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Abstract Surface topography is a key element between pro-
cess parameters and manufactured part performances. Within
the context of 3D printed parts, one difficulty is to consider
the total 3D surface topography including internal porosity.
In this paper, an original method is proposed for the char-
acterization of the surface topography, both internal and ex-
ternal. Starting from volumetric data obtained by Computed
Tomography measurements, a method of surface extraction
is performed that identifies skin voxels corresponding to the
internal and external part surface,and which are the sup-
port to the calculation of the Specific Surface Area (SSA).
A multi-scale analysis is thus proposed to characterize the
total surface, (SSA), obtained at different scales. The interest
of the multi-scale analysis is illustrated through various ex-
amples that attempt to link process parameters to part prop-
erties.

Keywords 3-Dimensional printing - Computerized
tomography - Multi-scale analysis - Specific surface area
1 Introduction

In additive manufacturing, the weight of parts can be opti-
mized to support a given load by designing an internal struc-
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ture [22], including porosity, using a given filling strategy.
The structure, both internal and external, fully contributes
to global mechanical properties of the produced part. As
an example, periodic lattice structures, which consists of a
unit cell regularly repeated in all directions, are designed
and optimized to meet required level of mechanical, ener-
getic, even acoustical performances [3,9,20,27] (figure 1).
Although additive manufacturing allows the elaboration of
more complex part geometries, the knowledge of the key
control parameters is still unstructured, and as a result, ge-
ometrical variations during the production are poorly con-
trolled. Given the large number of different geometries that
can be elaborated using additive manufacturing, and with-
out understanding of the influential parameters on geometri-
cal variations, it seems essential to define simple indicators
to facilitate interactivity in the design and manufacturing of
these structures. Those indicators can assessed the process
with regard the geometry produced. This is particularly im-
portant to pursue industrial development and take full ad-
vantage of additive manufacturing processes.

Fig. 1 A unit cell and associated periodic cellular lattice structure [27]

In this context, a challenging issue is to link process pa-
rameters to part performances (or properties), such as, for
instance, mechanical properties. As the 3D surface topog-
raphy results from process parameters, the approach classi-
cally adopted is to first establish relations between process
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parameters and 3D surface topography, before linking this
topography to part performances (figure 2). Surface topogra-
phy is thus considered as the key element between the man-
ufacturing process and the part function. One difficulty for
3D printed parts is to take into account the total 3D surface
topography, including internal porosity.

Fig. 2 Classic approach to link process parameters to surface proper-
ties

In this paper, we investigate the relation between the
filling strategy and the resulting 3D surface topography, in-
cluding internal topography, for 3D parts obtained by Fused
Filament Fabrication (FFF). The aim of this study is to de-
fine parameters to characterize the surface topography and to
discriminate various filling strategies. The proposed method
relies on Computarized Tomography (CT) measurements,
which allow the measurement of both the internal and the
external topography. The originality of our approach lies in
the use of multi-scale methods for analysis and characteriza-
tion of the relative internal area calculated using the specific
surface area. This paper is organized as follows. Section 2, is
dedicated to related works. Section 3 details CT treatments
we propose for Specific Surface Area calculation. In Section
4, the surface areas, including that of the pores, are charac-
terized as a function of scale. Applications are proposed in
Section 5.

2 Related works

The study of 3D surface topography obtained by FFF is a
well-addressed question in the literature. The most classi-
cal approximation consists in modelling the external surface
as a juxtaposition of elliptical pipes (or tubes) [1]. The in-
fluence of scanning and deposition directions on external
topography during filling has been studied in [8, 18]. Zeng
et al. [28] show the influence of the process on local cur-
vatures in a multi-scale analysis. An approach based on a
finite element analysis is proposed in [11] in order to pre-
dict 3D surface topography issued from FFF based on a few
measured points. Meanwhile, Pupo et al. [19] establish the

