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Abstract: In this study, micro-computed tomography (CT) is utilized to detect defects of Ti-6Al-4V
specimens fabricated by selective laser melting (SLM) and electron beam melting (EBM), which are
two popular metal additive manufacturing methods. SLM and EBM specimens were fabricated with
random defects at a specific porosity. The capability of micro-CT to evaluate inclusion defects in
the SLM and EBM specimens is discussed. The porosity of EBM specimens was analyzed through
image processing of CT single slices. An empirical method is also proposed to estimate the porosity
of reconstructed models of the CT scan.
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1. Introduction

The Additive Manufacturing (AM) is able to produce parts directly from a 3D CAD model, usually
layer upon layer [1]. The powder-bed-fusion (PBF) based AM processes, such as selective laser melting
(SLM) and electron beam melting (EBM) have been extensively employed for producing functional
parts using pre-alloy powders (including stainless steel, cobalt chromium, titanium, etc.), in comparison
with traditional casting or molding processes. In particular, the SLM- and EBM-produced Ti-6Al-4V
parts are widely adopted in aerospace, biomedical and industrial fields due to their inherent properties
of fracture resistance, fatigue behavior, corrosion resistance and biocompatibility [2]. The SLM process
uses a focused laser beam to melt metallic powder inside a building chamber filled with inert gas.
There is a recoating blade dispensing metallic powders on a build platform with a designated layer
thickness. Parts are built up layer by layer on a build plate. The EBM process is similar to the SLM
process. Instead of a laser beam, the EBM system generates an electron beam with a tungsten filament
in the electron beam gun. The concentrated electron beam is accelerated to a tremendously high speed
for achieving high energy electrons. When the electrons penetrate the powder surface and further
into the powder grains, their velocity reduces. The kinetic energy converts into thermal energy so
that the metal powder is melted [3]. Electromagnetic lenses are employed to control the electron beam
preheating the building platform and melting the powder at a certain area, compared to the scanning
galvanometer of the SLM process.

Properties of AM parts are dramatically influenced by the process conditions referring to processing
parameters, scanning strategy and raw material characteristics. A great many studies have been
conducted on the process parameter optimization for fully dense parts. Also, AM parts are evaluated
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on their porosity and inclusion defects through the Archimedes method or destructive method [4].
Although these methods are effective for estimating density and porosity, the evaluation processes
are less efficient. It is also hard to exhibit the defect shape and actual location inside an AM part.
In order to clearly display the part defects, some researchers employed Computed Tomography (CT)
for analyzing defects and complex struts of SLM or EBM parts. Parthasarathy et al. [5] analyzed
porous Ti-6Al-4V structures fabricated using the EBM process using a micro-CT scan and confirmed
the fully interconnected pores with varied porosity. Van Bael et al. [6] designed porous SLM Ti-6Al-4V
structures with different pore sizes based on micro-CT image analysis and optimized the robustness and
controllability of the production. Saddaoui et al. [7] demonstrates the suitability of X-ray tomography
for both defect detection and predictive mechanical strength estimation in AM zirconia materials.
Haleem et al. [8] studied the role of CT for design and development of orthopaedic models using AM
technologies. The research concluded that this scanning technology has various applications to enhance
AM in the field of orthopaedics. Kim et al. [9] studied the pore structures of AM metal parts with X-ray
CT and found that the quantitative results depend on accurately segmenting the CT images. Ortega et
al. [10] also verified the CT capability for both porosity detection and geometrical reconstruction of
Inconel 718 components made by SLM. However, few investigations were carried out using CT to
detect AM metal parts which have seeded defects at a specific porosity. This paper aims to study the
micro-CT capability in detecting defects of SLM and EBM Ti-6Al1-4V specimens. The possibility and
approaches of porosity determination through CT scanning results are also discussed.

