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Abstract

Metal additive manufacturing (AM) is a unique, emerging manufacturing tech-
nology that facilitates customisation, flexible production and complex, light-
weight components. In order to fully utilise the high potential of metal AM,
a fundamental understanding of the produced material microstructure and its
mechanical behaviour must be achieved.

This PhD thesis investigates the anisotropic mechanical properties of 316L
austenitic stainless steel and Ti-6Al-4V titanium alloy, produced by laser pow-
der bed fusion (LPBF) process. Various computational methods are employed
at different length scales to gain insight into the mechanical properties of the
material based also on experimental testing. The micromechanical characteris-
tics are studied through crystal plasticity simulations using periodic represen-
tative volume elements (RVEs) that are specific to each material. The applied
crystal plasticity model is based on a simple viscoplastic power law, neglecting
grain boundary effects. Numerical predictions for the mechanical anisotropy
are obtained based on the crystallographic texture.

For both materials, the crystal plasticity parameters are calibrated against
tensile tests carried out on dog-bone specimens printed with different orien-
tations relative to the build direction. The calibrated RVEs are subjected
to virtual material testing under multiple load cases to determine different
anisotropic yield criteria.

Finally, 316L elastically isotropic truss lattices are investigated, when sub-
jected to uniaxial tensile load. The experimental results are supported by
finite element analyses, which employ the anisotropic material parameters de-
termined by crystal plasticity simulations. The influence of geometrical imper-
fections are investigated numerically in order to study failure mechanisms and
fracture patterns of the lattices.
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Resumé (in Danish)

Additiv fremstilling af metaller er en ny fremstillingsmetode, som muliggør flek-
sibel fremstilling af komplekse letvægtskomponenter. For at udnytte det store
potentiale i fremstillingsmetoden, er det nødvendigt at opn̊a en grundlæggende
indsigt i det producerede materiales mikrostruktur og dets mekaniske egensk-
aber.

Denne Ph.D. afhandling undersøger de anisotrope mekaniske egenskaber
af 316L austenitisk rustfrit st̊al og Ti-6Al-4V titanium, produceret ved hjælp
af ”laser powder bed fusion” processen. Forskellige computerbaserede beregn-
ingsmetoder benyttes over flere længdeskalaer med henblik p̊a at opn̊a indsigt
i de mekaniske egenskaber, som m̊ales eksperimentelt.

De mikromekaniske egenskaber undersøges ved hjælp af krystalplasticitets
simuleringer af periodiske repræsentative volumen elementer (RVE), baseret p̊a
de enkelte materialers mikrostruktur. Materialet karakteriseres ved hjælp af
en viskoplastisk potenslov, mens korngrænseeffekter negligeres. Numeriske re-
sultater for den plastiske anisotropi findes p̊a baggrund af den krystallografiske
tekstur. For begge materialer kalibreres materialeparametrene i krystalplas-
ticitetsteorien mod prøver udført p̊a enaksede trækemner i forskellige orien-
teringer i forhold til fremstillingsretningen. De kalibrerede RVE’er analyseres
i virtuelle materialetests under forskellige belastninger med henblik p̊a at finde
anvendelige anisotrope flydekriterier.

Endelig undersøges elastisk isotrope 316L gitterstrukturer under enakset be-
lastning. De eksperimentelle resultater understøttes af finite element analyser,
som er baseret p̊a de anisotrope materialebeskrivelser udviklet p̊a baggrund af
krystalplasticitets simuleringerne. Indflydelsen af geometriske imperfektioner
undersøges numerisk med henblik p̊a at karakterisere kollapsmekanismer samt
brudmønstre i gitterstrukturerne.
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Part 1. Description of Methods, Results, and
Outcomes





1 Introduction

Metal Additive Manufacturing (AM), popularly known as metal 3D printing
has attracted much attention over the past years, due to its immanent advan-
tages compared to traditional manufacturing. Metal AM offers flexible, small
scale production, short lead time and reduced waste material. Additionally, it
has the potential for revolutionising the design of components by facilitating
the manufacturing of light-weight, complex structures, as illustrated in Fig-
ure 1.1. Nowadays, these benefits are mostly utilised for functional engineering
applications in aerospace, automotive and biomedical sectors [1, 2].

The early version of AM was established already in the 1980s using poly-
mer materials, and it was only used for rapid prototyping, instead of rapid
manufacturing. Commercialised metal AM technologies have appeared in the
mid 90s [3]. However, these processes were based on powder sintering, thus
the strength of the printed components was more comparable with composites
than metals. Recently, some of the metal AM technologies can produce fully
dense parts with mechanical properties even superior to the ones fabricated
by traditional manufacturing methods, such as casting, extrusion or rolling.
On the other hand, due to the unique thermal history, AM typically creates
heterogeneous microstructures leading to anisotropic mechanical behaviour [2,
4]. Anisotropy depicts orientation-dependent features of a material, and it is
unfavourable for engineering applications, where usually consistent mechanical
properties are required.

(a) (b)

Figure 1.1: Complex parts achievable by AM: (a) Printed open cell truss lattice
structure, (b) CAD model of a porous femoral stem implant
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Metal AM comprises several different processes, which can create differ-
ent microstructures and corresponding mechanical properties with an identical
material composition. AM methods can be classified by different features, e.g.
by the type of feedstock, heat source or the binding mechanism between the
joined layers of material [5]. The most common process categories are the
binder jetting, directed energy deposition, powder bed fusion (PBF) and sheet
lamination [6]. Despite the various types, all AM methods eventually share the
same concept that the part is built up layer by layer based on a virtually sliced
3D model.

Besides the process, the variety of applicable powder material is also very
wide and continuously expanding. Commonly used powder materials are the
stainless steels, aluminium, nickel, cobalt-chrome and titanium alloys. Some of
the AM metals exhibit higher strength, but lower ductility and fatigue resis-
tance than their conventional equivalent [7]. However interestingly, there is no
clear tendency of the AM metals mechanical properties compared to the conven-
tionally manufactured ones, not even within the same AM process. Therefore,
for each AM process, each powder material has to be investigated individually.
Even in the case of a single process and powder material, numerous influencing
factors are involved, e.g. printing parameters, building direction and scanning
strategy.

Metal AM has undeniable potential and unique benefits, but lags behind
in understanding of the created microstructure and mechanical properties of
the printed parts. Due to the high variety and uncertainties of this emerging
field, it has been a topic of broad and current interest during the past decade.
Besides the required immense amount of experimental work, AM has also given
rise to theoretical fields. Specific areas, such as numerical simulation of a man-
ufacturing process and micromecahnics of a printed material are all essential
for better understanding and utilising the AM technologies. Nevertheless, only
AM makes achievable complex parts [8], designed by topology optimisation,
thus also inspiring numerical fields that are not directly related to AM.

1.1 Objectives and outline

This PhD project has been carried out in the frame of AM-Line project [9],
which involves two other departments and PhD students from DTU. The main
objective of this collaboration is to establish a connection between the man-
ufacturing process, the microstructure and the mechanical properties of the
printed material. The specific goal of this PhD project is to explore the in-
terplay between the microstructure of the printed material and the mechanical
properties by means of numerical and experimental investigations. Polycrystal
simulations are conducted with representative volume elements (RVEs), which
aim to capture the basic attributes of the printed microstructure. Experimen-
tal material testing is carried out to explore potential influencing factors of the
manufacturing process, and some of the test results are also conducted to verify
the numerical simulations.
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The ultimate goal of the project is to integrate the numerically and exper-
imentally obtained strength properties, into a high-level simulation environ-
ment, i.e a commercial FE software. This could support the design phase to-
wards predictable mechanical properties, thus making more reliable 3D printed
components feasible.

The thesis consists of an extended summary of the methods and resulting
contributions to achieve the objectives described above. It is primarily based
on four journal publications [P1-P4] with some additional simulation insights
and experimental work. The summary of the thesis is organised as follows. The
remaining part of this introduction gives the technical scope of the project, such
as the applied AM process and materials. Chapter 2 describes the experimental
mechanical testing including uniaxial tensile and fatigue crack growth (FCGR)
testing. Chapter 3 presents the crystal plasticity framework, together with
the employed RVEs of the investigated materials. Additionally, a method for
virtual material testing is also described that is used to determine anisotropic
yield criteria for the materials. Chapter 4 covers experimental and numerical
methods for elastic isotropic truss lattice structures produced by AM. The
hereby applied material model utilises, to a certain degree, the findings reported
in Chapter 2 and 3. Finally, Chapter 5 gives concluding remarks about the main
results and provides recommendations for future work.

1.2 LPBF process

The present work focuses solely on materials produced by laser powder bed
fusion (LPBF), also known as selective laser melting (SLM), which is one of
the most common AM technologies [3]. This process has become a popular
choice among the AM alternatives, due to the high geometric accuracy and
outstanding mechanical properties of the printed parts. PBF machines build
components, layer upon layer along the building direction (BD) with successive
cycles. Firstly, the powder material is spread across the build chamber with a
moving coating roller or a powder scarper, as shown in Figure 1.2a. Secondly,
the energy source selectively melts the deposited thin top layer of metal powder.
In the case of LPBF, the heat source is a laser.

The hereby applied LPBF process (SLM), not only sinters the powder par-
ticles, but melts them, creating a more homogeneous microstructure and better
mechanical properties [1]. The path of the laser is called scanning strategy and
can be chosen among a few built-in options, influencing somewhat the crys-
tallographic texture thus the anisotropy of the material [2]. Further printing
parameters, such as laser power, scanning speed, layer thickness etc., some of
them illustrated in Figure 1.2b, are all essential factors to obtain adequate
quality of the printed parts. The most relevant printing parameters applied for
this work are reported in the publications [P1-P4], thus hereby they are omit-
ted. Note that varying and determining the printing parameters has not been
part of this project and the reported settings and values are obtained based on
the expertise of one of the project partners.
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(a) (b)
Figure 1.2: Schematic illustration of LPBF process: (a) Main components of
the machine [10], (b) Some of the relevant AM terminologies [11]

1.3 Investigated materials

The scope of this study involves two materials, a titanium alloy, Ti-6Al-4V and
a stainless steel, AISI 316L. Although Ti-6Al-4V is a rather expensive material,
the unique combination of its favourable properties makes it the most common
titanium alloy used in AM, primarily applied in aerospace and biomedical sec-
tors. These advantageous properties, such as excellent mechanical properties,
high strength-to-weight ratio, corrosion resistance and biocompatibility are also
attractive in conventional manufacturing sectors.

Conventionally manufactured Ti-6Al-4V usually occurs with two types of
microstructures, bi-modal and fully lamellar. The bi-modal microstructure
consists of equi-axed grains of α-phase in a lamellar α+β-matrix and is known
for the combination of good ductility and relatively high strength. The fully
lamellar microstructure consists of α-lamellae and inter-lamellar β-phase, and
despite the lower strength and ductility compared to the bi-modal microstruc-
ture, has excellent crack growth resistance.

In the case of AM Ti-6Al-4V, elongated primary grains are formed consist-
ing of fine lamellar platelets in hierarchical structure, as shown in Figures 1.3a
and 1.3b. Due to the high cooling rates involved in the LPBF process, a
very fine martensitic α′ microstructure is commonly reported with negligible
amount of and β phase [P6]. The β-grains forming during solidification are
elongated along the direction of the largest heat flow, which is the BD, creating
anisotropic mechanical properties of the as-printed material. This martensitic
microstructure is associated with high strength, but very low ductility.

The austenitic stainless steel, 316L exhibits excellent corrosion resistance
and ductility with moderate cost, but lower strength and higher weight com-
pared to the titanium alloys. The AM 316L is widely used for components
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exposed to corrosive environment without excellent strength requirement e.g.
in chemical, petrochemical, marine and biomedical industry [10].

The microstructure of LPBF 316L consists of elongated austenite grains,
oriented along the BD with a cellular sub-grain network inside these grains,
shown in Figures 1.3c and 1.3d. Compared with conventionally manufacturing,
LPBF of 316L leads to higher yield strength, while maintaining comparable or
even better ductility. Further studies of the investigated materials with a more
detailed material science scope can be read in the publications [P5,P6] and [12],
dealing with e.g. heat treatments or printing edge effects for these materials.

(a) (b)

(c) (d)

Figure 1.3: Microstructural characterisation of LPBF metals: (a) LOM and
(b) SEM micrographes of Ti-6Al-4V, (c) LOM and (d) SEM micrographes of
316L. Note, both subfigures of (d) are from the same cross-section, only their
locations differ.



2 Mechanical experiments

As described in Chapter 1, metal AM processes still contain significant uncer-
tainties due to the high number of influencing parameters. The factors include
the printing parameters, but also process independent aspects, for instance the
geometry and size of the part [1, 13]. Different components and even regions
of the same component could experience different thermal histories during the
printing process, leading to distinct microstructures and mechanical properties.

The main purpose of this experimental study is to determine the basic
mechanical properties of LPBF fabricated specimens and the effect of different
geometries, orientations position in the build chamber to name a few. Note
that while investigating a specific factor, all other manufacturing and post
processing features e.g. stress relief and machining, are kept as constant as
possible.

The performed experiments include uniaxial tensile testing and fatigue crack
growth resistance testing (FCGR). Due to the high level of standardisation of
these mechanical tests, they can serve both industrial and research purposes.
The tests can be also considered as a detailed quality inspection of the process,
and partly their results will also be applied for calibration of the numerical
models.

2.1 Uniaxial tensile testing

Standard dog-bone shape tensile specimens were employed with rectangular
cross section for testing of both Ti-6Al-4V and 316L. In the case of the Ti-
6Al-4V, the study of possible influencing factors were more extensive, because
some of them were not considered material dependent e.g. position in the build
chamber. The following features were considered as possible influencing factors
of the mechanical properties and the microstructure:

a) Orientation
Three mutually orthogonal specimen orientations were examined (ver-
tical, horizontal and transverse, shown in Figure 2.1a) with the aim of
exploring the anisotropy of LPBF materials.

b) Surface finish and build volumes
For the vertical specimens the final geometry could be obtained in three
different ways, as illustrated in Figure 2.1b:

• Printing directly the final geometry of the part, considered as-built
state with rough surface (VR)

8
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• Printing a slightly (1 mm) oversize, near-net-shape part, then ma-
chining it to its final size (V) by electrical discharge machining
(EDM)

• Printing a considerably larger solid block with a cross section of
40mm x 23mm and cutting out the desired final geometry (VB) by
EDM

c) Size
The tensile specimens were printed in two different sizes, one of them
being scaled down by a factor of 2 compared to the other one, shown
in Figure 2.1c. The goal was to investigate whether differences in the
heating-cooling cycle and surface to volume ratio could play a role in the
generated microstructure and the obtained mechanical properties.

d) Position of the specimen in the build chamber
In all printed batches, each specimen was marked with an individual
identification number, in order to trace back whether the position of the
specimen has an effect on the material properties.

e) Distance between adjacent specimens
Based on the assumption that the heating-cooling cycles can be influenced
by neighbouring structures, potentially creating different microstructures,
batches of tensile bars were printed with different distances between the
adjacent layers.

(a) (b) (c)

Figure 2.1: Investigated factors for influencing mechanical properties: (a) Ori-
entation, (b) Machining after printing and (c) Size

For 316L only the different build orientations and surface finish have been
investigated. Additionally, the latest two factors (d and e) were omitted from
the evaluation even for Ti-6Al-4V, because the extremely dense support struc-
tures, shown in Figure 2.2, suppressed any substantial difference in the thermal
cycles. This dense support structure was necessary to prevent the specimens
from warping upon removal from the build plate.
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Note that as-built specimens in the horizontal and transverse directions can
not be achieved, only in the vertical direction, since one side of those specimens
must be machined due to the support structure or the removal from the build
plate. Nevertheless, specimens extracted from a horizontally oriented block
have also been tested and included in the evaluation of results. Additionally
all specimens even the as-built ones were subjected to a basic stress relief,
independent of the materials. Heat treatment is not in the scope of this work,
but more information can be found in [P6]. For an appropriate comparison
of specimens with different build orientations, only tensile bars with machined
surfaces are used, and these experimental results will be also used for the
numerical work (Figure2.1a).

Figure 2.2: Batch of LPBF Ti-6A-4V tensile specimens with support structure,
prior to machining by EDM

2.1.1 Experimental setup

All uniaxial tensile tests were carried out using the same testing parameters,
set-up and dog-bone specimen geometry for both 316L and Ti-6Al-4V. They
were conducted according to the ASTM E8/E8M standard [14] at room temper-
ature on MTS 312.21 100 kN servo-hydraulic testing machine under displace-
ment control mode with a loading rate of 0.05 mm/s. The longitudinal strain
was measured with an Instron extensometer with a gauge length of 12.5 mm.
The small Ti-6Al-4V tensile bars were tested on a a MTS 358.05 25 kN servo-
hydraulic machine using an MTS extensometer with 8 mm gauge length. The
reduced region of the larges specimens had a length of 25 mm and a cross sec-
tion of 5× 6mm2, meanwhile the small, scaled down version had 12.5 mm and
2.5× 3mm2, respectively.

2.1.2 Data processing

For each type of specimens at least three, but mostly five test repetitions were
performed. Firstly, the raw experimental data were processed to obtain the
engineering stress-strain curves, which were used to determine the Young’s
modulus E, yield strength σy, ultimate tensile strength σUTS and maximum
elongation ε. Evidently, the σUTS was calculated from the maximum force
value and ε was derived as the maximum strain value before fracture. In order
to extract the Young’s modulus, a linear fit was performed for each curve in the
approximate range of 0.1-0.4 σUTS. By offsetting the fitted line by the usual
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0.2% magnitude of plastic strain, conventional yield points for each tensile test
were determined.

In what follows, the tensile test results are presented by means of the de-
scribed four parameters (E, σy, σUTS, ε) for both Ti-6Al-4V and 316L mate-
rials. The results are categorised by the different factors introduced earlier in
this section, and their average values and standard deviations are compared in
bar charts. Finally, the engineering stress-strain curves are illustrated that are
later used for calibration of the numerical models.

2.1.3 Results for Ti-6Al-4V

In order to directly and adequately compare the effect of the different build
orientations, the surfaces of the specimens were machined by EDM. Figure 2.3
shows that although there is a small overlapping in the Young’s modulus of
the groups, a clear but limited anisotropy can be noted in both stiffness and
strength properties. The specimens aligned parallel to the BD (V), exhibit
approx. 8% higher Young’s modulus than the ones lying in the build plane
(H, T). Additionally, vertical specimens show ca. 4% higher yield and ultimate
tensile strength than their horizontal and transverse counterparts. Regard-
ing the maximum elongation, considering the relatively high variances for all
categories, there is no substantial difference between the different orientations.
However, despite the machining, all specimens exhibited quite brittle behaviour
with an average elongation lower than 10%.

H: Horizontal, T: Transverse, V: Vertical

Figure 2.3: Tensile test results of surface machined specimens with different
build orientations
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The effects of surface finish and bulk properties of slender and thick sections
are presented with tensile test results in Figure 2.4. The applied specimens were
tested with the same final geometry, but all three types of vertical parts were
printed with different cross-sections, as shown in Figure 2.1b. As-built (VR),
near-net-shape (V) specimens are compared to specimens machined from a
solid printed block (VB). The results of Figure 2.4 indicate that VB specimens
extracted from the massive solid block have higher stiffness and lower strength
than the other two groups (VR and V). Considering both the Young’s modulus
and strength properties of VR and V specimens, it can be concluded that the
surface roughness has no effect on these properties. However, VB specimens
exhibit distinct mechanical properties, although they have the same machined
surface as V specimens.

In addition, the surface roughness and a massive printed volume both have
an obvious impact on the ductility, because all three specimen types differ
significantly in the maximum elongation. The as-built VR specimens are the
least ductile, due to their rough surface compared to V and VB. The measured
3-5% elongation for VR specimens is in a good agreement with the values re-
ported in the literature [5], while V and VB show a remarkably higher ductil-
ity. Especially the VB specimens exhibit outstanding ductility, with maximum
elongation in the order of 15% that has never been reported related to LPBF
Ti-6Al-4V. Considering the similar surfaces of V and VB specimens, the ex-
planation for the different mechanical properties of these two groups has been

VR: Rough, as-built, V: EDM 1 mm, VB: EDM from block

Figure 2.4: Tensile test results of as-built and differently machined vertical
specimens
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attributed to distinct oxygen and nitrogen levels in the build chamber. Related
to this investigation, more details can be found in [P4].

The comparison of the V and VB has been extended by the corresponding
comparison between horizontally aligned specimens denoted with H and HB.
The tests for both the vertical and the horizontal variants were carried out with
the small, scaled down specimens, shown in Figure 2.1c. Figure 2.5 summarises
all of these tensile test results and leads to the conclusion that the size of the
specimen does not have a substantial effect on the mechanical properties. As
a consequence, the previously described anisotropy is also obtained with the
smaller specimens. Namely, the horizontal specimens exhibit a few percentage
lower Young’s modulus and strength (σUTS, σy) than the vertical ones. Fur-
ther conclusion is that machining the specimens from a larger block, basically
eliminates the observed elastic anisotropy and reduces the strength only for
the vertical specimens. Finally, looking at the elongation results of Figure 2.5,
all specimens extracted from a block for both sizes and orientations, exhibit
higher ductility compared to their slender counterparts. However, this gain in
ductility is more pronounced for vertical specimens.

H: Horizontal, EDM 1 mm V: Vertical, EDM 1 mm, B: EDM from block

Figure 2.5: Tensile test results of specimens in different sizes

2.1.4 Results for 316L

Stainless steel tensile specimens have been tested and their data processed in
the same way as presented in the previous section for Ti-6Al-4V. Nevertheless,
the investigations of different specimen sizes and effect of printing and machin-
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ing substantially larger blocks have been excluded for 316L. Only larger sized
tensile bars have been tested, which were EDM machined from near-net-shape
geometries printed in different orientations. In addition, as-built condition was
also investigated for vertical specimens (VR). Note that specimens printed in
transverse orientation have also been tested, but similarly to Ti-6Al-4V, they
exhibited the same mechanical properties as the horizontal specimens, thus
they are omitted.

The obtained tensile test results are summarised in Figure 2.6, and they
show outstanding mechanical properties compared to the conventionally man-
ufactured 316L components [12]. On the other hand, the results also indicate
that the anisotropy created by the LPBF process plays an important role in
both stiffness and strength properties of the material. This finding is also
justified by other references [15, 16].

Unlike for Ti-6Al-4V, in the case of 316L the horizontal specimens exhibit
superior strength and stiffness properties compared to their vertical counter-
parts. Note that the obtained ca. 15% difference in the Young’s modulus is
questionable; due to the considerably non-linear stress-strain relation prior to
yielding and possible measurement inaccuracies with extensometer. However,
the σUTS and the σy show excellent repeatability with low variances, and they
indicate 6% higher values for horizontal than for vertical specimens. Regarding
the effect of machined and as-built surface (V and VR), there are no significant
differences in stiffness and strength. Nevertheless, surprisingly the ductility
appears to be slightly lower after machining.

H: Horizontal, EDM 1 mm, V: Vertical, EDM 1 mm, VR: Vertical, as-built

Figure 2.6: Tensile test results of as-built and differently machined specimens
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2.1.5 Experimental results used for crystal plasticity simulations

For both materials the experimental stress-strain curves of the large machined
specimens, printed in horizontal and vertical orientations shown in Figure 2.7,
are used for the calibration of the crystal plasticity parameters. Figure 2.7
clearly illustrates that the anisotropy is exactly the opposite for the two mate-
rials, despite the same manufacturing process and similar build settings.

In order to exclude the randomness of the measurements, each curve was
interpolated with a finer common sampling, and their averages were extracted
for the different printing orientations. These averaged experimental stress-
strain curves will be employed in Chapter 3 for comparison of the numerical and
experimental results, and for calibration and validation of the crystal plasticity
parameters.

(a) Ti-6Al-4V (b) 316L

Figure 2.7: Experimental stress-strain curves for (a) Ti-6Al-4V and (b) 316L
specimens printed in different orientations, with symbol ”∗” denoting average
value of the yield stress σy

2.2 Fatigue Crack Growth testing

The conducted FCGR testing aims at investigating the anisotropy of the ma-
terial, namely the effect of build orientations (Figure 2.8a), in terms of fracture
mechanical properties. Relatively thin plate-like specimens are used that fulfil
the plane-stress condition. Although the applied dimensions are not strictly
following the standards, the studies of these thin-wall structures are essential
for metal AM applications. An additional goal is to explore the potential size
effect of the LPBF process using an identical but scaled-down specimen ge-
ometry, similarly as described for tensile testing and as shown in Figure 2.8b.
Even though the tensile test results indicated the absence of size effect, the
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hereby applied FCGR specimens have thicknesses in the 1-2 mm range and
have a much higher surface-to-volume ratio. Note that this experimental in-
vestigation includes, only the results for Ti-6Al-4V, as similar tests with other
specimen types and with different stainless steel alloys are still on-going.

(a) (b)

Figure 2.8: Investigated factors for FCGR testing: (a) Orientation and (b) Size

2.2.1 Experimental details

The experiments followed the ASTM E647 standard [17], nevertheless some of
the dimension requirements were overriden i.e. minimum thickness, in order to
investigate thin structures. The fatigue tests were performed on a MTS 358.05
25kN tensile machine under constant amplitude loading with a frequency of
10 Hz. For the maximum load amplitude, different values were tested initially,
and the one corresponding to a nominal applied stress of 100 MPa with stress
ratio of R = 0.1 [18], provided an appropriate test duration until total fracture
occurred. The 100 MPa nominal stress resulted in 6 kN maximum load for the
large specimen and 1.5 kN for the smaller version, which is scaled down with
a factor of two. The experimental setup is shown in Figure 2.9a. An Olympus
E-m5II 16 megapixel camera was used to monitor the crack propagation with
150 mm diameter lens that provided an adequate resolution, as shown in Fig-
ure 2.9b and 2.9c. In order to achieve high quality images and detectable crack,
when the pictures were taken the cyclic load was suspended and replaced with
a constant average value of the employed minimum and maximum loads for
two seconds. The photos were taken in every 3000 cycles up to 60000 cycles,
then in every 1000 cycles in the remaining part of the tests. Despite the high
resolution images, the crack initiation was challenging to monitor visually, thus
those results are omitted for fitting the Paris law parameters and considered
as precracking as instructed by the standard [17].

Middle tension (MT) specimens were used with the overall dimensions of
150x40x2 mm for the large version, shown in Figure 2.9b and with the dimen-
sions of 75x20x1 mm for the small specimens. The aim was to have five test
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repetitions for all investigated specimen types; nevertheless the warping during
the AM process and excluding the outlier measurements reduced the number
of the hereby presented test results.

(a) (b)

(c)

Figure 2.9: Summary of experimental details: (a) Experimental setup and (b,c)
example images used for crack measurements

2.2.2 Results for Ti-6Al-4V

The crack propagation results obtained by visual measurements for both speci-
men sizes are summarised in Figure 2.10 by means of theN−a and ∆K−da/dN
curves. Note, the parameter aeff is introduced to indicate that the crack length
is measured from the notch tip, while a usually denotes the crack length mea-
sured from the centerline of the specimen. Looking at Figure 2.10a and 2.10b,
the clear conclusion can be drawn that independent of the specimen size, the
vertical ones exhibit a significantly higher crack initiation resistance and slower
crack propagation. Even though previous experiments showed ca. 4% higher
yield strength for the vertical specimens, recalling that the employed load is
less than 10% of σy, this should not be responsible for a significant difference
in crack propagation.

