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Porosity Detection by Computed Tomography
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Abstract: industrial computed tomography (CT) supports quality inspection of manufactured
technical objects and product development thanks to its possibility of non-destructive detection

of porosity. Application of computed tomography to porosity detection permits not only qualitative
evaluation of internal structure of objects, but also quantitative evaluation of material porosity with
representation of three-dimensional shape of pores and their spatial distribution. The paper presents
a brief characteristic of the factors influencing effectiveness of porosity detection by CT. A technical
example illustrates influence of the applied magnification on the possibility to detect porosity and
represent shapes of pores. Next, the results of porosity evaluation obtained by CT and by standard
microscopic examinations are compared. It was demonstrated that result of porosity detection is
influenced by magnification and resolution of CT measurements.
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1. Introduction

An industrial CT scanner is equipped with an X-ray tube gene-
rating a conical beam of radiation. It can be used for represen-
ting external and internal geometry of technical objects. After
CT examination, structure of the object remains unchanged,
so this technique is classified as a non-destructive testing [1-4].
By CT it is possible to analyse internal structure of examined
objects in a relatively short time, with no need of their expen-
sive cutting into sections. Schematic presentation of obtaining
three-dimensional data using CT is shown in Fig. 1.
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Fig. 1. Schematic presentation of obtaining data by technical CT

During reconstruction, the object is placed on a turntable
and screened with X-rays. The object is penetrated by radia-
tion at various angular positions of the table and a series of
X-ray images is recorded. Based of these digitally recorded
images composed of individual pixels with various intensi-
ties, a 3D model of the scene is reconstructed. The object is
separated from the background by segmentation using the
thresholding technique and, finally, a 3D model of the object
itself is created.

Volumetric
3D model

Reconstruction
— 2D sections

Rys. 1. Schemat uzyskiwania danych z wykorzystaniem technicznej tomografii komputerowej
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A map representing 3D geometry, obtained by CT recon-
struction, makes it possible to detect hidden material defects
in form of pores, cracks, inclusions and other discontinuities
inside the reconstructed objects [5-7], see Fig. 2. An advantage
of this measurement method is quantitative analysis of defects
that makes it possible to evaluate total porosity with determi-
nation of shapes of pores and their spatial distribution. Howe-
ver, the possibility of detecting pores by CT depends on many
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b)

Fig. 2. Reconstruction of an aluminum part: a) result of reconstruction
in form of 2D section recorded in grey scale; b) 3D view after
segmentation of data, pores are marked with various colours

Rys. 2. Rekonstrukcja aluminiowego detalu: a) wynik rekonstrukcji

w postaci przekroju 2D zapisanego w skali szarosci, b) widok 3D po
segmentacji danych i zaznaczeniu poréw réznymi kolorami
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Fig. 3. Operating principle of a technical CT scanner with a conical
X-ray beam

Rys. 3. Schemat ideowy tomografu technicznego ze stozkowg wigzkg
promieniowania
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factors; the most important of them will be described below in
more details.

Detection of porosity using CT is limited by size of the recon-
structed object that determines the attainable measurement
resolution [8]. Maximum size of the object to be reconstructed
dmax restricts possible magnifications, which results from geo-
metrical relationships of the CT measuring system, see Fig. 3.
Magnification m can be expressed by the formula:

m =00 (1)
SOD

where SDD is the source-to-detector distance and SOD is
source-to-object distance.

The possible magnification is also expressed by the ratio
between the detector size D and maximum dimension of the
reconstructed object d , according to the relationship:

max’

(2)

Spatial resolution in computed tomography is directly linked
to the idea of “voxel”, i.e. a three-dimensional cubic element
corresponding to a pixel of the 2D system. The CT reconstruc-
tion is a three-dimensional matrix of such elements and each of
them has a determined intensity in grey scale, corresponding
to “density” (attenuation of X-rays) of the represented piece of
material in the reconstructed object, see Fig. 4. Summarising,
the size of a voxel V, is proportional to the largest dimension of
the reconstructed object d,  and magnification m and depends
on sizes of the detector D and the detector pixel P. So, size of
a voxel can be expressed as follows:

d‘ .
v:% = v, = dma P (3)

The relation (3) determines size of a voxel, limited by maxi-
mum dimension of the object. The smaller size of a voxel, the
smaller defects can be recorded and, thus, porosity recorded
for a smaller voxel by CT is more accurate (better resolution)
[9]. Discretisation of an object in form of voxel data is not free
of shortcomings, as schematically shown in Fig. 5. The partial
volume effect (PVE) [10] occurs here, limiting or precluding

Voxel

Fig. 4. Schematic presentation of a voxel as a three-dimensional element corresponding to a pixel from the 2D system
Rys. 4. Schematyczne przedstawienie woksela jako tréjwymiarowego elementu odpowiadajacego pikselowi z uktadu 2D
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Fig. 5. Schematic presentation of PVE: a) real porosity shown in 2D; b) porosity recorded in form of voxels
Rys. 5. Schematyczne przedstawienie PVE: a) porowato$é rzeczywista pokazana w 2D; b) zarejestrowana porowato$¢ w formie wokseli

detection of small pores. The PVE effect results in incorrect
recording of grey scale and this, in turn, causes that the recor-
ded shape of pores depends on the relation of voxel size to the
size of the represented inhomogeneity.

