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Abstract

As one of the main additive manufacturing (AM) advantages, lattice structures are being studied in many applications such as vibration
attenuation, weight reduction of components or optimised heat exchangers. However, lattice structures are challenging to produce,
and may present some shape defects. Although significant works have been performed in lattice structure defect observations such
as overhanging features or resulting porosity, there has been relatively less research in modelling shape defects by defining a
geometric description approach. In this paper, a Virtual Volume Correlation (V2C) method is proposed in order to identify metal laser
powder bed fusion (LPBF) BCCz struts shape defect directly from volumetric data obtained by X-ray computed tomography (XCT). In
the proposed V2C method, a correlation score is calculated between the volumetric data and a virtual volume. This virtual volume is
determined according to the computer-aided-design (CAD) model and a shape defect which is defined using a linear decomposition
relying on a user-defined defect basis. Shape defects of the studied part are successively, according to a Newton Raphson optimisation
scheme, determined by correlation score minimisation. Vertical and inclined beams have been printed and measured with XCT and
focus variation (FV). Strut geometries obtained with V2C methodology are compared with extracted 1SOsgy point clouds, on the one
hand, and measured FV point clouds, on the other hand, by computing signed cloud-to-mesh distances. These comparisons bring out
that the V2C method is efficient to identify strut shape defects directly from volumetric data, without any post-reconstruction XCT
data treatment. The simplification of these data treatment steps then raises the direct and accurate CAD feedback opportunity.
Conclusions are drawn regarding the suitability of the proposed V2C method and its further development to more complex LPBF

structures.

Computed tomography, virtual volume correlation, modal decomposition, shape defect identification

1. Introduction

With the design freedom enabled by additive manufacturing
(AM), complex geometries are not limited by subtractive or
formative manufacturing constraints anymore [1]. Lattice
structures, which are increasingly studied in the AM field, consist
of an elementary cell regularly repeated in the 3D directions to
form a network [2, 3, 4]. Lattice structures are not free from
defects, which have been reviewed by Echeta et al. [4] for
powder bed fusion (PBF). Measurement of these defects are
mainly performed using computed tomography (CT) for its
ability to assess either internal or external dimensional
deviations [4, 5]. However, CT dimensional measurements rely
on the material boundary determination introducing a threshold
uncertainty, prior to any further data treatments [6, 7, 8]. There
have been significant efforts in reducing this uncertainty with
sub-voxel studies [8, 9] or more recently by conformance
approach [10].

In this paper, a virtual volume correlation (V2C) method is
proposed in order to find form defect of body-centered cubic
with vertical struts geometry (BCCz cells), directly from
volumetric data, without boundary thresholding nor additional
data treatment. Indeed, recent works have highlighted the
interest of virtual correlation techniques for contour or envelope
identification in different fields. In the medical field, virtual
correlation methods are applied for modelling pelvic organs

from magnetic resonance imaging (MRI) volumetric data [11]. In
the mechanical field, virtual correlation techniques have proven
their interest for shape boundary identification of curved and
elongated structures [12, 13].

The aim of this paper is to assess the proposed V2C method
applied to lattice beams relying on a defect basis description.
V2C estimated form defect will be compared to extracted 1SOso%
and measured focus variation (FV) [14] point clouds. In section
2, the V2C method is presented and assessed using vertical and
inclined struts, which is representative of a BCCz lattice
structure. Results are presented in section 3 and discussed in
section 4.

2. Methodology

2.1. Virtual volume correlation

Let fbe a physical volume, containing a closed envelope whose
displacement field u should be identified in comparison to an
original regular shape. Let {X;} be the voxels defining that
envelope. Similarly, let g be a virtual volume and {X} the voxels
defining the virtual envelope. Each point of the physical
envelope can be written as:

Xr=X,+u (1)
V2C consists in iteratively minimising the grey level differences
between physical and virtual volumes using the least square
criterion. A correlation score @ should be introduced as:
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where ROl refers to the region of interest in terms of considered
voxels, and {X} refers to considered voxels in the physical
volume f. The displacement field u only applies to the virtual
contour points, and can be described as a sum of modes i.e.
elementary displacement fields. Whereas previous works often
modelled strut shape defects as first order ellipse
approximations [15, 16], modal decomposition methods [17, 18,
19] consist in expressing the form defect as a linear combination
of elementary displacements:

u= ) Ly (3)
2

where 1, are the components of {4} and refer to the modal
amplitude i.e. the amplitude of the elementary displacement
descriptor u; and are defined by:

{A*} = argmin ®(uw) (4)
A

Ay are found by combining equations 2 and 3 using a Newton-
Raphson optimisation. An illustration of V2C application is
shown in Figure 1 for a 2D example of a strut cross-section. From
volumetric data (Figure 1a), the shape defect is initially taken as
a nominal circle (Figure 1b), and is iteratively identified (Figure
1c).

