





Computed tomography involves taking ¥+narojection images of a sample from
many angles around the samplé&e projection images are takover a rotation of either
180 or 360 degrees around the sample with Isamajular increments. These projection
images are then mathematically converted mtetack of cross sectional images. The
combination of those cross sectional imaggisg@nerate the three-dimensional volumertic
image of the sample.

The CT scanner used in this studya Bruker micro-CT SkyScan 1173 scanner.
The scanner and the zoomed view of the samvjtlethe sample holder inside the scanner
are shown in Fig. 1. The scanner is equipp@ti a 130KV Hamamatsu X-ray source and
a 5 MP flat panel sensor camera detector. Thegpgenerated from the X-ray source passes
through a 0.25 mm thick brass filter, which absdtiesradiation below a certain energy
level. An appropriate amount of x-ray transgion is required to obtain a better dynamic
image contrast in the scannetages. The low transmission will increase the noise level
while the higher transmission will reduce thentrast between different densities in the
images. In this study, the transmission was in the range of 20% to 40%.

Fig. 1. Photo of XCT scanner used, zoomed vieamsng the stage, sample Hel and the sample on the
sample stage

The sample was put in a sample holdied wrapped around with paraffin tape to
restrict any movements of the sample durirgggbanning process. The sample holder along
with the sample was placed on the sanspdgle and the machine door was closed. During
the scan, the sample is rotated with agudar increment of 0.2 degrees from 0 to 360
degrees. One TIF image is generated for eaizttion degree totaling to 1800 images from
a complete scan. Only the gage portion of tlmemas was selected for the scan process at
a voxel resoltion of 6.1 m. All the scasin this study were completed at 130 KV, 68
and exposure time up to 1020 ms.

The projection scan images are convertéol #D cross-sectional grayscale images
using reconstruction software. Reconstructed imagesaved as 8-bit bitmap image files.
During the reconstruction process, the user aims to reduce the artifacts that are inherent to
the CT scan process including beam hardeniigy artifact, and misalignment. This
process might require user experience piduce the best reconstructed images.
Furthermore, pores present in the sample were visualized and the pore morphology was
studiedusing Bruker’s analysis softwapackage.
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3. Results and Discussion

a) As- built samples scan result

All eighteen samples were scanned at 6.1 pm voxel resolution. Approximately 13.5
mm of the gage length was scanned. Fig. 2 (a) shows a typical sample, (b) shows the
preview of the sample in the CT machine and (c) shows the scanned gage region.

(@ (b) © T

13.5 mm

. \ 4

Fig. 2 (a) As-built sample built from L-PBF process; (b) Preview of the sample during the scan and dashed
gage region selected to scan; (c) Scanned gage region.

Reconstructed cross-sectional images of the eighteen samples were studied in the
data viewer. The results show that there is a relatively large number of pores present in the
high energy samples and almost no pores in the medium and low energy samples. The
pores are stochastic in nature. A large number of pores existed throughout the entire
scanned gage length in the high energy samples while for the medium and low energy case
only a few pores could be observed. The typical result of a high, medium and low energy
case is shown in Fig. 3 (a), (b), and (c) respectively. The dark black dots represent lower
density (pore) and the brighter grey color represents the area with a higher density (solid).
(a)

(b) (c)

4

Fig. 3. Typical images result showing three cross-sectional views for (a) high energy (b) medium energy (c)
(b) low energy cases

Transverse and Coronal views of all the as-built sample cases are presented in Fig.
4, 5 and 6 below. The samples are coded using alphabets represented the energy density,
location, and build orientation respectively. Three identical samples were built for each
parameter combination, but only one of the samples from each case was CT scanned. The
number after the alphabets represent the sample that was scanned. For example, HAV3 is
the code for a high energy sample built at location A and in vertical orientation. The number
3 represents the third set of replicates which was used for CT scan. Among the high energy
cases, it is apparent that the location B case has comparatively fewer pores.
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Fig. 4. Transverse and Coronal views of high-level energy density vertical-build specimens (left) and slant-
build specimens (right) at different build locations
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Fig. 5. Transverse and Coronal views of medium-level energy density vertical-build specimens (left) and
slant-build specimens (right) at different build locations
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Fig. 6. Transverse and Coronal views of low-level energy density vertical-build specimens (left) and slant-
build specimens (right) at different build locations

