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a b s t r a c t

Powder bed fusion (PBF) processes enable the manufacturing of complex components in a

time- and cost-efficient manner. Especially lattice structures are currently focused since

they show varying mechanical properties, including different deformation and damage

behaviors, which can be used to locally tailor the mechanical behavior. However, the

present process-structure-property relationships are highly complex and have to be un-

derstood in detail in order to enable an implementation of PBF manufactured lattice

structures in safety-relevant applications. Within the present work Ti6Al4V lattice struc-

tures were manufactured by electron beam powder bed fusion of metals (PBF-EB/M). Based

on the classification of bending- and stretch-dominated deformation behavior, two

different lattice types, i.e. body-centered cubic like (BCC-) and face-centered cubic like

(F2CCZ) structures were selected. Microstructural features were detected to evaluate if

potential different microstructures can occur due to different lattice types and to answer

the question if microstructural features might contribute to the mechanical behavior

shown in this work. Furthermore, X-ray microfocus computed tomography (mCT) analysis

were carried out to enable a comparison between the computer-aided designed (CAD) and

as-built geometry. For mechanical characterization, quasi-static and cyclic tests were used.

In particular, the BCC lattice type showed a more ductile material behavior whereby higher

stiffness and strength was determined for the F2CCZ lattice type. Additionally, different in-

situ measurement techniques such as direct current potential drop system and digital

image correlation could be deployed to describe the damage progress both under quasi-

static and cyclic loading.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
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1. Introduction

Since years additive manufacturing (AM) gains much atten-

tion due to its characteristic layer-by-layer manufacturing

eventually enabling fabrication of components with almost

unlimited geometrical design freedom [1,2]. Especially powder

bed fusion (PBF) techniques comprising metals such as laser

(PBF-LB/M) and electron beam powder bed fusion (PBF-EB/M)

are focused since they can be applied to process various

metallic alloys, whichwas already demonstrated in numerous

studies [3e7]. Both manufacturing techniques use a high en-

ergy source (laser or electron beam) to locally melt powder

particles according to a computer-aided designed (CAD) file.

However, the PBF-EB/M process offers certain benefits such as

higher processing temperatures, which allow to reduce re-

sidual stresses, and a vacuum atmosphere, which helps to

minimize oxidation processes of oxygen-sensitive materials

like Ti alloys [2]. With regard to Ti alloys, the Ti6Al4V alloy is

currently the most common representative for Ti alloys

capturing nearly half of the worldwide demand for Ti com-

ponents [3]. In particular, this alloy is known for its good

mechanical and corrosion properties as well as its biocom-

patibility, which is of special interest for biomedical applica-

tions [8]. Numerous studies have already been carried out

investigating the mechanical behavior of PBF-EB/M manu-

factured Ti6Al4V bulk material [9e12]. However, as the bulk

material in as-built state exhibit a stiffness mismatch

(ETi6Al4V ¼ 118 GPa [13]) compared to the human bone (cortical

bone: E ¼ 20 GPa [14]), local stress shielding can occur.

Addressing this, different approaches such as the imple-

mentation of new material classes as well as patient-

optimized designs are currently considered.

Periodic lattice structures are a promising candidate since

they can easily be manufactured by AM and enable the local

adjustment of material properties by varying the dimensions

of the respective lattice type. In literature, the general man-

ufacturability of periodic lattice structures made of Ti-based

alloys was already shown [15e19]. Cansizoglu et al. [20]

stated that the smallest strut diameter, which can be manu-

factured by PBF-EB/M without optimizing the process pa-

rameters, is 0.7 mm. Based on Ashby [21], the mechanical

properties of cellular structures are dependent on the me-

chanical properties of the base material as well as the topol-

ogy and relative density of the lattice structure. Furthermore,

cellular structures can show either a bending- or a stretch-

dominated deformation behavior. The actual type can be

quantified by the Maxwell criterion [22]. Typically, bending-

dominated structures show good absorption properties,

whichmakes them suitable for energy absorbing applications.

Stretch-dominated structures are the preferred choice for

lightweight applications due to the increased stiffness and the

good mechanical strength, however, they are often charac-

terized by brittle failure of single struts and post-yield soft-

ening [21]. Considering the manufacturing process in itself,

further variables such as process parameters, process-

induced defect distribution and surface roughness have to

be consideredwhen determining themechanical properties of

additively manufactured periodic lattice structures. Cheng

et al. [15] investigated the deformation behavior under
compressive load for stochastic foams and periodic lattice

structures fabricated by PBF-EB/M, finally revealing that peri-

odic lattice structures showhigher specific strength compared

to stochastic foams under similar specific stiffness. Further-

more, several authors [15,23,24] have shown that the results

for Young's modulus and compressive strength are almost

similar to trabecular and cortical bone. Focusing on recent

literature, most researchers investigated the influence of

different lattice types [25], different degrees of porosity

[26e28] and post heat-treatments [27,29] on the mechanical

properties of PBF-EB/M manufactured Ti6Al4V periodic lattice

structures. In particular, it was reported that the compressive

strength decreases with increasing porosity (lower relative

density). Furthermore, it was found by Epasto et al. [27] that

actual and CAD geometry show significant discrepancies,

which were attributed to the process parameters used.

Hern�andez-Nava et al. [29] investigated the effect of post heat-

treatments above and below b-transus temperature on the

compressive properties. Thereby, it could be demonstrated

that the heat treatment below b-transus temperature has a

negligible effect. Furthermore, the as-built condition was

found to be similar to an annealed condition. A heat-

treatment above b-transus promoted the evolution of a

coarser microstructure and a decrease in the compressive

strength. This was confirmed by Galati et al. [30]. Since it was

stated that the as-built surface roughness also plays an

important role for periodic lattice structures, Formanoir et al.

[31] used chemical etching in order to improve the surface

quality of Ti-based lattice structures. Compared to the as-built

state, an increased relative stiffness could be determined.

