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A B S T R A C T

Additive manufacturing (AM), and in particular laser powder bed fusion (LPBF), is a technology that allows
to easily produce geometrically complex structural components. Among others, an example is represented
by lattice structures which allow to obtain lightweight components with enhanced mechanical properties.
Despite a large number of papers available in the literature, mechanical behavior of lattice structures made by
LPBF is still difficult to predict, due to microstructure modifications induced by their small features, scanning
strategy and building direction. In this regard, a multi-scale approach to predict the effective 𝜎 − 𝜖 response
within the lattice structure is proposed in this investigation. It mainly consists in local measurements by nano-
indentation tests, carried out at different portion of the lattice structure and along different orientation to
build the effective constitutive response of the component. In this way, possible modifications induced by the
LPBF process within the microstructure can be captured. Relying on experimental investigations at both macro
and nano-scale, a numerical model for stainless steel 316L octet-truss lattice specimen has been calibrated. To
improve the accuracy of the simulations, the geometrical model was built starting from the real geometry of
the component through 𝜇-CT images. Obtained results revealed that using the as-built geometry and effective
local properties is fundamental for an accurate prediction of the mechanical behavior of lattice structures made
by LPBF manufacturing process.
1. Introduction

Additive manufacturing (AM), and in particular laser powder bed
fusion (LPBF), is a manufacturing process that is arousing great interest
among the scientific and industrial community since it allows to pro-
duce complex components with custom geometries that are impossible
to realize with traditional subtractive technologies. A very interest-
ing example are lattice structures [1,2], that are three-dimensional
networks of unit cells characterized by high specific strength as well
as high energy absorption capacity, that allow to obtain lightweight
components with high mechanical properties [1,3,4].

In the last years, a lot of studies have been conducted on lattice
structures of Ti–6Al–4V obtained by additive manufacturing [1,5],
since it is characterized by high strength and corrosion resistance;
however, stainless steel 316L (SS 316L) represents a good alterna-
tive [6,7] thanks to its lower cost, higher ductility, and lower sensitivity
to residual stress and cracking if compared to Ti–6Al–4V [5].

In any case, a technical issue arising in the LPBF process is given by
the presence of defects induced by the process parameters, as well as
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the surface roughness [8], especially when they are subjected to cyclic
loads. For industrial applications, it is extremely important to know
how such defects could affect the mechanical properties and anisotropy
of LPBF components. Additionally, it is important to take into ac-
count that printing strategies often are responsible for the formation
of surface defects.

Lack of fusion defects can be induced by an insufficient distance
of two adjacent scanning lines, as these conditions imply the presence
of particles not completely fused [8]. Moreover, also the presence of
unstable melt pools can be considered as a reason for the formation of
such defects. This phenomenon can be attributed to the recoil pressure
based on to the Marangoni effect [9,10] since the formed melt pools
are exposed to high cooling rates. A decrease in the energy density can
help to overcome this technical issue, but in this way a further increase
in porosity could be obtained as a consequence of the not completed
fusion of the powder.

Also for LPBF lattice structures printing strategies can affect the
mechanical behavior, leading to a different response if compared to
vailable online 22 December 2022
921-5093/© 2022 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.msea.2022.144526
Received 31 July 2022; Received in revised form 16 December 2022; Accepted 20
 December 2022

https://www.elsevier.com/locate/msea
http://www.elsevier.com/locate/msea
mailto:pietro.magaro@unical.it
https://doi.org/10.1016/j.msea.2022.144526
https://doi.org/10.1016/j.msea.2022.144526
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2022.144526&domain=pdf


Materials Science & Engineering A 863 (2023) 144526P. Magarò et al.
the bulk material obtained with the same process. In this regard,
several works analyzed how geometrical defects affect the mechanical
properties of the lattice structures. Additionally, different static and
fatigue properties along directions parallel and perpendicular to the
building direction were observed [6,11–15].

A fine microstructure usually characterizes LPBF materials if com-
pared with conventional material. Printing strategies imply high cool-
ing rates, repeated thermal cycling, and varying thermal gradients
during layer-by-layer melting, together with a high-power laser. These
latter, usually, lead to complex nonequilibrium microstructures [16,
17]. Therefore, it can be assessed that typical cellular microstructure,
observable in LPBF SS 316L, can be considered as a consequence of
the complex thermal history that results in non-equilibrium conditions
during solidification.

Moreover, non-uniform solidification of the material leads to a con-
stitutional supercooling/undercooling within the liquid and a rejection
of solute into the cell walls, in this case primarily Mo and Cr [18–
24]. The consequent increase of these elements results in a melt pool
densely populated with geometrically necessary dislocations, and the
consequent dislocation locking as a key factor of the high strength of
the components obtained by LPBF [17–20,22,25–27].

Several authors [28–32] highlighted how in FCC crystals, columnar
cells tend to grow along the ⟨100⟩ directions and, in particular, along
the maximum thermal gradient that is perpendicular to the melt pool
boundary. Epitaxial growth often occurs in the crystal below the melt
pool and in the same direction of the thermal gradient (primary) or
in a secondary growth direction, that is perpendicular to the primary
direction [17,21,22,24,28–34]. As a consequence, grains tend to be
elongated along the vertical building direction

In addition, it was observed that reducing the mismatch angle
between the epitaxial direction and maximum thermal gradient the
growth preferences change, modifying the grain morphology signifi-
cantly. As a consequence, the variation of the scanning strategy could
imply a ⟨100⟩ or ⟨110⟩ texture preference along the building direction.
This phenomenon is based on the effect of the weld pool stacking on
the thermal gradient and on the mismatch angle. These latter, in fact,
tend to modify the weld pool shape and the relative location, and can
be controlled by processing parameters such as power, speed, and hatch
spacing [28,32].