Interestingly this strongly anisotropic crack propagation behaviour has not
been widely reported, nevertheless the fatigue behaviour of LPBF Ti-6Al-4V is
highly investigated [19, 20, 21]. Noteworthy, the crack propagation rate curves
and the corresponding log-linear fits (Figure 2.10c and 2.10d) are very sensitive
to the derivation method, to the range of the fit, and to the a−N curves that
also require a fitting procedure. Most of the available studies only provide the
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(a) (b)

(c) (d)

Figure 2.10: FCGR results for different build orientations and specimen sizes:
(a, b) a − N curves of standard and scaled down specimens respectively, and
(c, d) the corresponding, calculated da/dN −∆K curves with log-linear fits

∆K−da/dN plots without reporting the underlying a−N curves, which makes
direct comparison a bit challenging. In this particular case the a − N curves
were fitted with Savitzky-Golay filter and the derivation was performed with
an incremental polynomial method detailed in ASTM 647. The parameters of
the fitted Paris equation,

da
dN = C∆Km

are presented with their average and standard deviation values in Figure 2.11.
The exact values of the parameters C and m are in a good agreement with

the results reported by Rans et al. for the same material with similar test set
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H: Horizontal T:Transverse V: Vertical

Figure 2.11: Paris parameters for different specimen orientations sizes

up [18]. However, in the present study a significant difference is observed also
in the Paris parameters of the vertical orientation compared to the other two
build orientations, and even repeated using two distinct sizes. The difference
between horizontal and transverse build orientations is negligible and so does
the difference between the large and small specimens, considering the high
variance of some measurements and a slightly distinct ∆K range.

Although the results obtained by the visual measurements are according to
the standard and seem valid; it must be admitted that to monitor the crack
propagation, especially for the smaller specimens, was a difficult and somewhat
subjective process. Nevertheless, during the measurements it was noticed that
the displacement data always gave a clear indication of the crack size. There-
fore, a compliance method has been developed using the displacement data and
supported by a finite element (FE) analysis.

The model of the MT specimen was subjected to a static load with the
maximum amplitude value of the experiments. In the next step, the crack
length was incrementally increased for each simulation, in order to determine
the relationship between the crack size and the displacement of the specimen
at the gripped position. This procedure resulted a few crack length vs. dis-
placement calibration points. After excluding the compliance of the machine
and additional factors from the measured displacement data, these numeri-
cal calibration points were used for mapping measured displacements to crack
length.

Note that the standard requires notch-opening measurements for the com-
pliance method. The hereby employed FE model allowed to use gripper dis-
placement data instead. Data from the previous anisotropic tensile investiga-
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(a) (b)

Figure 2.12: FCGR results of smaller size specimens obtained by compliance
method for different build orientations: (a) a − N curves and (b) the corre-
sponding da/dN −∆K curves with log-linear fits

tions were employed to achieve a higher precision. For instance, experimentally
obtained anisotropic E modulus was applied as a material parameter of the
model. Figure 2.12a shows an earlier crack initiation than the one obtained by
visual method (Figure 2.10b) for the same experiments, but above 1 mm crack
propagation a decent agreement is observed.

This difference between the applied measurement methods, most likely can
be explained with that the visual method could not capture the early crack
propagation, which was considered as pre-cracking. On the other hand, the ap-
plied compliance method could provide crack growth data already from lower

H: Horizontal T:Transverse V: Vertical
Figure 2.13: Paris parameters obtained by compliance method for smaller size
specimens
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cycles, i.e. 0.7 · 105. Therefore, the corresponding log-linear fits are included
from a lower ∆K value, as shown in Figure 2.12b. For this reason, the hereby
obtained Paris parameters (Figure 2.13) are in a different, but still in a com-
monly observed range [22], and they exhibit the same trends as the parameters
determined with visual crack measurements (Figure 2.11).

The results achieved by both crack measurement methods provide the same
conclusion that horizontal and transverse specimens are not significantly differ-
ent. However, the vertically aligned specimens exhibit higher resistance against
crack initiation and propagation, which is clearly visible from the a−N curves
and indicated by the Paris parameters, as well.



3 Crystal plasticity modelling

In order to predict and deeply understand the mechanical properties of the ma-
terial, the microstructure has to be investigated and its mechanical behaviour
should be captured numerically. In the case of crystalline materials, like met-
als, crystal plasticity has become a powerful modelling tool for micromechanical
simulations. The crystal plasticity method is based on the behaviour of a single
crystal, accounting for inelastic deformation modes, such as dislocation glide
and mechanical twinning. These microscopic deformation mechanisms can be
incorporated on polycrystalline level, providing a link to the mechanical re-
sponse on macroscopic scale.

This chapter summarises the numerical studies from [P1] and [P2] based on
crystal plasticity, starting with the constitutive modelling from single crystal
up to homogenised material level. The introduction of the numerical framework
is followed by the description of the material specific models and the thereby
obtained numerical results for both Ti-6Al-4V and 316L materials. The mate-
rial specific attributes of the RVE involve the constitutive model parameters,
grain morphology and the crystal orientations.

3.1 Constitutive modelling of crystal plasticity

In this section the numerical framework is outlined, used for virtual testing of
the investigated AM materials. On a lower, micro scale level, the material be-
haviour is simulated with a single crystal plasticity model within RVEs. These
micromechanical simulations include material specific crystal types and crystal
orientations etc., but they can be interpreted on a homogenised, macroscopic
level. Based on the results of the periodic RVE simulations, homogenised quan-
tities are derived that are further employed to determine different anisotropic
yield criteria. The main contribution of the obtained yield criteria is their ap-
plication on a component level. For instance, the determined yield parameters
can be directly used in commercial FE software, while they are derived based
on the microstructure of the material.

3.1.1 Single crystal plasticity

The crystal plasticity simulations were carried out with the DAMASK software
[23] that incorporates a fast Fourier transformation based spectral solver [24].
A key advantage of the spectral methods, compared to the traditional finite
element methods, is the high computational efficiency for periodic boundary
problems. This periodicity requirement is usually fulfilled in computational
material science, where volume elements are dealt with on a representative
level.

22
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The DAMASK software offers different crystal plasticity models, including
non-local or strain gradient models with length scale dependent constitutive
laws, accounting for grain boundary effects [25, 26]. However, the applied model
is based on the simple and well-established visco-plastic power law [27, 28], and
accounts for infinitesimal elastic deformations and finite plastic deformations.

The kinematics are described by the usual multiplicative decomposition of
the total deformation gradient F,

F = FeFp (3.1)

where Fe and Fp are the elastic and plastic deformation gradients, respectively.
The elastic crystal deformations lead to stresses derived by the Saint Venant-

Kirchhoff model [23],
S = C : (FT

e Fe − I)/2 (3.2)
where S is the second Piola-Kirchhoff stress and C is the fourth order elastic
stiffness tensor. This is an acceptable elasticity model when elastic deforma-
tions remain small.

The plastic part of the deformation gradient is obtained by integration of
the shear strain rate γ̇i of the slip systems, contributing to the rate of Fp. For
a crystal with Nsys slip systems indexed with i, the plastic flow is given by

ḞpF−1
p =

Nsys∑
i=1

γ̇i
(
si

s ⊗ ni
s
)

(3.3)

where si
s and ni

s are unit vectors along the slip direction and slip plane normal,
respectively. The slip rate is calculated with the phenomenological power law
relationship [28], given as

γ̇i = γ̇0

∣∣∣∣τ i

τ i
c

∣∣∣∣n sgn
(
τ i
)

(3.4)

where γ̇0 is the reference slip rate, n is the power law exponent and τ i
c is the

slip resistance or critical resolved shear stress.
The implementation in DAMASK is available for many different crystal

structures, including not only slip, but twin deformation modes, and it is also
extended with hardening constitutive law. For the investigated materials, twin-
ning is not a relevant deformation, therefore the equations are a bit simplified
[23]. The work-hardening model is based on an evolution of the slip resistance
τ i

c from a system-dependent initial value τ i
0 to a saturation value τ i

∞ according
to the following expression:

τ̇c
i = h0

(
1 + hi

int
) Ns∑

j=1

∣∣γ̇j
∣∣ ∣∣∣∣1− τ j

τ j
∞

∣∣∣∣a−1(
1− τ j

τ j
∞

)
hij (3.5)

where a is the work-hardening exponent, and h0 is an overall hardening param-
eter of unit stress. The dimensionless parameters hi

int are slip system specific
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corrections of h0. Latent and self hardening are represented by the dimension-
less slip-slip interaction matrix hij , which diagonal elements are typically equal
to one, indicating an interaction of a slip system with itself, i.e. hii = 1.

3.1.2 Phenomenological polycrystal plasticity

In order to utilise the micromechanical RVE simulations, on a macroscopic
level as well, firstly homogenised quantities need to be derived. To this end,
the homogenised Cauchy stress tensor, σ, deformation gradient, F and plastic
power, Ẇp are defined as the volume average over all constituents by

σ =
Ng∑
g=1

vgσ(g), F =
Ng∑
g=1

vgF(g), Ẇp =
Ng∑
g=1

vgẆ(g)
p (3.6)

where Ng is the total number of voxels and vg indicates the volume fraction
of voxel g. The plastic power per unit volume at material point g, Ẇ(g)

p is
determined by the following work conjugacy relation:

Ẇ(g)
p = M(g)

p · L(g)
p (3.7)

where M(g)
p represents the plastic Mandel stress and L(g)

p is the plastic velocity
gradient [23].

These homogenised quantities obtained by the RVE simulations are used
to determine different types of anisotropic yield surfaces of the materials. The
quadratic, widely used Hill-48 criterion, that is also available in commercial
FE software, is compared with the more complex, non-quadratic Yld2004-18p
criterion. The yield surfaces are calibrated based on a so-called virtual material
testing of the RVE [29], which can be interpreted as a series of numerical tests
with different load cases. The performed crystal plasticity simulations include
several uniaxial tensile loads in different directions, compression, shear and
bi-axial tension cases, which are described in more detailed in [P2].

In what follows, the constitutive relations of the adopted phenomenological
plasticity framework is outlined. Plastic yielding at the homogenised RVE
level is formulated using the volume-average Cauchy stress tensor with the
assumption of pressure independence,

Φ(σ) ≡ ϕ(σ)− σy = 0 (3.8)

where ϕ(σ) is the equivalent stress that is defined by the applied yield function,
and σy is the yield stress. In terms of the deviatoric stress tensor s, ϕ(σ) is
defined by the isotropic von-Mises yield criterion as

ϕ(σ) =
√

3
2s : s (3.9)

where s is given by
s = σ − 1

3tr(σ)I (3.10)
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with I denoting the second order identity tensor.
Barlat et al. proposed linear transformations of the deviatoric stress ten-

sor to account for the anisotropy of materials [30], according to the following
expressions

s′ = C′ : s, s′′ = C′′ : s (3.11)
where C′ and C′′ are fourth order tensors containing the plastic anisotropy
coefficients.

The equivalent stress defining the Yld2004-18p yield function proposed by
Barlat et al. [30] is written as

ϕ(σ) =
(

1
4

3∑
k=1

3∑
l=1
|S′k − S′′l |

a

) 1
a

(3.12)

where S′k and S′′l are the principal values of the tensors s′ and s′′, respectively
and the exponent a is related to the curvature of the yield surface.

The Yld2004-18p yield criterion contains a relatively high number of pa-
rameters, thus it is expected to provide a good fit against the homogenised
RVE simulations. Nevertheless, to calibrate these parameters, either a large
number of experiments or simulations, as latter conducted in this study, are
required. Additionally, the Yld2004-18p yield criterion is usually not available
yet in commercial FE softwares.

Therefore, besides the quite complex Yld2004-18p criterion, the more sim-
ple and commercially available Hill-48 criterion [31] is also adopted to describe
the anisotropic plasticity behaviour. This yield criterion is commonly applied
for AM materials [32, 33], since in the standard form the principle axes of
anisotropy are orthogonal making it convenient for the regularly assumed trans-
verse isotropic condition. The standard form of the Hill-48 yield criterion is
defined by

ϕ(σ) =
√
F (σY Y − σZZ)2 +G (σZZ − σXX)2 +

+H (σXX − σY Y )2 + 2Lσ2
Y Z + 2Mσ2

ZX + 2Nσ2
XY (3.13)

where F , G, H, L, M and N are material parameters.
Owing to the applied settings of the LPBF process and the resulted mi-

crostructures, transverse isotropy is assumed with respect to the building plane
(XY ) for both materials. As a consequence, for both yield criteria the numbers
of parameters are reduced accordingly. In the case of Yld2004-18p criterion the
number of independent parameters is reduced from 16 to 8, while for the Hill-
48 from 6 to 4. Regarding the reduction, calibration and exact values of these
yield function parameters, more details can be found in [P2]. However, previ-
ously for the calibration of the Hill-48 criterion the axes of material anisotropy
were assumed to be orthogonal and one of them aligned parallel to the BD (Z).
In the next sections, the results obtained by the least-square calibration are
also presented with the assumption of transverse isotropy.
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3.2 Model for Ti-6Al-4V

Crystal plasticity modelling of Ti-6AL-4V has been of great interest [34, 35,
36], due to its complex and diverse microstructure. Even the applied material
phases show a wide range of variety, depending on the manufacturing process
and subsequent annealing. For instance, conventionally manufactured Ti-6Al-
4V usually possess two-phases bi-modal or lamellar α − β microstructures,
where α and β have hexagonal closed packed (HCP) and body centred cubic
(BCC) lattices, respectively. Although the β phase with relatively low volume
fraction, is commonly neglected in numerical studies, its importance is also
emphasised in the literature related to increased ductility.

In the case of LPBF Ti-6Al-4V, the high cooling rates that are inherent
in this process, arguably result in a martensitic α′ microstructure [37, 38].
For the particular LPBF Ti-6Al-4V, studied in this work, the absence of β
phase has been confirmed by X-Ray diffraction (XRD) measurements. Based
on the observed lamellar grain morphology and estimated cooling rates of the
employed LPBF process, α′ dominant microstructure is assumed. However,
note that from a numerical point of view, the difference between α and α′ is
not essential, as both phases have HCP crystals. Detailed discussion of the
microstructure and its characterisation procedure are provided in [P1].

3.2.1 RVE and texture generation

Again, based on the characterisation of the investigated LPBF Ti-6Al-4V, for
the crystal plasticity simulations only one phase, an α′ microstructure was
considered, further less dominant phases were neglected. As a consequence,
the employed RVE consists exclusively of HCP crystals.

In addition, due to the very fine microstructure of LPBF Ti-6Al-4V, repre-
sentative crystal orientation data could not be obtained experimentally. There-
fore, a numerical framework has been developed that generates different crys-
tal orientation distributions (CODs), which can be connected to the observed

(a) Multi-scale RVE (b) Pole figures of the corresponding texture

Figure 3.1: Synthetic crystal plasticity model for α′ Ti-6Al-4V
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lamellar microstructure. All of the generated CODs ensure statistically repre-
sentative transverse isotropy, which was assumed based on the results of the
mechanical tests and microstructure characterisation.

The lamellar morphology is accounted for with a synthetic multi-scale RVE,
shown in Figure 3.1a. An RVE with elongated periodic primary grains was
generated by the DREAM.3D software, consisting of 128×128×128 voxels.
In the next step, the thereby created volume element was post-processed, and
a periodic lamellar fill was generated with a developed MATLAB code. The
overall goal of the developed framework for RVE and texture generation is to
investigate efficiently different texture scenarios that can be directly connected
to the grain morphology, as illustrated in Figure 3.1a.

In [P1], four different synthetic textures are considered, but here only the
one is presented, assumed to mimic closest the real COD, shown in Figure 3.1.
This texture case was used for fitting the crystal plasticity parameters, as a con-
sequence this RVE provided the simulation results closest to the experimental
ones. The different texture cases and their numerical results are reported in
[P1], together with a detailed description of the texture and RVE generation.

3.2.2 Constitutive model parameters

Assuming the generated multi-scale RVE and the synthetic texture as given
attributes, the crystal plasticity parameters of the single phase α′ HCP have
been determined to match the experimental results. Remark that such a fit is
possible for different hypothesised textures, but not any texture can match the
experimental data with plausible values for the crystal plasticity parameters.
Detailed description of the reverse engineered parameters and the fitting pro-
cedure can be found in [P1]. The usual five elastic constants of the hexagonal
crystal have been determined by applying a 95% to the set of parameters from
[39], and they are given in Table 3.1.

Table 3.1: Elastic constants of HCP α′ single crystal

C11 C12 C13 C33 C44

153.9 87.4 65.5 170.7 47.7 [GPa]

With regards to the plastic behaviour of the applied HCP crystal, the basal,
the prismatic and the first-order pyramidal 〈c+ a〉 slip systems are included.
Relatively high slip resistance values are necessary, listed in Table 3.2, since
these are the governing parameters of the remarkably high macroscopic yield-
ing. All additional crystal plasticity parameters, required for the simulations,
are included in Table 3.2, such as the lattice aspect ratio and hardening pa-
rameters etc.
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Table 3.2: Crystal plasticity parameters of α′ Ti-6Al-4V

n a γ̇0 [s−1] c/a hij h0 [MPa] τbasal
0 τpris

0 τpyr
0 [MPa]

80 2 0.001 1.587 1 100 470 470 750

3.2.3 Results

This section presents the numerical results, which show that the introduced
RVE can quantitatively capture the anisotropic mechanical behaviour of the
investigated LPBF Ti-6Al-4V. Firstly, a comparison of the experimentally and
numerically obtained stress-strain curves is shown, which served as the basis
for the calibration of the crystal plasticity parameters. The RVE subjected
to uniaxial tension in the X and Z directions is compared to tensile testing
of dog-bone specimens printed with their axis perpendicular to the BD (90◦)
and parallel to the BD (0◦), respectively. The corresponding numerical and
experimental stress-strain curves exhibit an outstanding match, as shown in
Figure 3.2. The RVE can precisely reproduce the elastic and plastic properties
of the specimens printed in different orientations.

Note that the averaged experimental stress-strain curves are the same that
were introduced in Figure 2.7a, and the notations horizontal and vertical are
equivalent with 90◦ and 0◦, respectively.

In what follows the yield limits for different load cases obtained by this
experimentally validated RVE are used to determine the Hill-48 and Yld2004-
18p yield surfaces. The isolines of these generated yield surfaces are illustrated
in Figure 3.3, together with the normalised yield stresses and directions of the
plastic flow. Both generated yield surfaces indicate a small strength anisotropy,

Figure 3.2: Comparison of averaged experimental and numerical stress-strain
curves of Ti-6Al-4V, ∗ denotes averaged value of σy
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(a) Hill-48 (b) Yld2004-18p
Figure 3.3: Generated yield surfaces of Ti-6Al-4V projected onto the XZ plane.
Contours of the normalised shear stress σxz/σ0 are plotted in 0.1 increments
and the maximum value is shown in the centre.

as observed in RvE simulations and experiments. Due to the higher number of
parameters and more complex fitting procedure, the Yld2004-18p yield criterion
is obviously superior to the Hill-48, and only that one can capture precisely the
observed plastic anisotropy. In order to avoid the bias introduced for Hill-
48 criterion by the trivial calibration procedure reported in [P2], hereby an
alternative yield surface is also presented, based on a least-square (LSQ) fitting.

Figure 3.4 compares the three applied yield criteria, by means of projected
yield surfaces (Figure 3.4b) and normalised yield stresses as the function of
tensile direction (Figure 3.4a). It can be concluded that the Hill-48 calibrated
by the LSQ method performs better for most of the yield limits than the Hill-
48 calibrated with only four load cases. However, the Hill-48 LSQ exhibits its
maximum deviation of approximately 5% in the 0◦ direction, and hence fails
to capture the experimental data in this direction.

Furthermore, note that one of the major concern related to the performance
of Hill-48 criterion comes from the poor estimation of the Lankford coefficients,
which is omitted for brevity, but reported in [P2]. Therefore, independently of
the yield surface calibration, only the Yld2004-18p yield criterion can precisely
represent plastic anisotropy predicted by the RVE simulations. Nevertheless,
related to the AM process and transversely isotropic materials, the Hill-48 cri-
terion is considered as a natural first choice [32, 33]. The previously presented
experimental tensile test results and the determined Hill-48 parameters re-
ported in [P2] are in a good agreement with similar investigations of Ti-6Al-4V
[38, 33].

Interestingly, the RVE simulations exhibit a high yield strength in the 45◦
direction, as shown in Figure 3.4a., which is also validated experimentally by
Agius et al. [38]. In their work exactly the same material and manufacturing
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(a) (b)

‖ BD, Z ⊥ BD, X

Figure 3.4: Normalised yield stresses from RVE simulations and fitted yield
surfaces: (a) as function of tensile direction in the XZ plane where the 0◦
direction corresponds to the reference direction taken along the Z axis (V, ‖
BD), (b) projected onto the XZ plane

process were used as in this study. Although the corresponding numerical
stress-strain curve is not included, it has been investigated, since the applied
synthetic texture has a dominant [0001] alignment at 45◦ with respect to the
BD, see more details in [P1]. Besides the plastic properties, the numerically
observed elastic anisotropy is also confirmed in the three loading directions (0◦,
45◦, 90◦) by [38].

3.2.4 Preliminary study of porosity

Hereby, a preliminary numerical study is presented about the effect of porosity
on the mechanical properties. The previously introduced Ti-6Al-4V RVE is
employed, including the same crystal plasticity parameters and texture.

However, in the centre of the RVE spherical voids are considered with differ-
ent volumes that aim at giving insight into the different levels of porosity, shown
in Figure 3.5. From the numerical point of view, the voids are interpreted as an
additional isotropic homogeneous material with a very low, negligible stiffness.

The performed computed tomography scanning measurements of the printed
specimens exhibited a very low level of porosity ca. 0.01-0.02% [P5]. The ap-
plied high resolution RVE could capture even this tiny volume fraction, and
the simulation shows that the influence on mechanical properties is negligible,
as illustrated in Figure 3.5.

Nevertheless, this estimated porosity in the real parts is not necessarily
uniformly distributed in the entire part. It can occur in clusters, with the
porosity level, locally in the region of a cluster of cavities being much higher.
Note that for large porosity level i.e. 2%, besides a single centred void, an RVE
with randomly distributed small voids have also been considered and exhibited
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identical mechanical properties. However, even the random porosity of the
RVE, results in a uniform distribution on a homogenised, macroscopic level.

Although these specific specimens revealed minor porosity, using other build
settings it could become an essential factor that should be accounted for [40].
Further numerical investigations indicate that for 0.5% porosity, noticeable
difference occurs only in the plastic regime, while for 2% elasticity is decreased,
as well.

Figure 3.5: Stress-strain curves of Ti-6Al-4V RVEs including porosities. Voids
are shown with their largest cross-sections.

3.3 Model for 316L

In the case of LPBF 316L, the microstructure is characterised by a single
austenitic face centered cubic (FCC) phase and consists of elongated columnar
grains with a size of 10-100 µm [15, 41]. This coarse grain structure makes
feasible the local texture measurements with electron backscatter diffraction
(EBSD) and also the measurements of the bulk texture using XRD [42]. There-
fore, a strong crystallographic texture with the [110] crystallographic direction
preferentially being parallel to the BD has been clearly demonstrated [43, 15].
Further factors, such as porosities, oriented cellular subgrain structures, resid-
ual stresses, tiny fraction of remaining ferrite phase and the grain aspect ratio,
could all be considered as possible sources of anisotropy [44]; but remain out
of the scope of this study.

3.3.1 RVE and texture generation

Similarly to the Ti-6Al-4V, the RVE of the 316L (Figure 3.6b) was also cre-
ated with the DREAM.3D software in the same size. The 316L RVE consists
of elongated periodic primary grains with an aspect ratio of 1.6 in the BD.
For this material, the internal subgrain structure is neglected, as the observed
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dendrite cells are two orders of magnitude lower and not visible in the EBSD
measurements. Therefore, a single austenitic phase with FCC crystals was
considered.

As stated earlier, the coarse grain morphology allows for extracting sta-
tistically representative COD data, thus XRD measurements were carried out
to determine the crystallographic texture. The obtained pole figures of [111],
[200] and [220] reflections are shown in Figure 3.6a, and a preferred alignment
of the [220] direction can be observed with respect to the BD.

In order to create a transversely isotropic COD in the XY plane for the
RVE simulations, five repetitive 67◦ rotations along the Z axis of the measured
crystal orientations were performed and cumulated. The thereby created bulk
texture accounts for the 67◦ rotation of the applied scanning strategy, and thus
aims at reproducing the cumulated crystal orientations of five consecutive build
layers.

(a) Pole figures measured by XRD (b) Corresponding RVE

Figure 3.6: Crystal plasticity model for 316L, note IPF map is w.r.t. Z axis

3.3.2 Constitutive model parameters

Following the parameter fitting procedure for the Ti-6Al-4V, the crystal plas-
ticity parameters of the 316L model were also calibrated against the uniaxial
tensile experiments. However, the employed FCC crystal has less elastic and
plastic parameters, than the HCP of Ti-6Al-4V. The reduced number of pa-
rameters makes the fitting procedure simpler, but less accurate.

The elastic parameters reported by [45] were found to provide the best
possible match with the obtained experimental results. These parameters are
listed in Table 3.3.

Table 3.3: Elastic constants of FCC 316L single crystal

C11 C12 C44

198 125 122 [GPa]

The initial slip resistance of austenitic FCC crystal is also chosen within the
common range from the literature [15, 46], in order to match the experimen-
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tally observed macroscopic yielding. The chosen values are given in Table 3.4.
Unlike the Ti-6Al-4V, the 316L material exhibits substantial hardening. The
determined crystal plasticity parameters to capture this behaviour are in a
complete agreement with the work of Charmi et al.[15], see Table 3.4.

Table 3.4: Crystal plasticity parameters of LPBF 316L

n a γ̇0 [s−1] τ0 [MPa] h0 [MPa] hij

20 2.25 0.001 210 300 1 if i = j
1.4 if i 6= j

3.3.3 Results

The numerical results are presented here for 316L, in the same manner as in the
previous section for Ti-6Al-4V. Figure 3.7 shows that the RVE simulations can
decently capture the experimentally observed anisotropic tensile properties.

The opposite anisotropic behaviour of 316L, compared to Ti-6Al-4V, demon-
strated in Chapter 2, is reproduced by the crystal plasticity simulations. There-
fore, this different anisotropy must primarily stem from the different textures.
Since length-scale effects are neglected in the simulation, Hall-Petch effects are
excluded. Additionally, this conclusion indicates that the manufacturing pro-
cess with almost identical thermal history creates substantially distinct crystal
orientations for the different materials.

Without the intention of comparing the mechanical properties of two com-
pletely distinct powder materials, major differences between the applied ma-
terial models have to be highlighted. The HCP crystal of the martensitic

Figure 3.7: Comparison of averaged experimental and numerical stress-strain
curves of 316L, ∗ denotes averaged value of σy
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Ti-6Al-4V has higher number of elastic and plastic model parameters than the
FCC crystal of the austenitic 316L. Furthermore, the crystallographic texture
of 316L, used in the simulations, are based on XRD measurements. Mean-
while all texture scenarios have been synthetically generated for the Ti-6Al-4V.
These factors led to the consequence that the crystal plasticity model for Ti-
6Al-4V can be more precisely calibrated against the experimental results than
the model for 316L. On the other hand, the RVE of 316L with experimentally
determined texture has a stronger physical foundation.

Even though the plastic anisotropy is reproduced by the crystal plasticity
simulations of the 316L, shown in Figure 3.7, it is somewhat underestimated
compared to the experimental observations. Furthermore, regardless of the
applied elastic constants, elastic anisotropy could not be attained with the
measured crystal orientations and this conclusion was confirmed by using two
different software, the DAMASK and the MTEX [47]. At this point, it is un-
clear whether the difference observed un the initial part of the experimental
stress-strain curves are due to the elastic anisotropy or early yielding occurring
only in the vertical direction. Although the elastic anisotropy determined by
standard uniaxial tensile tests has arguable origin, Charmi et al. [15] recently
reported similar experimental results and captured also numerically with the
same methods as used in this work. The difference between the simulated
elastic properties of the present study and the reference [15] potentially stems
from the texture created by the distinct scanning strategies. This hypothe-
sis is justified by the work of Leicht et al. [48] that investigated the effect
of the scanning pattern on the microstructure development. Their work con-
firmed that among the commonly used scanning strategies, the hereby applied
one with 67◦ rotation creates the most isotropic mechanical properties, due to

(a) Hill-48 (b) Yld2004-18p
Figure 3.8: Generated yield surfaces of 316L projected onto the XZ plane.
Contours of the normalised shear stress σxz/σ0 are plotted in 0.1 increments
and the maximum value is shown in the centre.
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the weakest texture. Further confirmation is that even the experimental yield
stresses of [15] exhibit a much stronger anisotropy as well, an approximately
16% compared to the 6% of this study.