Visually, almost none or very few pores are observed in the six samples of medium
energy level as well as low energy level, as shown in Fig. 8 and 9 respectively.

b) Comparison based on energy level, location, and build orientation

Porosity is analyzed for the entire set of images of all scanned as-built samples.
There are approximately 2230 reconstructed cross-sectional image slices in the scanned
result of each case. A region of interest is defined, and the image set is converted into
binary for further analysis. An example of an image slice and its corresponding binary
image is shown in Fig. 7. An average grayscale threshold is applied to all the image slices
in the next step.
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Fig. 7. Example of one image slice and its corresponding binary image

Fig. 8 shows the raw image of one slice and binary images for the same slice for a
representative high, medium and low energy case respectively. Only closed pores are
considered for porosity analysis. For this analysis, a closed pore in 3D is a connected
assemblage of space (black) voxels that is fully surrounded on all sides in 3D by solid
(white) voxels. Despeckling of 7 voxels is done in the 3D space to reduce noise before
performing porosity analysis.

(@) (b) (c)

Fig. 8. Example of one image slice and its corresponding binary image for (a) high (b) medium and (c) low
energy cases

The result of 3D pore analysis for all eighteen cases is tabulated below in Table 2
and Table 3. All the results presented in Table 2 are obtained without any despeckling
while the results in 3 are obtained after using despeckling function. Despeckling function
results in the reduction of the number of pores but no significant reduction in the pore
percentage. The use of despeckling function is recommended to remove the small volumes
which generally arises due to the image defects in the reconstruction and binarization
process rather than the fabrication process itself. So, further analysis and comparison are
done considering the analysis result obtained after the use of despeckling function. In this
study despeckling of 7 voxels was performed in the entire set of images for porosity
analysis. Overall, vertically built samples have a higher number of pores compared to slant-
build samples for their corresponding energy level and built location with an exception for
high energy sample at Location C. This sample also has the highest pore volume and closed
porosity percentage. Pore volume is the total volume of all closed pores and Percentage
closed porosity is the volume of closed pores as a percent of the total of solid plus closed
pore volume, in the defined location of interest. The slant sample at Location B has the
least amount of porosity and pore volume in high-level energy density cases. For medium
and low energy density samples, the porosity percentage is less than 2.5%10%%. And the
highest pore volume for medium energy is in the vertically built sample at Location A
(7.54x10° pm?) while for low energy it is in the vertically built sample at Location C
(2.72x10°um?). This part of the study is also presented in a paper by Shanshan et al. [17].
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Table 2. Number of pores and porosity percentage (%) in all tensile specimens. (without despeckling)

Orientation Energy density level Number of pores in location Porosity in location
A B C A B C
High 35846 28815 29006 05254 03939 04592
Vertical build Medium 863 806 872 6.7x10-4  33x10-4  8.7x10-5
Low 485 301 528 1x10-4  45x10-5  2.6x10-4
High 31792 17572 36827 04675  0.1917  0.5586
Slant build Medium 680 1156 518 8.7x10-5 3.5x10-4  1.8x10-4
Low 18 225 596 1.6x10-4  5.4x10-4  1.2x10-3

Table 3. Number of pores and porosity percentage (%) in all tensile specimens. (despeckling of 7
Voxels in 3D)

Orientation Energy density level Number of pores in location Porosity in location
A B C A B C
High 28225 21946 22540 05234 03922 04576
Vertical build Medium 58 72 32 59x10-4  2.5x10-4  8.8x10-5
Low 14 14 20 72x10-5  2.3x10-5  2.2x10-4
High 24312 13205 24355 04656 01905  0.5563
Slant build Medium 12 57 30 35%10-5  2.6x10-4  13x10-4
Low 12 10 20 1.6x10-4  35x10-5  7.4x10-5

c) Relation between tensile properties and the porosity of the samples

A graphical comparison between porosity percentage and ultimate tensile strength
(Sw) values of replicate 3 is presented in Fig. 9. There is no clear trend for tensile Sy based
on the porosity. But one conclusion can be made is that the slant built high energy samples
have the least value of tensile strength among all samples.
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Fig. 9. Graphical representation of S,, of replicate 3 of all sample cases vs. porosity.
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d) Fractured samples scan result

