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Abstract
Electron beam powder bed fusion (E-PBF) enables the fabrication of new and complex light-weight structures within short process
times. However, increasing complexity of the producible components leads to complex damage mechanisms and interactions which
can not sufficiently be represented by typical material properties such as ultimate tensile strength or fatigue strength. In the current
research, the damage tolerance was investigated within a single unit cell plane for a stretch-dominated lattice type under uniaxial
cyclic loading based on the E-PBF manufactured Ti6Al4V alloy. During the experiments, a combination of application-specific
optical measurement techniques such as digital image correlation and thermography were used to capture occurring material
responses. In particular, a clear relationship between local deformation and temperature increase is visible. In comparison to
conventionally manufactured material, similar mechanical properties can be achieved in low cycle fatigue range. Furthermore,
captured material responses could be used as a basis for future monitoring systems in order to enable a reliable application in safetyrelevant components.
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1. Introduction
Additive manufacturing (AM) is known as layer-by-layer manufacturing of components with almost unlimited
geometrical freedom (Herzog et al., 2016). So far, especially powder bed fusion (PBF) techniques are part of much
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ongoing research, whereby laser (L-PBF) and electron beam powder bed fusion (E-PBF) are the two most common
representatives. Both processes utilize a high energy source to locally melt powder particles according to a defined
CAD data. In particular, E-PBF offers a certain number of benefits since high processing temperatures can lead to
lower residual stresses and the vacuum atmosphere reduces the risk of oxidation which is of special interest for oxygensensitive materials like titanium alloys (Körner, 2016). Until now, especially Ti6Al4V, which is known for its high
strength-to-weight ratio, good corrosion resistance as well as good biocompatibility, was extensively investigated (Liu
& Shin, 2019). It is preferably used in biomedical applications like permanent implants. However, as bulk Ti6Al4V is
much stiffer than the human bone, stiffness mismatches are present which can lead to local stress shielding. In order
to reduce these mismatches, several approaches including the implementation of new material classes or patientoptimized designs are currently considered. In this context, periodic lattice structures are a promising candidate since
they can easily be manufactured by AM and enable the local adjustment of material properties. So far, much research
was carried out by investigating the influence of different unit cell types (Heinl et al., 2008), different build directions
(Wauthle et al., 2015) as well as subsequent heat treatments (Brenne et al., 2013) on the mechanical behavior of lattice
structures.
However, as mentioned above most studies focused on lattice structures consisting of an increased number of linked
unit cells, whereby the damage behavior as well as the identification of primary failure can be highly complex.
Therefore, the consideration of a single unit cell is mandatory. To the best of the authors’ knowledge, no profound
knowledge regarding the damage mechanisms within a single unit cell is available in literature. Prior work (Kotzem
et al., 2020) already investigated the mechanical behavior of small-scale struts. Based on these results, applicationspecific measurement techniques were introduced in order to monitor the corresponding damage progress or rather
damage tolerance during cyclic loading. Within the scope of this work, a single unit cell plane is investigated for the
f2ccz lattice type under uniaxial cyclic loading. Therefore, constant amplitude tests (CAT) are carried out and material
responses, i.e. strain distributions and temperature changes, are captured in order to describe the deformation and
damage behavior. Furthermore, common fatigue life estimation approaches are introduced in order to enable a better
insight into the damage tolerance of additively manufactured lattice structures.
2. Materials and experimental procedures
The specimens of E-PBF manufactured Ti6Al4V alloy were manufactured upright by means of an Arcam A2X
machine (Arcam AB, Mölndal, Sweden). Typically, the E-PBF process consists of four repetitive steps: preheating,
local melting of the current powder layer with the electron beam according to the CAD data, lowering down building
platform and forming a new powder layer. During preheating, temperature was set to 730 °C and the beam current
was 30 mA. For hatching, the snake scanning strategy was chosen. Beam current as well as beam speed was 21 mA
and 4,530 mm/s, respectively. The focus offset was 3 mA and the speed function was set to 98. In terms of contouring,
the beam current and speed were set to 4 mA and 340 mm/s, respectively. The chosen layer thickness was 50 µm. For
reference purposes, similar specimens were extracted from a conventional wrought Ti6Al4V plate by means of water
jet cutting.

