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Abstract: Thin-walled and cellular structures are characterised by superior lightweight potential
due to their advantageous stiffness to weight ratio. They find particular interest in the field of
additive manufacturing due to robust and reproducible manufacturability. However, the mechanical
performance of such structures strongly depends on the manufacturing process and resultant
geometrical imperfections such as porosity, deviations in strut thickness or surface roughness, for which
an understanding of their influence is crucially needed. So far, many authors conducted empirical
investigations, while analytical methods are rarely applied. In order to obtain efficient design rules
considering both mechanical properties and process induced characteristics, analytical descriptions
are desirable though. Available analytical models for the determination of effective properties
are mostly based on the simple advancement of beam theories, mostly ignoring manufacturing
characteristics that, however, strongly influence the mechanical properties of additive manufactured
thin-walled structures. One example is the miniaturisation effect, a microstructural effect that has been
identified as one of the main drivers of the effective elasto-plastic properties of lightweight structures
processed by additive manufacturing. The current work highlights the need to quantify further
microstructural effects and to encourage combining them into mesostructural approaches in order to
assess macrostructural effective properties. This multi-scale analysis of lattice structures is performed
through a comparison between effective stiffness calculated through an analytical approach and
compression tests of lattice structures, coupled with an investigation of the arrangement of their struts.
In order to cover different potential loading scenarios, bending-dominated and stretch-dominated
lattice structures made of the commonly used materials 316L and Ti6Al4V are considered, whereby
the impact of microstructural phase transformation during processing is taken into account.

Keywords: additive manufacturing; lightweight design; lattice structures; miniaturisation
effect; microstructure

1. Introduction

Additive manufacturing, i.e., the 3D-printing technology, has found application in several
industries, especially due to its flexibility and versatility enabling the realization of new design
parts that cannot be achieved by the classical manufacturing processes on an economic basis [1,2].
Thanks to its nature, the additive manufacturing process can offer tailored designs based on optimised
geometries as an integral product, allowing a reduction of the single parts number and manufacturing
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steps involved in comparison to classical construction methods. This is where the concepts of
“individualization for free” and “complexity for free” are derived from. These concepts, schematically
shown in Figure 1, are particularly relevant for the lightweight industry, with aeronautical and
automotive engineering being the most prominent branches, where weight, mechanical performance
and, most importantly, costs are the driving selection criteria. However, the main challenge of the
additive manufacturing technology lies in achieving a serial production maturity, i.e., reliable and
reproducible provision of subsequently mechanically loaded parts with little rework, the latter being
a time and cost consuming factor [3]. The main concern here is related to the process dependent
performance of additively manufactured components. In this regard, one key issue is the lack of
certification standards [4]. This aspect highlights the prevailing lack of control over the additive
manufacturing technology being a major roadblock to its widespread use. The immense potential of
the technology, however, when exploited to its greatest extent, could provide a breakthrough in many
fields related to lightweight engineering.
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such structures is the main challenge here. Available analytical models [7–11] are subject to 
relatively high deviations from experiments [12] due to modelling assumptions that do not take into 
account the systematic manufacturing defects [13,14]. Alternative approaches try to follow a more 
pragmatic approach, i.e., based on semi-empirical finite element models to account for 
manufacturing parameters and their influence on resulting lattice quality, mechanical performance 
is predicted [15]. Based on these models, appropriate processing windows were established [16–19]. 
Defects that are typically taken into account are pores and geometrical inaccuracy of individual 
struts [13,14,20]. These have a major impact especially on mechanical properties at large 
deformations. The microstructural arrangement has been identified as potential driving factor for 
experimental deviations; however, most of the focus is only on grain morphology while the texture 
is not considered. This statement is quite surprising taking into account that the influence of process 
parameters on microstructure evolution of additive manufactured bulk material is non-negligible 
[21–28]. Based on data obtained from many different alloys, the melting and the subsequent 
solidification process have been identified as the dominant factors for final appearance of the 
resulting grain morphology and texture. Apart from the cooling rate, which depends mainly on the 
size of the melting pool, the direction of the temperature gradient, i.e., a vector strongly affected by 
the melting pool shape, is of significant relevance. It has been proven that it is possible to directly 
design properties, e.g., by establishing microstructures with strong <001> texture parallel to the 
build direction. Additive manufacturing of thin walled structures and, in particular, lattice 
structures lead to an exposure of small cross sections only. Depending on the overall build layout, 
this can eventually lead to minimization of time intervals between melting of two layers and, most 
importantly, strongly directed heat flux. It is, thus, reasonable to assume that these structures can be 

Figure 1. Advantages of additive manufacturing (horizontal lines) in terms of industrial application as
compared to conventional manufacturing (reference curves) [5].