After the samples have gone through tensile testing, the fractured samples were
scanned again following the same process and similar scan settings as that for the as- built
sample which is mentioned in the methodology section. The difference between the scan
of the as-built sample and the fractured sample is in the total volume of the sample that
will be scanned. As shown in Fig. 10 the two parts of the fractured sample were held
together with paraffin tape. But some gap (appx 0.5-1.5mm) is present between those two
parts which can be clearly seen in Fig.10(d), This results in a lower scan volume for
fractured samples in comparison with their corresponding as-built counterparts. Table 5
presents the number of pores and the porosity percentage for fractured samples. The results
show both of those values have increased compared to their as-built counterparts. A

detailed comparison is presented in the next section.
l A4

Fig.10. (a) Fractured sample after tensile testing; (b) Preview of the sample during the scan process and
dashed region selected to scan; (¢) Scanned region.

(a) (b) (C) -
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Table 4. Number of pores and porosity percentage (%) in nine fractured tensile specimens.
(despeckling of 7 Voxels in 3D)

Number of pores in location Porosity in location
Orientation Energy density level
A B C A B C
High 30687 23907 24522 0.7525 0.5355 0.5364
Vertical Medium 77 230 28 83x10-4  13x10-3  1.1x10-4
build
Low 230 232 170 1.3x10-3  8.1x10-3  4.4x10-3
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e) Porosity comparison between as-built samples and fractured samples

In the next step, the porosity percentage of the as-built sample is compared with the
fractured sample. The contrast with this comparison is that the scanned region for the as-
built and the fractured samples is not exactly the same. However, the comparison does give
a general idea of the change in porosity in the fractured samples. The fractured counterparts
of the nine samples that were built in vertical orientation were scanned and compared with
the porosity result of their corresponding as-built samples. The details of the porosity
comparison for the nine as-built samples and their nine fractured counterparts are presented
in Table 5. The volume of the scan region (Volume of interest - VOI) is less for fractured
samples because of the gap shown in Fig. 10. Although the VOI has decreased for the
fractured samples, porosity percentage has increased significantly as shown in Fig. 11.
Overall, the least increase in the pore volume is 9.5 % and the porosity percentage is 17.2
% for the sample FHCV3. FHCV3 represents the fractured sample built with a high energy
parameter at location C in a vertical orientation and the number 3 denotes the third
replicate. The increase in the pore volume is proportional to the increase in the porosity
percentage. Pore tracking shows that there is an increase in the volume of each pore. The
approach for the pore tracking and the results obtained is presented in the next section. The
medium and low energy samples show a significant percentage increase in their pore
volume and there is an overall increase in the number of pores in the fractured samples. It
could be the result of the increase in the volume of pores that were earlier not detected by
the 6.1 pm resolution of the CT scan in the as-built sample.

Table 5. Porosity comparison (Despeckling @ 7 voxels) of vertically built as-built samples and their
fractured counterpart

Samples Object volume No. of pores Pore volume (mm°) Porosity
AHV3 126.6 28225 0.67 0.52
FAHV3 114.1 30687 0.87 0.75