As can be deduced from the previous section, most studies

focused on the determination of the deformation behavior

under compressive load. Focusing on the cyclic material

properties of PBF-EB/M manufactured Ti6Al4V, only scarce

data are currently available. Li et al. [32] investigated the

compression fatigue behavior of PBF-EB/M manufactured

Ti6Al4V lattice structures. Specimens with different degrees

of porosity weremanufactured and it could be elaborated that

fatigue strength increases with decreasing porosity following

the Gibson-Ashby model [33]. Furthermore, the influence of

different cell morphologies on the compression fatigue

behavior was analyzed by Zhao et al. [34]. In a more recent

study, Lietaert et al. [35] investigated the fatigue behavior of

PBF-EB/M manufactured Ti6Al4V lattice structures under

various fatigue regimes (tension-tension, compression-

compression, tension-compression). It was reported that the

compression-compression and tension-tension fatigue

regime promote an inferior fatigue life compared to the fully-

reversed loading. Such behavior was attributed to the local

mean stress. Furthermore, fracture sites were found to be

located close to the nodes, where highest tensile stresses are

located. However, from literature [9,15,31,34] it is evident that

several factors such as process parameters, surface quality,

lattice morphology and post-processing can influence the

mechanical properties of PBF-EB/M manufactured Ti6Al4V

lattice structures which make a general comparison with

other studies quite challenging. Further on, the deformation

and damage behavior of bending- and stretch-dominated

lattice structures are yet not fully understood and further

studies are needed to enable more potential application fields
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Fig. 1 e Process temperatures and build height over

processing time.
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for AM lattice structures. One major objective to address this

issue might be the implementation of in-situ measurement

techniques in order to clearly describe the damage progress

especially under cyclic loading. In prior investigations, the

authors already investigated the deformation and damage

behavior of small-scale struts [36] as well as within a single

unit-cell plane [37] by using various measurement techniques

such as acoustic emission analysis, temperature and resis-

tance measurements as well as digital image correlation (DIC)

in order to monitor the damage progress under cyclic loading.

Thereby, particular material reactions could be clearly corre-

lated with the measurement quantities recorded. As a

consequent step forward, these measurement techniques

should now be adapted towards complex lattice structures

consisting of several linked unit-cells, whereby appearing

challenges are highlighted and compared with known litera-

ture. Within this work, the microstructural and mechanical

properties of PBF-EB/M manufactured Ti6Al4V lattice struc-

tures in as-built state are investigated. As a basis for in-depth

evaluation, microstructural investigations using scanning

electron microscopy (SEM) and hardness mappings are

considered. For mechanical characterization, a novel

approach for calculating the nominal cross section of lattice

structures is introduced in order to create a basis for a reliable

comparison with existing data from literature. Quasi-static

and cyclic tests are conducted for characteristic bending-

dominated body-centered cubic like (BCC) and stretch-

dominated face-centered cubic like (F2CCZ) lattice types,

whereby measurement methods such as the direct current

potential drop (DCPD) technique and DIC are used in order to

detect upcoming material reactions which can straightfor-

ward be correlated with the increasing damage progress.
Fig. 2 e Schematic representation of the specimens cut for

microstructure and hardness testing from the F2CCZ and

BCC lattices. The dotted lines represent the build height,

measured from the base plate, at which microstructural

investigations and hardness measurements were carried

out.
2. Experimental procedure

2.1. Materials and manufacturing techniques

For manufacturing of the specimens an Arcam A2X (GE,

Sweden, M€olndal) equipped with the software EBMControl

version 4.201 was used. The Tie6Ale4V powder with the

powder particle size distribution ranging from 45 to 105 mm

was supplied by the machine vendor Arcam. The process

parameter for Tie6Ale4V as recommend by Arcamwere used.

Since “Automatic Power Calculation” is activated in the

recommend process parameter settings. Due to this specific

parameter setting the speed and current of the beam are

adapted to the scan path length, which especially for lattice

structures does change over build height. Both lattice type

specimens, BCC and F2CCZ were placed on one 150 � 150 mm2

AISI 304 start plate. All specimens were manufactured up-

right, i.e. parallel to building direction. The initial strut

diameter was set to 1 mm for both lattice types and the unit

cell size was 7 � 7 � 7 mm3. This leads to a relative density of

0.0968 for the BCC and 0.0908 for the F2CCZ specimen,

respectively. In total, 3 � 3 � 3-unit cells form the lattice

structure for tensile and fatigue testing and 5� 5� 5-unit cells

for compression testing. The processing time was about 14 h,

followed by a cooling phase of about 6 h (cf. Fig. 1). The tem-

perature wasmeasured by means of a thermocouple attached
to the bottom of the start plate. During the processing of the

lattices the processing temperatures dropped from 680 down

to 560 �C due to a significantly reduced sample cross section

and, hence, a reduced energy input. Thereafter, the initial

temperature was not reached again due to geometrical rea-

sons, i.e., an increased distance between the uppermost layer

and the platform as well as limited heat flux across the lattice

structure.

2.2. Microstructural investigations

The F2CCZ and BCC specimens were wire cut by electric

discharge machining as detailed in Fig. 2 to allow for micro-

structure analysis. The specimenswere ground using abrasive

paper to P4000, followed by manual diamond polishing with 3

and 1 mm diamond suspension and subsequent vibro-

polishing for 4 h with the colloidal silica suspension Master-

Met 2. For both specimen types electron backscatter diffrac-

tion (EBSD) measurements were carried out at a build height

of 51 and 44 mm, respectively, at the nodes of two unit cells.

https://doi.org/10.1016/j.jmrt.2022.12.075
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Fig. 3 e Schematic representation of the cutting planes for

the determination of the nominal cross section for a) the

BCC and b) the F2CCZ lattice type.
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Grain morphology and phase composition were characterized

using a Zeiss Ultra Plus scanning electron microscope equip-

ped with an EDAX EBSD detector. The investigated surface

areas per node were about 4900 mm2 with a spatial resolution

of 0.1 mm per pixel. The EBSD data were investigated by using

TLS OIM Software. Grains were defined based on an orienta-

tion deviation of at least 15�. Since the a-phase in Ti6Al4V does

appear in a lamellar fashion, the a-laths width can be deduced

from the minimum feret diameter. To investigate if the spe-

cific geometry of the lattice structure does have an influence

on the final thermal gradient, the minimal feret diameters

deduced from each EBSD measurement were compared to

each other. Here, it is assumed that the heat flux across a

lattice structure is strongly hampered compared to bulk ma-

terial. A hampered heat flux can be linked to much slower

cooling of the melt and, eventually, to an increase of the a-

lamella width. To compare the data with each other a statical

approach was chosen. As the Levene test revealed inconsis-

tent variances in feret diameter, the Kruskal-Wallis test was

conducted to answer the question, if there are significant

differences in terms of the mean minimum feret diameter in

case of different lattice types and at different build heights,

respectively. To reveal which conditions do differ from each

other, the post-hoc pairwise multiple comparison Conover

test was conducted. The Benferroni-Holm p-value correction,

which is the most stringed correction function and offers the

least probability for difference detection, was used to ensure

that the data are not misinterpreted.

