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In material science microfocus X-ray computed tomography (micro-CT) is one of the most
popular non-destructive techniques to visualise and quantify the internal structure of
materials in 3D. Despite constant system improvements, state-of-the-art micro-CT images
can still hold several artefacts typical for X-ray CT imaging that hinder further image-based
processing, structural and quantitative analysis. For example spatial resolution is crucial for
an appropriate characterisation as the voxel size essentially influences the partial volume
effect. However, defining the adequate image resolution is not a trivial aspect and
understanding the correlation between scan parameters like voxel size and the structural
properties is crucial for comprehensive material characterisation using micro-CT. There-
fore, the objective of this study was to evaluate the influence of the spatial image resolution
on the micro-CT based morphological analysis of three-dimensional (3D) open porous
structures with a high surface complexity. In particular the correlation between the local
surface properties and the accuracy of the micro-CT-based macro-morphology of 3D open
porous Ti6Al4V structures produced by selective laser melting (SLM) was targeted and
revealed for rough surfaces a strong dependence of the resulting structure characteristics
on the scan resolution. Reducing the surface complexity by chemical etching decreased the
sensitivity of the overall morphological analysis to the spatial image resolution and
increased the detection limit. This study showed that scan settings and image processing
parameters need to be customized to the material properties, morphological parameters
under investigation and the desired final characteristics (in relation to the intended
functional use). Customization of the scan resolution can increase the reliability of the
micro-CT based analysis and at the same time reduce its operating costs.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction the internal structures of materials [1-3]. The popularity of

micro-CT is growing rapidly together with a constant
Since two decades, microfocus X-ray computed tomography development of X-ray tubes and detectors which significantly
(micro-CT) is one of the reference techniques for non-destructive increase the attainable spatial resolution down to sub-micron

and three-dimensional (3D) visualisation and quantification of and nano-level [4] and at the same time extend the range of
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materials that can be examined. Therefore micro-CT is com-
monly used for morphological analysis of materials in many
applications: biomedical [5,6], food science [7], materials science
[8,9] as well as input for modelling [10] and for the optimisation
of the production processes of complex structures using
additive manufacturing (AM) techniques [11].

Despite constant system improvements, the images ac-
quired using modern micro-CT devices can still hold several
artefacts typical for tomographic imaging [12]. These are
related to the stochastic properties of the X-ray radiation
and its interactions with the object and detector. For example
with polychromatic X-rays, the scatter and limited X-ray flux
can be artefact sources in the reconstructed images hindering
accurate structural analysis. Additionally, the spatial resolu-
tion is crucial for appropriate characterisation as the voxel
size essentially influences the partial volume effect (PVE). The
impact of both scan magnification and spatial image resolu-
tion on the qualitative analysis has been studied frequently
[13-20]. For example, Cooper et al. [13] analysed the mor-
phology of cortical bone using micro-CT images with varying
voxel size, as appropriate quantification of the bone mor-
phological properties is crucial for strength analysis and
understanding the nature of the bone remodelling process.
They demonstrated that the scan resolution significantly
influenced the quantitative analysis of the bone structural
parameters. Similar results were obtained by Peyrin et al. [16]
and Kim et al. [17] as they observed that the mean trabeculae
thickness analysed by micro-CT increased with increasing
the voxel size. In materials science applications, Peng et al.
[20] observed that a reduced spatial resolution resulted in an
overestimated pore size and connectivity of Berea sandstone.
For the morphological analysis of additive manufactured
titanium alloy based porous structures Van Bael et al. [11]
showed that the spatial resolution can limit the detectability
of the smallest surface variations. Furthermore, Kerckhofs
et al. [21] indicated that micro-CT based surface texture
analysis of objects with different surface roughness depends
on the image noise level and the surface complexity, as well
as on the spatial image resolution. This implies that the
morphological analysis of 3D porous structures with a
complex surface morphology is strongly influenced by
the voxel size of the reconstructed images. Therefore,
methodologies that support optimal parameter selection are
required.