This statement is particularly true for lattice structures [6], which are still not implemented in
lightweight load carrying structures, even if application is highly promising. Predictive modelling of
such structures is the main challenge here. Available analytical models [7–11] are subject to relatively
high deviations from experiments [12] due to modelling assumptions that do not take into account
the systematic manufacturing defects [13,14]. Alternative approaches try to follow a more pragmatic
approach, i.e., based on semi-empirical finite element models to account for manufacturing parameters
and their influence on resulting lattice quality, mechanical performance is predicted [15]. Based on these
models, appropriate processing windows were established [16–19]. Defects that are typically taken
into account are pores and geometrical inaccuracy of individual struts [13,14,20]. These have a major
impact especially on mechanical properties at large deformations. The microstructural arrangement
has been identified as potential driving factor for experimental deviations; however, most of the focus
is only on grain morphology while the texture is not considered. This statement is quite surprising
taking into account that the influence of process parameters on microstructure evolution of additive
manufactured bulk material is non-negligible [21–28]. Based on data obtained from many different
alloys, the melting and the subsequent solidification process have been identified as the dominant
factors for final appearance of the resulting grain morphology and texture. Apart from the cooling
rate, which depends mainly on the size of the melting pool, the direction of the temperature gradient,
i.e., a vector strongly affected by the melting pool shape, is of significant relevance. It has been
proven that it is possible to directly design properties, e.g., by establishing microstructures with strong
<001> texture parallel to the build direction. Additive manufacturing of thin walled structures and,
in particular, lattice structures lead to an exposure of small cross sections only. Depending on the
overall build layout, this can eventually lead to minimization of time intervals between melting of
two layers and, most importantly, strongly directed heat flux. It is, thus, reasonable to assume that
these structures can be considered as being most severely influenced by the process parameters and
the build orientation [29–35]. One of the few studies investigating the influence of strut geometry
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on microstructure and texture as well as on mechanical properties is that of Wang et al. For 316L
stainless steel struts, the texture changes from a strong <100> to a <110> texture parallel to the
build direction as the strut diameter increases. This is accompanied by an increase in strength and
ductility [36]. However, the still low number of empirical investigations as well as the lack of systematic
development of corresponding statistical approaches implying analytical methods highlights the very
limited understanding of the impact of microstructural effects on the macroscopic mechanical behavior
and more particularly the stiffness of these 3D-printed structures.

The aim of the present paper is to highlight the impact of the so-called miniaturisation effect,
i.e., local texturing due to temperature gradients in lattice struts depending on the process parameters
and geometrical input, on the elasto-plastic properties of additively manufactured lattice structures.
Understanding this complex interaction between process parameters, microstructures and material
properties is essential for prediction of the structural behavior of additive manufactured parts and
in particular of thin walled and lattice structures. In the present study, an approach bridging several
scales is proposed based on data being recompiled from previous work for the purpose of this
investigation [11,35–39]. This contribution is divided into various parts, where experimental and
analytical methods are in focus. The first part addresses the influence of process parameters on
the microstructural and mechanical properties of bulk material with decreasing diameter. To do so,
struts with various diameters were investigated in order to analyse the impact of the strut thickness
on the local microstructure by means of Electron Backscatter Diffraction (EBSD). The second part
deals with lattice structures and their effective macroscopic mechanical behavior. Due to the nature
of the analytical model employed, only the mechanical properties in the linear elastic domain were
contemplated, i.e., the effective stiffness. The macroscopic deformation behavior was evaluated
by comparing the effective compressive stiffness obtained from experimental data and the model
predictions. The local deformation behavior, i.e., the loading state of each strut in both types of lattice
structures, was additionally assessed to substantiate findings. Both macroscopic and microscopic
deformation behavior were analysed via digital image correlation (DIC).

2. Materials and Methods

The non-stochastic porous structures investigated in this paper were body-centred cubic (bcc)
and double face centred cubic (f2ccz) lattices, which are representatives of bending-dominated and
stretch-dominated structures, respectively. Materials in focus were AISI 316L stainless steel and
Ti6Al4V titanium alloy, two commonly used materials, especially in additive manufacturing and
lightweight engineering. The main differences of these alloys—in the context of the current study—are
their respective ductilities (high for 316L, low for Ti6Al4V) and the phase evolution upon solidification
and cooling, i.e., 316L being single phase (face centred cubic austenite) only upon solidification,
while Ti6Al4V shows a phase transformation from a body centred cubic high-temperature phase
to a hexagonal crystal structure or a martensitic phase, respectively, depending on cooling rate.
Upon additive manufacturing and selective laser melting in particular, the martensitic phase is found
to be absolutely dominant in the as-built condition [37].

The powder used for additive manufacturing of austenitic steel 316L and the Ti6Al4V alloy was
processed by electrode induction-melting gas atomization. The nominal chemical composition of both
alloys can be found in Table 1.

The particle size distributions used for selective laser melting ranged from 20 µm to 63 µm for
Ti6Al4V and from 10 µm to 45 µm for 316L. Powders used are depicted in the micrographs obtained
by scanning electron microscopy (SEM), Figure 2. The titanium alloy powder is characterised by an
almost perfect spherical shape with only very few satellites being attached, while significantly more
irregularities can be seen in case of the 316L powder.

