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Abstract

With the advancement of metal additive manufacturing (AM), lattice structures become a promising solution to situations that
require lightweight design and yet maintain adequate mechanical strength. Limited by the quality of feedstock materials, the
layer-wise process characteristic and the dynamic nature of thermal environment, lattice structures made by AM often suffer
from process-induced imperfections such as poor surface finish and notable geometric deviation. In this study, systematic
quantitative characterisation methods are developed to address surface quality and geometric discrepancy of NiTi lattice
struts made by laser powder bed fusion (LPBF), with a special focus on fatigue-related features such as stress concentration
factors. The results show that for the examined strut diameters and inclination angles, the strut diameter plays a significant
role in geometry inaccuracy and the inclination angle has a greater effect on surface texture and stress concentration factor
distribution on the surface. Lattice struts with diameters greater than 0.7 mm and inclination angles over 40° with respect to
the platform exhibit superior manufacturing quality among all configurations of the struts. The proposed approach not only
opens a new avenue to evaluate p-CT data in a more quantitative way but also offers opportunities to develop guidelines for
lattice structure design.
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1 Introduction the build of lattice structures with intricate geometries that

are unachievable by traditional manufacturing methods. Fea-

In recent years, lattice structures have attracted increasing
interest in designing and manufacturing for various applica-
tions in the aerospace and biomedical sectors [1]. They are
constructed by arrays or other spatial arrangements of unit
cells in both two and three dimensions [2], maintaining out-
standing mechanical performance while being lightweight.
Unlike subtractive manufacturing, additive manufactur-
ing (AM) particularly laser powder bed fusion (LPBF) is
a layer-wise freeform fabrication technique, which enables
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tured with a number of attributes such as small achievable
minimum feature, layer thickness, higher resolution and bet-
ter surface finish, LPBF is commonly used for metal lattice
structure fabrication.

With the nature of layer-by-layer processing, LPBF
presents some inherent defects such as minor to moder-
ate dimensional inaccuracy/geometrical variation, inter-
nal porosity and rough surface finish (surface defects) [3].
Internal porosity denotes the absence of material inside
the intended solid geometry, which often occurs due to gas
entrapment or the lack of fusion during the printing pro-
cess [4, 5]. Dimensional inaccuracies refer to the geometric
discrepancy of shape [6-8], size [9-11] or volume [12, 13]
from the designed model, which is highly associated with
the staircase effect and geometric overhang (inclination
angle). Surface defects imply the deviation of the fabricated
surface from the ideal or intended surface texture or quality
[9, 10, 14-16], usually relating to the powder size, process-
ing parameters, overhang and build orientation [10, 17-20].
Such defects can considerably affect the fatigue performance
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of lattice structures [15, 16], which is essential for appli-
cations undergoing cyclic loadings such as bone implants
[21, 22]. For instance, the geometrical discrepancy results
in non-uniform stress distribution which is prone to initiate
cracks; internal pores and surface defects are immediate/
direct stress concentrators [23, 24] (cracks initiate at surface
irregularities). Therefore, minimising such LPBF manufac-
turing imperfections is vital for designed lattice structures
to maintain an adequate fatigue strength.

The most effective approach to reduce the internal poros-
ity of LPBF-fabricated components is process optimisation,
capable of achieving less than 1% internal porosity [25].
Post-LPBF treatment such as hot isostatic pressing (HIP) in
conjunction with stress relief (SR) [26] can further densify
the structure to near full density which provides sufficient
enhancement on fatigue strength (28%) and endurance limit
(83%) of lattice structures [27]. In contrast, the improvement
of geometric and surface defects is limited using HIP and
process optimisation due to the staircase effect inherent to
the layer-wise processing. Surface post-treatments such as
machining, sandblasting and abrasive polishing are often
conducted to remove unwanted material and obtain a smooth
surface for solid and regular shape pieces [28, 29]. However,
for complex lattice structures, those treatments suffer from
their inability to access or effectively/successfully reach the
interior features of intricate geometries [30, 31].

Adapting a liquid agent such as chemical etching (CE)
and electro-polishing (EP) has been applied successfully to
reduce the surface roughness of the individual as-built lattice
struts [9, 32, 33], characterised in surface roughness param-
eters (SRPs), e.g., Ra (profile arithmetic mean height), Rv
(profile mean pit depth) [34] and Sq (areal root-mean height)
[35]. There remain challenges in processing simple lattice
structures such as BCC and cubic. For instance, it is difficult
to maintain a uniform surface polishing from the exterior to
the interior [31] and excessive material removal cannot be
completely avoided, which results in broken struts ([36]—
Fig. 4). A combination of HIP and CE can increase the local
maximum stress of the LPBF diamond lattice at 10° run-out
cycles [26], indicating that improving the ductility of mate-
rial via heat treatment enhances fatigue strength. However,
the improvement of fatigue endurance limit using CE shows
inconsistent results in another study [14]. This is because
CE or EP may not be able to effectively remove the surface
micro-notch features which serve as stress concentrators
[14]. The balance between excessive material removal [30]
and sufficient surface smoothness from CE should be inves-
tigated and controlled carefully. Moreover, the reduction of
surface roughness parameter values such as Ra and Sa does
not result in an improvement of fatigue strength when criti-
cal defects persist [37]. This suggests that surface roughness
parameters are not adequate to entirely characterise the sur-
face quality when fatigue is concerned [18].
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To overcome the limitations of post-treatments because
of their inability to uniformly polish the interior surface and
smoothen micro-notches without leading to broken struts,
design constraint is another essential approach to alleviate
AM geometrical and surface imperfections [3]. Prior to lat-
tice structure fabrication, understanding the manufacturable
inclination angles and diameters of lattice struts can avoid
unnecessary failure builds such as broken struts or large geo-
metric deviation [38—42]. By properly selecting strut diam-
eter, pore size and relative density of the lattice unit cell, the
overall geometric deviation can be reduced to below 10%
[43]. A few attempts have explored the geometry and sur-
face defects of lattice struts about particular strut orientation
angles [9, 10, 44, 45] with special surface characterisation
on SRPs (Ra, Rv and Sa) [34]. However, they lack statisti-
cal and quantitative characterisations of surface features in
terms of the fatigue property. Moreover, little attention has
been paid to the effect of strut diameter on surface quality.