Defining the adequate image resolution is not a trivial
aspect and understanding the correlation between scan
parameters like voxel size and the structural properties is
crucial for comprehensive materials characterisation
using micro-CT. Additionally, customizing the scan reso-
lution to the material properties and morphological
parameters under investigation can increase the reliability
of the micro-CT based analysis and reduce its operating
costs. Another important aspect is the compromise be-
tween the accuracy and the sample representativeness.
Therefore, the objective of this study was to characterize
the influence of the spatial image resolution as well as the
surface complexity on the micro-CT-based morphological
analysis of selective laser melting (SLM) produced 3D
Ti6Al4V alloy based open porous structures with complex
surface properties.

2. Materials and Method
2.1.  Ti6Al4V Open Porous Structures by SLM

Cylindrical 3D open porous Ti6Al4V structures with a designed
height and diameter of 6 mm (Fig. 1a), beam diameters of 100
and 180 pm respectively (Fig. 1b and c) and 1 mm pores were
produced by SLM (Concept Laser GmbH, Germany). Four
different structures were investigated in this study with respect
to the designed beam thickness and the post-production
surface treatment: i) as-produced structures with a designed
beam thickness of 100 pm (further referred to as s.100ap),
ii) as-produced structures with a designed beam thickness of
180 pm (further referred to as s.180ap), iii) surface treated
structures with a designed beam thickness of 100 um (further
referred to as s.100CHE) and iv) surface treated structures
with a designed beam thickness of 180 pm (further referred to
as s.180CHE).

As reported by Pyka et al. [22] and shown in Fig. 1d and e,
the SLM as-produced porous structures still contained a large
amount of Ti6Al4V powder particles attached to the beam
surface. The amount of necked powder particles increased
with increasing beam diameter (Fig. 1d and e) and were
mainly observed at the bottom (B) side of the beam in
comparison to the top (T). These 3D porous structures with a
high surface complexity were used to assess the effect of the
voxel size on their morphological analysis by comparing the
two beam diameters.

The 3D Ti6Al4V open porous structures consisted of
several layers of thin beams/struts (Fig. 1d and e) at an angle
of 45° to the building direction (Z axis in Fig. 1a, b, c and f) and
were connected in the nodes (Fig. 1f). At the top and bottom of
the structures, additional connecting beams were added to
maintain the structure’s integrity. Therefore, a full 3D
structure consisted in the Z direction of three main sections
with a significantly different local design: (i) ‘base section’ —
present at the top and bottom of the structure, (ii) ‘beam
section’ — with parallel arranged beams, and (iii) ‘node
section’ — where the four beams are connected. Fig. 1g, h
and i present typical micro-CT cross-sectional images of each
section of a 3D Ti6Al4V open porous structure with a designed
beam thickness of 180 pm. More information about the porous
structure design and production can be found in Van Bael et
al. [11].

2.2. Surface Treatment of SLM Produced Ti6Al4V Open
Porous Structures

After SLM production, the 3D Ti6Al4V open porous struc-
tures were cleaned for 10 min in an ultrasonic bath in
demineralised water, flushed with ethanol and air-dried to
remove loose surface impurities and remaining loose powder
particles from the pores. Next chemical etching (CHE) was
performed by immersing the samples in a chemical solution
based on hydrofluoric acid (HF) to dissolve the attached
powder particles according to the protocol described by Pyka
et al. [22]. After CHE, the porous structures were rinsed with
demineralised water, then rinsed with ethanol and finally
air-dried.
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Fig. 1 - (a) Typical SEM micrograph of a 3D Ti6Al4V open porous structure, cross-section of the STL design of a single unit cell of
a 3D Ti6Al4V open porous structure with designed beam size (b) 100 pm and (c) 180 pm, SEM micrographs of a single beam of a
3D Ti6Al4V open porous structure produced with designed beam size (d) 100 pm and (e) 180 pm. Typical micro-CT images of a
3D Ti6Al4V open porous structure with designed beam size 180 pm at a voxel size of 6.5 pm: cross section (f) along the
building direction, (g) at the bottom, (h) in the middle highlighting the beams and (i) in the middle highlighting the nodes. The
“Z” axis (a-f) shows the building direction. The top (T) and bottom (B) sides of the beams are indicated in b-e.