In order to isolate the miniaturisation effect being in focus of this investigation, deviation in
surface roughness and geometrical accuracy, respectively, is avoided by selecting only one specific build
orientation and one parameter set. It is then assumed that, for the same printing quality, the only factor
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affecting the effective stiffness of lattice structures is local differences in texture, whereby other defects
are expected to lead to difficulties in identifying the elastic range of the experimental results. Since all
specimens were manufactured upright, their longitudinal axis is therefore parallel to the build direction
(BD) and, in the case of the lattice structures, corresponds to the loading direction (LD). The specimens
were manufactured using the laser powder bed fusion (L-PBF) technology, which comprises layer-wise
deposition and melting of metal powders.

Table 1. Nominal chemical composition of the 316L and Ti6Al4V powders in weight-%.

316L
Fe Cr Ni Mo C Si Mn

Rest 16.5–18.5 10–13 2–2.5 <0.03 <1 <2

Ti-6Al-4V
Ti Al V Fe O C N H

Rest 5.5–6.5 3.4–4.5 <0.25 <0.13 <0.08 <0.05 <0.012
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In order to analyse the influence of geometrical dimensions on the resulting microstructure,
cylindrical specimens from 316L having diameters of 0.65 mm, 1.1 mm, 3.1 mm and 5 mm were
produced. The manufacturing process parameters, following those used for bulk grip section, are listed
in Table 2.

For testing under compressive loading, bcc and f2ccz lattice structures were produced, each being
made of 5 × 5 × 5 base cells with 2 mm cell size. Previous studies [37,40] already revealed that these
dimensions are sufficient for testing and comparison to real components as number of cells used in
lightweight components such as sandwich panels at least in one dimension is not significantly higher.
Bulk grip sections were designed at the top and the bottom of the lattice structures for load application
and mounting in the test machine, respectively. Both base cells as well as an exemplary test specimen
are shown in Figure 3.

In order to allow for robust manufacturing of the lattice test specimens, both beam offset
compensation and contour exposure were deactivated. The employed manufacturing process
parameters are listed in Table 3. While 316L specimens were tested in the as-built condition only (as the
overall properties were shown to be already sufficient for application, i.e., high strength and good
ductility), some specimens of the Ti6Al4V alloy were subjected to a two-hour vacuum heat treatment at
1050 ◦C. The post-treatment provided for a certain plastic deformation capability of the otherwise rather
brittle Ti-6Al-4V in the as-built condition. The evacuated specimens were put in the pre-preheated
oven, remained for two hours at 1050 ◦C followed by oven cooling. Subsequent mechanical testing of
the Ti6Al4V specimens was consequently done in as-built and heat-treated conditions.

For microstructural characterization, the cylindrical specimens were embedded in resin and
mechanically ground until half of the diameter was removed (using grit sizes down to 5 µm). Further
polishing was conducted in form of vibropolishing using a suspension with a particle size of 0.04 µm
until proper surface finish for subsequent EBSD analysis was achieved. EBSD was conducted using a
Phillips XL 40 ESEM TMP (Philips NV, Amsterdam, The Netherlands) in an area of ca. 650 µm × 400 µm
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with a step size of 2µm in the case of the cylinders made from 316L. For the Ti6Al4V that were specimens
apart, parameters were employed for EBSD to resolve relevant features of the prevailing microstructure.

Table 2. Process parameters employed for manufacturing of the cylindrical test specimens and the
bulk grip section of lattice test specimens.

Material/System Laser Power
(W)

Scan Speed
(mm·s−1)

Hatch Distance
(mm)

Layer Thickness
(µm)

316L 175 750 0.12 30
Ti-6Al-4V 175 710 0.12 30
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Mechanical testing of the lattice structures was done using an MTS 810 servo-hydraulic test rig
(MTS System, Minneapolis, MN, USA). The machine operated in displacement control at a crosshead
speed of 0.01 mm·s−1. Compressive loading was imposed until either a densification of 35% was
achieved or a collapse of the majority of struts was observed. The tests were interrupted at regular
intervals of 10 µm in order to record images of the specimen surface for analysis of the local strain
distribution. For image acquisition a DLSR camera (Nikon D3200, Nikon Corporation, Tokyo, Japan)
equipped with a macro lens was used, while commercial halogen spotlights ensured proper illumination
of the specimen surface. Image analysis was done by digital image correlation (DIC) using VIC-2D
(Correlated Solutions Inc., Irmo, SC, USA).

For comparison purposes, the analytical model described by Souza et al. [11] is exemplarily used.
It determines the relationship between aspect ratio, strut diameter, and mechanical properties for a
given cellular structure, whereby the cell struts are considered as Timoshenko beams [41] in order to
cover high to low aspect ratios. This part of the work focuses on the impact of the aspect ratio of the
lattice structure and the resulting Young’s moduli. The aspect ratio AR, defined as the relationship of
the cell size a and the strut thickness t (Figure 4), is the driver of the lightweight potential of cellular
lattice structures. The analytical yield strength is used to determine the limit of the elastic domain in
order to assess elastic properties in the experimental part of the investigation.