Regarding the yield surfaces of 316L, shown in Figure 3.8 and Figure 3.9,
again a fairly isotropic material behaviour can be concluded. The RVE simu-
lations suggests that axes of material anisotropy correspond to the global axes
(X, Z), since extremum strength values occur in these directions, as presented
in Figure 3.9a.

Possibly, due to the alignment of the anisotropy and the less high-functional
applications of 316L; the available literature is mostly limited to the experimen-
tal and numerical investigations of the directions parallel and perpendicular to
BD [15, 49]. Hence, a comparison of further load conditions and yield surfaces
could not be performed with relevant references.

(a) (b)

‖ BD, Z ⊥ BD, X

Figure 3.9: Normalised yield stresses from RVE simulations and fitted yield
surfaces: (a) as function of tensile direction in the XZ plane where the 0◦
direction corresponds to the reference direction taken along the Z axis (‖ BD),
(b) projected onto the XZ plane

As a final remark, for both materials the yield surface exponent of the
Yld2004-18p criterion has a relatively high value that reveals a non-quadratic
yield surface shape. Therefore, even if the anisotropy effects were to be ne-
glected it might be advisable to use a non-quadratic yield criterion such as the
Hershey-Hosford yield criterion [50], instead of the von-Mises.



4 Tensile behaviour of lattice
structures

One of the most attractive features in 3D printing is the ability to fabricate
complex and light-weight components that cannot be achieved with conven-
tional manufacturing. In the following, a combined experimental and numerical
study is summarised, which strives for unravelling the mechanisms governing
the tensile behaviour of elastically isotropic truss lattice structures (TLS). In
the previous chapters the mechanical properties of the LPBF metals were ex-
plored, while here the focus is on the geometry of the printed part.

The investigation of the lattice structures can be considered as an applica-
tion of the experimentally (Chapter 2) and numerically (Chapter 3) obtained
material parameters on a component level. This macro scale employment, one
of the major goals of the project, is valid; because the lattices were manu-
factured using the same machine, build parameters and powder material as
previously. Note that for all lattice specimens only the 316L material was
used, and more details can be found in [P3].

In the relevant literature of the so-called metamaterials, mostly simple unit
cells are employed such as simple cubic (SC) and body centred cubic (BCC),
subjected to uniaxial compression load (Figure 4.1). However, these mesostruc-
tures are known to have strongly anisotropic mechanical properties that makes
their application specific and their analysis more challenging.

An emerging type of lattices is the plate lattice structure (PLS) that poten-
tially exhibits a higher stiffness-to-weight ratio than TLS [51]. Nevertheless, at
the current stage of the field, these research questions are commonly revisited

Figure 4.1: Uniaxial compression test of SC-BCC TLS

36



37

and conclusions are refined. For instance, TLS can be superior to PLS in the
case of a bending loading scenario [52]. Moreover, closed-cell PLS cannot be
manufactured with powder bed fusion technology.

Besides the theoretical study of the architected materials, the experimental
aspects of the lattices are also to be unraveled. The many influencing factors
of the manufacturing process, outlined in Chapter 1, are even extended with
the high variability of the lattices. Multiple attributes of a printed specimen
i.e., the dimensional errors, the unit cell type, size and orientation etc., could
all play a crucial role in the mechanical performance of the printed part.

For the numerical study of lattice structures, a commonly applied method is
the homogenised unit cell model with periodic boundary conditions. This mod-
elling procedure is well-known for its high computational efficiency and ideal
for comparison with other references, since specimen specific boundary effects
are excluded. On the other hand, for experimental validation full-scale lat-
tice simulations are preferred, in order to account for the significant boundary
effects in specimens with a low number of unit cells.

The scope of this study involves the two simplest elastically isotropic TLSs,
the SC-BCC (Figure 4.2a) and the SC-Octet (Figure 4.2d). They are composed
of elementary cells with given relative volume fractions, introduced in [53] and
reported in [P3]. In addition to the unit cell types, the effect of unit cell sizes,
orientations and volume fractions are also addressed by means of numerical
and experimental methods.

(a) (b) (c) (d) (e) (f) (g) (h) (i)

Figure 4.2: LPBF 316L lattice structures with the corresponding unit cell
models (a) SC-BCC 10%, (b) SC-BCC 20%, (c) SC-BCC 30%, (d) SC-Octet
20%, (e) SC-Octet 30%, (f) SC-BCC 3 mm, (g) SC-BCC 6 mm, (h) SC-BCC
[110] , (i) SC-BCC [111]
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4.1 Experimental procedure

All employed lattice structures, shown in Figure 4.2, fulfil the minimum re-
quired strut diameter of 0.4 mm to ensure manufacturability. The SC-BCC
unit cell with 20% volume fraction, 4.5 mm cell size and [100] cell orientation
can be considered as a baseline case, shown in Figure 4.2b. The mentioned
attributes (namely the cell size, orientation and volume fraction) are investi-
gated, and for each additional SC-BCC lattice only one of the three factors has
been changed. The volume fractions of 10% and 30%, the cell sizes of 3 mm and
6 mm and the cell orientations of [110] and [111] are studied additionally with
SC-BCC cells. Furthermore, two SC-Octet lattices with 20% and 30% volume
fractions are also investigated, resulting in nine different lattices in total.

The lattice specimen models have been designed with the nTopology soft-
ware. Each specimen consists of a uniform lattice with the target volume
fraction in the centre of the specimen and graded lattices with increasing strut
diameters towards the solid gripping parts. Note that in metal AM, high resid-
ual stresses can occur, and thus the specimen geometry have to be designed
more carefully than for AM of polymers; for instance overhanging parts must
be avoided to prevent warping.

Quasi static uniaxial tensile experiments were carried out with digital image
correlation (DIC) measurements, as shown in Figure 4.3a. For each lattice
type, two test repetitions were performed, and additional experimental details
are reported in [P3]. Noteworthy that the achieved DIC measurements utilised
nearly the full capability of this state-of-the-art technology with the resolution

(a) (b)

(c) (d)

Figure 4.3: Uniaxial tensile experimental set up: (a) Gripped SC-BCC [111]
specimen with DIC system, (b) High resolution image of the corresponding
specimen obtained by DIC, (c,d) DIC images of other specimens indicating
manufacturing defects
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of 12 megapixel. The very small dimensions and the hollow structure made it
very difficult to detect the surface of the specimen by the DIC system. Besides
the appropriate settings and calibration of the camera, essential factor was the
very fine speckle pattern shown in Figure 4.3b-d. The thereby obtained DIC
measurements exhibit high resolution and a remarkably good quality even in
3D that are barely reported in the literature.

4.2 FE analyses

Substantial dimensional deviations were noticed between the targeted and
printed diameters of the struts. Especially, a dependency was realised between
the observed deviations and the orientation of the struts. Therefore, FE sim-
ulations are carried out both with the nominal and the refined, as-fabricated
geometries for each lattice type. The latter accounts for the actually printed
geometry, in terms of the realised strut dimensions, which were estimated using
reference images of the DIC measurements in the initial unloaded state.

The applied material model is based on the results of the previous exper-
imental (Section 2.1.4) and numerical (Section 3.3) investigations of LPBF
316L. Namely, elastic isotropy is assumed using the average Young’s modulus
value of bulk specimens printed in horizontal and vertical orientations. This
approximation seems valid, because the crystal plasticity simulations have not
validated the elastic anisotropy. Nevertheless, a small plastic anisotropy is in-
cluded by the Hill-48 yield criterion with parameters determined based on the
RVE simulations. Furthermore, the hardening behaviour is considered with
the isotropic Voce law. The hardening parameters were calibrated against the
averaged experimental stress-strain curve, obtained by uniaxial tensile testing
of dog-bone specimens.

The simulation input files were prepared with the ANSYS workbench soft-
ware, and different symmetry conditions are applied to reduce computation
time. Even though for all lattices with [100] unit cell orientation, only 1/8th

models are sufficient, ANSYS mechanical APDL run on a high performance
cluster was used to maintain reasonable computation time. As an illustrative
example, a full-scale model, without any symmetry condition and with the nec-
essary fine mesh size (0.3 mm), takes ca. 23 hours on 48 nodes with 416 GB
RAM, and the generated result file size is approx. 250 GB.

4.3 Results and discussion

In this section the experimental tensile test results are validated by FE simu-
lations using as-fabricated lattice models, which aim at reproducing the printed
geometries. Figure 4.4 shows the numerical and experimental force-displacement
curves for all investigated TLSs and exhibits that FE models can adequately
capture the experimentally observed tensile behaviour.
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Note that these numerical models account for the measured strut diame-
ters, but neglect the additional manufacturing defects such as broken or locally
thinner struts. This factor might be the explanation for that the simulations
show higher strength properties than the experiments in most of the cases.
However, this tendency is the opposite for both cell types with 30% volume
fractions, indicating the presence of undesired extra melted regions, due to the
relatively high volume fraction and small unit cell size.

Furthermore, for the SC-Octet 20% and SC-BCC [110] as-fabricated lattice
models substantially larger strut diameters have been applied than their nom-
inal values. Imprecise estimation of these diameters could also contribute to
the observed differences between the experimental and numerical results.

The SC-BCC lattices with different cell sizes, shown in Figure 4.4b, ex-
hibit an excellent agreement between the simulated and the experimental re-
sults. A decent validation is obtained also for SC-BCC 10% lattice specimens

(a) (b)

(c) (d)

Figure 4.4: Experimental and numerical force-displacement curves of TLSs.
The results are presented for different: (a) volume fractions of SC-BCC, (b)
unit cell sizes, (c), unit cell orientations and (d) volume fractions of SC-Octet
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(Figure 4.4a), and the minor overestimation of the simulation result might be
explained with some neglected defects, i.e. broken or thinner truss members.

Note that simulation results for specimen models with nominal, targeted
dimensions and for unit cells with periodic boundary conditions and additional
experimental results are provided in [P3].

Besides the strength properties, the deformation and failure behaviour of the
lattices has also been investigated. Considering the various fracture patterns
of the specimens (see [P3]), the failure mechanism is substantially effected by
the manufacturing defects, and thus depends on the unit cell type as well. For
instance, specimens printed in adequate quality exhibit even strain distribution
and quite flat fracture surfaces, however manufacturing defects commonly led
to shear-band-like deformation and zig-zag fracture pattern.

Figure 4.5 presents two case studies of lattices with remarkable defects, pre-
viously shown in Figure 4.3c-d. For the SC-BCC [110] lattice, surprisingly a
significant difference has been observed between the diameters of the SC struts
that are aligned symmetric with respect to the BD (Figure 4.5a). The differ-
ent cross-sections of the struts resulted in their different strains thus created

SC-BCC [110] SC-BCC 6 mm
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Figure 4.5: Failure analyses of SC-BCC lattices with unit cell orientation of
[110] and size of 6 mm
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an asymmetric shear-band-like deformation. This deformation behaviour, cap-
tured by the DIC measurment (4.5c), has been remarkably reproduced by the
FE model as well, shown in Figure 4.5c.

As a final confirmation, the fractured specimen also exhibit a clear shear
band deformation (Figure 4.5d).

Regarding the SC-BCC 6 mm lattice shown in Figure 4.5e-h, solely the
employed refined dimensions would not cause any irregularity in the strain
distribution, due to the [100] orientation of the cell. Nevertheless, a few broken
struts were observed perpendicular to the BD, probably caused by the too large
bridge distance. Therefore, as a final refinement of this specimen model, two
struts have been removed, marked with red colour in Figure 4.5e. Similarly to
the previous case study, experimentally and numerically obtained strain maps
are in a good agreement (Figure 4.5f-g), justified by the fracture pattern of the
specimen, denoted with red colour in Figure 4.5h.

Noteworthy, that the force-displacement curves, presented in Figure 4.4, are
based on the as-fabricated specimen models with refined strut diameters, but
do not account for broken struts. Such defects have been only considered for
the SC-BCC 6 mm lattice, and the corresponding results are provided in [P3].



5 Conclusion

In the frame of this PhD project, numerical and experimental investigations
have been conducted to explore different mechanical properties of additively
manufactured metals. The studied materials include the austenitic stainless
steel, 316L and the most common titanium alloy, Ti-6Al-4V, both of them
manufactured by LPBF.

In order to deeply understand the effect of the LPBF process on the me-
chanical properties, uniaxial tensile experiments were carried out addressing
several manufacturing aspects. Factors, such as the orientation and position of
the specimen in the build chamber, size and surface finish of the printed part
have been studied. The investigation of different surface finishes and build
volumes led to the conclusion that the machined surface finish significantly
improves the ductility for Ti-6Al-4V, but it has no positive effect for 316L. In
addition, the Ti-6Al-4V specimens machined from a large solid block exhibit
an opposite mechanical anisotropy compared to the near-net-shape versions,
which is attributed to the different nitrogen content of the parts [P4].

An ultimate conclusion of the performed uniaxial tensile tests were that
the manufacturing process creates anisotropic mechanical properties for both
studied materials. Interestingly, the anisotropic elastic and plastic behaviour
exhibits opposite tendencies for the 316L and Ti-6Al-4V. Namely, the Ti-6Al-
4V exhibit higher elastic stiffness and yield strength for specimens oriented
parallel to BD (vertical); while the 316L specimens show better mechanical
properties aligned perpendicular to the BD (horizontal). It is remarkable
that the anisotropy is quite minor for both materials, ca. 5% for the yield
strength and 10% for the Young’s modulus. Nevertheless, the LPBF process
settings were beforehand optimised for providing the best possible mechanical
properties and minimising the amount of anisotropy. Therefore, the observed
anisotropy could be considered as an unavoidable consequence of the manufac-
turing process, difficult to reduce further.

In order to capture numerically the mechanical behaviour and thereby gain
a deeper understanding, crystal plasticity simulations were performed with
RVEs of both materials. A well-established, rate-dependent crystal plasticity
model was applied, which primarily concerns the crystallographic texture as the
governing mechanism for anisotropy and neglects the grain boundary effects.

In the case of Ti-6Al-4V, since representative texture measurements could
not be obtained, different synthetic CODs were investigated [P1]. The texture
and multi-scale grain morphology created based on the experimentally observed
hierarchical martensite platelets could precisely reproduce the anisotropic me-
chanical properties in two orthogonal directions. The employed elastic con-
stants of the HCP crystal are in the commonly reported range with relative
ratios following [39]. The higher yield strength of LPBF Ti-6Al-4V, compared

43
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to the conventionally manufactured, requires relatively high slip resistance val-
ues, as reported by [26] as well.

For the 316L material, the coarse grain morphology facilitated to measure
the texture by XRD that was used for the crystal plasticity simulations. To
some degree, the RVE could capture the experimentally observed mechani-
cal behaviour with widely reported crystal plasticity parameters for austenitic
stainless steel. Nevertheless, elastic anisotropy could not be justified numeri-
cally and the plastic anisotropy was a bit underestimated. This finding indi-
cates that the measured texture is not strong enough, and additional factors
should be considered.

In [P2] the experimentally validated RVEs of both materials were used for
virtual material testing, namely subjected to multiple load cases. The results
of the virtual material testing served the basis of fitting different anisotropic
yield criteria. The quite complex Yld2004-18p criterion could provide adequate
yield surfaces for the RVEs. However, the applicability of the Hill-48 criterion
turned out to be questionable in the case of low anisotropy, observed.

The experimental and numerical investigations of LPBF 316L material were
carried out for unravelling the tensile behaviour of elastically isotropic TLSs
in [P3]. Besides the nominal lattice geometries, refined versions, accounting
for the printed strut dimensions were used for the FE modelling. The simu-
lations confirmed very well the experimental observations by means of force-
displacement curves and strain distribution maps. Moreover, the study demon-
strated for two chosen lattices that the FE models could predict the irregular
fracture patterns, triggered by manufacturing defects.

This PhD work revealed that LPBF process leads to distinct anisotropic
mechanical properties for different materials that can be captured by crystal
plasticity simulations. Note, that the low level of anisotropy is due to the
carefully chosen build parameters. For instance, different scanning strategies
and build parameters could result in materials with more pronounced porosity
and anisotropy, justifying even more the application of RVE simulations and
anisotropic yield criteria. In the mechanical performance of highly complex
structures, i.e. TLSs, the observed material anisotropy is not a governing
factor, but the geometrical accuracy.

Regarding the possible future work, the hereby applied crystal plasticity
model is fairly simple, strain gradient or dislocation based crystal plasticity
could provide additional insights. Furthermore, thermo-mechanical analyses
should also be considered, since high thermal gradients of AM play a crucial
role in phenomena such as residual stresses and recrystallization. All of these
factors contribute substantially to the mechanical properties of the material.
In the experimental field of AM, manufacturing of complex periodic structures
could be thoroughly examined to improve the geometric accuracy. In addition,
different mechanical properties of complex printed structures, such as toughness
and fatigue, are not widely reported yet.
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Abstract

The anisotropic behaviour of laser powder bed fusion (LPBF) Ti-6Al-4V under uniaxial
tension is investigated through crystal plasticity simulations. A periodic multi-scale repre-
sentative volume element (RVE) is calibrated against quasi-static tensile tests carried out
on dog-bone specimens, printed in different orientations. This fitting procedure results in
an anisotropic crystallographic texture and a minimum set of crystal plasticity constitutive
parameters which are able to reproduce the experimental behaviour. The synthetic RVE
consists of primary grains with a realistic aspect ratio and an internal lamellar structure, that
contains only hexagonal crystals, justified by XRD measurements on as-built Ti-6Al-4V. The
Young’s modulus, yield strength, and hardening behaviour observed experimentally, could
be precisely captured using a very limited number of model parameters. Thereby, this work
contributes to a deeper understanding of the interplay between micro-structure and macro-
scopic behaviour, and with a new set of crystal plasticity parameters for a representative
microstructure of as-built LPBF Ti-6Al-4V.

Keywords: Crystal plasticity, Anisotropy, Titanium alloy, Crystallographic texture,
Tensile behaviour

1. Introduction

Metal additive manufacturing (AM) is an emerging manufacturing process, subject to
ongoing research aiming at better understanding the impact of the process parameters on
the material properties. Primarily due to the complex and unique thermal history during
production, the obtained microstructure and mechanical properties can differ significantly
from traditional manufacturing [14]. Commonly used materials in AM include aluminium,
stainless steel and titanium alloys. Especially among titanium alloys, Ti-6Al-4V is often the
material of choice for aerospace, automotive, and biomedical applications, due to its high
strength to weight ratio, corrosion resistance, and biocompatibility [17]. Laser powder bed
fusion (LPBF) produced Ti-6Al-4V components can either be used in their as-built condition
or after additional heat treatment. The present work applies a mechanistic approach to
improve the fundamental understanding of the relationship between microstructure and
static mechanical properties of as-built LPBF Ti-6Al-4V.

There are extensive experimental studies available regarding the strength and microstruc-
ture of AM materials. A significant number of these have demonstrated that AM can lead
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to Ti-6Al-4V parts with moderate plastic anisotropy [24]. Few of them discuss the often
significant levels of elastic anisotropy observed in experiments [22, 1]. In fact, directional
variations of the modulus of elasticity on the order of 8% might not be as essential for
the component in-service performance as variations of strength properties. However, the
measured elastic anisotropy is a strong indicator of a highly anisotropic crystallographic
orientation, providing important information about the material microstructure in its as-
built state which in turn determines the anisotropic strength properties. The present work
utilises this information from the macro-scale, combined with crystal plasticity simulations,
for establishing a link between the material microstructure, crystallographic texture and
macroscopically observed stiffness and mechanical strength.

Crystal plasticity is a powerful modelling method for micromechanical simulations, which
enables a detailed description of plastic deformation mechanisms and thus a fundamental
understanding of the relation between material microstructure and resulting mechanical
properties. Especially regarding Ti-6Al-4V, relevant crystal plasticity model parameters
and crystallographic orientation distributions are currently of great interest [8]. For the
very common α and α′ phases present in Ti-6Al-4V alloys, available studies consider a
hexagonal-closed-packed (HCP) lattice structure with basal, prismatic and pyramidal slip
systems. The basal and prismatic slip systems display low resistance to plastic slip with
approximately equal initial slip resistance, whereas the slip resistance of the pyramidal sys-
tem is usually considerably higher. However, both the relative ratios between different slip
resistances and the absolute values reported in the literature show a rather wide spread [9].
To some degree, this spread is due to variations in the exact alloy element composition of
the HCP phase, especially between α and α′. However, another important source of uncer-
tainty lies in the inherent difficulty in obtaining these parameters either by atomistic level
simulations or experiments. The significance and presence of twining is also under debate
for Ti-6Al-4V, because sufficiently high aluminium content may suppress this deformation
mode [11]. Besides the plastic parameters, even the elastic constants are difficult to de-
termine experimentally. Two common procedures are to adopt the elastic parameters of
other works to a specific study [27] or to find a suitable algorithm to match macroscopic
experimental results [23].

The ultimate validation for a particular single crystal model is attained if it can reproduce
every measurable characteristic of the material’s macroscopic mechanical behaviour, when
used in an appropriate polycrystal model. The present work contributes to this ultimate
goal by specifically addressing, among other, the rather significant elastic anisotropy in the
case of as-built LPBF Ti-6Al-4V. In this process, emphasis is put on revealing a minimum
number of baseline governing crystal plasticity parameters that can accurately reproduce
the macroscopic behaviour.

In crystal plasticity, a simple and widely used phenomenological constitutive model is the
rate dependent power law, proposed in [7]. More recent models introduce length-scale depen-
dent constitutive laws, capturing also effects of grain boundaries, i.e. Hall-Patch strengthen-
ing [13]. These so-called non-local models (or strain gradient models) account for additional
hardening due to strain gradients and associated dislocation fluxes. An intrinsic difficulty,
especially for the most advanced constitutive laws, is the determination or estimation of
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the high number of material parameters [3]. At the same time, the high computational re-
quirements, especially in connection with polycrystal simulations, make numerically efficient
implementations essential. Therefore, fast Fourier transform based spectral models have be-
come popular for modelling representative volume elements (RVEs), compared to classical
finite element models, due to their high efficiency for periodic boundary value problems
[19, 10].

It is in general a challenging task to define RVEs that can capture the grain morphology
and the essential features of the crystallographic texture found in AM produced Ti-6Al-4V
[18]. This is because AM leads to primary columnar grains, which contain finer and often
multiscale morphologies of α-phase and α′ martensite [1, 25]. Primary β grains, formed dur-
ing solidification, undergo depending on the cooling rate either a martensitic or a massive
transformation into respective α microstructures. Due to this origin of the resulting α or α′

microstructures, their crystallographic orientations are linked to their parent grains and are
therefore statistically well-defined [2, 18]. For this reason, AM produced Ti-6Al-4V compo-
nents, unlike equivalent castings, contain anisotropies both in the shape of primary grains
and the statistical distributions of microstructural platelets and crystallographic orienta-
tions. This anisotropy in material microstructure carries over to the macroscopic mechanical
properties observed experimentally, such as stiffness, yield strength and ductility.

This work aims at establishing a refined numerical model of the aforestated microstruc-
tural characteristics that is able to predict the experimentally observed anisotropic mechan-
ical properties of as-built Ti-6Al-4V manufactured by LPBF. The two-scale periodic RVE
proposed has just the necessary level of complexity for statistically capturing both the pri-
mary grain shape and the platelet orientation anisotropies assumed based on micrographs of
as-built LPBF Ti-6Al-4V. Based on this synthetic RVE with a hypothesised crystallographic
texture, specific values are proposed for five elastic and three plastic parameters for a typical
microstructure in as-built LPBF Ti-6Al-4V, which are found to accurately reproduce the
experimental stress strain curves. This is an important step toward a better understanding
of the relation between microstructural and macroscopically observed anisotropies, but also
in terms of an improved quantitative description of as-built LPBF Ti-6Al-4V. Obviously,
the conclusion does not apply to all distinct Ti-6Al-4V microstructures that can be obtained
with different AM processes and subsequent heat treatments, but it reveals the governing
parameters at crystal level and their expected magnitude for this specific material structure.

The constitutive model, the employed crystal plasticity framework, the synthetic RVE
and texture generation procedure, are all presented in Section 2. Section 3 presents and
discusses the numerical results and Section 4 summarises the essential conclusions of this
work.

2. Constitutive laws and numerical framework

2.1. Phenomenological crystal plasticity

All crystal plasticity simulations in the present work were carried out in the DAMASK
software [19] based on the well-established crystal plasticity model from [15]. The kinematics
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of the adopted finite strain crystal plasticity model correspond to the usual multiplicative
decomposition of the total deformation gradient F according to the expression

F = FeFp. (1)

Here, Fe is the elastic part of the deformation gradient, containing the elastic stretching and
rigid body rotation of the crystal lattice, and Fp represents the net plastic deformation and
rotation due to shear in multiple slip systems.

The elastic part of the crystal deformation state leads to stresses, approximated here by
the Saint Venant-Kirchhoff model, [19], as

S = C : (FT
e Fe − I)/2 (2)

where S is the second Piola-Kirchoff stress and C is the fourth order elastic stiffness tensor.
Utilising the symmetry of the hexagonal crystal, C can be reduced to five independent elastic
constants, C11, C12, C13, C33 and C44, given in Voigt notation.

The plastic part of the deformation gradient is obtained by integration of the shear strain
rate γ̇ contributions of different slip systems to the rate of Fp. For a crystal with Nsys slip
systems indexed with i, this is obtained by

ḞpF
−1
p =

Nsys∑

i

γ̇i
(
sis ⊗ ni

s

)
(3)

where sis and ni
s are unit vectors along the slip direction and slip plane normal, respec-

tively. For each slip system the rate is modelled through the phenomenological power law
relationship [7], written in the form

γ̇i = γ̇i0

∣∣∣∣
τ i

ξi

∣∣∣∣
n

sgn
(
τ i
)

(4)

where γ̇i0 is the reference slip rate, n is the power law exponent and ξi is the slip resistance.
The implementation in DAMASK is also extended with hardening consitutive laws based on
an evolution of the slip resistance ξi from a system-dependent initial value ξi0 to a saturation
value ξi∞ according to the expression

ξ̇i = h0
(
1 + hiint

)
×

Ns∑

j=1

∣∣γ̇j
∣∣
∣∣∣∣1−

ξj

ξj∞

∣∣∣∣
a−1(

1− ξj

ξj∞

)
hij (5)

where h0 is an overall hardening parameter of unit stress and the dimensionless parameters
hiint are slip system specific corrections to h0. Interactions between different slip systems
are represented by the dimensionless factors hij, which are typically equal to one for the
interaction of a slip system with itself, i.e. hii = 1. It will be shown that the experimental
results imply a very low hardening at the single crystal level so that Eq. (5) and the in-
volved parameters only have an influence for numerical performance but not for the actual
mechanical analysis.
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2.2. Synthetic RVE for as-built Ti-6Al-4V

Ti-6Al-4V alloys can possess a wide range of microstructures depending on the manufac-
turing, deformation process, and subsequent annealing. The most common microstructure
is a combination of two-phases α + β, where α and β have HCP and BCC lattices, respec-
tively. The volume fraction of the β-phase is normally very low, and is often neglected in
simulations [9]. Nevertheless the presence of β-phase, even in small volumes, is usually as-
sociated with increased ductility, thus its role has gained attention also in crystal plasticity
simulations [11, 12]. Primary β grains are formed initially during solidification, with a mod-
erate elongation in the build direction due to the directional heat flux. Upon cooling below
the β-transus temperature, at rapid cooling rates typically observed in the LPBF process
[16, 25], β grains undergo a diffusion-less transformation into a martensitic α′ microstruc-
ture with the characteristic acicular appearance in 2D sections [1, 25]. A detailed analysis
of the effect of multiple thermal cycles on the resulting microstructures can also be found
in [25]. In the case of printing settings that create higher energy density levels, somewhat
lower cooling rates are obtained, which lead to a combination of lamellar α and martensitic
α′ microstructures. Even lower cooling rates could also lead to some retained β phase.