2. Fundamentals of Micro-CT

Micro-CT uses the penetrating abilities of X-rays to examine the internal defects of objects [11].
An X-ray source is used to send radiation through a part. Material discontinuities such as voids or
changes in contour affect the degree of radiation absorption. The unabsorbed radiation that passes
through the part is recorded to indicate the internal characteristics such as voids, pores or cracks.
The intensity of the X-ray is modified according to the internal structure of the specimen to generate
CT slices. Each CT slice is subdivided into a 3D matrix of volumetric elements (voxels). The intensity
of radiation is measured by a detector. In a slice, the average attenuation value within each voxel
is calculated from the intensity readings and assigned as its CT number. Generally, grayscale in the
CT slice image is denoted as the CT number. Denser material is rendered with a higher grayscale
value (bright region) in the image, while voids or defects are displayed as dark. However, the image
grayscale cannot represent the actual density information of the specimen. Image brightness and
contrast are also influenced by the CT setup. Gradient grayscale distribution is even shown in the
same scenario at a consistent configuration.

3. Experiments

3.1. Specimen Fabrication

SLM- and EBM-produced specimens can be fabricated with embedded defects by varying process
parameters. Depending on energy input, SLM has two types of defects, i.e., keyhole defects and
lack-of-fusion defects [12,13]. An EOS M270 Direct Metal Laser Sintering (DMLS) system was utilized
for fabricating SLM specimens, with Raymor Ti-6Al-4V powder (Grade 23). Scan speed was varied
with constant laser power (120 W), hatch spacing (0.1 mm) and layer thickness (0.03 mm). The EBM
system has a self-protection mechanism to prevent high energy input so only lack-of-fusion defects
were created by varying line offset and focus offset. Arcam Titanium Ti-6Al-4V ELI powder was used
for fabricating EBM specimens (layer thickness 0.05 mm) with an Arcam 5400 EBM system. Line offset
and focus offset were adjusted respectively for generating defects. Other processing parameters were
set to factory default value. In order to evaluate the detecting capability of micro-CT, cubical specimens
(10 x 10 x 10 mm) were fabricated at different porosities, as shown in Table 1. Each specimen’s density
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was measured using the Archimedes method and then compared with the nominal density of the

Ti-6Al-4V material to estimate porosity (Rp).

Table 1. Parameters and porosity of selective laser melting (SLM) and electron beam melting

(EBM) specimens.

AM Process * Parameters ** Rp
Keyhole defect V' =360 mm/s 6.0%
(high energy density) V =480 mm/s 2.0%
SLM V = 600 mm/s 0.5%
Lack-of-fusion defect V = 1080 mm/s 0.3%
(low energy density) V =1320 mm/s 2.0%
V =1560 mm/s 6.0%
Lack-of-fusion defect LO =018 mm 0.7%
(low energy density) LO =0.24 mm 2.0%
EBM LO = 0.30 mm 4.0%
Lack-of-fusion defect FO =16 mA 0.3%
(low energy density) FO =20mA 3.0%
FO =24 mA 4.5%

* AM = Additive Manufacturing. ** V = scan speed, LO = line offset, FO = focus offset.

3.2. Micro-CT Evaluation

The scan was carried out using a micro-CT scanner (Model ACTIS 200/225 Ffi-HR CT/DR system.
BIR Inc., Chicago, IL with built-in X-ray system FXE 225.20, Fein Focus USA). As shown in Figure 1, the
scanner consists of a turnable stage, an X-ray source, an image intensifier, and a CCD camera. Different
from regular clinical CT, the micro-CT scanner rotates the specimen on the stage with a fixed X-ray
source (voltage 135 KeV and current 0.059 mA) and an image intensifier. The scanner’s resolution
depends on the physical position of specimen. In this study, each scan consists of 107 slices. Slices
were created 7 um apart from each other, parallel to the building plane of specimens. The voxel had a
size of 7 X 7 X 7 um. Three dimensional reconstruction was performed using VGStudio MAX software

package for visualization and analysis.