2.3.  Morphological Characterisation

2.3.1.  Macro-level Morphological Characterisation

Micro-CT based morphological characterisation of the 3D
Ti6Al4V open porous structures, prior to (s.100a-p and
s.180a-p) and after surface treatment (s.100CHE and
s.180CHE), was performed by using a Phoenix NanoTom S
(GE Measurement and Control Solutions, Germany) with a
180 kV/15 W high-performance nanofocus X-ray tube and a
2304 x 2304 pixel Hamamatsu detector. The device was
equipped with a tungsten target and the applied voltage
and current were 90 kV and 240 pA, respectively. A 0.3 mm
copper filter was used. The exposure time was 500 ms and a
frame averaging of 1 and image skip of 0 were applied
resulting in a total sample scan time of 20 min. The tested
samples were examined with two isotropic voxel sizes,
namely 6.5 pym (high resolution) and 12.6 ym (low resolu-
tion). After scanning, the radiographs were reconstructed
using Phoenix datos|x 2.0 reconstruction software. An
automatic single-level 3D Otsu segmentation algorithm was
applied for binarization of the reconstructed micro-CT im-
ages [23]. Additionally, to evaluate the influence of the
segmentation method on the morphological analysis, a two-
and three-level 3D Otsu segmentation algorithm were applied
to binarize images of the structures s.180ap. CTAn software
(Bruker micro-CT, Kontich, Belgium) was applied for the 3D
morphological analysis of the micro-CT data. The total porosity
(Po(tot)), closed porosity (Po(cl)), structure thickness (St.Th),

beam thickness (B.Th) and object surface area (Obj.S) were
calculated for the as-produced and surface treated samples.

As a reference, the pore volume fraction of the porous
Ti6Al4V structures was determined using the Archimedes’
principle using a Sartorious YDK 01, YDK 01-0D Density
Determination Kit, following Methodl. The density of an
immersed object relative to the density of the fluid was
calculated Eq. (1), in which all variables are measured in the
laboratory except for the density of the sample, which is the
only unknown. The porosity is then measured by multiplying
the density of the sample by the sample volume (as measured
using a caliper).

Sample density Sample weight
Fluid density ~— Sample weight-Sample apparent weight (immersed)

(1

The structure thickness was calculated in 3D using
a sphere-fitting algorithm [24] and was visualised with a
colour representation. The beam thickness was defined as the
maximum of the structure thickness distribution.

2.3.2.  Surface Roughness Characterisation

Visual observation of a single beam was done by scanning
electron microscopy (SEM - Philips XL30 FEG, Germany). The
quantification of the beam surface roughness (S.Rs) was
performed by a micro-CT based protocol described by
Kerckhofs et al. [20]. In brief, the profile lines of the beam
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surface extracted from the 2D cross-sectional images were
used to calculate the arithmetic mean deviation of the
roughness profile (P,) (in correspondence with 1SO 4287-1997
[25], but not taking into account the proposed measuring
length since in 3D porous materials, the proposed measuring
length was not available). To assess the influence of the
spatial image resolution the difference in powder grain
attachment to the bottom (B) and top (T) part of the beams
was used. The beam surface roughness at the top and bottom
was quantified prior to and after surface treatment.

2.4. Statistical Analysis

A 1-way ANOVA test was performed to analyse batch variations
using Analyse-it version 2.25. For all results, p-values were
determined and considered not significant when larger than
0.05. For all parameters the relative difference (d,) was
calculated using Eq. (2) to evaluate the errors in the results
of morphological characterisation of the porous structures
(i) scanned with different resolution and (ii) before and after
surface treatment.

d =Y 100 2)

Y

with x and y corresponding to the chosen morphological
parameter characteristic based on micro-CT images (i) obtained
from scans with voxel sizes 6.5 and 12.6 um respectively
(analysis of the image resolution influence) and (ii) obtained
for as-produced and surface treated structures respectively
(analysis of the surface treatment effect).

