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Abstract

Additive manufactured (AM) lattice structures have become very prominent in recent times especially in air and
spacecraft industry for their lower weight and specific mechanical properties. Their stiffness and strength can be controlled
by their geometrical properties, such as the shape and dimensions of the unit cell. Geometrical and dimensional accuracy
of the AM lattices is therefore one of the most important requirements to meet the desired functionality as there could be
significant deviations in the as-produced part from the designed model; thus their measurements are of great significance.
X-ray computed tomography (CT) has emerged as a promising solution in the field of industrial quality control over the
last few years due to its non-destructive approach. However, CT measurement accuracy depends on various parameters
(part material, system, operator, environment, data post-processing), among which the resolution or voxel size of the CT
data is crucial. In this work the influence of resolution on the measurement of metallic lattice structure is studied by means
of simulations and real CT experiments. The optimized CT acquisition settings are obtained with the help of simulated
radiographs and design-of-experiment approach. Three different resolutions are achieved by placing the part at different
positions from the X-ray source. The computer-aided design (CAD) model comparison reveals that the majority of surface
has a deviation of + 0.2 mm and the results are slightly affected by the resolution. The wall thickness analysis provides a
global observation of the strut and node thicknesses. Individual struts are measured with representative regions of interest
(ROIs) considering the manufacturing direction. The measurement results are significantly affected by the resolution (or
voxel size) of the CT data. Simulated CT scans with different resolutions have been performed for systematic error
estimation in relation to the voxel size.
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1. Introduction

Lattice structures have become very prominent in recent times due to their number of advantages including optimum use
of material, shorter production cycle, reduced energy utilization and enhanced properties [1]. These advantages make the
lattice structures very suitable for high value aerospace, medical and engineering products. Furthermore, they are also
advantageous in context to their entire product life cycles. For instance, the use of lattice structures minimizes material [2,
3] wastage and possibility to be recycled easily, particularly when comprised of a single material. One of the main elements
that has hindered the development of these structures is the manufacture of these parts with complex, fully three-
dimensional (3D) geometrical features. This limitation to development is now partially removed with the advancements of
additive manufacturing (AM) processes. In general, AM offers several advantages as compared to conventional
manufacturing methods e.g. casting, forging etc. since AM processes allow to have complex features and geometries in the
desired parts which cannot be produced with conventional manufacturing methods. Indeed, the lattice structures are now
mainly produced by additive manufacturing methods; the common methods employed are: selective laser sintering;
selective laser melting (SLM) and electron beam melting [2].

Nevertheless, the advantages offered by AM parts are very much relied on their geometrical and dimensional accuracy as
there could be significant differences between designed and as-produced parts [4]. Therefore, it is very important to
characterize the parts geometry as well as the material in order to predict their functional performances to avoid premature
failures. In addition, it is desirable to have quality assessment at macro and micro levels corresponding to the overall
geometrical deviations and measurements of small features respectively. Moreover, there are numerous metrological
challenges associated with the AM parts such as high surface roughness, complex freeform surfaces, internal porosity,
entrapped powder material and internal geometrical features [4, 5]. Inadequacy of AM standards is also a metrological



limitation in quality assessment; hence there is need to develop standard for measurements of AM parts. Evidently there is
also a need for new measuring technologies and instruments for holistic quality control.

Industrial X-ray computed tomography (CT) is a computer-aided non-destructive technique (NDT) that uses irradiation to
produce 3D internal and external representations of a scanned object. Industrial CT scanning has been used in many areas
of industry for internal inspection of components. Some of the key uses have been flaw detection, failure analysis,
metrology, assembly analysis and reverse engineering applications. Similar to medical imaging, industrial imaging can be
used for both radiography (2D) and tomographic (3D). X-ray CT is also being utilized for holistic measurements of AM
parts; especially, some of the recent advancements in the field of industrial X-ray CT [6] has made it a preferred solution
for quality assessment of AM parts. Van Bael et al. [7] utilized X-ray CT for optimizing the robustness and controllability
of the production of porous Ti6Al4V structures produced by SLM by reducing the mismatch between designed and as-
produced morphological and mechanical properties. Yan et al. [8] revealed with the help of Micro CT that the gyroid
cellular lattice structures with various unit cell sizes ranging from 2 to 8 mm can be manufactured free of defects by the
SLM process without the need of additional support structures. It is demonstrated [9] that micro CT provides not only 3D
quantification of structure quality, but also a feedback mechanism, such that improvements to the initial design can be
made to create more stable and reliable titanium structures for a wide variety of applications. Bauza et al. [10, 11] studied
the CT based accuracy of AM parts using a test artefacts. Pyka et al. [12, 13] used X-ray CT for surface topography
measurements, by extracting profiles from the slice data obtained from measurements of lattice struts. This work was
further extended by Townsend [14] and Thompson et al. [15] by a more extensive examination of XCT topography
measurement performance in comparison to conventional optical surface measurement. It is evident that, X-ray CT can be
used for extracting surface topography, dimensional measurements and geometrical deviations in context to AM parts.