(a) (b) (c)
Figure 1. lllustration of V2C on a 2D strut cross-section: (a) XCT physical
measurement; (b) initial virtual shape; (c) computed virtual shape defect

2.2. Shape defect basis

This section particularly focuses on the elementary
displacement descriptors u; introduced in equation 3. In
previous virtual correlation works, Semin et al. [13] used
segmentation 2D descriptors to identify elongated curvilinear
shapes whereas Jiang et al. [20] and Rhétoré et al. [21] used
Bspline curves. Jiang et al. [11] extended the methodology to the
3D modelling of pelvic organs relying on NURBS geometric
descriptors.
In this work, as lattice beams are studied, displacement
descriptors u; are introduced considering cylinder defects.
Indeed, for this geometry, Homri et al. [22] noted the modal
decomposition usefulness for cylinder shape defect
identification.

Therefore, the displacement field is assumed to be four-fold:

e Rigid transformations
® Dilatation
® Vertical defects:
- Vertical section modification descriptors such as taper
or barrel modes
- Vertical rippled modes

* Plane defects defined by sinusoidal descriptors

Figure 2 illustrates some of the considered modes for the chosen
shape defect basis.

2nd vertical mode

Barrel mode

y

5th plane mode 22n plane mode

Figure 2. lllustration of some of the considered modes in the chosen
basis description (amplitudes have been enhanced for more visibility)

2.3. Sample manufacturing and measurement

2.3.1 Sample manufacturing

Samples consist in vertical and inclined beams in order to be
representative of vertical and inclined beams defining a BCCz
strut-based lattice structure (see Figure 3). Beam radii have been
set to 0.6 mm and have a 5 mm length. Samples were produced
by laser PBF on an Addup FormUp 350 using Inconel 718 powder
and the printing parameters displayed in Table 1.

Figure 3. Vertical and inclined BCCZ representative printed struts. (One
strut from each set has been considered in the following)

Table 1: Printing parameters

Powder Inconel 718
Layer thickness 40 pm

Laser power 220 W

Scan speed 2100 mm.s™t
Contour scan power 210 W
Contour scan speed 1800 mm.s!
Hatch space 55 um

2.3.2 Sample measurements
Each beam was measured using X-ray CT and FV instruments.
Measurement setups are provided hereafter:
® XCT: geometric magnification of 33 % leading to a voxel
size of 9 um. Volumetric reconstruction was performed
from 900 projections, tube voltage 150 kV, tube current
40 pA. Projections were saved in a .raw file format.

e FV: 10x objective lens with long working distance,
numerical aperture 0.3, field of view (2.05 x 2.05) mm,
pixel lateral resolution 2.07 um, optical lateral resolution
0.91 um, contrast lateral resolution 0.53 pm, coaxial



illumination, stage rotation step of 50°, fusion of multiple
field of views performed in the manufacturer’s software,
measured volume after data fusion (1.3 x 1.3 x 5.6) mm

2.4 V2C assessment pipeline

Using the chosen shape defect basis, volumetric data from XCT
are directly used by V2C to compute the correlated virtual
envelopes for each strut, saved as a point cloud which is thus
meshed. For each strut, the correlated mesh is compared to
respectively extracted 1SOso% and measured FV point clouds, by
computing cloud-to-mesh distances. Figure 4 summarizes the
different steps of the process.

3. Results

Figure 5 displays, for both 45° and 90° struts, cloud-to-mesh
distances between correlated envelopes and point clouds
stemming from 1SOso% and FV sets. Results show that mean
discrepancies between correlated mesh and point clouds are
relatively the same for both 1SOso% and FV comparative sets, in
both strut cases. In addition, standard deviation estimations are
consistent whatever the comparative set, with values around 26
pm.

