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Laser powder bed fusion (LPBF) enables the fabrication of complex components beyond conventional methods. 
However, this complexity introduces variability in the feature size, from large sections to fine struts, leading 
to differences in thermal and processing history. Even with identical processing conditions and same base 
alloy, this variability can affect the microstructure, the defects, and the mechanical behaviour of the printed 
material. This is the case particularly in Ti-6Al-4V, where microstructure depends strongly on thermal history. 
This work systematically examines the impact of size and LPBF processing conditions on microstructure, defects, 
and mechanical performance of Ti-6Al-4V. Defect analysis, geometry, and microstructure characterization are 
conducted to assess the effects of sample size, orientation, and LPBF parameters. Results indicate increased 
porosity in smaller-sized specimens, while roughness remains largely independent of size. Microstructural analysis 
reveals 𝛼-lath refinement as the size decreases and when high-energy density parameters were used. Then, the 
mechanical properties of the specimens are extracted accurately based on X-ray tomography and computational 
modelling. The results show that high roughness causes up to a 5.05% reduction in the load-bearing area of 
small-size specimens (struts). Once accurately evaluated, the ultimate tensile strength (UTS) and yield strength 
(YS) are found to increase by 3.87% and 6.65%, respectively, for small-size specimens when compared to large 
ones, which has been attributed mainly to microstructural changes. The outcomes highlight the significance of 
size effects and their accurate assessment in the design of LPBF parts.

1. Introduction

Metal Additive Manufacturing (AM) in recent years has evolved 
from rapid prototyping to a consolidated manufacturing technique that 
enables the production of components with intricate geometries, rev
olutionizing fields such as aerospace and biomedical [1--4]. Among 
all metal AM techniques, laser powder bed fusion (LPBF) is the most 
widespread in the industry [5]. LPBF is a layer-by-layer process with a 
laser selectively melting the metal powder bed according to the nom
inal geometry of the component [6]. LPBF is capable of fabricating 
components with high geometrical complexity that were previously im
possible to create with traditional manufacturing methods. This has 
enabled new design techniques for lightweighting, such as lattice struc
tures [7]. These structures comprise a network of repeating open-cells 
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in the 3D space with a designed porosity [7,8]. The characteristic size of 
the printed material varies abruptly in LPBF components [9,10], from 
sub-mm size for the case of cellular struts to tens of mm for bulk compo
nents. This extensive range of characteristic lengths is known to produce 
a change in the thermal history experienced by the material during 
manufacturing, affecting the microstructural features [11,12]. This is 
especially the case for Ti-6Al-4V, which presents a strong dependence 
of the microstructure on the thermal history of the alloy. This effect, 
despite being beneficial in conventional manufacturing, providing the 
versatility of properties observed in Ti-6Al-4V, in the case of LPBF, pro
duces a strong size dependency on the mechanical properties arising 
from changes in the microstructure and defects produced by the dif
ferent thermal history. This set an important issue when designing an 
LPBF component, as heterogeneous sample sizes usually coexist within 
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Fig. 1. Overview of the multiscale nature of intrinsic defects, microstructure, and schematic (representative) mechanical properties in AM strut lattice structures. 

the same part, as shown in Fig. 1, leading to a heterogeneous range of 
microstructures, defects, and mechanical properties. Therefore, under
standing this material variability and its impact on the properties is of 
critical importance for the design and development of LPBF Ti-6Al-4V 
components. This presents a scientific challenge that requires the com
bination of miniaturized testing, advanced material characterisation, 
and computational modelling to capture and understand the mechan
ical properties of the foundational elements, such as struts, in LPBF Ti
6Al-4V cellular metamaterials. This is paramount as the microstructure, 
defects, and properties manufactured via LPBF change with numerous 
variables such as processing parameters, sample dimensions, and print
ing orientation. This has been the focus of multiple previous studies 
[13--17]. Barba et al. [13] studied the difference in mechanical prop
erties of Ti-6Al-4V samples with a thickness ranging from 0.25 mm 
to 3 mm. They found that ultimate tensile strength (UTS) and yield 
stress (YS) decreased as size increased, while ductility increased with 
the latter. These changes were attributed to the thinner 𝛼 laths in the 
microstructure, the higher oxygen enrichment, and higher surface-to
volume ratio impacting struts samples compared to their larger coun
terpart. Zhang et al. [14] obtained similar results when studying the 
microstructure of 1.3 and 2 mm diameter Ti-6Al-4V samples and re
ported their quasi-static and fatigue properties, finding that a 50% 
roughness decrease in larger samples significantly increased the fatigue 
life. The impact of the build orientations of elemental struts has also 
been investigated, showing that an increase in roughness and eccentric
ity is detrimental to tensile strength [15], ductility [16], and fatigue life 
[17]. These studies highlight the importance of studying the mechani
cal properties of the direct in-service geometry of the part to preserve 
its characteristic microstructural and surface roughness features. In fact, 
unlike many other manufacturing techniques, limited post-processing is 
possible in lattice structures due to their intricate geometry. This set 
some limits for the dimensional accuracy compared to the nominal ge
ometry and for the surface roughness, leading to errors in the estimation 
of mechanical properties.

So it is clear that additive manufacturing is creating a necessity for 
developing adapted procedures for the accurate assessment of the ma
terial and mechanical properties of small size specimens. The growing 
focus on small-scale samples emphasizes the importance of developing 
precise and reliable methods for their characterization and testing, ad
dressing the particularities of strut testing as shown by Rouse et al. [18]. 
Dzugan et al. [19] studied Ti-6Al-4V mechanical properties of samples 
produced by LPBF and selective electron beam melting (SEMB) by means 
of micro tensile testing (MTT) samples. Their results show that surface 
roughness and porosity influence the calculations of the load-bearing 
area. They stated that the dimensions calculated via micrometer do not 
provide accurate results, as they overestimate the cross-sectional area. 
Therefore, to mitigate this error, they proposed an adjusted load-bearing 

area using fractography samples to determine and exclude the surface 
layer. A similar adjustment approach was proposed by June et al. [20] 
to measure the ``true'' load-bearing area of thin tensile samples, using 
the maximum peak height extracted from the surface topography ac
quired by optical microscopy to correct the caliper measurements. Their 
results show that this approach leads to comparable results with the 
ones obtained using the area calculated using X-ray computed tomog
raphy (CT) data, which, due to its ability to measure the cross-sectional 
area along the entire gauge length, and its non-destructive nature, al
lowing the same specimen to be used for both area measurement and 
mechanical testing, has been demonstrated to provide accurate and reli
able results [21,14]. However, the extensive use of CT is limited due to 
the inherent costs and time demands associated with this technique. 
For these reasons, there is a pressing need to understand the differ
ence in intrinsic properties, microstructures, and defects in the samples 
printed with miniaturized dimensions (similar to the ones found in el
ementals of lattice structures) from the ones printed with conventional 
sizes for mechanical testing (with therefore different thermal history and 
microstructure). Once this is established, it is necessary to develop an 
accurate and affordable characterization approach to assess the precise 
calculation of the printed material’s mechanical properties and eventu
ally be suitable for integration at the design stage of cellular metamate
rials.

With this aim, this study focuses on the systematic study of the ef
fect of size on the microstructure, defects, and mechanical properties 
between bulk LPBF Ti-6Al-4V samples and struts of miniaturized dimen
sions (1.5 mm diameter). To do so, two different representative sizes 
are manufactured, representing bulk and strut elements, and two dif
ferent LPBF parameter sets are used to analyze the effect of size under 
various processing conditions. Furthermore, the impact of orientation is 
addressed in the strut elements by studying four different orientations. A 
combination of optical microscopy, scanning electron microscopy, and 
CT-scan analysis is used to study the differences in defects (pores, rough
ness, geometrical deviation) and microstructure (𝛼 laths and prior 𝛽
grain size). Once the material characterization is addressed, the effect of 
sample size and orientation on the mechanical behaviour is investigated 
through mechanical tensile testing. The experimental results are then 
combined with computational simulation using the CT-scan geometries 
to accurately address the intrinsic mechanical properties of LPBF Ti-6Al
4V and its dependence on the sample size. Finally, some key points are 
included to emphasize the implications of the results on the design of 
LPBF Ti-6Al-4V cellular metamaterials.

2. Methods

This section covers the material, the manufacturing conditions, 
the material characterization techniques, and the mechanical testing 
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Fig. 2. a) the geometry of the net-shape struts (in mm), and the geometry of the vertical bulk sample, b) Sample inclinations considered in this study, c) schematic 
sketch of the scan strategy used.

Table 1
Composition of the Ti-6Al-4V powder.

