in (C) 
(see black arrow). Stress concentrations could lead to crack initiation and 
eventually to premature material failure. The effect of the surface roughness is 
also visible as swift changes between high and low stresses.

Figure 8 Stress concentrations of the Alloy 718 (A) and Ti-6Al-4V (B) samples 
from the surface point of view. The surface, with its high roughness, has many 
stress concentrations (red) combined with areas (blue) with no stress.

Conclusion
In this study XMT was used to detect small high-density inclusions 

and with XMTs high spatial resolution their size was determined 
to 150nm in diameter. With XMT it was furthermore possible to 
distinguish the macrostructure of Ti-6Al-4V in the form of prior β 
grains. As a defect characterization technique XMT was superior to 
conventional characterization including sample preparation combined 
with LOM, both in regard to time efficiency, reliability and being non-
destructive. Moreover, it was concluded that as built EBM Ti-6Al-4V 
had a total of 0.078vol% defects (cavities and un-melted powder) in 
the material. For the EBM built Alloy 718 sample the corresponding 
amount was 0.147vol%. With the defect distribution analyze it was 
also shown that a majority of the defects were found closer to the 
surface, which from previous research has been correlated with the 
process parameter “contouring”, which both the samples were built 
with. Characterizing the microstructure with the current XMT was 
not possible, apart from a macroscopic point of view. So if a thorough 
characterization is wanted one should first start with the XMT 
scanning as this technique is non-destructive, to identify features 
(e.g. defects) in three dimensions. Then once that is done LOM can 
be used to characterize certain regions that are of more interest and 
then in combination obtain a good overall characterization. From 
the finite element analysis both internal- and surface defects showed 
information on local stress concentrations and from the result it 
was shown that the defects lead to high stress concentrations, that 
consequently will lead to crack initiation sites and premature failure. 

By analyzing the result of the FEM simulations it was also evident of 
the necessity to have fine surfaces, as rough surfaces result in higher 
stress concentrations. These simulations clearly showed the severe 
impact that defects can have on the lifetime of components having 
these defects. FEM modeling is thus giving important information for 
evaluating future fatigue strength on AM products. 
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