2.3. Hardness

For hardness measurements a DuraScan 70 (Struers, Willich,

Germany) was used. Hardness wasmeasurement in the nodes

of the unit-cells of the BCC and F2CCZ specimens (embedded

in resin) at build heights of 51, 44 and 37mm, respectively. For

each build height 10 measurement points were considered in

one single node. Because of the limited spacewithin the struts

and nodes, the testing forces for single measurements as well

as the hardness mapping were chosen as 0.98 N. Thus, a

relatively high number of measurement points could be

placed without violating the required minimum distances,

i.e., 3 times the length of the indent diagonal between single

indents. Hardness mappings, spanning an area of 2.4 mm

times 0.6 mm, were collected at a build height of 44 mm,

starting within a strut close to the node of the unit-cells.

2.4. Micro computed tomography

To determine the nominal cross section of the PBF-EB/M

manufactured lattice structures, X-ray microfocus computed

tomography (mCT) was carried out. The system XT-H 160

(Nikon Metrology, Tokyo, Japan) was used, which is charac-

terized by a maximum acceleration voltage of 160 kV and a

micro-focus of 3 mm. The corresponding scanning parameters
Table 1 e Scanning parameters for computed tomography sca

Material Beam energy Beam current Pow

Ti6Al4V 150 kV 62 mA 9.3
are listed in Table 1. Depending on the specimen size,

different effective pixel sizes were realized.

Based on the reconstructed volumes, two-dimensional

slices at positions with minimal cross section, exemplary

highlighted for a tensile/fatigue specimen in Fig. 3aeb, were

determined and imported into the software ImageJ. After-

wards, every slicewas scaled and converted into a black/white

image (binarization) based on a defined threshold value. Then,

the nominal cross section was calculated and averaged for

every investigated specimen. The consecutive steps for the

cross section-determination are highlighted in Fig. 4aec. The

cross section for the compression specimens (5 � 5 � 5-unit

cells) was calculated analogously. In order to provide a suffi-

cient number of sectional images, at least three specimens

were considered for every lattice type.

2.5. Mechanical testing

As already mentioned, specimens with different lattice types

(BCC and F2CCZ) were investigated. In terms of mechanical

characterization, quasi-static as well as cyclic tests were car-

ried out. For the quasi-static compression and tensile tests,

the servohydraulic system Schenck PSB 100 with Instron 8800

controller was used, which is equipped with a 75 kN load cell.

Both tests were conducted under constant crosshead

displacement (vc,comp. ¼ 1 mm/min, vc,ten. ¼ 1.5 mm/min).

Strains were determined by contactless digital image corre-

lation (DIC), whereby an Imager M-Lite camera (LaVision,

Goettingen, Germany) was used. Before, specimens were

colored black and a finewhite speckle-patternwas applied. To

characterize the fatigue properties, a combination of multiple

step (MST) and constant amplitude tests (CAT)was conducted.

A servohydraulic system Schenck PC63 M with Instron 8800

controller was used being equipped with a 45 kN load cell. All

experiments were carried out with a test frequency of f ¼ 3 Hz

and the load ratio was set to R ¼ �1 (tension-compression).
ns (mCT).

er Effective pixel size Exposure rate

W 30e55 mm 354 ms 2.82 fps
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Fig. 4 e Image processing steps to calculate the nominal cross section; a) original image, b) binarization and c) derived data.
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During the MST, the initial load was set to sa ¼ 5 MPa and was

increased stepwise by 5 MPa after every 104 cycles. Related

material responses were captured by means of different

measurement techniques consisting of a direct current po-

tential drop (DCPD) measurement system (Ametek, Berwyn,

PA, USA) and a DIC system, the latter being similar to the one

used for quasi-static testing. The experimental setup is high-

lighted in Fig. 5a and b. Since huge amount of data can be

generated during such advanced cyclic tests, a triggered image

acquisition was applied. Related details were already intro-

duced in Ref. [37]. Based on the results obtained, values for

total maximum strain (εa,t) as well as dynamic Young's
modulus (Edyn) were calculated, whereby Edyn was approxi-

mated as linear slope between the two reversal points of the

hysteresis. After cyclic testing, selected specimens were cho-

sen for fractographic analysis using an SEM Mira 3 XMU

(TESCAN, Brno, Czech Republic).
3. Results and discussion

3.1. Microstructure

Inverse pole figure (IPF) maps in Fig. 6 show a basket weave a-

lathmicrostructure for both lattice types and all build heights.

This kind of microstructure is often reported in PBF-EB/M
Fig. 5 e a) Schematic illustration and b) photograph o
processed Ti6Al4V [38,39]. Since the a-lath widths is depend-

ing strongly on thermal conditions during processing [40], it

can be used to assess if the build height and lattice type do

have an effect on the microstructure of PBF-EB/M processed

Ti6Al4V. Downing et al. [41] showed that, in general, the

nominal temperature within a lattice structure is increasing

over the build height and that BCC lattices accumulate more

heat over build height than F2CCZ lattices.

As shown in Fig. 7, the a-lath width for the BCC specimen

increases over 7 mm build height, i.e., the height of a unit cell

from 0.625 to 0.725 mm, which might be a direct result of a

higher heat accumulation in BCC lattice structures. Since the

95% ci intervals of the F2CCZ specimen are overlapping the

a-lath width reduction over build hight for F2CCZ lattice might

just result from data variability.

Furthermore, the results obtained by application of the

Conover test (Table 2) do confirm statistically significant dif-

ferences in a-lath width between BCC and F2CCZ in general as

well as an increase of a-lath widths over build height for the

BCC lattice (but not for F2CCZ.). These findings are in good

agreement with the more pronounced temperature accumu-

lation over build height for BCC lattices revealed by Downing

et al. [41]. Most literature found for PBF-EB/M processing of

Ti6Al4V does report an a-lath width about 1.5 mm for pro-

cessing temperatures close to 700 �C [42,43]. Fig. 1 revealed

that during processing of the lattice sections, however, the
f the experimental setup used for cyclic testing.
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Fig. 6 e Grain orientationmaps obtained by EBSD for the BCC and F2CCZ lattice specimens at a build height of 51 and 44 mm,

respectively. The arithmetic mean (m) and the standard deviation (s), both in mm, for the minimum feret diameter for each

EBSD measurement are plotted in the lower left corner of the corresponding image. The upper left corner of each image

shows the volume fraction of the remaining beta phase. The colour key is induced for the cutting direction (CD). The

alignment of CD regarding the build direction (BD) is shown in the upper right insets of BCC and F2CCZ at a build height of

51 mm.
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process temperatures dropped from 680 down to 560 �C, this
fact being rationalized by a reduction of the overall energy

input. Here, the decreased process temperature is thought to

be the reason for faster cooling and, hence, smaller a-laths

widths than usually reported for bulk material.