Element Ti Al V Fe O C N H 
Mass (%) Bal. 6.3 4.0 0.21 0.09 ≤ 0.01 0.01 0.001 

methodology used during the study. Furthermore, the details on the fi
nite element modelling used to rationalize the experimental results are 
detailed as well.

2.1. Material and manufacturing

2.1.1. Material

The material chosen for this analysis is a Ti-6Al-4V powder provided 
by Carpenter Additive®. The nominal composition is reported in Table 1. 
The particle size range distribution measures 14.9 μm (D10), 30.1 μm 
(D50), and 53.6 μm (D90).

2.1.2. Processing parameters

The process parameters (power, scan speed, hatch distance) to man
ufacture the samples were varied to study the accuracy of the different 
characterization techniques and the impact of the morphological fea
tures on the mechanical properties of the elemental struts compared 
to their large sample counterparts. Two different parameter sets using 
high (HSS) and low (LSS) scan speed, respectively, were chosen as in
dicated in Table 2. All the samples were manufactured with an Aconity 
Mini (Aconity GmbH, Germany) equipped with a 400 W infrared laser 
using a 30 μm layer thickness, 1 𝑙∕𝑚𝑖𝑛 Argon (>99.999% purity) gas 
flow, and an oxygen level below 200 ppm. The variable process param
eters used to print the different sets of struts are detailed in Table 2. An 
inside-out hatch contour scan strategy using a 67° rotation at each layer 
was selected. All samples manufactured were heat treated at 800 °C for 
4 h in a vacuum furnace (pressure < 10−3 𝑚𝑏𝑎𝑟), followed by furnace 
cooling to promote the formation of a 𝛼+𝛽 lamellar microstructure and 
relieve stresses on the samples [16]. No 𝛼-case was observed after the 
heat treatment following the Scanning electron microscope (SEM) eval
uation.

2.1.3. Sample size

Two different sample sizes are studied to evaluate the effect of size 
on the microstructure, defects, geometrical deviation (measured as the 
difference between the nominal and actual specimen dimensions), and 
mechanical properties. Initially, a dog-bone specimen with a diameter 
of 4 mm is utilized, representing bulk material as shown in Fig. 2. Sub
sequently, a net-shape specimen with a constant strut size of 1.5 mm 
diameter was manufactured, and it represents the strut geometry used in 
lattice structures. The details of both geometries are presented in Fig. 2a.

2.1.4. Strut orientation

Previous studies widely recognize the effect of orientation on the 
defects and geometrical deviation of strut specimens [16,17,15]. For 
this reason, the orientations of 90° (vertical), 54°, 35°, and 20° were 
selected considering previous studies investigating lattices and single 
struts [22,13,17,14,23,16,24], as shown in Fig. 2b. The bulk samples 
were printed only at 90° to address the size effect. No supports were 
placed in the samples’ gauge length at any orientations (Fig. 2b) to sim
ulate the lattice’s service conditions.

2.2. Sample characterization

2.2.1. Microstructural characterisation

To characterize the microstructure, samples were mounted longitu
dinally on bakelite, then ground and polished to colloidal silica. After
ward, standard Kroll’s reagents were used to reveal the microstructure. 
For the case of the prior-𝛽 grain microstructure, the samples were ana
lyzed using optical microscopy with an Olympus GX53. High-resolution 
scanning electron microscopy was used to analyze the 𝛼+ 𝛽 microstruc
ture of the 90° samples for both strut and bulk specimens. The analysis 
was performed using a Hitachi S-3400N SEM microscope at a 10 kV 
beam voltage at a x3200 magnification using secondary electrons.

2.2.2. Geometrical deviations and internal defects characterization

To analyze the geometrical deviation of the actual strut cross
sectional area against the nominal one, three different measurement and 
characterization techniques are used in this work, as indicated in Fig. 3: 
standard linear measurement, optical microscopy, and CT scanning. The 
measurements obtained from all these techniques have been compared 
and rationalized carefully, exposing the importance of accounting for 
the correct load-bearing area in strut printed samples. Furthermore, 
this analysis addresses the key role of surface roughness in reducing 
weight in lattice structures, improving their mechanical properties, and 
the characterization of the difference in porosity observed between sam
ples printed at different sizes and orientations.

The methodology employed for each technique is presented next:

• 1D linear measurement: In this approach, a flat-end digital mi
crometer was used to measure the cross-sectional diameter of the 
net-shape struts and the bulk samples after the heat treatment with
out any additional post-processing. The average of three different 
diameters was considered to calculate the cross-sectional area of 
the struts.

• 2D optical microscopy imaging: Two different image-based meth
ods were used to analyze both struts and bulk samples: a destruc
tive method using the sample cross-section and a non-destructive 
method using multiple longitudinal images of the samples’ gauge 
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Table 2
LPBF processing parameters used for the manufacturing of the struts and the bulk specimens.

ID Hatch Parameters Contour Parameters Energy density 
Power (W) Scan Speed (mm/s) Hatch distance (μm) Power (W) Scan Speed (mm/s) Hatch distance (μm) (𝐽∕𝑚𝑚3) 

HSS 150 2325 49.1 170 1600 80 43.7 
LSS 150 1362 55.6 170 1600 80 66.0 

Fig. 3. Methodologies used in this study to evaluate the load-bearing area and geometrical deviation in Ti-6Al-4V struts. 

length. The cross-sectional images of the samples were taken with 
an Olympus GX53 optical microscope following a metallographic 
preparation that involved an initial grinding step using up to a 
1200-grit abrasive paper, followed by a polishing stage up to a 3 μm 
diamond suspension and a final step with colloidal silica suspension 
solution mixed with H2O2 (70:30). Three cross-sections per sample 
condition were analyzed to increase statistical relevance. As shown 
in Fig. 4, image analysis was used to binarize the image to calcu
late porosity (Fig. 4b) and successively extract the sample contour 
to measure the cross-sectional roughness (𝑅CS

𝑎
), and load-bearing 

area from the analyzed sections (Fig. 4c). The second methodology 
proposed is a non-destructive technique that consists of taking lon
gitudinal images of the struts following the approach introduced 
by Dallago et al. [25] and adapted by Murchio et al. [17] to mea
sure the area of elemental struts. Two longitudinal images of each 
sample, each rotated by 90°, were taken using a FLIR ® Blackfly 
S camera with a 12 megapixels resolution. Fig. 4d-f shows that the 
same image analysis steps were used to extract the surface features. 
In particular, longitudinal upskin (𝑅L-US

𝑎
) and downskin roughness 

(𝑅L-DS
𝑎

) were considered for this analysis. The load-bearing area was 
calculated assuming an elliptical cross-sectional area that uses the 
average strut thicknesses extracted from the two perpendicular lon
gitudinal images as the major and minor axes.

• 3D X-ray computed tomography (only for strut samples): An Im
ageiX CT system (North Star Imaging Inc.) was used to perform the 
CT analysis of the miniaturized struts. The analysis was performed 
using a 100 kV tube voltage, 40 𝜇A tube current, and 5 μm focal spot 
size. A voxel edge length of 4.9 μm was achieved. A gauge length of 
5 mm was characterized by 3600 projections with a 1 fps framerate. 
Dragonfly 2022.2 [26] was used to analyze the samples. One strut of 
each parameter per build orientation was analyzed. Post-processing 
algorithms were applied to denoise and enhance the image’s sharp
ness. The Otsu threshold segmentation was applied to analyze the 
data [27]. Pores made up of fewer than 8 voxels (2x2x2) were fil
tered out of the segmented data, following the approach introduced 
by Du Plessis et al. [28] to eliminate noise from the measurement. 
The load-bearing area was defined as the average cross-sectional 
area of the strut’s gauge length.

Fig. 4. The characterization of the Ti-6Al-4V samples is divided into cross
sectional and longitudinal analysis: a,b,c) the analysis workflow for cross
sectional images and d,e,f) the analysis workflow for longitudinal images.

2.2.3. Surface roughness

The surface roughness was calculated in two different ways: from the 
sample cross-section (𝑅CS

𝑎
) and from the longitudinal section (𝑅L-DS

𝑎
), ex

tracting the data as indicated in Fig. 4c and 4f, respectively. Equation 
(1) shows the calculations used to determine the average surface rough
ness (𝑅𝑎), following a similar approach to that proposed by Solberg et al. 
[29] for 𝑅L-DS

𝑎
and Hossain et al. [15] for 𝑅CS

𝑎
. In longitudinal specimens, 

in order to compute the average surface roughness (𝑅L-DS
𝑎

) from surface 
profiles, the specimen waviness was removed by normalizing the outer
most profile with respect to the sample centerline, defined as the average 
of the upper and lower profiles. Once the waviness was removed, the 𝑅𝑎

was calculated according to Eq. (1) as defined in ISO 4287 [30].