Figure 1a-d shows representative material characterisation data, obtained on the speci-
mens of the present work. A hierarchical lamellar morphology, typical for LPBF Ti-6Al-4V,
can be recognised in the light optical microscopy (LOM) and scanning electron microscopy
(SEM) micrographs in Figure 1a-c. The absence of significant amount of β phase has been
confirmed by X-ray diffraction (XRD) measurements, shown in Figure 1d, in agreement with
other references for as-built LPBF produced Ti-6Al-4V components [20, 16]. The XRD mea-
surement cannot exclude the presence of α phase combined with the martensitic α′, because
both have the same hexagonal crystal structure and look indistinguishable on XRD mea-
surements. Based on the identified hexagonal crystals of the microstructure, a simple RVE
will be defined that captures major morphological traits by a mesoscale lamellar structure,
cf. Figure 1e, and a carefully chosen crystallographic texture.

In a 2D section, the coarsest scale platelets within the same primary grain appear pre-
dominately in groups with finer scale platelets in an orthogonal orientation, [25]. In addition,
they often exhibit a preferred orientation with respect to the printing direction at angles
around 45◦, [25]. This anisotropy arises due to the anisotropic thermal and mechanical
state of the freshly solidified material layers during the phase transformation occurring in
subsequent thermal cycles. In the present work, LOM micrographs of the materials have
indicated that primary plates tend to be slightly more aligned with the build direction than
45◦, cf. Figure 1. An average of 55◦ was estimated for the angle between the plane-normal
of the primary plates and the build direction Z. Based on these observations, a simple
anisotropic two-scale RVE has been defined in a coordinate system XY Z with the XY
plane corresponding to the build plane and the Z axis corresponding to the build direction.

In order to create a hierarchical RVE with lamellar structure, firstly the orientations
of lamellar plates need to be defined to follow a prescribed statistical distribution. It is
obtained by representing the normal of plates with a unit vector, n, which is assigned to
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a) b) c)

d) e)

Figure 1: Interpretation of the real material mictrostructure for numerical studies: a) and b) LOM micro-
graphs, c) SEM micrograph, d) XRD measurement of as-built Ti-6Al-4V specimen, e) periodic RVEs with
elongated primary and lamellar secondary grains.

each primary grain, defined by two angles φXY and φZ , according to the equation

n =




sinφXY sinφZ

− cosφXY sinφZ

cosφZ


 . (6)

Here, φZ is the angle between n and the build direction Z, whereas φXY is the orientation
angle of the projection of n in the build plane XY . This parametrisation ensures isotropy
in the XY plane by assigning φXY values to individual grains from a uniform random
distribution within [0, 180◦]. At the same time, it allows to control the inclination of the
primary plates by altering the statistical distribution of φZ . The RVE was generated based
on a normal random distribution of φZ values with the mean of 55◦ and a standard deviation
of 8◦.
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Figure 1e shows a cubic periodic RVE with 25 primary grains created as an approximation
of the real microstructure. In the simulations an equivalent grain morphology was used as in
Figure 1e, but with a larger RVE including 184 primary grains. In both cases, the primary
grains have been generated in the DREAM.3D software [5], with a prescribed aspect ratio
of 2.2 for the grain elongation along the printing direction Z, which is estimated from the
available LOM micrographs, cf. Figure 1a. DREAM.3D generates grains of varying size
with an equivalent sphere diameter following a normal distribution with a mean value µESD

and a standard deviation σESD. For a fixed ratio σESD/µESD = 0.07, the average grain size
µESD has been determined iteratively in order to obtain a sufficient number of grains for
the final RVE. In the next step, each primary grain has been provided with a rank-one
laminate structure, using the previously defined layer normal, n. The complex hierarchical
microstructure of the real material is approximated with only two hierarchy levels. Every
second layer is assumed to consist of plates at a lower scale, perpendicular to the primary
layers. These rank-two plates are not represented explicitly, but as a homogenised phase
in the secondary layers. For simplicity, both primary and secondary layers are present in
the RVE with the same volume fraction of 50%. The crystallographic orientation for the
secondary layers is defined as perpendicular to the one assumed for the primary layers of
the same grain as illustrated in Figure 1e. This setup correlates the statistics of the layering
orientation distribution with the crystal orientation distribution, by means of n, presented
in more detail in the following subsection.

Since the aim is a periodic RVE for a spectral solution method, periodicity is essential not
only with regard to the primary grains generated by DREAM.3D, but also with respect to
the superimposed layering. The layering was implemented with an in-house built MATLAB
code, using a simple three dimensional sine-wave mask on each primary grain. The grains
that intersect the periodic boundaries of the RVE, consisting of more than one parts due
to periodicity, were treated differently to maintain this feature also with the layers. The
applied 3D sine functions of these divided boundary grains have to be in the same phase on
the opposing faces, corresponding edges and corners of the RVE, thus the applied mask is
shifted by the RVE edge length in one, two or three directions, respectively. The outcome
is a periodic RVE with matching layering across its boundaries as illustrated in Figure 1e.

Figures 2a and 2b show the generated RVE with 184 primary grains, before and after
providing the primary grains with a layered microstructure. Results from both of these
RVEs are presented later in the results section, but the final fitting to the experimental
results is actually based on the multi-scale RVE from Figure 2b. The two smaller RVEs
with only 25 primary grains shown in Figures 2c and 2d are only used for mesh convergence
studies.

Looking at Figure 1 and assuming transverse isotropy, the primary grain size is in the
order of 100 µm in the build plane XY . Therefore the RVEs of Figures 2a and 2b can be
interpreted with a size of 0.7×0.7×0.7 mm3. However, length scale effects are not accounted
for in the conventional crystal plasticity model from section 2.1 therefore the numerical
results are independent of a scaling of the RVE. For the RVEs illustrated in Figures 2a
and 2b, a discretization of 128 voxels per RVE edge is used and the layer thickness in the
lamellar structure is approximately 5% of the RVE edge length.
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(a) (b) (c) (d)

Figure 2: Generated RVEs with 184 primary grains without and with layering, (a) and (b) respectively. The
smaller RVEs in (c) and (d) have only 25 primary grains with layering thicknesses of ca. 10% and 5% of the
RVE size, respectively, and they are used for mesh convergence studies. Note that the colors of the grains
do not represent the grain orientation, only illustrate the grain morphology.

Two convergence studies with regard to discretisation and layering thickness were per-
formed using the smaller RVEs with fewer grains from Figures 2c and 2d. The RVE in
Figure 2c can be considered as a subset of the larger RVE in Figure 2b, having proportion-
ally less grid points and grains with the same layer thickness to grain size ratio. Firstly the
small RVE of Figure 2c, was tested both with a 643 and a 1283 voxels discretization, giving
the same results in terms of macroscopic stress-strain curves. In the next step, the large
RVE with 1283 voxels was used with twice as many layers, shown in Figure 2d and again
repeated the results of the small RVE from Figure 2c.

It can be concluded that the layer thickness, beside having a necessary minimum dimen-
sion, is not essential for the simulated mechanical response of the RVE, as could be expected
since a scale independent conventional crystal plasticity framework is used here.

2.3. Texture generation

The very fine microstructure of as-built Ti-6Al-4V makes it challenging to obtain a re-
liable measurement of the crystal orientation distribution (COD) for a sufficiently large
representative volume of the material, by means of electron backscatter diffraction (EBSD).
Nevertheless, the experimentally observed stiffness anisotropy provides a very clear indi-
cation of a strongly anisotropic COD. In combination with the simplified synthetic RVE
presented above, the present work proposes a COD that can quantitatively reproduce the
experimentally observed anisotropic stiffness and yielding of as-built Ti-6Al-4V. In order to
demonstrate different aspects of the proposed COD, a series of simpler cases are presented
in order of increasing complexity. In particular, the following four cases were investigated:

A. Each primary grain is provided with a completely random HCP crystal orientation.

B. Each primary grain is provided with a random crystal orientation under the constraint
that the HCP crystal y axis [11̄00] is parallel to n.
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C. Each primary grain consists of an HCP crystal with its y axis [11̄00] parallel to n, as
in case B, but the angle between z axis [0001] and global Z axis is the closest possible
to 0◦.

D. Each primary grain consists of two types of alternating layers. Primary layers have
the same crystal orientation as in case C. In secondary layers, the HCP crystal z axis
[0001] is parallel to n, while the y axis [11̄00] is the closest possible to the Z axis
orientation.

Apart from case A, where the crystal orientation is completely random and hence rather
trivial to generate, all further three cases B, C and D comprise crystal orientations related
to the vector n of each individual primary grain. For case B the HCP system xyz is oriented
with respect to the global system XY Z by means of a rotation matrix

RB = Rz(φXY )Rx(φZ + 90◦)Ry(θ), (7)

where the rotation angle θ is assigned to individual grains according to a uniform random
distribution in [0, 180◦]. For the primary grains of case C and the primary layers of case D
the corresponding rotation matrix is

RC = RD1 = Rz(φXY )Rx(φZ + 90◦) (8)

and for the secondary layers of case D, it is

RD2 = Rz(φXY )Rx(φZ). (9)

Figure 3 presents the resulting pole figures for the HCP y axis, i.e. [11̄00] direction, and
the HCP z axis, i.e. [0001] direction, for the aforementioned four cases. The final case D
is the one that in combination with the provided crystal plasticity parameters matches the
experimentally observed material behaviour. It is also the only case where the primary
grains are provided with layering. The [0001] poles shown in Figure 3 for case D include
crystal orientations for both primary and secondary layers. Figure 4 shows the histograms
for the angle between the HCP z axis and the build plane XY for primary and secondary
layers, where they are distinguished.
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case A case B

case C case D

Figure 3: Stereographic pole figures of synthetic textures and RVEs for the four investigated cases A, B, C
and D.

Figure 4: Histograms for the angle between the HCP crystal z axis [0001] and the build plane XY , for the
two types of layers in case D.
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2.4. Constitutive model parameters at the single crystal level

In the crystal plasticity simulations of as-built LPBF Ti-6Al-4V, only one HCP phase
was considered accounting for the α/α′ microstructure, while any remaining β phase was
neglected, based on the XRD results from Figure 1d. The employed HCP crystal includes the
usual basal, prismatic, and first-order pyramidal 〈c+ a〉 slip planes, illustrated in Table 1. In
addition, the five constants C11, C12, C13, C33 and C44 describing the elastic behaviour of a
single crystal, are listed in Table 2. The present work shows that the obtained experimental
stress-strain curves for as-built LPBF Ti-6Al-4V can be captured accurately, by fitting only
these essential parameters for the HCP lattice.

These eight crystal plasticity parameters have been determined by means of the fitting
procedure to experimental data, illustrated in Figure 5. The aim was to simultaneously
fit stress-strain curves obtained under horizontal uniaxial tension tests (H), on dog-bone
specimens lying in the build plane, as well as vertical tests (V), on dog-bone specimens
loaded parallel to the build direction. After adopting a fixed ratio between the five elastic
constants, based on a relevant literature that best fits the experimental data of the present
work, the fitting procedure reduces to the four fitting parameters included in Figure 5. Due
to the strong coupling of certain of these parameters with certain regions of the stress-strain
curves, the fitting procedure is further simplified to four one-parameter optimisations that
can be performed with simple algorithms or manually.

Slip system Number
Slip resistance

ξ0 [MPa]
1st slip element

Basal 〈a〉 3 470 [112̄0] (0001)

Prismatic 〈a〉 3 470 [112̄0] (101̄0)

Pyramidal
〈c+ a〉 12 750 [112̄3] (101̄1)

Table 1: Slip systems and determined initial slip resistance values for α/α′

C11 C12 C13 C33 C44

153.9 87.4 65.5 170.7 47.7 [GPa]

Table 2: Determined elastic constants of the single HCP crystal
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Figure 5: Fitting procedure of crystal plasticity parameters based on anisotropic stress-strain curves, (ξb,
ξpr, ξpy correspond to ξ0 for basal, prismatic, pyramidal 〈c+ a〉 systems)

The fitting scheme is chosen due to the observation that among the several sets of elastic
constants available [9, 21], the ones recently reported in [9] can most accurately reproduce
the approximately 8% elastic anisotropy found experimentally. It is noteworthy that this
is only possible in combination with the synthetic crystallographic orientation distribution,
presented in Section 2.3. As a first step in the fitting procedure, an overall scaling δ1 =
0.95 is found for the elastic constants from [9], that minimizes the deviation R1 between
experimental and simulated stress values at an elastic strain of 0.1%.

Afterwards, the initial slip resistance values for the basal and prismatic slip systems are
determined based on their contribution to the macroscopically observed yield initiation. The
values reported in Table 1, are based on minimizing the residuals R2 and R3 in Figure 5,
which measure the deviation between experimental and simulated stresses at the conven-
tional yield point of 0.2% plastic strain. The residual R2 expresses deviations in terms of an
average between the horizontal and vertical direction, while R3 expresses deviations in terms
of the difference between the two directions, i.e. plastic anisotropy. The fitting procedure
has led to a ratio between the initial basal and prismatic slip resistance values equal to one,
which is within the typical range for the α phase in α + β Ti-6Al-4V [21, 9]. These slip
resistances are not commonly reported yet for Ti-6Al-4V microstructures without significant
β phase, but the obtained ratio stands also close to the value recently proposed by Riyad
et al. [18] and differs from the founding of Zhang et al. [27]. It should be noted, that
perturbations on the order of just 10 MPa, applied to these two slip resistance values, lead
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to significant deviations from the experimental stress-strain curves in terms of σy, revealing
a strong coupling between these two parameters and the yield stress, σy.

The last parameter determined in Figure 5 is the pyramidal 〈c+ a〉 slip resistance. Ac-
cording to the polycrystal model presented in the subsequent sections 2.2 and 2.3, the slip
resistance of this system governs the hardening behaviour in the strain range up to 2.5%.
This is in accordance with [12], where the same effect in α+β Ti-6Al-4V was demonstrated.
In addition, the pyramidal 〈c+ a〉 slip resistance affects the yielding point σy, only if it is
below a certain limit. This allows to determine this slip resistance independently, as shown
in Figure 5. The obtained value of 750 MPa corresponds to a ratio of 1.67 with respect to
the initial basal slip resistance, which is close to the ratio of 1.6 proposed for α′ in [27]. The
effect of pyramidal 〈a〉 slip has also been considered, but could be neglected, as it did not
yield any significant impact on the stress-strain response up to a total strain of 2.5%.

Table 3 reports all remaining crystal plasticity parameters used in the present study.
The HCP lattice aspect ratio, c/a, is taken from the literature [26], note that the exact
value within few percent deviation does not affect the macroscopic simulation results with
the current constitutive law. Neither self-hardening nor softening appear were necessary for
reproducing the monotonic tensile testing stress-strain curves of the present work. A low
hardening parameter h0, similar to the values used in [21, 9], is still useful for the numerical
stability and accuracy of the simulations. The low hardening adopted, also means that the
remaining parameters in Table 3 are mostly relevant for the numerics. If a higher level of
self-hardening had been assumed in the polycrystal model, a lower initial slip resistance for
the pyramidal 〈c+ a〉 system would have been necessary to match the same experimental
macroscopic response. In that sense, the pyramidal 〈c+ a〉 slip resistance obtained in the
present work can be seen as an upper bound.

h0 hij n γ̇0 c/a

100 [MPa] 1 80 0.001 [s−1] 1.587

Table 3: Remaining plasticity parameters used in the proposed RVE for as-built LPBF Ti-6Al-4V

3. Results and discussion

This section presents and discusses the numerical and experimental results, which show
that the introduced RVE can quantitatively reproduce the anisotropic mechanical behaviour
of as-built LPBF manufactured Ti-6Al-4V. The comparison is by means of tensile stress-
strain curves and a conventional 0.2% yield limit for both experiments and RVE simulations.
Uniaxial loadings of the RVE in the X and Y directions are compared to experimental stress-
strain curves of dog-bone specimens printed with their axis perpendicular to the build direc-
tion (horizontal). Meanwhile the RVE loaded in the Z direction is compared to specimens
printed with their axis parallel to the build direction (vertical).
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3.1. Experimental results

The experiments carried out on the dog-bone specimens printed in horizontal and vertical
orientations were according to the ASTM E8/E8M standard. The reduced region of the
specimens had a length of 25 mm and a cross section of 5 × 6 mm2. Tensile testing was
conducted on an MTS 312.21 100 kN servohydraulic testing machine in displacement control
mode with a displacement rate of 0.05 mm/s at room temperature. An Instron extensometer
with a gauge length of 12.5 mm was used for strain measurements.

The test specimens were printed from Ti-6Al-4V ELI, also referred to as grade 23, pow-
der material with a mean particle diameter of 47 µm, with an SLM500 printer in an Ar
atmosphere. The measured chemical composition of the powder and the tolerance provided
by the supplier is given in Table 4.

Ti Al V C Fe O N H

P
ow

d
er Min Balance 5.50 3.50 − − − − −

Actual Balance 6.42 4.00 0.02 0.17 0.09 0.02 0.0028

Max Balance 6.50 4.50 0.08 0.25 0.13 0.03 0.0120

Specimen Balance 5.48 3.82 − 0.22 − − −

Table 4: Chemical composition of the Ti-6Al-4V ELI powder [4], and the printed specimen (wt%)

A scanning strategy with parallel stripes was used, with a layer height of 60 µm and a
67° rotation between subsequent layers. Further relevant build parameters related to the
support structure, volume, border and remelted upskin regions are summarised in Table 5.

Speed [mm/s] Power [W] Hatch distance [mm]

Support 650 150 -

Volume 1100 350 0.12

Border 650 150 -

Upskin-Remelting 500 200 0.1

Table 5: Most relevant printing parameters

After printing, stress relief was performed at 550 °C for 2 hours, to prevent the specimens
from warping upon removing them from the build plate. In order to achieve similar surface
roughness for both horizontal and vertical specimens, all specimens were designed with an
oversize of 1 mm, which was then removed by Electrical Discharge Machining (EDM), to
obtain the final cross-section dimensions.

Figure 6 shows the measured stress-strain curves for 5 and 6 repetitions of horizontally
and vertically printed dog-bone specimens, respectively. For each curve, a linear fit was
performed in the approximate range of 150-500 MPa, in order to extract the linear stiffness
values. The same linear fit was used in order to specify the origin of each curve, more
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precisely by requiring that the linear segment of the curve passes through the origin of the
stress-strain diagram. By offsetting the fitted line by the usual magnitude of a plastic strain
of 0.2%, conventional yield points for each individual curve were determined. The average of
these yield points for both groups of specimens are marked in the diagram with a star. All
extracted average values and standard deviations for Young’s modulus E and plastic yield
limit σy for both specimen orientations can be found in Table 6.

As a side note, the maximum elongation obtained in the tests is rather high for as-
built Ti-6Al-4V, but this result could be traced back to the EDM post-processing of the
specimens. Test repetitions with equivalent but rough specimens, without machining, led
to a maximum elongation in the typical range for as-built Ti-6Al-4V. EDM post-processed
specimens are used in the present work to ensure similar surface for horizontal and vertical
specimens.

Figure 6: Experimental stress-strain curves for specimens printed vertically and horizontally, with symbol ”∗”
denoting averaged yield points

3.2. Simulations of RVEs with single- and multi-scale columnar grains

In what follows, simulation results are presented and discussed for the four different tex-
ture cases described in section 2.3. The volume averaged Cauchy stresses, for each strain
increment, are exported from DAMASK and converted to engineering stresses. This post-
process allows appropriate comparison between numerical and experimental uniaxial tensile
results without the need for estimating the transverse strains in the experimental test. Note
that for the narrow strain range considered, there is no substantial difference between engi-
neering and true stress-strain curves. Figure 7a compares the stress-strain curves of case A
with completely random crystal orientation against case B where the stiffest and strongest
crystallographic direction [0001], i.e. HCP z axis, lies parallel to the planes used for the
layering in case D.
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(a) (b)

Figure 7: Stress-strain curves for RVEs with textures A and B (a), as well as textures C and D (b), subjected
to uni-axial tension in X, Y, and Z directions

The simulation results of case A demonstrate that the RVE with random texture can
be considered as both elastically and plastically isotropic with regard to its macroscopic
response. The slight deviations between different loading directions are essentially due to
the randomness of the texture. Although the grain structure has elongated primary grains
along the Z axis, anisotropy is not brought forward on the macroscopic scale, since the
crystal plasticity model is scale independent. If one were to employ a model for dislocation
blockage at grain boundaries, such slip constraints would rather apply between the internal
martensite boundaries than at the boundaries of the larger primary grains.

As the shape of the primary grains cannot explain the observed anisotropy with the
applied constitutive model, it is important to investigate the effect of COD. In case B,
where the HCP crystal z axis is parallel to the layering planes as described in section 2.2,
but otherwise has a random in-plane orientation, the poles distribution is illustrated in the
upper right part of Figure 3. In the respective stress-strain curves in Figure 7a, the X
and Y loading directions remain unaffected, while there occurs a slight weakening of the Z
direction compared to the isotropic behaviour of case A.

Since the HCP z axis represents the stiffest and at the same time strongest crystallo-
graphic direction, it is sensible to aim for a controlled alignment between the HCP z axis
and the build direction, corresponding to the global Z axis. Based on this observation, in
case C and in the primary layers of case D the HCP z axis is made parallel to the steepest
ascent direction of the layering planes. This choice leads to the highly anisotropic pole figure
for case C, shown in the lower left part of Figure 3, and the following strongly anisotropic
stress-strain response, included in Figure 7b. The obtained simulated anisotropy for case C
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is even stronger than in the experimental results. However, the addition of the secondary
layers in the laminated grains of case D weakens the COD anisotropy, leading to the distri-
butions illustrated in the lower right part of Figure 3 and in Figure 4. This final case with
the somewhat moderated COD anisotropy and a two-scale morphology was the basis for
the fitted crystal plasticity parameters presented in section 2.4. In combination with these
material parameters, the final texture of case D yields an excellent fit to the experimental
results of section 3.1, discussed in more detailed below.

Important to note that the crystal plasticity parameters can be optimised also for case C.
In fact, 10% lower C33 and 2% lower ξpyr could yield similarly good match with experimental
results as texture D with the reported parameters. However, the texture in case C requires
less common and realistic crystal plasticity parameters and would exhibit highly anisotropic
properties in 55◦ with respect to the build plane.

3.3. Discussion

Figure 8a compares in a common diagram the obtained stress-strain curves for the RVE
of case D against the average experimental curves from Figure 6 for the specimens printed
in vertical and horizontal orientation. The mechanical parameters such as the Young’s
modulus E and yield strength σy, extracted from the simulations and the experiments, are
summarised visually in Figure 8b, which also includes corresponding results from the litera-
ture. The exact numerical values for the simulated RVE and the corresponding experimental
tensile tests can be found in Table 6. Both Figure 8 and Table 6 demonstrate an excellent fit
between simulation and experiments, with any deviations being significantly smaller than
the variations observed in the experimental data. It can be concluded, that the lamel-
lar RVE with the proposed set of crystal plasticity parameters can precisely capture, also
quantitatively, the mechanical response of as-built Ti-6AL-4V. Compared to corresponding
references [14, 6, 1], our experimental, and therefore also our numerical, results are in gen-
eral higher by approximately 5%, but they exhibit similar ratio between the two directions
for both mechanical properties. The observed difference can be attributed to the different
printing parameters and powder material.

Load case E [GPa] σy [MPa]

Experimental
Vertical, ‖ BD 120.7± 6.7 1208± 21

Horizontal, ⊥ BD 111.6± 4.8 1170± 12

Numerical
Vertical (Z) 118.2 1201

Horizontal (X) 108.7 1150

Table 6: Experimentally and numerically determined anisotropic Young’s modulus E and yield limit σy
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(a) (b)

Figure 8: Comparison of experimental and numerical results of uni-axial tension, black lines and ∗ denote
averaged stress-strain curves and σy (a), comparison of Young’s modulus and Yield strength with other
references (b), a[14], b[6] c[1]

It is worth to note that the large number of primary grains in the employed RVE leads to
very small statistical variations in the simulation results between different realisations of the
RVE. Here, only one realisation is reported but repetitions with other realisations yielded
very similar results. Indicative for this small variance is the minor differences between the
stress-strain curves for loading in X and Y directions, which are only statistical.

Figures 9 and 10 show the magnitude of plastic slip categorised per slip systems, layer
type and loading direction at an overall strain of 2%. The plotted effective slip values are
calculated based on all slip elements of the basal and prismatic slip families, respectively.
Based on the comparison of Figures 9 and 10, it can be concluded that the anisotropic yield-
ing origins from differences in slip system activation. When the RVE is loaded horizontally,
i.e. in direction X, both basal and prismatic slip systems are activated, while it is mainly
the basal slip family that is activated under loading in the vertical direction Z.
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Figure 9: Slip activation in basal and prismatic slip families at 2% overall strain, under load in X direction
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Figure 10: Slip activation in basal and prismatic slip families at 2% overall strain, under load in Z direction
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One can also observe that in case of loading in X direction the basal slip is slightly
more pronounced in secondary layers, cf. Figure 9b, while the prismatic slip is slightly
more pronounced in primary layers, cf. Figure 9c. In case of loading in Z direction, the
same level of basal slip occurs in both primary and secondary layers. In secondary layers
there is also some limited amount of prismatic slip in contrast to a negligible amount in
primary layers. Regarding pyramidal slip families, in the 〈a〉 direction, the maximum slip
was one order of magnitude lower than in any other slip families, due to the lower yield
limit of the basal and prismatic families with the same slip direction. Therefore, it has
been excluded from the simulations. For pyramidal 〈c+ a〉 the overall slip was also quite
low. However, the maximum effective slip occured in similar range (0.04-0.05) as basal
and prismatic slips. Loading the RVE in X direction caused even pyramidal 〈c+ a〉 slip
for primary and secondary layers, meanwhile loading it along Z resulted in a higher slip
activation for the primary layers. In order to confirm that the anisotropy origins from
the different prismatic and not from pyramidal 〈c+ a〉 slip activation, which is commonly
reported [12], a test case was conducted with the pyramidal 〈c+ a〉 slip resistance set equal
with the basal and prismatic (470 MPa). This resulted in a lower macroscopic yield points, as
expected, but the amount of anisotropy and low hardening were maintained. As mentioned
in Section 2.4, increasing the pyramidal 〈c+ a〉 slip resistance from its original value would
lead to similar yield level and anisotropy with higher hardening.

Figure 11 shows the total effective slip at 2% overall strain, including all slip systems.
Different patterns can be observed for the two loading directions X and Z. Under loading
in X direction, the spatial distribution of the total effective slip exhibits stronger contrasts,
while it is more diffuse in the case of loading in Z direction. Especially in the first case,
high effective slip values typically occur close to the interface between subsequent layers.
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Figure 11: Total effective slip at 2% overall strain, under uniaxial loading in different directions
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4. Concluding remarks

In this paper, the anisotropic tensile behaviour of LPBF manufactured Ti-6Al-4V was
investigated by means of quasi-static tensile tests and crystal plasticity simulations. The
simulations were carried out on a synthetically generated two-scale RVE, approximating the
actual α/α′ microstructure. A four parameter fitting between experiments and numerical
simulations allowed to determine a set of crystal plasticity parameters that yield an excellent
fit of numerical and experimental stress-strain curves up to 2.5% strain.

This contribution is especially important considering the limited amount of studies specif-
ically addressing a typical α/α′ microstructure for as-built LPBF Ti-6Al-4V components,
compared to the more extensive studies available regarding α+β microstructures. The main
conclusions of this study can be summarized as follows:

• LPBF Ti-6Al-4V has anisotropic mechanical properties, which can be precisely cap-
tured in two orthogonal directions with an appropriately textured polycrystal RVE.

• Different synthetic textures, based on the observed microstructure, can reproduce the
experimentally determined elastic anisotropy of ca. 8%. However, the one accounting
for the microstructure platelets arranged in two mutually orthogonal crystal orienta-
tions in each grain leads to the most realistic elastic constants.

• Relatively high and approximately equal basal and prismatic slip resistance values
(470 MPa) are necessary for reproducing the high and slightly anisotropic (3%) yield
strength of LPBF Ti-6Al-4V.

• The low hardening, observed in macroscale experiments, can be reproduced with a
sufficiently low pyramidal 〈c+ a〉 slip resistance, specified in the order of 750 MPa.