Several studies were carried out for optimizing design of LPBF
lattice structures in terms of relative density, unit size, unit geometry,
trusses length, and truss thickness [35]. Finite element analyses are
widely used to estimate the mechanical properties of complex lat-
tice structures with varying their characteristics parameters. However,
these methods are often not experimentally validated as the same and
isotropic bulk mechanical properties are assumed for trusses and nodes.
Microstructural alterations, together with significant differences be-
tween as-designed and as-built geometry in terms of surface roughness
lead to not negligible mismatch between numerical and experimental
results [36].

Moreover, several authors observed that changes in the available
heat amount has a significant effect to the LPBF SS 316L microstructure.
In this regard, Piazza et al. [37] using cylindrical and conical bulk SS
316L sample, with equal base diameters, observed that the hardness
of the cylindrical sample was more sensitive to the modification of the
process parameters. The upper layer of the cylindrical sample, having
a larger area, requires higher overall heat amount, which exceed the
heat extraction capacity of the geometry below, so when higher energy
process parameters were adopted, the cylindrical part underwent more
drastic heat accumulation which resulted in a slower cooling rates.
Similarly, Mohr et al. [38] demonstrated that the feature geometry can
reduce the heat flow and consequently modifies the microstructure.
Wang et al. [27] showed a transition from ⟨110⟩ to ⟨100⟩ texture in
vertical trusses with a thickness smaller than 0.25 mm, due to changes
in heat flow.
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However, few investigations are available about the local
microstructure modification in the case of inclined trusses, and about
the role played by different process on these modifications. This is
extremely important in trusses with a diameter smaller than 1 mm, as
they are more affected by edge effects. Furthermore, there are limited
studies on the formation of sub-structures in nodes and thin trusses.

Micrographic analysis allows to evaluate the microstructure of the
material and how it is affected by printing strategies.

A possible non-destructive method to identify the presence of
pore/defects inside the sample and to reconstruct the real morphology
obtained after the manufacturing process is the use of X-ray micro-
computed tomography (𝜇-CT). In addition, 𝜇-CT is widely used for
density measurements of different AM materials such as aluminum [14,
39,40] and titanium alloys [41,42]. However, due to the high density,
high absorption coefficient, and the effect of beam hardening, that
could lead to artifacts and/or noise in the 𝜇-CT data, steel represents
an open challenge for X-ray analysis. In any case, results obtained by
𝜇-CT analysis can be used to identify critical pores or defects and to
analyze their size, shape and position.

Also the as-built geometry, resulting after LPBF process, can be
measured through a micro-computed tomography (𝜇-CT), providing
an input model for numerical simulations [43]. To date, numerical
simulations are mainly used in order to optimize the LPBF process
parameters with the aim to minimize process-induced defects [44–46].
In fact, due to the non negligible differences between as-designed and
as-built geometry, mechanical Finite Element Analysis (FEA) has to be
performed on the geometrically challenging as-built model, hindering
a straightforward adoption of FEA-based mechanical characterization
of LPBF lattice structures.

For example, Boniotti et al. utilized 3D tomography in order to show
how defects in a body-centered cubic (BCC) lattice structure are respon-
sible to local strain concentrations that lead to poorer strength [47,48]
or fatigue resistance [49].

Another fundamental task when lattice structures are analyzed by
Finite Element Method (FEM) is represented by the assigned material
properties. In the case of LPBF lattice structures, in fact, the analy-
sis at different geometrical scales is required, since the mechanical
properties obtained from monotonic tensile tests are not enough for
the characterization of the material. For these kind of applications, in
fact, small-scale tests are necessary to capture the material behavior
at the microstructure level. Recent studies in nano-mechanical sens-
ing and micro-fabrication allowed to characterize bulk materials at
small scales [50–52]. A detailed understanding of the micro-mechanical
response provides insight into the fatigue and fracture mechanisms,
facilitating a better explanation of the experimental evidence. Roos
et al. [53] performed nano-indentation experiments on LPBF SS 316L
lattice parts and observed a significant size effect. In particular, they
found an increase of the hardness from about 4 GPa to 6 GPa as the
indentation depth decreased from 500 nm to 50 nm. This behavior is
caused by the scaling of the geometrically necessary dislocations under
the indenter [54].

In the present study a novel approach to predict the mechanical
response of lattice structure made by LPBF SS 316L is proposed. In a
previous work by the authors [55], it was found that bulk mechanical
properties cannot be used to calibrate an accurate constitutive material
model for lattice structures, even using the as-built geometry obtained
by 𝜇-CT images. The higher than usual cooling rates, in fact, directly
affects the resulting microstructure, that was also analyzed. As a con-
sequence, 𝑖𝑛 − 𝑠𝑖𝑡𝑢 measurements are necessary in order to understand
how microstructure modifications affect the material response. Nano-
indentation technique provides a fast and practical approach for the
determination of the effective mechanical properties. With this purpose,
local measurements were carried out to estimate the stress–strain re-
sponse on the two characteristic zones of the lattice sample, i.e. a truss
and a node, and in both planes, i.e. parallel and perpendicular to the

building direction.
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Fig. 1. Lattice and bulk specimens: (a) as-built lattice sample, (b) as-built bulk sample, (c) geometry of the lattice specimen and of the octet-truss cell with the main dimensions.
Table 1
Main process parameters used for the manufacturing of lattice and bulk specimens.