Porosity detection is also restricted by measurement artefacts,
whose intensity increases with the density of the reconstruc-
ted object. Such artefacts include beam hardening [11] that is
revealed in form of non-homogeneous grey scale recorded for
a homogeneous material, or X-ray scattering resulting in signi-
ficant quality reduction of reconstruction [12]. Additional factors
significantly affecting possibility of porosity detection are rela-
ted to segmentation of voxel data [13] or to the used detection
algorithm [14].

2. Method

In the examinations, a reference sample of titanium alloy
Ti6AITND (density 4.52 g/cm®) manufactured by selective
laser melting (SLM) was used. The sample was composed of
six cylinders stacked on one another, making a stepwise cone.
Diameters of the cylinders ranged between 10 mm and 35 mm
and total height of the sample was 15 mm, see Fig. 6a.

The sample was reconstructed six times by a CT system Zeiss
Metrotom 1500, equipped with an X-ray tube with minimum

focal spot 7 pm and maximum accelerating voltage 225 kV. The
system contained a 16-bit amorphous silicon flat-panel detector
with 1024 x 1024 pixel matrix (physical size of a pixel was 400
pm). The SDD value was 1501 mm. Reconstruction was carried-
-out with voltage of the X-ray tube equal to 225 kV, integration
time of the detector 2 s, copper filter 0.5 mm thick, and with
1050 projections. In order to demonstrate the influence of the
applied magnification on porosity detection, reconstruction was
limited to the first step of the sample (Fig. 6a), which made it
possible to take measurements with voxel size from 15 pm to
65 pm, see Table 1.

Table 1. Measurement parameters used in the experiment
Tabela 1. Parametry pomiaru wykorzystane w eksperymencie

No. of 1 2 3 4 5 6
reconstruction
Magnification (m)| 26.6x | 20x | 13.3x | 10x 8% 6.2x

Voxel size (V) |15 pm | 20 pm | 30 pm | 40 pm | 50 pm | 65 pm

x

Fig. 6. Sample made by SLM from titanium alloy Ti6AI7Nb. The smallest step of the sample (marked brown) was reconstructed: a) dimensions of
the sample; b) view of the sample; c) object in the measurement chamber of the CT system

Rys. 6. Wzorzec wytworzony w technologii SLM ze stopu tytanu Ti6AI7Nb. Rekonstrukcji poddano najmniejszy stopieri wzorca (zaznaczony kolorem):

a) wymiary wzorca, b) wytworzony wzorzec, c) obiekt w komorze pomiarowej systemu CT
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Fig. 7. Three-dimensional CT reconstructions of Ti sample made with various voxel sizes, showing internal shape and recorded porosity
Rys. 7. Tréjwymiarowe rekonstrukcje CT tytanowego wzorca wykonane z rézng wielkoscig woksela, przedstawiajace ksztatt zewnetrzny i zarejestrowang

porowato$¢ wnetrza

After performing reconstructions with six magnification
levels, volumetric porosity P, for each reconstruction was deter-
mined according to the relationship:

“ ) @)

p,=—r
YUV, 4V,

where V is volume of pores and V is volume of the material.

Porosity was detected using the software Volume Graphics
VG Studio 2.0. The “Enhanced” algorithm was used with the
following parameters: pore size above 8 voxel, probability thre-
shold 1.0.

3. Results

Exemplary visualisations of external geometry and porosity
inside the object reconstructed with various voxel sizes are
shown in Fig. 7.

In the case of a reconstruction with the maximum magni-
fication, external geometry of the object is visible in details
(Fig. 7a) and the recorded porosity is the biggest because
many small pores are detected, see Fig. 7d. For the magnifi-
cation corresponding to 30 pm voxels, the outside surface is
smoothed, with smaller number of registered details, see Figs.
7b and 7e. For the reconstruction with 65 pm voxels, details in
form of unmelted powder grains (a feature of the additive tech-
nology SLM, where powder particles are stuck to the molten
pool at the boundary of molten material) present on surface
of the object are not completely represented, see Fig. 7c. Com-
parison of porosity values recorded at various magnifications is
shown in Fig. 8. Porosity recorded for 15 pm voxels was 8.33%.
When voxel size was increased to 30 pm, the recorded porosity
slightly changed to about 8%. For reconstruction with 40 pm
voxels, porosity was significantly lower at 7.02%. For recon-
struction with 65 pm voxels, recorded porosity level was less
than half of that reconstructed for 15 pm voxels, i.e. about 4%.

