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The use of X-ray computer tomography is
increasingly becoming a widespread tool
in materials science since the 3D image
acquisition provides new insights into
material optimization, damage analysis
and microstructural modeling. The appli-
cation of X-ray tomography in the micro-
structural analysis requires the develop-
ment of volumetric quantification meth-
ods to determine the morphological and
quantitative parameters that best charac-
terize the microstructure. Material char-
acterization and process optimization in-
vestigations have been based on the ana-
lysis of 2D micrographs as they are a
useful method to quantify the relevant
material features. However, given the

The microstructural features of three different materials have been

quantified by means of 2D image analysis and X-ray micro-computer to-
mography (CT) and the results were compared to determine the reliabil-
ity of the 2D analysis in the material characterization. The 3D quantifi-
cation of shrinkage pores and Fe-rich inclusions of an Al-Si-Cu alloy by
X-ray tomography was compared with the statistical analysis of the 2D
metallographic pictures and a significant difference in the results was
found due to the complex morphology of shrinkage pores and Fe-rich
particles. Furthermore, wood particles of a wood-plastic composite were
measured by dynamic image analysis and X-ray tomography. Similar re-
sults were obtained for the maximum length of the particles, although
the results of width differ considerably, which leads to a miscalculation
of the particles aspect ratio. Finally, air voids of a foam concrete were
investigated by the analysis of the 2D pictures in Image] and the results
of the 2D circularity were compared with the values of the 3D elonga-
tion obtained by micro-computed tomography. The 3D analysis of the air

voids in the foam concrete showed a more precise description of the
morphology, although the 2D result are in good agreement with the re-
sults obtained by X-ray micro-tomography.

morphological complexity of the micro-
structural elements, the accuracy of these
results may be questioned. On the other
hand, computed tomography enables a
better understanding of the microstruc-
tural morphology generated in different
production processes and their influence
on the fracture behavior of materials.

In this study, the 3D quantification of
the microstructural features related to
the damage mechanism are analyzed by
X-ray tomography in different materials
and compared with the results from the
corresponding 2D image analysis.

First of all, cast Al-Si-Cu alloys are es-
sential in the automotive industry due to
their excellent mechanical properties,
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castability and recycling possibilities.
The application of these alloys as struc-
tural components requires the character-
ization of the casting defects since they
can lead to rapid failure when certain
amount of cycling loading is applied.
Casting pores have been reported to act
as main crack initiation sites above a
critical size [1, 2] and hard intermetallic
particles such as Fe-rich particles can
also promote crack initiation if they are
large compared to pores [3, 4]. Several
investigations have reported the high
morphological complexity of these de-
fects and their tendency to form large
clusters, which has a decisive influence
on the damage process [5, 6].
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Wood-plastic composites (WPC) gained
significance as a commercial material in
the last twenty years. Besides the building
and construction industries, these materi-
als are applied more and more in techni-
cally oriented industries and are usually
processed by extrusion or injection mold-
ing [7, 8]. To improve reliability of such
composites, the processed wood fillers
need to be characterized as their size and
shape have a significant influence on the
mechanical properties [9]. Most of the pre-
vious research, dealing with the influence
of particle size on the mechanical proper-
ties, used two-dimensional methods to
characterize such features [10-13]. Some
investigations show a huge influence of the
aspect ratio of the particle [14-16]. It is to
be expected that especially the results of
shape, e. g., aspect ratio, of particles are
depending on the type of measurement and
therefore differ between two-dimensional
image analysis and three-dimensional X-
ray tomography. Furthermore, the orienta-
tion within the sample is an important fac-
tor, which can be better characterized by a
three-dimensional method like X-ray tomog-
raphy [17, 18]. Additionally, such measure-
ments are suitable to qualify internal dam-
ages like cracks and delamination [19].