In total, the experimentally observed plastic anisotropy is attributed to a strongly
anisotropic crystal orientation distribution, which is supported by the measured anisotropy
in stiffness. Primary grain size and shape effects were neglected due to the large size of the
primary grains and the very diffuse primary grain boundaries in the final microstructure of
as-built LPBF Ti-6Al-4V. The microstructure morphology seems to play only a minor role
in general, compared to the effect of the crystal orientation distribution. A simple two-scale
microstructure with primary grains substituted with a rank-one laminate structure seems
to be a very good approximation in the context of conventional crystal plasticity without
length scale effects.

Future studies of microstructure morphology effects, using strain gradient or dislocation
based crystal plasticity, would be very useful for gaining additional insights into the as-built
LPBF variant of Ti-6Al-4V alloy.
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Abstract8

The mechanical anisotropy created by additive manufacturing (AM) is not yet fully under-
stood and can depend on many factors, such as powder material, manufacturing technology
and printing parameters. In this work, the anisotropic mechanical properties of as-built,
laser powder bed fusion (LPBF) austenitic stainless steel 316L and titanium alloy Ti-6Al-
4V are investigated through crystal plasticity simulations. Periodic representative volume
elements (RVEs) are used that are specific to each material. The RVE for austenitic stainless
steel consists of FCC crystals with a crystallographic texture measured by X-ray diffraction.
The α′ martensite microstructure of Ti-6Al-4V is captured with a multi-scale RVE, includ-
ing internal lamellar structures, using HCP crystals and a synthetically generated texture.
For both materials, the crystal plasticity parameters are calibrated against tensile tests car-
ried out on dog-bone specimens printed in different orientations. The RVEs, calibrated to
experiments, are applied in virtual material testing and subjected to multiple load cases to
generate the Hill-48 and Yld2004-18p yield surfaces of the materials.

Keywords: Yield surface, Crystal plasticity, Anisotropy, Titanium alloy, Stainless steel,9

Additive manufacturing10

1. Introduction11

Metal additive manufacturing (AM) facilitates customisation, flexible, small-scale pro-12

duction and complex, light-weight components, which offer high potential primarily in the13

aerospace, automobile and biomedical sectors. The unique, cyclic thermal history in the14

AM process creates a heterogeneous microstructure, which leads to anisotropic mechanical15

properties. For most of the functional engineering applications, anisotropy is unfavourable16

and has to be accounted for in stress analysis [1, 2].17

The microstructure and the mechanical properties of the common AM metallic materials,18

i.e. aluminium, stainless steel and titanium alloys, have been thoroughly investigated. The19

extensive studies of AM metals are necessary because they are significantly different from20

traditional cast, rolled and extruded materials. In addition, the powder material, the specific21

AM technology, the scanning strategy, and the building parameters and direction also have22
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considerable impact on the microstructure and important contributions to the mechanical23

properties [3, 4, 5]. This work focuses on the austenitic stainless steel, 316L, and the most24

common titanium alloy, Ti-6Al-4V, produced by the laser powder bed fusion (LPBF) process.25

It has been clearly demonstrated that the AM of 316L creates a microstructure with elon-26

gated columnar grains with the [110] crystallographic direction preferentially being parallel27

to the building direction (BD) [6, 7]. In most studies, the microstructure is characterised28

by a single austenitic face centered cubic (FCC) phase [8, 9], although a tiny fraction of29

the ferrite phase with body centered cubic (BCC) structure has also been reported [10].30

The grain size of 10-100 μm allows for local texture measurements with electron backscatter31

diffraction (EBSD), and also measurements of the bulk texture based on X-ray diffraction32

(XRD) [10, 11]. In addition to the crystallographic texture, defects such as inclusions and33

porosities, and the grain aspect ratio in relation to the Hall-Petch effect, have been con-34

sidered as possible sources of anisotropy [7]. Further factors could be the highly oriented35

cellular subgrain structures, residual stresses and melt pool boundaries [12]. In the case36

of Ti-6Al-4V, AM can also lead to columnar grains parallel to the BD, which contain fine37

martensite platelets at multiple scales with well-defined orientations [13, 14]. However, due38

to the very fine microstructure, it is difficult to experimentally obtain statistically represen-39

tative crystal orientation distribution (COD) data. In addition, for LPBF Ti-6Al-4V, most40

available studies reported a single phase α′ hexagonal-closed-packed (HCP) lattice structure41

with a negligible amount of the β phase [15].42

To establish a link between the material microstructure and the macroscopically observed43

mechanical strength, crystal plasticity has become an essential tool, which enables a detailed44

description of plastic deformation mechanisms. Due to the same chemical composition,45

but distinct mechanical properties created by the AM compared to conventional processes;46

crystal plasticity has recently been applied to various AM materials, such as 316L, Ti-6Al-47

4V and high-manganese steels [16, 17, 18]. The most commonly used crystal plasticity48

constitutive model is the relatively simple power-law rate-dependent model [19, 20]. More49

complex, recent models can also capture effects of grain boundaries, such as the Hall-Patch50

strengthening [21], using length-scale dependent constitutive laws. Regarding the numerical51

implementation, besides the classic finite element method, fast Fourier transform (FFT)52

based spectral methods have become popular, due to their high efficiency in solving periodic53

boundary value problems [22, 23].54

At larger scales, the homogenised behaviour of the heterogeneous microstructure of55

AM metals can be described by a homogeneous elastic-plastic material model, using an56

anisotropic yield function to govern the plastic behaviour. The anisotropic yield criterion57

can be determined from crystal plasticity simulations or experiments. Numerous anisotropic58

yield criteria are available in the current state-of-the-art, using quadratic or non-quadratic59

yield functions with a different number of adjustable parameters and tailored to specific60

materials, e.g. steels or aluminium alloys [24, 25, 26]. In general, the higher the number61

of parameters that are present in the applied yield function, the more complex and flexible62

it is. On the other hand, the calibration of multiple parameters requires extensive experi-63

mental testing, which is both expensive and time consuming, especially for AM materials.64

Furthermore, even the same AM technology and powder material could require different cal-65
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ibrations depending on the printing parameters and scanning strategy. Therefore, instead of66

expensive experiments, virtual material testing using representative volume element (RVE)67

or unit cell simulations can be advantageous [26].68

Although crystal plasticity studies of AM materials have gained great attention by the69

research community, only a limited number of studies have dealt with anisotropy simulta-70

neously with simulations and experiments. Even fewer studies have determined anisotropic71

yield surfaces for AM materials [7, 27, 28, 29]. The present work investigates the anisotropic72

yield properties of LPBF 316L and Ti-6Al-4V by means of RVE simulations supported by73

uniaxial tensile experiments. While essential elements of the numerical studies are differ-74

ent for the two materials, such as the grain morphology, the method of texture generation75

and the crystal structure, the overall methodology of applying crystal plasticity simulations76

based on RVEs to determine different types of anisotropic yield criteria is the same.77

The paper is organised as follows. Firstly, the experimental procedure is presented in78

Section 2, followed by the constitutive model and numerical framework of crystal plasticity79

in Section 3. The anisotropic yield criteria are described in Section 4 together with the80

calibration method based on virtual material tests. Section 5 presents the results in terms81

of stress-strain curves and yield surfaces, which are discussed in Section 6. Concluding82

remarks are provided in Section 7.83

2. Experimental procedure84

2.1. Materials and manufacturing85

The commercial LPBF systems SLM280 and SLM500 were used in this study with the86

AISI 316L and Ti-6Al-4V ELI powder materials from the SLM Solutions Group AG. The87

Ti-6Al-4V ELI powder material, also referred to as a grade 23 material, had a mean particle88

diameter of 47 µm, while the AISI 316L powder material had a mean diameter of 34 µm.89

Chemical compositions of the powders were in the ranges specified by the supplier, and90

more details can be found in [30, 31]. For both materials, a scanning strategy with parallel91

stripes was used, with a 67◦ rotation between subsequent layers as illustrated in Figure 1b.92

Further relevant build parameters are summarised in Table 1. After printing, stress relief93

was performed at 550 ◦C for 2 hours to prevent the specimens from warping upon removal94

from the build plate.95

Table 1: Build parameters

Material Speed [mm/s] Power [W] Hatch distance [mm] Layer height [mm]

Ti-6Al-4V ELI 1100 350 0.12 0.06

AISI 316L 700 235 0.12 0.05

The specimens were printed in two different orientations with their longest axis per-96

pendicular (horizontal, 90◦) and parallel (vertical, 0◦) to the BD. To ensure similar surface97
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roughness for the horizontal and vertical specimens, all of them were printed with an over-98

size of 1 mm. The support structure and the over-size (Figure 1c) were then removed by99

Electrical Discharge Machining (EDM) to obtain the final cross-section.100

2.2. Tensile testing101

The tensile tests were carried out with the same testing parameters, set-up and dog-bone102

specimen geometry for both 316L and Ti-6Al-4V. They were conducted according to the103

ASTM E8/E8M standard [32] at room temperature on MTS 312.21 100 kN servo-hydraulic104

testing machine under displacement control mode with a loading rate of 0.05 mm/s. The105

specimens were clamped with MTS 647 side-loading hydraulic wedges, using 100 bar grip106

pressure. The longitudinal strain was measured with an Instron extensometer with a gauge107

length of 12.5 mm, as shown in Figure 1d. The reduced section of the machined tensile bar108

had a length of 23 mm with a cross-section of 5× 6 mm2 (Figure 1a).109

a)

b)

c)

d)

Figure 1: Summary of experimental details: a) Geometry of dog bone specimen printed in different orien-
tations, b) Applied scanning strategy with 67◦ rotation, c) As-built block of horizontal specimens before
EDM, d) Gripped tensile specimen with attached extensometer

2.3. Microstructure characterisation110

In what follows, the methods and results of the material characterisation are summarised.111

These results are used in the RVE simulations presented in Section 3.3. More details on the112

microstructure of Ti-6Al-4V and 316L can be found in [30] and [33], respectively. For both113

materials, LOM was conducted on an Olympus GX41, revealing elongated columnar grains114

parallel to the building direction, as shown in Figure 2a and c.115

The primary grains of Ti-6Al-4V are quite elongated with an aspect ratio of approxi-116

mately 2, where the longer dimension is in the order of 200 µm. The high cooling rates,117
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in the range 103-105 K/s, are inherent to the LPBF process and they cause a martensitic118

α′ microstructure for the as-built Ti-6Al-4V [34]. This is in contrast to the two-phase α-β119

structure commonly reported for cast titanium alloys. The absence of a significant amount of120

β phase in the tested components has been confirmed through scanning electron microscopy121

(SEM) and XRD measurements in agreement with other studies of as-built LPBF Ti-6Al-4V122

[35, 36]. Martensitic structures are obtained at different scales depending on the level of123

partitioning of the primary grain, leading to so-called primary, secondary and tertiary α′124

structures, which can be observed in the LOM micrographs in Figure 2b. These hierarchical125

martensite plates tend to align in mutually orthogonal directions within the same primary126

grain. The obtained LOM micrographs suggest a preferred orientation of the martensitic127

plate normals of 55◦ and 35◦ with respect to the BD, corresponding to the primary and128

secondary plates shown in Figure 2b. The result is an average dominant direction of 45◦,129

which is commonly reported for as-built LPBF Ti-6Al-4V [15].130

a) b)

c) d)

Figure 2: Microstructural characterisation of LPBF metals: a) and b) LOM micrographs of Ti-6Al-4V
specimens, c) and d) LOM micrograph and EBSD map of 316L
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The LOM micrographs and EBSD maps of 316L reveal a grain aspect ratio of approx-131

imately 1.6 and an equivalent grain size of 70 µm, as illustrated in Figure 2c and d. The132

EBSD measurement was conducted on a Zeiss Supra FEGSEM using an acceleration voltage133

of 20 kV and an aperture with a 60 μm diameter. The map was acquired with a step size134

of 1 μm. High angle grain boundaries (> 15◦) are marked in black, while low angle grain135

boundaries (2-15◦) are marked in white. As shown in the LOM micrographs, the as-built136

microstructure of the 316L stainless steel consists of elongated austenite grains, semi-circular137

melt pool boundaries and a hierarchical cellular subgrain structure. This cellular structure138

is fully austenitic with a potential of slight misorientation with regards to the parent grain as139

seen in the EBSD map from the low angle grain boundaries within the elongated austenite140

grains.141

The XRD texture analyses were carried out on a Bruker D8 Discovery diffractometer142

equipped with CrKα radiation. A 0-70◦ ψ tilt and 0-360◦ φ rotation were applied with a 5◦143

step size and 1.5 s counting time for each combination of tilt and rotation angle. Due to the144

very fine microstructure of Ti-6Al-4V, statistically representative crystal orientation data145

by means of XRD could not be achieved, and were thus only obtained for 316L. The pole146

figures of [111], [200] and [220] reflections of 316L were measured for cross sections with their147

normal parallel to BD. Considering Figure 3, a preferred alignment of the [220] direction148

can be observed with respect to the BD. In addition, a 67◦ rotation between the highest149

intensity points appears in the texture, particularly for the [111] pole figure, which can be150

attributed to the effect of the scanning pattern, due to the same 67◦ rotation between the151

consecutive layers [30].152

Figure 3: Pole figures [111,200,220] of as-built LPBF 316L measured by XRD with BD ⊥ to the plane

3. Constitutive and numerical modelling of crystal plasticity153

In the present section, the single- and polycrystal plasticity models are outlined, which154

are used for virtual testing of the two investigated AM materials. The main component of155

the RVE simulations is the crystal plasticity model at the lower scale, including the single156

crystals with the appropriate slip systems. On the RVE level, besides the single crystal157

plasticity parameters, the crystallographic texture and grain morphology can also play an158
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important role in the mechanical properties. To determine the macroscopic mechanical159

behaviour, homogenised quantities are defined, which are directly applied for the generation160

of anisotropic yield surfaces in Section 4.161

3.1. Single crystal plasticity162

The crystal plasticity model accounts for infinitesimal elastic deformations and finite163

plastic deformations; however, it does not include grain boundary strengthening effects. The164

simulations of this study were carried out using the DAMASK software [23] with the well-165

established rate-dependent crystal plasticity model from [37]. The kinematics is described166

by the usual multiplicative decomposition of the deformation gradient,167

F = FeFp (1)

where Fe is the elastic part of the deformation gradient, containing the elastic stretching168

and rigid body rotation of the crystal lattice, and Fp is the net plastic deformation and169

rotation, due to shear in multiple slip systems.170

The elastic part of the mechanical response of the crystal is based on the Saint Venant-171

Kirchhoff model [23],172

S = C : (FT
e Fe − I)/2 (2)

where S is the second Piola-Kirchhoff stress and C is the fourth order elastic stiffness tensor.173

Utilising the symmetry of the cubic and hexagonal crystals, C can be reduced to three174

and five independent elastic constants, respectively. Applying Voigt notation, the elastic175

coefficients of the 316L FCC crystals are given by C11, C12 and C44, while for the Ti-6Al-4V176

HCP crystals the additional coefficients are C13 and C33.177

The plastic part of the deformation gradient is obtained by integration of the shear strain178

rate γ̇i of the different slip systems, contributing to the rate of Fp. For a crystal with Nsys179

slip systems indexed with i, the plastic flow is defined by180

ḞpF
−1
p =

Nsys∑

i=1

γ̇i
(
sis ⊗ ni

s

)
(3)

where sis and ni
s are unit vectors along the slip direction and slip plane normal, respectively.181

The slip rate is modelled through the phenomenological power law relationship [19], defined182

by183

γ̇i = γ̇0

∣∣∣∣
τ i

τ ic

∣∣∣∣
n

sgn
(
τ i
)

(4)

where γ̇0 is the reference slip rate, n is the power law exponent and τ ic is the slip resistance,184

also known as critical resolved shear stress.185

The work-hardening rule is based on an evolution of the slip resistance τ ic from a system-186

dependent initial value τ i0 to a saturation value τ i∞ according to the following expression:187

τ̇c
i = h0

(
1 + hiint

) Ns∑

j=1

∣∣γ̇j
∣∣
∣∣∣∣1−

τ j

τ j∞

∣∣∣∣
a−1(

1− τ j

τ j∞

)
hij (5)
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where a is the work-hardening exponent, and h0 is an overall hardening parameter of unit188

stress. The dimensionless parameters hiint are slip system specific corrections to h0. Latent189

and self hardening are represented by the dimensionless factors hij, which are typically equal190

to one for the interaction of a slip system with itself, i.e. hii = 1.191

3.2. Constitutive model parameters on the single crystal level192

Due to the high cooling rates of the LPBF process, as-built Ti-6Al-4V typically exhibits193

a purely martensitic α′ HCP microstructure [33, 38], while 316L displays elongated austen-194

ite grains with FCC crystal structure [30, 39]. Therefore, a single phase material model is195

assumed for both of the materials, based on the executed X-ray measurements and in agree-196

ment with [7, 13]. The crystal plasticity parameters are calibrated against the experimental197

results, and the identification procedure for Ti-6Al-4V is described in detail in [40]. The198

same parameter calibration method was conducted for 316L, but was simplified because the199

FCC crystal has a lower number of elastic and plastic parameters.200

Table 2: Elastic constants of the single crystals [40, 41]

Material Crystal C11 C12 C13 C33 C44 [GPa]

Ti-6Al-4V HCP 153.9 87.4 65.5 170.7 47.7

316L FCC 198 125 122

The elastic constants of Ti-6Al-4V are adopted from [42] with a 5% decrease to match the201

experimental results. A similar fit has been obtained for 316L with the elastic parameters of202

[43] without any additional scaling. The elastic parameters of both materials are reported203

in Table 2. The HCP crystal of Ti-6Al-4V includes the basal, prismatic and pyramidal slip204

systems with relatively high slip resistances, summarised in Table 3.205

Table 3: Slip systems and determined initial slip resistance values

Slip system Number τ i0 [MPa]

T
i-

6A
l-

4V

Basal 〈a〉 3 470

Prismatic 〈a〉 3 470

Pyramidal
〈c+ a〉 12 750

316L {111} 〈110〉 12 210
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The high slip resistance values are in agreement with recent studies of LPBF Ti-6Al-4V206

[16, 44], due to their yield strength superior to conventional titanium alloys. The initial slip207

resistance of 316L is chosen within the common range from the literature [7, 45] to match208

the experimentally observed macroscopic yielding.209

Table 4 contains all remaining crystal plasticity parameters of both materials, which210

are required for the simulations. For Ti-6Al-4V a low hardening parameter h0 is adopted,211

similarly to [42], because neither self hardening nor softening have been observed.The HCP212

lattice aspect ratio, c/a, is taken from the literature [38]. The 316L material exhibits sub-213

stantial hardening and the applied numerical values are in a complete agreement with the214

work of Charmi et al.[7].215

Table 4: Crystal plasticity parameters

Material n a γ̇0 [s−1] c/a h0 [MPa] hij

Ti-6Al-4V 80 2 0.001 1.587 100 1

316L 20 2.25 0.001 - 300
1 if i = j

1.4 if i 6= j

3.3. RVE and texture generation216

The crystal plasticity simulations are conducted on periodic, synthetic representative217

volume elements generated in the DREAM.3D software [46]. For both materials, the RVEs218

consist of 128×128×128 voxels and account for the observed grain morphology with elongated219

primary grains along the building direction, i.e. the Z axis, as illustrated in Figure 4a and220

b. In addition to the grain morphology, the texture is also assumed to be transversely221

isotropic with respect to the BD for both materials; thus only the corresponding inverse222

pole figure (IPF) maps are presented in Figure 4c and d. Due to the 67◦ rotation between223

the subsequent layers, transverse isotropy is assumed, which is also justified by the LOM224

and XRD measurements (Figures 2 and 3). Other studies with more detailed experimental225

investigations also mostly consider the anisotropy perpendicular to the building plane and226

not in the building plane, independent of the scanning strategy. However, the applied layer227

rotation with 67◦ is a better process to ensure isotropy in the XY plane than scanning228

strategies with e.g. 90◦ or 45◦ rotations, because identical scan paths in subsequent layers229

are avoided [47].230

DREAM.3D generates grains of varying size with an equivalent sphere diameter following231

a normal distribution with a mean value, µESD, and a standard deviation, σESD. Besides the232

grain size, the grain aspect ratio can easily be prescribed, which was determined by LOM233

for both materials (Figure 2).234

For the RVE of Ti-6Al-4V the average grain size, µESD, has been determined iteratively235

to obtain a sufficient number of grains for the final RVE using a fixed ratio of σESD/µESD =236

0.07. This procedure resulted in an RVE containing 184 elongated primary grains with the237

prescribed aspect ratio of 2.2. In addition, α′ martensite plates are also considered within238

9



each primary grain, with a layer thickness approximately 5% of the RVE edge, as shown239

in Figure 4a. The layered morphology is obtained by post-processing the primary grain240

morphology, using a simple 3D sine-wave function, as a threshold, to divide each grain into241

primary and secondary layers. The modified multi-scale RVE still maintains periodicity,242

which was ensured with appropriate translation of the sine-wave mask of the grains on the243

surface of the RVE [40]. The layering is based on a prescribed statistical distribution of the244

layer normal vectors, n, of the grains, reproducing the dominant orientation of the primary245

α′ plates with respect to the building plane. The mean value of this normal distribution is 55◦246

with the standard deviation of 8◦. Regarding the texture, each primary grain contains two247

mutually orthogonal crystal orientations corresponding to primary and secondary layers,248

as shown in Figure 4c. In the primary layers, the [11̄00] direction of the HCP crystal is249

parallel to n and the angle between the [0001] direction and the global Z axis is the closest250

possible to 0◦, as illustrated in Figure 4a. This orientation is rotated −90◦ around the [112̄0]251

direction of the HCP crystal to obtain the orientation of the secondary layers. The ensuing252

texture is transversely isotropic with the hardest [0001] direction of the HCP crystal having253

a uniformly random distribution projected onto the XY plane and a preferred alignment254

perpendicular to the XY plane, as shown in Figure 5. Prior to completing the Ti-6Al-4V255

RVE applied in this work, mesh convergence studies and case studies with different layer256

orientations were conducted, see [40] for further details.257

Only primary grains are considered for 316L, since the size of the subgrain dendrite cell258

structure are two orders of magnitude lower and not visible in the EBSD measurements. The259

simpler grain morphology of 316L as compared to Ti-6Al-4V, allowed for approximately four260

times the number of grains in the RVE, namely about 800 grains with an aspect ratio of 1.6.261

The transverse isotropy in the XY plane is ensured with five repetitive 67◦ rotations along262

the Z direction of the observed crystallographic texture (Figure 3). The thereby created bulk263

texture aims at reproducing the cumulated crystal orientations of five consecutive layers.264

Considering Figures 2 and 4, assuming transverse isotropy, the primary grain size of265

both materials is in the order of 100 μm in the build plane. As a result, the RVEs can be266

considered to have a physical size of 0.7 mm3 for Ti-6Al-4V and 2.5 mm3 for 316L. However,267

length scale effects are not accounted for in the applied crystal plasticity model (Section 3.1),268

and thus the numerical results are independent of the size of the RVEs.269
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(a) (b)

(c) (d)

Figure 4: Generated RVEs for (a) Ti-6Al-4V and (b) 316L, (c) synthetic IPF map of Ti-6Al-4V and (d)
reconstructed IPF map of 316L with respect to BD

Figure 5: Histograms for the angle between the HCP crystal z axis, i.e. the [0001] direction, and the build
plane, i.e. the global XY plane, for the the secondary and primary layers of Ti-6Al-4V [40]
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3.4. RVE homogenisation270

To evaluate the macroscopic mechanical properties, homogenised quantities need to be271

derived from the crystal plasticity simulations of the RVEs. To this end, the homogenised272

Cauchy stress tensor, σ, deformation gradient, F and plastic power, Ẇp are defined as the273

volume average over all constituents by274

σ =

Ng∑

g=1

vgσ
(g), F =

Ng∑

g=1

vgF
(g), Ẇp =

Ng∑

g=1

vgẆ(g)
p (6)

where Ng is the total number of voxels and vg represents the volume fraction of voxel g. The275

plastic power per unit volume is determined using the work conjugacy of the plastic Mandel276

stress, M
(g)
p , and the plastic velocity gradient, L

(g)
p , at material point g [23]:277

Ẇ(g)
p = M(g)

p · L(g)
p (7)

4. Phenomenological polycrystal plasticity278

In this section, two anisotropic yield criteria, namely the quadratic Hill-48 criterion [24]279

and the non-quadratic Yld2004-18p criterion [25], are calibrated based on virtual testing280

using the established RVEs. The calibration procedure adopted in this study is based on281

the method proposed by Frodal et al. [26]. The aim is to derive yield surfaces that describe282

the homogenised response at the RVE level.283

4.1. Constitutive laws284

Plastic yielding at the RVE level can be formulated using the volume-average Cauchy285

stress tensor and assuming pressure independence, as286

Φ(σ) ≡ ϕ(σ)− σy = 0 (8)

where ϕ(σ) is the equivalent stress, as defined by the applied yield function, and σy is the287

yield stress. The isotropic von Mises yield criterion defines ϕ(σ) in terms of the deviatoric288

stress tensor s, by289

ϕ(σ) =

√
3

2
s : s (9)

where s is defined as290

s = σ − 1

3
tr(σ)I (10)

with I denoting the second order identity tensor.291

For anisotropic materials, Barlat et al. [25] proposed to use linear transformations of the292

deviatoric stress tensor to account for the anisotropy293

s′ = C′ : s, s′′ = C′′ : s (11)
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where the fourth order tensors C′ and C′′ contain the plastic anisotropy coefficients. As-294

suming an orthotropic material, the matrix form of the linear transformations reads as295




s′XX

s′Y Y

s′ZZ

s′XY

s′Y Z

s′ZX




=




0 −c′12 −c′13 0 0 0

−c′21 0 −c′23 0 0 0

−c′31 −c′32 0 0 0 0

0 0 0 c′44 0 0

0 0 0 0 c′55 0

0 0 0 0 0 c′66







sXX

sY Y

sZZ

sXY

sY Z

sZX




(12)

296 


s′′XX

s′′Y Y

s′′ZZ

s′′XY

s′′Y Z

s′′ZX




=




0 −c′′12 −c′′13 0 0 0

−c′′21 0 −c′′23 0 0 0

−c′′31 −c′′32 0 0 0 0

0 0 0 c′′44 0 0

0 0 0 0 c′′55 0

0 0 0 0 0 c′′66







sXX

sY Y

sZZ

sXY

sY Z

sZX




(13)

where the stress components are given with respect to the principal axes of anisotropy aligned297

with the global Cartesian coordinate system XY Z. Among the 18 anisotropy coefficients298

included in C′ and C′′, only 16 are independent [48]. Owing to the microstructure of299

AM produced materials, transverse isotropy with respect to the XY plane is assumed, as300

discussed in Section 3.3, and the number of independent parameters can be further reduced301

to 8 by the symmetry conditions302

c′13 = c′23, c′31 = c′23, c′12 = c′21, c′55 = c′66 (14)
303

c′′13 = c′′23, c′′31 = c′′23, c′′12 = c′′21, c′′55 = c′′66 (15)

The equivalent stress defined by the Yld2004-18p yield function of Barlat et al. [25] is given304

by305

ϕ(σ) =

(
1

4

3∑

k=1

3∑

l=1

|S ′k − S ′′l |a
) 1

a

(16)

where the exponent a determines the curvature of the yield surface, while S ′k and S ′′l are the306

principal values of the tensors s′ and s′′, respectively. Due to the relatively high number of307

parameters, the Yld2004-18p yield criterion is expected to provide an accurate estimation308

of the yield surfaces for the AM materials of interest. On the other hand, the yield criterion309

requires a substantial number of simulations (or physical experiments) to determine the310

coefficients and it is usually not available in commercial finite element software.311

Therefore, besides the rather complex Yld2004-18p yield criterion, the more simple,312

quadratic Hill-48 yield criterion [24] is also adopted to describe the anisotropic plasticity313
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behaviour, which is defined as314

ϕ(σ) =

√
F (σY Y − σZZ)

2
+G (σZZ − σXX)

