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However, previous studies often focused on the investigation of complete lattice structure models. As a
result, the comprehensive investigation of defects in a single strut remained elusive. The present study
investigated five different defects on a single strut, namely undersizing/oversizing, diameter variation,
offset of the cross section, internal voids, and local mechanical properties. It was found that the under-
sizing and oversizing were the primary factor affecting the discrepancy between experiments and numer-
ical predictions for most cases. The diameter variation and offset of the cross section were seen to be
dominant for small struts, especially those with 45° build orientation. Furthermore, even though the
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Effects of defects onset of localization could be observed due to the presence of voids, they had a negligible impact on elas-
Mechanical properties tic and initial yielding responses, partly because of their low volume fraction. Besides, the effect from geo-
Lattice structures metrical inaccuracies and varied properties were mostly comparable although that of the former was

more dominant in smaller samples. In addition, the sensitivity from the pnCT voxel size affected both glo-

bal behaviors and localization.
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1. Introduction

Additive manufacturing is widely adopted due to its ability to
produce intricate components which cannot be fabricated with tra-
ditional processes [1]. Laser powder bed fusion (L-PBF) is among
the most commonly used technique owing to its ability to produce
complex parts with high precisions [2]. The L-PBF process enables
the fabrication of lattice structures which hold advantages thanks
to their exceptional strength-to-weight ratio [3,4] and high energy
absorption [5,6]. Because of these reasons, aerospace [7], automo-
tive [8], and medical [9] industries adopted these structures in var-
ious applications. Nonetheless, despite the advantages of the L-PBF
lattice structures, manufacturing defects are among the main con-
cerns affecting mechanical integrities [10,11]. Geometrical imper-
fections often originate from manufacturing defects, caused by
sub-optimal process conditions leading to incomplete or over-
melting of metal powders [12]. Furthermore, even though process
parameters could be optimized [13,14], the geometry of the L-PBF
part may still be affected by build orientations [15]. Thus, without
the post-surface finishing, geometrical imperfections are mostly
inevitable in the L-PBF components. The lack of proper considera-
tion of defects in the Finite Element (FE) models of L-PBF lattice
structures would lead to a significant difference between experi-
ments and numerical simulation, resulting in difficulty during
the designing process [10,11]. Consequently, various studies have
attempted to include local geometrical imperfections in FE models
for a more accurate mechanical prediction.

Computed Tomography (CT) and Micro-Computed Tomography
(1CT) are non-destructive testing techniques, producing series of
two-dimensional images along the cross sections [16]. Based on
two-dimensional images, the characterizations of internal and
external defects such as internal voids, dimensions, and shapes
could be achieved. In addition, two-dimensional images can be
reconstructed into three-dimensional models. The reconstructed
FE models have been created and used by various researchers to
explore the influence of geometrical imperfections of additively
manufactured lattice structures. Leary et al. [17,18] created FE
models embedded with geometrical imperfections from pCT
images to investigate the deformation and failure mechanisms
under compression of AlSi12Mg and Inconel 625 lattice structures.
Results showed that the reconstructed FE models captured exper-
imental results relatively well, and they were able to illustrate the
stress concentration resulting from the geometrical imperfections.
Boniotti et al. [19] examined the strain localization of the L-PBF lat-
tice structures using the Digital Image Correlation (DIC) technique.
They compared the strain concentration factor (K¢) from the exper-
iments with that of as-designed and reconstructed FE models. As
expected, K from reconstructed FE models were closer to experi-
mental results than that from the ideal models. The difference
between measured and simulated K¢ reduced from 31 % to 9 %
when the reconstructed FE model was used instead of the ideal
one. A subsequent study was reported by Geng et al. [20] who also
emphasized the critical role of surface defects on the reduction of
strength and failure resistance of additively manufactured lattice
structures. These results accentuated the importance of geometri-
cal imperfections in dictating the mechanical behaviors of L-PBF
lattice structures.

In addition to the direct reconstruction from the pCT, several
studies proceeded with an alternative route by classifying and ana-
lyzing geometrical imperfections in forms of statistical distribu-
tion. Subsequently, the FE model could be reconstructed from
various defect distributions. Ravari et al. [21] defined the diameter
variation as the primary surface defect and recreated the FE model
based on the inclusion of varied diameters within struts. They con-
cluded that the reconstructed model could improve the accuracy of
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the predicted elastic modulus and collapse stress. Nonetheless, at
least ten intervals for reconstructed struts were suggested to
achieve reasonably accurate predictions. Likewise, Lei et al. [22]
carried out a similar study for AlSi10Mg lattice structures where
the strut diameter variation was taken into account. They also
noted the dependency of the strut variation on build angles.
Besides, not only was the variation of the strut diameter recog-
nized as the geometrical defect, but the offset of the cross section
could also significantly affect mechanical responses. Both Ravari
et al. [23] and Dallago et al. [24] developed the reconstructed FE
model including the imperfections from the distributed diameter
variations and offset of the cross section. Lozanovski et al. [25]
studied the variation of the centroid deviation, principal moments
of inertia, and principal axis orientations of lattice struts from CT
images. Subsequently, the representative FE models including
defects in struts were generated, where the predictions of elastic
modulus and yield’s strength exhibited better agreement with
experimental results when compared with those from defect-free
FE models.