3.2. Hardness

The BCC specimen used for hardness measurements was

extracted from the original BCC lattice oriented at an angle of

45� to the build direction (cf. Fig. 2). Chang et al. [44] showed

that the orientation of a specimen taken from the processed

Ti6Al4V material with respect to the build direction does not
Fig. 7 e a-lath width represented by the minimum feret

diameter over build height for the BCC and F2CCZ lattices

obtained from the grain files calculated with the TLS OIM

software. The error bars represent the 95% ci interval.
affect the hardness. Due to the anisotropic hardness behavior,

the cutting plane orientation influence on hardness should be

neglectable. Thus, despite the hardness maps do cover

the same strut length of about 2 mm, the BCC specimen

does only cover a distance of about 1.4 mmwith respect to the

build height, while the F2CCZ covers 2 mm. Anyhow, the

maps shown in Fig. 8 do not reveal any traces of pronounced

heterogeneity in terms of mean hardness or standard

deviation.

Fig. 9 shows the development of the hardness for the BCC

and F2CCZ lattices over the build height. A decrease in hard-

ness from 346 ± 17 to 328 ± 32 HV over 14 mm build height can

be deduced. Considering the standard deviation of the single

sets of hardness measurements for BCC and F2CCZ lattices, it

is important to point out, that from a statistically point of view

no trend can be seen. However, especially for the BCC spec-

imen the mean hardness over the build height is decreasing,

which is in good agreement with the higher heat accumula-

tion in BCC lattices predicted by done by Downing et al. [41]

and hence the increase in a-lath width shown in Fig. 7. For the

F2CCZ lattice no clear trend in evolution of hardness over build
Table 2e Results of the post-hoc Conover test formultiple
comparison of themeanminimum feret diameter of each
EBSD measurement applying Benferroni-Holm p-value
correction.

BCC 44 BCC 51 F2CCZ 44 F2CCZ 51

BCC 44 1 <1*10-6 0.046166 0.000114

BCC 51 <1*10-6 1 <1*10-6 0.000400

F2CCZ 44 0.046166 <1*10-6 1 0.079223

F2CCZ 51 0.000114 0.000400 0.079223 1

https://doi.org/10.1016/j.jmrt.2022.12.075
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Fig. 8 e Hardness values extracted from the mappings conducted at a build height of 44 mm for the BCC and F2CCZ lattices

depicted as box plot in a) and correspondingmaps for the BCC lattice in b) and the F2CCZ lattice in c). Themean hardness and

standard deviation for each lattice type can be found to the top of each corresponding map.
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height can be seen as neither a development of the a-lath

width over build height from the data. This can be explained

by the predicted minor heat accumulation in this lattice type

and, hence, a less pronounced increase of the width of the a-

laths. Due to the specimen design, as well as the needed

cutting plane orientation of 45� for the BCC specimen, hard-

ness values are only comparable over a build height ranging

from 37 up to 51 mm. Measuring hardness at any other loca-

tion outside of the lattice structure might lead to false con-

clusions about the influence of the unit cell design and total
Fig. 9 e Values obtained by Vickers hardness tests for the

BCC and F2CCZ lattices for build heights of 51, 44 and

37 mm. The grey vertical lines inside of the boxes

represent the calculated median while the blue-white

squares represent the arithmetic mean and the grey

diamonds outliers.
lattice dimension on the microstructural and hardness

development. The investigation of higher build heights, i. e. a

higher number of linked unit cells was not scope of this work.

Looking at the results depicted, and due to the only minor

increase of the a-lath width over build height, as well as only

minor differences between BCC and F2CCZ lattices, it is ex-

pected that the local microstructure does not alter the me-

chanical tests in a quantifiable way. However, it must be

considered that larger BCC lattice structures, might lead to

more distinct differences in a-lathwidth over build height and

hence to local build height dependent mechanical properties.

Syed et al. [45] showed that in PBF-EB/M processing the build

height and its influence on a-lath width impacts the fatigue

behavior of Ti6Al4V processed parts. An increase in a-lath

width from 0.9 to 1.1 mm in processed bulk material over a

build height of 90mm reduced themaximumstress amplitude

about 2%while the plastic strain range is increased about 60%.

Furthermore, the data of Syed et al. [42] showed an increase of

a-lathwidth from 0.9 ± 0.45 to 1.0 ± 0.43 mmover a build height

of 50 mm. In the present study, the a-lath width increases

from 0.49 ± 0.52 to 0.54 ± 0.73 mmwithin 7 mm of build height.

Hence, build height dependent local mechanical properties

might become quantifiable for an increased number of linked

unit cells, which exceed the relative build height of 21 mm

used in this study. Furthermore, it cannot be excluded that

different unit cell types and lattice dimensions impact the

local melting and solidification behavior, which might

contribute to the differences in hardness and a-lath width

between the different lattice types. A more detailed investi-

gation of the size-dependent microstructural development of

lattice structures would greatly profit from simulations and

will be scope of future work.
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Fig. 10 e Comparison between CAD and mCT cross section

dimensions for compression and tensile/fatigue

specimens.
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3.3. Defining relevant cross-sections of PBF-EB/M as-
built lattice structures

As already stated in numerous studies, i.e. in Refs. [46,47],

additively manufactured components can be characterized by

geometrical deviations, which can complicate the design and

construction process. To determine the nominal cross section

of the lattice structures used, especially for the later me-

chanical tests, mCT scans were carried out for every lattice

type, whereby at least three specimens were probed, respec-

tively. Details on the approach followed are highlighted in

section 2.4.

The reason for considering the nominal cross section based

on the mCT scans was given by Suard et al. [48] showing good

results in terms of stiffness prediction for calculated equiva-

lent diameters based on mCT scans instead of considering the

CAD or geometrical equivalent (inscribed cylinder) diameter.

The CAD cross section as well as the real cross section, which

was calculated based on the mCT scans, are plotted in Fig. 10

for both lattice types. Furthermore, absolute values are listed

in Table 3.

Direct comparison of the results reveals significant de-

viations. For details on the sections probed see Figs. 3 and 4.

All real specimen dimensions are characterized by a larger

cross sectionwhen compared to the initial CAD data. In detail,

the BCC-specimens (compression and tensile/fatigue) show a

maximum deviation of around 23%, whereby higher de-

viations, in total 43%, were determined for F2CCZ-specimens.

