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A B S T R A C T

The possibility of patient-specific implants, using additive manufacturing, has led to a steady increase in demand, 
especially during the last decade. With the opportunities of layer-wise manufacturing, nearly all design and 
geometrical property requirements for patient-individual manufacturing can be fulfilled. Complex lattice 
structures, such as triply-period-minimal-surfaces (TPMS), are commonly used in medical applications to over
come problems of stress shielding. In this study, the mechanical properties and the fatigue damage evolution will 
be characterized using the digital image correlation (DIC) and direct current potential drop (DCPD) method. This 
is complemented by microstructural and computed tomography methods for a holistic characterization of the 
damage mechanisms and defect structure to improve the comprehension of failure mechanisms in complex lattice 
structures.

1. Introduction

Due to the increased strength of titanium alloys [1,2] and excellent 
biocompatibility [3], alloys such as Ti–6Al–4V will be used in medical 
implant applications [4]. Today’s standard is the use of Ti–6Al–4V 
Grade 5 and Grade 23. These alloys show differences in content that 
influence mechanical, microstructural, and corrosive properties [5]. 
That’s the reason, why Ti–6Al–4V Grade 23 is commonly used for 
implant applications [6,7]. The demand for personalized implants has 
increased significantly in recent years, as individual bone structures 
vary from human to human, and led to further developments regarding 
alloys and manufacturing processes. Additive manufacturing, especially 
selective laser melting (PBF-LB/M) and electron beam melting 
(PBF-EB/M) processes virtually eliminate production-related limitations 
and enable the production of complex lattice structures without design 
restrictions in order to reduce “stress shielding” while combining 
enhanced material properties and manufacturing capabilities [8,9]. 
Stress shielding is a cross-implant phenomenon that is caused due to the 
discrepancy between the implant (~110 GPa) and the human bone 
(~10–30 GPa) [8]. Porous structures with less density on the same 
volume, are called lattice structures and can be individually adapted to 
the requirements. Specific lattices for medical applications are typically 
triply-periodic-minimal-surface (TPMS), which can be used to reduce 

the mechanical properties such as stiffness of biomedical alloys, and 
increase the important prerequisite of cell adhesion after surgery for 
different implant applications [10–12]. As the number of additive 
manufacturing systems for medical fields increased rapidly, these types 
of implants rised up significantly and emphasized the importance of 
proper investigations of the mechanical properties. Consequently, the 
overall aim is to increase the understanding of important failure 
mechanisms in the context of patient safety which cannot be under
estimated. In recent studies, the compressive behavior was character
ized for different cell sizes and resulting densities while showing 
enhanced and adapted mechanical properties with reduced stiffness 
compared to bulk materials [13,14]. The quasistatic deformation 
behavior of different additively manufactured materials and lattice 
types was investigated using advanced measurement techniques such as 
digital image correlation [15,16], while the compression fatigue 
behavior of TPMS lattice structures was initially characterized by 
Hitchon et al. [17]. Furthermore, lattice structures improve energy ab
sorption through plastic deformation and collapse of single cells/struts 
due to the decreased density, as well as the controllability of the 
corrosion behavior which are powerful and porosity-related properties 
for medical implant applications [18–21]. The layer-wise building 
strategy enables the production of complex geometries while addressing 
several manufacturing-related aspects such as surface roughness which 
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influences the fatigue behavior and consequently the design of implants 
[22,23]. Therefore, further investigations focused on lattice structures 
while comparing these results to simulations in case of similar strain and 
stress accumulations to be able to predict and forecast design-relevant 
properties. Liu et al. [24] addressed the enhanced fatigue resistance of 
different cell types in the as-built condition as well as the advantages of 
post-processing like hot-isostatic pressing HIP to reduce 
manufacturing-related defects and surface roughnesses. Further studies 
on different lattice structures and their damage evolution were con
ducted by Kotzem et al. [25,26] and focused on the mechanical behavior 
under increased service-relevant temperatures to address and compare 
the deformation behavior which underlines the flexibility in application 
for complex lattices. As there are high requirements for the geometrical 
accuracy of manufacturing lattice structures with relatively high den
sities (~70 %), non-destructive characterization, e.g. by computed to
mography is required to evaluate microporosity and surface roughness 
as influencing factors for the mechanical properties [27]. Further in
vestigations [28,29] focused on the effect of microporosity in case of 
size, shape and morphology as well as the defect distributions on the 
mechanical properties of metallic components. Based on the literature 
on standardized unit cell-based lattice structures, further developments 
show adapted models and designs for medical applications. Specific 
designs such as Split-P TPMS lattices show improved mechanical and 
geometric/volumetric properties for increased tissue integration and 
bone regeneration of Ti–6Al–4V implants due to an even more similar 
structure to the human bone [30]. In addition to the advantages of the 
adjustment of the mechanical properties, TPMS are commonly used in 
the biomedical field due to their functional surface and bone-related 
structure which promotes important biological properties such as cell 
adhesion and cell growth [31].