3. Results

Qualitative evaluation (Fig. 2a and b) of the reconstructed
images of structures s.180ap revealed a difference for the
different segmentation methods. The structure in the binarized
cross-sections using the two-level 3D Otsu was thicker com-
pared to the single- and three-level 3D Otsu method. This
resulted in a significantly lower porosity compared to the
physically measured porosity (Fig. 3). For both the single- and
three-level and 3D Otsu method no significant difference was
observed with the Archimedes-based porosity measurement
(Fig. 3). However, the single-level 3D Otsu method revealed a
closer match to the Archimedes’ results (0.4% of relative
difference) in comparison to three-level 3D Otsu method (1.9%
of relative difference) for data acquired with 6.5 um voxel size.
Typical detailed micro-CT 2D cross-sections of a single
beam of a Ti6Al4V open porous structure, with a designed
beam size of 180 um scanned at 6.5 um and 12.6 um voxel
size (Fig. 2a and b), show a clear impact of the voxel size on
the detection limit of small structural details (i.e. particles
attached to the beam surface). A voxel size of 6.5 pm
showed to be more accurate to visualise these features,
whereas the image quality at lower spatial resolution was
inadequate to capture these structural details. After image
segmentation, required for subsequent image analysis, the

influence of the spatial resolution was even more clear
(Fig. 2a and b).

Comparison of the total porosity calculated based on the
Archimedes’ principle and micro-CT image analysis using the
single-level 3D Otsu segmentation method, showed a good
correlation. No significant differences with the physical
measurements were observed for all structures when scanned
with voxel size 6.5 pm. For structures s.100ap, s.180ap and
s.180CHE the significant difference in porosity was observed
with the results from Archimedes and CT data with 12.6 pm
voxel size (Fig. 4).

Quantitative structural analysis of the open porous struc-
tures revealed a significant dependency on the voxel size
(Fig. 5). Almost all parameters analysed prior to and after
surface treatment showed this voxel size dependency. The
morphological parameters calculated for as-produced struc-
tures of both designs were significantly different as function
of the scan resolution. Although the total porosity was the
least influenced by the scan resolution, the porosity of the
as-produced samples scanned with a voxel size of 6.5 ym was
significantly higher in comparison to scans with a voxel size
of 12.6 um. After surface treatment, however, the porosity did
not show any significant difference for both designs in
function of the image resolution. The relative change of total
porosity caused by CHE was low (about 5-6% for all designs
regardless of the voxel size) as compared to other structural
parameters. In contrast, the closed porosity was found to be
the most sensitive to the image resolution used, resulting in
relative differences for a different voxel size of 148% and 127%
for structure s.100a-p and s.180a-p respectively. A smaller
difference was noticed after surface treatment for structure
s.180CHE (56.8%). Additionally, a reduction in closed porosity
of about 50% was observed after CHE as indicated in the
6.5 um scan results. Analysis of the average structure thick-
ness also revealed a significant voxel size dependence,
regardless of the structure design. The average structure
thickness was higher when a low scan resolution was applied.
Additionally, the relative difference after surface treatment was
larger in the case of a 12.6 pm voxel size scan. A similar
observation was found for the beam thickness, except for the
s.100CHE condition, where no significant difference for the
different voxel size scan results was found. The object surface
presented a similar trend as the closed porosity, i.e. the results
obtained from the higher resolution scans were significantly
larger for both designs, also after surface treatment. However, in
general a higher sensitivity to the voxel size was observed for
as-produced samples compared to the surface treated samples.
Additionally, for the s.100CHE structures a larger object surface
reduction was found compared to the s.180CHE structures.

The surface roughness obtained by micro-CT image pro-
cessing using two different resolutions provided two distinctly
different beam surface morphology values. The P, values
derived from the 6.5 pm voxel size (high resolution) scans
showed a significant difference between the roughness of the
top and bottom of the beams, while for the low resolution
(12.6 pm) the difference was not significant. Furthermore, for all
conditions the roughness was higher when analysed using the
high resolution images. Especially for the bottom part of the
beams, a significant dependence of the P, value on the voxel
size was observed, expect for the s.100CHE structures.