The purpose of this study is to comprehensively evaluate
AM manufacturing defects of lattice struts in various strut
diameters and inclination angles, with a special focus on
surface defects critical for fatigue. Here we propose a new
approach to quantify the notch-like surface defects through
stress concentration factors (SCFs). Using this in-depth anal-
ysis, the manufacturability of lattice struts is evaluated with
respect to fatigue. Such systematic investigation reveals the
relationship between design elements (inclination angle and
diameter) and AM manufacturing quality in terms of internal
porosity, geometry and surface defects.

In this study, the material of interest is NiTi (nitinol), a
shape memory alloy extensively used in biomedical indus-
tries due to its unique shape memory effect and superelastic
behaviour. It is important to investigate the design flexibility
of NiTi lattice structures because it has an elastic modulus
closer to human bone than commonly used implant materials
such as titanium alloys [46—48]. Here an efficient and user-
friendly surface quantification method has been developed
to aid in the future design of reliable NiTi lattice structures
with superior fatigue performance.

2 Material and method
2.1 LPBF specimen design and fabrication

The most broadly studied lattice structures are based on
cylindrical struts and the individual struts in such lattices
vary in both diameter and spatial orientation. Therefore, can-
tilever struts of different inclination angles and diameters
were evaluated to gain a comprehensive understanding of
the manufacturability of LPBF-fabricated NiTi alloys. Strut
inclination angles of 10-60° and diameters ranging from
0.2 to 1 mm were considered, with increments of 10° and
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0.1 mm, respectively (Fig. 1). The selection of strut diameter
and the inclination angle is comparable with the minimum
achievable feature of LPBF and previous work in the litera-
ture [38—42]. The inclined angle over 60° is not considered
as the print quality shows marginal variations and they are
expected to be successfully manufactured [44]. The 10 mm
strut length is intended to cover all the common unit cell
sizes found in the literature.

Spherical Ni50.2Ti49.8 (at%) alloy powder with par-
ticle size in the range of 15-53 pm was used for printing
the designed NiTi struts under an inert argon atmosphere
using a LPBF facility (SLM 125HL®, SLM Solutions).
Six specimens were 45° aligned to the edge of the substrate
to reduce the influence of the potential unsuccessful print
between specimens. A total of 54 struts were manufactured
on a preheated NiTi substrate (200 °C) using a Chessboard
Island scanning strategy with a 67° angle increment between
consecutive layers and the scan directions within each island
are kept to x- and y-direction. The processing parameters
used in this work (listed in Table 1) are defined in a previ-
ous processing parameter optimisation study which aims to
obtain the maximal densification. The highest relative den-
sity achieved in the optimisation study is 99.89%.

The manufactured lattice struts were removed from the
base plate using electrical discharge machining (EDM). The
loose powder attached to the struts was first brushed off
and then vacuumed off. All specimens were ultrasonically
cleaned prior to the CT scan to minimise measurement error.

2.2 X-ray computed tomography
X-ray computed tomography (micro-CT/p-CT) is a sam-

ple non-destructive technique for imaging 3D geometries
of both interior and exterior features of solid objects in a

Fig.1 CAD illustration of sam- s

ples for cantilever lattice struts. b -

a Iso view of the 60° sample;

b front view showing all the 6
printed samples with 6 different
strut angles; ¢ top view of the
60° sample showing the differ-
ent strut diameters

N
a

Table 1 LPBF processing parameters used in this study

T
)

digital format. It has been successfully applied to dimen-
sional quality control of AM parts in the industry and AM
surface tomography evaluation [49]. Compared to other sur-
face characterisation methods such as variation and confocal
microscopy, p-CT is able to acquire surface information and
re-entrant features with greater accuracy [50, 51].

In this study, each specimen was scanned using a metro-
logical p-CT system (Phoenix datos 2). The scan was per-
formed with a tube voltage of 180 kV and a current of 65 pA
and an effective voxel size of 12 um. The mean height (Ra)
of LPBF-manufactured surface ranges from 16 to 35 um
[52], so the p-CT scan with 12 um voxel size is capable to
capture most of the key surface features of the lattice struts.
For each scan, a total of 1200 16-bit projection images were
acquired during a 360° rotation, and the 3D tomographic
slices were reconstructed using VGstudio MAX 3.

2.3 p-CT data post-processing

The reconstructed 3D slices for each sample were exported
from VGstudio in 16-bit TIFF image format. Using the 3D
CT slices as constraint data, 3D porosity distribution in a
sample was obtained with a data-constrained modelling
(DCM) method. Further surface analysis was carried out
with MATLAB. The following sections describe the analysis
procedures of the collected image data from the CT scan
for quantitative investigation of the manufacturing quality.
DCM is a software platform for 3D material modelling,
characterisation and visualisation [53-55]. In this study, the
porosity analysis is performed using DCM due to its capability
of detecting partially-porous voxels of micro- or nano-porosity
that is smaller than the p-CT resolution. Each strut was sepa-
rated after importing into DCM for porosity analysis. The sam-
ple boundary was built based on 0.7 times the threshold value

017 1mm

10° :j0.6 mm

‘ ‘\\ f

b) c)

—0.2 mm

Laser power  Layer thick-
W) ness (um)

Scanning
speed (mm/s) (um)

Hatch spacing Focal offset
distance (mm) time (s) (um)

Inter-layer Point distance Exposure

time (us)

Energy density
(/mm’)

200 30 875 120 0

5 70 80 63.5

@ Springer



4864 The International Journal of Advanced Manufacturing Technology (2024) 130:4861-4882

of the CT slices. The beam hardening effect was alleviated
using the moving volume averaging method [56] in the DCM
software for each strut. The porosity was calculated inside the
sample boundary. Clustering of internal voids was calculated
with the assumption that two neighbouring voxels are con-
nected when both of their void volume fraction is over 7% of
the voxel size.

To characterise the geometry and surface features of the
specimen, the point data of the boundary pixels for each strut
was extracted from DCM by a self-developed plug-in. The
surface information (surface pixels point cloud) is extracted
based on the above sample boundary. Afterwards, the point
cloud data of each strut was analysed with an in-house devel-
oped MATLAB routine.

2.3.1 Geometric variation analysis

To characterise the geometric inaccuracy of the manufactured
struts from designed parameters, a circular cylindrical (Cir)
fitting was applied to the point cloud data of all struts. The
shape of the effective fitted surface was considered as a rep-
resentation of the manufactured sample. The dimensionless
(normalised) size discrepancy is evaluated by the variation
between the fitted diameter and designed diameter as Eq. 1.