Fig. 1. Stretch-dominated f2ccz lattice type with corresponding specimen geometry. The investigated unit cell plane is marked in red color.
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Typically, lattice structures can be classified into either stretch- or bending-dominated. In this work, f2ccz (stretchdominated) lattice type was selected. The single unit cell as well as the corresponding CAD geometry for later cyclic
testing is shown in Figure 1. The chosen plane (X-Z plane) within the unit cell is marked in red color. The nominal
cross section of the specimens is depicted in Table 1. For the additively manufactured f2ccz-specimens, z-struts were
manufactured with a total width of 2 mm instead of 1 mm for the conventional specimens.
Table 1. Nominal cross section of the different lattice types.
Lattice type

Material state

Nominal cross section

f2ccz

as-built

14.49 mm²

f2ccz

machined

10.49 mm²

For microstructural investigations, the light microscope Axio Imager (Carl Zeiss, Oberkochen, Germany) was
used. According to ISO 4288, surface roughness was determined along building direction (BD) by using the surface
roughness tester M300C (Mahr Group, Göttingen, Germany). Furthermore, specimens were penetrated by computed
tomography (µ-CT). Therefore, the system XT H 160 (Nikon Metrology, Tokyo, Japan) with a maximum acceleration
voltage of 160 kV was used. The corresponding scanning parameters are listed in Table 2.
Table 2. Scanning parameters for the computed tomography scans (μ-CT).
Material

Beam energy

Beam current

Power

Ti6Al4V

146 kV

66 µA

9.64 W

Effective pixel size
22 µm

Exposure rates
354 ms, 2.82 fps

The reconstructed volumes were quantitatively analysed by the software VGStudio Max 2.2 (Volume Graphics
GmbH, Heidelberg, Germany). Additionally, hardness measurements (HV 0.2) were carried out with a micro hardness
tester HMV-G-FA (Shimadzu, Kyoto, Japan). Five hardness measurements were carried out for both material states
and average hardness values were determined, according to ISO 6507.
As next, fatigue tests were performed at the servohydraulic testing system Instron 8872 (Instron, Norwood, USA)
equipped with a 10 kN load cell and Instron 8800 controller. The test frequency was f = 5 Hz and stress ratio was set
to R = –1 (tension–compression). The selected stress amplitudes for the different material states are listed in Table 3.
Table 3. Selected stress amplitudes for the fatigue tests.
Lattice type

Material state

Stress amplitudes σa

f2ccz

as-built

130, 175, 215 MPa

f2ccz

machined

150, 200, 250 MPa

The occurring material responses were captured by means of a combination of digital image correlation (DIC) and
thermography. Since large datasets can be generated during cyclic testing, a triggered image acquisition was applied
to analyze the cyclic deformation behavior. Furthermore, stress-strain hysteresis loops were compiled and the total
maximum strain (εmax, t) was identified. The stiffness at specific stages within the cyclic tests was determined by
calculating the dynamic Young’s modulus (Edyn) for compression and tension according to the following equations:
Edyn, comp = |σmin| ꞏ |εmin|-1

(1)

Edyn, ten = |σmax| ꞏ |εmax|

(2)

-1

whereby Edyn can approximately be described by the gradient of a linear slope between the reversal point
(compression or tension) of the hysteresis and the zero transition.
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3. Results and discussion
3.1. Microstructure, process-induced porosity and hardness
The microstructure of E-PBF manufactured Ti6Al4V is shown along building direction (BD) in Figure 2a,
consisting of the typical α + β structure, however, acicular alpha prime (α’) martensite phase is present. It was already
shown that the high build temperature within the E-PBF process has an essential effect on the microstructural
evolution, since an in-process heat treatment is provided, thus, α’ martensite phase can be completely decomposed to
the equilibrium α + β microstructure (Liu & Shin, 2019). The microstructure of the conventional wrought Ti6Al4V is
presented in Figure 2b for comparison. As can be seen, a slightly coarser globular α + β dual phase is visible.

Fig. 2. Typical microstructure of (a) E-PBF manufactured and (b) conventional wrought Ti6Al4V.

The detected pores and their location within an exemplary E-PBF manufactured f2ccz-specimen are shown in
Figure 3a. The total analyzed volume was 335 mm³ and relative density was found to be >99.9%. As can be seen, only
a small number of pores is present and they are randomly distributed. However, as effective pixel size was set to
22 µm, no pores below this threshold can be detected.

Fig. 3. 3D pore analysis and defect state of E-PBF manufactured as-built Ti6Al4V: (a) location of pores; (b) sphericity, (c) pore density.