In the ongoing research of ultra-high
performance concrete (UHPC) [20], a high
strength mineral foam was developed at TU
Dortmund University [21]. The develop-
ment was continued at the University of
Kassel [22]. Today, air curing foams with
densities between 0.5 to 1.3 kg x dm= and
a compressive strength of 2.5 to 18.0 MPa
can be fabricated with different mix de-
signs. In a current research project, multi-
functional mineral wall elements made of
mineral foam in combination with UHPC
shells are being developed for the manufac-
turing of urban housing prefabricated mod-
ular parts. The combination of high-perfor-
mance materials such as UHPC and min-
eral foams enables the optimization of
strength and structural tightness as well as
the liquid penetration resistance and ther-
mal insulation.

| Materials and experiments

Al-Si-Cu alloy. Table 1 shows the chemi-
cal composition of the studied near-to-eu-

tectic Al-Si-Cu alloy. The iron content is
0.6 wt-% which forms a considerable
amount of B-Al;FeSi phases together with
the less detrimental o-Al, ;(Fe,Mn),Si,.

The material was sand casted in 4 mm
thick sheets in a sodium silicate mold at
room temperature and 20 mm long speci-
mens were machined out with a square cross
section of 4 x 4 mm? for the CT analysis.

The metallographic samples were ex-
amined by optical microscopy and scan-
ning electron microscopy after following
standard metallographic procedures in
the preparation of the specimens. Color
contrast and shape filters were applied to
differentiate the B-phase from the rest of
the material. Image] was used as an image
analysis software for the quantitative met-
allography with a minimum of 60 images
at 200x magnification per specimen to
generate data regarding length of the
B-Al;FeSi inclusions.

The three-dimensional measurements
were carried out using a ZEISS Xradia
Versa 520 X-ray microscope at a voltage of
60 kV and a current of 85.6 1A in the anal-
ysis of the Fe-rich inclusions, after which
995 radiographs were captured with a reso-
lution of 1.0 um and an exposure time of
12 s. For the shrinkage pores, 1601 records
have been taken with an exposure time of
12's, 40 kV and 3 W source power. A low
energy filter was applied to the source and
the voxel size was 2.3 um. The raw data
was reconstructed with a pixel center shift
of 0.25 and a standard beam hardening co-
efficient of 0.7.

After image correction with filters, the
acquired radiographs were reconstructed
with “TXM Reconstructor” (ZEISS) soft-
ware. The image analysis was carried out
with the commercial rendering package
Avizo, in which the B-Al;FeSi inclusions
were manually segmented and the shrink-
age pores and gas pores were segmented
using a grayscale thresholding tool. After
applying the non-local means filter, data of
volume, surface and size of each inclusion
were obtained.

Wood-plastic composites. The investi-
gated plastic material is a polypropylene
obtained by Sabic (Saudi Basic Industries
Corporation, Saudi Arabia), compounded
with 10 wt.-% of the wood filler Arbocel C
320 by JRS (J. Rettenmaier & S6hne GmbH

Si Cu Mg Fe

In

Mn Ni Ti Al

12.96 1.52 0.68 0.6

0.48

0.05 0.04 Balance

Table 1: Chemical composition of the ALSi-Cu alloy (wt.-%)

& Co. KG, Germany). After compounding
the raw materials, test specimens of type
1a were made according to DIN EN ISO 527
using an injection molding machine. The
initial particle size is influenced by the two
processing steps compounding and injec-
tion molding which results in a significant
shortening of the particle size.

A dynamic image analysis (DIA) was car-
ried out to characterize the remaining parti-
cle size after processing. Unlike X-ray mi-
cro-tomography, the particles have to be
separated by the matrix polymer to be
measured with a DIA. This was realized us-
ing a simplified Soxhlet extraction. About
10 g of the sample was inserted in boiling
xylene for 5 h to dissolve the polymer mate-
rial. The dynamic image analysis system
Qicpic (Sympatec GmbH, Germany) uses a
high-speed camera to capture images of the
particles, which are dispersed inside a lig-
uid. The camera captures images with
4.2 MP at 175 Hz. With an optical magnifica-
tion of 1.3, the resulting pixel size is 4.2 pm.
The measurement time amounts 60 s.

To characterize the particle size, the
maximum and minimum Feret diameter
were evaluated to gain information about
particle length and width. Furthermore,
the aspect ratio, which is defined as the ra-
tio of minimum to maximum Feret diame-
ter, was calculated to characterize particle
shape. To reduce the measurement inaccu-
racy and increase the comparability of both
methods, only particles longer than
100 um were taken into consideration for
the evaluation. Especially very small parti-
cles with the size of just one pixel could
distort the results, providing an ideal as-
pect ratio of 1, because of the same length
and width.