4. Discussion

For the 45° strut, standard deviations show more discrepancies
between ISOs0% and FV sets when compared to the correlated
mesh obtained using V2C. This observation may be explained by
the surface topography of the 45° strut in comparison to the 90°
strut. As a matter of fact, during the manufacturing process, 45°
struts down-facing surfaces have no supporting structures,
resulting in a poor strut surface quality. When measured using
XCT, these rough surfaces alter V2C identification.

Correlated vs ISOso%
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Figure 4. Data processing pipeline. Inputs are filled in green and outputs
are filled in blue.

Moreover, these surfaces have an increased FV measurement
uncertainty, impacting the resulting standard deviation when
compared to correlated mesh. Indeed, as shown in Figure 5 for
the 45° strut, standard deviations are 4 pm higher in the
correlated-FV set than in the correlated- ISOsgy set. Conversely,
the 90° strut is not impacted by the absence of supporting
structures, resulting in a regular surface topography all around
the strut. That is why, in Figure 5, for the 90° strut, standard
deviations are about the same value.

For both 45° and 90° struts, estimated standard deviations are
about the same value which is between 2.5 and 3 times the XCT

resolution.

Correlated vs FV
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Figure 5. Computed cloud-to-mesh distances for both struts: (a) and (c) correlated vs I1SOsoy% point clouds; (b) and (d) correlated vs FV point cloud



These values are relatively low regarding the objective of
studying shape defect. Thus, V2C provides a good estimation of
lattice strut shape defect, performing the strut roughness
separation from shape defect.

5. Conclusion

This paper showed the suitability of the proposed V2C method
to identify strut shape defect directly from volumetric
measurements, without any additional XCT data treatment.
Moreover, the noteworthiness of V2C is to extend shape defect
determination relying on modal decomposition relatively to a
user-defined defect basis.

However, modal decomposition raises the number of
considered modes question. Future works will focus on more
precise sensitivity studies in order to better understand how the
number of considered modes, as well as the chosen defect basis,
will impact the correlated shape defect.

Future works will also focus on a meshed version on V2C
adapted to entire lattice structures in order to broaden CAD
feedback opportunities.

Acknowledgments This work was performed using HPC
resources from the “Mésocentre” computing center of
CentraleSupélec and Ecole Normale Supérieure Paris-Saclay
supported by CNRS and  Région Ille-de-France
(http://mesocentre.centralesupelec.fr/).

CT measurements at ENS Paris-Saclay has been financially
supported by the French “Agence Nationale de la Recherche,”
through the ”Investissements d’avenir” program (ANR-10-
EQPX-37 MATMECA Grant)

References

[1] 1. Gibson, D. W. Rosen, and B. Stucker, Additive manufacturing
technologies: rapid prototyping to direct digital manufacturing.
Springer Verlag, 2010.

[2]  A. Hadi, F. Vignat, and F. Villeneuve, “Design Configurations and
Creation of Lattice Structures for Metallic Additive
Manufacturing,” in 14éme Colloque National AIPPRIMECA, (La
Plagne, France), Mar. 2015.

[3] C.Beyerand D. Figueroa, “Design and analysis of lattice structures
for additive manufacturing,” Journal of Manufacturing Science
and Engineering, vol. 138, 06 2016.

[4] I Echeta, X. Feng, B. Dutton, S. Piano, and R. Leach, “Review of
defects in lattice structures manufactured by powder bed fusion,”
International Journal of Advanced Manufacturing Technology, vol.
106, 01 2020.

[5] L. Chiffre, S. Carmignato, J.-P. Kruth, R. Schmitt, and A.
Weckenmann, “Industrial applications of computed tomography,”
CIRP Annals - Manufacturing Technology, vol. 63, 12 2014.

[6] W. Dewulf, K. Kiekens, Y. Tan, F. Welkenhuyzen, and J.-P. Kruth,
“Uncertainty determination and quantification for dimensional
measurements with industrial computed tomography,” CIRP
Annals, vol. 62, no. 1, pp. 535 - 538, 2013.