In contrast, it was reported in Ref. [48] that as-manufactured
Table 3 e Calculated nominal cross sections for compression a

Specimen type

BCC (CAD) BCC (mC

Compression 54.58 mm2 67.38 ± 1.94

Tensile/Fatigue 16.31 mm2 20.01 ± 0.50
struts are generally smaller than prescribed by the CAD

data. Arabnejad et al. [47] have stated that geometrical de-

viations of single struts are dependent on the angle towards

the building plane. More specific, highest deviations were

found for overhanging horizontal struts, which can be attrib-

uted to the differences in heat flux between the solid strut and

the surrounding powder-bed. Furthermore, partially melted

powder particles were observed on the down-facing side

leading to an increased surface roughness [48] and a changing

strut morphology from circular to elliptical [47]. Another

explanation for an increased strut thickness was given by van

Bael et al. [29] showing that an increased strut thickness and

surface irregularities can result from the staircase effect, this

effect being well-known in AM parts. Additionally, it was

highlighted in Refs. [26,47] that geometrical deviations be-

tween the CAD dimensions and as-built specimens can arise

from powder particles that get stuck within pores or corners

provoking material agglomerations. These could even explain

the positive deviations, which were observed during the

determination of the nominal cross sections of the BCC- and

F2CCZ-specimens (cf. Fig. 10). However, geometrical deviations

were found to be in the same range for similar lattice types,

i.e., independent of the number of unit-cells. This underlines

the high reproducibility of the PBF-EB/M process itself, which

was already concluded in Ref. [26]. For mechanical charac-

terization only the cross sections, which were calculated

based on the mCT scans, are considered. Nevertheless, it has to

be emphasized already at this point that potential mis-

matches in the geometrical appearance should be considered

for the later design process [49]. Sombatmai et al. [50] stated

that the effect of geometrical inaccuracies, i.e., undersizing or

oversizing of single struts, both are the main reasons for a

possible discrepancy between experimental results and nu-

merical simulations. To prevent this, Chahid et al. [51]

recently proposed a method to design a lattice CAD model

with a designed surface texture which is more representative

for the as-built condition.

3.4. Quasi-static properties

3.4.1. Compression properties
The stress-compression curves obtained from the quasi-static

compression tests for representative BCC- and F2CCZ-speci-

mens are depicted in Fig. 11. In line with DIN 50106 [52],

compressive strength sc,p,0.2 was determined at 0.2% plastic

deformation. For the BCC-specimen, a compressive strength

of sc,p,0.2 ¼ 71.1 MPa was found. A significantly higher sc,p,0.2-

¼ 367.3 MPa was found for the F2CCZ-specimen. Clearly, the

BCC-specimen shows a more ductile deformation behavior.

Within the quasi-static compression tests, several stages with

characteristic material responses can be identified for both
nd tensile/fatigue specimens based on CAD and mCT data.

Lattice type

T) F2CCZ (CAD) F2CCZ (mCT)

mm2 36.19 mm2 51.97 ± 1.22 mm2

mm2 12.17 mm2 17.41 ± 0.25 mm2

https://doi.org/10.1016/j.jmrt.2022.12.075
https://doi.org/10.1016/j.jmrt.2022.12.075


Fig. 11 e Stress-strain response obtained by quasi-static

compression tests on representative BCC- and F2CCZ-

specimens. Points labelled by letters refer to the DIC

images shown in Fig. 12.
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lattice types. For the BCC-specimen, these are referred to as A-

E, for the F2CCZ-specimen as A1-E1, respectively. The corre-

sponding DIC images at these stages can be found in Fig. 12.

In general, two different failure mechanisms are found in

case of the investigated lattice types. At stage A/A1 both

specimens are shown in unloaded condition (cf. Fig. 12). In

case of the BCC-specimen, thereafter a collapse of cells in

planes perpendicular to the load direction is seen. Such

behavior could be observed for several cell planes, whereby

numerously strength first dropped and then recovered to the

same load level being present before. At stages B-E, the

consecutive steps of failure are highlighted. Specifically, a

given cell plane collapses under the prevailing compression

load, eventually leading to a sudden load drop. As a conse-

quence, struts in the next cell plane are subjected to a bending

load, which can be clearly seen at stages C and D (cf. Fig. 12).

Finally, a densification (stage E) takes place and the cell plane

in focus is compressed into the next one. In consequence, the

previous steps are repeated. In case of the F2CCZ-specimen a

different material behavior can be seen. As already

mentioned, a significantly higher sc,p,0.2 could be determined,

however, a more brittle material behavior is found compared

to the BCC-specimen. At stage B1, a peak load position can be

seen. Here, certain outer struts already show buckling and

stress concentrations can be found in the struts oriented

parallel to the loading direction. After reaching the peak

stress, first failure occurred, which is highlighted within stage

C1 and D1 (cf. Fig. 12). It can be seen that oblique oriented

struts suffered a diagonal shear load. After this, a densifica-

tion takes place leading to nearly 32% of the initial peak load

until the next partial failure occurred.

3.4.2. Tensile properties
In Fig. 13 the stress-strain curves for representative BCC- and

F2CCZ-specimens are shown. Similar to the compression

curves, the F2CCZ-specimen is characterized by higher
mechanical strength directly compared to the BCC-specimen.

A yield strength of sYS,F2CCZ ¼ 373.9 MPa was determined for

the F2CCZ-specimen and sYS,BCC ¼ 155.7 MPa for the BCC-

specimen. Again, several stages with specific material re-

sponseswithin the test could be detected for both lattice types

and the corresponding DIC images for stages A-E (BCC-spec-

imen) and A1-E1 (F2CCZ-specimen) are plotted in Fig. 14. At

stage A/A1 specimens are shown in unloaded condition.

Focusing on the Young's modulus of both lattice types, it can

be seen that the F2CCZ-specimen exhibits a higher stiffness

(EF2CCZ ¼ 34 GPa) in direct comparison to the BCC-specimen

(EBCC ¼ 6.5 GPa). Considering the course of the stress-strain

curve, it can be deduced that the BCC-specimen can bear

again 93% of the initial peak load after the first (stage C) and

85% after the second load drop (both drops corresponding to

local failure within the structure). Furthermore, a high degree

of deformation is clearly visible at point E revealing a fairly

ductile material behavior with a fracture strain εf ¼ 17.9% for

the BCC lattice. On the contrary, the F2CCZ-specimen is

characterized by a more brittle behavior, since fracture strain

was found to be relatively low (εf ¼ 8.7%). Furthermore, the

load drop after reaching stage B1 was found to be more sig-

nificant and the specimen could bear again only 63% of the

initial peak load. First failure was initiated within the transi-

tion area to the bulk material, however, final failure occurred

on a 45� plane (with respect to loading direction) which could

not be captured by DIC, as only one plane of view was

monitored.