According to the above studies, the influence of geometrical
imperfections on mechanical responses was fully recognized and
should be considered in the FE models. Geometrical imperfections
could vary based on strut diameters and build orientations. There-
fore, many recent studies focused on characterizing defects and
mechanical behaviors of individual struts. Zhang et al. assessed
diameter variations of lattice struts with various sizes and build
orientations [26]. While geometrical features were thoroughly dis-
cussed, the impact of defects on mechanical responses was not
evaluated. On the other hand, Pegues et al. [27] emphasized the
effect of surface roughness on fatigue strength. Small samples
and samples with diagonal builds tended to have higher surface
roughness, leading to lower fatigue resistance. Furthermore, vari-
ous size-dependent properties were reported by several studies
such as Barba et al. [28], Phutela et al. [29], and Dong et al. [30]
among others. Similar observations were reported, in which resul-
tant microstructures and mechanical properties varied strongly
with the sample size. Nonetheless, a connection between external
defects and microstructures on the mechanical responses was not
explicitly discussed in those studies. Moreover, based on the recent
review by Benedetti et al. [31], the mechanical responses are influ-
enced not only by defects and microstructures but also residual
stress. Both compressive and tensile stresses may form at various
locations of samples, and the formation of residual stress may vary
with the sample size, build orientations, and process conditions
[32-34]. Therefore, the mechanical behaviors in lattice structures
were dictated by the competitive relationship among surface
defects, microstructures, and residual stress. Although the compre-
hensive study of these effects on mechanical responses is essential,
it is hardly adequate.

Thereby, the present study aims to examine the influence of
manufacturing defects such as geometrical imperfections, internal
voids, and size-dependent properties on the mechanical responses
of L-PBF Ti-6Al-4V lattice struts. Struts were made with different
diameters and build orientations. The nCT was used to extract both
external and internal defects. Subsequently, the statistical charac-
terization was performed to reveal the dependency of defects on
feature sizes and build orientations. Subsequently, various numer-
ical simulations including as-designed, LCT reconstructed, and rep-
resentative FE models were evaluated and compared. Tensile
specimens were fabricated, and testing results were used to corre-
late the size-dependent elastic and initial yielding behaviors and to
assess the accuracy of different FE models. Ultimately, we seek to
shed light on understanding various factors which could affect sin-
gle strut mechanical properties. As a result, this knowledge could
contribute to the reconstruction of L-PBF lattice structure models
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which could be performed with satisfactory accuracy under
acceptable computational resources.

2. Experimental methods

Single struts (SS) and tensile specimens (ST) with varied diam-
eters and build orientations were made to investigate internal and
external defects, and mechanical responses. Detailed descriptions
of a manufacturing process, sample’s dimension, and experimental
investigation were discussed as follows.

2.1. Sample fabrications

All samples were fabricated using TRUMPF TruPrint 1000 under
default process parameters and print strategies for Ti-6Al-4V. Sam-
ples were made under low oxygen content, and no heat treatment
was performed after the build was completed. Table 1 displays the
processing parameters used in the present work, where two differ-
ent settings were used for in-skin and border patterns. Fig. 1 shows
the scan strategies consisting of in-skin and border patterns for
samples with diameters of 0.3 and 2 mm and two build orienta-
tions. For a sample with a diameter of 2 mm, two borderlines were
observed, and a uniform scan pattern was used for the interior
region. On the other hand, only a single borderline and no in-
skin pattern was used for samples with 0.3 mm diameter.

In addition, seven single struts (SS) with diameters of 0.3, 0.4,
0.5, 0.75, 1, 1.5, and 2 mm were created with two build angles of
45° and 90° as shown in Fig. 2a. According to Fig. 2a, struts were
built on a solid support such that they could be easily removed
using the wire electrical discharge machining (wire-EDM). These
sample sizes and build angles were chosen as they were normally
found in various lattice structures. SS samples were designed to
assist the examination of internal and external defects. Therefore,
they were built without handles and relatively small size. On the
other hand, the tensile samples (ST) shown in Fig. 2b were made
for mechanical testing. Consequently, the ST specimens were
noticeably larger than SS ones. The ST samples were also made
with varying diameters and two build angles. Nonetheless, only
four diameters of 0.3, 0.5, 1, and 2 mm were made for the ST sam-
ples. Fig. 2b illustrated the dimension of all ST samples, in which
the design of the ST samples was modified according to the stan-
dard method for tension testing of metallic materials (ASTM E8/
E8M) [35].

2.2. Non-destructive evaluations of internal and external defects

The present study classified defects into internal and external
types. Internal defects are voids that could be attributed to the lack
of fusion, balling effect, keyholing, and the release of gas trapped in
powders [13]. The external defects are the geometrical imperfec-
tions which are divided into the undersizing/oversizing, diameter
variation and the offset of the strut cross sections [11,24,36].