In the current work, an investigation is carried out on the influence of various factors on the CT measurement results for a
metallic AM lattice structure. First, a design-of-experiment (DoE) approach is utilized for finding out the optimizated
scanning parameters and the optimum part placement by means of CT simulation. With the optimized setting, real CT
experiments have been performed achieving three different resolutions. The next section includes the obtained results with
their discussions with a model (CT simulation) based correlation of voxel size and the induced error. As an example, a high
resolution CT scan of a single beam is also demonstrated. The paper is conclude by highlighting the major findings of the
work.

2. Experimentation

This section consists of the details about the metallic lattice structure used for the study and the CT scanning experiments
and simulations performed on the lattice structures.

2.1. Metallic lattice structure

A metallic lattice structure manufactured by Electron-beam melting (EBM) additive manufacturing process was utilized
for this study. Different sizes of the lattices are manufactured in form of cubes with equal number of unit cells in all three
directions. The lattice structure is composed of five unit cells in each direction which makes the configuration of 5 x 5 x 5
(as shown in Figure 1). The unit cell is a type of body centred cubic arrangement with z struts (BCCz), which results into
four vertical struts and four pairs of 45° inclined struts. The vertical struts are shared among four neighbouring unit cells
whereas the inclined struts are entirely part of one unit cell. The struts of the lattice are designed as identical solid cylindrical
elements with a nominal strut diameter of 1 mm. The material of the lattice is Inconel 718 with a density of 8.47 g/cm®.
First, the lattices is examined for the feasibility study with X-ray CT to find out the optimized scanning conditions followed
by acquisition of real CT data at different resolutions as explained in the next section.
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Figure 1: The Inconel lattice with 5x5x5 configuration (a), the top view with the nominal dimensions (b) and the BCCz
type of unit cell (c)

2.2. Tomographic characterization of lattice

X-ray CT is a very extensive measurement technique which involves a number of steps for performing the requisite tasks
[16] and to acquire high quality data. As shown in Figure 2 the part is placed between a source and a detector, then the
projections are acquired while the part is moving around the rotational axis with of speed of rotation depending on the
selected number of projections. The closer the part is placed to the source, the higher the resolution is achieved. However,
the best resolution is relative to the size of the part due to the field-of-view (FOV) limitation, which is depicted by the X-
ray cone. Furthermore, higher resolution can be obtained using region of interest (ROI) scanning or partial scanning.
Moreover, the results are influenced by different factors related to the system, object, data processing, environment as well
as the operator as explained in [17, 18].

X ray beam

Sample

X ray source

-

Rotation axis
Figure 2 : The schematic representation of X-ray scanning set up
2.2.1 Influence of scanning settings

The scanning parameters (voltage, current, exposure time, choice of physical filter) are defined mainly considering the
material, size and the geometry of the object. The attenuation is the function of material density, therefore, higher density
materials (e.g. metals, alloys) are usually difficult to penetrate and require high power. Thus, it is first step to visually
analyze the part and subsequently find the right set of scanning parameters. The voltage and the current correspond to the
intensity of X-rays and the number of photons respectively. The commonly used quality measures in X-ray CT are
transmission, signal-to-noise (SNR) ratio and contrast-to-noise ratio (CNR); the transmission is the ratio between the
minimal and the maximal X-ray intensity at the detector, which is expressed in the respective grey values in the
radiographic image [19]. The standards propose a transmission-based adjustment of scan parameters, with a minimal
transmission between 10% and 20%, respectively, to reach an optimal signal-to-noise ratio (SNR) [20, 21]. In order to find
out the right set of scanning parameters for the lattice structure, the projection based approach was followed using the
radiography module of the commercial NDT simulation software CIVA® developed by CEA [22]. The prior knowledge of



scanning similar parts and/or materials helps in defining the preliminary settings. A design-of-experiment approach
composed of three factors as voltage (3 levels), current (3 levels) and thickness of Cu-filter (4 levels) resulting into 36
unique settings; the scheme is shown in Table 1. The minimum, maximum grey levels and their ratio are the responses to
be considered for the DoE analysis.