𝑅𝑎 =
1
𝑛 

𝑛 ∑
𝑖=1 

∣ 𝑦𝑖 ∣ (1)

where 𝑛 is the total number of points, and 𝑦𝑖 is the distance from the 
mean line at the 𝑖𝑡ℎ point. For strut specimens, both the CS and the LS 
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Table 3
Comprehensive test matrix summarizing the mechanical testing and characterization techniques employed in this 
study. All the samples considered in this study were analyzed in net-shape condition.

Sample 
type

Diameter 
(mm)

Orientation 
(°)

LPBF param. Microstructure 
Charact.

Porosity Roughness Mechanical 
Tests

Strut 1.5 90, 54, 35, 
20

HSS, LSS SEM OM, CT OM, CT Tensile

Bulk 4 90 HSS, LSS SEM OM OM Tensile

roughnesses were extracted from optical images and the CT data. Due 
to the reduced dimensions of the specimens, strict adherence to ISO 
standard guidelines for surface roughness measurement was not feasi
ble. For this reason, a sampling length of 4.5 mm was uniformly applied 
for all longitudinal measurements. While this deviation may affect the 
absolute surface roughness values, the primary objective of the surface 
roughness measured from OM surface profiles was a comparative analy
sis across all the different specimen conditions. Therefore, the approach 
adopted was considered acceptable for the purposes of this study.

2.3. Mechanical testing

The tensile mechanical properties of the strut and bulk specimens 
were measured at room temperature using a universal tensile testing 
machine at a 10−2 1/s strain rate controlled by a Linear Variable Differ
ential Transformer (LVDT). Digital Image Correlation (DIC) was used as 
a virtual extensometer to measure the strain, as it is widely reported to 
measure surface strain more accurately than traditional extensometers 
[21]. A 5 mm gauge length was considered for these calculations. Im
ages were taken using a FLIR ® Blackfly S camera with a 12 megapixel 
resolution at 10 fps. The load-bearing area considered to calculate the 
YS and the UTS of the struts is discussed in the result sections. The yield 
stress was determined using the 0.2% offset method, by intersecting the 
stress-strain curve with a line parallel to its initial linear portion, with an 
offset of 0.2% in engineering strain. Three repeats per condition were 
tested. A comprehensive test matrix summarizing the mechanical and 
microstructural characterization conducted on the samples is presented 
in Table 3. 

2.4. Finite element analysis

A Finite element analysis (FEA) was performed using ANSYS Me
chanical 24.1 ® software to study the load distribution of the as-built 
geometry in miniaturized struts under quasi-static tensile testing condi
tions. Quadratic tetrahedral (Tet10) solid elements were used to mesh 
the CT-derived gauge length geometry of the HSS and LSS sets, respec
tively. An adapted LPBF Ti-6Al-4V material model from the literature 
was used in the simulation [31]. A displacement along the Z-axis on 
one extremity of the gauge length and pinned nodes on the Z-axis on 
the opposite side were applied to simulate the tensile testing boundary 
conditions of the strut gauge length.

2.5. Fractography

After testing, the fracture surfaces of the vertically manufactured 
strut and bulk samples were analyzed using a Hitachi S-3400N scan
ning electron microscope (SEM). Fracture surface images were taken at 
a beam voltage of 15kV and a magnification of x50 for the global strut 
images to compare the load-bearing area and x450 to analyze the frac
ture details.

3. Results and discussion

This section presents and discusses the results obtained investigating 
the impact of the feature size on the material and mechanical properties 
of LPBF Ti-6Al-4V by comparing strut samples with lattice structures
like characteristic size with bulk samples. Furthermore, the influence of 

processing parameters on the size effect and the impact of orientation 
in strut specimens are considered.

To achieve this objective, first, the effect of size and processing pa
rameters on the microstructure is analyzed. Then, the impact of size, 
processing parameters, and printing orientation on the porosity and 
roughness is rationalized using the different characterization technolo
gies outlined in the methodology.

Then, the role of the load-bearing area in calculating mechanical 
properties is addressed by comparing the mechanical performance of 
the bulk Ti-6Al-4V samples with the strut ones. A FE analysis of the 
CT scanned geometries was performed to highlight the different stress 
distributions and propose the actual load-bearing area obtained from the 
struts manufactured with the two process parameter sets. Finally, based 
on the results, some implications to the mechanical design of lattice 
structures are presented.

3.1. Microstructure

The influence of sample dimensions and processing parameters on 
the microstructure of the Ti-6Al-4V samples was compared both along 
and across the building direction to highlight any differences. The mi
crostructural images are presented in Fig. 5.

In terms of the 𝛼 lath microstructure, Fig. 5a-b-e-f presents the 
high-magnification lath microstructures obtained via SEM of the trans
verse cross-sections for both the strut samples (a-b) and bulk samples 
(Fig. 5e-f). The heat-treated microstructure of the struts in Fig. 5a,b is 
characterized by a typical basketwave structure with the white lamel
lae representing the 𝛽 phase [32,33]. To study the difference between 
the lath thickness of these microstructures, a two-way ANOVA followed 
by a Tukey’s Test (p < 0.05) was used, using a sample of 150 laths. As 
shown in Fig. 5i a statistically significant difference was observed be
tween HSS and LSS parameter sets, having an average 𝛼 lath thickness 
of 1.07 ± 0.36 μm and 0.90 ± 0.26 μm for HSS and LSS parameter 
sets, respectively. This discrepancy is derived from the difference in 
melt pools produced by the two sets of process parameters used. As 
observed from single tracks on bulk experiment using HSS and LSS pro
cess parameters (Fig. 5c-d), it is evident that LSS parameters achieve 
a stable melt pool indicative of conduction mode, while HSS param
eters show signs of balling and melt pool instability as demonstrated 
by the spherical droplet formed atop the melt pool. This is in agree
ment with the results obtained by Cepeda-Jiménez et al. [33], which 
shows that higher stability ultimately results in a smaller driving force 
for grain growth during the heat treatment, producing finer laths [33]. 
These microstructural differences will be linked later with the mechani
cal properties observed. For the case of the bulk samples, a comparison 
of the microstructures obtained is shown in Fig. 5e-f. A similar basket
wave lamellar microstructure is observed, however, the lath thickness 
presents a statistically significant increase in the average lath thickness 
to 1.26 ± 0.43 μm for HSS and 1.19 ± 0.41 μm for LSS condition, which 
represents an 18.0% increase for HSS and a 33.3% increase for the case 
of LSS. This trend, previously reported in other studies [13,14], has been 
linked to the refinement of the prior 𝛽 grain size and differences in ther
mal history during the processing and heat treatment between large and 
small samples. These changes will be further discussed in the mechani
cal section, rationalizing the observations on the mechanical properties 
of both-size samples. In bulk samples, the difference between HSS and 
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Fig. 5. The microstructure of struts (a,b,c,d) and bulk (e,f,g,h) samples for 
both HSS and LSS parameter sets. SEM high-magnification micrographs of the 
transversal cross-section for struts (a,b) and bulk (e,f). Low-magnification OM 
etched micrographs of the longitudinal cross-section for struts (c,d) and bulk 
(g,h) samples. The average 𝛼 lath thickness for both HSS and LSS conditions in 
struts and bulk is shown in (i).

LSS parameter sets was found to be not statistically different, which is 
likely due to the slower cooling rates, which allow for more homoge
nization in the microstructure compared to smaller struts [34].

On the other hand, the prior-𝛽 grains structure was revealed through 
etched longitudinal sections, and is presented in Fig. 5c-d-g-h. Although 
OM does not provide information on crystallographic texture, it can still 
offer valuable insights into the topology of the prior-𝛽 grains, which 
can be inferred from the arrangement of 𝛼-lath colonies within them. 
In fact, a tendency to form columnar grains is observed along the build
ing direction, which several authors have reported before [2,35,36,33]. 
A qualitative analysis based on OM also suggests that variations in the 
processing conditions influence the dimension of the prior-𝛽 grains, as 
observed for both the strut and bulk samples. The samples manufac
tured at a high scan speed (HSS) exhibit shorter prior 𝛽 grains compared 
to those printed with low scan speed (LSS), which show larger and 
longer grains aligned with the building direction of the sample. This 

phenomenon can be explained by the difference in melt pool stability 
between the parameter sets. As mentioned in the context of 𝛼 lath, the 
lower 𝐸𝑣 used for HSS produces a smaller and more unstable melt pool. 
On the other hand, a higher 𝐸𝑣 leads to a deeper and more stable melt 
pool in conduction mode, which, due to directional thermal gradients 
and higher re-melting, promotes the epitaxial growth of prior 𝛽 grains 
[33]. However, further analyses using Electron Backscatter diffraction 
(EBSD) are required for a more detailed comparison.