The comparative three-dimensional
measurements were carried out using a
Zeiss Xradia Versa 520 at a voltage of
50 kV and a current of 79 uA. 1601 images
were captured with a resolution of 4.8 um
and an exposure time of 4 s for each image.
Afterwards, the images have been recon-
structed using the Zeiss TXM Reconstruc-
tor software. The image analysis was made
by using the software Avizo (FEI). After ap-
plying a non-local means filter, an auto-
matic segmentation of wood particles was
carried out using a greyscale thresholding.
The length of the particles was evaluated
using the parameter Length3d of the Label
Analysis option, which equals the maxi-
mum Feret diameter in a three-dimensional
orientation. Comparing to the two-dimen-
sional measurements, the width of parti-
cles was evaluated using the parameter
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Width3d, which corresponds to the mini-
mum Feret diameter. The aspect ratio was
calculated in the same way as it is de-
scribed above and is therefore given by the
ratio of Width3d to Length3d. As in the dy-
namic image analysis only particles longer
100 um were taken into consideration for
the evaluation to keep the results compara-
ble to each other.

Foam concrete. The foam concrete used
is based on a five component UHPC mortar.
To decrease the bulk density, quartz sand
and quartz powder are replaced by the
lightweight aggregate perlite in different
particle sizes. Fine basalt fibers and dis-
persible polymer powder based on an eth-
ylene vinyl acetate copolymer are used to
stabilize the mixture. With a water to
binder ratio of 0.34, a very flowable con-
crete was fabricated. For the foaming pro-
cess, an aluminum paste based on the sol-
vent diethylene glycol with an average
particle size of 12 um was used. The result-
ing density was 0.5 kg x dm with a total
porosity of 61% and a compressive
strength of 2.5 MPa.

The 2D air void analysis is limited by the
resolution of the applied optics. In case of
foamed concrete, a digital reflex camera
was used to get sufficient data for meaning-
ful results. The concrete surface has to be
smooth and illuminated by light coming
from sideways. The images were analyzed
using the computer program “Image]”. For
this purpose, the pores were selected and
ellipses with the same maximal diameter
were adjusted. These ellipses and the se-
lected data itself were analyzed and differ-
ent parameters were calculated. These in-
cluded the shape parameters pore area and
circularity. For comparison, 3D measure-
ments were done using a Zeiss Xradia
Versa 520. At a voltage of 140 kV and a
current of 71.2 nA, 1601 radiographs were
captured with a resolution of 26.8 um and
an exposure time of 2 s for each image. The
reconstruction was carried out by the Zeiss
software TXM Reconstructor and the fur-
ther analysis was made using Avizo 9.2
(FEI). After applying filter corrections, the
data was segmented with the threshold
method in the segmentation editor of the
software. The evaluation was done using
the 3D shape parameters 3D volume and
elongation.

| Results and discussion
Al-Si-Cu alloy. Long needle-like B-phases

were found in the 2D micrographs with an
average length of 146 um and an area frac-
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tion of 6.5 %. The eutectic Si particles are
present in form of long needles and it can be
observed that some Al,Cu particles lie along
the B-Al;FeSi inclusions (see Figure 1).

The 3D reconstructions of these particles
(see Figure 2) reveal their plate-like mor-
phology with an average volume of
0.0018 mm3, surface area of 0.358 mm?
and maximum Feret size of 347 um. Fig-
ure 3 shows the distributions of the maxi-
mal Feret size from the 2D and 3D analysis
in which a significant difference can be
noted. This indicates that the 2D analysis
leads to an underestimation of the average
and maximum length of the B-Al;FeSi par-
ticles as well as the upper tail of the distri-
bution.

As it can be observed in Figure 4, these
inclusions tend to agglomerate to large

Figure 1: Long needle-like B-Al5FeSi phases with
Cu-rich intermetallics

0.012

Normalized frecuency (pm)

0 200 400 600 800 1000

Max. Feret size (um)

Figure 3: Distribution of the maximum Feret size
of the B-Al5FeSi inclusions from the 2D (blue)
and 3D (black) quantifications

Figure 5: Agglomeration of B-Al5FeSi inclusions

clusters, some of which seem to be ar-
ranged perpendicular to a certain axis.
This agglomeration of inclusions causes
the joint of particles by branching or even
crossing leading to more complex particles
rather than simple plates (see Figure 5).
These complexities are the reason why ste-
reological relations are not applicable in
the conversion of size distribution from 2D
to 3D and the quantifications of B-Al;FeSi
inclusions based on 2D analyses require
the use of safety factors for the fracture me-
chanical assessment.