Process parameter Value

Build plate temperature 170 ± 1 ◦C
Chamber temperature 35 ± 5 ◦C
Layer thickness 50 ± 1 μm
Hatch spacing 110 ± 2 μm
Laser spot 70 ± 1 μm
Scan speed 1200 ± 2 mm/s
Laser power 200 ± 0.1 W

Table 2
Chemical composition of SS 316L powder (weight percent).

Fe Cr Ni Mo Mn Si N O C S P

16–18 10–14 2–3 ≤2 ≤2 ≤1 ≤0.1 ≤0.1 ≤0.03 ≤0.03 ≤0.045

2. Materials and experiments

2.1. Manufacturing

Four specimens were printed for both lattice (Fig. 1(a)) and bulk
(Fig. 1(b)) samples with stainless steel 316L metal powder (SS316L-
0447 Renishaw) using a Renishaw AM400 SLM additive manufacturing
system available at the 3DMetal@UniPV Laboratory of the University
of Pavia. Table 1 reports the adopted process parameters.

Table 2, instead, reports the chemical composition, provided by the
supplier, for SS 316L powder.

The as-designed lattice specimen was obtained from a calibrated
zone characterized by a 8 × 2 grid of equally-spaced octet-truss cells
with equal sides of 6 mm length and a density of 20%, which leads to
a truss diameter of 0.82 mm, as shown in Fig. 1(c). After the support
removal, the geometry of one lattice specimen was acquired using a
𝜇-CT scan, in order to observe the geometrical and material defects
present in the structure. The 𝜇-CT data acquisition was conducted with
a Phoenix V|tome|x C (Waygate Technologies) machine setting a voxel
resolution of 32 μm.

Fig. 2(a) shows the geometry reconstructed from 𝜇-CT images, and
overimposed to the CAD design. The comparison refers to the central
row of the lattice portion of the specimen. From a qualitative point of
view, several geometrical irregularities were observed on the down-skin
zones, i.e. on the surfaces opposite to the build direction. Such irregu-
larities are mainly due to partially melted powder particles that remain
3

attached to the specimens surfaces, even after sandblasting process.
Moreover, light to moderate bending of the trusses was observed, with
the curvature contained in a plane parallel to the building direction.

Fig. 2(b) represents the contour plot of the distances between cor-
responding points on the as-built and as-designed geometries, carried
out through the Autodesk Netfabb software. This analysis allowed to
evaluate the geometrical error distribution of the as-built lattice. More
in detail, an average distance of almost 60 μm was found, whereas the
histogram presented in Fig. 2(c) shows that the most frequent error
measure is in the range [0, 100] μm.

2.2. Microstructure analysis

Microstructural characterization of AM samples was carried out
by light micrographic (LM) investigations (DM4000 M, Leica, Ger-
many). Both trusses and nodes of the lattice sample were observed.
Furthermore, longitudinal and transverse sections, i.e., parallel and
perpendicular to the building direction, were analyzed in order to
capture possible anisotropies induced by the LPBF scanning pattern on
the microstructure morphology. The LM samples were cut, mounted
using epoxy resin, grinded with wet SiC grinding papers and polished
by diamond solution and silica both with polishing cloths. The mi-
crostructure was revealed by etching with a mixture of acids (50 ml
H2O, 10 g CuSO4 and 50 ml HCl).

2.3. Nano-scale measurements

Nano-indentation tests were carried out by a nano-indenter (NHT,
CSM Instruments, Switzerland) equipped with a Berkovich diamond
tip and with an indentation load of 100 mN. Matrices of 10 × 10 in-
dentations were made for each investigation region. Nano-indentation
results were used to estimate the mechanical properties of the sam-
ples at the grain scale as well as to capture possible inhomogeneities
and anisotropies resulting from the LPBF scanning pattern. To this
aim, longitudinal and transverse sections of both trusses and nodes
were analyzed. The microstructure morphology is directly affected by
the scanning strategy, and is expected to play an important role on
the mechanical response of the indented material. A typical force–
displacement (𝑃 − ℎ) curve obtained from instrumented indentation
is illustrated in Fig. 3. The main indentation parameters, i.e. the cur-
vature of the loading path (𝐶), the unloading slope at the maximum
indentation depth (𝑆 = 𝑑𝑃 |

| ), the maximum (ℎ ), residual (ℎ ) and
𝑑ℎ
|ℎ𝑚

𝑚 𝑟
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Fig. 2. Comparison between as-built and as-designed geometry: (a) superposition of as-built and as-designed geometries, (b) contour plot of the distance between as-built and
as-designed geometries.
Fig. 3. Instrumented nano-indentation curve: indentation force vs. penetration depth.

permanent (ℎ𝑝) indentation depths are also shown. The parameter ℎ𝑐
allows to take into account the pile-up or sink-in phenomena and it is
measured as the contact depth of the indenter with the sample at the
maximum load 𝑃𝑚𝑎𝑥. Such a parameter is geometrically obtained as a
function of the residual depth ℎ𝑟 and ℎ𝑚, through a geometric constant
𝜖, that for the Berkovich tip is set to 0.77, according with the following
equation:

ℎ𝑐 = ℎ𝑚 − 𝜖
𝑃𝑚𝑎𝑥
𝑆

(1)

These latter parameters were used to estimate the main mechanical
properties at the local scale, within both elastic and plastic region, by
the approach described in Section 3.1.