For the sake of brevity, the way the model works is shortly summed up. Please refer to the
corresponding publication for more details [11]. The analytical model consists of a strain energy based
homogenization scheme of the representative volume element (RVE) in the linear elastic domain.
The RVE is idealized as an ideally homogeneous orthotropic material whose macroscopic strain
energy density is determined through an integration of microscopic stresses and strains throughout its
complete volume. In order to assess the effective elastic properties, the cell geometry is parametrized
and the structural periodicity is granted through the application of boundary conditions. By means of
the Castigliano’s 2nd theorem and local transformation matrices, the macroscopic strains and stresses
can be deducted based on the displacements and forces applied to the RVE. Young’s moduli and
Poisson’s ratios can be obtained as scalar from the uniaxial load case, where a single axial unitary load
is considered. The yield strength is then derived from maximal applied loads.
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The material properties are purposely assumed to be isotropic in the model, even if texture
intensities are expected to be relatively high in case of the stainless steel. Used material properties
considered are derived from conventionally manufactured material and listed in Table 4.

Table 4. Material properties considered in present work.

Material E (GPa) ν (−)

316L [42] 210 0.30
Ti6Al4V [43] 110 0.31

3. Results

3.1. Microstructures

The EBSD mappings (inverse pole figure (IPF) maps) and the corresponding intensity distributions
of the IPFs of the cylindrical struts of 316L stainless steel are shown in Figure 5. For all struts, the grain
orientations are plotted with respect to BD. The average grain size of the 0.65 mm struts is 90 µm,
whereas the struts with higher diameters have average grainsize of about 50 µm. Note that the average
grain sizes are related to the diameter of a globular grain of the area of grains seen. In case of the 0.65 mm
struts, however, grains are strongly elongated alongside BD with grain dimensions well above 500 µm.
The highest texture intensity is observed for the thinnest struts, resembling a strong <001> texture.
For increasing strut diameters, the texture intensity decreases and shifts from <001> towards <101>.Metals 2020, 10, x FOR PEER REVIEW 7 of 18 
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In case of the Ti6Al4V bulk material, a very fine grained, martensitic microstructure is observed in
the as-built condition (Figure 6a). This is attributable to rapid solidification and cooling, promoting a
phase transformation from the β-phase (solidification phase, bcc) being present at high temperatures
to the α’-phase (martensite), finally being the dominant phase at room temperature in the as-built
condition. Thereby, evolution of the equilibrium phases (Ti6Al4V being a two-phase alloy consisting of
the β-phase and the equilibrium hexagonal α-phase) is hindered. As a consequence, the solidification
microstructure, as displayed for the 316L in Figure 5, is not perceptible anymore. Thus, in the case of
Ti6Al4V, the miniaturisation effects described above do not dominate microstructure and eventually
mechanical properties to the same degree as shown for 316L. Moreover, miniaturisation effects can
be almost neglected as other microstructural characteristics, e.g., brittleness of the martensite, by far
dominate performance [39]. In the course of the heat treatment significant grain coarsening sets
in, leading to diameters of individual grains in the range of several hundred micron (Figure 6b).
Additionally, the fraction of the β-phase is slightly increased in comparison to the as-built condition,
as discussed in detail by Leuders et al. [44]. For bulk material, a higher ductility and reduced strength
were reported, eventually effecting the behavior of lattice structures as well [39]. However, if those
microstructural changes induced by post-treatment lead to a higher deviation between the predictions
of the analytical model and the experimentally observed behavior, cannot be answered at this point
and, thus, will be discussed in the remainder of the present study.
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3.2. Lattice Structures

3.2.1. Local Deformation Behavior

In the present study, the local deformation behavior is analysed in-depth through in-situ
compression testing of bcc and f2ccz lattice structures of 316L stainless steel. Results for the Ti6Al4V
lattice structures were already published in [39]. For brevity, DIC results are not shown again in the
present work, and only the relevant values to be considered for comparison to the results from the
modelling approach were extracted from previous data. Figure 7 displays the DIC results revealing the
Von-Mises as well as the principal maximal and principal minimal strains at a macroscopic strain of 1%.
Due to the very low degree of macroscopic deformation and, thus, presence of merely elastic strains,
these strain distributions are characteristic for the lattice types and cell geometries contemplated and,
thus, representative irrespective of the material used. A direct comparison between the two materials
analysed in the present study was already conducted in [35] and, thus, is not shown here for the sake
of brevity.

In Figure 6, the Von-Mises strain plots of the f2ccz lattice specimen (a) indicate that the vertical
struts, i.e., the struts parallel to the loading direction, are experiencing highest strains. It can be deduced
from the principal strain plots (Figure 7b,c) that the Von-Mises strains are dominated by the minimal
principal strains, confirming that the vertical struts are mainly subjected to compressive loading.
The presence of tensile loading is nevertheless noticeable in some areas, especially in case of struts with
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a 45◦ orientation towards LD, for which, however, generally low strains are observed. It is important
to note that the local Von-Mises strains remain below the applied macroscopic strain of 1%.