3.2. Porosity

Porosity plays a critical role in the mechanical properties of LPBF 
parts. Its minimization is usually the main criterion for assessing the 
quality of a component. The effect of porosity is even more critical in 
strut specimens as its larger pore-to-volume ratio increases the risk of 
premature failure under loading and can modify the load-bearing area of 
the sample. Therefore, understanding the effect of size employing a char
acterization method that accurately captures the porosity is essential. 
Fig. 6 compares the porosity results (expressed as percentages) obtained 
using optical microscopy analysis of the cross-sections of both the bulk 
and strut samples. The effect of the processing parameters and printing 
orientation are also included. For the case of the struts, the results are 
compared to the ones obtained using CT scanning for correlation.

The first observation is that bulk samples consistently exhibit lower 
porosity than their miniaturized counterparts. This can be produced by 
the size effect stemmed by the larger cross-sectional area, which leads 
to a different thermal history of the parts, leading to a more stable pro
cess that minimizes the defect formation [37]. On the other hand, large 
samples printed with HSS present a higher porosity than those printed 
with LSS. This can be attributed to a higher prevalence of lack of fusion 
defects due to the reduced energy density input achieved by manufactur
ing struts at higher scan speeds [38,39]. The same tendency is observed 
in strut samples, where HSS shows higher porosity independently from 
the strut orientation.

In strut samples, porosity strongly varies with printing orientation: 
this variation is partially attributed to the differences in thermal con
ductivity between powder and solid materials, which change the ther
mal profiles at higher strut inclinations affecting the heat dissipation 
[40,41], and partially to the different slicing of the strut geometry at 
various inclinations that influences the length and interaction between 
hatch and contour scan vectors [42,43]. This produces a maximum 
porosity at mid-inclinations of the orientation of the struts.

Compared to 3D computed tomography, 2D OM porosity analysis 
tends to overestimate porosity. For the case of the HSS strut set, there is 
an error of 122%, compared to the 102% observed in the LSS set. One of 
the differences between the characterization methods lies in the misclas
sification of some open pores due to the strut’s roughness, as illustrated 
in Fig. 7. In 2D cross-sectional porosity analysis, all the porosity, includ
ing the one near the surface, is categorized as closed. However, after 
analyzing multiple sections, it is shown that some pores near the sur
face should be considered open. During CT analysis, this open porosity 
is discarded, leading to more precise closed porosity measurements. In 
any case, it is important to note that while the CT analysis measures the 
porosity of the entire gauge length of the strut, the 2D OM approach 
only provides an approximate value derived from the average porosity 
observed across three cross-sections. 

When investigating porosity, the overall porosity fraction is not the 
only important factor. For example, the fatigue performance of a sample 
depends heavily on the pore size and their distribution [44,17]. There
fore, it is critical to characterize it accurately. For this reason, the pore 
size distribution for each material condition has been calculated and 
presented in Fig. 8. The spatial distribution observed in the CT scans of 
the strut samples shows that most of the porosity is concentrated at the 
hatch-contour interface. This is likely due to the mismatch between the 
hatching and contour vectors, as previously reported in the literature. 
[16,45]. This phenomenon contributes to explaining the reason behind 
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Fig. 6. Porosity analysis of a) HSS and b) LSS sets of bulk and miniaturized Ti-6Al-4V samples comparing the 2D porosity obtained through optical microscopy and 
the 3D volumetric porosity percentage obtained via CT.

Fig. 7. An example illustrating the limitations of 2D OM characterization in 
its tendency to misclassify open porosity. When analyzing multiple consecutive 
cross-sections, as made possible by CT, it becomes evident that some close pores 
are, in fact, open. This occurs due to the roughness of the sample affecting the 
porosity profile.

the bulk samples’ overall lower porosity level compared to struts, as the 
hatching-contour interface is relatively smaller (in percentage) due to 
the lower surface-to-volume ratio.

It is important to note that when comparing the porosity extracted 
with both techniques, several factors must be considered: in 2D porosity, 
the pore intersects by a plane, and its dimensions are measured accord
ingly. This results in an underestimation of the pore’s actual diameter 
as the cutting plane rarely intersects the pore at its largest dimension 
[46]. In fact, as evidenced by the statistical results in the Appendix, the 
median, mean, and, in particular, the maximum pore size measured by 
CT are consistently larger compared to those measured by OM, resulting 
in statistically significant differences across all cases analyzed (p>0.05). 
Secondly, the CT presents some limitations in the measurement of small 
pores as observed by the distributions in Fig. 8. This is due to the fact 
that CT scanning presents a resolution threshold defined by the machine 
the material used, and the volume scanned, which prevents the charac
terization of the smallest strut pores. Lastly, despite the wide use of this 
technique to calculate the porosity [41,46,47,38,48,49] the impact of 
the statistical relevance of the OM cross-sectional analysis needs to be 
accounted for. When fewer larger pores are present in the sample, as in 
the HSS strut at 20° (Fig. 8a), 2D OM porosity provides limited statis
tics on the actual sample porosity. On the contrary, in a sample with 
uniform porosity, few cross-sections can provide an insightful represen
tation of the overall porosity of the sample, as observed for the cases of 
HSS and LSS struts inclined at 54°.

3.3. Surface roughness

Surface roughness is a critical aspect when additively manufacturing 
metal parts as it strongly influences the mechanical properties through 
premature failure of the material. This is even more acute for small-size 

specimens, such as struts, where the relative effect is higher. For this 
reason, an in-depth assessment of the surface quality of the sample is 
fundamental, given the limited ability to post-process the struts in most 
lattice structures and the consequent influence that surface roughness 
has on mechanical properties [14,50,17,15]. Fig. 9 shows the results 
obtained considering average roughness for the cross-section and longi
tudinal analysis of the surface profiles using both OM and CT data.

In the cross-sectional analysis (Fig. 9-top), in terms of the process
ing parameters effect, the HSS set present a higher 𝑅CS

𝑎
compared to 

the LSS set. This is due to the higher scan speed used to manufacture 
the sample. This difference is more than three-fold when comparing the 
𝑅CS
𝑎

of the vertical samples. In terms of the size effect, unlike porosity, 
cross-sectional roughness measured in bulk samples is consistent with 
the values obtained in the corresponding strut samples. This indicates 
that the roughness is influenced mainly by the process parameters but is 
mostly independent of the sample size at the same orientation. However, 
similar roughness values do not imply a similar effect of the roughness 
on the mechanical properties. As the sample size decreases, roughness 
remains constant, while the sample volume decreases, increasing the 
detrimental effect on the strut specimens. This will be further discussed 
in the mechanical properties section. Finally, in terms of the orientation, 
the downskin roughness of the samples manufactured with both process 
parameters increases with increasing sample inclination, as highlighted 
in the longitudinal analysis below.

The observed difference in downskin roughness was measured 
through the longitudinal analysis (Fig. 9-bottom) of the samples. Only 
the downskin roughness was considered, as it is widely reported to be 
the most critical for mechanical properties [51]. As shown in Fig. 9, the 
downskin roughness of HSS and LSS samples have a difference similar to 
the one reported above for cross-sectional roughness, and is comparable 
between bulk and strut samples. Lastly, the samples’ orientation has a 
major effect on the downskin roughness, which increases with increas
ing inclination of the strut specimens due to the dross phenomenon, 
which causes excessive melting on the bottom side of the strut due 
to increasing contact with the metal powder, which presents a signifi
cantly lower thermal conductivity [52,51,16,24] compared to the solid 
material. Consequently, an increase of 117% and 232% in 𝑅L-DS

𝑎
was 

measured for HSS and LSS samples, respectively, when comparing 90°
struts to 20° ones.

The results show that the deviation between the two measurement 
methodologies used in this study is notably higher in the HSS set. For the 
case of the cross-sectional analysis, on average, the 2D imaging method 
results in roughness values that are ≈ 42% higher compared to CT. In 
contrast, the values measured with OM on the LSS set only overestimate 
the CT values of 16.6%, on average. For longitudinal analysis, the devia
tions between OM and CT of the two sets are 18.9% for HSS and 9.5% for 
LR, presenting a significantly lower deviation between the two charac
terization methods as observed in a 1-to-1 roughness profile comparison 
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Fig. 8. Porosity size distribution analysis of a) HSS and b) LSS struts at different orientations. A comparison between the results obtained via OM and CT is presented. 
In addition, using CT, the internal voids in the gauge length of the struts are displayed to provide a visual comparison of the spatial pore distribution. When comparing 
CT and OM, the p-values for all cases, regardless of orientation or processing parameters, were found to be < 0.05, indicating statistically significant differences 
between the distributions.