2.4. Macro-scale measurements

Tensile tests were carried out on both bulk and lattice samples
by an electro-dynamic testing machine (ElectroPuls E10000, Instron,
UK) under displacement control, at a cross-head rate of 0.5 mm/min.
Sample geometry and dimensions are shown in Fig. 4(a). Bulk material
4

properties of additively manufactured SS 316L were measured from
dog bone samples, with a cross section of 3 mm × 3 mm and a length
of the reduced parallel section equal to 60 mm. In both cases strain
evolution was recorded using an extensometer with a gauge length
equal to 10 mm for the bulk sample and 45 mm for the lattice sample.
In particular, this latter value was chosen in order to take into account
the effect of the entire zone characterized by lattice structures. Both
elastic modulus (𝐸) and yield strength (𝜎𝑦) were directly obtained from
the measured stress–strain (𝜎 − 𝜖) curve. The equivalent mechanical
properties of the octet-truss lattice structure were measured at the
macro scale by the dog bone sample shown in Fig. 4(b). 𝐼𝑛 − 𝑠𝑖𝑡𝑢
digital image correlation (DIC) analyses were also carried out to capture
local deformations on both trusses and nodes. Digital images were
recorded by a high resolution digital camera (Sony ICX 625 - Prosilica
GT 2450 model), 2448 × 2050 pixels). The focus was obtained using
a Linos Photonics objective and a Rodagon lens f. 80 mm with a
proper magnification, allowing a scale of 380 pixels/mm. This allows
to capture an entire unit cell of the octet-truss lattice structure, that is
composed by one node and neighboring trusses, as shown in Fig. 4(c).
The figure also shows a schematic depiction of the experimental setup
used for the correlation analyses.

Correlation analyses were carried out by commercial software (Vic-
2D, Correlated Solution), using a subset size of 51 pixels and a distance
of 5 pixels between subsets centers.

3. Modeling

3.1. Constitutive model

The whole stress–strain constitutive relation of AM material was
estimated at the local scale from nano-indentation results in both elastic
(𝜎 ≤ 𝜎𝑦) and plastic (𝜎 > 𝜎𝑦) regions:

𝜎 =

⎧

⎪

⎨

⎪

⎩

𝐸𝜖 𝜎 ≤ 𝜎𝑦

𝜎𝑦

(

1 + 𝐸
𝜎𝑦
𝜖𝑝

)𝑛
𝜎 > 𝜎𝑦

(2)

The plastic branch of the stress–strain curve is modeled by the power
law Eq. (2), where 𝑛 is the strain hardening exponent and 𝜖𝑝 the plastic
component of the total effective strain.
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Fig. 4. Sample geometry and main dimensions together with a schematic depiction of the experimental setup used for the digital image correlation analysis.
3.1.1. Elastic model
The Young’s modulus 𝐸, reported in Eq. (2), was obtained from the

slope of the unloading path of the nano-indentation curve. In particular,
the reduced Young’s modulus 𝐸∗ can be directly calculated (see Fig. 3)
according to the standard ISO 14577-1 (2002) [56] based on the Oliver
and Pharr (1992) method [50], by the following equation:

𝐸∗ = 𝑆
2𝛽

√

𝜋
𝐴(ℎ𝑐 )

(3)

where 𝐴(ℎ𝑐 ) is the projected area at the contact depth ℎ𝑐 , and 𝛽 is a
constant equal to 1.034 for the Berkovich tip. The indentation modulus
of the material, 𝐸, can be obtained from 𝐸∗ as follows:

1
𝐸∗ = 1 − 𝜈2

𝐸
+

1 − 𝜈2𝑖
𝐸𝑖

(4)

where 𝜈, 𝐸, 𝜈𝑖 and 𝐸𝑖 are the Poisson’s ratio and the Young’s modulus
of the material and the indenter, respectively.

3.1.2. Plastic flow model
The effective local yield strength 𝜎𝑦 of the samples was estimated

starting from the nano-hardness (𝐻) values [57–60], according to the
following equation:

𝜎𝑦 = 𝑘𝐻 (5)

where the constant 𝑘 was calculated by comparing the hardness value,
obtained from nano-indentation experiments, and the yield strength
obtained from uniaxial tensile tests of bulk AM samples. This parameter
was used to estimate the local yield strength of the lattice samples from
the respective local hardness values. The plastic flow exponent 𝑛, see
Eq. (2), was also estimated from the nano-indentation curve by the
model proposed by Dao et al. [61]. This latter uses the curvature 𝐶
of the loading path of the indentation response (see Fig. 3), which is
correlated to significant parameters of the stress–strain curve through
the dimensionless function 𝛱𝛼 as follows:

𝐶 = 𝜎𝑟𝛱𝛼

(

𝐸∗

𝜎𝑟

)

(6)

where 𝜎𝑟 is a representative stress that corresponds to a characteristic
strain, 𝜖𝑟 = 0.033, while 𝐸∗ is the reduced Young’s modulus, see
Eq. (3). The representative strain 𝜖𝑟 = 0.033 can be identified since
the corresponding dimensionless function 𝛱𝛼 , normalized with respect
to 𝜎0.033, was found to be independent of the strain hardening exponent
𝑛. This result indicates that, for a given value of 𝐸∗, the stress–strain
responses that exhibit the same true stress at the plastic strain 𝜖 =
5

0.033 give also the same indentation loading curvature 𝐶 (see Fig. 3).
It is noted that this result was obtained within the specified range of
material parameters using the material constitutive behavior defined
by Eq. (2).