=1

1 100% 1)

Tq

where r, and r; are the designed and circular fitted radius
of each strut.

From the literature, the cross-section of the AM fabri-
cated cylindrical samples can exhibit an elliptical shape [7,
10, 57]. The shape deviation can lead to off-axial loading
and anisotropic behaviour which can significantly impact
the static and dynamic performance of LPBF-manufactured
components. From the optical assessment (Section 3.1) and
visualisation of the reconstructed p-CT projections, this phe-
nomenon is obvious among the printed samples, especially
on struts with smaller diameters. To evaluate such shape
discrepancy, the boundary point cloud was further fitted to
an equivalent elliptical cylinder (Ell) and the ellipse axes
was utilised to calculate the shape discrepancy as Eq. 2.

Aiape = (% - 1) x 100% 2)

where a and b are the semi-major and semi-minor axes
respectively of the elliptical fitted cylinder of each strut.

2.3.2 Surface characterisation
Based on the point cloud data extracted from p-CT with

DCM, the surface quality of each strut was characterised in
the following three steps:

@ Springer

1) Surface tomography mapping
2) Surface roughness analysis
3) Stress concentration analysis

A detailed workflow of the developed methods is illus-
trated in Fig. 2.

In surface tomography mapping, pixel data of each strut
was unfolded based on the effective equivalent surface of
the Cir and Ell fitting. The central axis of the fitted cylin-
der was first computed. The angle projection of the point
cloud data to the perpendicular plane of the axis was identi-
fied to determine the unfolded location of the p-CT pixel
data along the strut circumference. The unfolding process
maps the point data into a flat tomography surface and pre-
serves the distance between the effective fitted surface and
the point data from the p-CT results. Areal SRPs such as
mean Sa, square-root Sq, maximum peak height Sp, maxi-
mum pit depth Sv and maximum peak to valley height Sz
were obtained based on the surface tomography mapping
as defined in ISO 25178-2 and ISO 21920-2 [35, 58]. A
2D robust Gaussian filter was applied before the computa-
tion to remove large-scale lateral components (L-filter [35])
from the surface and to eliminate any numerical errors dur-
ing the CT scan. The cut-off value was set to 0.8 mm as
recommended by ISO 25178-1:2016 [59]. As the unfolding
process in surface tomography mapping has taken the form
of the surface, the F-operation indicated in [35] was not per-
formed further.

The stress concentration analysis is to overcome the limi-
tation of the surface roughness analysis [18], in particular
focusing on the characterisation of notch-like features. To
avoid the excessive computational cost of finite element
analysis (FEA) of each sample [60], an analytical approach
was developed to calculate the SCF of each surface based
on its surface tomography. This method is an extension of
the most accepted single-notch SCF model as illustrated in
Fig. 3 and formulated in Eq. 3 [61].

t
K=1+4+2,/-
t +\ﬁ 3)

where K, is the single-notch elastic stress concentration fac-
tor and ¢ and p are the notch depth and radius at the notch tip.

Surface segmentation was applied to the tomography
mapping to define the significant surface features. The seg-
mentation process consists of the identification of the val-
leys and peaks of the tomography surface followed by the
determination of the hill and dale regions on the surface
[35]. The watershed transformation was employed to com-
pute the segmentation, which is a robust image segmen-
tation method based on mathematical morphology [62].
Originating from geography, the watersheds are the divid-
ing lines of surface domains formed when water naturally
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Fig.2 Workflow and expected
outcomes of the geometric
variation and surface quality
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Fig. 3 Single-notch stress concentration model (adapted from [61])

flows down the steepest path of a landscape and falls into
areas of attraction [63]. A previous study has pointed out
that the SCFs calculated based on key contour features
instead of micro-notch features showed a better correlation
with the fatigue strength of the machined workpiece [64].
On the other hand, unconstrained watershed transforma-
tion usually results in ‘over-segmentation’ with numerous
small segments. Therefore, introducing reasonable criteria
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of size for segmentation to pruning our insignificant fea-
tures are necessary to obtain a suitable surface segmenta-
tion, such as the Wolf pruning which eliminates a certain
threshold value of specified height/depth or percentage
of Sz [35]. In this study, the segmentation was performed
with Wolf pruning 5% total height as the default value rec-
ommended by [59], but the threshold value can be altered
for specific situations.

In a previous study [64], the key contour features were
defined through the profile feature parameters specified in
the geometrical specification standard for the profile [34].
To extend this concept, areal featured parameters such as
Svc (arithmetic mean pit curvature) and S10z (ten-point
height) were computed as defined in [35]. The global SCF
of the surface can be calculated according to the areal fea-
tured parameters as formulated in Eq. 4. This global SCF
is presumably a general indication of the fatigue property
of the strut in terms of crack initiation.

@ Springer
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K

t,global =1+2

“

The fatigue crack usually initiates where the stress concen-
trates, which is most likely where the critical notch is located.
Therefore, the maximum local SCFs on the surface and their
location on the surface were evaluated to obtain deeper insights
into the stress concentration distribution over the surface. The
locations of the local SCFs were defined as the valleys of the
surface which were considered as stress concentrators. The
values of the local SCFs were computed via Eq. 5, where D, is
the local valley depth as defined in [63] and p, is the tip radius
at the local valley. The values of the calculated surface rough-
ness parameters and local stress concentration factors can be
associated with the CT scan resolution or voxel size.

Dv
Kt,local =1+2 P_ (5)
v

3 Results

3.1 Optical assessment

Unsuccessful builds at low inclination angles (10°) are
expected based on previous studies on other materials

[38-40]. However, different printability is found with
respect to the strut diameters at low inclination angles.
Similar to H13 tool steel [40], NiTi struts present severe
distortion when increasing strut diameter beyond 0.6 mm,
such as bending in the middle. Conversely, materials like
Ti-6Al-4 V, AlSi12Mg and Inconel 625 [38, 39] exhibit the
opposite trend, suggesting that this behaviour is material
dependent (Table 2).

The bending at the middle of the thicker struts for sam-
ples built along 10° can be observed. Such pronounced
deformation can be mainly caused by lacking rigid con-
nection between melted powders due to the low inclination
angles. As such, residual stresses, structures built on loose
powder beds or overhangs with less stability, and sintered
powder from beneath loose powder beds can all contribute
to the instability of the low inclination angle struts.