Table 1: Design of experiments approach

Factor Low level Mid-level High level
Voltage [kV] 200 210 220
Current [pm] 80 100 120
Cu-filter thickness [pm] 1 1.5and 2 2.5

©
i3

- kV A Filter, mm _ kV A Filter, mm
S 6000 E o 70000 E
> 5500 4
) 3 60000
S 5000 )
c .
£ 4500 é 50000 /.
5 - -
c 4000 © 40000
3 -
3500
= < 30000
3000 —
P A RIS I, S R R N N
C.
pA Filter, mm
*
]
E
=
£
©
[ —
©
O
=
0.07!

Figure 3: Main effect plots for min. grey level (a), max. grey level (b) and ratio of min. and max. grey levels (c) (the
dashed lines show the total averages)

As explained, the obtained min. grey value, max. grey value and their ratio are used as response variable to perform the
statistical analysis. The main effects and the interactions are studied to identify the most influencing parameters. The main
effect plots are presented in Figure 3. The min. and max. grey values are increased on increasing voltage and current. On
the other hand, increasing the filter thickness reduces both the min. and max. grey values. Moreover, the ratio is not affected
by current but improved on increasing the voltage and filter thickness. In general, no interactions were observed among
voltage, current and filter thickness. Based on the DoE scheme, the optimized values for voltage and filter thickness are
210 kV and 2.2 mm; and the current is 150 pA (although it does not affect the ratio but change the amplitude of min. and
max. grey level, thus a higher value is recommended).

2.2.2 Influence of part placement

The placement of part on the rotary stage may influence the CT results with presence of artefacts. Villarraga-Gomez et al.
[23] studied several angular positions and its influence on the CT reconstruction and concluded that the “Vertical
orientations or angular positions close to 0° (i.e. on the CT beam cone axis and aligned with vertical and horizontal planes)
are not ideal because they cause strong Feldkamp artefacts in the CT image reconstruction process” can be generated by
the FDK (Feldkamp Davies-Kress) reconstruction algorithm [24] itself which result in a blurriness in the reconstructed



volume. The lattice structure is a complex parts which has features (struts) with several Feldkamp artefacts alignments,
therefore, it is difficult to achieve a placement satisfying the above condition with respect to all the struts. As shown in
Figure 4-a, three positions (A, B, C) have been studied with simulated CT scans for just one representative unit cell thanks
to the periodicity of the structure. The positions A, B and C contain four struts vertical to the X-ray cone, four struts
horizontal to the X-ray cone and two struts vertical to the X-ray cone respectively.
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Figure 4: The different positions (A, B and C) with respect to X-ray cone (a) and the obtained deviations in the diameter
measurements of all struts of the unit cell (four vertical struts numbered from 1 to 4 and eight inclined struts numbered
from 5 to 12) (b)

The corresponding deviations in the strut diameter measurements are plotted in Figure 4-b for the CT data obtained for the
A, B and C positions. It is visible that the position A produced very consistent results in contrast to positions B and C.
Position C show extreme variations for inclined struts numbered 8 and 10, which remained vertical to the X-ray cone.
Therefore, position A orientation is recommended, which is also easier to achieve from the practical point of view to ensure
stability of lattice during rotation.

2.2.3 Optimized settings

The tomographic inspection is carried out using the GERIM2 system of the CEA-List which integrates a micro-focus type
RX generator and a planar detector. The RX generator is a Viscom XT9225D open tube, with a voltage of maximum
acceleration of 225 kV and a maximum power of 320 W. The detector is a matrix of photodiodes with scintillator Csl,
brand Perkin Elmer, model XRD 0822, having 1024 x 1024 pixels of 200 pm. The optimized set of scanning parameters
are obtained from the previous step and used for the acquisition. The final settings used for the real CT experiment are
reported in the Table 2. Three different magnification are used to investigate the effect of resolution on the results. The
resolution of the CT data is represented by an isotropic voxel (3D pixel) size which is calculated with the distances of part
from the source and detector.
Table 2: Scanning settings

Voltage Current Ext[:z?:re Ffl:tuer No. of Voxel
[kV] [nA] (ms] [mm] projections [pm]
210 80 1000 2.2 900 38.20 (~38)
210 150 500 2.2 900 57.53 (~58)
210 150 500 2.2 900 101.12 (~101)




3. Results and discussion

The post processing of the acquired CT projections is performed in VGStudioMax 3.2 software. The acquired projections
are reconstructed using the FDK reconstruction algorithm and a volumetric data set is obtained. The next step is the surface
determination, which is performed utilizing the ISO-50% method that defines the surface at mean of the average material
grey value and average background grey value. The three volumetric datasets with resolutions 38 um, 58 um and 101 pm
have been obtained corresponding to same lattice structure. The required analyses and measurements have been performed
on the datasets and the results are reported and discussed here.