The distribution of the Von-Mises strains in the bcc lattice structure (Figure 7d) points at high
local concentration of strains in the upper and lower parts of the specimen with local values of up to
2.2%, which is clearly higher than the applied macroscopic strain of 1%. The principal strain plots
(Figure 7e,f) show that both the maximum and the minimum principal strains are high, with the
positive strains being present on the upper half and the negative strains being observed on the lower
half of individual struts. This kind of local strain pattern strongly indicates local bending. With respect
to the absolute values derived from the DIC data, it has to be noted that the struts of the bcc structure
are inclined with respect to the image plane and, thus, a certain deviation to the actual strains is likely.
However, the qualitative strain distribution as well as the comparative assertions made with respect to
the f2ccz-structure are seen to be valid.

In order to verify the presence of secondary local effects, vector plots of relevant areas were created.
Figure 8 displays vector plots of the maximal principal strains detailing the sections of each lattice
structure marked by the red squares in Figure 7b,e.
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The vector plots shown in Figure 8 confirm the dominance of compressive forces in the f2ccz lattice
structure (b) and the load carrying behavior of the vertical struts, while diagonal struts seem to have a
rather supporting role only. In case of the bcc lattice structure, the positive principal strain vectors
in the centre of the struts are perpendicular to the strut axis as well, although a bending component
is evident from Figure 7e,f. Thus, the actual load bearing behavior of the bcc structure is seen to be
composed of both bending and axial loading components.

3.2.2. Macroscopic Deformation Behavior

The manufactured strut diameters listed in Table 5 were determined based on the raw images
recorded for reference purposes for DIC prior to loading. For each investigated configuration, one RVE
was measured in terms of cell size and length while all struts being part of this RVE, i.e., four struts
for a bcc RVE and five for a f2ccz RVE, were measured three times alongside their length. The heat
treatment of the Ti6Al4V specimens had no noticeable impact on the aspect ratio. Thus, the mean
aspect ratio values provided for Ti6Al4V lattices are valid for both as-built and heat-treated specimens.

The analytical effective compressive stiffness in the build direction E∗ana is determined using
the analytical model. In order to assess the experimental effective compressive stiffness of each
lattice structure, a linear approximation of the stress-strain-data (shown in Figure 9) is performed.
The extrapolation is based on the stress interval corresponding to 10% to 40% of the analytical yield
stress σ∗yield values, shown in Table 6. This rather small interval was chosen in order to avoid the
influence of settling effects of the lattice structure, which can already occur at a relatively small strain
level, and to ensure that local plastic deformation of individual struts does not set in yet. The analytical
effective compressive stiffness values are then compared to the values obtained experimentally through
compression testing (cf. Table 7).

Figure 9 displays the experimental results obtained by compressive testing of both bcc (a) and
f2ccz (b) lattice structures for 316L stainless steel in as-built condition and Ti6Al4V before and after
heat treatment. The stress–strain plots are calculated from load and displacement data based on the
equivalent cross section of a homogenized solid material, with the gauge length being equivalent to
the size of the lattice structure. The curves in general show the characteristic deformation behavior of
stretch- and bending-dominated lattice structures at early stages of deformation [45], with the former
clearly showing higher stiffness and strength than the latter. For the 316L specimens, a very ductile
behavior is observed as can be deduced from the steadily increasing load bearing capacity and the
absence of specimen rupture until the end of mechanical testing at 35% strain. In contrast, the Ti6Al4V
lattices show a more brittle behavior with an abrupt decrease of the load carrying capability after a
first maximum is reached, pointing at the sudden rupture of several struts. In the course of further
loading, the typical compaction sets in and a new load carrying cycle is observed for the bcc lattice
structure, cf. [39]. The load of the f2ccz structure remains on a rather constant level, indicating severe
damage of the structure. After heat treatment of the Ti6Al4V specimens, improved ductility is gained,
which can be seen by the smoother stress–strain graphs of the heat-treated structures. Especially in the
case of the heat-treated f2ccz structure, the load drop is not as steep as prior to the heat treatment, so
that a fairly damage tolerant behavior is achieved. However, the general deformation characteristics
are similar to the as-built condition.

A much higher effective compressive stiffness for f2ccz lattices is observed in comparison to the bcc
structures, which can be expected from the respective deformation mechanism (stretching-dominated
vs. bending-dominated). The differences in aspect ratios being characteristic for the considered lattice
types are listed in Table 5; however, the differences in aspect ratios here play a minor role only.

The experimental effective compressive stiffness in the build direction E∗exp and the relative
deviation ∆ in comparison with the analytical data are listed in Table 7. The comparison with the
analytical model points at absolute values of deviations in the range of 9% to 17% for the bcc lattice
structures, while higher absolute deviations ranging from 20% to 70% are found for the f2ccz lattice
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structures. Most effective compressive stiffness values are overestimated by the analytical model with
the exception of the Ti6Al4V bcc lattice structure.

Table 5. Experimentally determined RVE sizes and strut diameters and related aspect ratios for all
types of lattice specimens considered.

Material-System RVE Size
a (mm)

Strut Diameter
t (mm)

Aspect Ratio
AR (−)

316L-bcc 1.93 0.314 6.146
316L-f2ccz 1.81 0.371 4.879

Ti6Al4V-bcc 2.06 0.424 4.858
Ti6Al4V–f2ccz 2.04 0.399 5.113

Table 6. Results obtained by the analytical model.