link between process parameters and the obtained topogra-
phy in the case of sintering of metallic powders. Hence, most
studies address the influence of process parameters on ex-
ternal surface topography, but few works have studied the
effect of process parameters on porosity. One difficulty lies
in measuring the internal part surface. Computer Tomogra-
phy (CT) now allows non-destructive 3D measurements of
internal and external part geometry with uncertainties down
to micrometers [2,25,6]. A recent study has shown the ef-
ficiency of CT in evaluating standard surface parameters to
characterize 3D surface texture of metal additively manu-
factured parts [23]. Nevertheless, one of the main significant
difficulties in CT measure treatments lies in the thresholding
applied to the images in order to extract the part frontiers (or
boundaries) [7]. Indeed, data issued from tomography rep-
resent the different levels of X-ray attenuation of the part
for each point of the measured volume. The information is
stored as a numerical value (gray level) in a volume ele-
ment called a voxel [26]. Surface extraction from these 3D
data (also referred to as 3D edge detection) is the first neces-
sary stage for metrology applications[7,14], and is strongly
linked to the voxel size which represents the tomography
resolution[13]. As a result, CT measurement gives an es-
timate of the part geometry depending on the tomography
resolution [13]. Some studies show that uncertainty in sur-
face extraction can be reduced by making use of a sub-voxel
resolution method which numerically improves CT resolu-
tion [26, 14]. Uncertainty can achieve 1/10 of the voxel size
when sub-voxel resolution is used [5], which makes CT ap-
plicable for dimensional metrology.

3 Surface extraction and Specific Surface Area
calculation

From printed part (using Ultimaker 2 3-D printer), CT mea-
surements were made which deliver information as a set of
volumic data (voxels). A gray level is associated to each
voxel in function of the absorbed amount of X-ray. CT mea-
surements are thus represented as a set of volumic data link
to material X-ray absorption, and can be displayed as a stock
of images corresponding to different slices in one direction
(figure 3).

To conduct surface characterization, an automatic CT
data treatment method is required. For metrology applica-
tions, the part geometry is defined from the contours of its
surface (both external and internal). The main steps of the
proposed method are displayed in figure 4. One main diffi-
culty in using CT measurements, is the contour surface ex-
traction from volumetric data. Ontiveros et al. [16] review
surface extraction methods for metrology applications from
CT. Among all the methods, threshold methods are com-
monly used for industrial applications: a gray level value is
defined as a limit to differentiate the air and the material
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(a) Example of one measured part (b) Data representation

Fig. 3 Measurement using CT

[16]. After image thresholding, surface contour extraction is
performed, and calculation of parameters becomes possible.
The next sections detail the different steps of our method.

Volumetric Images Thresh- Surface
Data extraction Specific

Surface

Area

Calculation

Analysis Process

Fig. 4 Proposed method description

3.1 Surface extraction

A threshold method, close to the algorithm proposed in [21]
and using the Matlab Image Processing Toolbox, has been
developed. The first step is image binarizing according to
a threshold value determined with the well-known Otsus
method [17]. Otsu’s thresholding chooses the threshold to
minimize the intraclass variance of the thresholded black
and white pixels. This step is followed by a morphologi-
cal operation on the binary image which removes interior
pixels and keeps the outline of the shapes. Because surface
extraction is the key point of surface characterization, and
the basis for the evaluation of metrological quantities, our
method was assessed as described below. For this assess-
ment, a gauge block made in ZrO; is measured. This gauge
ensures a flatness defect of 0.10 um and a parallelism de-
fect between its two faces of 0.10 um. The calibrated dis-
tance between the 2 faces is 1.3 mm with an uncertainty of
£0.12 pum at 20°C. CT measurements are performed with
a North Star Imaging (X50+) for which the voxel size is
5.9 um x 5.9 um x 5.9 pm. Finally, the measured volume
consists of 200 x 300 x 1132 voxels. Our extraction method
is applied leading to 2 sets of points, i.e., surface positions,
each one corresponding to one of the 2 gauge faces (figure
5). To test the sub-voxel technique, the extraction method is

(a) Gauge Measurement (b) Contour extraction
(original voxel-size)

B

(c) Contour extraction
(30% of the original
voxel- size)

Fig. 5 Contour extraction for the gauge block

applied considering a voxel-size that is 30% of the original
one. This is simply obtained by a sub-voxel linear interpola-
tion.