3.1. Global analysis

The scan quality is considerably affected by the resolution (voxel size), which can be clearly seen in the reconstructed
volumes as shown in Figure 5. The central unit cell is shown here for better visualization. It is evident that lowering the
resolution (increasing the voxel size) results in a smoothening or blurring effect on the surface which indicates that less
surface details (asperities) are visible. For quantification of the surface deviations, the part volume is registered against the
nominal CAD model utilizing Gaussian “Best-fit” alignment approach; where the average deviations between the part and
CAD are minimized.

Figure 5: Representation of a unit cell showing smoothening effect for the lattice structure scanned at a voxel size of 38
um (a), 58 um (b) and 101 um (c) (the circular section visualizes a zoomed-in region)
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Figure 6: Geometrical deviations from the model in the lattice structure for 38 um (a), 58 pm (b) and 101 pm (c)

The results of comparison are shown in Figure 6, where the geometrical deviations of the real part against the nominal
model are depicted in colour coded maps of surface deviation with green colour representing no or minimum deviation. It
should be noted that the voxel size of 38 pm resulted in a slightly less (missing corner) amount of data due to the FOV
limitation. With increasing voxel size, the colour maps show slight increase in the red region which corresponds to a surface
deviation of 0.40 mm, however, it is not very significantly different. Moreover, the quantification of the deviations is
presented in the deviation plots (see Figure 7-a), which show overall deviations higher for 58 um than 100 um voxel size.
Therefore, clear conclusions are difficult to be drawn from the colour maps and individual local measurements are
performed which have been discussed in the next section.
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Figure 7: The deviation plots for all three magnifications (a) and wall thickness plots (b) (Normalized surface: the sum is
100%)

A wall thickness analysis can be performed on CT dataset. The wall thickness analysis function available in VGStudioMax
3.2 works on the determined surface of the material. The surface data of both internal and external walls is then used in the
wall thickness analysis function, which can be applied with search tolerances to find the minimum distance between the
surfaces, within a given search angle. This type of analysis does not require an alignment between measured geometry and
nominal model. The results are interpreted by a histogram of wall thickness against the normalized surface (Figure 7-b),
which gives an impression of the average thicknesses present in the part. The strut thickness ranges from 0.8 to 1.2 mm
and the thickness at nodes is in between 1.4 to 1.6 mm. The histogram shows one large peak for strut thickness between
0.8 and 1 mm and one smaller peak for the nodes between 1.3 to 1.5 mm. The average thicknesses can be computed



accordingly. There is a slight change in the histogram values with respect to the different voxel size of 58 um and 100 pm
(the voxel size of 38 um is excluded for this comparison as it results in a truncated CT dataset due to limited FOV).

3.2. Local analysis

In addition to global comparisons of different resolutions on CT results, it is also important to characterize the part with
localized strut measurements and see the effect of resolution on them. As reported earlier, the struts are designed as solid
cylindrical elements but the manufacturing process induces several asperities e.g. surface roughness and geometrical
deviations usually in range of several micrometers and measurements of these asperities could be adversely affected by the
resolution. As mentioned in Figure 8, the strut diameter were measured for all three voxel sizes with a common ROI at the
centre of the lattice; eight strut elements were measured (four vertical and four inclined numbered as 1 to 4 and 5 to 8
respectively). Cylindrical element is fitted by selecting a number of points on the surface and the diameter is obtained,;
different fitting methods were examined.

The deviations are calculated against the nominal diameter (1 mm) in the absence of a reference value and the results are
reported in Figure 9. The Gaussian (Figure 9-a) and Chebyshev (Figure 9-b) fitting methods show inconsistency in the
measured deviations especially for the inclined struts which could be related to the higher roughness on those struts
compared to vertical struts. As visible in the plots, the resolution is affecting the results significantly although in an
unexpectedly inconsistent manner. The best resolution of 38 um resulted in a deviation of around 20 pm for vertical struts;
and the deviation is lowered on decreasing resolution. Nevertheless, it is important to note that the deviation is calculated
against the nominal value instead of a measured reference value, therefore, a simulation based study is performed which is
included in the next section. The Figure 9-c and Figure 9-d consist the results of Maximum-inscribed and Minimum-
circumscribed fitting methods which gives the local minimum and maximum diameters of the struts and thus an impression
of the variability of the shape of the strut.