Figure 1. Micro- Computed Tomography (CT) equipment.
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4. Results and Discussion

4.1. Characteristics of SLM Specimens

Energy density refers to the average applied energy per volume of material during scanning of
one layer [14]. With a high energy density, the SLM process has a complex microscopic or macroscopic
transport phenomenon in the molten metal. Spherical voids (keyhole defects) can be formed in SLM
specimens. Figure 2 shows the typical single slices of the CT scan and the locally reconstructed models
(3 x 3 x 0.8 mm) of SLM specimens.

| 3 mm
0.8 mm

Figure 2. Single slices and locally reconstructed models of SLM specimens with keyhole defects.
(@) V =360 mm/s, Rp = 6.0%. (b) V =480 mm/s, Rp = 2.0%. (c) V =600 mm/s, Rp = 0.5%.

The single slice and reconstructed model present rough surfaces when the SLM specimen has a
porosity around 6%, as shown in Figure 2a. According to the CT theory, the bulk material is displayed
as white while the defect is dark. The single slice shows an irregular texture variation. Thus, it can be
inferred that there are a large amount of inclusion defects. However, only a few defects can be located
from the slices and the reconstructed model due to the limited detectability (defect size > 21 um for
visualization) of the micro-CT machine used in this study. Most defects are comparable or less than
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21 um so that they are hardly discernable from the bulk material. It is noted that the texture of the single
slice becomes relatively uniform when Rp is reduced to 2%, as shown in Figure 2b. However, inclusion
defects can be affirmed, compared to the image of low porosity single slice (Figure 2¢, Rp = 0.5%).

The reduced energy density will generate lack-of-fusion defects with an irregular morphology.
Figure 3 shows the micro-CT single slices and reconstructed models of SLM specimens with
lack-of-fusion defects. Similar to the single slice in Figure 2c, the image with low porosity (Rp = 0.3%)
also shows equal grayscale distribution, as shown in Figure 3a. The increased porosity results in a
rough texture of the single slices and the reconstructed models. It indicates that most defects are
randomly distributed on the cross section of specimens with small dimensions, but it is difficult to
identify the defect morphology and locate small defects.

Figure 3. Single slices and locally reconstructed models of SLM specimens with lack-of-fusion defects.
(a) V =1080 mmy/s, Rp = 0.3%. (b) V = 1320 mm/s, Rp = 2.0%. (c¢) V = 1560 mm/s, Rp = 6.0%.

4.2. Characteristics of EBM Specimens

Line offset (LO) refers to the distance between two hatch lines, similar to hatch spacing in SLM.
The increased line offset will reduce the energy density, which exacerbates the inclusion defect within
EBM specimens. Defects of EBM specimens can be easily detected from the CT single slice, even at a
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low porosity, as shown in Figure 4a. This indicates that most lack-of-fusion EBM defects are larger
than the SLM defects. The grayscale distribution of non-defective area is successive. The material
composition and properties are homogeneous, resulting in uniform absorption of the X-ray radiation.
The defect amount increases with the increased line offset value correspondingly. Higher porosity
usually comes with larger defects, as shown in Figure 4b,c.

Figure 4. Single slices and locally reconstructed models of EBM specimens (varied line offset).
(@) LO =0.18 mm, Rp = 0.7%. (b) LO = 0.24 mm, Rp = 2.0%. (c) LO = 0.30 mm, Rp = 4.0%.

Focus offset (FO) is the additional current running through the respective electromagnetic coil
and can be translated into an offset of the focal plane from its zero position [15]. Increasing the focus
offset causes an enlarged diameter of focal spot and beam area, which lowers the energy density
and generates defects. Thus, it is noted that more defects are visible from the single slices and the
reconstructed models in Figure 5b,c. The morphology of focus offset defects are comparable to the line
offset defects. However, the size of the focus offset defects is smaller than the line offset defects.
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Figure 5. Single slices and locally reconstructed models of EBM specimens (varied focus offset).
(a) FO =16 mA, Rp = 0.3%. (b) FO =20 mA, Rp = 3.0%. (c) FO =24 mA, Rp = 4.5%.