108 MATERIALS CHARACTERIZATION 87 (2014) 104-115

Binarized CT images |

single-level

CT images

Voxel size= 6.5 um

two-level three-level

I Difference in segmentation results |

single-level vs.
two-level

two-levelvs.
three-level

single-levelvs.
three-level

Binarized CT images

CT images

Voxel size=12.6 um

two-level

Difference in segmentation results ]

single-levelvs.
two-level

two-levelvs.
three-level

single-level vs.
three-level

Fig. 2 - Typical grey-scale and binarized cross-sectional micro-CT images of the beams of as-produced Ti6Al4V porous
structure manufactured with a designed beam thickness of 180 pm and scanned with voxel size of 6.5 pm.
The segmentation was performed using different methods namely: Single-level, two-level and three-level 3D Otsu

segmentation. Scale bars = 500 pm.

Fig. 6a and b shows the structure thickness distribution for
the different voxel sizes both for as-produced and surface
treated samples with a beam thickness of 100 pm and 180 um
respectively. For the low resolution scans, two distinct
characteristic peaks are visible, representing the beam
and node thickness respectivel y. When using the higher
spatial resolution scans a third peak becomes visible that
corresponds to the particles attached to the beam surface.
The beam thickness visualisation by a sphere fitted colour

representation on the analyzed structure (Fig. 7) shows for the
high resolution scans that the particles attached to the beam
surface were marked with a different colour compared to the
beam cross section. As the voxel size increased, the particles
were merged with the beam section and as a result larger
spheres were fitted and no more particles could be observed at
the beam surface. This sphere fitted analysis explains the
presence of the third peak in the structure thickness
distribution for the 6.5 um voxel size (Fig. 6). Moreover, after
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Fig. 3 — Comparison of the porosity calculated for the
as-produced Ti6Al4V porous structures manufactured with a
designed beam thickness of 180 pm based on the
Archimedes’ principle and via micro-CT analysis of the
images acquired with a voxel size of 6.5 pm and 12.6 pm.
The segmentation was performed using the single-level,
two-level and three-level 3D Otsu method.

(* p < 0.05 — significant difference).

surface treatment the structure thickness distribution showed
a decrease of the third peak, which corresponds to the
removal of particles by chemical etching.

4, Discussion

The objective of this study was to evaluate the influence of the
voxel size on the micro-CT based morphological analysis of
3D open porous structures with a high surface complexity,
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with the specific goal to establish the influence of the local
roughness on the accuracy of the micro-CT based macro-level
morphology of the 3D porous structures. To ensure the
availability of suitable structures, SLM was selected as it
provides the possibility to produce 3D open porous structures
with controlled overall morphological properties in a robust
way, which was confirmed by a micro-CT based morpholog-
ical quality control in Ref. [11]. However, it was concluded that
the applied spatial resolution of 12.6 pm voxel size might be
insufficient to detect the smallest, SLM related surface
variations such as the attached powder particles. Indeed, as
reported by Pyka et al. [22] and shown in this study (Fig. 1d
and e) the powder particles attached to the beam surface of
SLM porous structures introduced an average roughness
deviation from the profile line (P,) of about 12 pm. This
implies that the voxel size should be smaller than 12.6 um to
capture these surface details by micro-CT based morpholog-
ical analysis. Additionally, it was shown that measurement
errors such as local and random surface deviations intro-
duced by inaccurate CT setup parameters can affect precise
analysis of the object dimensions [26]. However there is still
little known on how the surface irregularities influence
micro-CT based morphological characterization of complex
porous structures. Although the influence of spatial image
resolution on micro-CT based morphological analysis has
been studied frequently [13-20], the influence of the local
surface properties of 3D porous structures on the accuracy of
the micro-CT based macro-structural analysis has not been
defined yet.