-12.5 2462 29.8% 43.8%
BHV3 127.6 21946 0.50 0.39
FBHV3 113.0 23907 0.61 0.54
-14.6 1961 21.1% 36.5%
CHV3 125.2 22540 0.58 0.46
FCHV3 116.8 24522 0.63 0.54
-8.4 1982 9.5% 17.2%
MAV3 126.05 58 7.54E-04 5.98E-04
FMAV3 109.65 77 9.08E-04 8.28E-04
-16.4 19 20.4% 38.4%
MBV3 126.12 72 3.19E-04 2.53E-04
FMBV3 111.97 230 1.44E-03 1.29E-03
-14.2 158 352.4% 409.5%
MCV3 126.04 32 1.11E-04 8.77E-05
FMCV3 116.23 28 1.31E-04 1.13E-04
-9.8 -4 18.5% 28.5%
LAV3 123.67 14 8.88E-05 7.18E-05
FLAV3 107.64 230 1.44E-03 1.29E-03
-16.0 216 1524.7% 1694.4%
LBV3 123.32 14 2.88E-05 2.33E-05
FLBV3 109.19 232 8.85E-03 8.10E-03
-14.1 218 30654.4% 34633.5%
LCV3 123.54 20 2.72E-04 2.20E-04
FLCV3 106.58 170 4.66E-03 4.37E-03
-17.0 150 1612.2% 1884.5%
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Fig. 11. Graphical comparison of object volume with number of pores (left) and porosity percentage
(right) for high energy samples and their fractured counterparts

f) Pore tracking of built and fractured samples

The corresponding as-built sample and the fractured sample image sets were loaded
simultaneously in the analysis software and compared side by side based on decreasing
order of pore volume. The software generates a list of the pores including the information
about pore volume, surface, sphericity, and others. At least 10 pores were tracked for each
fractured samples of high energy cases for comparison with their as-built counterparts.
Detail comparison of one of the tracked pores is presented in this section. Comparing the
pore volume shows that there is an increase in the volume in the fractured samples. One
voxel represents a volume of a cube of 6.1 microns. So, one voxel is approximately equal
to 227 cubic microns. A comparison between the voxel size and pore diameter of a typical
case of HAV and FHAYV is presented in Table 6. Pores volume has increased in the
fractured sample but the pore with the highest diameter is not present in the fractured
sample. Also, the largest pore present in HAV is tracked in FHAV which is the fifth largest
pore in FHAV, shown in Fig. 12 and their properties are compared in Table 7. The pore
diameter has increased and so does the pore volume.

Table 6. Comparison of volume and pore diameter between HAV and FHAV

Number of pores

Voxel size (cubic microns) HAV FHAV
0-500 27572 29588
500-1000 578 960
1000-1500 64 110
1500-2000 10 19
2000-2500 1 9
2500-3000 - 1
Total 28225 30687
Number of pores
Pore diameter (microns) HAV FHAV
10-20 12092 11254
20-30 10570 11556
30-40 4226 5621
40-50 1150 1907
50-60 169 308
60-70 13 33
70-80 3 8
80-90 2 -
Total 28225 30687
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Fig. 12. Approx. 100 micron thickness of the samples, HAV (left image) & FHAYV (right image), which have
the largest pore in the HAV is compared with the same thickness showing the same pore which is the fifth
largest pore in FHAV.

Table 7: Comparison of a pore present in HAV and tracked in FHAV

Sample Voxel (cubic microns) Diameter Sphericity
(microns)

HAV 2018 67 0.8067

FHAV 2253 75 0.8148

4. Conclusion

Eighteen tensile samples were scanned using a CT scan system. Reconstruction
software was used to generate the cross-sectional images from the projection images. And
then the scanned images were visualized using dataviewer software. Porosity analysis was
done on the entire image set of all as-built samples. After the scanning process, the tensile

test was performed on all samples. Furthermore, scanning, reconstruction, and porosity

analysis were carried out for nine fractured samples.

The number of pores is within 100 and porosity percentage in the range of 10-* for
medium and low energy samples.

From the tensile strength values and porosity percentage comparison, we can say that
higher energy density leads to higher porosity in the samples.

High energy slant-built samples have much lower tensile strength values compared to
the vertically built samples. This means the build orientation has a significant effect on
the porosity as well as the tensile strength.

However, there is no clear trend in tensile strength values based on the variation in
location.

There is a significant increase in the pore volume and porosity percentage in fractured
samples.

Pore tracking of individual pores confirms the increase in the volume of pores in
fractured samples.
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