2
+H (σXX − σY Y )

2
+ 2Lσ2

Y Z + 2Mσ2
ZX + 2Nσ2

XY (17)

where F , G, H, L, M and N are material parameters. Again, invoking transverse isotropy315

with respect to the XY plane, the number of parameters can be reduced to four from the316

two symmetry conditions317

F = G, L = M (18)

4.2. Calibration of yield surfaces318

To determine all parameters of the Yld2004-18p yield criterion, usually a large number of319

experimental tests are required [49, 50]. However, following the procedure proposed by Fro-320

dal et al. [26], virtual material testing is performed instead of extensive experimental testing.321

As a result, the yield surfaces are calibrated based on crystal plasticity simulations with the322

RVEs described in Sections 3.1 and 3.3. The series of numerical tests to be performed [26]323

consist of seven uniaxial tension tests in the XZ plane, namely in 15◦ increments from the X324

axis to the Z axis, and balanced biaxial tension in the same plane. From these tests, besides325

the initial yield stresses, the Lankford coefficients are also used for calibration. Further load326

cases are simple shear tests and uniaxial tension tests at 45◦ in XY and Y Z planes. To327

obtain high accuracy, plane-strain tension tests are carried out in the XZ plane with loading328

directions parallel to X and Z axes. In the same plane, a plane-stress balanced biaxial strain329

test is included, i.e. ε̇ZZ/ε̇XX = 1. Finally, additional five tests are performed along the330

X and Z axes with the following strain-rate ratios: ε̇ZZ/ε̇XX = −2.00,−1.57,−1.00,−0.64331

and -0.50.332

The uniaxial tension test along the Z axis, aligned with the BD, is considered as a ref-333

erence load case that is used to normalise the results of all the other test cases. The yield334

stress of each test is derived from the volume-average Cauchy stress tensor at a volume-335

average plastic work, derived from Equation (7), corresponding to 0.2% plastic strain in336

the reference load case. The Lankford coefficient is determined as an average within the337

90-100 % range of the plastic work at yielding. The yield surface is calibrated using the338

method proposed by Frodal et al. [26]. Briefly, the method uses an error function, defined339

by the normalised volume-average Cauchy stress tensors at yielding, the Lankford coeffi-340

cients and the equivalent stress, depending on the yield surface parameters c′ij, c
′′
ij, and a,341

according to Equation (16). These yield surface parameters are determined by means of342

a global minimisation of the error function, applying the basin-hopping algorithm of the343

SciPy Python package.344

The calibration of the Hill-48 yield criterion is based on the same crystal plasticity345

simulations and volume averaged plastic work as the Yld2004-18p yield surface. However,346

the calibration requires only four load cases, since the model has only four independent347

parameters due to the transverse isotropy. Simulations of two uniaxial tensile tests are348

carried out to determine the coefficients F and H, according to the following equations:349

F =
1

2(σy
ZZ)2

, H =
1

2(σy
XX)2

(19)
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where σy
ZZ and σy

XX are the normal yield stresses in the Z and X directions. In addition,350

simulations of two shear tests are performed to obtain the coefficients L and N :351

L =
1

2(τ yY Z)2
, N =

1

2(τ yXY )2
(20)

where τ yY Z and τ yXy are yield stresses in shear with respect to the axes of anisotropy. The352

parameters of the Hill-48 yield criterion can also be calculated using the Lankford coefficients353

instead of the yield stresses. However, the yield surfaces calibrated based on the Lankford354

coefficients gave a poor approximation of the RVE simulations, and are therefore omitted.355

5. Results356

This section describes the numerical and experimental results, in the same manner for357

both LPBF manufactured Ti-6Al-4V and 316L. Firstly, the experimental stress strain curves358

are presented that serve as the basis for the RVE calibration. Secondly, these calibrations359

are evaluated by a comparison between simulated and experimental stress-strain curves of360

dog-bone specimens printed with their axis perpendicular to the BD (90◦) and parallel to361

the BD (0◦), respectively. Finally, the obtained Yld2004-18p and Hill-48 yield surfaces of362

the materials, which are fitted to the yielding points of the RVE simulations, are presented.363

5.1. Experimental and numerical uniaxial tension tests364

The experimental uniaxial tension tests comprised at least four repetitions for each ma-365

terial and build direction, and the measured stress-strain curves of all of these tests are366

presented in Figure 6. To determine Young’s modulus, E, a linear fit was performed for each367

stress-strain curve. The range of the fit was 150−500 MPa for Ti-6Al-4V and 50−200 MPa368

for 316L. The conventional yield points, corresponding to 0.2% plastic strain, were deter-369

mined by offsetting the fitted lines. The average of these yield points for both materials and370

build directions are marked in Figure 6. Table 5 summarises all experimentally obtained371

mechanical properties with their average values and standard deviations.372

(a) 316L (b) 316L (c) Ti-6Al-4V

Figure 6: Experimental stress-strain curves for (a,b) 316L and (c) Ti-6Al-4V specimens printed vertically
and horizontally, the symbol ”∗” denotes average value of the yield stress σy
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(a) 316L (b) Ti-6Al-4V

Figure 7: Comparison of averaged experimental and numerical stress-strain curves up to an engineering
strain of 2.5% for (a) 316L and (b) Ti-6Al-4V, the symbol ”∗” denotes average value of the yield stress σy

The experimental and numerical stress-strain curves are compared in Figure 7. Firstly,373

using all experimental stress-strain curves, averaged experimental curves were obtained up374

to 2.5% engineering strain for both materials and loading directions. From the RVE sim-375

ulations, the volume averaged Cauchy stresses were exported at each strain increment and376

converted to engineering stresses. The results show that the RVEs of both materials can377

capture the experimentally observed anisotropic tensile properties with reasonable accuracy.378

Interestingly, the anisotropic yield stresses have opposite ratios for 316L and Ti-6Al-4V, de-379

spite the same AM process and scanning strategy being used. LPBF Ti-6Al-4V is stronger380

along the BD, while LPBF 316L is weaker along the BD, compared to the yield limit in381

directions parallel to the XY plane. The different anisotropy must primarily stem from the382

different textures and crystal structures, since length-scale effects are neglected. This find-383

ing supports that the manufacturing process with almost identical thermal history creates384

substantially distinct crystal orientations for the different crystals.

Table 5: Experimental tensile test results of as-built LPBF Ti-6Al-4V and 316L

Material BD E [GPa] σy [MPa] σUTS [MPa] εmax [%]

Ti-6Al-4V
0◦ 120.7±6.7 1208 ±21 1292±18.8 7.6±2.9

90◦ 111.6±4.8 1170±12 1258±24.8 8.1±1.0

316L
0◦ 173.2±28.9 514±20 621±8 53±12

90◦ 215.9±11.76 545±12 681±5 59±3

385

5.2. Evaluation of yield surfaces386

In this section, the yield limits of several load cases predicted by the experimentally387

validated RVEs are used to determine the Hill-48 and Yld2004-18p anisotropic yield surfaces388
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for the two materials. Figure 8 shows for both materials the isolines of the generated Hill-48389

and Yld2004-18p yield surfaces in the XZ plane, together with the normalised yield stresses390

and directions of the plastic flow. The corresponding yield surface parameters are given in391

Tables 6 and 7.392

The different character of the plastic anisotropy of the two materials is illustrated in393

Figure 9, which shows the normalised yield stresses and Lankford coefficients as functions of394

the tensile direction in the XZ plane. The RVE simulations (dots) predict minor strength395

anisotropy for both materials, while the anisotropy in plastic flow, represented by the Lank-396

ford coefficient, is substantial with opposite distribution for the two materials.397

a) b)

c) d)

Figure 8: Generated yield surfaces of (a, c) 316L and (b, d) Ti-6Al-4V, projected onto the XZ plane.
Contours of the normalised shear stress σxz/σ0 are plotted in 0.1 increments and the maximum value is
shown in the centre.
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The results obtained by the fitted yield surfaces show that only the Yld2004-18p yield398

surface is able to accurately capture the plastic anisotropy predicted in the RVE simulations.399

a) b)

c) d)

‖ BD ⊥ BD

Figure 9: Normalised yield stresses and Lankford coefficients from RVE simulations and fitted yield surfaces
as function of tensile direction in the XZ plane for (a,c) 316L and (b,d) Ti-6Al-4V, where the 0◦ direction
corresponds to the reference direction taken along the Z axis (‖ BD)

Table 6: Calibrated parameters for the transversely isotropic Hill-48 yield criterion

Parameter Ti-6Al-4V 316L

F = G 0.5 0.5

H 0.56 0.44

L = M 1.30 1.65

N 1.47 1.71

6. Discussion400

Considering the experimental results given in Table 5, a significant elastic and plastic401

anisotropy can be observed for both LPBF 316L and Ti-6Al-4V. Despite using the same402
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Table 7: Calibrated parameters for the transversely isotropic Yld2004-18p yield criterion

Parameter Ti-6Al-4V 316 L

a 7.97 12.71

c′12 1.0000 1.0000

c′21 1.0714 0.8420

c′23 0.6725 0.6821

c′44 -1.2553 -1.0821

c′55 -0.5433 -0.8677

c′′12 -0.5503 1.0774

c′′21 1.1999 0.8413

c′′23 1.2785 1.1873

c′′44 0.4792 -0.8530

c′′55 -1.3179 1.0862

manufacturing process, the materials show opposite elastic and plastic anisotropy, which is403

in agreement with the results reported in the literature [7, 13] and also supported by the404

crystal plasticity simulations.405

Although the RVE for Ti-6Al-4V can precisely reproduce the experimental stress-strain406

curves (Figure 7b), the number of adjustable parameters in the modelling was much higher407

than for 316L. One main contributor is the crystal structure because the HCP crystal has408

a higher number of elastic and plastic parameters than the FCC crystal. In addition, the409

texture of Ti-6Al-4V is synthetically generated and the result of a detailed parametric study410

to achieve the best possible match with the experimental results using commonly reported411

elastic parameters [40].412

In contrast, the crystallographic texture of 316L was obtained from XRD measurements,413

providing statistically representative data. The crystal plasticity simulations using the mea-414

sured texture data and the single slip resistance parameter of the FCC crystal can fairly well415

reproduce the experimental yielding points, as shown in Figure 7a. This finding suggests416

that the texture is the main factor responsible for the plastic anisotropy, which is supported417

by [7] but in contradiction to [8]. However, the experimentally observed elastic anisotropy,418

reported in Table 5, could not be captured numerically. Regardless of the applied elastic419

constants and the software used for simulations, i.e. DAMASK or MTEX [51], the results420

yield elastic isotropy with the measured texture.421

The source of the elastic anisotropy of LPBF 316L has not been established. Residual422

strains could play a role in the elastic regime but have not yet been widely reported [6, 8]. In423

addition, the elastic properties obtained by the performed standard uniaxial tensile tests have424
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arguable accuracy. However, Charmi et al. [7] recently reported similar experimental results425

confirmed also by simulations, using the same numerical methods as applied in the present426

study. The difference between the simulated elastic properties of this and the referred study427

might be explained by different texture data. Namely, the texture determined by local EBSD428

measurements in [7] is more dominant than the texture of this study obtained by XRD. This429

hypotheses is justified by the work of Leicht et al. [47], which showed that the texture of430

the specimens built by scanning strategy with rotation of 90◦ used by [7] are significantly431

stronger than with the 67◦ rotation used in this work. Furthermore, even the experimental432

yield stresses of [7] show a much stronger anisotropy, approximately 16% compared to the433

6% of the present study. This indicates that the scanning strategy does not only effect the434

crystallographic texture, but also the mechanical anisotropy. Since the simulated plastic435

anisotropy underestimates the measured one, an additional conclusion is that other factors436

such as grain boundaries and precipitates should be accounted for.437

Considering Figures 8 and 9, the opposite trends in terms of normalised yield stresses in438

the 90◦ direction are clearly visible for 316L and Ti-6Al-4V. Additionally, the shape of the439

yield surfaces, the maximum shear stresses and the normalised stress at 45◦ are also different440

for the two materials. For 316L, the yield stress in the 45◦ direction is approximately the441

average of the yield stresses in the 0◦ and 90◦ directions (Figure 9a), which is in complete442

agreement with the result of [7]. The RVE of Ti-6Al-4V predicts the highest yield strength443

in the 45◦ direction (Figure 9b), which is also validated experimentally by Agius et al. [13].444

Although the corresponding numerical stress-strain curve is not included for brevity, it has445

been investigated, as the applied synthetic texture has a dominant [0001] alignment at446

45◦ with respect to the BD. It was found that the elastic stiffness in the 45◦ direction is447

approximately the average of the stiffness values in the 0◦ and 90◦ directions, which is also448

confirmed by [13]. In addition, preliminary parametric studies showed that the yield stress449

in the 45◦ direction can easily be increased even more with higher slip resistance of the450

pyramidal system, τpyr〈c+a〉, without substantially modifying the yield stresses in the 0◦ or451

90◦ directions. On the other hand, an increased τpyr〈c+a〉 leads to a substantial hardening,452

as commonly reported.453

Regarding the performance of the different types of yield surfaces, the Yld2004-18p is454

obviously superior to the Hill-48 for both materials, due to the higher number of fitted455

parameters. The constraint of transverse isotropy reduces the independent parameters of456

Yld2004-18p from 16 to 8, and for Hill-48 from 6 to 4. An important limitation of the457

quadratic Hill-48 yield criterion is that it can not account for uniaxial loading in the 45◦458

direction, which is a specific point of interest for AM materials. Furthermore, it also gives459

a poor estimation of the Lankford coefficients, as shown in Figure 9c and d.460

However, considering the AM process and transversely isotropic materials, the Hill-48461

criterion is a natural first choice in recent studies [28, 29, 52]. The experimental results and462

the determined Hill-48 parameters reported in this work are in good agreement with similar463

investigations of Ti-6Al-4V [28, 29]. Nevertheless, these works lack a detailed virtual or464

experimental material testing to reveal the limitations of the yield criterion. In case of the465

LPBF 316L, the available literature is more limited to tensile experiments and simulations,466

and hence a direct comparison of the yield surfaces has not been performed [7, 52]. In these467
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particular cases, the percentage of anisotropy is comparable to the error introduced by the468

Hill-48 criterion, which implies that the Hill-48 criterion is not always superior even to a469

standard isotropic yield criterion. Therefore, it might be a good strategy, depending on the470

application, either to choose a precise anisotropic yield criterion such as the Yld2004-18p471

yield criterion, or opt for simplicity and use an isotropic yield criterion. Taking into account472

the relatively high value of the yield surface exponent, a, of the Yld2004-18p criterion for473

both materials, the Hershey-Hosford yield criterion [53, 54] seems to be the most appropriate474

choice among the isotropic yield criteria.475

7. Concluding remarks476

The anisotropic mechanical properties of laser powder bed fusion (LPBF) austenintic477

stainless steel 316L and titanium alloy Ti-6Al-4V have been investigated by means of exper-478

imental and numerical methods. Crystal plasticity simulations were carried out on RVEs in479

an attempt to represent the observed microstructural properties such as grain morphology480

and crystallographic texture. The obtained RVEs are applied to calibrate the Hill-48 and481

Yld2004-18p anisotropic yield surfaces for the two materials. The main conclusions of this482

study are summarised as follows:483

• Both LPBF 316L and Ti-6Al-4V exhibit elastic and plastic anisotropy but with op-484

posite trends. The 316L material reveals lower strength and stiffness for specimens485

loaded parallel to the building direction (vertical) and the opposite effect is observed486

for Ti-6Al-4V, supported by several references [7, 2]. Therefore, our work suggests487

for specific applications, e.g. quality assurance, that Ti-6Al-4V is preferably tested488

horizontally and 316L vertically to be conservative.489

• Crystal plasticity simulations with RVEs are able to precisely capture the elastic and490

plastic anisotropy of various materials. However, it has limitations with relatively weak491

crystallographic texture, as demonstrated with the measured texture of 316L. In that492

case the simulations showed underestimated plastic anisotropy and elastic isotropy.493

• The virtual testing of the AM materials reveals a non-quadratic yield surface shape494

with yield function exponents a, considerably larger than 2.495

• Considering the shape of the yield surfaces and the thoroughly investigated properties496

in the 45◦ direction with respect to the build direction, one has to be careful with the497

application of the orthotropic Hill-48 criterion. In the present case with low anisotropy,498

the choice of the Yld2004-18p is justified among the two anisotropic models. However,499

for highly anisotropic materials and including the 45◦ direction for the calibration of500

the yield surface, the Hill-48 criterion might be acceptable.501

• The degree of anisotropy of AM materials highly depends on the printing parameters502

and scanning strategy. In our particular case with limited anisotropy, the 5% error503

of the yield stresses introduced with an isotropic model was in a similar range, as the504

error of an imprecise, simplistic anisotropic model.505
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It is important to note that for both materials the experimentally observed plastic anisotropy506

is attributed to a strong anisotropic crystal orientation distribution. The RVEs employed507

account for the observed grain morphology, but they lack an important effect. Using con-508

ventional crystal plasticity, they can not not include material length scale effects. Despite509

the minor role of microstructure morphology supported by related studies [7, 42], strain gra-510

dient plasticity or dislocation based plasticity could provide further insights. Although the511

primary grain aspect ratios are similar, the anisotropic properties exhibit opposite trends for512

the two materials investigated. This experimental observation indicates that other factors,513

such as texture, are more important than the influence of grain boundaries.514
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Abstract5

Metal additive manufacturing facilitates the production of complex light-weight structures,6

such as lattice structures, using a wide range of materials. In this work, elastically isotropic7

truss lattice structures are investigated, produced by laser powder bed fusion (LPBF) from8

austenitic 316L stainless steel. The lattice specimens are used to explore the effect of different9

unit cell sizes, orientations and volume fractions on the mechanical behaviour.10

Quasi-static, uni-axial tensile experiments are carried out with 3D digital image cor-11

relation (DIC) measurements. The experiments are validated by finite element (FE) sim-12

ulations in order to unravel the governing mechanism of the tensile strength and defor-13

mation behaviour for the tested specimens. The comparison is performed by means of14

force-displacement curves and strain distribution maps.15

For all lattice types, the geometrical deviations due to manufacturing are quantified and
their impact on the mechanical properties are investigated using refined numerical models.
The high resolution DIC measurements provide a detailed insight into the failure mechanisms
of the specimens, which are also captured numerically for specific cases. The capabilities of
combined experimental and computational methods are exploited to address the uncertain-
ties in the mechanical properties of LPBF produced truss lattice structures.

Keywords: tensile behaviour, DIC, FE modelling, truss lattice, Stainless steel16

1. Introduction17

Additive manufacturing (AM) has become of great importance over the past decades, due18

to its unique ability to produce complex, light-weight structures at small-scales [1]. Metal19

AM enables geometries that are not feasible with traditional manufacturing, including for20

example lattices or topology optimised porous structures [2]. These components offer high21

potential in functional engineering applications, primarily in the aerospace, automobile and22

biomedical sectors. Nevertheless even the basic microstructure and mechanical properties of23

AM metals are highly active research areas, due to the diversity and many influencing factors24

of this manufacturing technology [3, 4, 5]. The specific AM technology, powder material,25

scanning strategy, building parameters and direction all have considerable impact on the26

microstructure, mechanical properties and geometric accuracy of the printed parts [6]. At27

the same time, progress in AM has intensified theoretical investigations of various so-called28

Preprint submitted to Materials Science and Engineering: A August 14, 2021



architected materials, such as truss and plate lattice structures, tailored to obtain certain29

functionalities. This work focuses on elastically isotropic truss lattices produced by the laser30

powder bed fusion (LPBF) process with 316L stainless steel.31

Truss lattices are periodic, cellular 3D networks of hollow or solid truss elements [7].32

The widely investigated representatives of truss unit cells are the simple cubic (SC), body-33

centered cubic (BCC), face-centered cubic (FCC) and octet structures, or slight modifi-34

cations of these [8]. Such relatively simple metamaterials are well-known for their elastic35

anisotropy and it has been demonstrated that SC and BCC lattices have bending dominated36

failure modes. On the other hand, for FCC lattices, failure modes are stretching dominated,37

resulting in superior performance [9]. Plate lattice structures have been found to outperform38

truss lattice structures in terms of both stiffness and strength properties [10, 11]. Despite39

clear conclusions of the mostly theoretical studies, these fields are continuously revisited and40

their conclusions are refined. For example, Tancogne-Dejean et al. [12] reported that BCC41

cells are not always bending dominated and can have even higher stiffness than FCC, due42

to the anisotropy of the unit cells. In addition, Andersen et al. [13] concluded that the43

stiffness and strength competition between plate and truss lattices is not over yet, since it44

also depends on the specific structural loading conditions.45

Besides the numerical and theoretical studies, experimental investigations of different46

lattice structures have also gained high attention. Among the numerous metal AM tech-47

nologies, especially the LPBF process has become popular, mainly due to its geometric48

accuracy [1, 14]. A wide range of metal AM powder materials can be used for producing lat-49

tices, but Ti-6Al-4V, 316L and Al-Si10-Mg are the primary choice of materials [15, 16, 17].50

Most of the experimental studies have been limited to uniaxial compression cases, partly51

because these tests can be carried out with the simplest specimen geometry. For tensile52

testing, the unavoidably rigid gripping part constrains the lattice cross-section, introducing53

boundary edge effects, and specimens are more time consuming and expensive to build.54

Additionally, as also proposed by Köhnen et al. [14] tensile lattice specimens require a more55

complicated gradient porous structure, in order to avoid failure at the boundary bewteen56

the solid gripping block and the lattice [18].57

Detailed studies of deformation and failure behaviour of lattice structures are currently58

limited [15] and there are significant uncertainties due to the high variation of unit cell59

geometries and materials. Nevertheless, digital image correlation (DIC) and finite element60

(FE) analyses enable a deep insight into local deformations, contributing to an improved61

understanding of the mechanical behaviour at the meso and macro scales. In a comparative62

study for Ti-6Al-4V SC unit cells by Drücker et al. [19] a fairly good agreement was achieved63

between 3D DIC, conventional FE models and homogenised models. Zhang et al. applied64

similar methods for Ti-6Al-4V diamond cells, but only a FE model, including manufacturing65

imperfections, such as strut diameter deviations, could bring experimental and numerical66

results in close agreement [15].67

Considering the actually printed geometry including manufacturing errors, instead of68

the designed one, seems an essential factor for evaluating the potential of AM produced69

lattices in real applications. The deviations between nominal and printed dimensions as70

well as defects, such as broken trusses, depend not only on the manufacturing technology71
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and material but also on the truss diameter, unit cell size and orientation. Although lattice72

structures is a field of intense research focus, only a limited number of studies have accounted73

for actual manufacturing imperfections. Similarly few studies have dealt simultaneously with74

various unit cell geometries, orientations and volume fractions.75

The present work investigates elastically isotropic truss lattice structures that are com-76

posed by combining more than one elastically anisotropic, elementary unit cells [7]. The77

applied architected unit cells are the SC-BCC and SC-Octet, and the elastic isotropy is ob-78

tained based on the specific relative volume fractions, derived in [7]. Furthermore, the effects79

of the unit cell sizes, the orientations and the volume fractions are studied. Quasi-static ten-80

sile experiments are carried out with high resolution 3D DIC measurements, and the results81

obtained are validated by FE simulations. For the FE analyses, the unit cell model with82

periodic boundary conditions and the full-scale models of the lattice specimen geometries83

are both considered. In addition, refined geometric models are employed to account for the84

manufacturing inaccuracies and defects.85

2. Experimental procedure (hertil)86

2.1. Design of lattice tensile specimens87

Lattice tensile testing requires inherently more complex specimen geometry with higher88

production cost than compression testing. Massive solid blocks are necessary for gripping.89

Furthermore gradual changes of rod diameters are also essential to ensure almost uniaxial90

loading conditions at the center of the specimen and prevent the fracture at the boundary91

(a) (b)

(c)

Figure 1: Geometric models of (a) graded lattice specimen (b) SC-BCC and (c) SC-Octet unit cells with
ρ=20% over-all volume fraction
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between the gripping blocks and the lattices [14]. Therefore, each specimen consists of a92

uniform lattice with the target volume fraction in the centre of the specimen and gradient93

lattices with increasing truss diameter towards the solid gripping parts, as illustrated in94

Figure 1a. The models have been created with the nTopology software.95

In the present work elastically isotropic lattices have been applied, based on the work of96

Tancogne-Dejean et al. [7]. As reported, this favourable mechanical property can be easily97

obtained with an adequate combination of the commonly used elementary cubic cells. The98

investigated two unit cells combine the SC lattice with BCC and Octet lattices, shown in99

Figure 1b and 1c, respectively. Note, any combination of these three elementary cells in a100

single lattice is also able to maintain elastic isotropy with the following condition [7],101

cSC
3

+
cOctet

6
+
cBCC

9
=
ρ

5
(1)

where cSC, cBCC and cOctet are the volume fractions of the SC, BCC and Octet lattices,102

rescpectively and ρ is the macroscopic target volume fraction i.e.,103

cSC + cOctet + cBCC = ρ (2)

Considering Eq.s (1) and (2), the combination of SC and BCC cells leads to cBCC = 3
5
ρ,104

while SC combined with Octet gives cOctet = 4
5
ρ.105

Besides the different unit cell types, further objectives are to examine different volume106

fractions, unit cell sizes and load orientations. The chosen geometries aim at exploring a107

wide range of lattice features, while fulfilling the manufacturing constrains, i.e. minimum108

truss diameter of 0.4 mm. SC-BCC lattice specimens were printed with 10%, 20%, 30%109

volume fraction and 4.5 mm cell size (Figure 2a-c), all of them keeping the limit of the110

SC-BCC SC-Octet SC-BCC, 20%

(a)

10%
4.5mm

(b)

20%
4.5mm

(c)

30%
4.5mm

(d)

20%
4.5mm

(e)

30%
4.5mm

(f)

3mm
[100]

(g)

6mm, [100]

(h)

4.5mm
[110]

(i)

4.5mm
[111]

Figure 2: LPBF 316L lattice structures with the corresponding unit cell models
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recommended minimum printed dimension. SC-Octet specimens were possible to print at111

sufficiently good quality only for 20% and 30% nominal volume fractions (Figure2d-e)). In112

addition several variants of the SC-BCC lattice specimen with 20% volume fraction were113

produced, shown in Figure 2f-i. Besides the basic type with 4.5 mm cell size and [100]114

orientation (Fig. 2b), cell sizes of 3 mm and 6 mm (Fig. 2f and 2g) and orientations of [110]115

and [111] (Fig. 2h and 2i) have been produced.116

2.2. Materials and manufacturing117

The lattice structures were printed by the SLM280 LPBF system using the AISI 316L118

powder material, both of them supplied by SLM Solutions Group AG. The chemical com-119

position of the powder was in the range specified by the supplier, with a mean diameter of120

34 µm, and further relevant details can be found in [5]. The scanning strategy used parallel121

stripes with a 67° rotation between subsequent layers. Further relevant build parameters122

are summarised in Table 1. After printing, stress relief was performed at 550 °C for 2 hours,123

to prevent the specimens from warping upon removal from the build plate. The specimens124

were subsequently glass-blasted. In total nine different lattice structures were printed, see125

Figure 2, and each of them was printed for two repetitions of tensile testing, except SC-BCC126

with 30% volume fraction (Figure 2c), which had only one.127

Table 1: Most relevant build parameters

Speed [mm/s] Power [W] Hatch distance [mm] Layer height [mm]

700 235 0.12 0.06

2.3. Tensile testing with DIC128

The tensile experiments were carried out on an MTS 312.21 100 kN servohydraulic testing129

machine, in displacement control mode with a displacement rate of 0.05 mm/s, at room130

temperature. The specimens were clamped with an MTS 647 side-loading hydraulic machine,131

using 100 bar gripping pressure.132

In order to monitor the deformation and failure behaviour of the specimens, DIC mea-133

surements were performed using a 12 megapixel Aramis 3D camera system supplied by134

GOM International AG, shown in Figure 3a. The 50 mm lenses could provide an ideal135

compromise between the image resolution and focal depth, facilitating not only 2D, but 3D136

measurements. The image rate was set to 1 Hz and the data was processed with Aramis137