Fig. 9. Top: Cross-sectional roughness analysis: 𝑅CS
𝑎

analysis of a) HSS and b) LSS sets measured using 2D OM imaging and CT. Bottom: Longitudinal roughness 
analysis: 𝑅L-DS

𝑎
analysis of c) HSS and d) LSS sets measured using 2D OM imaging and CT. e) Binarized cross-sectional area of the strut used to calculate 𝑅CS

𝑎
f) 1-to-1 

roughness profile comparison calculated using 2D OM and CT. Results obtained for bulk samples were obtained using 2D OM.
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Fig. 10. Influence of the sample size, processing parameters, and orientation on the cross-sectional area using different characterization methods (top) and deviations 
from the nominal area designed (bottom). The reader is referred to the appendix section for details on the calculation of the corrected cross-sectional area estimated 
from longitudinal images.

for the LSS 20° strut in Fig. 9f. The complete set of results regarding 
the differences encountered between methodologies can be found in the 
Appendix. The main factor determining the difference between the two 
methods is the limited resolution of the CT imaging, primarily due to the 
voxel size. Although image post-processing techniques were employed 
to enhance image sharpness, the comparable magnitude between voxel 
size and surface roughness limits detailed evaluations requiring higher 
resolution for more accurate results. However, achieving higher resolu
tion requires significantly longer scan times associated with increased 
costs [28]. On the other hand, based on the obtained results, it is shown 
that 2D optical microscopy is proven to be a reliable method, even at 
low magnification, to measure the surface roughness of a sample effi
ciently.

3.4. Geometrical deviations

The effects of sample size, processing parameters, and sample orien
tation on the geometrical deviations of the manufactured samples with 
respect to the nominal CAD geometry were analyzed using various char
acterization methods, namely (i) digital micrometer, (ii) longitudinal 2D 
OM approach, (iii) cross-section 2D OM approach, and (iv) CT (only for 
struts). The results of the estimated area using the different methodolo
gies are presented in Fig. 10a-b. To facilitate the analysis of the effect 
of the sample size, the area deviations obtained from the 2D longitu
dinal OM (technique common to all samples) were evaluated against 
the nominal target value as illustrated in Fig. 10c-d. The reader is re
ferred to the appendix for details on the calculation of the corrected 
cross-sectional area estimated from longitudinal images and the ratio
nalization describing the reasons for this significant difference between 
the methodologies used. 

In terms of the effect of the methodology used, as observed across the 
different sizes, orientations, and process parameters in Fig. 10a-b, the 
measured areas differ depending on the methodology used. For instance, 
the 2D longitudinal OM approach approximates the sample area as an 

ellipse using Feret diameters from projections, which is more accurate 
than the micrometer but still overestimates the actual area. However, 
since it considers the entire gauge length, it provides a representative 
and non-destructive measurement method. On the other hand, the 2D 
cross-sectional approach systematically underestimates the area calcu
lated from the CT, which is considered the ground-truth data in strut 
samples as the struts analyzed in this study [20]. The significant dif
ferences between the methodologies are schematically presented in the 
corresponding section of the appendix. The implication of these discrep
ancies between methodologies indicates the critical need to accurately 
measure the sample, in particular the struts load-bearing area, to ob
tain reliable mechanical properties. This will be further discussed in the 
following section.

In terms of the effect processing parameters, independently of the 
characterization technique used, all manufactured struts present a larger 
load-bearing area than the nominal CAD design. This is attributed to the 
process parameters used, in particular, the scan speed, the offset of the 
contour vectors, and the laser delay parameters [53,16]. The effect of 
the process parameters, mainly scan speed, is evident, as LSS samples 
present smaller areas when compared to HSS. This is directly attributed 
to the higher surface roughness of the HSS samples, which overmelt the 
material beyond its nominal boundaries. In terms of the effect of the 
sample size, the deviation from the nominal area presented in Fig. 10c
d shows that as the sample size decreases, the deviation increases. Bulk 
samples exhibit a 17% and 9.3% lower deviation for HSS and LSS, re
spectively, compared to their strut counterparts. This is due to the fact 
that, as shown in Fig. 9, the roughness of bulk samples is comparable 
to the ones of struts, which notably decrease its impact on the devi
ation from the nominal CAD dimensions as the sample area increases. 
Finally, in terms of the effect of the printing orientation, the results show 
no clear linear trend as the deviation fluctuates across different print
ing orientations. While higher inclinations lead to increased downskin 
roughness due to overmelting from the different thermal history, this ef
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Fig. 11. The Von Mises stress state calculated from the FE analysis for the a) HSS 90° strut, and b) LSS 90° strut at yielding. 

fect is counterbalanced by mass loss at the lateral sides, a phenomenon 
commonly observed when printing inclined round struts. [54,17].

3.5. Mechanical behaviour

In this section, the mechanical properties of the material are ana
lyzed, including the effect of size and orientation of the sample, along 
with the influence of the processing conditions. The mechanical prop
erties are extracted from uniaxial tensile test in the form of stress-strain 
curves. To calculate the intrinsic stress of the material, the load-bearing 
cross-sectional area of the specimen needs to be assessed accurately. 
This is critical in strut specimens, as roughness and slight deviations 
can considerably alter the load-bearing area, distorting the mechanical 
properties measured. For this reason, this part of the study starts with 
a careful assessment based on computational simulations of the load
bearing area of the specimens depending on the printing parameters, 
size, and part orientation. Then, those areas are used to assess the me
chanical properties and understand the influence of size, orientation, 
and processing parameters on YS, UTS, and ductility.

3.5.1. Assessment of the load-bearing area of the specimens and the effect 
of surface roughness on strut specimens

The mechanical properties of the specimens are extracted from 
stress-strain curves, which depend on the load-bearing area of the spec
imens used for the experiments. As stated before, addressing the correct 
cross-sectional area of small specimens is not trivial, in particular due 
to the irregular surface roughness that can significantly alter the por
tion of stressed material and, therefore, the actual load-bearing area. To 
further investigate the effect of surface roughness and accurately assess 
the specimens’ load-bearing area, finite element analysis (FEA) was used 
to simulate a tensile test of the actual reconstructed CT sample geome
tries. Simulations were performed for all the samples analyzed using CT 
scans. As a result, the equivalent Von Mises (VM) stress state under static 
loading for the 90° samples is presented in Fig. 11, as a comparison for a 
high and low roughness sample. The FEA of the LSS samples (Fig. 11b), 
shows that the stress state is homogeneous along the gauge length and 
the cross-sectional area up to the sample surface. That means that all the 
material is carrying stress and contributing to the load-bearing capac
ity of the sample. On the other hand, the FE simulation of the HSS strut 
specimens (Fig. 11a) exhibits a more heterogeneous stress state on its 
surface. The outer roughness features do not carry any stress while, the 

Table 4
The load-bearing area of the strut (𝐴𝑙𝑏) is calculated and compared with 
the area extracted from the CT measurement (𝐴𝑐𝑡).

Orientation 
(°) 

Area CT (𝐴𝑐𝑡) 
(𝑚𝑚2) 

Load-bearing area (𝐴𝑙𝑏) 
(𝑚𝑚2) 

𝐴𝑙𝑏/𝐴𝑐𝑡

(%) 

HSS

90 2.080 2.035 97.86 
54 2.152 2.049 95.22 
35 2.106 2.060 97.81 
20 2.038 1.935 94.95

LSS

90 1.863 1.853 99.51 
54 1.927 1.902 98.70 
35 1.866 1.853 99.32 
20 1.784 1.725 96.70 

roughness valleys act as stress concentration features, notably inducing 
a stress increase by the edge of the cross-section as also described by 
Persson et al. [55]. The combined effects of the unloaded surface and 
the stress concentrations notches reduce the actual load-bearing area as 
the surface roughness acts like a series of closely spaced notches dis
rupting the stress flow, as shown by Pilkey et al. [56]. Given that the 
outer layer does not experience any stress, it is reasonable to assess that 
it should not be considered when estimating the sample’s mechanical 
properties.

To quantify the load-bearing area in each of the processing con
ditions and orientations, the stress state at 10 different cross-sections 
per sample has been analyzed. Representative examples of these cross
sections are presented in Fig. 12. The central regions of the strut exhibit 
a homogeneous stress level (≈ 880 MPa); however, moving toward the 
sample surface, the stress initially mildly increases, followed by a sud
den decrease. It was considered as a load-bearing area for each cross 
section, the area that is loaded with at least 50% of the average stress 
at the core of the sample. The results of the adjusted load-bearing area 
using FEA are presented in Table 4. The efficient load-bearing area is 
calculated as 𝐴𝑙𝑏/𝐴𝑐𝑡. 