The curvature 𝐶 is obtained by a fitting of the measured indentation
curve, according to the Kick’s law [62], that is assuming a quadratic
trend of the 𝑃 − ℎ loading curve:

𝑃 = 𝐶ℎ2 (7)

The dimensionless function 𝛱𝛼 can be obtained by a polynomial series
as follows:

𝛱𝛼

(

𝐸∗

𝜎𝑟

)

= 𝐶
𝜎𝑟

= 𝛼1

[

𝑙𝑛
(

𝐸∗

𝜎𝑟

)]3
+𝛼2

[

𝑙𝑛
(

𝐸∗

𝜎𝑟

)]2
+𝛼3

[

𝑙𝑛
(

𝐸∗

𝜎𝑟

)]

+𝛼4 (8)

where 𝛼𝑖 are constant parameters depending on the indenter geometry
(see Appendix). The representative stress 𝜎𝑟 is obtained by solving
Eq. (8). Once 𝜎𝑟 is obtained, the hardening exponent can be estimated
exploiting the unloading path of the force-penetration response of the
indentation test. In particular, the slope 𝑆 at the beginning of the
unloading path can be expressed through the dimensionless function
𝛱𝛽 as follows:

𝑑𝑃
𝑑ℎ

|

|

|

|ℎ𝑚
= 𝐸∗ℎ𝑚𝛱𝛽

(

𝐸∗

𝜎𝑟
, 𝑛
)

(9)

where 𝛱𝛽 is given by:

𝛱𝛽

(

𝐸∗

𝜎𝑟
, 𝑛
)

= 1
𝐸∗ℎ𝑚

𝑑𝑃
𝑑ℎ

|

|

|ℎ𝑚
= (𝛽11𝑛3 + 𝛽12𝑛2 + 𝛽13𝑛 + 𝛽14)

[

𝑙𝑛
(

𝐸∗

𝜎𝑟

)]3
+

(𝛽21𝑛3 + 𝛽22𝑛2 + 𝛽23𝑛 + 𝛽24)
[

𝑙𝑛
(

𝐸∗

𝜎𝑟

)]2
+

(𝛽31𝑛3 + 𝛽32𝑛2 + 𝛽33𝑛 + 𝛽34)
[

𝑙𝑛
(

𝐸∗

𝜎𝑟

)]

+ (𝛽41𝑛3 + 𝛽42𝑛2 + 𝛽43𝑛 + 𝛽44)

(10)

where 𝛽𝑖𝑗 are constant parameters depending on the indenter geometry
(see Appendix). The solution of Eq. (10) provides the value of the
hardening exponent 𝑛.

3.2. Numerical setup

The general purpose implicit finite element software
ABAQUS/Standard 2019® [63] has been employed to perform numer-
ical analysis. The actual geometry of the lattice sample was modeled
thanks to 𝜇-CT scan acquisition, whereas the mesh geometric tolerance
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Fig. 5. Finite element discretization of the as-built geometry as acquired by 𝜇-CT with a mesh tolerance equal to 15 μm.
was set to 15 μm, resulting in 3,401,965 C3D10 (quadratic tetrahedral)
elements and 5,277,023 nodes (see Fig. 5). A convergence study on the
same lattice specimen has been reported in a previous publication from
the authors [55].

The adopted mesh is able to capture larger internal pores existing
within the truss; however, as reported in [64], the yield strength of
LPBF parts is not affected by the presence of such defects. This could
be explained by simulations since the large discrepancies observed
between as-designed and as-built geometry plays the major role in
defining the yield stress of LPBF lattice structures. In literature, it is well
known that the actual geometry coming from 𝜇-CT is a fundamental
requirement to accurately capture the mechanical behavior of lattice
structures [49,65]. In fact, due to the small geometrical features of
these structures, as-built geometry can present pores, powder inclu-
sions an other flaws (especially in down facing surfaces). Therefore,
if the original, i.e. the as-designed model, is employed as geometry for
analysis non-negligible inaccuracies will be obtained [66,67].

4. Results

4.1. Microstructure

Fig. 6 reports the microstructure of a representative node and truss
in both planes i.e., parallel and perpendicular to the building direction.
In particular, Fig. 6(a) and (b) report a view of a node and a truss
in the longitudinal section, whereas Fig. 6(c) and (d) report a view
of a node and a truss in the transverse section. The etching process
highlighted the grain texture with an average size between 10 and
50 μm. The micrographic images showed a marked differences in the
observed microstructure that can be attributed to the printing strategy.
In the plane parallel to the building direction, see Fig. 6(a) and (b),
melt pools can be clearly observed. Moreover, in both planes are found
process-induces pores, that seem to be localized at the free edge of the
samples.
6

Significant differences are also observed between nodes and trusses.
The microstructure of the node is almost totally austenitic at the core,
where melt pool boundaries are clearly visible. Martensitic inclusions
can be observed in the external regions and can be attributed to the
sudden cooling experienced by this region during the manufacturing
process. On the contrary, truss micrographs show a more heterogeneous
microstructure resulting in columnar structures with the evidence of
martensite and 𝛿-ferrite inclusion especially in the plane parallel to the
building direction. In particular, these elongated columnar structures,
with a size of approximately 50 μm, seem to grow along the truss
direction as a consequence of the thermal gradient.