Both internal and external defects were examined using high-
resolution NUCT, the Bruker SkyScan 1173. The energy and current
of the X-ray source were 130 kV and 61 mA, respectively. The
LUCT would provide series of two-dimensional projected images.

Table 1

Processing parameters for the L-PBF machine TRUMPF TruPrint 1000.
Parameters In-skin Border
Spot size 55 um 55 um
Laser power 125W 150 W
Laser speed 905 mm/s 1600 mm/s
Hatch spacing 80 pm 80 um
Layer thickness 20 pm 20 pm
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The resolution of the HCT was determined by the voxel size. The
voxel size of 7 pm was used for the SS samples and 12 pm for
the ST samples. The larger voxel size in the latter sample was to
maintain reasonable scanning time. In total, seven SS and four ST
specimens of different sizes for each build orientation were sub-
jected to the CT scan. Results from every CT scan were used to
characterize internal and external defects, and to perform FE sim-
ulation. A raw image from the CT scan was shown in Fig. 3.

In addition, images were imported using the ScanIP (Simple-
ware Ltd., Exeter, UK) to reconstruct into three-dimensional
objects [37]. The contrast and noise were corrected with threshold-
ing as seen in Fig. 3. After thresholding, the binary images of solid
and voids would be obtained. The fill hole function was optional
and used only when the three-dimensional objects without inter-
nal voids need to be created. Based on processed images, external
defects such as equivalent diameter and the offset of the cross sec-
tion could be analyzed accordingly. Fig. 4 illustrated two-
dimensional images of the SS samples and their reconstruction into
three-dimensional objects.

2.3. Mechanical testing

Tensile testing was performed for all ST samples using the uni-
versal testing machine, Tinius Olsen - H50KS with 1 kN load cell for
samples with diameters of 0.3, 0.5, and 1 mm and 50 kN load cell
for a sample with a diameter of 2 mm. The tensile testing was oper-
ated under quasi-static loading conditions with a strain rate of less
than 0.001 s~!. Due to the difficulty in collecting displacement for
small samples, the Digital Image Correlation (DIC) based technique
using a GOM Aramis system (ARAMIS, GOM Co., Germany) was uti-
lized as a virtual extensometer to collect deformation with a reso-
lution of 1 fps. The displacement from the DIC was used for strain
calculation. While the force data was collected from the tensile
testing machine, it is important to note that the as-designed area
was not used for the stress calculation. Since the discrepancy
between as-designed and as-built cross-sectional areas was antic-
ipated, the use of as-designed areas to determine the stress magni-
tude could be misleading. Thus, we relied on the average
equivalent area at the gauge length from pCT images for the calcu-
lation of stress.

3. Numerical simulation
3.1. Reconstructed Finite Element models from uCT

The FE mesh for SS and ST specimens was created using the
ScanFE (Simpleware Ltd., Exeter, UK) based on three-dimensional
objects from Section 2.2 [38]. Fig. 5a and Fig. 5b showed the recon-
structed FE models with external defects for SS and ST samples,
respectively. In addition, Fig. 5c showed the reconstructed model
with internal defects. Of note, voids from the pCT could be pre-
sented in different sizes and morphologies. Therefore, attempting
to account for every actual pore geometry in FE models would
make the meshing increasingly arduous. Therefore, we simplified
the inclusion of internal defects by using only spherical voids with
effective diameters and locations obtained from the pCT. In other
words, spherical voids in the domain would have various diame-
ters. Such simplification preserved the total volume fraction of
voids while minimizing the computational demand. Also, since
our aim was to differentiate between the effects from external
and internal defects, only a simplified cylinder was used as a base
geometry when studying the effect of internal voids.



A. Sombatmai, V. Uthaisangsuk, S. Wongwises et al.

S$S90°,d =2.0 mm

1.8 mm

$845°,d =2.0 mm

In-skin

D Border

Materials & Design 209 (2021) 109985

S$S90° d =0.3 mm

A
v

0.1 mm

S$845°,d = 0.3 mm

Fig. 1. Scan strategies consisting of in-skin and border patterns for the samples with diameters of 2 and 0.3 mm and with build angles of 90° and 45°.

3.2. Boundary conditions, materials, and meshes for mechanical
simulation

A mechanical simulation was performed using the commercial
FE software ABAQUS/Implicit. The tensile loading was applied in
a quasi-static condition. The displacement boundary conditions
were imposed at top and bottom surfaces, and rotations were con-
strained. For numerical results of the SS specimens shown in Sec-
tions 4.2 and 4.3, we adopted the flow stress for the L-PBF of Ti-
6AI-4V reported by He et al. [39] for all simulations. On the other
hand, only numerical results in Section 4.4 utilized the experimen-
tal flow stress, obtained in the present work. The Voce hardening
model as shown in Eq. (1) was used to fit with experiments. The fit-
ted constants of Gy, H, and B, for He et al. results were 1034 MPa,
226 MPa, and 173 respectively. The implementation of the material
model was done through a Fortran-based subroutine, UHARD. In

addition, Young’s Modulus and Poisson’s ratio were 100 GPa and
0.3, respectively [29].