The detailed pore analysis is presented in Figure 3b and c. Both, the sphericity as well as the pore density are
plotted versus the equivalent pore diameter dp. As mentioned above, a small number of pores were detected and most
of the pores have an equivalent pore diameter around 200 µm. Only one pore exhibited an equivalent pore diameter
>800 µm. Furthermore, it is visible that sphericity slightly decreases with increasing pore diameter, however, average
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sphericity was found to be S = 0.55 implicating relative round shapes of the process-induced pores. On the contrary,
no process-induced porosity was detected in the tomographic scans for the conventional wrought material.
As next, the measured values for average roughness (Ra), mean roughness depth (Rz) and maximum roughness
(Rmax) for both material states are listed in Table 4. For the as-built material, Ra was found to be 17.9 µm showing a
three times higher surface roughness value as machined specimen’s, which were extracted by water jet cutting. The
same tendency can be seen in the results of Rz and Rmax. Typically, E-PBF manufactured components are suffered
by high process-induced surface roughness due to partially melted powder particles remained on the specimen’s
surface as well as the presence of “plate-pile” like stacking defects (Persenot et al., 2017). In particular, E-PBF
manufactured specimens made of Ti6Al4V show Ra values that range between 32 and 46 µm (Persenot et al., 2017),
however, lower values for Ra were determined in this work.
Table 4. Surface roughness of machined and as-built Ti6Al4V.
Material state

Ra [µm]

Rz [µm]

Rmax [µm]

Machined (water jet cutting)

4.5 ± 0.5

22.7 ± 1.8

30.4 ± 2.7

As-built (E-PBF)

17.9 ± 2.1

89.0 ± 5.8

115.2 ± 8.5

As part of primary investigations, hardness measurements were conducted for both material states. For the E-PBF
processed Ti6Al4V, average hardness was found to be 336 ± 7 HV and similar hardness values, in total 337 ± 7 HV,
were determined for the conventional Ti6Al4V which are in accordance with known literature (Koike et al., 2011).
3.2. Fatigue behavior
Fatigue tests were carried out at different stress amplitudes, as mentioned above, for both material states. In order
to investigate the damage tolerance of the f2ccz lattice type, an exemplary CAT with the captured material responses
is shown in Figure 4. The specimen was tested at a stress amplitude of σa = 175 MPa (Nf =13,205 cycles). In the
diagram, change in temperature (ΔT) is colored in green and the total maximum strain (εmax, t) in orange. Based on the
results, several stages with specific material reactions can be identified which are subsequently named as A-E.
Additionally, corresponding DIC and thermography images at these stages are included in Figure 4.

Fig. 4. Material responses recorded to be used for the deformation analysis and damage progress in constant amplitude tests with corresponding
digital image correlation and thermography images at specific stages (A-E).
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As exemplary shown at point A/B/C, the results of the measurement techniques are characterized by an almost
horizontal course. Referring to the material response highlighted, a first reaction in the form of a sudden increase in
ΔT as well as in εmax, t can be detected in point D. With regard to the corresponding DIC and thermography image, the
partial failure of the specimen can be detected. It can be stated that the local deformation within the specimen can be
attributed to dissipated energy due to plastic deformation (Walther & Eifler, 2007). Resulting from the partial failure
of the specimen, two further stress concentrations can be detected at point E and final failure occurred shortly after
(Nf = 13,205 cycles). However, due to the triggered image acquisition, this point could not be captured by the DIC.
In order to further analyze the change in εmax, t, the DIC data was used to compile stress-strain hysteresis loops for
the investigated specimen. Therefore, the stress or rather the force signal of the servohydraulic testing system was
approximated by a sinus function in order to link the captured strain with the corresponding stress values. The
coefficient of determination was found to be R2 = 0.9991. The stress-strain hysteresis loop at N = 250 cycles is shown
in Figure 5a. To provide a better overview within the figure, only peak values are subsequently highlighted for
different hysteresis loops at point C (0.85 Nf) and D (0.90 Nf). Furthermore, changes in dynamic Young’s modulus
under tension (Edyn, ten) and compression (Edyn, comp) as well as the ratio between Edyn, comp. and Edyn, ten are plotted versus
the number of cycles, shown in Figure 5b. Additionally, absolute values for Edyn, comp and Edyn, ten are listed in Table 5
for the defined stages (A-E).