Lattice structures are generally defined as structures that

can be produced based on the repetition of unit-cells with a

defined geometry throughout the three-dimensional (3D)

space [53]. In an early study [15], it was demonstrated that

periodic lattice structures show higher specific strength

compared to stochastic foams with similar specific stiffness.

This was attributed to the periodic symmetry of these struc-

tures, which can easily be defined by a small number of design

parameters [54]. In particular, the base material, the cell

morphology and the relative density were found to prescribe

the mechanical properties of the lattice structures [21].

According to Nazir et al. [55] 90% of metallic cellular ma-

terials have yet been fabricated using PBF processes, however,

only a small number of industrial applications using AM lat-

tice structures can currently be found due to concerns

regarding their structural integrity. In order to address more

future application fields, numerous studies were already car-

ried out investigating influencing parameters such as

different materials [56,57], lattice types [58] and heat-

treatments [29] on the quasi-static deformation behavior. A

general classification for lattice structures into bending- and

stretch-dominated types can be done based on the Maxwell

criterion [22], which provides important information about

the mechanical behavior. Stretch-dominated structures are

typically more efficient and favored for lightweight construc-

tions since struts are loaded almost exclusively in tension or

compression. The stress-response of stretch-dominated lat-

tice structures in compression is typically characterized by

higher initial stiffness and higher compressive strength

compared to bending-dominated structures with similar

relative density [54]. Considering the results presented, the

distinction between a bending- and stretch-dominated
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Fig. 12 e DIC images of particular failure pattern during quasi-static compression tests for BCC- and F2CCZ-specimens; a)

Points A-E (BCC) and b) A1-E1 (F2CCZ) correspond to stages highlighted in the stress-compression curves (see Fig. 11).
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Fig. 13 e Stress-strain response obtained by quasi-static

tensile tests on representative BCC- and F2CCZ-specimens.

Points labelled by letters refer to the DIC images shown in

Fig. 14.
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material behavior is clearly visible. In detail, a five times

higher compressive strength could be determined for the

stretch-dominated F2CCZ-specimen (cf. Fig. 11). However, post

yield softening is observed resulting from brittle failure of

single struts or unit-cells, which is highlighted by the DIC

images in Fig. 12. Comparing the DIC images for both lattice

types, different damage mechanisms are visible. For the BCC-

specimen failure occurred solely within one lattice plane and

is repeated until final densification takes place, whereas fail-

ure occurred through several unit-cell planes under a 45�

angle within the F2CCZ-specimen. This was already reported

in Ref. [59]. Kadkhodapur et al. [60] correlated compression

curves with failure mechanisms for bending- and stretch-

dominated lattice structures and stated that stretch-

dominated lattice structures tend to fail layer-by-layer,

while bending-dominated structures fail triggered by shear

bands. The latter behavior cannot be confirmed in this study,

since the bending-dominated lattice structure failed layer-by-

layer and the stretch-dominated one failed under a 45� angle.
A possible explanation for the deviating deformation

behavior, compared to Kadkhodapur et al. [60], might be the

varying lattice geometry, which was used for bending- and

stretch-dominated deformation behavior. To conclude,

stretch-dominated structures are more structurally efficient

but are suffered by sudden failure with significant load drops

which can be attributed to the brittle material behavior [54]. In

comparison, bending-dominated structures are more

compliant and show an increased damage tolerance after

initial failure.

Comparing the quasi-static behavior under tension, the

stress-strain curve is similar to the compression curve in the

elastic region, however, after yielding the struts tend to

orientate along the loading direction until final failure occurs

[54]. As already described, first failure of the F2CCZ-specimen

occurred at the transition to the bulk material. However, with

increasing damage progress the lattice structure failed in a 45�
plane which could not be recorded by the DIC. Future in-

vestigations will focus on a modified specimen design with a

smooth transition from bulk to the lattice structure. There-

fore, different concepts such as graded lattice structures or

implementing transition elements will be taken into consid-

eration, as proposed in Refs. [61,62]. In line with the quasi-

static compression tests, higher stiffness and yield strength

were determined for the F2CCZ-specimen, however, a brittle

material behavior as well as a smaller degree of plastic

deformation were found, which is in line with literature

[61,63]. Further on, damage tolerance under tension was

found to be lower since the specimen only can bear load on a

lower level (63% of peak load) after initial failure compared to

the BCC-specimen, which can bear a load of 93% of the initial

peak stress after first failure (cf. Fig. 13). Investigations done by

Goodall et al. [25] elaborated the effect of simulated processing

defects in the form of missing struts. Thereby, it could be

shown that the plastic deformation behavior shows a clear

trend toward decreasing strength with increasing number of

missing struts. This can be directly correlated to the

increasing damage progress during quasi-static testing, which

might explain the lower stress levels after initial failure for

both lattice types. Gibson and Ashby [33] proposed that

missing struts can contribute to a change of mode of defor-

mationwithin porousmaterials. Considering theDIC images B

and C (cf. Fig. 14a) during quasi-static tensile tests, it can

clearly be seen that new stress concentrations are forming

after initial failure of the BCC-specimen, which can straight-

forward be attributed to the partial failure before. Classifying

the quasi-static properties based on known literature is quiet

challenging, since many variables such as manufacturing

method, process parameters, lattice morphology and relative

density can lead to differing mechanical properties. However,

several researchers [16,26] have compared their results to the

stiffness of the human bone clearly addressing the reduction

of stress shielding effects by reducing the stiffness mismatch

between implant and human bone.

Considering literature values [26], the Young's modulus of

cancellous and cortical bone is in the range of 0.5e20 GPa. For

the F2CCZ lattice type, a higher stiffness EF2CCZ ¼ 34 GPa could

be determined, however, it is significantly lower than for bulk

material (ETi6Al4V¼ 118 GPa [13]). This finally leads to a reduced

stiffness mismatch. For the BCC lattice type, a Young's
modulus EBCC ¼ 6.5 GPa was determined, this being very

similar to the human bone. Similar results were earlier re-

ported in Refs. [16,64]. Essential factors, which might influ-

ence the stiffness of porous structures, include the pore size or

relative density and the morphology of the cell so that stiff-

ness can be adjusted to the individual circumstances by

changing these parameters. Nevertheless, the surface topog-

raphy resulting from the as-built surface roughness can lead

to local heterogeneities and the formation of additional stress

concentrations, which might affect the initial peak stress

during quasi-static testing [26] as well as the material

behavior during cyclic loading, which will be discussed later.