In order to express porosities for reconstructions with
various voxel sizes in qualitative way, a coefficient determining
sphericity of pores, calculated as the ratio of a pore volume V
to its surface area A, was calculated according to the formula:
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For an ideal sphere, the sphericity coefficient S = 1 [15].
Results in form of histograms showing numbers of pores with
various sphericity coefficients are given in Fig. 9. At larger voxel
sizes, numbers of recorded pores are smaller, which can be cle-
arly seen by comparison of the histograms obtained for 15 pm
(blue) and 65 pm (red) voxels. For larger voxels, larger numbers
of pores with higher sphericity coeflicients were recorded. The
histograms for larger voxels are located closer to the sphericity
coefficient equal to 1, which means spherical shape of pores. This
also means that pores recorded at lower magnifications (with
larger voxels) are recorded with less exactly represented shape.

Results of porosity measurements using CT were verified by
comparison with results of standard microscopic observations
on a polished cross-section, see Fig. 10. Comparison was carried
out for the reconstruction with the highest magnification, since
the expected results for this magnification would be closest to
the real values. After all the reconstructions were completed,
the first stage of the examined sample was cut horizontally and
polished to visualise internal structure of the examined cross-
-section. The image of the metallographic section was recorded
with a confocal microscope OLYMPUS 3D LEXT OLS4000 at
magnification 140x.

The so obtained image was subjected to binarization by the
software ImageJ and surface porosity P, on a plane of the test
piece was determined from the formula:

A
p,=—2 _ 5
A Ap N Am [%]7 ( )

where A means the surface of pores and A means the surface
sample of the sample.

In order to compare the results, the section of CT recon-
struction, corresponding to the plane of the metallographic
section, was determined. That section was also subjected to
binarization and surface porosity was determined. This way,
porosities determined on the same section for tomographic and
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Fig. 8. Volumetric porosity measured for the examined sample

L o . o X Fig. 9. Histograms showing the numbers of pores with various
Rys. 8. Wyniki pomiaréw porowatosci objetosciowej dla badanego wzorca

sphericity coefficients for reconstructions with voxel sizes 15 um, 30
um and 65 pm

Rys. 9. Histogram przedstawiajgcy liczbe poréw o okreslonej sferycznosci
dla rekonstrukcji z wielkoscig woksela 15 pm, 30 um i 65 um

Microscopic photograph

Metallographic examination

CT sections

CT section in grey scale

Fig. 10. Comparison of porosities determined by CT and on a metallographic polished section
Rys. 10. Schemat sposobu poréwnania przekrojéw uzyskanych na zgtadzie metalograficznym i na przekroju CT

Fig. 11. Corresponding sections obtained by: a) microscopic examination; b) computed tomography
Rys 11. Odpowiadajgce przekroje: a) badaniu mikroskopowemu; b) tomografii komputerowe;j
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microscopic measurements were compared. Porosity images after
binarization, obtained for the metallographic section and CT
section, are shown in Fig. 11.

In magnified fragments of the images, shapes and positions
of pores recorded for both compared methods are visible. Dif-
ferences in geometry of both magnified fragments are small.
Differences in recorded pores outside of the indicated area may
be due to the displacement of the plane of the metallographic
section relative to the Z axis and the incomplete coverage of
the comparable section. High accuracy of the performed recon-
struction is confirmed by results of the determined porosity
recorded by CT analysis. Surface porosity of the sample deter-
mined by microscopic observation was 8.22% and surface poro-
sity of the same section, determined by CT, was 8.77%. This
difference results, among others, from the fact that surfaces of
pores are different in subsequent section planes of the object.
Figure 12a shows a diagram of surface porosity recorded for
CT sections between the planes A and B indicated in Fig. 12b.
The distance between the planes was 2.2 mm and porosity was
recorded on tomographic sections every 50 pm, see Fig. 12c.

It is visible on the sections that surface porosity depends
on the location of the section between extreme planes A and
B. For comparison, the value of surface porosity determined on
one plane of the metallographic polished section is marked with
red line. The differences in porosities recorded by microscopic
examination and by CT result from cutting position and from

selection of a representative plane for microscopic observation.
In fact, porosity can be different depending on a given plane
because of anisotropic arrangement or local accumulations of
pores resulting from the manufacturing process, which signifi-
cantly affects the final result of measurements.