In the case of micro-CT characterisation of SLM produced
3D open porous structures, the particles attached to the beam
surface influence the PVE, which is one of the typical artefacts
in micro-CT images [12], as shown by representative 2D
cross-sectional images from 6.5 um and 12.6 um scans in
Fig. 2a and b. The high resolution scan provided more detailed
information about the beam surface morphology while in the
low resolution scan the sharpness of the edges was progres-
sively distorted. This resulted in less information about the

BArchimedes MH6.5um [0O12.6um

*

a-p CHE

a-p CHE

100

180

Fig. 4 - Comparison of the porosity calculated for the as-produced Ti6Al4V porous structures manufactured with a designed beam
thickness of 100 pm and 180 pm based on the Archimedes’ principle and via micro-CT analysis of the images acquired with a
voxel size of 6.5 pm and 12.6 pm. The segmentation was performed using the single-level 3D Otsu method.

(* p < 0.05 — significant difference).
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Fig. 5 - Macro-level morphological parameters of 3D Ti6Al4V open porous structures calculated from micro-CT images with a
voxel size of 6.5 and 12.6 pm, for the as-produced and surface treated samples with a designed beam thickness of 100 and
180 pm: (a) total porosity (Po-Tot), (b) closed porosity (Po-Clo), (c) average structure thickness (Av-St.Th), (d) average beam
thickness (Av-B.Th), (e) object surface area (Obj.S) and (f) beam surface roughness — Pa (S.Rs).
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Fig. 6 — Structure thickness distribution of 3D Ti6Al4V open porous structures calculated from micro-CT images with a voxel
size of 6.5 and 12.6 pm for the as-produced and surface treated samples with a designed beam thickness of (a) 100 pm and
(b) 180 pm. The left peak in the distribution plots represents the particles, the middle peak the beams and the right peak the

nodes in the 3D Ti6Al4V open porous structures.

local structural properties. Additionally, the PVE has an
indirect effect on the image segmentation as discussed in
Ref. [27] and shown in Fig. 2a and b. Because of a bimodal grey
value distribution in the micro-CT images, and thus an
overlapping of the intensity distributions of the material and
the background, finding the optimal segmentation threshold
was a critical step in the image analysis. An example of the
influence of the segmentation method on the morphological
analysis is shown in Fig. 2a and b. Additionally, the segmen-
tation results can be influenced by the image spatial resolu-
tion [27]. Therefore, in this study a single-level automatic 3D
Otsu segmentation algorithm [23] was applied, which is a
user-independent and more reproducible method compared
to manual segmentation, to define the most optimal thresh-
old value. Although being automatic, this algorithm is not
independent of the material, architecture type, image quality
and spatial resolution, and thus the threshold value will
change when one of these parameters change.

Many thresholding methods have been developed [23,28-32]
and their impact on 3D microstructural analysis has been studied
frequently [33-36]. Kastner et al. [32] determined an optimal
segmentation approach for pore detection in fibre reinforced
composites. They showed that the porosity measurements, by

applying their thresholding algorithm, were independent of the
voxel size. In our study the total porosity analysis was for all
designs dependent on the scan resolution, however this depen-
dence was only significant for as-produced samples with a high
surface roughness and not after surface treatment. A lower
porosity was observed when a lower image resolution was
applied (Fig. 5a) as the attached powder particles enhanced the
PVE. It is important to underline that the voids present in the
composite materials investigated by Kastner et al. [32] had a
smooth surface and that the material and pore phases could be
easily distinguished. This condition corresponded well to the
porosity analysis results of the surface treated structures in
this study. Additionally, it was shown in this study that the
single-level automatic 3D Otsu segmentation approach provides
reliable data as the porosity analysis closely matched the
reference results obtained based on the Archimedes’ principle.
In the case of as-produced samples scanned at lower
resolution, the attached particles seemed to be merged with
the beam surface, which resulted in a larger average beam
thickness (Fig. 5d) and thus a lower overall porosity. As a result
of this resolution dependence and because the surface treat-
ment removed attached particles, no significant difference in
total porosity was observed for both designs, independent of the
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Fig. 7 - Visualisation of the sphere-fitting process applied to
the micro-CT images for the calculation of the structure
thickness distribution for 3D Ti6Al4V open porous structures
with a designed beam thickness of 100 pm and 180 pm prior
to and after surface treatment, both for images with a voxel
size of 6.5 pm and 12.6 pm. Each colour corresponds to a
different size of fitted spheres. White arrows indicate the
powder particles attached to the surface.