3.5. Cyclic properties

Fatigue tests were carried out for both lattice types using a

combination of multiple step (MST) and constant amplitude
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Fig. 14 e DIC images of particular failure pattern during quasi-static tensile tests for representative BCC- and F2CCZ-

specimens; a) A-E and b) A1-E1 correspond to stages highlighted in the stress-strain curves (see Fig. 13).
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tests (CAT). The results of the MST are plotted in Fig. 15. In the

diagram, stress amplitudes (sa) are colored in blue, changes in

electrical resistance (DRDC) in orange and the total strain

amplitude (εa,t) in magenta. For the BCC-specimen, a

maximum stress amplitude of sa ¼ 40 MPa and a total number

of cycles Nf ¼ 77,323 cycles were achieved. For comparison,

the F2CCZ-specimen could reach amaximum stress amplitude

of sa ¼ 75 MPa (Nf ¼ 147,425 cycles). A first material response

in the form of a linear increase in DRDC and εa,t can be detected

for the BCC-specimen at a stress amplitude sa ¼ 25 MPa. With

an increasing number of cycles, the linear increase of the

measurement quantities changes to an exponential growth

ending in final failure. A similar behavior is seen within the

results of DRDC for the F2CCZ-specimen, whereby sudden

changes in DRDC are additionally present. These features can

be attributed to local failure within the lattice structure [36].

Obviously, εa,t only shows a slight linear increase followed by

an exponential growth shortly before final failure. Based on

the results presented, CATs were conducted for both lattice

types at stress levels which are in the range of the first ma-

terial response and the final failure, respectively.

To evaluate the damage progress within the respective

lattice structure, similar measurement techniques as for the

MSTwere used for the CATs. In Fig. 16, thematerial responses

for a BCC-specimen tested at a constant stress amplitude of

sa ¼ 35 MPa (Nf ¼ 28,123 cycles) are highlighted. Analogous to

the MST, DRDC is colored in orange, εa,t in magenta. Addi-

tionally, the dynamic Young's modulus Edyn as well as the

ratio between dynamic Young's modulus under compression

(Edyn, comp.) and tension (Edyn, ten.) are plotted versus the

number of cycles N. Based on the results depicted, four

different stages with specific material responses could be

identified, labelled as A-D. The corresponding DIC images are

shown Fig. 16aed. Representative for stage A, the specimen is

shown at the beginning of the test in damage-free condition.

As can be seen, the course of the measurement quantities is

nearly constant until 1.25 � 104 cycles. Thereafter, a linear

increase in εa,t and DRDC can be detected, which can be

attributed to the increasing defect density within the lattice

structure. At stage B, the first partial failure within the BCC-

specimen can be seen based on the DIC images (cf. Fig. 16b).

As a consequence, an increase in DRDC is visible. Additionally,

a stiffness reduction can be detected after the first partial

failure, which intensifies with increasing number of cycles

until final failure. Resulting from the partial failure within the

lattice structure, stress concentrations are formed, which are

then the origin of subsequent failure (stages C and D). Both

stages are characterized by a sudden increase in DRDC, which

can be attributed to the decreasing nominal cross section of

the lattice structure [36]. The final failure occurred shortly

after reaching stage D. The ratio between Edyn, comp. and Edyn,

ten. stays constant over the entire test implicating that no

buckling is present, which was earlier reported for two-

dimensional (2D) lattice structures [37].

Analogous to the BCC-specimen, the material responses

for a F2CCZ-specimen tested at a stress amplitude of sa-

¼ 60 MPa (Nf ¼ 108,714 cycles) are plotted in Fig. 17. Again,

measurement quantities DRDC, εa,t, Edyn as well as the ratio

Edyn, comp./Edyn, ten. were considered. Further on, specific stages

(A1-D1) within the test are highlighted and the corresponding
DIC images are shown in Fig. 17aed. In Fig. 16a, the specimen

is shown at the beginning of the test. The course of DRDC and

εa,t stays stable on the same level until 2.5 � 104 cycles. After

reaching stage B1, a linear increase can be detected for DRDC

and εa,t indicating that the present defect density or rather the

effective cross section is negatively influenced by crack initi-

ation and propagation [65]. Even Edyn linearly decreases until

stage C1, where first partial failure can be detected based on

the DIC images (cf. Fig. 17c). After the formation of further

stress concentration spots and additional partial failure

within the lattice structure (stage D1), an exponential growth

can be detected for DRDC and εa,t as well as an exponential

decrease for Edyn.

To provide additional data for the different lattice struc-

tures, specimens were investigated by fractographic analysis.

The fracture surface of the BCC-specimen (sa ¼ 35 MPa,

Nf ¼ 28,123 cycles) and the F2CCZ-specimen (sa ¼ 60 MPa,

Nf ¼ 108,714 cycles) is shown in Figs. 18 and 19, respectively.

As can be seen, a high number of partially melted powder

particles is present on the specimen surfaces and the cross

section differs significantly from the ideal round shape, which

was already discussed in section 3.3. Nearly all struts failed

close to the nodes, i.e., at locations where maximum stresses

are presumed. It is obvious, that every specimen contains a

high number of fractured surfaces. Most surfaces are char-

acterized by a crack propagation area as well as an overload

fracture area, however, the ratio between these areas differ,

eventually implying that the size of the crack propagation

area is an indicator for the point of failure during the cyclic

test. In other words, the bigger the overload fracture area, the

later these struts failed. Additionally, small pores and lack of

fusion defects are partially visible, however, crack initiation

was most often found at the surface.

As already stated, comparing the mechanical properties of

lattice structures is quiet challenging since many influencing

factors are present. Another concern might be the fact that

there are nearly no standards for lattice structures available.

Solely ISO 13314 [66] can be considered, introducing a pro-

cedure for quasi-static compression testing of metallic porous

structures. Eventually, new standards are needed in order to

enable a more reproducible determination of mechanical

properties in future investigations. However, it is well known

that additively manufactured lattice structures are particu-

larly prone to fatigue damage due to various reasons. One key

factor is the cell morphology since bulkmaterial is replaced by

a unit-cell geometry consisting of several struts, which are

connected at different nodes leading to a reduced load bearing

area as well as the formation of stress concentrations [54].

Further on, lattice structures are often characterized by

geometrical inaccuracies including high surface roughness.

These facts provoke differences between the CAD and the as-

built parts [48,54]. As mentioned before, the inclination angle

of single struts relative to the building direction is also an

important factor contributing to a high surface roughness. As

a consequence, surface roughness plays a crucial role when

considering the fatigue performance, especially for lattice

structures, due to the higher surface to volume ratio [49].