The upward skin is brighter in contrast and smoother
compared to the downward skin. The better smoothness
is possibly a result of melt pool geometry and the lack of
successive powder deposition. This phenomenon was also
reported in previous literature, where the downward skin has
more loose particles attached to it compared to the upper
skin [10]. The downward skin presents obvious colour
changes compared to the original colour of NiTi, especially
on thicker struts. This is likely due to possible oxidation tak-
ing place in areas undergoing more pronounced heat accu-
mulation and overheating.

Table 2 LPBF manufactured NiTi samples at different diameters and orientation angles

10 deg 20 deg

30 deg

40 deg 50 deg 60 deg

Overall

Upward

skin

Downward

skin
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The tip of the struts exhibits unexpected material
accumulation, which may be because of the slicing effect
resulting from the selected scanning strategy and might be
minimised via optimising the scanning strategy, such as
altering the scanning contour and laser path compensation
[65]. To ensure the accuracy and consistency of the fol-
lowing analysis, such features were removed for all struts
in the subsequent geometry and surface analysis. Over-
all, the result of the optical assessment is summarised in
Table 3. Note that the visual optical judgement might be
relatively subjective.

Due to the severe distortion of struts built at 10° for the
diameter range of 0.7-1 mm, the struts build at 10° were
left out from the rest of the characterisation to keep the
results consistent. All struts examined had densities over
98% which confirms the suitability of the printing param-
eters and the print quality in terms of internal porosity.

Figure 4 illustrates an example of the reconstructed
model in DCM and the extracted surface point data of the
0.9 mm strut. The downward-facing and upward-facing
skins of the struts built at 60° are presented, where the
downside exhibits rougher surfaces than the upper skin for
all struts. The following analysis results are based on the

surface point data of each strut extracted from the recon-
structed model (Fig. 4c¢).

3.2 Geometric deviation

Figure 5 shows the analysis procedures of the effective cylin-
drical fitting (Fig. 5a and b) in geometric deviation analysis
and the unfolding process (Fig. 5S¢ and d) in surface tomogra-
phy mapping. The schematic illustration is based on circular
fitting of 60° 0.9 mm strut and the elliptical fitting shares
the same procedure. Figure 5b shows the top view of the
top view of the point data and fitted surface with the surface
areas (side, up and down) and unfolding parting line indi-
cated. Both fittings determine the fitted surface by minimis-
ing the point data distance between the fitted surface and the
actual surface; therefore, the distance relationship between
the point data and fitted surface is preserved.

The geometric deviation in terms of shape and size is
presented in Tables 4 and 5, respectively, which were com-
puted using Eqgs. 1 and 2 according to the effective radius
of the circular fitting and the major and minor axes of the
elliptical fitting.

The shape deviation declines with an increase in strut
diameter for all angles and shows more significant influence

Table 3 Manufacture quality
of the as-built NiTi struts via

Strut diameter (mm)

optical assessment 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Strut inclination angle (°) 10 YES YES YES OK OK NO NO NO NO
20  YES YES YES YES YES YES OK OK OK

30 YES YES YES YES YES YES YES YES YES

40 YES YES YES YES YES YES YES YES YES

50 YES YES YES YES YES YES YES YES YES

60 YES YES YES YES YES YES YES YES YES

‘NO’ represents major flaws including severe geometry deviation such as bending (shown in Table 2);
‘OK’ refers to moderate flaws such as large waviness of the downward surface; “YES’ corresponds to suc-

cessful print

Fig.4 Schematic of micro-CT
reconstructed model and surface
point data extraction procedure.
a Downward-facing skin; b
upward-facing skin; ¢ surface
point data

a) Downward-facing skin

AR RPN R

A

b) Upward-facing skin

Sl Lalats o

e A T PR O Y R <A R iy
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Fig.5 Schematic of p-CT a) b)

fi int dat tri ive fi 27
surface point data geometric WO Side Effective fitted

and surface tomography map-
ping procedure. a Iso and b top
view of the p-CT point data and
fitted surface; ¢ top view of the
unfolded point data; d unfolded
tomography mapping of the
struts
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cylinder

Parting

circular cylinder 7.,./4

Effective
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strut diameter ™4
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line

Table 4 Shape deviation (%) of
the as-built NiTi lattice struts

Strut diameter (mm)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Strut inclination angle (°) 20
30
40
50
60

54%  50% 46% 40% 31% 23% 16% 11% 5%
42% 44%  39% 34% 27% 23% 18% 15%  10%
28%  32% 29% 25% 21% 17% 16% 15% 10%
25%  39%  32% 29% 26% 23% 21% 17% 9%
23%  36% 30% 25% 23% 21% 18% 15% 8%

Table 5 Size deviation (%) of
the as-built NiTi lattice struts

Strut diameter (mm)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Strut inclination angle (°) 20
30
40
50
60

136%  88% 62% 46% 33% 24% 16% 11% 9%

138%  86% 61% 44% 32% 25% 19% 15% 13%
135%  82% 55% 40% 30% 23% 19% 17% 15%
156% 104% 67% 49% 38% 31% 25% 21% 16%
160% 108%  70% 50% 39% 31% 25% 21% 17%

in lower-angle inclined struts. However, the strut diameters
exhibit a more dominant effect on the shape deviation of
smaller struts as the thicker struts generally have a stable
shape deviation through all angles. This might be because
the thinner struts have diameters closer to the powder size
and the attached unmelted particles have more impact on
its shape formation leading to more elliptical shape. Such a
shape discrepancy has also been observed in the literature
[7, 10, 66].

The size deviation shows a strong relationship with
strut diameter, revealing a lower size discrepancy present
in greater diameters. However, no clear relationship can be
interpreted between the size deviation and the inclination
angle. Figure 6 visualises the data in Tables 4 and 5. The
size deviation shows a steep decreasing trend at small strut
diameters and begins to level off when the strut diameter
approaches 1 mm. This means that the shape of the fabri-
cated struts is approaching the intended geometry in large
struts.

@ Springer

3.3 Strut surface characterisation
3.3.1 Surface tomography mapping

Figures 7 and 8 present the surface tomography mapping
of circular and elliptical fittings, respectively. The value
of the colour bar represents the distance between the fit-
ted effective surface and the p-CT point data (mm). BD
at the bottom left corner stands for build direction during
the print. The short and long edges of each surface denote
the circumference and length of the strut, respectively.
All the surfaces were cut into the same length from the
base for better presentation. The length of the short edge
depends on the fitted parameters and therefore small varia-
tions between the lengths are expected. The middle of each
surface mapping refers to the downward skin of each strut
and the two long side edges represent the upward skin.
The slight fluctuation in circumference (short edges) for a
specific diameter is due to the variation of the effectively
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Fig.6 Geometrical deviation a) Shape
between designed and manufac-
tured struts. a Shape deviation
(calculated via Eq. 1); b size
deviation (calculated via Eq. 2)

[22]
o

Deviation between designed
and manufactured strut (%)
Deviation between designed

0 0
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fitting of the as-built NiTi struts
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Fig.8 Unfolded surface tomog-
raphy mapping via elliptical
fitting of the as-built NiTi struts
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N
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fitted diameter of struts, as indicated by the size deviations
in Table 5.