voxel size. Additionally, in the binary images at a voxel size of
6.5 um the attached powder particles were visible and also
small pores enclosed by these particles could be observed. This
resulted in a higher closed porosity calculated from the 6.5 um
compared to the 12.6 um scans as presented in Fig. 5b. Similar
findings were reported in another study [20] showing that low
resolution micro-CT can still capture the large-pore porosity
in the Berea sandstone. However, it was noticed that a low
resolution scan underestimates the small-pore porosity and
pore connectivity. In the case of 3D porous structures investi-
gated in this study, reduction in closed porosity, introduced by
the surface treatment, of about 40% and 50% for structures with
a designed beam thickness of 100 and 180 pm respectively,
confirmed that the closed porosity was indeed mainly a result
of the powder particles attached to the beam surface.

The 12.6 pm scans resulted in a larger beam diameter,
which also influenced the St.Th and B.Th values as both
parameters were significantly larger for the 12.6 pm voxel size
scans. Similar findings were observed in Refs. [13-17] for the
analysis of the mean cortical and trabecular bone thickness in

function of the voxel size. According to Cooper et al. [13], the
difference was caused by a loss of detection of smaller
trabeculae when the voxel size increased, which resulted in
a larger mean thickness. In our study we can see that the
measurements of the beam thickness based on micro-CT
images with a different resolution were influenced by the
surface complexity as in the low resolution scan the attached
particles were merged with the beam, which resulted in larger
mean beam size.

As for 3D open porous structures it is shown for the
micro-CT based morphological analysis that the local surface
properties are influenced by the spatial image resolution
used, one has to take care of further usage of the resulting
morphological values for functional material property analy-
ses, such as fluid dynamics [37,38], optical properties [39],
frictional behaviour [40], heat transfer [41] and mechanical
properties [42]. As presented in Fig. 5e the surface area
analysis of 3D Ti6Al4V open porous structures strongly
depends on the scan voxel size. The surface area calculated
based on the high resolution scans resulted in higher values
than those from low resolution scans. This corresponds to
findings reported in Refs. [43,44]. However in our study this
effect was exemplified by the fact that more surface details
were captured in the high resolution scan, which also resulted
in a larger total surface area. Since the surface treatment
etched away material and removed particles from the beam
surface, the surface area decreased. Additionally the decrease
in surface area by the surface treatment was smaller for
structures with a designed beam thickness of 180 um com-
pared to the ones with 100 um designed beam thickness,
which could be related to the limited efficacy of the used
surface treatment conditions for the latter design. This
implies that the combination of an appropriate treatment
with an accurate morphological analysis is crucial for
controlled post-production surface roughness modification
of 3D porous structures produced by SLM.

Quantitative surface roughness analysis of 3D Ti6Al4V
porous structures is more complex than an overall morpho-
logical characterization. The relatively high surface rough-
ness, small beam diameter and 5D outer and internal
architecture of these structures do not allow the use of
standard profile measurement systems, like atomic force
microscope or optical profilometry. Therefore high resolution
micro-CT was applied for the quantitative surface roughness
measurements, as described in Kerckhofs et al. [21]. Only the
high resolution scans revealed a significant difference in P,
value between these two beam sections. The low resolution
scans were insufficient to capture correctly the beam surface
variations. This corresponded to the results obtained by
Kerckhofs et al. [21], where it was shown that the roughness
of 2D SLM-produced Ti6Al4V plates with a complex surface
depended on the spatial resolution and surface complexity. In
the case of SLM-produced 3D structures the surface roughness
by the attached particles influences the required image
resolution for accurate 3D morphological analysis.