Spherical voids, that can be associated to gas entrapment, can also
be observed in Fig. 7. Sub-structures can be also observed in the
high magnification images as shown in Fig. 7. In particular they are
characterized by platelet shape in the longitudinal plane (Fig. 7(a)
and (b)) and by cellular shape (Fig. 7(c) and (d)), still suggests the
existence of martensite phase. In particular, the presence of columnar
martensite grains, in the transverse plane of the nodes and trusses, can
be observed just in the near edges regions of the samples, as shown in
Fig. 7(c)and (d). In this plane, the microstructure is characterized by
cellular structures that can be seen as the cross section of the columnar
martensite grains growing up along the building direction.

4.2. Macro-scale characterization

Fig. 8(a) reports the force–displacement and the stress–strain re-
sponse of a bulk LPBF dogbone sample. Fig. 8(a) also reports the
obtained macroscale properties in terms of elastic modulus, 𝐸, and
yielding strength, 𝜎𝑦. Fig. 8(b), instead, reports the force–displacement
and the equivalent stress–strain response of a lattice LPBF dogbone
sample. The word equivalent is used as the stress is calculated over
the cross sectional area of the lattice. Fig. 8(b) also reports local strain
measurement carried out at the node highlighted within the schematic
representation of the sample.
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Fig. 6. Etched microstructure of a lattice sample view by optical micrographs investigation: (a) node microstructure in longitudinal section, (b) truss microstructure in longitudinal
section, (c) node microstructure in transverse section, (d) truss microstructure in transverse section.

Fig. 7. Etched microstructure of the lattice sample at higher magnification: (a) node microstructure in longitudinal section, (b) truss microstructure in longitudinal section, (c)
node microstructure in transverse section, (d) truss microstructure in transverse section.
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(a) (b)

Fig. 8. (a) Stress–strain response of a bulk LPBF dogbone sample; (b) Stress–strain response of a lattice LPBF dogbone sample.
Results show marked difference between the mechanical response
of the bulk and the lattice sample. In fact, the former exhibits a sharp
change in response moving from the elastic region to the plastic flow.
The latter, instead, shows a gradual change in the force–displacement
response. Local measurements provide an explanation of this behavior.
In fact, results reported in Fig. 8(b) show that, even though the me-
chanical response of the lattice sample seems to be still elastic at the
macroscale, the material is experiencing plastic deformation (see point
A in Fig. 8(b)) generating a gradual change in the slope of the force–
displacement curve. When the mechanical response starts to highly
deviate from linearity (see point B in Fig. 8(b)) local measurements
show that the investigated node is completely plastically deformed.

It is important to observe that, due to the heterogeneous microstruc-
ture generated by the manufacturing process, as reported in Section 4.1,
local mechanical response could be different from the node to the truss.
Therefore, the obtained global response, reported in Fig. 8, has to be
considered an average response of nodes and trusses. Accordingly, an
accurate analysis, from a nanoscale point of view, is required when
dealing with lattice structures, as reported in next section.

4.3. Nano-scale characterization

Fig. 9 reports the load vs. indentation depth of the nano-indentation
test carried out on the bulk LPBF printed material. The authors would
like to remark that the reported curve is the average response of 100
indentations, as discussed in Section 2.3.

Results obtained in Section 4.2 were used to calibrate the value of
the constant 𝑘, see Eq. (5), that correlates the yield strength, measured
by the monotonic tensile test, see Fig. 8(a), with the measured nano-
hardness of the bulk material. Considering a yield stress 𝜎𝑦 = 418 MPa
and a nano-hardness 𝐻𝑉𝐼𝑇 = 296 Vickers, a value of the constant 𝑘 =
1.41 has been obtained.

Fig. 10 shows nanoindentation responses, corresponding to the av-
erage data of 100 measurements, obtained from tests carried out on the
lattice sample. In particular, Fig. 10(a) presents a comparison between
the indentation response measured at the node and the truss along
the transverse section. Results show that no remarkable differences
exist. Fig. 10(b), instead, reports a comparison between the indentation
response measured at the node and the truss along the longitudinal
direction. In this case, a systematic reduction of both maximum and
residual indentation depths, ℎ𝑚 and ℎ𝑟, is observed.

Nano-hardness and Young’s modulus, calculated from nanoinden-
tation curves on truss and node, are reported in Table 3 for both
8

Fig. 9. Nano-indentation response on the bulk material with a maximum indentation
load equal to 100 mN.

the analyzed sections. Table 3 also reports the yield strength values
estimated on the truss and node by Eq. (5) in both analyzed plane.

On the transverse section, no significant differences in terms of
nano-hardness and consequently in the yield strength were obtained.
In fact, as shown in Fig. 10(a), residual indentation depths are quite
similar in both truss and node. In the unloading path of the curve,
instead, a steeper slope is obtained on the node, resulting in bigger
value of the Young’s modulus compared to the truss.