Surface tomography mappings of circular fitting present
clear rougher surfaces in the downward and upward skin
areas, whereas elliptical fitted tomography mappings do not
show the same phenomenon on the upward skins. This aligns
with the results of the previous geometric analysis where
the shape of the struts is more elliptical rather than circular
as designed, especially for those made at small inclination
angles and strut diameters. The tomography mappings of
both fitting methods capture similar key rough features in
20° struts and thicker struts in 30°/40° on the downward
skin regions. Compared to struts built with lower inclination
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angles, 50° and 60° struts exhibit a more uniform surface
texture around the circumference.

Abnormal concave areas can be discerned in 20° thicker
struts (0.7-1.0 mm). Such strut waviness might be due to
the development of greater residual stress originating from
excessive heat accumulation and overheating in builds along
lower inclination angles. Moreover, the surface mappings of
the as-built NiTi struts do not show any noticeable variations
along the length of the strut (build direction), indicating the
length of the struts has little influence on the surface texture.

Figure 9 gives an example of the irregularity of the
acquired p-CT data. The dash lines separate the tomography
mapping based on the skin areas, such as downward-facing



The International Journal of Advanced Manufacturing Technology (2024) 130:4861-4882 4871

skin (down), lateral skin (side) and upward-facing skin (up).
The red circle marks the pronounced irregular regions. Note
that due to the difference in colour bar scale, the surface col-
our varies from tomography mapping for all struts (Figs. 7
and 8). BD at the bottom stands for build direction during
the print.

The benefit of the surface tomography mapping is two-
fold. One is to visually present the surface for each strut

Fig.9 Irregularity present in the
acquired p-CT data (possibly
from the re-entrant features on
the struts) in 60° 0.3 mm strut

Circular fitting

to obtain an overview of the surface texture as discussed
above and to prepare for subsequent surface quality analysis.
The other is to intuitively assess the CT scan quality for any
numerical error which may appear occasionally. For exam-
ple, the 60° 0.3 mm strut exhibits noticeable irregularity
in both peaks and valleys along the intersection line of the
downward-facing skin and the lateral skin for both fitting
methods (Fig. 9 annotated in red circles). Such irregularity

(mm)

Elliptical fitting

0.05

-0.05

-0.15

up side down side up  up side down side up
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may occur due to the uncertainty of the printing process
such as the occurrence of the re-entrant features on the struts
[50]. After the Gaussian filter operation, such irregularities
are mostly removed. The tomography mapping of the same
strut (60° 0.3 mm) after the Gaussian filtering is provided
in supplementary material Figure S1 for comparison. The
following results in Sections 3.3.2 and 3.3.3 are obtained
based on the tomography mapping after the Gaussian filter-
ing operation.

3.3.2 Surface roughness analysis

According to the geometric analysis above, all samples are
closer to the elliptical shape. Therefore, the following sur-
face roughness analysis is focused on the elliptical fitted
effective surface which has a better representation of the
surface texture.

Figures 10 and 11 depict the measurements of SRPs for
all samples in 2D and 3D, respectively. The dashed contour
in both figures illustrates the median value of all struts in
each parameter category. Ra, Rq, Rz, Rp and Rz are mean,
square-root, maximum peak to valley height, maximum peak
height and maximum pit depth, respectively, for 2D profile
and the same subscript follows for 3D areal parameters. The
median value of each parameter category (dashed contour)
is comparable with those in the literature [10, 14]. Although
all parameters exhibit similar distribution among specimens,
the maximum peak-to-valley depth (Rz) is six times higher

Fig. 10 2D surface rough-

ness parameters (SRPs) of all & 60
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than the arithmetic mean values (Ra). This phenomenon is
more evident in 3D areal parameters.

It was expected that lower inclination angles may result
in rougher surfaces due to the residual stress mentioned
earlier. However, an unexpected peak is observed around
the 60° 0.3 mm strut, which may be a scan irregularity as
previously discussed in Section 3.3.1. Overall, better sur-
face quality was achieved in samples with higher inclina-
tion angles and thicker strut diameters. The acceptable range
(roughness values lower than the reference line) roughly falls
between struts built along 40° to 60° with 0.5-1.0 mm strut
diameters.

The size of the powder used in this study is around 50 um.
When the powder size is closer to the intended geometry,
any unmelted powder attached to the surface may have a
significant influence on its surface quality. Moreover, the
melt pool size and shape of the applied processing param-
eters can be around 80 to 100 um [67-69], which may also
lead to the large shape and size deviation of the smaller
struts. Therefore, it is reasonable to consider the effect of
powder size and melt pool size on surface roughness. This
effect was characterised by normalising the 3D SRPs to the
designed and the equivalent fitted radius of the elliptical fit-
ting, respectively. The equivalent fitted radius is defined as
the mean value of the two semi-axes of the elliptical fitting.

Figure 12 presents the normalised Sa and Sq values. The
equivalent fitted radius of the elliptical fitting in Fig. 12a is
defined as the mean value of semi-major and -minor axes
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of the elliptical fitted effective surface. The radius was first
normalised to the minimum value in the data set of all struts,
and then normalised to the 3D surface roughness parameters,
to make the normalised data to be comparable with non-
normalised results in Fig. 11. The dashed lines exhibit the
median value of the non-normalised results in Fig. 11. As
expected, the normalised Sa and Sq remain high on small
diameters (less than 0.4 mm) for both normalisation sce-
narios, which indicates the predominant influence of powder
size on surface roughness. Therefore, a strut diameter of

Fig. 12 Relative 3D surface
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less than 0.4 mm is not recommended for preventing such
powder-size effects.