Defining the appropriate image resolution for micro-CT
based material characterisation is not trivial as it requires a
proper understanding of the correlation between scan param-
eters like voxel size and the structural material properties
under investigation. This study shows the need for matching
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micro-CT device settings with the material under investigation
to generate reliable morphological data for further material
analysis. However, often the selection of scan parameters must
compromise between the accuracy and the sample representa-
tiveness as increasing the scan resolution reduces the sample
volume that can be investigated. This is crucial especially
for the characterization of complex porous materials with
an inhomogeneous structure and pore size distribution.
Additionally, the economical and/or safety aspects can limit
micro-CT based analysis. For instance a higher resolution
or frame averaging results in a better image quality as the
signal-to-noise ratio and sharpness increases. However, this
can only be accomplished with longer scanning time thus
higher running costs and higher radiation dose [45]. Further-
more, the spatial image resolution significantly influences the
subsequent image processing and analysis time as well as disc
space required for data storage due to the image file size.
Therefore, customization of the voxel size to the research
objectives/parameters of choice can significantly reduce the
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Fig. 8 — Process algorithm for customisation of the scan
resolution to the morphological material properties under
investigation.

cost of the micro-CT analysis while maintaining the required
minimal setting to obtain suitable images, which can become
an issue especially in the case of large-scale, routine experi-
ments and/or quality assessments.

Fig. 8 proposes an iterative algorithm that customises the
scan resolution to the morphological material properties
under investigation, taking into account the practical limita-
tions of the micro-CT device at hand. The procedure for scan
resolution optimisation finds the minimal image resolution
by reducing the image voxel size until there is no significant
difference for the desired morphological properties between
two consecutive scans. For instance, as presented in Fig. 5a
and d, no significant difference between scans with voxel
size of 6.5 pm and 12.6 um was observed for the analysis of
the porosity of both surface modified structure designs
and for the beam thickness of structure s.100CHE. Thus, for
the analysis of those parameters the low resolution scan
(12.6 um) would be sufficient and one can save on image
storage capacity and processing time.

In contrast, the surface area and roughness were still
significantly different for both scan resolutions (6.5 pm and
12.6 um), indicating that the surface complexity of as-produced
and surface treated structures was still too high to be captured
with the low resolution scan (12.6 um). Similar findings were
reported in other studies [45,46]. It was shown that an increased
voxel size within a test range did not resultin a higher accuracy
of the 3D surface models of mandibles [45]. Tkachenko et al. [46]
defined the resolution threshold below in which an increase in
voxel size of micro-CT images did not affect anymore the
identification of the resorption cavities in bone surface mor-
phology. Furthermore, Peng et al. [20] concluded that for rock
samples the resolution for permeability analysis could be lower
than that for diffusion analysis. This implies that there is no
unique scan resolution optimal for analysis of a wide range of
morphological parameters. This study confirmed that for an
accurate analysis of different morphological parameters of 3D
porous structures different resolutions might be required. Thus,
to obtain an optimal balance between the scan cost and the
quality of micro-CT based analysis the scan resolution should
be fine-tuned according to the morphological parameters under
investigation.

5. Conclusions

This study investigated for the morphological characteriza-
tion of complex 3D Ti6Al4V open porous structures the effect
of the spatial micro-CT image resolution and showed a
relation between the voxel size used, the specific surface
complexity of the material under investigation and the
reliability of the resulting morphological properties. As the
PVE was enhanced by the surface complexity, and it was more
pronounced in the low resolution images, the detection
of morphological surface details required a higher resolution.
As the surface treatment reduced the surface roughness,
the beams and nodes remained the smallest structural
features that could be resolved by micro-CT analysis. Due to
this reduced surface complexity, a lower spatial image
resolution was sufficient to capture the relevant morpholog-
ical properties. From all morphological parameters under
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investigation, the total porosity was the least sensitive to the
surface complexity and scan voxel size. On the other hand,
local morphological properties like surface roughness, surface
area and closed porosity showed the strongest dependency on
the voxel size, as these properties were more directly related
to the high surface complexity of the 3D open porous
structures. Also the average structure and beam thickness
depended on the spatial resolution of the micro-CT images
and the local surface morphology.

To conclude, it is critical for micro-CT characterization to
find a proper trade-off between the desired image quality, in
relation to the (functional) material properties under investi-
gation, on the one hand and the scan time and image
processing on the other hand. Hence the above-mentioned
findings can assist to increase the quality of 3D quantitative
morphological analysis of any object in relation to its surface
complexity as well as to reduce the investigation time and
costs by evolving towards a customised relationship of
micro-CT setting versus morphological analysis level.
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