Figure 8: The measurement of vertical (1 to 4) and inclined (5 to 8) struts of the center unit cell
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Figure 9: Deviations in diameter measurements for Gaussian (a), Chebyshev (b), Maximum inscribed (c¢) and Minimum-
circumscribed fitting methods (d)

3.3. Model based error estimation

This investigation can help in understanding the error estimation depending on the corresponding voxel size of the CT data
which was not consistent with the experimental study. The fact that the reference values for the simulated data are the
nominal values which is used to quantify the deviations. In contrast, the references values for real parts are needed to be
obtained from other measuring techniques. The CIVA simulation program was used to perform the tomographic study (full
rotation scan) imitating the real scanning procedure. With the use of Monte-Carlo, scattering can also be considered
although it makes the computation very slow. The optimized settings with exposure time 500 ms mentioned in Table 1 Table
2 are employed for the simulations and 900 projections are acquired. Since a unit cell is considered for the simulations, a
higher resolution of 20 um was also considered as well as 80 um; overall five different resolutions are used for simulation.
The projections are post-processed in VGStudio Max 3.2 in the similar manner as for real CT projections.

The diameter measurements were performed on the volumetric data and only Gaussian fitting (least square) method was
considered. All the strut elements in the unit cell were measured and the deviations with respect to nominal diameter of 1
mm are reported in Figure 10; the vertical struts are numbered from 1 to 4, while the inclined struts are numbered from 5
to 12. In contrast to the experimental result, the simulated results are very consistent with respect to the voxel size.
Increasing the voxel size increases the deviation in the measured strut diameters for both vertical and inclined struts, which
means higher voxel size results in overestimation of the strut diameter. The overestimation is comparatively higher for the
vertical strut than that of inclined struts, which could be attributed to the Feldkamp artefacts. The optimum voxel size for
the 5x5x5 lattice structure is 58 pm, which could have resolution-based errors of around 6 pm and 12 pm in the diameter
measurement of inclined and vertical struts respectively.
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Figure 10: The deviation plots for all five magnifications

3.4. High resolution scan

As reported, it was practically not possible to achieve higher resolution for CT acquisition considering the scan of the entire
lattice structure within the field of view; therefore, a tensile specimen (Figure 11-a) consisting of a representative strut
element of the lattice was utilized to test higher resolution of CT data. The resolution achieved was close to 8 pum. The high
resolution of the CT data made it possible to detect the small void/pores which otherwise remained undetected in the lower
resolutions full lattice scans. As visible in Figure 11-b, the pores are mainly located in the outer layer of the cylinder and
the central portion is mostly defect free which may be attributed to the manufacturing process. The pore diameter ranges
from 75 to 250 um; however, the majority of the pores are of 100 to 150 pm.
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Figure 11: CT scan of the tensile specimen (a) and porosity analysis (b)

4. Conclusion

This work was aimed at the feasibility study of X-ray CT for AM metallic lattice structures and investigating the influences
of various aspects of CT work flow on the accuracy of measurement results. The following conclusions are drawn from
the study: the simulation step helps in efficiently optimizing the scanning parameters using 2D radiographs and design of
experiment approach. The real part is scanned with obtained parameters (210 kV; 150 pA and 2.2 mm Cu-filter) at
resolution of 38, 58 and 100 um. The CAD comparison reveals that the majority of surface has a deviation of + 0.2 mm;
however, the results are slightly affected by the resolution. The wall thickness analysis provides a global observation of
the strut and node thicknesses. Individual struts are measured with representative ROIs considering the manufacturing
direction (vertical or inclined). The vertical struts show consistency in the deviation measurements (from nominal diameter
of 1 mm) with respect to voxel size. In contrast, the inclined struts have inconsistent result due to irregularities on the lower



side. Since, the deviations are calculated against the nominal diameter, therefore, the simulated scans of a unit cell were
performed replicating the real scan optimized settings. The simulated measurement results indicated consistent trend in the
strut diameter measurements and showed that higher voxel size results in overestimation of the strut diameter. The
overestimation is comparatively higher for the vertical strut than that of inclined struts, which could be attributed to the
Feldkamp artefacts. The optimum voxel size for the 5x5x5 lattice structure is 58 um, which has resolution-based errors of
around 6 um and 12 pm in the diameter measurement of inclined and vertical struts respectively. Moreover, the high
resolution (8 pum) scan of the single strut element exhibits the presence of voids/pores around the exterior portion. The
future work includes the reference measurement of the strut element with other optical measurements (Alicona) and a
generalized methodology for measuring all the strut elements in the lattice structures efficiently.
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