Of note, Young’s modulus adopted in the present study was
lower than that of bulk samples, which was known to be between
110 and 119 GPa [40]. The reason was according to recent experi-
mental reports, in which strut specimens exhibited lower Young’s
modulus than that of the bulk [28,29,41].

0y = 0,0+ H(1 — exp(—pep)) (1)

In addition, linear tetrahedral elements (C3D4) were used, and
the mesh sensitivity analysis was performed for the SS sample with
a diameter of 0.3 mm. Numerical results for mesh sensitivity anal-
ysis were included in the appendix. According to the sensitivity
analysis, the minimum and maximum mesh sizes for the 0.3 mm
specimen were between 7.5 and 15 pm. Nonetheless, since speci-
mens with various sizes were used in the present work, the mesh
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Fig. 3. Extraction of the strut’s diameter variation and the offset of the strut’s cross section from puCT images.

size of other samples was determined according to the ratio of 4. Results and discussion

their diameters. The ratio of mesh size to diameter was between

0.025 and 0.05 as shown in Fig. 5. The total element numbers were Section 4.1 evaluated size- and orientation-dependent external
approximately 1 million for all samples regardless of their sizes. defects on SS samples according to the LCT. Followingly, Section 4.2
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3D volume reconstruction

Fig. 4. Reconstruction of three-dimensional objects according to two-dimensional images obtained from the pCT.

assessed numerically the influence of various external defects on
mechanical responses. Section 4.3 examined the number of inter-
nal defects and evaluated their impact on mechanical prediction.
Lastly, Section 4.4 performed mechanical testing on ST samples
to reveal size-dependent properties. The discussions of the compe-
tition between geometrical errors and varied properties, and the
effect of the CT voxel sizes on mechanical prediction were also
made.

4.1. Evaluation of external defects

The evaluation of external defects was performed on SS samples
with seven different diameters and two build angles. The distribu-
tion of the equivalent diameter from pCT images could be found in
the appendix. With the voxel size of 7 pum, approximately 1400
images were evaluated in each sample. The mean (p4) and standard
deviation (sq) of the equivalent diameter were summarized in
Table 2, where experimental strut diameters deviated noticeably
from as-designed diameters. In addition, Table 2 illustrated clearly
the influence of build angles on the variation of equivalent diame-
ters. The standard deviation of the samples with 45° build angle
increased when the sample’s size reduced with the range of stan-
dard deviation between 7 and 13.3 pm. On the other hand, the
standard deviation of the samples with 90° build angle only
showed a slight change with samples’ size, where the ranges of
standard deviation were between 4.7 and 6.6 pm.

Additionally, the mean equivalent diameters were compared
with as-designed diameters to indicate the oversizing and under-
sizing of the SS samples. The difference between experimental
and as-designed diameters was reported as the strut diameter
error (derror). The negative error referred to the undersizing while
the positive error indicated the oversizing. According to deyror, Most
SS samples were undersizing, except those with diameters of 0.3
and 0.4 mm which exhibited the oversizing behaviors. The maxi-
mum strut diameter error was around 15%. Determining the cause
of the sizing discrepancy would be a challenging task as it would
involve several factors such as geometries, process parameters,
and scanning strategies which could affect heat transfer mecha-
nisms [42]. Nonetheless, according to Table 2, the general observa-

tion was that the struts with 45° build angle were larger than those
with 90° build angle. A reason for a larger strut with 45° build
angle would be because the down skin surface of struts was placed
on top of powders which had much lower thermal conductivity
than that of the solid. As a result, poorer heat dissipation for 45°
build angle resulted in a larger melt pool size, and thus, a larger
strut dimension.

Additionally, Table 3 showed the mean and standard deviation
of the offset for all samples. A general observation for the offset
was similar to that of the equivalent diameter where the offsets
were larger for small struts, especially those with 45° build angle.
The information shown in Table 2 and Table 3 could be useful for
the reconstruction of defect-embedded FE domains of struts or lat-
tice structures. Nonetheless, it should be noted that the informa-
tion displayed in both tables was only applicable for process
conditions and printing strategies adopted in the present study.

4.2. Influence of external defects on mechanical responses

Even though reconstructed FE domains from the pCT could pro-
vide the most realistic evaluation on the effect of external defects,
these models were computationally expensive. As a result, finding
the representative FE model, which optimizes between the accu-
racy and required resources, is of interest. Three external defects
were considered in the previous section including the diameter
variation, the offset of the cross section, as well as the undersiz-
ing/oversizing. Among the three defects, the undersizing and over-
sizing can be considered global defects as they directly alter the
overall load-bearing areas. On the other hand, the diameter varia-
tion and offset could be seen as the local ones since they primarily
induce localization. The localization could be the important factor
for the failure mechanism. However, since the present study
focuses on the influence of defects on the elastic and initial yield-
ing regimes, the computational model with the mean equivalent
diameter from pCT was used as the representative FE model.
Therefore, three different FE models were used to study the SS
samples, including the reconstructed model from pCT, the model
with the mean equivalent diameter from NCT, and as-designed
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Fig. 5. FE model reconstructed from pCT for the SS and ST samples with the diameter of 0.3 mm and 90° build angle for a) the SS sample with external defects, b) the ST

sample with external defects, and c) the SS sample with internal defects.

model, where the abbreviations of LUCT, Avg, and CAD were used
when discussing these results, respectively.