Moreover, B-Al;FeSi compounds tend to
form cavities in which micro-pores are en-
closed what can be seen in Figure 6. This
suggests that the B-phase platelets may en-
hance the formation of micro-porosity by
restricting the flow of the liquid melt dur-

Figure 2: Reconstructed and segmented 3D
micro-tomography of a f-Al5FeSi inclusion

Figure 4: Cluster of B-Al5FeSi phases

Figure 6: Cluster of B-Al5FeSi particles in which
pores are enclosed
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Figure 9: a) Section slice 483 showing maximum area fraction, b) segmented porosity from 3D analysis
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Figure 10: a) Segmented pore, b) pore cut in slice 108, c) pore cut in slice 82, d) pore cut in slice 43
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Figure 8: Relationship between slice index and
area fraction

ing the casting. These large clusters of brit-
tle B-Al;FeSi particles with micro-pores in
the vicinity can act as stress concentration
raisers and promote rapid crack initiation
in the absence of larger pores.

Moreover, large shrinkage pores and gas
pores were generated due to the low cool-
ing rate during the casting process in the
studied Al-Si-Cu alloy, as it can be observed
in Figure 7. The 2D image analyzing tech-
nique reveals only a part of the pore struc-
ture and can lead to nonconservative re-
sults. Figure 7 shows an example of a typi-
cal image revealed by optical microscopy
with 200x magnification. The image re-
veals 28 pores with an area fraction of
5.54 %. The defect observation was done for
all casting defects in the section, and the
area fraction was scaled in relationship to
the full section size. This calculation repre-
sents an overall area fraction of 1.64 %.

Figure 8 reveals that the area fraction de-
pends on the section of observation. The
maximum area fraction for this analysis was
2.2 % in section 483. Figure 9 contains a di-
rect comparison of the 2D and 3D analysis.

A segmented pore (see Figures 10a to
10d) from the 3D data set is cut in slice 108
(see Figure 10b), 82 (see Figure 10c), 43
(see Figure 10d) and shows different re-
sults of the area fraction. It is impossible to
gain information about the association of
the morphology and the porosity. Within
an image analysis it would be rather sepa-
rated as 7 or more porosities when focus-
ing on slice 108 (see Figure 10b) or on the
contrary processed as one pore in Fig-
ure 10c. To gain information about the
complete pore, a 3D analysis of a tomogra-
phy is needed. The maximum Feret diame-
ter is 291.37 um and the minimum Feret
diameter is 178.06 um, which have been
calculated in 3D. The segmented pore has
an area of 0.160 um’ and a volume of
0.47 um®.

Wood-plastic composites. Typical par-
ticles measured with dynamic image analy-
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sis and X-ray tomography are shown in
Figure 11. Both measurements are based
on grey-scale images with a nearly auto-
matic segmentation method.

Plotting the results of particle width on
length in a scatter diagram in Figure 12 re-
veals the difference between both methods.
Apparently, the number of particles meas-
ured with the dynamic image analysis
(124 805 particles) is much higher than us-
ing the X-ray micro-tomography (2841 parti-
cles). The number of outliers with high par-
ticle lengths, which can be seen in the left
chart of DIA, is relatively small in relation to
the high number of particles. Regarding the
particle length, both distributions are com-
parable. However, the slope of the regres-
sion line is very different between both
methods, showing a significantly lower
width measured by the X-ray tomography.

The evaluated length, width and calcu-
lated aspect ratios are given in Table 2. Es-
pecially the results of the particle length
are nearly identical for both methods. The
mean of length is 250 um measured by X-
ray tomography and 254 um measured by
dynamic image analysis, whereas the
mean deviation of all length values is be-
low 2 %. Nevertheless, there is a huge dif-
ference in the measured particle widths,
for which X-ray tomography shows a mean
of 65 um and dynamic image analysis a
value of 94 um, respectively. The deviation
between both methods is up to 55 %. This
directly affects the calculated aspect ratio.
While the values are very similar at the
10t percentile, the results show a signifi-
cant difference at the 90t percentile.