The micro-CT evaluation of the SLM and EBM specimens shows different characteristics of defects.
Compared to SLM specimens, the defects in an EBM specimen are more easily detected by the micro-CT
scanning due to their size features. The morphology and distribution of defects can be well described
by the single slices or reconstructed models. The size of the SLM defects is comparable or slightly larger
than the visualization threshold (21 um) of the micro-CT machine used. The single slices only show a
rough texture even though SLM specimen has a higher porosity level. Thus, SLM slices are not as easy
to use for morphological analysis of defects as EBM slices. Compared to the optical microscopy of the
SLM and EBM samples, the detectability of defects using a micro-CT is less advantageous, especially
for small defects of SLM samples. When the size of defects is close or smaller than the CT visualization
threshold (for example, 21 pm for the CT machine used in this study), it can hardly identify the
location and profile of the defects via CT scanning. Some microscopic images of cross-sectioned SLM
and EBM samples are shown in Figure 6. It is noted that the lack-of-fusion defects exhibit a profile
with sharp edges, which are more detrimental to the mechanical properties of the SLM or EBM parts.
A certain amount of small defects (Figure 6B) are hardly detected by micro-CT. Some studies have
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been conducted about the impact of defects on the fatigue behaviors of metal additive manufacturing
parts [16-18]. It can be concluded that the detectability of small defects in SLM parts is more critical
and demands a high resolution CT scan (highly recommend voxel size < 7 um) or other auxiliary
porosity identification methodologies.

A. SLM Sample (120 W, 480 mm/s) B. SLM Sample (120 W, 1320 mm/s)

_'.mu !I-n'M Jﬂm’

C. EBM Sample (LO 0. 30 mm)

Figure 6. Optical microscopic image of cross-section surfaces of SLM and EBM samples.

4.3. Porosity Determination

4.3.1. Image Correction to Single Slice

Due to the large size of defects, the single slice of EBM specimen can be directly utilized for image
processing to estimate porosity. However, as the CT slices are correlated with machine setup and
manipulation parameters, the grayscale can only represent the relative attenuation value for describing
radiation absorption. Homogeneous material is evenly expressed by the gradient grayscale in a CT
slice of EBM specimen, as shown in Figure 7a, which refers to radiodensity inconsistency. Areas “A”
and “B” are believed to be alike, but the grayscale of area “A” (near the center) is apparently darker
than area B (near the boundary). It is hard to select a uniform grayscale threshold to convert a single
slice to binary images to highlight the defective region, as well as the porosity determination. As shown
in Figure 7b, when an intermediate grayscale threshold is applied to the original slice image for binary
image conversion, there are a certain amount of tiny undesired white spots not being filtered (within
dashed circle). However, if a higher grayscale threshold is adopted, the morphological features of the
defective area, specifically near the boundary in Figure 7c, are altered dramatically.

There are two approaches to solving grayscale inconsistency in a single slice image. The first one
is to set up multiple thresholds when converting the original image to binary. The darker area, such
as the central area “A” in Figure 7a, could be applied with a higher threshold, while the peripheral
area with regular threshold. However, a boundary between areas needs to be pre-determined before
setting up multi-threshold. Differentiated image processing also makes the conversion complex.
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An alternative approach is to correct the single slice image with uniform grayscale levels before binary
image conversion. The corrected image is suitable for further conversion with a unique threshold.
For image correction, the original slice image was first segmented into cells. The maximum grayscale
value of each cell was identified and then assigned with an equal value. Correspondingly, the grayscale
of other pixels within this cell was proportionally adjusted to a new value according to the modified
maximum grayscale, as shown in Figure 8. By doing this, all cells are unified to the same grayscale level.

(a) Original slice (b) Binary image 1 (c) Binary image 2
Figure 7. Image processing of a single slice of CT scanned EBM specimen.

Max Grayscale Modified Max Grayscale

v g

Figure 8. Schematic of grayscale adjustment to an individual cell (16 pixels).