Professional Software. Prior to testing, the specimens were subjected to ultrasound bath to138

remove unmelted powder material. Furthermore, a random, fine, speckle pattern has been139

painted on top of a white base layer for each lattice, shown in Figure 3b, in order to detect140

and track the surface by DIC.141
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(a)

(b)

Figure 3: Uniaxial tensile experimental set up: (a) Gripped SC-BCC [111] specimen with DIC system, (b)
High resolution image of the specimen obtained by DIC

3. Numerical modelling142

In the present section the numerical modelling is outlined, which has been performed to143

investigate the previously introduced lattice types (Figure 2). Firstly, the employed mate-144

rial model and its parameters are introduced, that are specific for LPBF 316L. Secondly,145

refined specimen models, noted as ’as-fabricated’ models, are presented that aim at captur-146

ing the manufacturing imperfections, such as the realised strut diameters. Finally, the FEM147

models are described, including the boundary conditions, loads and further simulation envi-148

ronment settings. Note that both homogenised unit cell simulations with periodic boundary149

conditions and simulations of full-scale lattice specimens are also performed.150

3.1. Material model151

The applied material model parameters have been determined by uniaxial tensile testing152

of the bulk material. These experiments were carried out in the frame of a previous work [20],153

investigating the anisotropy of LPBF 316L. Although the tensile test results have indicated154

a few percentage of elastic anisotropy, this minor effect is neglected in the present work.155

Isotropic elasticity is assumed with a Young’s modulus of E = 195 GPa that is derived as156

the average stiffness value of bulk specimens printed in different orientations. Nevertheless,157

the observed plastic anisotropy is accounted for by the Hill-48 yield criterion. The yield158

function is given by159

Φ(σ) ≡ ϕHill-48(σ) − σy = 0 (3)
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where σy is the yield stress and ϕHill-48(σ) is the equivalent Hill-48 stress, which reads as160

ϕHill-48(σ) =

√
F (σ22 − σ33)

2
+G (σ33 − σ11)

2
+H (σ11 − σ22)

2
+ 2Lσ2

23 + 2Mσ2
31 + 2Nσ2

12 (4)

where F , G, H, L, M and N are material parameters and σij are the components of the161

Cauchy stress tensor. The Hill-48 parameters are obtained with the constrain of transverse162

isotropy. Therefore, the plastic yield criterion captures primarily the different normal yield163

stress parallel and perpendicular to the building direction (BD). The yield stress in the164

direction perpendicular to BD is approx. 4% higher than parallel to BD, leading to the165

following Hill-48 parameters: F = G = 0.5, H = 0.44 and L = M = N = 1.5. The166

hardening behaviour is considered with the Voce isotropic hardening law, defined by167

σy = σ0 +R0ε̂
pl +R∞

(
1 − e−bε̂

pl
)

(5)

where σ0 is the initial yield stress, b is the exponential saturation parameter, ε̂pl is the168

equivalent plastic strain, R0 and R∞ are the linear and exponential coefficients, respectively.169

The Voce parameters, shown in Table 2, have been determined by fitting Equation 5 to an170

averaged experimental stress-strain curve, obtained by uniaxial tensile testing of the bulk171

specimens.172

Table 2: Applied parameters of Voce isotropic hardening law

σ0 [MPa] R0 [MPa] R∞ [MPa] b

480 700 120 80

3.2. As-fabricated models accounting for manufacturing defects173

Inspection of the printed specimens revealed a significant difference between the targeted174

nominal and actually printed dimensions of the truss members. It has been observed that175

truss members with identical orientation in a specific lattice structure have similar deviations176

from the nominal value. Therefore, besides the original lattice models with nominal dimen-177

sions, refined versions have been created, which aimed at reproducing the actually printed178

diameters of the struts. The printed strut dimensions of different lattices were measured179

using reference high resolution images in unloaded state, obtained by DIC measurements.180

Some of the printing deviations can be explained, for instance lattices with the largest 6 mm181

unit cell size have thinner or even broken trusses parallel to the build plane, as shown in182

Figure 4b, due to the large bridge distance. On the other hand, one of the SC-BCC lattices183

with [110] cell orientation has shown substantial difference in the diameter of SC trusss, that184

are symmetric with respect to the BD, aligned in 45◦, as shown in Figure 4a. The root of185

this type of deviation is unknown.186
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(a) (b)

Figure 4: Manufacturing defects of (a) SC-BCC [110] and (b) SC-BCC, 6 mm lattices captured by DIC

For each lattice available, the as-fabricated specimen model employs the measured di-187

mensions only one of the printed structure from the two repetitions. However, the refined188

strut diameters in each characteristic orientation were derived as the average of several189

measurements in the central region, to reduce uncertainties of the measurements and the190

manufacturing. The estimated strut diameters normalised with the nominal values are pre-191

sented in Figure 5 for all lattices with [100] orientation.192

Figure 5: Normalised value of printed strut diameters grouped by strut orientation

3.3. FE modelling193

The FE simulations of the present work were performed with the commercial ANSYS194

Workbench software, both on unit cells with periodic boundary conditions and on full-scale195

lattice specimens. For each lattice type, two versions of the model were created, one with196
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the nominal, targeted dimensions and one using the actually printed dimensions, estimated197

as described in Section 3.2.198

The homogenised unit cell models are ideal for validating the targeted mechanical prop-199

erties of the cells and to compare them with other studies, since specimen specific edge effects200

are excluded. The homogenisation method is very efficient computationally, but usually it201

is not easy to reproduce experimentally, as it requires a very large number of unit cells in202

order to avoid the boundary effects. This work presents unit cell simulation results only203

for the baseline SC-BCC cell (4.5 mm, 20%) with different orientations, but further similar204

results can be found in [7].205

In the case of the lattice specimens, depending on the unit cell orientation, few symmetry206

conditions could be applied to decrease computational time. For the lattices with [100] unit207

cell orientation, symmetry is maintained in all three Cartesian coordinate directions, thus208

1/8th models of these structures have been employed. However, for the lattices with [110]209

and [111] cell orientation half and full models were required, respectively. Using a necessarily210

fine quadratic tetrahedral mesh with 0.3 mm element size, a full-scale simulation takes ca.211

23 hours on 48 nodes with 416 GB RAM. For half and 1/8th models the required resources212

are reduced accordingly.213

The loading is by strain and displacement control both for the unit cells and lattice214

specimens. Both loading scenarios simulate the uniaxial tensile load employed in the exper-215

iments.216

4. Results and Discussion217

This section presents and compares the experimental and different numerical results,218

primarily by means of force-displacement curves and strain distribution maps. Firstly, the219

homogenised unit cell simulations are presented, followed by the comparison of the full-scale220

models using the nominal and measured truss dimensions. The nominal models are used to221

compare with literature refined, as-fabricated models, accounting for manufacturing inaccu-222

racies, are compared with experiments and study the impact of manufacturing imperfections.223

Finally, the failure behaviour of some specific specimens is briefly investigated.224

4.1. Unit cell simulation results225

The unit cell simulation results are presented in Figure 6a by means of engineering226

stress strain curves, which validate that even with the applied anisotropic plasticty model227

(Figure 6b), the results are in a very good agreement with the references [7]. Elastic isotropy228

is fulfilled within few percentage, due to the iterative design of the unit cell model. The229

observed plastic behaviour supports the results shown by Tancogne-Dejean et al., namely230

the [110] orientation exhibits substantially higher yield strength than the [111] and [100]231

orientations. Note that these unit cell results serve the purpose of studying the impact232

of the slightly more complex material model compared to reference [7]. They lead to the233

conclusion that if the full-scale lattice specimen models consisting of the same unit cells and234

using the same material model exhibit different behaviour, it must be due to other factors235

such as boundary effects.236
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(a) (b)

Figure 6: Anisotropic stress-strain curves of the applied (a) material model and (b) SC-BCC 20% unit cell
with periodic boundary condition

As the actually printed truss member dimensions differ substantially from the targeted237

nominal values (Figure 5), the effect of these deviations on the elastic properties has been238

investigated numerically, and the results are shown in Figure 7. These results are obtained239

with elastic homogenised unit cell models using the nTopology software, and they show that240

elastic isotropy is not maintained with the printed dimensions. Although the SC-Octet cells241

can maintain isotropy much better than SC-BCC cells, their average Young’s moduli differ242

significantly from the targeted ones.243

Figure 7: Effect of dimensional errors of the manufacturing on anisotropy and average Young’s modulus

4.2. Numerical results with nominal and as-fabricated lattice models244

In order to demonstrate the effect of manufacturing errors on the mechanical properties at245

component level, uniaxial tension simulations were performed with lattice specimen models246

using the nominal and measured strut dimensions. The force-displacement curves, presented247

in Figure 8, show that for all cell types the models with the measured strut dimensions are248
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stronger than their nominal counterparts, but their differences vary substantially depending249

on the unit cell.250

For most lattice types the simulations with nominal and as-fabricated models are in a251

reasonable agreement, i.e. their yield strength values are within 10% range. However, for the252

SC-Octet lattice with 20% volume fraction and the SC-BCC lattice with [110] orientation,253

the differences are substantial between the nominal and as-fabricated models. These large254

deviations stem from the significantly larger measured strut dimensions compared to the255

nominal values. Note that the high deviations between the force-displacement curves of256

lattices with the same nominal volume fractions can be attributed to differences in the257

effective cross section areas as well as in boundary effects.258

(a) (b)

Figure 8: Force-displacement curves of lattice models obtained by FE simulations with nominal and measured
dimensions: (a) SC-BCC and SC-Octet lattices with different volume fractions, (b) all SC-BCC lattices with
20% volume fraction

4.3. Experimental and numerical tensile results259

At this stage, the uniaxial tensile experiments containing two test repetitions are com-260

pared with the FE simulations using the as-fabricated models accounting for the printed261

geometry. Looking at Figure 9, it is clear that the experiments show excellent repeatability262

with regard to strength and ductility, despite the observed differences of the printed truss263

dimensions. Furthermore, for most of the cases the simulations support very well the tensile264

test results.265

Interestingly, the numerical results for both cell types with 30% volume fractions under-266

estimate the experimental results. Even though the model geometries are already strength-267

ened compared to their nominal counterparts. This indicates that potentially undesired268

extra melted regions occurred, due to the relatively high volume fraction. Comparing the269
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force-displacement curves of the experiments and the models, opposite tendencies can be ob-270

served for SC-BCC [110] and SC-Octet 20% lattices, shown in Figure 9c and 9c respectively.271

However, note that the as-fabricated models have substantially increased strut dimensions272

compared to the nominal. Therefore, these experimental results lie between the correspond-273

ing two FE analyses results.274

Regarding the numerically underestimated performance of SC-BCC [111] lattice, it should275

be noted that this specific specimen has very few, highly loaded BCC struts. (Figure 10b),276

which leads to strength properties that are very sensitive to the truss diameters. Besides277

(a)

SC-BCC, 4.5mm

(b)

SC-BCC, 20%

(c)
SC-BCC, 4.5mm, 20%

(d)
SC-OCtet, 4.5mm

Figure 9: Force-displacement curves from tensile tests and FE simulations, using the models with as-
fabricated truss diameters. The results are presented for different: (a) volume fractions of SC-BCC 4.5 mm
unit cells, (b) unit cell sizes of SC-BCC with 20% volume fraction, (c), unit cell orientations of SC-BCC,
20%, 4.5 mm and (d) volume fractions of SC-Octet unit cells.
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the measurement of the truss diameter especially for this lattice is difficult, due to the 3D278

orientation.279

Excellent numerical validations are obtained for SC-BCC lattices with cell size of 3 mm280

and 4.5, shown in Figure 9b. Also very good agreements are achieved for SC-BCC 10%281

(Figure 9a) and 6 mm (Figure 9b) lattices, and the minor overestimation of the simulation282

results might be explained with some neglected defects, i.e. broken or thinner truss members.283

4.4. Failure behaviour284

The strain distribution maps of four chosen lattices are compared in Figure 10, obtained285

by DIC and FEM, and their results exhibit excellent agreement. The illustrated lattices aim286

to present the most distinct and challenging cases in a quite advanced deformation state,287

but similar strain maps for all lattice types with different deformation states are included in288

Appendix A. Note that the DIC images shown in Figure 10b-d utilise the 3D reconstruction289

capability of the DIC software, i.e. in Figure 10d even the deformation of the inclined BCC290

struts is completely captured, although they are not in-plane as for Octet or FCC unit291

cells. However, in Figure 10a-c the missing inner structures occur, because the DIC system292

could not detect those surfaces. As the deformation progresses, the amount of non-detected293

surfaces, namely the number of unidentified struts increases, especially for complex 3D cases.294

DIC FEM(a)

(b)

(c)

(d)

Figure 10: Equivalent total strain maps of (a) SC-Octet 20%, (b) SC-BCC [111], (c) SC-BCC [110] and (d)
SC-BCC 6mm lattice structures obtained by DIC and FE models at 5 mm imposed displacement

Figure 10c presents the same SC-BCC [110] lattice used for illustrating the manufacturing295

errors in Figure 4a, and it is clearly visible that the noticed difference between the diameters296

of the diagonal SC struts leads to an asymmetric strain map both from DIC and FEM.297
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Both strain maps (Figure 10c) indicate a shearband deformation that results in the fracture298

pattern of this specimen shown in Figure 11g. This unexplained manufacturing error occured299

only in one of the two prints of this specimen. As a consequence, the second replication of300

this test exhibited a less dominant shear deformation, see Figure 11f.301

Considering Figure 11, it can be concluded that the fracture patterns depend somewhat302

on the unit cell types, i.e. SC-BCC 3 mm specimens (Figure 11 c-d) show repeatedly quite303

flat fracture surfaces. Meanwhile, shearband and zig-zag patterns are more typical for unit304

cells with larger sizes and rotated orientations.305

A more detailed study has also been carried out to investigate the effect of printing defects306

in individual transverse struts in the SC-BCC 6 mm lattice, shown in Figure 12. Based on307

the observation of the printed specimen, two transverse struts of the lattice model have been308

removed, and additional FE analyses (Figure 12a-b) were performed. The objectives were to309

determine the impact on strength and examine potential shear band or zig-zag deformations310

prior to failure.311

As Figure 12c shows, up to the yielding point the initial nominal model fits the experi-312

mental results very well. Nevertheless, this is only apparently a correct validation, because313

the strengthening effect of the larger actually printed strut diameters and the weakening314

effect of the broken trusses are both neglected. Considering the force-displacement curve of315

the most complex model with measured strut dimensions and removed struts, it also exhibits316

an outstanding match with the experiment in terms of yielding and failure. Furthermore,317

the strain localisation at the maximum strength of this model gives a good indication of the318

expected fracture pattern, as illustrated in Figure 12c.319

Note that even though this case study is specific for the printed specimen, at the current320

stage various manufacturing defects are general in AM of lattice structures. Among a few321

other related studies [21, 15], the present work justifies that the manufacturing inaccuracies322

(a) (b) (c) (d) (e) (f) (g) (h) (i)

Figure 11: Fracture surfaces of the following lattices: (a, b) SC-BCC 20%, (c, d) SC-BCC 3 mm, (e) SC-BCC
6 mm , (f, g) SC-BCC [110], (h, i) SC-Octet 20%
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should be accounted for, and demonstrates a possible method for that. Further substantial323

contribution is the wide range of experimental data, but direct comparison with other ref-324

erences can not be obtained, due to the high variety of specimen geometry, manufacturing325

technology and material.326

(a) (b)

(c)

Figure 12: Case study of SC-BCC 6 mm lattice: (a) Observed manufacturing defects, (b) Correspond-
ing model with missing trusses and (c) Numerical and experimental force-displacement curves with strain
distribution maps

5. Conclusion327

Elastically isotropic truss lattice structures produced by LPBF using 316L stainless steel328

were investigated by combined experimental and numerical methods. The uniaxial tensile329

behaviour was studied with potential effect of the unit cell type, size, orientation and volume330

fraction, employing a high number of specimens.331

The applied material and geometric models were demonstrated and verified against the332

literature by means of homogenised unit cell simulations using periodic boundary conditions.333

The noticed dimensional deviations of the specimens were estimated by visual measurements,334
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in order to refine the nominal models. Based on these modelling concepts, FE analyses of335

the full-scale lattice specimens were performed with the nominal and the printed geometries.336

The numerical and experimental results were compared ub term os of force-displacement337

curves and strain distribution maps, and they exhibited a remarkably good match. There-338

fore, the obtained results indicate up to which extent the proposed lattices can be pro-339

duced with LPBF process and quantify both the geometrical deviation and their impact on340

strength. The main conclusions of this study are summarised as follows:341

• In the case of identical lattice specimens, printed and post processed under the same342

conditions, different manufacturing defects can be observed that result in different343

deformation behaviours and fracture patterns. Nevertheless, the experimental results344

exhibit a good repeatability with regard to the macroscopic strength and ductility345

properties.346

• Printing defects and dimension inaccuracies were found to cause non-symmetric and347

non-flat fracture patterns, which can be observed by DIC measurements and repro-348

duced in FE simulations.349

• The numerically predicted strength properties of lattices with 30% volume fraction350

underestimate the experiments. This indicates that the actually printed specimens351

have even higher volume fraction than the specimen models accounting for the printed352

strut dimensions. A possible explanation for this is the presence of extra melted353

regions, due to the combination of relatively high volume fraction and small unit cell354

size.355

• For the lattices with the lowest, 10%, volume fraction and with the largest, 6 mm, unit356

cell size, the experimentally obtained strength was inferior to the numerical prediction.357

These results imply the presence of neglected manufacturing defects, indicating that358

besides the dimensional accuracy of struts, the bridge distance is also a crucial factor359

for achieving high quality printed specimens.360

This work also provides guidance about which unit cells are manufacturable with an adequate361

quality by LPBF technology and which should be further improved. For instance, 10%362

volume fraction might be better achieved with smaller unit cell size than 4.5 mm, and the363

6 mm cell size could be better utilised with higher volume fraction than 20%.364

The unit cells exhibiting good printing quality, could be further investigated under dif-365

ferent load cases, i.e. torsion and fatigue. In addition, the analyses of lattice structures366

embedded into a light-weight component, i.e. aeroplane wing or a medical implant, is es-367

sential for real applications.368
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Appendix A. Appendix A Different deformation states for all lattice types374

1 mm 2.5 mm 5 mm(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure A.13: Equivalent total strain maps obtaiend by DIC at different displacements, (a) SC-BCC 10%,
(b) SC-BCC 20% , (c) SC-BCC 30%, (d) SC-BCC 3mm, (e) SC-BCC 6mm, (f) SC-BCC [111], (g) SC-BCC
[110], (h) SC-Octet 20% and (i) SC-Octet 30%,
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Appendix B. Images of fractured lattices375

(a) (b) (c) (d)

Figure B.14: Fracture surfaces of the SC-Octet lattices: (a, b) 20%, (c, d) 30%

(a) (b) (c) (d) (e) (f)

Figure B.15: Fracture surfaces of the SC-BCC lattices: (a) 10%, (b) 20% (c) 6 mm, (d) 3 mm, (e) [110] and
(f) [111]
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(a) (b) (c) (d) (e) (f) (g)

Figure B.16: Fracture surfaces of the SC-BCC lattices: (a) 10%, (b) 20%, (c) 20% (d) 6 mm, (e) 3 mm, (f)
[110] and (g) [111]
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Abstract 

 

Introduction 

Metal additive manufacturing (AM) has been quickly gaining momentum as not only a rapid 

prototyping technology, but also as a promising manufacturing process for tools and end components 

in a variety of industries. The characteristics of the metal AM processes provide distinct benefits such 

as high design freedom with production of complex geometries, full customization and low material 

waste. One of the most widespread metal AM technologies is the laser powder-bed fusion (L-PBF) 

process [1]. In this process, a thin layer of metal powder is spread across the build platform, then a laser 

beam is rastered across the powder-bed in the pattern of a layer of the desired component geometry. 

Due to the high energy of the laser, the temperature is locally raised above the melting point of the 

material. This means that material is only selectively solidified at desired locations, while unmelted 

powders can be reused for subsequent builds. The rapid movement of the laser will, in connection with 

the size of the molten pool, create steep thermal gradients and extremely fast solidification rates. At this 

stage several metal systems and their alloys have been manufactured using different metal AM 

processes such as aluminium [2,3], stainless [4,5] and tool steels [6–8],  nickel [9,10] and titanium 

alloys [11,12]. The thermal characteristics, occurring during LPBF process, create non-equilibrium 

microstructures in most materials. 

Titanium and its alloys are particularly promising candidates for AM due to the difficulty of 

conventional machining of titanium. The low thermal conductivity of the material leads to lowered 
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material removal rates and high tool wear during conventional machining [13]. Additionally, the low 

material waste in the AM process also helps to reduce the so-called buy-to-fly ratio [14,15]. The Ti-

6Al-4V alloy is one of the most widespread titanium alloys due to its exceptional balance of strength, 

ductility and fatigue properties [13]. Therefore, the Ti-6Al-4V alloy has also been widely processed by 

L-PBF. Here, it has been found that under most processing conditions, the cooling rates associated with 

the process, often in the range of 106 K/s [16], are sufficient to transform the as-solidified β-grains to 

the martensitic α’-phase [11,17–19]. As most L-PBF Ti-6Al-4V presents a martensitic microstructure 

that is usually characterized by very high yield and ultimate tensile strengths and rather poor ductility. 

Yield strengths of around 1000 MPa are commonly reported with elongations varying widely depending 

on porosity levels, surface finish, orientation and potential stress relief treatment. Elongations ranging 

from around 1 % up to 15 % or more have been reported for Ti-6Al-4V [20–22]. Xu et al. found that a 

specific combination of printing parameters produced a sufficient level of accumulated heat in the 

preceding layer to cause in-situ martensite decomposition, providing superior mechanical properties 

[23]. Cao et al. found that subsequent heat treatment for martensite decomposition provided an 

improved ductility of the material, indicating again the poor mechanical properties of the as-built 

martensitic microstructure [24].  

For Ti-6Al-4V, as for most of the metal AM materials, the directionality of the process and its impact 

on the mechanical properties have been extensively investigated. Most studies on the mechanical 

properties of L-PBF Ti-6Al-4V report some degree of mechanical anisotropy of the material. However, 

the nature of this anisotropy is not consistent between the different studies. Some studies report a higher 

strength in the vertical direction [22,25–27], while others report a lowered strength of this direction 

[17,28–30]. Generally, the lowered mechanical properties in the vertical direction has been observed in 

components with higher levels of porosity and especially in the case of so-called lack-of fusion pores. 

These pores are a result of the laser power being insufficient to fully melt the powder layer, creating 

large, irregularly shaped porosities. The sharp corners of the pores produce local stress concentration 

points, promoting early failure. Furthermore, the pores are usually arranged in a manner that loading 

the specimen parallel to the build direction results in the pore opening and lower ductility and ultimate 
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tensile strength, while loading perpendicularly to the build direction will close the porosities [17,31]. 

On the other hand, the studies that show an improvement of the vertical loading direction have a lower 

degree of porosity and attribute the mechanical anisotropy to the orientation of the martensite laths and 

the comprised hexagonal crystals with respect to the build direction [22,32]. L-PBF of Ti-6Al-4V, as 

almost all metal AM processes, are characterized by a rather high surface roughness depending on the 

applied process parameters [33] as well as the orientation of the surface with regard to the build direction 

[30]. This surface roughness has been observed to both slightly lower the tensile strength [34] of the 

material and significantly impact the fatigue properties of the component [34–37]. Besides the surface 

roughness and building orientation, many factors of the AM process are investigated related to the effect 

on the mechanical properties, for instance the printing parameters, scanning strategies, heat treatments 

etc. However, the influence of the printed volume surrounding a part has not been widely reported. The 

lack of available studies related to building larger volumes to machine specimens afterwards, might be 

explained that it is an unpractical approach for real production leading to unnecessary waste materials, 

slower and more expensive fabrication.  

Additive manufacturing of Ti-6Al-4V is usually conducted in an argon atmosphere to limit the 

interaction with atoms in the air such as oxygen and nitrogen due to its high affinity for these elements. 

Dietrich et al. investigated the uptake of interstitials (N, O and H) during L-PBF at different levels of 

oxygen in the protective atmosphere, and found that increasing the oxygen in the atmosphere resulted 

in an uptake of both oxygen and nitrogen [38]. It was also found that the different interstitial contents 

in the material had an impact on both strength and ductile properties [38]. Na et al. found that the oxygen 

content in L-PBF produced commercially pure titanium is dependent on the laser power during the 

process [39]. Here, when the laser power is increased, so is the heat input and thereby the oxygen uptake 

[39]. From conventional titanium processing, it is well-known that the mechanical properties are 

strongly linked to interstitial contents, providing a solid solution strengthening effect [13,40]. At low 

interstitial contents, as is the case in most additive manufacturing processes, the mechanical properties 

are much more sensitive to the nitrogen content compared to other interstitials [40,41]. All interstitial 

elements are known to cause embrittlement when present at excessive levels [40,42–44].  
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The present work will focus on detailing different aspects of the L-PBF process of Ti-6Al-4V and their 

effects on the mechanical properties. The effect of build volume, post machining to improve surface 

finish as well as build orientation will be investigated.  

 

Materials and Methods 

Manufacturing and post-machining of specimens 
Specimens were fabricated on a SLM Solutions SLM500 at the Danish Technological Institute (Aarhus, 

Denmark) using powder supplied by SLM Solutions. The powder material used in this study was the 

Ti-6Al-4V ELI alloy manufactured using gas atomization resulting in the powder composition provided 

in Table 1. An anti-parallel stripes scan strategy was applied using the printing parameters shown in 

Table 2. Before removing the components from the build platform, a stress relief treatment was applied 

(550 °C, 2 h, in Ar atmosphere) in order to reduce warpage of the parts.  

A series of specimens were printed with different permissible oxygen in the chamber, where the 

SLM500 usually attempts to minimize the amount of oxygen as much as possible. Three levels of 

oxygen were investigated: ~0.05 vol%, ~0,5 vol% and ~1 vol%.  

A number of tensile specimens and two solid rectangular blocks with a massive cross section, were 

printed in two mutually orthogonal directions, shown in Figure 1 b) and c). For one of the build 

orientations, the longest dimension of the specimens and blocks was parallel to the build direction (BD), 

in further noted as vertical. While for the hereby-called horizontal build orientation, the longest 

dimension of the specimens was perpendicular to the BD, i.e. parallel to the building plane. 

Besides the effect of build orientation, different surface finishes and build volumes are also investigated. 

As-built rough surface could only be achieved for specimens with vertical build orientation, shown in 

Figure 1 a), for other build orientations the removal of the support material makes surface machining 

unavoidable. In order to compare the different build orientations under the same condition near-net-

shape specimens were printed with 1 mm oversize that was removed by electrical discharge machining 

(EDM) to obtain the final dimensions, illustrated in Figure 1 b). Additionally, the influence of a 
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considerably larger build volume was also investigated, by machining tensile specimens out of the two 

printed solid blocks, as shown in Figure 1 c). This was also done using EDM in order to achieve identical 

geometry as for the as-built and near-net-shape conditions.  

Uni-axial tensile testing 
Quasi static uni-axial tensile experiments were carried out according to ASTM E8/8M standard on 

rectangular tensile bars printed in two different sizes but otherwise with identical geometries. The 

smaller specimen is the scaled down version of the larger, base line specimen with a factor of 2, as 

illustrated with the models in Figure 2 a) including the dimensions of the standard model.  All tests 

were carried out at room temperature on a servo-hydraulic testing machine under displacement control 

mode with a loading rate of 0.05 mm/s, and the longitudinal strain was measured with an extensometer, 

as shown in Figure 2 b). The larger specimens with a cross section of 5 x 6 mm2 were tested on a MTS 

312.21 100 kN machine using an Instron extensometer with a gauge length of 12.5 mm. While the 

smaller size bars with a cross section of 2.5 x 3 mm2 were tested on a MTS 358.05 25 kN tensile machine 

with an MTS extensometer having a gauge length of 8 mm. For all investigated specimen categories, 

i.e. sizes, build orientations and volumes, at least 3 but in most of the cases 5 test repetitions were 

performed. 