The load-bearing areas assessed are in agreement with experimen
tal observations extracted from the fractography images of the tested 
samples, which will be presented in the mechanical properties section. 
According to these results, the inefficient area accounts for the 3.5% 
on average of the total cross-sectional area in the HSS strut specimens, 
while it is only the 1.4% on average for all the LSS samples. These results 
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Fig. 12. a) The schematic view of the cross-sections used to perform the analysis of the efficient area. The contour plot of the average VM stress values for the HSS 
90° b) and LSS 90° c) struts.

Fig. 13. Representative engineering stress-strain curves for each inclination of a) HSS and b) LSS struts. c) Engineering stress-strain curves obtained from vertically 
printed HSS and LSS bulk samples.

further highlight the importance of surface roughness on the efficiency 
and mechanical performance of the struts.

Furthermore, the impact of orientation is evident as shown in Ta
ble 4, as the strut becomes increasingly inclined in the horizontal direc
tion, roughness increases and contributes to a reduction in the efficient 
load-bearing area of the tensile sample. This reduction directly affects 
the lightweight efficiency of lattice structures, as a larger portion of the 
mass does not contribute effectively to the load-bearing area, under
mining one of the key advantages of these architectures. The effective 
load-bearing areas calculated here will be used in the following section 
to extract the material’s intrinsic mechanical properties.

3.5.2. Stress strain curves

The stress-strain curves obtained from the tensile tests of both strut 
and bulk samples are reported in Fig. 13. The effective load-bearing ar
eas estimated from the calculation in the previous section were used 
to calculate the stress. For bulk samples, YS and UTS were calculated 
using the load-bearing area extracted from 2D longitudinal OM, as the 
roughness-related uncertainty is reduced in bulk samples due to their 
larger dimensions. Specifically, a deviation less than 2% is observed 
when comparing the measurements obtained using the micrometer and 
the 2D OM approach, lower compared to the one observed in the struts.

The results highlight the increased mechanical properties of LSS 
struts compared to HSS ones and their bulk counterparts. Moreover, a 
significant change in the ductility as a function of the sample’s orienta
tion is observed. To quantify these effects, the mechanical properties of 
the specimens were extracted from the stress-strain curves, which are 
explained in the following section.

3.5.3. Mechanical properties

The yield stress (YS), the ultimate tensile strength (UTS), and the 
ductility are shown in Fig. 14. The YS and UTS values measured in this 

analysis are consistent with the ones calculated for bulk samples and 
those observed in other studies of AM Ti-6Al-4V miniaturized specimens 
[17,14,13,57]. The elastic modulus was not considered in this study, 
as previous studies [58,59] highlighted that tensile tests on miniature 
samples are more sensitive to external factors such as clamp effect and 
specimen alignment, which negatively influence the elastic modulus es
timation, suggesting the use of ultrasound and thermomechanical tests 
as a valid alternative.

Initially, the impact of size on the mechanical properties is assessed. 
A comparison of the mechanical properties between bulk and strut sam
ples indicates that, despite the similarities in surface roughness and 
reduced porosity levels, the UTS of bulk samples is statistically inferior 
(p<0.05) to that of the struts. This is attributed to the finer 𝛼 lath size ob
served in struts, resulting from the higher cooling rates experienced by 
the struts compared to the bulk samples due to their lower thermal mass 
[13,14]. The similar UTS observed in HSS 90° strut specimens when 
compared to their bulk counterpart may be attributed to the higher 
stress-concentrations effect induced by the high surface roughness on 
the reduced strut volume, as previously rationalized in Section 3.5.1. Al
though a statistically significant difference (p < 0.01) exists between the 
UTS of strut and bulk samples, this is not the case for YS results, which 
exhibit higher variance. Therefore, the results obtained only provide 
an indication to strengthen the hypothesis shown by the UTS values; 
however, further tests would be required to confidently assess these re
sults. The elongation at fracture in bulk samples is consistent with the 
corresponding strut one, and no statistically significant difference was 
measured, in agreement with the findings of June et al. [20], despite 
the bulk samples having lower porosity levels than struts. On the other 
hand, a significant change (p < 0.001) was observed between samples 
manufactured with different process parameters. This suggests that the 
primary factor contributing to the overall difference in elongation at 
fracture, independently of the sample size, is the surface roughness. As 
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Fig. 14. The mechanical properties, namely the YS, UTS, and ductility of the HSS and LSS struts and bulk samples. 

demonstrated by the FEA analysis surface roughness induces localized 
stress concentration that can promote early crack propagation. The re
sults obtained from the tensile tests support this hypothesis in both strut 
and bulk samples. They also indicate that, for 1.5 mm struts, the size ef
fect is minimal compared to bulk samples, suggesting that this effect 
becomes more pronounced at smaller sizes, as demonstrated in previ
ous studies [13,16,50].

In terms of the effect of the printing orientation observed in the me
chanical properties, the elongation at failure decreases approximately of 
21% for HSS (p<0.05) and 26% (p≤0.05) for LSS from vertical to 20° ori
ented struts. This is attributed to the sharp roughness increase observed 
at increasing inclination, as shown in Fig. 9. The highest values for the 
YS and the UTS of 875 MPa and 1088 MPa, respectively, are achieved at 
35° and 20° for the LSS set. A subsequent decrease in the YS is observed 
at 20°, indicating non-monotonic relationship between the mechanical 
properties and the orientation [16]. This trend is attributed to a trade
off of the effects of microstructure, porosity, and surface roughness. In 
fact, while a porosity decrease is observed at higher inclinations, typi
cally leading to an increase in mechanical properties [41,38,44], surface 
roughness (i.e., 𝑅L-DS

𝑎
) at 20°, increases steeply (see Fig. 9). This increase 

might lead to higher stress concentration, ultimately promoting the ear
lier appearance of plastic deformation, producing lower yield stress as 
observed for LSS struts [14,60,50]. A further factor is the influence of 
microstructure on mechanical properties. Despite the 𝛼 lath size not 
varying significantly across the orientations as shown in a previous study 
on Ti-6Al-4V struts [16], Zhang et al. [44] report that plasticity in Ti
6Al-4V struts manufactured at lower inclinations is promoted. This is 
due to higher proportions of grains with high Schmidt factor (consider
ing the ⟨𝑎⟩ prismatic slip plane in HCP), which have lower critical shear 
stress compared to those at higher strut inclinations. Additionally, the 
strong texture along the building direction which can be inferred from 
OM of the prior 𝛽 grains, particularly in LSS struts as shown in Fig. 5d, 
can lead to a certain degree of anisotropy that can ultimately contribute 
to a difference in mechanical properties [61].

Finally, the influence of processing parameters on the mechanical 
properties is discussed. For the case of the struts, a comparison of the 
YS and the UTS between HSS and LSS strut specimens shows that, on 
average, the HSS samples have -3.2% YS and -5.4% (p<0.001) UTS, re
spectively. This is the case despite having similar porosity and pore 
size distributions for strut specimens printed at the same orientation. 
As discussed in Section 3.1, the microstructure shows a statistically dif
ferent 𝛼 lath size between LSS and HSS, with LSS exhibiting thinner 
laths, which may contribute to the higher YS and UTS measured, accord
ing to the Hall-Petch relationship. Nevertheless, the general similarity 
of the other microstructural features and defects suggests that surface 
roughness can be considered the dominant factor influencing the differ
ence between the sample’s mechanical properties, including elongation 
at fracture. At the same strut orientation, the mechanical properties sys
tematically decrease with increasing surface roughness levels, similar to 
the trend observed with the elongation at fracture. This can be caused 

by high roughness, which promotes more crack initiators and induces 
higher stress concentrations, leading to premature failure of the sam
ples [14]. For the case of bulk specimens, the difference in mechanical 
properties between HSS and LSS samples decreases, with the YS of LSS 
bulk samples being 3.89% higher and the UTS -0.4% lower than HSS 
bulk samples. This can be attributed to (i) the contained 𝛼 lath size gap 
between LSS and HSS conditions, (ii) the lower porosity levels in both 
samples, and (iii) the reduced impact of surface roughness relative to 
the sample size. At the same time, elongation at fracture is consistent 
with the results obtained for strut specimens with 11.15 ± 0.03% for LSS 
and 6.78 ± 0.89% for HSS. This is attributed to the difference in poros
ity levels (higher in HSS than LSS bulk samples) and surface roughness 
between the sample conditions. Porosity was shown to have a more sig
nificant impact on elongation at fracture compared to the UTS and the 
YS, even at lower levels (< 1%) [62,38].