[7] J.S. Rathore, C. Vienne, Y. Quinsat, and C. Tournier, “Influence of
resolution on the x-ray ct-based measurements of metallic am
lattice structures,” Welding in the World, vol. 64, pp. 1367-1376,
2020.

[8] J.J. Lifton, A. A. Malcolm, and J. W. McBride, “On the uncertainty
of surface determination in x-ray computed tomography for
dimensional metrology,” Measurement Science and Technology,
vol. 26, p. 035003, feb 2015.

[9] ). Yague-Fabra, S. Ontiveros, R. Jimanez, S. Chitchian, G. Tosello,
and S. Carmignato, “A 3d edge detection technique for surface
extraction in computed tomography for dimensional metrology
applications,” CIRP Annals, vol. 62, no. 1, pp. 531 — 534, 2013.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

S. Petro, L. Pagani, G. Moroni, and P. J. Scott, “Conformance and
nonconformance in segmentation-free x-ray computed
tomography geometric inspection,” Precision Engineering, 2021.
Z.Jiang, O. Mayeur, J.-F. Witz, P. Lecomte Grosbras, J. Dequidt, M.
Cosson, C. Duriez, and M. Brieu, “Virtual image correlation of
magnetic resonance images for 3d geometric modelling of pelvic
organs,” Strain, vol. 55, no. 3, p. e12305, 2019. e12305
10.1111/str.12305.

M. L. M. Frangois, A. Bloch, and J. C. Thomas, “Metrology of
contours by the virtual image correlation technique,” in
Advancement of Optical Methods in Experimental Mechanics,
Volume 3 (H. Jin, S. Yoshida, L. Lamberti, and M.-T. Lin, eds.),
(Cham), pp. 239-246, Springer International Publishing, 2016.

B. Semin, H. Auradou, and M. Francois, “Accurate measurement
of curvilinear shapes by virtual image correlation,” The European
Physical Journal Applied Physics, vol. 56, 10 2011.

NF EN ISO 25178-606:2015: Geometrical product specification
(GPS). Surface texture: Areal. Part 606: Nominal characteristics of
non-contact (focus variation) instruments. AFNOR, 2015.

J. S. Rathore, C. Mang, C. Vienne, Y. Quinsat, and C. Tournier, “A
methodology for computed tomography-based non-destructive
geometrical evaluations of lattice structures by holistic strut
measurement approach,” Journal of Manufacturing Science and
Engineering, vol. 143, no. 5, p. 051012, 2021.

S. Murchio, M. Dallago, F. Zanini, S. Carmignato, G. Zappini, F.
Berto, D. Maniglio, and M. Benedetti, “Additively manufactured
ti—6al-4v thin struts via laser powder bed fusion: Effect of building
orientation on geometrical accuracy and mechanical properties,”
Journal of the Mechanical Behavior of Biomedical Materials, vol.
119, p. 104495, 2021.

S. Samper and F. Formosa, “Form defects tolerancing by natural
modes analysis,” Journal of Computing and Information Science in
Engineering, vol. 7, no. 1, pp. 44-51, 2007.

D. Etievant, Y. Quinsat, F. Thiebaut, and F. Hild, “A modal approach
for shape defect measurement based on global stereo-
correlation,” Optics and Lasers in Engineering, vol. 128, p. 106030,
2020.

F. Thiebaut, S. Bendjebla, Y. Quinsat, and C. Lartigue, “Non-rigid
registration for form defect identification of thin parts,” Journal of
Computing and Information Science in Engineering, vol. 18, no. 2,
2018.

Z. Jiang, J.-f. Witz, P. Lecomte-Grosbras, J. Dequidt,C. Duriez, M.
Cosson, S. Cotin, and M. Brieu, “B-spline based multi-organ
detection in magnetic resonance imaging: B-spline based multi-
organ detection in mri,”Strain, vol. 51, 04 2015

J. Réthoré and M. Frangois, “Curve and boundaries measurement
using b-splines and virtual images, "Optics and Lasers in
Engineering, vol. 52, pp. 145 — 155, 2014

L. Homri, E. Goka, G. Levasseur, and J.-Y. Dantan, “Tolerance
analysis: Form defects modeling and simulation by modal
decomposition and optimization,” Computer Aided Design, vol.
91, 06 2017.


http://mesocentre.centralesupelec.fr/