Fig. 6 showed the prediction of the equivalent plastic strain for
the SS samples with diameters of 0.3 and 2 mm and with 90° build
angle. Images were extracted at the strut’s total strain of approxi-
mately 2 %. Three-dimensional equivalent plastic strain fields were
displayed for CAD and pCT models. The plastic strain was uniform
for the CAD models while the localization was observed for the pCT
models. Moreover, the effect of localization seemed to be greater
for the strut of 0.3 mm diameter. These results were somewhat

expected due to larger diameter variation and offset of the cross
section for small struts as shown in Table 2 and Table 3.

Fig. 7a and b show the global mechanical responses by illustrat-
ing the Force-Displacement behaviors between different SS speci-
mens. Again, the numerical results from the pCT model were
anticipated to provide the most realistic assessment of the
mechanical behaviors. There was a general trend observed for all
samples, in which the discrepancy in the predicted forces increased
with displacement in the elastic regime. Nonetheless, after the
yielding, the difference in the predicted forces seemed to be mostly
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Table 2
Mean and standard deviation of the equivalent diameters, and the strut diameter error from the uCT images of the SS samples.
d (mm) 90° 45°
pa (mm) Sq (mm) derror (%) pa (mm) Sq (mm) derror (%)
03 0.34 0.005 11.97 0.35 0.012 16.53
0.4 0.42 0.007 4.74 0.41 0.013 3.15
0.5 0.48 0.006 —-4.19 0.50 0.017 -0.14
0.75 0.65 0.005 -13.41 0.68 0.015 -9.04
1 0.89 0.005 -10.45 0.92 0.011 -8.30
15 1.37 0.005 -9.02 1.39 0.007 -7.02
2 1.86 0.006 -6.78 1.88 0.007 -5.89
Table 3
Characterization of the offset of the cross section from the puCT images of the SS samples.
d (mm) $590° ss45°
Hoffset (1m) Goffset (M) Hoffset (pum) Goffset (1mM)
0.3 6.67 3.40 9.39 5.49
04 6.78 3.62 11.09 6.88
0.5 5.79 2.76 8.04 5.47
0.75 6.32 3.28 9.08 5.33
1 5.26 2.71 7.81 3.99
1.5 5.55 2.62 8.46 449
2 4.06 2.06 7.90 441

Fig. 6. Simulated equivalent plastic strain, abbreviated by PEEQ, for the CAD and pUCT models of the SS samples with diameters of 0.3 and 2 mm and with 90° build angle.

saturated. Therefore, for consistency, the following discussion eval-
uated the difference in the predicted forces at the displacement of
0.1 mm for all samples.

Fig. 8 illustrated the strut diameter error (de.or) together with
two reaction force comparison between PCT and CAD models, as
well as pCT and Avg models. According to the numerical compar-
ison between pCT and CAD models with 90° build angle, the differ-
ence in the predicted forces for struts with diameters of 0.3, 0.5, 1,
and 2 mm were 26.5, 2.9, 20.5, and 13.5%, respectively. The differ-
ence in the force between nCT and CAD models correlated well
with deror as seen from Fig. 8, of which signified the importance
of oversizing and undersizing defects. For example, the strut with
the diameter of 0.5 mm and 90° angle, which had the lowest de;ror,
also exhibited the smallest difference in the predicted forces
between PCT and CAD models. Additionally, the discrepancy of
the predicted force between pCT and Avg models reduced to 5.2,
4.6, 3.6, and 0.8 % for struts with diameters of 0.3, 0.5, 1, and

2 mm, respectively. The difference between pCT and Avg models
implied the local effects from the diameter variation and the offset,
which grew more strongly when the diameter decreased. On the
other hand, for specimens with 45° build angle, a similar trend
was seen where the maximum difference in the predicted force
between pUCT and CAD models was about 26 %. Nonetheless, even
though the predicted force improved with the use of the Avg mod-
els, it was critical to point out that the maximum difference of the
reaction force between PCT and Avg models was still around 15 %
as seen in struts with diameters of 0.3 and 0.5 mm, respectively.
This observation emphasized the more significant roles of the
diameter variation and the offset of the cross section for struts with
45° build angle. Hence, according to the comparison in Fig. 8, it was
recognized that if the local defects were not dominant, the repre-
sentative FE model using the mean equivalent diameter could cap-
ture the mechanical responses with reasonable accuracy. We see
such cases for the struts with large diameters and the build angle
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Fig. 7. Numerical prediction of mechanical responses compared between nCT, Avg, and CAD models for SS samples with a) 90° build angle and b) 45° build angle.
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Fig. 9. Internal voids of the SS sample with 2 mm diameter and 90° build angle.