Material-System E*
ana (MPa) σ*

yield (MPa)

316L-bcc 367 2.38
316L-f2ccz 8849 20.51

Ti6Al4V-bcc 463 4.75
Ti6Al4V-f2ccz 4150 18.36

Table 7. Experimental results in comparison to the analytical values providing for calculation of
relative deviation.

Material-System E*
exp (MPa) E*

ana (MPa) ∆ (%)

316L-bcc 339 367 −7.6
316L-f2ccz 2824 8849 −68.1

Ti6Al4V-bcc 542
463

17.1
Ti6Al4V-bcc-HT 504 8.9

Ti6Al4V-f2ccz 3296
4150

−20.6
Ti6Al4V-f2ccz-HT 3113 −25.0
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In terms of effective compressive stiffness, most important influencing factors are expected to be
the aspect ratio and the resulting Young’s modulus. Thus, already small deviations in the assessment
of the aspect ratio can lead to high deviations upon analytical determination of mechanical properties.
As becomes obvious by comparing Tables 5 and 6, slightly lower aspect ratios in the case of the Ti6Al4V
bcc-structures are able to compensate for the lower Young’s modulus of this alloy in comparison to the
316L counterpart. Eventually, a higher stiffness in the Ti6Al4V than in the 316L bcc-structure is obtained
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analytically and confirmed experimentally. As a basis for solid discussion, it is therefore necessary to
determine to which level an aspect ratio effect prevails, i.e., if deviations shown in Table 6 are mostly
due to measurement uncertainty that can be represented by a tolerance interval. The tolerance interval
of the analytical model results is, as detailed before, determined by the precision of the measurement
of dimensions related to the cell structures. In the case of the present investigation, the precision of the
strut diameter determination via optical micrographs ∆m is estimated on a conservative basis. A value
of 17.5 µm, which is the difference between the minimum and maximum values of the strut diameters
found, is considered for the following calculations. The tolerance interval is then obtained providing a
lower and upper boundary for the estimation of the effective compressive stiffness values as follows:

E∗ana,low = E
(

a−∆m
t+∆m

)
E∗ana,up = E

(
a+∆m
t−∆m

) (1)

where a and t are the cell size and the strut thickness, respectively, directly deduced from the raw DIC
pictures. They provide the AR of the considered RVE eventually enabling a direct correlation with the
analytical stiffness of the lattice structure for the upper and lower boundary.

The deviations, for which the obtained experimental stiffness values are considered as covered by
the analytical model, are expected to be within the following boundaries:

∆E∗ana,low =
E∗ana−E∗ana,low

E∗ana

∆E∗ana,up =
E∗ana−E∗ana,up

E∗ana

(2)

Table 8 shows the estimated tolerance interval boundaries as calculated by Equations (1) and (2).
The difference between analytical prediction and experimental result with deviations from 7% to 17%
for bcc lattice structures (Table 7) are within the tolerance interval. However, the deviations obtained
for the f2ccz lattices cannot be explained by possible measurement errors only, in particular for 316L
showing a deviation of about 70%. However, the value of the Ti6Al4V f2ccz lattice structure in the
as-built state (about 20%) is not too far off the defined tolerance band.

Table 8. Tolerance interval boundaries of the analytical model.

Material-System E*
ana,low (MPa) ∆E*

ana,low (%) E*
ana,up (MPa) ∆E*

ana,up (%)

316L-bcc 285 28.8 467 −21.4
316L-f2ccz 7724 14.6 10,093 −12.3

Ti6Al4V-bcc 383 20.9 556 −16.7
Ti6Al4V-f2ccz 3665 13.2 4683 −11.4

4. Discussion

The discrepancies between analytical and experimental results can partly be explained based on
the limits of the model used for the calculation of the mechanical properties. Beam models account for
an ideally constant cross section, while in reality the additive manufactured lattice structures tend to
have relatively high variation in their cross section dimensions up to 40% [13,20,47], in particular in
the area of the node intersection between several struts, resulting in locally varying stiffness and stress
concentration [30,34]. An increased joint connectivity may, thus, lead to less accurate results due to
the fact that the assumptions of the beam theory are locally not fulfilled in the node area. Rehme [48]
and Merkt [49] performed studies focusing on the comparison of data between their analytical models
and experimental results. Experimental data were acquired for several lattice structures made of 316L
stainless steel using a contour hatch exposure (Rehme [48]) and point exposure strategy (Merkt [49]),
respectively. Souza et al. [11] discussed that the formulation of shear loading used in the beam model
applied may not be appropriate for low aspect ratios, for which the vicinity between strut-joints would
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render the beam theory obsolete. It was concluded in their study that in this case the structure should
be considered as a porous solid. It was highlighted that the beam model is able to predict the structural
behavior with less than 20% relative error for aspect ratios above 3.8. However, much higher deviations,
i.e., more than 50%, could be revealed for the smaller aspect ratios. Other potential sources of error in
the analytical model can be related to the level of (in) accuracy of the input data required, i.e., the aspect
ratio and the bulk material properties in the present case. The logarithmic dependency of the stiffness
with regard to the aspect ratio [11] pinpoints a non-negligible impact of inaccurate measurements.
A pronounced impact can be already derived from the upper and lower analytical values detailed
in Table 8. Furthermore, use of values of conventional materials as a basis for the homogenisation
method promotes non-exact estimation of the lattice mechanical behaviour because of the difference
between conventional and additively manufactured material [50].