3.5.4. Fracture analysis

Analysis of the fracture surfaces for the strut and bulk sample has 
been performed in the search for differences that can affect the me
chanical properties. Overall, in analyzing the fracture surfaces of strut 
and bulk samples, it can be noticed that the central portion is relatively 
flat, while toward the edges, shear lips at 45° compared to the loading 
direction are observed in Fig. 15. This behaviour is in agreement with 
previous studies [63,36]. High-magnification micrographs presented in 
Fig. 15 highlight the presence of deep dimples of similar sizes across 
all the analyzed conditions, regardless of the size and the orientation of 
the samples, which are frequently associated with the presence of duc
tile fracture [57,64]. The similarity of the dimple size stems from their 
fine 𝛼 + 𝛽 lamellar microstructure formed during the HT of the samples 
at 800 °C for 4 h. This microstructure promotes microvoid formation at 
the 𝛼 ⧵ 𝛽 interfaces due to the strain and strength differences between 
the phases. [57,64]. 

The analysis of the fracture surface also supports the computational 
analysis presented in Section 3.5.1 on the load-bearing area. In the frac
ture images of Fig. 15, the surface corresponding to fractured material 
has been highlighted in red. Although the area is not directly corre
lated with the load-bearing area (as it depends on the amount of necking 
happening locally at the fracture surface before the fracture), some qual
itative estimations can be made. It can be observed a larger ineffective 
area present in the HSS strut sample due to the high roughness com
pared to the one observed for LSS, where an outside layer of partially 
melted powder particles can be observed. These results are in agreement 
with the effective load bearing areas calculated in Section 3.5.1.

The high-magnification images for the HSS 90° strut specimen high
light that besides not being involved in the fracture area of the sample, 
the roughness forms notch-like features that promote stress concentra
tion, as highlighted in Fig. 11, suggesting that the crack potentially 
initiates at the as-built surface, reducing the ductility of the sample 
[65,57]. This is in agreement with the tensile test strain-at-failure results 
of the struts, where for the 90° HSS strut, the average strain-at-failure 

Results in Engineering 27 (2025) 106781 

12 



M. Casata, S. Perosanz, Y.T. Tang et al. 

Fig. 15. Fracture surface of the HSS and LSS 90° strut and bulk specimens. In red, the load-bearing areas affected by the fracture are highlighted. High-magnification 
details show the difference in surface roughness and fracture details between the LSS and HSS samples.

measures 8.8 ± 0.5% versus 10.6 ± 1.0% measured for the LSS 90° strut. 
Similar features are observed also when analyzing the fracture surface 
of 90° of bulk samples, where HSS samples show high roughness with 
notch-like features, in contrast to the lower surface roughness in LSS 
samples. However, the layer affected by this phenomenon occupies a 
significantly smaller portion of the sample cross-section, resulting in a 
reduced impact on mechanical properties.

3.6. On the implications for the design of lattice structures

The implications of the results of this study on the design of lattice 
structures are several: the combined effects of the unloaded surface and 
the stress concentrations notches reduce the actual load-bearing area as 
the surface roughness acts like a series of closely spaced notches dis
rupting the stress flow. Roach et al. [50], in their study on LPBF 316L 
stainless steel flat miniaturized samples, observed similar findings. It is, 
therefore, reasonable to assume that a higher surface-to-volume ratio 
(i.e., thinner samples) further increases this effect as the proportion of 
unloaded area increases, enhancing the size effect. These findings un
derline the importance of the introduction of the concept of ``inefficient 
mass'' or ``inefficient area'' previously discussed by Suard et al. [54]. 
They highlight that due to the roughness effects on stress flow, not all 
mass contributes to bearing the stress, which indicates that a sample 
with lower mass could achieve the same mechanical performance. This 
concept is particularly relevant in lattice structures where thousands 
of struts form the structure, thus considerably affecting the mechanical 
properties and total inefficient mass of the structure.

It is clear that the estimation of the ``inefficient area'' and the tune of 
processing parameters to reduce it to the minimum can effectively en
hance the reliability of additively manufactured parts. In any case, the 
roughness of AM printed parts remains an inherent challenge. Although 
it can be minimised through post-processing operations, it can not be 
fully eliminated. Several works have explored various approaches to re
duce the roughness, including methods such as sand-blasting [66--68] 
and chemical etching [69--71]. However, while achieving consistent 
sandblasting of the internal cells in lattice structures remains challeng
ing due to limited accessibility, chemical etching presents problems of 
localised and uneven material removal in strut-based structures modify
ing the geometry heterogeneously. This affect the dimensional accuracy 
and introduces an additional design variable, potentially compromising 
the repeatability of the mechanical properties across identical designs. 
For this reason, it is crucial to include the concept of efficient area 
at the design stage. In fact, using the full sample area in mechanical 

Fig. 16. Correlation between the efficient area calculated via FEM and the lon
gitudinal downskin roughness of HSS and LSS struts.

simulations, without correcting for the inefficient portion caused by 
surface roughness and defects, might leads to an underestimation of lo
cal stresses and thus inaccurate mechanical predictions, for instance in 
terms of fatigue or crack initiation. Therefore, estimating this effective 
area properly at the design stage is critical. In this work, CT results com
bined with FEM simulations were used to calculate the effective area. 
However, this might not be possible for the wide range of strut sizes, 
inclinations, and processing conditions that might be considered at the 
design stage. For this reason, a possible estimation of the load-bearing 
area can be extracted from the longitudinal downskin roughness, as this 
is the main underlying cause for the inefficient area. To support this 
hypothesis, the correlation between the longitudinal roughness and the 
load-bearing area is presented in Fig. 16. As can be observed, there is a 
correlation, as increased roughness produces more protrusions and in
clusion features at the surfaces, which leads to regions that do not carry 
load.

4. Conclusions

Despite starting from the same powder material, different regions 
of a LPBF component can be subjected to different thermal histories 
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and, therefore, present different microstructures and intrinsic mechan
ical properties that need to be considered. This set a challenge in the 
design of a component as the variations of the material and mechani
cal properties need to be understood. This study analyzes the influence 
of size, processing conditions, and orientation on LPBF Ti-6Al-4V me
chanical performance. This work objective is two-fold: to analyze and 
compare the difference in mechanical properties and microstructure be
tween large-size bulk samples and small-size elemental struts and to 
highlight the critical need for an accurate measuring method to charac
terize and assess the strut mechanical and material properties to ensure 
a reliable design. Based on the results, the following conclusions can be 
drawn:

1. Effect of sample size: Bulk specimens’ yield strength (YS) and ulti
mate tensile strength (UTS) were inferior to smaller Ti-6Al-4V strut 
samples for LSS processing conditions. Increased strength in strut 
samples is correlated with a finer 𝛼-lath microstructure resulting 
from increased cooling rates during processing. Ductility was shown 
to be comparable in strut and bulk specimens, suggesting that the 
size effect starts to become more pronounced at smaller strut sizes 
than the ones considered in this study.

2. Effect of Processing Parameters: Higher scan speed (HSS) samples 
exhibited higher surface roughness that induced stress-concentra
tion and increased the inefficient area, showing relatively lower 
mechanical properties compared to the samples printed with lower 
scan speed (LSS). LSS samples presented a more uniform distribu
tion of stresses and superior load-carrying capacity, thus substanti
ating superior mechanical performance. The processing parameters 
effect was more pronounced on smaller samples due to their greater 
surface area-to-volume ratio.

3. Effect of Printing Orientation: Porosity, surface roughness, and 
mechanical characteristics were significantly influenced by build 
orientation. Struts printed at high inclinations (more horizontal) 
created higher surface roughness through excessive melting (dross 
formation), resulting in lower ductility. Optimal YS was found at 
mid-inclination angles (≈35°), where porosity was kept to a mini
mum while roughness was still acceptable.

4. Load-Bearing Area Considerations: A higher percentage of the 
outer material in high-roughness samples was not carrying any 
load compared to LSS samples. This underlines the importance 
of measuring the ``effective'' cross-section area rather than nomi
nal dimensions to calculate the material mechanical properties. Fi
nite element analysis (FEA) confirmed that high-roughness surface 
roughness induced stress concentrations, reducing overall mechan
ical performance.

5. Implications for lattice structures: These findings highlight the 
concept of ``inefficient mass,'' where a portion of the printed sample 
does not effectively contribute to mechanical performance due to 
surface roughness and the resulting stress concentrations. In lattice 
structures, optimizing designs to account for the effective load
carrying area can lead to improved strength-to-weight ratios and 
improved use of material. The correlation between surface rough
ness and inefficient area might be used as an estimation at the 
design stage for more accurate results of the mechanical proper
ties of cellular metamaterials.
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Appendix A

A.1. Statistical values of the porosity analysis

The median, mean, and, in particular, the maximum pore size mea
sured by CT performed on the strut specimens are shown in Table A.1. 