Table 4
Characterization of internal voids on SS samples from the reconstructed pCT models.

d (mm) Build angle Hvoia (Hm) Svoid (M) Total numbers of voids Void volume fraction
03 90 223 11.1 44 0.05
0.5 90 34.7 17.8 364 0.85
1 90 333 16.8 1116 0.65
2 90 304 15.7 2288 0.24
03 45 26.4 14.3 44 0.09
0.5 45 30.6 17.8 244 0.44
1 45 29.0 17.7 511 0.24
2 45 26.5 14.7 1036 0.08

of 90°. On the contrary, the incorporation of the local effects may
be essential for the mechanical simulation of small struts, espe-
cially ones with 45° build angle.

4.3. Evaluation of internal defects and their impact of mechanical
responses

Fig. 9 illustrated the distribution of internal voids from the pCT
for the strut with a diameter of 2 mm and 90° build angle. Table 4
showed the characterization of internal voids. The average void
size was in the order of 30 pm which was comparable to the pow-
der’s size. In addition, the void effective diameters in struts with
45° build angle were generally smaller than those with 90° build
angle. Nonetheless, it was worth noting that the build direction rel-
ative to CT scanning could affect the difference of the void sizes in
the 90° and 45° specimens. For example, flat defects such as those
from the lack of fusion could be harder to identify with the CT in
certain orientations.

Table 4 summarized the volume fraction of internal voids for all
SS samples. The overall volume fraction was less than 1% for all
samples. The SS samples with 45° build angle provided a smaller
volume fraction of voids than those with 90° build angle. A similar
observation was reported by Awd et al. [43] and Murchio et al.
[41]. One possible reason could come from the larger melt pool size
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in samples with 45° build angle as previously mentioned. In addi-
tion, according to Fig. 2a, it was noticed that struts were placed
onto the solid substrate by the order of their size. Thus, struts,
which were placed in the middle, had a higher possibility to be
affected by spattering from neighboring struts. Therefore, it was
seen in Table 4 that struts with diameters of 0.75 and 1 mm, which
were placed in the middle, had higher volume fraction of voids
than those with diameters of 0.3 and 2 mm, which were located
at the edges of the build substrate. In addition to the mentioned
reason, the sample location on the build plate and their relative
direction with the gas flow may also have an impact on internal
porosities [44,45].

The CAD and CAD with voids models were constructed to com-
pare the effect of internal voids on mechanical responses. The
inclusion of voids in the CAD model could be seen in Fig. 5c. The
mesh sensitivity analysis of internal voids was performed and
included in the appendix. According to the sensitivity results, the
mesh size around voids was approximately one-fifth of a void
diameter. Fig. 10 showed the numerical results for a strut with
voids. An image was collected at the strut’s total strain of approx-
imately 1%. The equivalent plastic strain was shown for both outer
surfaces and internal voids. It was seen that while the development
of plastic strain was yet observed at the outer surface, the plastic
strain started to form around the voids due to the stress concentra-
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Fig. 10. Predicted equivalent plastic strain (PEEQ) for the SS model with the diameter of 2 mm and internal voids.
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Fig. 11. Predicted Force-Displacement behaviors for CAD and CAD with voids models of SS samples with 90° of build angle.

tion. Therefore, it was expected that the presence of internal voids
could have an impact on mechanical responses. Surprisingly,
Fig. 11 showed the prediction of Force-Displacement behaviors
for CAD and CAD with voids models. Results indicated that there
was a negligible difference between mechanical responses for both
models. This observation implied that even though the presence of
voids may affect the plastic strain localization, they had a little
influence on elastic and initial yielding responses, in contrast with
external defects described in Section 4.2 which were found to have
a more pronounced impact on both values. This remark agreed
well with a previous study by Voisin et al. [46] who experimentally
studied the influence of the sample size and build orientation on
the mechanical response of the L-PBF of Ti-6Al-4V. They reported
that the presence of voids at low volume fraction (<1%) mostly gov-
erns the failure behaviors, but not yielding and uniform elongation.

Furthermore, while a spherical void was considered in the cur-
rent study, non-spherical voids may have a greater impact on dam-
age behaviors. The effect of void shapes on plastic damage
behaviors was studied numerically by Liu et al. [47]. Both the void
aspect ratio and its orientation relative to the loading direction
were found to be comparably important. According to Liu et al.
[47], the yielding behaviors of spherical and non-spherical voids
differed by about 5%.
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4.4. Influence of local properties and the effect of uCT voxel sizes

The competition between defects, residual stress, and
microstructures on mechanical response are complicated [48]. In
previous sections, we evaluated the effect of internal and external
defects. Nonetheless, other factors such as residual stress and
microstructural features could also play a very important role in
mechanical behaviors. Therefore, the ST samples, as described in
Fig. 2, were subjected to the mechanical test. The mean diameters
shown Table 5 were used for stress calculation.