The above measurements on SRPs can only provide an
overview of the surface quality rather than providing any
quantitative information on local surface quality. To further
characterise the surface quality in specific areas such as the
overhang area (downward skin), the surface mapping was
sliced around the circumference to form individual profiles
along the strut length. Figures 13 and 14 illustrate the Ra
values of all individual profiles around the circumference in
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terms of strut diameter and inclination angle, respectively.
The dash lines separate the strut circumference based on
the skin areas of the strut, namely, downward-facing skin
(down), lateral skin (side) and upward-facing skin (up).
Figure 13 reveals the relationship between the area sur-
face roughness around the circumference and the designed
strut diameters. For small strut diameters (0.2—0.4 mm),
localised peaks on the downward skin are consistent for
struts in all inclination angles. This phenomenon becomes
less dominant for struts with 0.5-0.7 mm diameters in which
the Ra values exhibit irregular fluctuations at the downward-
facing areas. For 0.8—1.0 mm struts, the variations of Ra
start to exhibit certain level of inconsistency, where struts
built in higher inclination angles (50° and 60°) present small
fluctuations around 17 um throughout the circumference of
the struts. In contrast, the struts built along 20-40° show

prominent peaks on the downward-facing areas. This indi-
cates that the effect of overhang angle on downward surface
roughness is more dominant in thicker struts.

Figure 14 shows relatively uniform roughness over the
whole circumference for higher inclination angles. For lower
angle struts, localised roughness peaks are perceivable at
the downward skin area for all diameters and become less
obvious with increasing inclination angle, which aligns well
with results present in the literature [9]. For struts built at
60°, the 0.3 mm strut exhibits a relatively large roughness
variation compared to other struts, especially around the
interface between downward-facing and lateral skin. This
is expected based on the previous discussion about the
irregularity (Section 3.3.1). Overall, the surface roughness
between the downward skin and the side area for higher
inclination angles (50° and 60°) exhibits only marginal
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difference (within 10 um), which indicates a good consist-
ence of roughness over the surface. There are some discrep-
ancies in such surface variations compared to the literature
(up to 40 pum) [9], which might be due to the difference in
studied materials and processing parameters.

Based on the observation in Figs. 13 and 14, thick struts
in lower inclination angles should be avoided in design for
the consistent surface quality of lattice struts. Higher incli-
nation angle struts present even surface textures which are
more recommended for fabricating lattice structures with
uniform surface quality.

3.3.3 Surface stress concentration analysis

Figure 15 takes 60° 0.9 mm strut for an example to illustrate
the schematic procedure of stress concentration analysis from
segmentation to post-processing. An example of the ‘over-seg-
mentation’ is demonstrated in Fig. 15b. Compared to segmenta-
tion after Wolf pruning at 5% (Fig. 15¢), the direct watershed
transformation provides very dense surface segmentation which
leaves out the key features. After Wolf pruning, the surface
valleys are separated along the surface peaks (Fig. 15¢). The
circled valleys are located on the edge of the surface which are
removed in the post-processing procedure (Fig. 15¢). The rea-
son and influence of the post-processing are discussed below.
Figure 16 presents the global SCFs (see Eq. 4) and
maximum local SCFs of all struts. The dashed contour
in Fig. 16a-b and d—e represents the mean value in the

category. Figure 16a—c depicts the calculated global and
local SCFs and Fig. 16d—e represents the data after post-
processing removing all the SCF at the edge of the surface
tomography mapping. The reason for such post-processing
is to minimise the boundary effect after unfolding in the
analytical calculations, which has been reported in the lit-
erature [60]. The local valley of a segmented area may
sit at the boundary of the tomography surface due to the
unfolding process, which contributes to discontinued data
at the parting line (being categorised in the upper skin
area). This discontinuity could lead to unrealistic results of
the curvature calculation at the edge points. The compari-
son of the post-processed data and the directly calculated
results support this assumption and is discussed as follows.

For struts of 0.6—1 mm in diameter, the global SCF
declines with an increase of inclination angle (Fig. 16a)
whereas for smaller struts (0.2-0.5 mm), the global SCF
remains relatively high with a stochastic distribution. To
maintain a low and consistent SCF of the LPBF lattice
struts, higher inclination angles (greater than 40°) and larger
strut diameters (greater than 0.5 mm) are recommended.

An abnormal peak can be noticed in the data which
denotes the strut in 60° 0.3 mm configuration in the global
SCFs (Fig. 16a and d). The same phenomenon can be seen
in the post-processed results of the maximum local SCFs
(Fig. 16e). This could be attributed to the influence of the
irregularity discussed in the surface tomography mapping
(see Section 3.3.1).
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Fig. 15 Schematic of stress
concentration analysis. a Gauss-
ian filtered tomography surface
mapping; b ‘over-segmented’
tomography surface using
watershed transformation; ¢
watershed surface after Wolf
pruning segmentation

Fig. 16 Analytical stress con-
centration factors (SCFs) results
of all struts computed based

on the tomography mapping. a
Global SCFs; b maximum local
SCFs; ¢ location of maximum
local SCFs; d, e, f post-pro-
cessed result with the same lay-
out as a—c after removal of all
SCEF values located at the edge
of the tomography mapping

The values of the maximum local SCFs before post-
processing (Fig. 16b) are two times higher than that of the
global SCFs (Fig. 16a). Most of these critical SCFs appear
on the upper surface (Fig. 16¢). This seems contradictory to
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the previous optical assessments that the upper skins gener-
ally present a smooth and shining surface compared to the
downside. Moreover, the abnormal peak of 60° 0.3 mm strut
discussed earlier is not present in Fig. 16b, indicating that the
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boundary effect could be more influential in the calculation
of the local SCFs compared to the data irregularity. This sug-
gests that the boundary effect is inevitable due to the unfolding
procedure in the surface tomography mapping, which confirms
the necessity of the data post-processing.

After post-processing (by removing the valleys on the edges),
although the merits of the maximum local SCFs (Fig. 16e) are
still over that of the global SCFs (Fig. 16a), the highest value
drops by almost half, which is reasonable. Moreover, the loca-
tions of maximum local SCFs shifted from the upper skin to the
downward-facing area for most of the struts, which aligns with
the findings in the surface roughness analysis.

The global SCFs (Fig. 16a and d) exhibit only marginal
changes after the post-processing, which indicates that the
boundary effect has little influence on them. This might be
attributed to their global nature so that the boundary effects,
which are local in nature, are very limited. This indicates
that the global SCF is more reliable because it is less
affected by numerical errors such as the boundary effect.
Given that the numerical errors may involve human factors
and manipulation that may not be easily diagnosed and cor-
rected properly, the use of global SCF is recommended.