Thereby, deep micro-notches are more critical for small-scale

structures since they reduce most detrimentally the effective

cross section.
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Fig. 15 e Material responses recorded to be used for the analysis of deformation and damage progress in BCC and F2CCZ

lattice structures. Data were obtained in multiple step tests.

Fig. 16 e Material responses recorded for a BCC lattice structure (sa ¼ 35 MPa, Nf ¼ 28,123 cycles) to evaluate the damage

progress in constant amplitude tests with corresponding digital image correlation images at specific stages (AeD).
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Fig. 17 e Material responses recorded for a F2CCZ lattice structure (sa ¼ 60 MPa, Nf ¼ 108,714 cycles) to evaluate the damage

progress in constant amplitude tests with corresponding digital image correlation images at specific stages (A1-D1).

Fig. 18 e Fracture surface of a BCC-specimen tested at a stress amplitude of sa ¼ 35 MPa (Nf ¼ 28,123 cycles). The location of

the enlarged views is marked by the colored boxes superimposed to the overview image shown to the left.
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Fig. 19 e Fracture surface of a F2CCZ-specimen tested at a stress amplitude of sa ¼ 60 MPa (Nf ¼ 108,714 cycles). The location

of the enlarged views is marked by the colored boxes superimposed to the overview image shown to the left.
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To gain further information about the actual material state

during cyclic loading, additional physical measurement

methods such as digital image correlation and direct current

potential drop system are supplementary used. Typically,

material changes can be captured by means of total strain

amplitude and assessment of the dynamic Young's modulus.

Further on, Piotrowski et al. [65] demonstrated that even

resistance measurement techniques can be added to get

supplementary data. Thereby, the electrical resistance highly

depends on the specific electrical resistance, which is known

to be influenced by the actual defect density as well as the

effective cross section [67]. Thus, it can be expected that the

measurement quantities can be directly correlated with the

damage progress. During cyclic testing, lattice structures

typically undergo three stages [68]. Within stage I, the struc-

tures are dominated by ratcheting, i.e. the progressive accu-

mulation of plastic strain. Stage II is dominated by crack

initiation and propagation within the lattice structure and in

stage III multiple failure of single struts or nodes is present

eventually leading to final failure [54]. Especially stage II and III

can reproducibly be captured with the measurement tech-

niques used. In detail, slight increases in DRDC and εa,t as well

as a decrease in Edyn were noticed after a certain number of

cycles, which can be directly attributed to fatigue crack initi-

ation and propagation. Furthermore, partial failure of single

struts or nodes could be detected through sudden increases in

DRDC (cf. Figs. 16 and 17) [36]. Especially for the detection of a

single strut failure, the use of the DIC system is favored since it

enables a better understanding of the occurring damage

mechanisms [18,68]. Gorny et al. [17] even used the DIC

technique within their investigations clearly highlighting the

great potential. With increasing number of cycles, the linear
course of the measurement quantities changes to an expo-

nential course due to multiple failure within the lattice

structure clearly indicating the beginning of stage III. Failure

of single struts mostly occurred close to the nodes where

highest tensile stresses appear. As can be seen in the fracto-

graphic analysis, inner defects such as gas pores or lack of

fusion defects are present on the fracture surface, however,

crack initiation sites were located almost exclusively on the

specimen surfaces, which is in line with literature [69]. It was

stated by Zhao et al. [34] that preferred crack initiation sites

were observed around partially melted powder particles on

the strut surface, which significantly affects the fatigue per-

formance. Furthermore, multiple crack initiation sites were

seen in the fractographic analysis, which is typical for struc-

tures which are tested in as-built condition [70]. Coming to

crack propagation, failure occurred on a plane perpendicular

to the load direction for both lattice types (cf. Figs. 16 and 17).

However, it was already proposed in several studies [33,35,71]

that different unit-cell types as well as altering relative den-

sities might influence the failure mode. As can be seen,

complex geometries, i.e., lattice structures, show a different

damage behavior compared to bulk material, which contrib-

utes to the growing need for a conditionmonitoring especially

in safety-relevant applications. Additional fatigue tests are

needed in order to further investigate the fatigue behavior and

to develop a Woehler curve, which can be used as a basis for

construction and design processes aiming at the imple-

mentation of more AM lattice structures in industrial appli-

cations. Further on, new processes have to be established,

which can smoothen the surface of lattice structures since the

as-built surface roughness was found to be the main reason

for early fatigue failure.

https://doi.org/10.1016/j.jmrt.2022.12.075
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4. Conclusions and outlook

Within this work PBF-EB/M manufactured Ti6Al4V lattice

structures were investigated. Thereby, two different struc-

tural lattice types, BCC and F2CCZ, respectively representa-

tives for bending- and stretch-dominated deformation

behavior, were selected. In a primary step, microstructural

features were characterized by means of SEM. The results

showed nearly identical microstructural features for both

lattice types and build heights, which can be rationalized

based on the relatively small total lattice height of 21 mm.

Thus, it is thought that the microstructure does not affect the

mechanical tests. However, the increase of the a-lath width

over build height for the BCC lattice, which can be explained

by the reduction in heat accumulation over build height, is

noticeable from the data and might have an effect on me-

chanical properties for much higher lattice structures. mCT

analysis were conducted to determine the nominal cross

section of lattice structures since differences between CAD

and as-built parts are present. However, differences in the

nominal cross section were found to be similar for each lat-

tice type independent of the number of unit-cells implicating

the high reproducibility of the PBF-EB/M process. Within

quasi-static compression and tensile tests, the different

damage mechanisms for the lattice types could be high-

lighted, whereby the F2CCZ lattice shows a higher overall

stiffness and strength, however, it is characterized by a brittle

material behavior including significant load drops after first

failure. The BCC lattice shows a more ductile material

behavior with higher fracture strain and higher load bearing

capacity (93% of initial peak stress) after initial failure. During

cyclic testing, higher fatigue strength was achieved by the

F2CCZ lattice structures, however, as-built surface roughness

was found to be the main reason for early failure due to

multiple crack initiation sites at the specimen surfaces.

Furthermore, a direct current potential drop system aswell as

digital image correlation could be qualified to determine the

damage progress during the cyclic tests. In particular, mate-

rial reactions such as partial failure of single struts or nodes

could be correlated with changes in electrical resistance as

well as with total strain amplitude and dynamic Young's
modulus.

Future investigations will focus on the testing of an

increased number of specimens to develop a Woehler curve,

which can be used to enhance the number of industrial ap-

plications for additively manufactured lattice structures. To

further evaluate the cyclic material behavior of additively

manufactured lattice structures, different material classes

will be processed and testedwith the aim to predict the fatigue

life as a function of the base material, lattice type, surface

condition and relative density.
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