Contrary, remarkable differences in the nano-indentation responses
are obtained on the longitudinal sections, in which a marked reduction
of both maximum and residual penetration depth results in significant
variation of the indentation hardness and elastic modulus. In fact,
hardness increases from 231 ± 36.6 Vickers in the truss to 268.3 ± 22.9
Vickers in the node and the elastic modulus increases from 135.3 ± 11.8
GPa to 204.7 ± 14.4 GPa. As a consequence, the estimated yield
strength measured on truss and node varies from 326.3 ± 32.2 MPa
to 379.2 ± 32.4 MPa, respectively.
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Fig. 10. Nano-indentation response for node and the truss in both plane analyzed: (a) perpendicular to the building direction and (b) parallel to the building direction.
Fig. 11. Comparison between stress–strain curves on node and truss in the longitudinal
plane calculated estimated from indentation data. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

5. Discussion

5.1. Microstructural analysis

The observed columnar structures tend to grow up extending the
consecutive layers as clearly shown in Fig. 6(b) and (d). This behavior
can be considered as a consequence of the epitaxial growth of the
grains [68], in fact, during solidification, grains tend to grow epitaxially
in correspondence of those solidified grains and along the direction
normal to the fusion plane. This surface, in fact, is energetically favorite
for crystallization [68] so solidification within the melt pool occurs
epitaxially along the melt pool boundaries where partially melted
grains can be found. In addition, also the heat flux influences the
growth direction of the grains, that tend to growth perpendicularly
to the solidified planar grains (see Fig. 6(b)). In this regard, process-
induced pores may be formed when a lack of residual melt is found
between two o more solidified grains.

Regarding the formation of process-induced pores, two main mech-
anisms could be associated to this phenomenon, i.e. insufficient laser
9

energy during the LPBF process leading to incomplete melting of pow-
der [69], or balling [70]. The latter, in fact, occurs when the high
viscosity or the high wetting angle of the molten track results in
agglomerates of ellipsoidal and/or spherical metallic balls that tend to
be formed to minimize the surface energy. Since the process continues
with the successive deposition of the new powder, the new layer is
not able to fill the irregularities generated by balling, whereas laser
energy is not enough to melt the new layer that tend to be thicker
than the previous one. As a consequence, it can be concluded that,
during LPBF process, pores and defects are formed as a consequence of
the incomplete melting of the 316L precursor particles, because their
shape and size are of the same order of the particles diameter of the
starting powders and they tend to form in correspondence of the grain
boundaries as highlighted by the micrographs.

In this regard, the analyzed samples cannot be considered almost
fully dense. Nevertheless, it can be pointed out that the observed pores
have spherical shape and dimension of 50 μm at most, in particular,
voids associated to gas entrapment generally are in the range 10–20 μm.
In addition, they are localized just in the external region of the trusses,
while nodes are almost fully dense. Several works [71–73] reported
how this kind of pores does not have a significant influence on the
stress–strain response of the AM 316L except in the branch beyond the
necking occurrence, that has not been analyzed in this research.

5.2. Constitutive behavior estimation

Indentation data were employed to estimate the 𝜎 − 𝜖 response of
the AM SS 316L in both planes. In this regard, the previously described
approach allows to take into account the anisotropy induced by the
process as highlighted by both micrographs and indentation tests. In
particular, the strain hardening exponent of the plastic flow has been
estimated using the model proposed by Dao et al. [61] and explained
in Section 3.1, resulting in n = 0.12 and n = 0.145 for truss and node,
respectively, in the longitudinal plane and n = 0.13 and n = 0.155,
respectively, in the traverse section.

Fig. 11 reports the stress–strain response of truss and node calcu-
lated by the nanoindentation based approach. Slight differences can
be observed on the 𝜎 − 𝜖 responses calculated at the node in the
transverse and longitudinal section (dashed red curve and continuous
red curve respectively). In fact, micrographic analysis shows an almost
homogeneous microstructure at the center of the node characterized
by austenitic phase, even though the evidence of melt pool boundaries
suggests the presence of preferred growth direction induced by the
scanning strategy. Such preferential growth directions are responsible
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Fig. 12. Comparison between force–displacement curves (a) and between experimental DIC and numerical strain maps (b) from experimental and numerical uniaxial tensile test
from as-built geometry with both 𝜎− 𝜖 response calculated on node and truss in the longitudinal plane with a mesh tolerances equal to 15 μm. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
for the observed differences in the material’s behavior in the two
analyzed planes.

On the contrary, a marked difference has been observed in the 𝜎−𝜖
responses calculated for the truss in both planes and highlighted by the
blue curves. In this case, the micrographs reported Section 4.1 present a
more complex microstructure with significant differences. In particular,
the microstructure is characterized by columnar grains, with evidence
of 𝛿-ferrite inclusions, that tend to grow in the plane parallel to the
building direction, as highlighted in Fig. 6(b) and (d). The presence of
inclusions in a large number of grain boundaries are responsible for a
more rigid response of the material during the indentation. As a conse-
quence, the estimated value of the elastic modulus, 𝐸, yield strength,
𝜎𝑦, and hardening exponent, 𝑛, tend to increase in the transverse section
if compared with the longitudinal one.