An example of image correction is shown in Figure 9. It can be seen that the inconsistency of
grayscale between the center and boundary is improved in the corrected image. The morphological
features of defects are maintained after correction. The inconvenience of image conversion due to
grayscale inconsistency is completely eliminated. The corrected image ensures the accuracy of porosity
estimation using image processing.
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(a) Original slice (b) Corrected image (c) Binary image

Figure 9. Example of EBM single slice image correction and binary image.
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Through a binary image, defective areas (white color) can be summed up and then divided by the
entire image area to calculate “image processing porosity (R;)”. The comparison between Rp and R; is
shown in Figure 10. It can be seen that R; is very close to Rp as long as the proper threshold is selected
when converting the corrected image to a binary image. Moreover, once a threshold is calibrated for
estimating porosity based on one binary image, no further calibration is required for the other images
because the corrected images adopt the same grayscale level. Hence, porosity estimation based on
the single slices of micro-CT is feasible for the specimens with large internal defects such as porous
EBM specimens.
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Figure 10. Comparison between Rp and R; (EBM specimens).
4.3.2. Selection of Grayscale Threshold for Reconstructed Model

The reconstructed model from CT slices consists of a continuous set of voxels, which represents a
specific area of the object. The grayscale of each voxel provides information on the material properties
in this area. In the case of a CT scan, the grayscale variation is capable of capturing the characteristics of
the reconstructed model, including material properties and inner structures. A well selected grayscale
threshold is able to determine the entire structure of the object with a high accuracy.

The defects of SLM or EBM specimens are of great interest in this study. It is assumed that dense
regions in a reconstructed model are continuum material without any property variation. Defective
regions are differentiated from the dense regions due to their low grayscale value. Grayscale threshold
selection is calibrated to match the porosity results of the Archimedes measurement. However, since
the grayscale is subject to change due to the slice brightness or contrast controlled by the CT setup,
it is hard to select a uniform grayscale threshold for all the SLM or EBM specimens. Even for a
consistent configuration, the grayscale threshold for each specimen is slightly different. Generally,
Hounsfield unit (HU) is utilized to linearly transform the original CT number (grayscale) of a voxel into
a quantitative scale for describing radiodensity [19], in order to reduce the effect of CT setup variation.
However, similar to the single slice, the radiodensity variation also results in grayscale inconsistency
in a reconstructed model. Thus, it can be concluded that HU transformation does not ensure a uniform
grayscale threshold for all the scans of SLM or EBM specimens.

An empirical method is proposed in this study to estimate the porosity of reconstructed models.
The grayscale threshold is firstly adjusted for single slice images of a SLM or EBM specimen to match
the porosity (Rp). Then, a neutralized threshold is selected for the reconstructed models. A porosity
(Rpp) obtained by using the neutralized threshold is compared to the Archimedes porosity (Rp), as
shown in Figure 11.

Basically, the porosity (Rys) has a similar increasing or decreasing trend compared to the Archimedes
porosity (Rp). Only Figure 11b shows a good match between Ry and Rp, compared to other diagrams.
Apparently, the neutralized grayscale threshold is not the best solution to estimate the porosity for the
reconstructed models because the grayscale inconsistency is a result of the mutual influence of the
CT setup and the radiodensity variations. It is complicated to compensate for all these variations to
determine a unique grayscale. Thus, the neutralized grayscale threshold could only be employed for
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an approximate porosity estimation when the single slice’s micro-CT scans are reconstructed into a 3D
model, especially for the EBM specimens with large inclusion defects.
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Figure 11. Comparison between Rp and Ry;.
5. Conclusions

Micro-CT is capable of detecting defects in SLM and EBM specimens. However, the machine
setup and CT detectability play a critical role in defect visualization. Defects show dissimilar size
characteristics between SLM and EBM processes. In this study, the contour features of SLM defects
were hard to be identified in the CT scans due to their small sizes, but the EBM stochastic defects were
large enough to be visualized.

The dense specimens usually display a homogeneous grayscale variation in the CT scans, but
the defects cause irregular variations of brightness and darkness in localized areas of single slices.
The porosity of EBM specimens can be estimated using the single slices through image processing,
while single slices of SLM specimens only show a rough texture and cannot be used for porosity
analysis. In addition, when defects are reconstructed into a 3D model, the approximate porosity can be
obtained by carefully selecting a neutralized grayscale threshold. Although the accuracy is limited,
this method proposes a rapid estimation of the porosity of a reconstructed model of a CT scan.
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