Notably, for struts built along 60° with diameters over
0.6 mm, the location of the maximum local SCF expands
to lateral and upward-facing skins. This is different from
other inclination angle struts where the maximum local
SCF is mostly observed in the downward-facing area.
This indicates that the surfaces of these struts tend to
have a more uniform texture and roughness along the cir-
cumference of the strut, which agrees well with Figs. 13
and 14. As the presence of rough downward-facing skin is
associated with the inclination angle, it also implies that
the influence of the overhang effect on the as-built sur-
face quality decreases as the inclination angle increases.

Comparing the distribution of the global SCFs with the
result of SRPs in 2D and 3D (Figs. 10 and 11), a similar over-
all tendency can be observed but with a narrower acceptable
window. This suggests that the SRPs are insufficient to char-
acterise the surface quality in terms of fatigue. For example,
one surface may be prone to fatigue due to the presence of a
higher SCF compared to another that has the same measure-
ments of SRPs. This further confirms the necessity of con-
ducting stress concentration analysis to quantitatively evaluate
the surface quality.

4 Discussion

4.1 Holistic quantitative evaluation of geometry
and surface

p-CT enables extensive high-resolution characterisation in
terms of geometrical, exterior surface and interior features

of small specimens. Despite the advantages of p-CT, the
large amount of CT scan data requires sophisticated algo-
rithms and analyses to convey its full benefits, which
challenges conventional data processing techniques. The
proposed comprehensive analysis approaches in this study
show the potential for an in-depth evaluation of the print
quality of LPBF as-built NiTi lattice struts with regard to
the geometry and surface features. Such methods provide
statistical results beyond the capability of commercial 3D
software analysis packages. In this section, the advantage
of the proposed analysis will be discussed versus existing
analysis approaches in the literature.

The geometric variation analysis is an extension of 2D
shape analysis methods. It expanded the cross-section
analysis employed in the literature [5, 6, 9, 10] from quali-
tative analysis to quantitative analysis on geometric devia-
tion. The effective elliptical and circular fittings obtained
from this analysis document the geometric discrepancy of
lattice struts in shape and size with strong statistical sig-
nificance. The obtained numerical results are more reliable
and accurate compared to other assessments such as SEM
and volume difference.

The surface quality analysis consists of three individ-
ual evaluation approaches: tomography mapping, surface
roughness and stress concentration analyses. The surface
tomography mapping presents the advantages of unfolding
the as-built geometry into a flat surface providing the fun-
damentals for the two latter methods. Through this map-
ping process, the surface texture for all investigated speci-
mens is presented. It allows an intuitive visual assessment
of the CT data quality to capture and adjust any irregular-
ity that may occur during the printing process and the scan
procedure. The calibration of the data via filtering opera-
tion ensures the credibility of the subsequent analysis.

The analysis of surface roughness parameters enables
the numerical characterisation of the surface roughness
of the manufactured struts in both 3D and 2D. It supports
an intuitive assessment of the overall roughness of the as-
built surface texture and reveals the relationship between
surface roughness and design elements, such as strut diam-
eter and inclination angle. The drawback of this general
SRP examination is that it cannot document the surface
roughness in specific surface regions. Surface areas such
as the downward-facing and upward-facing skins do not
necessarily exhibit similar surface roughness [9, 10]. This
limitation can be addressed by computing the 2D SPR such
as Ra along the circumference of the strut. Moreover, the
normalisation of SRP with respect to the strut diameter
provides insight into the powder size effect on SRP for
thin struts.

The stress concentration analysis predicts the likelihood
of fatigue crack initiation and where this may occur. The
misalignment of SRP (Figs. 10, 11, 12, 13 and 14) and SCF
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(Fig. 16) demonstrates the limitation of using surface tex-
ture for evaluating the fatigue cracking of the AM as-built
components, which has been pointed out in the literature [14,
18]. Compared to surface roughness analysis, the stress con-
centration analysis provides a more reliable assessment of
fatigue cracking of AM as-built components via computing
the stress concentration factors of the topography surface of
the struts. The obtained global SCF (1.9-2.6) is compara-
ble with the results (1.25-2.4) reported in the literature [15,
16], which confirms the credibility of this approach. The
location of the maximum local SCF after removing edge
SCF closely aligns with the results obtained in the previous
surface roughness analysis, validating the reliability of this
method.

Current analytical estimations of SCF for machined sur-
faces are either based on sine/cosine wave description of the
surface [60, 70] or the simplified 2D profiles according to
the tooling periodicity [64]. However, the stochastic surface
textures produced by LPBF exhibit high association with the
geometry such as the overhang and inclination angle [71].
This makes the existing analytical methods for machined sur-
faces inapplicable to the LPBF builds. Compared to the use
of FEA for precise SCF calculations, the proposed approach
based on the surface tomography is more effective in terms
of computational cost and time [60]. Although this approach
cannot reach the accuracy of FEA, the developed analytical
method provides reliable global SCF results, which has not
been integrated into any commercial software yet.

To date, a few studies [6—8] have attempted to charac-
terise stress concentration factor of lattice structures as a
whole using the maximum von Mises equivalent stress and
the nominal homogeneous stress from the FEA model. How-
ever, this method requires exhaustive FEA simulations and
the calculated SCF ranges from 40 to 90, which misaligns
with the commonly accepted definition of SCF. The reason
for such overestimated results may be ascribed to the lack
of consideration of the stress in individual struts of lattice
structures. In comparison, the proposed approach provides
more applicable results and can be further extended to evalu-
ate the SCF of struts in lattice structures with different stress
modes such as tension and compression. These systematic
analyses allow a comprehensive, comparative and quantita-
tive description of the print quality of LPBF as-built NiTi
lattice struts.

One limitation of this study is that all specimens exam-
ined were manufactured using the same set of LPBF pro-
cessing parameters. Without necessary modifications, the
recommendations proposed in this study may not be directly
applicable to other sets of processing parameters. Future
evaluation can be performed on specimens produced with
different parameter sets, such as the parameter set with the
optimised surface roughness, to increase the applicability of
the proposed analysis.

@ Springer

4.2 Implications to lattice structure design
for fatigue

The print quality assessment of the as-built NiTi lattice struts
in various build orientations and strut diameters documents
the manufacturing discrepancy from the initial design. In this
section, the print quality results obtained via the developed
method are compared with those reported in the literature.