Fig. 12 illustrated experimental results for stress—strain behav-
iors of the ST samples. A minimum number of three tests were per-
formed for each condition. Reasonable repeatability in
experimental results was seen for all samples. According to
Fig. 12, size’s dependent behaviors were greatly discernible. The
strain at failure reduced significantly with sample’ size. And the
samples with 90° build angle had the greater failure strain than
those with 45° build angle. These results correlated well with
external defects found in the SS samples, which tended to be more
severe for small samples, especially those with 45° build angle.

In addition to the strain at failure, the yield strength also
showed a strong dependency on the sample size and build orienta-
tion. According to experimental results shown in Fig. 12, the Voce
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Table 5
Mean and standard deviation of the equivalent diameter of the ST samples characterized from the uCT images.
d (mm) 90° 45°
Ha (mm) Sq (mm) Ha (Mmm) Sq (mm)
0.3 0.339 0.003 0.378 0.007
0.5 0.512 0.005 0.523 0.007
1 0.928 0.005 0.953 0.008
2 1911 0.004 1.896 0.006
a
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Fig. 12. Experimental results of stress-strain responses for ST samples with a) 90° build angle and b) 45° build angle.
Table 6
Constants for Voce plasticity models, Eq. (1), fitted from experimental results shown in Fig. 12.
d (mm) 90° 45°
Gyo (MPa) H (MPa) B Gyo (MPa) H (MPa) B
0.3 1107 185.9 188.7 1042 122.1 268.3
0.5 1084 139 172.4 1092 133 224.2
1 1097 140.3 2071 1067 196.4 1849
2 1015 177 117 1113 226.9 179.4

material model as shown in Eq. (1) was used to fit with experimen-
tal flow stress. The Voce material constants (cyo, H, and B) for dif-
ferent samples were fitted and shown in Table 6. According to the
initial yield strength (o) reported in Table 6, it was seen that the
initial yield strength increased when the diameters were reduced
for samples with 90° build angle. Similar behavior was observed
experimentally by Barba et al. [28]. They showed that small sam-
ples would exhibit smaller grain morphologies due to the rapid
cooling behaviors. Subsequently, smaller grains led to an increase
in the yield strength because of the grain boundary strengthening.
The rationale was supported by another experiment by Razavi
et al. [49] who studied the effect of build thickness on properties
of Ti-6Al-4V from Electron Beam Melting.

However, the reverse trend of cyo was seen for samples with
45° build angle, where the yield strength was higher with larger
samples. Possible explanations could be from different thermal his-
tories, residual stress profiles owing to different orientations, or
sample’s deflection due to stress relaxation (image shown in the
appendix). However, a high-fidelity thermomechanical simulation
would be needed to estimate the magnitude of such effects [32,50].
Of note, even though the size- and orientation-dependent proper-
ties were noticeable in as-built conditions, they may be alleviated
through the heat treatment as shown by Weiffmann et al. [51].
However, it was the primary purpose of the present work to eval-
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uate possible numerical discrepancies competed between geomet-
rical defects and varied as-built properties.

Thus, we simulated the ST specimens with diameters of 0.3 and
2 mm. Not only were CAD and nCT models compared, but also the
uncertainty from varied local properties. Based on the Voce mate-
rial models shown in Table 6, the properties of struts with diame-
ters of 0.3 and 2 mm were utilized to represent the upper and
lower bounds of the property variation. It was obvious that pCT
models with suitable properties of respective sizes would show
the closest agreement with experimental results. Therefore, they
could be considered as the benchmarking models. Fig. 13 showed
numerical results for the ST specimens of both diameters. Accord-
ing to Fig. 13, the discrepancies from benchmarking results were
seen when CAD geometries and inappropriate material properties
were utilized. Nonetheless, it was important to evaluate the contri-
bution of each factor.

Therefore, Fig. 14 compared the maximum force between
experiments and numerical simulations of several variants. The
right-side of Fig. 14 was from PCT model, implying that only the
effect of varied properties was considered. On the other hand,
the left-side of Fig. 14 was from CAD model, meaning that numer-
ical errors could come from both geometries and varied properties.
Based on Fig. 14, geometrical errors and varied properties could
contribute to numerical discrepancies of 21 and 11 % for the strut
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Fig. 14. Force deviation between experiments and numerical simulations of the ST specimens with 90° build angle and with the inclusion of geometrical defects and varied

properties.

of 0.3 mm diameter, respectively. Nevertheless, the contribution
from both factors became 11.2 and 12.6 % for the strut of 2 mm
diameter. It was seen that both geometrical errors and varied prop-
erties were not negligible for both strut sizes even though the for-
mer was more dominant in a small strut. Therefore, it is critical for
these effects to be accounted in the design of AM lattice structures.