Moreover, defects such as porosity, surface topography and unmelted material volumes,
respectively, are not taken into account, even if these features cause a change in the effective cross
section [13,15], which eventually can lead to a significant decrease of the macroscopic lattice stiffness
and to superposed notch effects. Geometrical discrepancies between the designed and as-built
lattices are well-known and widely reported. These discrepancies can be induced by several aspects,
e.g., the inclination angles of single struts [18,29,33], process instabilities [15,51], resolution limits [52]
etc. As is schematically highlighted in Figure 10, bcc lattice structures offer a layer-wise regular
periodic pattern with only one orientation (taking into account symmetry of the four struts highlighted),
while the f2ccz periodical arrangement displays a lesser degree of homogeneity of the lattice pattern
due to an additional and, in the case of tension/compression loading, load carrying vertical strut.
Known effects such as wall thickness variation and strut waviness can be considered as variables
depending on the strut inclination finally impacting the mechanical behavior of the lattice structure.
Due to the dominant contribution of one single type of strut orientation to the overall performance
of the f2ccz lattice structure, it is expected that the f2ccz structure is subjected to higher variations in
terms of mechanical properties than the bcc lattice structures. This effect can be clearly seen in Table 7.

However, these arguments solely do not explain the high variance in the deviations observed
between experimental and analytical results in the present work, up to almost 70% in the particular
case of the 316L alloy. The critical value, below which the lattice has to be contemplated as a porous
solid, is not touched in case of the structures investigated in this paper. Rehme [48] concluded that
the transition from a lattice structure, i.e., a truss-structure composed of single struts, to a porous
solid has to be defined according to the relevant aspect ratio. According to Table 5, the aspect ratios
obtained in the present study are in between 4 and 6. According to literature, the lower aspect ratio
bound is around 1.63 for bcc and 2.414 for f2ccz lattice structures [11,48]. From data presented, it is
obvious that both f2ccz lattice structures, independent of the material considered, exhibit significantly
higher deviations than their bcc counterparts, the latter being characterised by a lower grade of
joint connectivity. This observation clearly confirms the already mentioned limits of the approach
considered, i.e., modelling struts as structural beam elements. It is also quite remarkable that the
stiffness prediction for bcc structures remains below 10% inaccuracy for materials with potential
industrial application (316L, Ti6Al4V HT). Furthermore, an overall better correlation for specimens
made from Ti6Al4V can be identified, for which the calculated stiffness can be assumed as absolutely
acceptable since values remain in the tolerance interval detailed in Table 8.

For the 316L alloy, the vertically built struts show a strong dependency of both texture and
grain size towards their diameter. With decreasing diameter, changes from a rather fine, globular and
weakly textured microstructure to a coarse, elongated and strongly textured microstructure are seen
(Figure 5). This miniaturisation phenomenon can be explained through changes in the solidification
conditions, the prevailing temperature gradients and the overall thermal history of a given volume
element. Details on fundamental solidification effects and the impact of rapid solidification on
microstructure evolution can be found in literature, e.g., [53,54]. In case of additive manufacturing,
geometry and microstructure are established in parallel. Thus, changes in geometrical features on a