From the geometric analysis, one key information
extracted is that all manufactured struts are thicker (diam-
eter) than their designed counterparts, which agrees with
most studies in the literature [4, 7, 11, 57, 72]. Some work
also reported thinner manufactured struts compared to the
designed model [5, 9]. This might be related to the ratio
between powder particle size and the strut diameter. In this
study, the investigated strut diameter is close to the powder
size, which is smaller than those reported in the literature.
Therefore, powders attached to the struts of smaller diame-
ters have a greater impact on strut geometry than on those of
bigger diameters, which can be verified in Fig. 6. The differ-
ence in material properties can be another reason [57]. With
different materials, the optimal LPBF process parameters
vary significantly, which can impact the achievable geometry
and mechanical properties [4]. In addition, the melt pool size
which is regulated through processing parameters can also
contribute to the geometry deviation [67-69]. Although the
as-built strut diameter is generally greater than the intended
design and the shape is more of an elliptical profile (shape),
the size and shape deviations exhibit a converging trend with
increasing strut diameter. Based on the geometric analysis,
thin struts (diameter < 0.7 mm) should be avoided in the
design of lattice structures to maintain a reasonable uniform
geometry of the struts (deviation within 20%).

Through the surface tomography mapping, rougher sur-
face textures (Figs. 7 and 8) are noticeable at the down-
ward skin area for all struts as already noted in the litera-
ture [10]. This phenomenon is further confirmed by the
following surface roughness analysis with the mean height
of the surface (Ra) varying between 10 and 20 pm along
the circumference (Figs. 13 and 14). The Ra variations
between the skin areas around the circumference exhibit
a decreasing trend when increasing the inclination angle
of the struts, as agreed consistently with previous studies
[9, 10]. In this study, localised roughness peaks are per-
ceivable on the downward skin areas for all diameters, in
contrast to a previous study which reveals that the lateral
skins are the roughest area around the circumference [9].
The presence of unmelted particles attached to the under-
side due to the overhang effect can contribute to the rough
surface in that area. The location of the roughest area may
be affected by the printing parameters and powder size.
This needs further investigation, but it is beyond the scope
of this work.
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Table 6 Manufacture quality Strut diameter (mm)

of the as-built struts via optical

assessment and quantitative 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

investigation

Strut inclination angle (°) 10 YES YES YES OK OK NO NO NO NO

20 YES YES YES YES YES YES OK OK OK
30 YES YES YES YES YES YES YES YES YES
40 YES YES YES YES YES YES YES YES YES
50 YES YES YES YES YES Opt Opt Opt Opt
60 YES YES YES YES YES Opt Opt Opt Opt

‘NO’, ‘OK’ and ‘YES’ stand for the same results from previous optical assessments (Table 3) and ‘Opt’
refers to the optimal manufacturing quality for lattice structures design after quantitative analysis

Notably, the Ra variation range observed on NiTi struts is
two times smaller than that of Ti6Al4V which is around 40
um [9, 10]. This suggests the non-negligible effect of mate-
rials on the print surface quality of the LPBF components
and the necessity of conducting a manufacturability study
on required materials [57]. To avoid large surface rough-
ness discrepancy between areas around the circumference
and maintain a relatively smooth surface texture, inclination
angles greater than 40° are recommended.

The stress concentration analysis assists the prediction
of fatigue crack initiation in the as-built struts. The SCF
values calculated on the LPBF NiTi struts are generally two
to three times higher compared to the SCF measured on
machined surfaces [60, 70, 73]. The critical local SCF is
largely located in the downward skin area of the strut, which
is consistent with findings reported in another study [15].
The proposed SCF analysis assumes that the notch depth is
negligible compared to the thickness of the workpiece. For
strut diameters investigated in this study, the notch depth
(Rv/Sv) over the fitted diameter ratio ranges from 0.05 to
0.28, meaning that the effective notch depths cannot be
neglected. The high ratio of notch depth and strut diameter
may lead to inconsistency of the experimental results with
the SCF results, which could be minimised by increasing
the strut diameter. To prevent crack initiation at areas with
high stress concentration, design with a lower and consist-
ent SCF should be considered. Therefore, strut diameters
over 0.7 mm and inclination angles greater than 50° are
recommended.

The results of the print quality examination provide an
exhaustive guideline for future lattice structure design. Com-
pared to the initial intuitive optical assessment, the quantita-
tive evaluation reveals different print windows for manufac-
turing quality (Table 6), which highlights the importance of
conducting statistical analysis.

This approach can be further extended to evaluate the
geometric variations and stress concentration factors at the
node intersections of lattice struts where stress concentration
is more likely to occur as observed in the literature [30]. Fur-
thermore, variable node connection topology (strut number

and orientation) and strut diameter can be investigated to
assist more superior lattice design that considers manufac-
turing limitations and imperfections. In addition, the col-
lected data is easily adaptable for machine learning in the
prediction of fatigue cracking in lattice structures.

5 Conclusion

This study has developed a comprehensive approach to
characterise the print quality of lattice struts and reveal the
relationship between design elements and the print quality of
LPBF NiTi lattice struts. More specifically, lattice struts fab-
ricated by LPBF with diameters ranging from 0.2 to 1.0 mm
and inclination angles of 10-60° have been quantitatively
evaluated in terms of geometric deviations and surface qual-
ity. The following conclusion can be drawn:

e The geometric deviation of manufactured lattice struts from
their design has a strong correlation with their geometric
design in the lattice structure. This deviation decreases with
increasing strut diameter and inclination angle.

e The surface texture exhibits non-uniform distribution
along the strut circumference, with the downward-facing
area presenting a rougher surface compared to other skin
areas. This phenomenon becomes less noticeable when
increasing the inclination angle over 50°, leading to a
surface with more uniform texture distribution.

e The critical stress concentration factors are more preva-
lent in the downward-facing area. For struts with a diam-
eter over 0.5 mm, the global stress concentration factor
decreases as the inclination angle increases.

e The developed analyses extract all the 3D data that a
p-CT scan offers, allowing one to determine the precise
strut morphology and extract all the surface features.
This makes it possible to evaluate geometric character-
istics like diameter (size), major and minor axes for ellip-
tical cross-sections (shape), the linear and area surface
roughness and the stress concentration factor of the strut
surface.
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e The results of surface roughness analysis do not neces-
sarily match the stress concentration analysis. Therefore,
to better estimate fatigue crack initiation in LPBF lat-
tice structures, it is recommended to use the proposed
stress concentration analysis instead of surface roughness
results.
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