In addition to geometrical errors and varied properties, the pCT
voxel size could be another sensitivity that may affect the mechan-
ical prediction due to different resolutions of detected surface pro-
files. Therefore, we performed the numerical simulation of both SS
and ST specimens with a diameter of 0.3 mm. Both samples were
scanned with voxel sizes of 7 and 12 pum, respectively. The same
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material models and mesh size were also utilized so that only
the sensitivity from surface profiles was revealed. Based on
Fig. 15A, the sample with a smaller voxel size exhibited clearly a
more distinctive roughness profile. Accordingly, even though the
plastic localization was seen for both samples, more localization
sites were observed for the model with a smaller voxel size as seen
from Fig. 15B. For a global response as shown in Fig. 15C, the dif-
ference in the predicted forces was approximately around 5%. Thus,
it was seen that the resolution of nCT affected both global and local
responses. Therefore, sensitivity from the pCT resolution should be
taken into consideration.
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Predicted Force-Displacement behaviors.

4.5. Perspectives

As seen from both experimental and numerical analyses, many
factors significantly affected mechanical behaviors. Sizing inaccu-
racy, local surface defects, microstructures, and residual stress
could play equally important roles in controlling mechanical
responses. Predicted mechanical behaviors using bulk properties
and as-designed models could diverge from test results by up to
30%. Followings are our perspectives to alleviate and obtain a more
thorough understanding of these issues.

H Concerning the elastic and yielding behaviors, sizing inaccuracy
is arguably among the most important geometrical factors. It
can vary depending on shapes and process conditions. While
using the uCT can provide comprehensive evaluation [26], it is
highly resource-consuming and may not be suitable for expand-
able sample spaces. Several machine learning approaches could
assist in this regard [52]. In addition, replacing hatching scan
strategies with a single point exposure may simplify the com-
plexity in the build process, thus, allow the improvement of
the geometrical accuracy [53].

B Thermomechanical models have been used to reveal the evolu-
tion of temperature, microstructure, and residual stress forma-
tion in bulk samples [54,55]. Nonetheless, in our opinion, they
were rarely used to evaluate size-dependent behaviors. The
extension of these models would be beneficial for the assess-
ment of the impact of residual stress and size-dependent
microstructures.

W Surface defects would be among the controlling factors of dam-
age behaviors [27]. Nonetheless, we showed that the CT voxel
size can significantly affect the evaluation of surface defects.
Since the resolution of CT is limited by sample size, we suggest
the database of defects build-up from a single strut and utilize
that to reconstruct more complex lattice models. Lozanovski
et al. [25] successfully demonstrated this notion. However, the
inclusion of damage models was yet performed and could be
an interesting topic for a future study.

5. Conclusion

The present study investigated the manufacturing defects
which could affect the mechanical responses of additively manu-
factured lattice struts. There were five different defects of interest
including undersizing/oversizing, diameter variation, offset of the
cross section, internal voids, and local mechanical properties. Sam-
ples were made with different diameters from 0.3 to 2 mm and
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build orientations of 45° and 90°. The primary aim was to quantify
different size- and orientation-dependent defects and to reveal the
synergetic effect of each defect on the elastic and initial yielding
behaviors. Both non-destructive and destructive experiments,
and numerical simulations were carried out. Several variations of
numerical models were studied, namely, the CAD model referring
to strut models with as-designed diameters, the uCT model which
directly converted the model from pCT to the FE model, and the
Avg model which accounted for the mean equivalent diameter
from the pCT. In addition, the CAD model with voids was also cre-
ated using the effective diameter from the pnCT to examine the
influence of internal defects. The conclusion could be found as
follows.

1. Additively manufactured lattice struts could exhibit both
undersizing and oversizing, where the maximum variances
was about 15% for samples explored in the present study. The
diameter variation and the offset of the cross section were more
substantial for struts with small diameters, especially with 45°
build orientation.

2. For external defects, the undersizing/oversizing, diameter vari-
ation, and offset of the cross section played very important roles
in the force prediction. The difference in estimated forces
between the puCT and CAD models could be as high as 26%.
Although the use of the representative Avg model resulted in
a remarkable improvement in the FE prediction, the considera-
tion of the local defects was essential for struts with small
diameters, especially those with inclined angles.

3. For all the samples explored in the present study, the void vol-
ume fraction was less than 1%. Furthermore, numerical results
showed that internal voids negligibly affected the elastic and
initial yielding even though they could induce localization.
Thus, unless the damage prediction was of interest, the inclu-
sion of internal voids could be neglected given the low volume
of void fraction.

. The experimental yield strength varied with the sample size
and build orientation. Additionally, the sensitivity analysis
showed that both external defects and varied local properties
were proportionately important for a large specimen even
though the former were more dominant in small samples.

5. The nCT voxel size affected both global mechanical response
and localization. More localization sites were seen from a model
with smaller voxel size. Therefore, the sensitivity from the voxel
size is another factor that is worth considering.
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6. Ultimately, the present study investigated and quantified the
influence of external and internal defects as well as local prop-
erties on mechanical behaviors of additively manufactured lat-
tice struts. These findings could be integrated into the FE model
of lattice structures so that they could be developed to provide
reasonably accurate mechanical prediction under optimized
computational resources.
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