4. Conclusions

The size of the sample determines the resolution of the
measurement and the size of the voxel with which a CT
reconstruction can be carried out, which significantly affects
the sizes of recorded pores. Porosity recorded in the measu-
rements taken with the highest (V, = 15 ym) and the lowest
(V= 65 pm) resolution was 8.33% and 4.02%, respectively.
Images of pores recorded with larger voxels were more smo-
othed and closer to spherical shape. Comparative analysis
recorded by microscopic observation and by CT (reconstruc-
tion with the highest resolution) showed similar values of
surface porosity. Surface porosity determined by CT was
8.77%, but that determined in microscopic observation was
8.22%, so the difference did not exceed 1 percentage point.
However, the most important benefit of CT measurements is
the possibility of spatial representation of internal structure,
which is a big advantage over traditional methods of porosity
measurements, see Fig. 13.
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Fig. 12. Comparison of surface porosity PA measurements by CT and by microscopic observations: a) diagram of porosity in function of the
location (height) of measured cross-sections between A and B planes (porosity determined by microscopic observation is marked by the red
line); b) planes between that surface porosity was analysed; c) distance between tomographic sections for that porosity was determined

Rys. 12. Poréwnanie wynikéw pomiaréw porowatosci powierzchniowej PA metodg tomograficzng i mikroskopowa: a) wykres przedstawiajgcy zmiany
porowatosci w funkcji wysokosci przekroju pomiedzy ptaszczyznami A i B, (czerwong linig zaznaczono porowatos$¢ zarejestrowang za pomocg mikroskopu),
b) ptaszczyzny, pomiedzy ktérymi analizowano porowato$é powierzchniowa, c) odlegto$é pomiedzy przekrojami tomograficznymi, dla ktérych wyznaczono

porowatosé

Fig. 13. Representation of three-dimensional internal structure of the examined object: a) global porosity;

b) magnified fragment with marked local porosity

Rys. 13. Odwzorowanie tréjwymiarowej struktury wewnetrznej badanego obiektu: a) porowatos¢ globalna, b)

powiekszony fragment z zaznaczong porowatoscig lokalng
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Results of porosity recording with use of the CT technique rzystanie tomografii komputerowej w defektoskopii odlewdw
for small-sized objects are comparable with those of standard z zeliwa sferoidalnego).

microscopic examination. In case of larger objects, reconstruc- 7. Dybala B., Bedza T., Zidtkowski G., Technical computed

tion with low resolution can be useful at identification of some tomography in metrology of geometrical quantities and qual-

characteristic areas, e.g. those with increased porosity. And ity inspection. “Mechanik”. Vol. 86, No. 7, 2013, 526-530 (in
for properly determined fragments of the object, exactness Polish — Techniczna tomografia komputerowa w metrologii
of reconstruction can be higher. Understanding the relations wielko$ci geometrycznych i kontroli jakosci).

between the size of the object and the resolution of porosity 8. Chlebus E., Ziétkowski G., Dybala B., Application of indus-

measurement facilitates correct interpretation of results obta- trial computed tomography in assembly analysis. “Mechanik”.

ined by technical computed tomography. Vol. 86, No. 5-6, 2013, 422-424, 426 (in Polish — Zastosowa-
nie przemyslowej tomografii komputerowej w analizie zlozen).
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Detekcja porowatosci z wykorzystaniem technicznej tomografi
komputerowe

Streszczenie: Techniczna tomografia komputerowa CT (ang. Computed Tomography) wspomaga
kontrole jakosci wytwarzanych obiektow technicznych i rozwdj produktu dzigki mozliwosci nieniszczacej
detekcji porowatosci. Wykorzystanie tomografii komputerowej w defektoskopii pozwala nie tylko na
jakosciowg ocene struktury wewnetrznej obiektdw, ale i na ilosciowg ocene porowatosci ich materiatu

z odwzorowaniem trojwymiarowego ksztattu pordw i ich rozktadu przestrzennego. W pracy przedstawiono
krétkg charakterystyke czynnikdw wptywajgcych na skutecznosé detekcji porowatosci z wykorzystaniem
metody CT. Na przykfadzie obiektu technicznego przedstawiono wptyw zastosowanego powiekszenia na
mozliwosci detekcji porowatosci i odwzorowania ksztattu porow. Nastepnie porownano wyniki porowatosci
uzyskanej z wykorzystaniem metody CT i standardowych badan mikroskopowych. Wykazano wptyw
powiekszenia i rozdzielczosci pomiaru na mozliwos¢ detekcji pordw z wykorzystaniem metody CT.

Stowa kluczowe: techniczna tomografia komputerowa, porowatosc, defektoskopia, kontrola jakosci
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