A.2. Influence of the methodology used in measuring the surface roughness 
of the material

The deviation between the two methodologies (OM and CT) used to 
analyze the surface roughness of the struts is calculated according to 
Equation (2) and is used to compare the two methods:

𝑅DEV
𝑎

=
𝑅CS
𝑎𝑂𝑀

−𝑅CS
𝑎𝐶𝑇

𝑅CS
𝑎𝐶𝑇

⋅ 100 (2)

The calculated deviations are presented in Fig. A.1.

A.3. Influence of the methodology used in measuring the geometrical 
deviations

In this analysis, we consider the calculations obtained from CT anal
ysis as the ground truth data as it can accurately provide a full 3D 
representation of the geometry of the printed material.

The measurements taken using a digital micrometer showed the 
largest deviations compared to the CT values, with greater deviation 
observed in the HSS parameter set and at higher strut inclination. The 
2D OM longitudinal approach resulted in an overestimation of the area 
by an average of 9.9% for HSS and 5.8% for LSS, compared to CT. The 
measurement method with the smallest deviation from the CT data is 
the 2D cross-sectional approach, which underestimates the load-bearing 
area by no more than 6.5% regardless of the strut set and orientation. 
However, the deviation is notably smaller for the LSS set, aligning with 
the results obtained with the other characterization methods.

The reasons for the significant difference between the four methods 
are schematically explained in Fig. A.2. The measurements performed 
using the flat micrometer (Fig. A.2a) and the 2D OM longitudinal ap
proach (Fig. A.2b) show that both methods approximate the area cal
culation based on a circle and an ellipse, respectively. In particular, the 
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Table A.1

Values of arithmetic mean, median, and maximum of the equivalent pore diameter for both struts set (HSS 
and LSS) at each strut orientation.

Orientation (°) Optical CT 
max (μm) mean (μm) median (μm) max (μm) mean (μm) median (μm) 

HSS

90 49.6 15.3 11.6 91.5 24.9 20.4 
54 73.2 17.7 11.0 91.5 24.6 20.1 
35 51.4 14.8 10.5 68.3 20.0 16.2 
20 39.0 12.4 9.8 98.7 17.7 15.0

LSS

90 47.4 12.5 10.2 83.1 24.4 19.1 
54 65.1 20.9 15.2 91.6 29.9 28.3 
35 45.4 13.7 8.8 69.2 18.2 13.9 
20 29.8 8.2 12.3 35.6 12.8 12.6 

Fig. A.1. The deviation of 2D OM imaging compared against CT in CS a), b) and downskin roughness c, d for HSS and LSS struts. 

Fig. A.2. The approximation induced using the a) digital micrometer, b) the 2D OM longitudinal approach, and c) the 2D OM cross-sectional approach. 
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Table A.2

The deviation from the CT-measured area of the strut using the 2D OM longitudinal approach and its 𝑅𝑞 adjusted version.

Orientation 
(°) 

Area Long. OM 
(𝑚𝑚2) 

Area CT 
(𝑚𝑚2) 

Area Long. OM 
Corrected (𝑚𝑚2) 

Deviation 
Long. OM/CT (%) 

Deviation 
Long. OM Corrected/CT (%) 

HSS

90 2.283 2.080 2.158 9.7 5.0 
54 2.380 2.152 2.233 10.6 4.6 
35 2.260 2.106 2.127 7.3 2.2 
20 2.280 2.038 2.094 11.9 4.6

LSS

90 1.993 1.863 1.893 7.0 3.8 
54 2.021 1.927 1.937 4.9 0.5 
35 1.915 1.866 1.806 2.6 -1.9 
20 1.940 1.784 1.829 8.8 2.9 

Fig. A.3. The mechanical properties, namely the YS and UTS and the deviation of the measurements methods from the CT of the HSS a), c), e) and LSS set b), d), f).

flat-end micrometer considers the Feret diameter [15], which results in 
a significant overestimation of the actual area of the sample. Further
more, the high roughness of the strut increases the overestimation as 
the outer diameter is considered for the measurement, which explains 
the increasing deviation observed for HSS and higher strut inclination. 
Similarly, when evaluating the ellipse area using the 2D OM longitu
dinal approach, the Feret diameters of the 2D projections of the strut 
are considered as the minor and major axis of the ellipse, leading to an 
overestimation, (even though more accurate than the micrometer) of 
the true cross-sectional area. However, since the entirety of the gauge 
length is considered (similarly to CT), this method effectively takes into 
account and averages eventual deviations in the cross-sectional areas 

obtained along the gauge length (Fig. A.2b) providing a non-destructive 
method to measure the area.

To reduce the deviation measured with the 2D OM longitudinal ap
proach and provide more accurate results, a correction based on the 
approach of Demenghi et al. [72] is proposed. The root mean square 
roughness (𝑅𝑞) (Eq. (3)) is subtracted from both the major and minor 
axis of the ellipse to obtain a more accurate estimation of the cross
sectional area.

𝑅𝑞 =

√√√√1
𝑛 

𝑛 ∑
𝑖=1 

𝑦2
𝑖

(3)
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Fig. A.4. Representative stress-strain curves obtained for HSS and LSS struts using 𝐴𝑐𝑡 and 𝐴𝑙𝑏 are reported. 

𝑅𝑞 is preferred over 𝑅𝑎 since it represents the standard deviation of 
the distribution of the peaks and valleys, providing a better understand
ing of surface variability [73]. Table A.2 reports the deviation between 
the 2D OM longitudinal approach and the CT on the load-bearing area 
measurement obtained after applying this correction; the average devi
ation was reduced from 9.9% to 4.1% for HSS and from 5.8% to 2.3% 
for LSS. This correction is therefore considered a reliable approxima
tion for estimating the load-bearing area using a non-destructive optical 
method, leading to results comparable to CT analysis.

Lastly, as discussed in Section 3.3, the discrepancy between CT and 
2D cross-sectional approach is attributed to the resolution limitations 
of the CT analysis and the limited number of cross-sections evaluated 
with 2D OM. Fig. A.2c shows that the optical cross-section images have 
sharper and more defined edges compared to the CT images, which are 
constrained by the 4.9 μm voxel size resolution. This limitation results 
in a rough estimate of the surface roughness that ultimately leads to 
a slight overestimation of the load-bearing area when measured using 
CT. However, the CT analysis is expected to be more representative as 
it considers the entire gauge length of the specimen, particularly when 
significant variations are present along the gauge length.

A.4. Influence of the methodology used to calculate the effective area on 
the assessment of the mechanical properties

The yield stress (YS) and ultimate tensile strength (UTS) shown in 
Fig. A.3, were calculated and compared based on the load-bearing areas 
discussed in Section A.2.

The variations in the load-bearing area calculations observed be
tween the different measurement methods shown in Fig. 10 directly 
impact the mechanical properties. Specifically, Fig. 10e shows that the 
area measured with the micrometer results in underestimated mechan
ical properties. The deviation from the CT measured data shows an 
increase with the inclination reaching up to 17.8% in the case of YS 
and UTS in HSS strut manufactured at 20°. Similar trends are observed 
with the 2D OM approaches for HSS struts, with a deviation of 10.6% 
and 6.2% for the OM longitudinal and the OM cross-section methods, re
spectively, at the same strut orientation. The measurement deviation is 
more visible in samples with higher surface roughness due to the over
estimation effect of the load-bearing area, as explained in Section 3.4. 
Interestingly, the 2D OM cross-section in the case of LSS struts shows 
a unique trend with a lower deviation at higher inclination, highlight
ing the importance of selecting the appropriate measurement method 
according to the specific case.

Finally, a comparison between the stress-strain curves of the struts 
obtained using 𝐴𝑐𝑡 and 𝐴𝑙𝑏 is shown in Fig. A.4. This comparison high

lights the influence of surface roughness on the calculated mechanical 
properties. For LSS, which reports a 𝑅CS

𝑎
lower than 15 μm across all con

ditions, except at 20°, the variation between the two curves is minimal, 
with noticeable deviation (≥ 2.5%) observed only at that inclination. On 
the contrary, in HSS struts, independently of the orientation, a consis
tent difference (≥ 2.5%) is observed across all orientations when using 
𝐴𝑙𝑏, which can be attributed to the higher surface roughness of the 
specimens. This, as highlighted in Fig. A.3, leads to an underestimation 
of the measured mechanical properties. On the contrary, in bulk sam
ples, when the mechanical properties calculated using the load-bearing 
area extracted from 2D longitudinal OM are compared with those ob
tained using the approach proposed by Demenghi et al. [72] described 
in Table A.2, a difference of only 0.75% and 0.87% for LSS and HSS, 
respectively, is measured. This confirms that the influence of surface 
roughness is less significant when a larger cross-sectional area is con
sidered.

Data availability

Data will be made available on request.
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