This difference in aspect ratio becomes
obvious in Figure 13, which shows a rela-
tive distribution of the calculated aspect
ratios for both methods. The distribution
measured by the two-dimensional method
displays a broad distribution with aspect
ratios up to 0.9, which represents nearly
cubic shaped particles. However, the three-
dimensional measurement shows a signifi-
cant peak at aspect ratios below 0.3 and
nearly no aspect ratios larger than 0.6.

Compared to the other presented two-di-
mensional methods, the dynamic image
analysis does not lack statistical signifi-
cance, however, it provides an amount of
data which is nearly 50 times bigger than
the data obtained by X-ray tomography.
The dynamic image analysis is also pre-
ferred compared to the tomography in
terms of measurement duration.

Regarding the quality of the measure-
ment, the presented results show some
major differences among the methods. On
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the one hand, the characterized particle
lengths are nearly identical for two- and
three-dimensional measurements, but on
the other hand the measured widths and
therefore the calculated aspect ratios dif-
fer from each other.

A closer consideration of the three-di-
mensional particle shape in Figure 11
shows that the majority of particles is
shaped like flat platelets with different
sizes in x-, y- and z-direction. The evalua-
tion considers the longest of these direc-

Figure 11: Visualization of particles measured with dynamic image analysis (left) and X-ray tomography (right)

a) 1000 b) 1000
Hm pm
§ 500 | g 500
0 ki ; . - 0
0 500 1000 1500 pm 2000 0 1000 1500 pm 2000
Length Length
Figure 12: Scatter diagram of particle width over length, a) measured using dynamic image analysis,
b) measured using X-ray micro-tomography
Dynamic image analysis (2D) X-ray tomography (3D)
Length Width Aspect Length Width Aspect
(wm) (um) ratio (um) (um) ratio
Mean 254 94 0.36 250 65 0.28
10th
. 105 27 0.21 107 29 0.20
percentile
501h
. 150 57 0.32 159 44 0.27
percentile
90th
. 579 227 0.59 568 146 0.37
percentile
Table 2: Results of dynamic image analysis and X-ray tomography
a) ® b) ®
% %
6 6
3 oy
§ 4 § 4
5 g
w w
2 2
0 0-
0,0 0,2 04 06 08 1,0 0,0 02 0,4 06 08 1,0
Aspect ratio Aspect ratio

Figure 13: Comparison of calculated aspect ratios between a) dynamic image analysis, b) X-ray tomography
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tions as the length and the shortest as the
width. The evaluation of particle sizes by
dynamic image analysis is based on the
two-dimensional projection area of the
particle. Due to the liquid dispersion, the
particles are oriented nearly parallel to
flow direction, enabling a very accurate
measuring of particle length. However,
the orientation of the other two directions
is random, which means the minimal
Feret diameter in the projection area is ei-
ther the width, the thickness or a value
between both.

Foam concrete. The two-dimensional
analysis contains a 2D area of 4 cm? with a
data volume of 204 air voids with a lower
limit of 0.1 mm?®. The 3D data implied a vol-
ume of 8 cm® with 2661 air voids. Here, the

a) 25

mean value:
0.72

20 4

Relative frequency (%)

0.0 0.2 04 06 0.8
2D circularity (-)

mean value:
0.58

Relative frequency (%)

0.0 0.2 04 06 08
3D elongation(-)

lower limit was placed by 0.1 mm?®. That
means a 2D analysis generates approxi-
mately less than 10 % of the data volume of
a similar 3D analysis.

The parameters circularity and elonga-
tion are both factors to describe the shape.
A value of 1.0 means that the shape is
round while lower values mean the shape
is more elongated. Spherical pores have a
good force deflection that results in good
mechanical properties. That does not mean
in general that elongated pores have a
weaker performance, but in this case the
stress direction is also important. In Fig-
ure 14, the relative frequency of both pa-
rameters is illustrated. The 3D data is
clearly more distributed while the 2D data
has an explicit peak by about 22 % at a cir-

g
0,3 Ao
$0.9 9
Sar % e

10 mm

O’OQ

o

Figure 14: a) Relative frequency of the shape parameters circularity and sphericity,

b) model of the pore structure
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Figure 15: Correlation between shape and size, a) for 2D analysis, b) for 3D analysis

cularity of 0.8. Furthermore, the mean
value of the 2D data was slightly higher
with a value of 0.72. Due to the fact that in
the 2D analyses do not take the third axis
into account and with less amount of data,
the two data sets are not easy to compare.