Assessment of the sub-voxel extraction considers two
quality indicators, as proposed previously [15]: noise and

trueness. Noise accounts for the measurement dispersion around

each extracted face (a plane in practice), and trueness mea-
sures the difference between the calibrated distance and the
measured distance obtained after face extraction (plane-plane
distance). Results, displayed in table 2, are consistent with
the gauge quality, which illustrates the efficiency of our sur-
face extraction method. It also can be observed that the noise
along with the trueness is decreased when using a smaller
voxel-size. This interesting result shows that sub-voxel re-
finement, as suggested by numerous studies [12,16,26] ac-
tually improves surface extraction.

3.2 Specific Surface Area (SSA) calculation

The Specific Surface Area (SSA) can be defined from the
boundaries of the skeleton defined in 3D, which comprises
the internal structure of the part. The boundaries are both
internal to the part and on the exterior of the part. To simplify
the representation, an example of the skeleton’s construction
in a 2D cross section is shown in figure 6.

According to voxel-map, the surface extraction leads to
the identification of all the skin voxels, Vy;,, which contain

Table 1 Assessment of the surface extraction method

Voxel-size Noise Noise Trueness
Face 1  Face 2
() (m)
Original size 3 33 25.5
30% of original size 2.4 2.7 21.2
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(a) Measurement (b) Binarized image (c) Skeleton skin

Fig. 6 Surface extraction from the skeleton in a cross-section

¥ (o)

(a) Original voxel map (b) Skin voxel represen-

tation

(¢) Skin voxel extraction

Fig. 7 Voxel representation of surface extraction

a portion of the skeleton skin (i.e., internal or external sur-
face of the structure) (figure 7(b)). The internal area is first
calculated as the sum of all the areas of the skin voxel faces:

6
A= Y Aij.6i; )]

Specific Surface Area (mm™")
N w n w o -

10® 10° 0% 107 102 107
Scale (mma)

Fig. 8 Evolution of SSA as a function of the scale

Where A; ; is the area of the face j belonging to the voxel
i, and with:

0;,j = 1, the face j belonging to the voxel i
is in contact with the air

0;,j = 0, the face j belonging to the voxel i
is not in contact with the air

(@)

Considering a 2D representation of a specimen measure-
ment, the set of skin voxels corresponds to the blue voxels
in the center of figure 7(c). A profile of the calculated area
A is shown by the red line to the right of figure 7(c). The
calculated area depends on the overall size of the region be-
ing analyzed. Specific surface area (SSA) is defined as the
total surface area of a material per unit of volume (units of
m?/m® or m~1). It has a particular importance for perme-
ability, adsorption and reaction on surfaces. To obtain the
Specific Surface Area (SSA), A is divided by the volume of
the original voxel-map being analyzed, V,,; (figure 7(a):

ssa— A 3)

tot

Fig. 9 Surface extraction as a function of scale from left to right (top):
Measurement at scale 0.3, scale 1, and scale 3, from left to right (bot-
tom): Surface extraction at scale 0.3, scale 1 and scale 3

4 Total surface characterization by multi-scale analysis

In order to conduct a multi-scale geometric analysis, such
as have been applied to measured topographies for length,
area, filling and curvature [4,24], SSA must be character-
ized as a function of scale. The assumed voxel size (AVS)
in this case defines the scale for calculating SSA, and can be
considered as the image resolution. The value of the AVS
can have scales smaller (sub-voxel) and larger (meta-voxel)
than the measured voxel size (MVS). This scale variation is
equivalent to varying the length of the step in length-scale
analysis for instance [4]. For the considered AVS, the ma-
terial density belonging to a voxel is calculated by a linear
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Table 2 Design Of Experiment using L9 table (Appendix 6)