Fig. 5. (a) Compiled stress-strain hysteresis loops within the constant amplitude tests for an E-PBF as-built f2ccz-specimen at specific stages and
(b) calculated values for Edyn, comp and Edyn, ten plotted versus the number of cycles.
Table 5. Calculated values for Edyn, comp and Edyn, ten at specific stages.
Number of cycles

Stage

Edyn, comp [GPa]

Edyn, ten [GPa]

Edyn, comp / Edyn, ten

250

(0.02 Nf)

A

53.0

49.5

1.1

6500

(0.50 Nf)

B

55.8

47.3

1.2

11,250 (0.85 Nf)

C

56.2

43.6

1.3

12,000 (0.90 Nf)

D

58.4

22.4

2.6

13,000 (0.98 Nf)

E

59.6

17.7

3.4

At the beginning of the CAT (N = 250), Edyn shows quite similar values under tension and compression ranging
from 49.5 to 53.0 GPa. With increasing number of cycles, small differences are present and as a consequence the ratio
between Edyn, comp and Edyn, ten only slightly increases. However, at point D the partial failure of the specimen leads to
a buckling of the hysteresis loop under tension (Figure 5a), resulting in an increased total maximum strain εmax, t and
stiffness degradation under tension. In total, Edyn, ten drops to 22.4 GPa after the partial failure of the specimen, leading
to a ratio of 2.6 when compared to Edyn, comp. These trends further intensify until final failure. By comparison, no
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significant changes in the hysteresis loop are visible under compression, even after partial failure. It is known from
literature (Radaj & Vormwald, 2007) that no crack growth or rather damage progress proceed during crack closure.
However, it was demonstrated that crack closure does not exactly take place in the compression/tension transition but
rather above this point. Based on the open crack or, in particular, the partial failure of the specimen, stiffness changes
result which explain the buckling of the hysteresis loop.
The results of all CAT are depicted in Figure 6. As can be seen, the E-PBF manufactured material shows slight
differences in the fatigue behavior compared to the conventional material in the low cycle fatigue (LCF) range,
however, with increasing number of cycles higher variances are present.

Fig. 6. Woehler curves for the investigated material states.

The decreased fatigue strength of the E-PBF manufactured Ti6Al4V in high cycle fatigue (HCF) might be
attributed to the increased process-induced surface roughness, since fatigue crack initiation mainly started at the
specimen’s surface which could be seen in fractographic analysis. However, Chan (Chan, 2015) has shown that fatigue
life mainly depends on maximum roughness (Rmax). It was demonstrated that increasing values for Rmax lead to a
reduction in fatigue life. It is expected that supporting cross section is decreased due to the high values for Rmax.
Additionally, Kahlin et al. (Kahlin et al., 2017) demonstrated that multiple crack initiation sites are present for as-built
manufactured specimens which further affect the final fatigue life.
With regard to later lattice structures consisting of several linked unit cells, the fatigue behavior has to be estimated
in order to enable a potential application in safety-relevant components. It has to be proved how common fatigue life
estimation approaches can be adapted for complex geometries, thus, Basquin equation (Basquin, 1910) was used to
describe the fatigue life of the investigated structures according to the following equation:
σa = σf’ ꞏ (2 Nf)b

(3)

where σa is the stress amplitude, σf’ is the fatigue strength coefficient, Nf as number of cycles to failure and b is the
fatigue strength exponent.
Based on these definitions, S-N curves were calculated and corresponding equations are included in Figure 6. It is
demonstrated that the fatigue curves give a good approximation about the fatigue life for both investigated material
states. However, the E-PBF manufactured specimens are suffered by increased variances in the number of cycles to
failure, implicating that further investigations are needed and new approaches have to be implemented in order to
enable a reliable fatigue life prediction for complex geometries.
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4. Conclusions and outlook
Within the scope of this work, the damage tolerance within a single unit cell plane was investigated for the f2ccz
lattice type based on the E-PBF manufactured Ti6Al4V alloy. The microstructure of the E-PBF manufactured
specimens consists of a mixture of α + β structure, combined with acicular α’ martensite phases. Through µ-CT
analysis it could be demonstrated that near fully-dense components can be manufactured by E-PBF. Within cyclic
testing, measurement techniques such as DIC and thermography can be qualified for the reliable detection of partial
failure within the specimen. In particular, failure within the specimen can be identified by a local temperature increase
due to dissipated energy. Furthermore, DIC data can be used to compile stress-strain hysteresis loops. It could be
stated that the increasing damage progress leads to stiffness degradation especially under tension, resulting in a
buckling of the hysteresis loop. In comparison to the reference material, similar cyclic properties can be noticed in the
LCF range. However, with increasing number of cycles higher variances are present which might be attributed to local
stress concentrations, resulting from the process-induced surface topography of the E-PBF manufactured specimens.
Future investigations will focus on the adaption of the presented measurement techniques towards complex lattice
structures which consist of several linked unit cells in order to describe and evaluate the different damage mechanisms
under cyclic loading. Furthermore, it has to be proved how the increasing complexity of the component affects the
damage tolerance.
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