Microstructure characterization 
Metallurgical characterization was conducted using standard metallographic preparation. For light 

optical microscopy (LOM), the specimens were etched using a 15 s swab of Kellers reagent. LOM was 

conducted on an Olympus GX41 microscope. Hardness measurements were conducted on unetched 

specimens using a Future-Tech FM700 Vickers hardness indenter and a 200 g load and 10 s dwell time. 

All bulk measurements are averaged over 10 data points. X-ray diffraction (XRD) was conducted on a 

Bruker D8 Discovery, equipped with Cu Kα-radiation in symmetrical θ-2θ scans in the range 30-90 °2θ 

with a step size of 0.03 °/step and a measurement time of 8 s/step. Nitrogen and oxygen measurements 

were conducted on a LECO TC500 with 3-4 repetitions per specimen.  
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Results and Interpretations 

The effects of the different build orientations and geometries have been investigated using several 

different characterization techniques. Initially, the mechanical anisotropy was investigated by 

comparing uniaxial tensile results of the vertically and horizontally printed specimens. Furthermore, the 

effect of build geometry or volume was investigated by comparing tensile bars machined (EDM) from 

near-net-shape parts and tensile specimens machined from printed solid blocks. Lastly, tensile testing 

was also used to investigate the effect of surface quality on the mechanical properties of the material by 

comparing machined specimens to the rough surface finish of the as-built condition. This investigation 

was only possible in the vertical direction, as the horizontally oriented specimens would have support 

structure along one side of the gauge length, thus machining of this side is unavoidable.  

Microstructure Characterization 
The microstructures of the different specimens are compared in Figures 1-3. Figure 3 shows an 

overview of the microstructure at the centre of the specimen at a lower magnification. Here, the 

microstructures have a very similar morphology consisting of elongated prior β-grains and a visible 

banding structure. This banding is likely connected to the printing of the components with the spacing 

being a reflection of 1-2 layer heights, see Table 2. The origin of this banding is still disputed, however 

some literature suggests that it is related to the cyclic thermal history of the material and coarsening of 

microstructural features [15,45,46], while other, particularly earlier, studies suggested elemental 

segregations to these bands [11]. The grain elongation is a characteristic of additive manufacturing of 

metallic materials due to homo-epitaxial growth of the β-phase during solidification of subsequent 

layers. The degree of grain elongation varies in different studies, likely relating the chosen scan strategy 

[47]. In Figure 3, the grain elongation is not particularly severe as a 67° rotation was applied between 

layers, evening out temperature gradients and potentially reducing crystallographic texture. The 

microstructure of all specimens present very similarly in Figure 4, with an apparently martensitic (α’) 

microstructure visible in all cases. The martensite is very fine and displays a hierarchical nature due to 

the cyclic L-PBF process, where secondary and tertiary martensite laths form between the larger 

primary laths [48]. Along the sides of the specimens, see Figure 5, the effect of EDM can be seen. The 

rough, as-built surface condition consists of a very uneven finish with unmelted powder particles 
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adhering to the surface, further increasing the surface roughness. The finish of all EDM machined 

specimens appear similar with a generally smoother surface finish as well as a few rougher remnants of 

the machining process. Compared to the microstructure of the near-net-shape specimens, there are some 

slight irregularities in the martensitic microstructure in the horizontally and vertically built block 

specimens. However, it is unclear if these are differently oriented martensite laths, massive α-phase 

formed due to slower cooling during manufacturing of the block (due to a larger build volume) or 

martensite breakdown due to heat accumulation during EDM of the tensile bars, which might be 

stronger for the block specimens due to the larger volume of material removed.  

The machined surfaces of the near-net-shape and block specimens for both orientations were 

investigated using SEM in BSE mode as seen in Figure 6. It can be seen that the EDM process created 

a surface contamination of oxygen and/or nitrogen from the atmosphere. An oxide/nitride scale was 

formed on the outermost surface, causing some cracking and spallation of surface. Underneath this 

oxide scale, a diffusion zone can be seen, appearing brighter in the BSE SEM micrographs in Figure 6. 

The depth of this diffusion zone varies slightly between specimens produced from near-net-shape 

geometry and specimens cut out of solid blocks, with the block produced specimens having a slightly 

deeper case. This is potentially due to the longer machining time required for machining the specimen 

from a larger block compared to just removing the surface finish from the near-net-shape component. 

This longer machining time results in a longer exposure to elevated temperatures in the oxygen/nitrogen 

containing atmosphere. However, the difference in depth of the affected zone is very small and overall 

the thickness of the oxygen affected zone is very small compared to the total dimensions of the tensile 

bars. The diffusion zone appears to not significantly disturb the microstructure of this surface region, 

as the martensite laths continue from the lighter diffusion zone into the bulk of the material without 

visible changes, see Figure 7 a). A higher magnification of the oxide scale can be found in Figure 7 a). 

A fine structure can be seen inside the oxide using a backscatter detector in the scanning electron 

microscope. As a comparison, the surface of the vertical, rough specimen is presented in Figure 7 b). 

Hereby no visible oxide is formed, since this specimen has not been subjected to EDM. Any slight 

surface contamination stemming from the manufacturing process itself and oxygen in the chamber or 
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the stress relief annealing in argon with gas impurities, would be too shallow to discern in the cross 

section of the surface.  

The bulk of the different specimens presents no differences in the microstructure, see Figure 8. For all 

specimens, the martensite breakdown has likely been initiated at a very fine scale as seen from the fine 

bright regions around the martensite laths, indicating the presence of very small amount of β-phase in 

the microstructure. This is likely a result of the provided stress relief treatment, because the same has 

not been observed previously, during the investigation of the as-built condition [49,50]. The employed 

stress relief treatment is necessary in order to reduce residual thermal stresses from the manufacturing 

process, so the components can be removed from the build platform without excessive warpage [51,52]. 

The horizontal block specimen presented in Figure 9 appears to show a degree of twinning inside the 

primary martensite needle. This twinning inside the martensite needles have previously been observed 

for this material, which is a characteristic of the martensitic transformation.  

 

Mechanical Properties 
Measured micro hardness values for the different specimens are shown in Figure 10 for two different 

measurement orientations; directly on the build plane (XY plane) and on a plane transverse to the build 

direction (XZ plane). There is however, no clear trend for the hardness in relation to build geometry 

type and build orientation or surface finish. The standard deviation for almost all measurements is larger 

than the measured differences in hardness. A somewhat stronger indication of a systematic effect is 

observed for the vertical block specimen, which appears to have a lower micro hardness in both 

orientations than the other specimens.   

The overview of the mechanical properties of the different specimen types can be found in Figure 11. 

The stiffness of the specimens manufactured from the blocks (both vertical and horizontal) appear to 

be slightly higher than the near-net-shape and rough specimens, while for the near-net-shape specimens 

there appears to be a slight elastic anisotropy. However, the measurements have a rather high standard 

deviation, making it difficult to draw conclusions within differences in stiffness of the material. The 

stiffness of a material is usually less dependent on the microstructural morphology than the other 
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mechanical properties. The measured Young’s modulus is in general comparable to observations in 

literature with and average value of 119 GPa [25,30].  

The yield and ultimate tensile strength of the material show very similar behaviour for most of the 

differently oriented specimens. The horizontal orientation appears less dependent on specimen type as 

the standard deviations of the strength for both build volumes partly overlap. The near-net-shape and 

rough vertical specimens have very similar properties regarding both yield and ultimate tensile strength 

indicating that the measured strength has very little dependency on the overall surface finish or quality. 

The rough surface finish might lower the strength slightly, however the observed difference is not 

statistically significant. Another interesting point concerning strength of additively manufactured Ti-

6Al-4V, is the mechanical anisotropy present in the near-net-shape components. Here, the vertical 

direction exhibits a significantly higher tensile and yield strength than its horizontal counterpart. 

However, the specimens machined from a block of L-PBF material show a different behaviour 

regarding mechanical properties. The vertical block has a considerably lower strength than its near-net-

shape and rough counterparts. Furthermore, the strength of the block specimens is lower in the vertical 

direction compared to the horizontal. Note that in all cases, the strength is substantially higher than  

conventionally manufactured Ti-6Al-4V, but is on par with observations from literature for L-PBF with 

a yield strength in the range 1160-1210 MPa and an ultimate tensile strength of 1236-1290 MPa [14,53].  

The tensile elongation appears to be highly dependent on the build volume of the specimens. The 

elongation of the horizontally and vertically manufactured near-net-shape components present at a 

similar level of 7-8 %. However, there is a substantial increase in ductility for the block produced 

specimens, which is most pronounced for the specimens machined from the vertically manufactured 

block. The horizontal block condition shows a slightly improved tensile elongation at 10.3 ± 2.3 %, 

however this improvement is not statistically significant. The vertical block specimen exhibits a 

remarkably high ductility for as-built LPBF Ti-6Al-4V, with a maximum elongation in the order of 

15%. 

This high elongation value is barely reported in the literature, thus its origin is primarily attributed to 

the big printed volume. While the rough surface finish had a little impact on the strength of the material, 



10 
 

there is a clear impact on the tensile elongation of the material. The rough surface finish results in a low 

ductility of 4.4 ± 0.8 %, which is commonly observed in literature, while the near-net-shape EDM 

machined improves this maximum elongation by almost 100 %. Important to highlight that this ductility 

is much lower than the properties required by the current standard for additively manufactured Ti-6Al-

4V ELI, ASTM F3001, which requires at least 8 % for class F and 10 % for class A [54].  

X-ray diffraction 
X-ray diffractograms for all specimen types are presented in Figure 12, left. The only phase in these 

diffractograms is the hexagonal α/α’phase (PDF #44-1294). As both the α- and α’-phases have a HCP 

(hexagonal close packed) crystal structure with very similar lattice spacings, it is not possible to 

determine based on XRD alone whether the microstructure is consisting of α or α’. Based on the 

microscopy and the characteristic martensitic morphology, see Figure 4 and Figure 8, α’ is justified . 

However, no peaks corresponding to the BCC (body centred cubic) β-phase was identified, meaning 

that the amount of β-phase formed during stress relief is likely very small (as shown in Figure 8) or 

heavily textured. There are no major differences found between the different geometries and 

orientations besides the slight changes in relative peak intensities. This is likely not related to texture 

differences, but rather to the slightly different cutting angles during sample preparation.  

Figure 12, right, shows the X-ray diffractogram for the oxidized surface of the horizontal block 

specimen from the EDM process. Here, the effect of the machining process conducted in demineralized 

water at elevated temperatures can be observed. The peaks of the α-phase are clearly shifted to lower 

scattering angles, compared to the bulk of the same specimen. This is probably a result of oxygen 

diffusion into the surface and into solid solution in the α-phase, as observed for  the case shown in 

Figure 6. This expands the HCP lattice in an anisotropic manner, where the c lattice parameter expands 

more than the a parameter. This can be seen by the very strong shift of the 0002 peak compared to 

others, since this peak is only dependent on the c parameter. Especially at higher scattering angles, a 

peak splitting of the α peaks can be seen. As the right of these double peaks is coincident with the peaks 

of the bulk specimen, it is likely a reflection of the α-phase located underneath the oxygen affected 

zone. The information depth of the measurement at these locations is larger than the thickness of this 
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oxygen affected zone. The α-peaks of the oxidized surface are much broader than the bulk of the 

specimen, which is likely due to residual stresses and variations in composition. The tail on the right 

side of the peaks could be related to the compositional gradient through the diffusion zone. Furthermore, 

the oxide peaks are not entirely consistent with the TiO oxide, so the oxide formed is probably of a non-

stochiometric nature, where the oxide can contain a varying ratio of Ti to O. This means that the 

diffraction peak for the oxide will not have a well defined position due to the varying oxygen content.  

Interstitial content 
The content of nitrogen and oxygen in the material was measured in the bulk material for each specimen 

(away from surface contamination), see Figure 13. The oxygen content of the specimens is fairly stable 

with the vertical near-net-shape and rough specimens having a slightly lower oxygen content than the 

vertical block. Most of the variations in oxygen content is within standard deviation of each other. The 

nitrogen content presents a much clearer trend, where the content for most specimens is stable at ~0.07 

wt%. The vertical block specimen, however, has a much lower nitrogen content at ~0.05 wt%, along 

with a smaller standard deviation than for the oxygen measurements. This finding is somewhat 

unexpected, because usually a higher oxygen content is correlated with a higher nitrogen content, as 

also observed in Figure 14.  

The interstitial pickup, as a function of the amount of oxygen allowed in the build chamber during L-

PBF, was investigated. Figure 14 presents that the interstitial pickup of nitrogen is much stronger than 

the oxygen. The oxygen content increases from its lowest value of 0.12 wt% at an oxygen content of 

~0.05 % in the chamber to its highest value of 0.15 wt% at ~1 % oxygen in the chamber. The nitrogen 

content on the other hand increases from the lowest level of 0.03 wt% by more than 3 times to a 

maximum of 0.11 wt% at the highest allowed oxygen content in the chamber. Although the powder is 

marketed as titanium grade 23 (Ti-6Al-4V ELI), the oxygen in the printed tensile bars is bordering the 

permissible level of 0.13 wt% according to ASTM F3001 for additively manufactured ELI grade 

titanium components [54] and ASTM B265 for conventionally manufactured titanium [55] and even 

exceeding this level in the case of the vertically built block. However, grade 5 titanium has a permissible 

level of 0.2 wt% [56] that is fulfilled even for the specimens manufactured with the highest oxygen 
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content in the chamber, see Figure 14. The standard specification for Ti-6Al-4V ELI allows for no more 

than 0.03 wt% nitrogen in the material, which is exceeded by all of the L-PBF tensile bars in this study, 

while grade 5 or the AM Ti-6Al-4V ELI standard allows 0.05 wt%. Although this criterion is within 

range of the vertically built block specimen, all other tensile bars exceed the limit for allowable 

interstitial nitrogen. This leads to the conclusion that tight control of oxygen in the chamber is necessary 

to avoid exceeding the permissible nitrogen content of the material.  

 

Discussion 

Microstructure considerations 
While the mechanical properties presented in Figure 11 show clear differences between both build 

orientations and build volumes, the origin of these differences is not immediately recognized in the 

microstructure, see Figure 3-8. The microstructure of all specimens is analogous to the microstructures 

presented in the literature and consisting of prior β-grains elongated in the build direction with a 

martensitic morphology inside these grains, shown in Figure 3 and Figure 4. However, the 550 °C, 2h 

stress relief treatment, applied for safe build plate removal, appears to cause the decomposition of the 

α’ martensite into very fine α + β to be initiated, see Figure 8. This is consistent with observations by 

Xu et al., who observed that a treatment temperature of 540 °C for 120 min was sufficient to initiate 

martensite decomposition, but not enough to redistribute the newly formed β-phase into lamellae. The 

β-phase was instead present as nano-scale dispersoids [23], similar to what has been observed using 

SEM, see Figure 8. This initiation of martensite decomposition will likely have a positive effect on the 

mechanical properties, particularly on the ductility of the material [24,57,58]. In this study, it has not 

been possible to investigate the material in its true as-built condition as the residual thermal stresses in 

the material were too high to remove the components from the build platform without excessive 

warpage of the tensile bars.  

The very high ultimate tensile and yield strengths of the material indicates that the microstructure is 

still mostly martensitic as yield strengths in the range 1160-1210 MPa are not usually observed for even 

very fine, lamellar structures [23,59].  
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Effect of machining 
The EDM of the near-net-shape and block specimens was conducted in demineralized water, and the 

process had a clear effect on not only the surface of the specimens, but also on some of the mechanical 

properties. Figure 6 shows that the EDM process caused a degree of oxygen diffusion into the surface 

as indicated by the lighter colored zone in the BSE SEM micrographs. This is also supported by the 

peak shift and peak splitting of the α/α’ peaks in the X-ray diffractograms, see Figure 12, right. This 

inward diffusion of oxygen would provide a solid solution strengthening of the surface region of the 

machined specimens, potentially introducing compressive stresses. A non-stochiometric titanium oxide 

was found on the surface of the machined specimens, which appears to be easily breaking away from 

the oxygen stabilized case underneath. Even though oxides are usually undesirable for mechanical 

properties, in the case of L-PBF Ti-6Al-4V the rough as-built surface finish with unmelted powder 

particles adhering to the surface appears to be harmful for mechanical properties, see Figure 11. 

Potentially, the titanium oxide is only loosely attached to the surface and will spall off easily during 

tensile testing and have a smaller impact on the mechanical properties as the oxygen stabilized case 

underneath is rather smooth, see Figure 6. The vertically manufactured specimen with the rough surface 

finish has an elongation at break of only 4.4 %, while the EDM near-net-shape vertical specimen has 

almost twice the elongation of 8.3 %. There is also a slight reduction of strength, but the impact on the 

ductility of the material is much more pronounced than what has been observed previously [34]. This 

indicates that in the as-built surface condition, the martensitic microstructure provides an insufficient 

level of ductility for most practical industrial applications. This also implies that ensuring usable level 

of ductility for L-PBF Ti-6Al-4V will require either surface machining or heat treatment. In many cases, 

machining is not a feasible solution due to the complexity of the geometry making mechanical post-

processing either prohibitively expensive or geometrically impossible. Therefore for many applications 

heat treatment will become a requirement, which should aim at improving the compromise between 

strength and ductility [49,60]. The effect of surface finish should be even more dominant, when fatigue 

properties are considered. 
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Mechanical anisotropy 

The differences between the horizontal and vertical near-net-shape components are solely related to the 

yield and ultimate tensile strengths, as the Young’s modulus and ductility are very similar, see Figure 

11. This is consistent with the observations of several studies, where vertically manufactured 

components presented a higher strength than its horizontal counterparts [22,25–27]. Recently, Somlo et 

al. simulated this anisotropy using crystal plasticity and were able to replicate the higher yield strength 

and Young’s modulus of the vertical orientation with preferentially oriented hexagonal crystals 

comprised in martensite platelets [61]. However, other studies have suggested that the horizontal 

orientation has improved mechanical properties, which is primarily related to the presence and shape of 

lack-of-fusion porosities [17,28,29]. Despite some large porosities were found in this study, see Figure 

3, they are not as irregularly shaped as lack-of fusion pores traditionally are, and the sharp corners 

providing stress concentration locations are not observed in the specimens shown. Therefore, the 

porosities should not be the explanation of the vertical block specimen exhibiting lower strength than 

the horizontal block component. Furthermore, as all specimens were manufactured using the same print 

parameters and during the same build, they are expected to have the same type and degree of porosity. 

Considering this reasoning, the the specimens manufactured out of solid blocks were supposed to show 

the same mechanical anisotropy, while completely the opposite trend has been observed. 

Initial computed tomography (CT) scanning results of the gauge area of the tensile bars show a similar 

very low level of porosity for all components (~0.01-0.02 %), which likely will have a negligible effect 

on the mechanical properties. Therefore, the different anisotropy of the block specimens can not be 

attributed to the porosity. The only main detectable and statistically difference between the near-net-

shape and block specimens is the interstitial content of the bulk material, see Figure 13. While the 

oxygen contents vary only slightly between the different manufacturing conditions, there is a 

significantly lower nitrogen content in the vertical block specimens compared to the others. Even 

though these specimens have a slightly higher oxygen content than the other conditions, this lowered 

nitrogen content is likely the explanation for the specimens machined from a vertical block exhibiting 

both the largest elongation at break as well as the lowest yield and ultimate tensile strengths. Especially 
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in the case of low interstitial contents the following calculation of the oxygen equivalent can be shown 

[40]:  

𝑂𝑥𝑦𝑔𝑒𝑛 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑂% 2 ∙ 𝑁% 0.66𝐶% 

The low nitrogen content is both correlated with the vertical block specimens having not only the 

highest elongation at break, but also the lowest hardness, yield and ultimate tensile strengths of all 

conditions, see Figure 10 and Figure 11.  

The differences in uptake of interstitials from the atmosphere, see Figure 13, can be related to both build 

geometry and volume. Often, as the build height increases the oxygen (and nitrogen) content in the 

atmosphere decreases as the newly built material will consume interstitials from the atmosphere. This 

is most likely only happening in the initial layers and/or during the build of the support structure as the 

oxygen content in the atmosphere eventually stabilizes at a predetermined permissible level. In this 

case, the uptake seems to be closely related to the volume of the build. The vertical specimens with 

nearly the same build volume, i.e. the near-net-shape and rough specimens, also have very similar 

interstitial contents, while the block specimen show differences in both oxygen and nitrogen contents. 

As the volume of the block is much higher than the near-net-shape specimens, a difference should be 

present in heat accumulation in the material and therefore in temperature of the previously solidified 

material. This implies that the specific geometry and size of the block created a temperature profile, 

where oxygen uptake was promoted over nitrogen. It can not be related to the available oxygen in the 

chamber, since both oxygen and nitrogen are seen to decrease with decreasing oxygen in the chamber, 

see Figure 14. The tendency for the horizontal near-net-shape and block specimens is slightly different, 

because very little differences in interstitial content are observed. Although the volume difference is the 

same between the near-net-shape specimens, the heat accumulation is likely different as the horizontal 

specimens are manufactured overall much closer to the build plate, where the oxygen content and heat 

distribution is different. The horizontal near-net-shape specimens have a slightly higher oxygen content 

and a slightly lower nitrogen content compared to the vertical near-net-shape component.   
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At this stage, it is not entirely clear why the horizontal block specimens has a ductility improvement 

over its near-net-shape counterpart, but it might be an effect of differences in machining heat and 

oxidation as well as potential heat accumulation or cooling rate between block and near-net-shape 

specimens. This heat effect has not been observed in the microstructure using the techniques applied in 

this study, but could potentially cause martensite coarsening or eventually massive α-phase formation.  

Sufficiently lowered cooling rate could promote this formation, which was slightly indicated by LOM, 

shown in Figure 5. Therefore the differences in mechanical properties are not only related to the 

interstitial content, but also to the thermal history of the material. A preliminary experiment with 

specimens of a smaller size, show a similar improvement of the vertical block specimen over the near-

net-shape components, see Figure 15. This means that the uptake of nitrogen and/or oxygen in relation 

to build volume is a factor that needs to be considered. The elongation of the smaller vertical block 

specimens is improved to a smaller degree than the large specimens from this study (increased from 7 

% to 10 %), while the elongation of the horizontal block is only improved slightly. Furthermore, both 

strength and stiffness properties of the small block specimens are slightly lower than their larger 

counterparts. This means that the machining of smaller specimens from a block may have some impact 

on their behaviour resulting from changes in heat accumulation, cooling rate and potentially level of 

surface oxidation during machining. For the larger machined specimens, a heat affect zone with a 

potential oxygen uptake was observed. When the cross sectional area gets significantly reduced for the 

smaller specimens, this zone will comprise a larger part of the part and potentially have a larger effect 

on the mechanical properties for thin geometries.  

 An important observation is that the near-net-shape specimens have overall similar mechanical 

properties between the different sized specimens. This is essential for AM, since it is a near-net-shape 

manufacturing technology, and it could lead to a validated simple design process of L-PBF Ti-6Al-4V 

components. Building of a full block by AM, then machining it to obtain the final geometry is not 

practical and optimal manufacturing route for any application. However, depending on the geometry of 

the part, the mechanical properties for the block specimens could be a better representative for very 

large components. The design of  such components has to be carefully conducted. Meanwhile, the near-
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net-shape properties are also relevant, as these reflect the more thin walled sections of the component, 

which would typically be the area subjected to the highest level of stress.  

At this stage, it still needs to be clarified how substantial impact of a rough surface finish would have 

on the notch effect and ductility of the smaller specimens, where the surface to volume ratio is higher. 

Furthermore, it also will be important to investigate the effect of this rough surface finish on the fatigue 

properties of L-PBF Ti-6Al-4V.  

Conclusions 

The present study has investigated the effect of different build orientations (vertical and horizontal), 

build volumes (near-net-shape and large block) and surface finishes of Ti-6Al-4V manufactured by L-

PBF. The main conclusions of this study can be summarised as follows: 

 The EDM machining of near-net-shape components improves the rough surface finish of the 

as-built condition and substantially improves the ductility of the material.  

 The near-net-shape components exhibit mechanical anisotropy, since the vertically built 

components show both higher Young’s modulus, yield and ultimate tensile strengths.  

 The specimens machined from a large solid block reveal a different mechanical anisotropy. In 

this case, for the vertically built specimens have lower strength and significantly improved 

elongation compared to their horizontal counterparts. The observed changes of the mechanical 

properties are attributed to the lower nitrogen content in the vertical block.  

 The pickup of nitrogen from the atmosphere appears to be more sensitive to processing 

conditions, part geometry and volume than oxygen. The nitrogen content is an essential 

influencing factor for the final mechanical properties of the components.  
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Tables 

Table 1: Powder composition as provided by supplier, SLM Solutions. 

   Ti Al V C Fe O N H 

Min [wt%] Bal. 5.50 3.50 - - - - - 

Actual [wt%] Bal 6.42 4.00 0.02 0.17 0.09 0.02 0.0028 

Max [wt%] Bal 6.50 4.50 0.08 0.25 0.13 0.03 0.0120 

 

Table 2: Most important process parameters applied during L-PBF of components in this study. 

 Speed [mm/s] Power [W] Layer Thickness [µm] Hatch distance [µm] 

Ti-6Al-4V 1100 350 60 120 
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Figures  

 

 

Figure 2: Experimental details: a) models of tensile bars in different sizes (1:2), b) Gripped specimen with extensometer 

 

Figure 1: Illustration of different build orientations and machining of Ti-6Al-4V tensile bars: a) As-built rough condition, b) 
Near-net-shape specimens machined by EDM, c) Large solid blocks machined by EDM  
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a) Vertical b) Vertical, block c) Vertical, rough 

d) Horizontal e) Horizontal, block 

Figure 3: LOM micrographs of Ti-6Al-4V specimens manufactured in different orientations and geometries. Centre position 
in specimen. Build direction bottom to top.  

a) Vertical b) Vertical, block c) Vertical, rough 

d) Horizontal e) Horizontal, block 

Figure 4: LOM micrographs of Ti-6Al-4V specimens manufactured in different orientations and geometries. Centre position of the specimen. Build 
direction bottom to top.  
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a) Vertical b) Vertical, block c) Vertical, rough 

d) Horizontal e) Horizontal, block 

Figure 5: LOM micrographs of Ti-6Al-4V specimens manufactured in different orientations and geometries. Side of the 
specimens. Build direction bottom to top.  
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Figure 6: SEM (BSE) micrographs of the surface of the machined specimens. Build direction left to right. 

 

 

 

Figure 7: SEM (BSE) micrographs of the machined, vertical near-net-shape condition and the rough as-built condition. 

Build direction left to right. 

 

a) Vertical b) Vertical, block 

10 µm 10 µm 

10 µm 10 µm 

c) Horizontal c) Horizontal, block 

a) Vertical b) Vertical, rough 

1 µm 1 µm 
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Figure 9: SEM micrographs of the horizontal block specimen. 

a) Vertical b) Vertical, block c) Vertical, rough 

d) Horizontal e) Horizontal, block 

Figure 8: SEM (BSE) micrographs of Ti-6Al-4V specimens manufactured in different orientations and geometries. Centre of 
specimen.  

1 µm 1 µm 1 µm 

1 µm 1 µm 

1 µm 
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Figure 10: Hardness measurements of Ti-6Al-4V specimens manufactured in different orientations 
and geometries. Measured on the XY plane and XZ plane of the build.  
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Figure 11: Tensile properties of Ti-6Al-4V specimens manufactured in different orientations and geometries. 

Figure 12: Left: X-ray diffractograms of Ti-6Al-4V specimens manufactured in different orientations and geometries. 
Right: X-ray diffractograms of the bulk and EDM surface of the horizontal block specimen. Measured on the XY 
build plane.  
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Figure 14: Interstitial content in L-PBF Ti-6Al-4V as a function of oxygen content allowed in the chamber. 

 

 

 

 

Figure 13: Interstitial alloying element contents of Ti-6Al-4V specimens manufactured in different orientations and geometries. 
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Figure 15: Tensile properties of the small Ti-6Al-4V specimens manufactured in different orientations and geometries. 
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