The correlation between shape and size
is shown in Figure 15. Due to the limited
data of the 2D analysis, no clear effect
could be seen. The wide distribution of the
elongation could also be seen, but there is a
tendency to lower shape parameters to-
wards larger pore volumes.

The large air voids showed also a greater
angle to foaming direction which indicates
that these air voids grew together in the
foaming process. That led to higher com-
pressive strengths (up to 40 %) when the
sample was loaded in foaming direction.

| Conclusions

The two-dimensional inspection of materi-
als is a common way to evaluate their prop-
erties. For air inclusions in Al-Si-Cu alloys
or foam concrete, the 2D analysis depended
on the observed area fraction and on the
variation of the volume. In case of Al-Si-Cu
alloys, the variation depended on the cast-
ing process and could be widely spread,
especially when big pores occur. In case of
foam concrete, the variation depended on
the foaming agent, raw materials and rheo-
logical properties of the mix design. Moreo-
ver, for the macro porous foam concrete, a
statistical error occurred due to the smaller
amount of data. In wood-plastic compos-
ites, the length measurement worked with
both methods. The characterization of par-
ticle width or even complex shapes using
dynamic image analysis (2D method)
caused problems, because of the missing
third direction. The projection of an area
caused a loss of information, producing re-
sults that were different from those ob-
tained by X-ray tomography. The same con-
clusion could be made for B-Al;FeSi inclu-
sions in Al-Si-Cu alloys and the dispersion
of their aspect ratio. A significant differ-
ence between the statistical distributions
of the 2D and the 3D maximal Feret diam-
eter showed that size and morphology
could not be deduced based on stereologi-
cal relationships.

The missing third dimension made it dif-
ficult for all considered materials to ana-
lyze complex shapes. A 2D characteriza-
tion is therefore often not suitable. The
more precise 3D analysis is necessary for
an accurate assessment of material perfor-
mance and for material safety.
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Abstract

Vergleichsuntersuchung von zweidimensionalen bildgebenden Techni-
ken und Rontgentomographie bei der Charakterisierung von Mik-
rostruktur. Die mikrostrukturellen Merkmale von drei verschiedenen
Werkstoffen wurden mittels 2D-Bildanalyse und Rontgen-Mikrocomputer-
tomographie untersucht und die Ergebnisse verglichen, um die Zuverlis-
sigkeit der 2D-Analyse in der Werkstoffforschung zu bestimmen. Die 3D-
Quantifizierung der Schrumpfporen und der eisenhaltigen Einschliisse
einer Al-Si-Cu-Legierung durch Computertomographie wurde mit der
statistischen Analyse der zweidimensionalen metallografischen Bilder
verglichen. Hierbei ergab sich ein signifikanter Unterschied in den Ergeb-
nissen, der auf die komplexe Morphologie der Poren und Einschliisse
zuruckzufiihren ist. Weiterhin wurden die Holzpartikel eines Holz-Kunst-
stoff-Verbundes mittels dynamischer Bildanalyse und Mikrocomputerto-
mographie untersucht. Hinsichtlich der Partikellange konnten mit beiden
Methoden sehr dhnliche Ergebnisse erzielt werden. Fiir die Partikelbreite
ergaben sich aufgrund der fehlenden rdumlichen Information jedoch
deutliche Abweichungen, die zu einer Fehleinschiatzung des Partikel-
seitenverhdltnisses filhren. Zuletzt wurden die Poren eines Schaumbetons
durch Analyse von zweidimensionalen Bildern mittels ImageJ gemessen
und die Ergebnisse der Rundheit mit den Werten aus der Computertomog-
raphie erhaltenen dreidimensionalen Ausdehnung verglichen. Die 3D-
Analyse der Poren im Schaumbeton zeigte eine genauere Beschreibung
der Morphologie, obwohl das 2D-Ergebnis in guter Ubereinstimmung mit
den Ergebnissen der Rontgentomographie steht.
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