Factor Level 1 Level2 Level3
Thickness (mm)  0.15 0.2 0.25
Directions (°) 0/90 30/120  45/135
Filling rate (%) 60 80 100

interpolation from the MVS. As illustrated in figure 9 this
strongly influences surface extraction. The corresponding
parameter SSA is thus calculated. The parameter SSA, cal-
culated as a function of scale, evolves, increasing somewhat
linearly with a decreasing logarithmic scale to a plateau (fig-
ure 8). The original voxel sizes are 37.8 um x 37.8 um x
37.8 um, and the bounding voxel size is set to S mm x 5 mm
x 5 mm. The plateau begins around the scale of the original
measured voxel (MVS = 0.5410~* mm?, indicated by the
vertical blue dashed-line in the picture). This indicates that
the numerical sub-voxel treatment (inferior scales) does not
provide additional information about the specific area. On
the other hand, meta-voxels give information too far from
reality. When AVS is close to 0.6 mm?, surface extraction is
not correct, and the value of SSA is not realistic. The study
can thus be restricted to the zone for which AVS is less than
0.06 mm?.

5 Applications and discussion

The interest of the multi-scale characterization is illustrated
through three applications. The first one in an attempt to link
3D surface topography and mechanical properties accord-
ing to process parameters. The second application addresses
the influence of process parameters on resulting printed sur-
faces, and the third one concerns the use of such a method
to discriminate the different patterns obtained when using
different filling strategies.

5.1 Critical stress intensity fracture K¢

The first study focuses on the influence of FFF (Fused Fila-
ment Fabrication) process parameters on fracture properties
of the manufactured parts. Within the context of fracture
studies, a series of bending specimens has been manufac-
tured by varying the process parameters with the pattern ge-
ometry resulting from the zig-zag mode. Process parameters
are thickness, filling directions and filling rate (see Table 2).
Taguchis statistical design of experiment (DOE) technique
was applied according to a table L9 orthogonal array with
three factors for three levels (seee Table in Appendix 6).
All the specimens were made with a small notch (fig-
ure 10(a)). The crack was made by pushing a wedge (ra-
zor blade) into the notch, quasi-statically, under controlled
slowly increasing force, using a tensile machine. Following

Table 3 Values of Kc (from Design of Experiment defined in table 3)

Tests 1 2 3 4 5 6 7 8 9

Ke 054 127
(MPa./m)

1.68 099 203 078 0.5 068 0.61

crack initiation, a 3-point bending test was performed to de-
termine K, the critical stress intensity factor corresponding
to fracture initiation. Although the presented work focuses
on porous materials, the classical definition of K¢ from the
obtained curves (Figure 10(c)) is used (ISO 13586 [10]). The
results displayed in Table 1 clearly highlight the strong in-
fluence of the process parameters on the value of Kc. There-
fore, knowledge of the relations between strength and filling
strategies is necessary for product and process design opti-
mization.

(a) 3-point bending setup (b) Crack initia-
tion

Displacement (mm)

Load (N)

(c) Typical load evolution vs displace-
ment

Fig. 10 Description of the cracking tests

In our analysis, we attempt to link the resulting surface
topography via SSA to K¢, the critical stress intensity factor.
As observed in Figure 11, there is no correlation between
K¢ and SSA, whatever the scale of observation. K¢ does not
appear to be relevant to link the function with the surface

topography.