5.3. Experimental validation

Fig. 12(a) reports the force–displacement curves obtained from
experiments and finite element simulations. The black curve represents
10
the mechanical response measured from the bulk dog-bone sample,
whereas the red and blue ones are the numerical responses obtained
from finite element analysis when the constitutive behavior, measured
by nanoindentation approach, is used, see Section 3.1. In particular,
red curve is the numerical force–displacement response obtained from
the stress–strain behavior estimated on the truss, whereas blue curve is
the numerical force–displacement response obtained from the stress–
strain behavior estimated on the node. It can be noted that, if the
mechanical behavior calculated on the trusses in both planes is used,
the experimental curve well fits numerical results. On the contrary, a
slight difference can be observed using the 𝜎 − 𝜖 curves calculated on
the node.

This result can be explained analyzing more in detail the lattice
geometry. It can be assessed that the weakest regions in terms of
stiffness are represented by the trusses. This region, in fact, experience
larger displacements, dominating the global response of the lattice
structure. This aspect motivates why the best fitting between the nu-
merical and experimental force–displacement response was found using
the mechanical behavior estimated on the trusses.
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Table 3
Average values of nano-hardness, Young’s modulus and Yield strength estimated by nano-indentation
measurements.

Truss Node

Transverse Longitudinal Transverse Longitudinal

Nano-hardness [Vickers] 254.5 ± 22.8 231.0 ± 36.6 254.1 ± 21.5 268.3 ± 22.9
Young’s modulus [GPa] 159.3 ± 13.2 135.3 ± 11.8 217.9 ± 15.2 204.7 ± 14.4
Yield strength [MPa] 359.5 ± 32.2 326.3 ± 51.7 359.0 ± 30.4 379.0 ± 32.4
Table A.1
Constant parameters (𝛼𝑖) of the dimensionless function 𝛱𝛼 .
−1.131 13.635 −30.594 29.267

Previous conclusion was also validated by local analyses, as re-
orted in Fig. 12(b) where the strain maps obtained both experimen-
ally, by DIC measurements, and numerically, using the constitutive
− 𝜖 response estimated by indentation measurements, are reported.
esults show that strain values, both numerically and experimentally,
re higher within the nodes than the trusses because of the strain
oncentration induced by the particular geometry of the node (see
ig. 12(b)). In such region, in fact, strains locally reach values up to
% when a displacement of 1 mm is applied to the lattice sample. Fur-
hermore, good agreement between numerical and experimental local
trains has been found, as confirmed by the numerical maps observed
y using the mechanical properties measured on the trusses that show
most accurate match with the DIC data for all the investigated force

evel (points A–D in Fig. 12(b)).
This result confirms that the as-built geometry, obtained from

icro-CT images, combined with the local mechanical behavior has a
on-negligible influence on the accuracy of the numerical simulation.
n fact, 𝑖𝑛−𝑠𝑖𝑡𝑢 nano-indentation measurements are able to capture the

influence of extremely local features, such as the microstructure modi-
fication induced by the different cooling rate linked to the geometry of
the lattice structure that significantly affects the global response.

Therefore, the proposed approach allows to obtain the most accu-
rate mechanical predictions compared to the ones obtained using the
as-designed geometry and constitutive response measured from a LPBF
bulk sample. In fact, as reported in a previous work by the authors [55],
if the bulk constitutive response is employed together with the actual
geometry of the sample obtained from 𝜇-CT images, non-negligible
error, in the order of 21% at 1 mm of displacement, is obtained. In
addition, it was shown that the experimental curve starts yielding at
lower values if compared to the simulated as-built geometry curve.

6. Conclusion

In the present work a novel methodology, based on a multi-scale
approach, for the prediction of the mechanical behavior of octet-truss
lattice structure made by LPBF technology was proposed.

To this aim, a finite element numerical model was implemented
based on the real geometry of the lattice sample and the local con-
stitutive response of the material. The actual geometry of the sam-
ple, that is different from the nominal one, was reconstructed by
𝜇-CT data, whereas local mechanical properties were estimated by a
nanoindentation-based approach.

In lattice structure, in fact, the knowledge of the local behavior is
extremely important because, as observed from micrographic analyses,
LPBF process highly influences the microstructure evolution of trusses
and nodes. This difference is induced by different cooling rate and it
has been shown having a strong effect on the global force–displacement
response of the lattice structure. In fact, if the stress–strain constitutive
behavior, obtained from bulk sample, is used, a big mismatch between
the experimental and numerical response of the lattice sample will be
obtained.
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Table A.2
Constant parameters (𝛽𝑖𝑗 ) of the dimensionless function 𝛱𝛽 .

−1.40557 0.77526 0.1583 −0.06831
17.93006 −9.22091 −2.37733 0.86295
−79.99715 40.5562 9.00157 −2.54543
122.65069 −63.88418 −9.58936 6.20045

Results revealed that only if the actual geometry of the sample is
modeled and the constitutive behavior obtained from local measure-
ments is implemented, the numerical response of the lattice structure
well predicts the experimental one. The proposed approach was also
validated by comparing the local strain of a node, calculated by the
finite element simulations, with the experimentally measured one, that
are obtained with the digital image correlation technique.

The presented results give a novel insight on the complex process–
structure–properties relationship of LPBF lattice structure, opening the
possibility for a better control and reproducibility of LPBF products. As
further outlook of the present work, different types of lattice structures
and AM materials will be investigated.
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Appendix

In this appendix constant parameters of the dimensionless functions
depending on the indenter geometry identified in Section 3.1.2 are
listed explicitly (see Tables A.1 and A.2).
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