Metals 2020, 10, 1442 13 of 18

given plane of view (cf. Figure 10) are directly connected to the scanning strategy within the given
layer, eventually affecting very important process inherent characteristics such as the return time,
i.e., the time interval between irradiation of two strongly overlapping volume elements of the structure.
This can lead to significant changes of the melt pool shape, temperatures in the top layer and other
process characteristics. This, for one thing, leads to a change of solidification velocity and, thus, change
of prevalent grain sizes. Furthermore, in the case of miniaturisation of structural elements, the thermal
gradient is strongly directed towards the building platform, as the heat can only be dissipated through
the layers underneath, i.e., the already solidified material (as its thermal conductivity is much higher as
in case of the loose powder), cf. Figure 11. In combination with the driving force imposed by epitaxial
grain growth, this results in a strong <001> texture and grains being significantly higher in length
(parallel to BD) than the powder layer thicknesses employed in the process. Such aspects have been
numerously reported in literature, e.g., by Thijs et al. for additive processed tantalum [24]. For bigger
cross sections, the return times can be much longer, while the local heat is effectively distributed in the
solid material surrounding the melt pool, promoting the typically observed microstructure for additive
manufactured material (as shown in Figures 5 and 11 for the specimens with diameters of 3.1 mm
and 5 mm). All the aforementioned aspects are highly relevant for miniaturised, thin walled lattice
structures. In the case of the two different lattice types considered, different cross section patterns are
exposed as shown schematically in Figure 10. Consequently, the strut inclination angle does not only
have an impact on the geometrical discrepancies discussed before, but also leads to slightly different
microstructures in each strut. Similar conclusions were reported for additively manufactured notch
specimens made from stainless steel 316L, where a strong impact of ligament dimensions on locally
prevailing microstructure and eventually mechanical properties was reported [21].
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These microstructural changes, i.e., stronger <001> texture [35,36] and increased grain size with
respect to the build direction, significantly reduce both Young’s modulus and yield strength, as has
been shown for bulk 316L in a previous study [21]. In consequence, a lower stiffness and yield strength
can also be expected in lattice structures of small geometrical dimensions, as long as their deformation
behavior under tensile or compressive loading is dominated by small, vertically built struts. As is
revealed by analysis of DIC data shown in Figure 7, this is exactly the case for the 316L f2ccz structure.
Thus, the high deviation between the analytically determined and the experimentally obtained results
for this structure can be related to a significant reduction of stiffness and strength of the load carrying
struts oriented parallel to the loading direction. It can be unambiguously concluded that, as long
as tensile/compressive loading dominate, the miniaturisation effect is decisive, as revealed in the
present study for the f2ccz structure. In contrast, if the deformation behavior is dominated by bending,
the anisotropic properties are not as highly effective, as multiaxial stress states are induced within the
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struts. For the bcc lattice structure, displaying a superposition of compressive and bending forces
(cf. Figure 7d–f), the miniaturisation effect is, thus, less influential for the structure as compared to
the impact of the overall geometry. Consequently, the deviation between analytical and experimental
results is much smaller.
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It has to be noted that the discussed relationships between geometrical dimensions, solidification
conditions, microstructure evolution and resulting mechanical properties are most effective only
for materials, which still feature their solidification microstructure at room temperature. This is
obviously not the case for Ti6Al4V (Figure 6), as this alloy undergoes an additional solid-to-solid phase
transformation from the cubic β-phase (the high-temperature solidification phase) to α-martensite,
imposed by rapid cooling and quenching, respectively, upon solidification. During the transformation,
the strong texture and coarse-grained microstructure of the former β-phase is almost fully lost and
a very fine-grained, weakly textured martensite is formed. Only selection of preferred martensite
variants resembles the initial microstructural features, e.g., the lateral position of former β-phase
grain boundaries [25]. Thus, the behavior of both bcc and f2ccz structures in the as-built condition of
Ti6Al4V is not affected by locally prevailing anisotropic microstructures. That is why the experimentally
determined stiffness values of both structure types are within or close to the tolerance band of the
analytical model. A higher deviation between the analytically and experimentally determined stiffness
values for the heat-treated Ti6Al4V lattice, as compared to the as-built counterparts, can be deduced
for the f2ccz structure only. As in case of the 316L specimens, this is the type of structure where
microstructural effects are more prominent due to the uniaxial stress states within the load carrying struts.
For Ti6Al4V, grain coarsening induced by the heat treatment might lead to local reduction of stiffness
in dependence of the local grain orientation. However, as the grain coarsening is induced by recovery,
grain growth and recrystallization, the orientation cannot be controlled and, thus, countervailing effects
of individual grains on the resulting stiffness can be assumed. However, this aspect is clearly out of the
scope of the current work and, thus, has to be addressed in a follow-up study.

5. Conclusions

The general performance of an additively manufactured part is defined by the process parameters
locally applied and the evolution of microstructure induced eventually determining its local and
global mechanical behavior. In the case of lattice structures, the macroscopic mechanical properties
are expected to be highly influenced by the type of lattice involved, i.e., by effects on the macro- and
mesoscale, however, simultaneously by the different grain orientations and textures, respectively,
on the microscale. All these aspects are characterised by their own individual parameters and variables,
however, all being cross-linked. It is assumed that properties on each length scale have to be investigated
separately first. Then, upon fusion of results, an explicit statement can be provided, allowing for solid
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conclusion regarding the general behavior of the structures considered. Finally, this approach allows
for transfer of results to closely related lattices, e.g., characterised by similar geometry, however,
differing dimensions.

The multi-scale analysis of the present study reveals that the miniaturisation effect has a distinct,
however, different impact on the deformation behavior of lattice structures depending on the considered
type of the unit cell, the loading scenario and the material of choice. Materials subjected to a phase
change upon solidification, such as Ti6Al4V, are less sensitive due to local microstructural changes
inhibiting the miniaturisation effect, which enables accurate prediction of the mechanical behaviour
using constitutive models for structures with few manufacturing defects. Other common additive
manufacturing materials such as 316L, Ni-base alloys [55], and AlSi10Mg [56] are strongly impacted
by the miniaturisation effect. This effect, among others, is generally not taken into account in
analytical or finite element models, where typically isotropic and size-independent properties are
assumed. The direct consequence of these inadequate assumptions is an overestimation of the structural
properties. This clearly lays out that the so far developed models may not be conservative, being further
characterized by extremely high deviations from real structural data.
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