5.2 Study of process parameters

The second illustration aims at studying the influence of pro-
cess parameters on the printed surface. The 9 manufactured
specimens are measured using CT, and a multi-scale analy-
sis of the SSA is conducted, yielding the results displayed in
Figure 12.
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Fig. 12 Multi-scale analysis associated to the design of experiment

For low scales (i.e. sub-voxel scales), some specimens
seem to reach the same value of SSA (specimens 1 and 6,
and specimens 3 and 5). All the values are reported for sub-
voxel scales, although, as previously mentioned, scales un-
der 1073 mm? do not give additional information. The study
could be limited to scales lesser than 3 times the original
measured voxel. The evolution is different in the zone in
which the SSA linearly increases with the decrease of scales.
Indeed, the slope varies for each specimen, which should en-
able process parameter discrimination. The three parameters
have different effects on SSA.
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Fig. 13 Multi-scale analysis of the correlation factor with SSA
Correlation depends on the scale (Figure 13). It tends to

1 for the filling rate at the scale of the original measured
voxels, whereas the correlation value reaches 1 for greater

tion (scale = 1073 mm?).

Effects analyzed at the original scale (Figure 14) show
the significant linear effect of the filling rate parameter on
SSA. The factor effect linearly decreases with the increase of
the filling rate. This is not surprising, as porosity is strongly
linked to the percentage of the filling rate. Other process pa-
rameters also present an effect on SSA, but it is more difficult
to interpret.

5.3 Pattern geometry discrimination

(a) Hilbert curve

(b) Honey curve

(c) ZigZag curve

Fig. 15 The 3 different filling strategies

For this application, the three different filling modes,
giving three different pattern geometries described in Figure
15, are tested with the same process parameters: thickness
is set to 0.25 mm, and the filling percentage is set to 60 %.
The multi-scale analysis is applied to the CT measurement
obtained for the 3 specimens. Results show that the evolu-
tion of SSA differs depending on the pattern geometry (Fig-
ure 16). This is particularly distinct at low scales for which
the greater value of SSA is obtained for the zig-zag strategy.
The linear decrease with the increase of the scale is in turn
lower for the Honey strategy. The Hilbert strategy presents
the least variation of SSA for the whole range of scales. It
worth noting, that a numerical effect in image resizing gen-
erates some outliers at a scale close to the original scale. But
this does not affect the analysis. Actually, Multi-scale analy-
sis of the SSA parameter enables 3D printed surface charac-
terization, and appears as though it could be useful for filling
strategy discrimination.
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Fig. 16 Pattern geometry comparison using multi-scale analysis

6 Conclusion

Within the context of part manufacturing, it is essential to
be able to link process parameters with the part function.
This is particularly important for lattice structures obtained
in additive manufacturing, as both internal and external sur-
face topographies fully contribute to the global mechanical
properties of the produced part. These surface topographies
result from the filling strategy. Therefore, the link between
the process parameters and the function can be established
by characterizing both the internal and external surface to-
pography. In our study, based on CT measurements, we in-
troduce the SSA, the Specific Surface Area, which is used
to analyze the relative internal area of the total surface, in-
cluding that of pores. The set of skin voxels defined the 3D
surface topography, both internal and external. To link pro-
cess parameters to the manufactured surface, a multi-scale
discrimination method is proposed: SSA is characterized as
a function of scale. To show the relevance of multi-scale
SSA analysis, two different applications are proposed. The
first one clearly highlights the interest of our approach to
discriminate filling modes when using FFF. For the second
application, the filling mode is the same (zig-zag mode), and
the study focuses on the influence of some process param-
eters (thickness, pattern geometry, and filling rate) on the
printed surface. This study confirms the relevance of using
SSA to discriminate surface topographies obtained with dif-
ferent process parameters. The analysis of the effects can
be performed at different scales with the aim of finding out
the most relevant scale of study. For instance, we show that
the effect of the Filling rate is significant and linear at the
original scale. Nevertheless, in this study no correlation is
observed between K¢, the critical stress intensity factor, and
SSA, whatever the scale of observation. The link between
the function and process parameters cannot be established
with this parameter. According to multiscale analysis, fur-
ther work could focus on linking energy release rate and in-
ternal relative area.

Acknowledgements Authors would thank Zeiss Industrial Metrology,
LLC which provides all the CT measurements.
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Appendix A: Taguchi Lo

Specimen n®  Factor 1  Factor2  Factor3  Factor 4

1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

Table 4 Table Ly