Within this study, the local deformation behavior will be charac
terized using digital image correlation and the potential drop method to 
emphasize the complexity of measurement systems to characterize the 
damage mechanisms inside additively manufactured complex lattice 
structures including the effects of microporosity which are essential for a 
holistic understanding. The knowledge will be used to predict and better 
understand the damage mechanisms inside the human body.

2. Experimental methodology

2.1. Materials and process route

Additively manufactured Ti–6Al–4V ELI (Grade 23) specimens were 
processed using a TruPrint 1000 laser beam powder bed fusion (PBF-LB/ 
M) machine by Laser Center Hannover e.V. (LZH). The PBF-LB param
eters are listed in Table 1. After specimen production, additional heat 
treatment was conducted at 1050 ◦C for 4 h with subsequent oven 
cooling for 4 h under vacuum conditions to set an α+β microstructure 
(Fig. 3) without martensitic proportions.

The processed powder was produced by Eckart TLS GmbH (Bittefeld- 
Wolfen, Germany) with predominantly spherical morphology and par
ticle sizes between 20.0 and 53.0 μm. The chemical composition of the 
powder is shown in Table 2 and was determined using an OES 720 
system (Hitachi, Japan).

Specimens were designed using nTopology software (nTop, USA) to 
generate high-resolution stl-files for the additive manufacturing process 
to generate complex tensile and compression structures. The specimens 
are designed to focus on defined porosity (lower density on defined 
volume compared to bulk material) to set the required material prop

erties for medical applications regarding stiffness to prevent stress 
shielding and geometrical accuracy as well as adequate surface prop
erties to enable cell adhesion. The unit cell size (C) was chosen as 2.0 
mm and is determined by C = 2p + 2w whereas p is the pore size and w 
the wall thickness of a single unit cell. All specimens were manufactured 
in an upright, perpendicular position (build direction, BD), as shown in 
Fig. 1b.

2.2. Microstructural and computed tomography analyses

Microstructure analysis was performed on hot-embedded specimens, 
which were ground and polished up to oxide polishing suspension (OPS 
with colloidal SiO2, grit size 0.3 μm). The microstructure was investi
gated on etched specimens (using Lichtenegger & Bloch etching sus
pension) under a Zeiss Axio Imager.M1m (Zeiss AG, Jena, Germany) 
light microscope. The Vickers hardness was determined using a Dia- 
Tester 2 (Wolpert, Germany) macro-hardness testing device (HV10) 
and an HMV-G (Shimadzu, Kyoto, Japan) micro-hardness testing device 
(HV0.01). Prior to the mechanical investigations, 3D volume scans were 
conducted using Nikon XT H160 and ProCon Alpha Duo computed to
mography (CT) scanners, which were further analyzed regarding 
porosity distribution using VG StudioMax software 2024.2.1 (Volume 
Graphics GmbH, Heidelberg, Germany). The CT scans were evaluated 
regarding manufacturing defects, geometric properties, and adhesion of 
partially sintered, unmelted powder particles within the lattice struc
tures. The used scan parameters were constant for all tests and are listed 
in Table 3.

Additional investigations regarding the macro-surface roughness of 
additively manufactured lattice structures were performed using an 
optical digital microscopy system VHX7000 (Keyence, Osaka, Japan) 
due to AM-specific roughness profiles. The micro-surface roughness was 
characterized using atomic force microscopy LightScope (NenoVision, 
Brno, Czech Republic) in combination with FIB-SEM investigations 
using a Crossbeam 550 (Zeiss AG, Jena, Germany). Further, the residual 
stresses before and after heat treatment were determined using a Pulstec 
μ-X360s with vanadium tube and 2 mm collimator.

2.3. Mechanical characterization

Quasistatic tests of TPMS lattice structures were carried out using an 
Instron 8801 servo-hydraulic testing system equipped with a ±100 kN 
load cell (Instron UK, High Wycombe, UK). A Limess Q400 3D-DIC 
system (Limess Messtechnik und Software GmbH, Krefeld, Germany) 
with 75 mm objectives and a 5 MP detector was used for (local) defor
mation observation and strain calculation (Fig. 2).

Further, the DIC system was used for the high cycle fatigue (HCF) 
investigations for monitoring of local deformation, strain, and crack 
evolution [32,33]. The HCF behavior was characterized using 
stress-controlled constant amplitude tests (CAT) at a service-relevant 
load ratio of R = - 1 (fully-reversed load) and a testing frequency of f 
= 10 Hz. The damage behavior was characterized using an ImageIR 
8880 thermography system (InfraTec GmbH, Dresden, Germany) and 
resistance measurements in the context of potential drop method. The 
potential drop data was recorded during the fatigue tests using Quan
tumX (Hottinger Bruel & Kjaer GmbH, Darmstadt, Germany) at a 
recording frequency of fR = 1000 Hz; the current was chosen to be I =
2.0 A using a Soerensen XG 100–8.5 direct current source.

Table 2 
Chemical composition of Ti–6Al–4V ELI powder.

Element Ti Al V Fe C Nb Total other

wt [%] Bal. 6.09 3.97 0.184 0.01 0.01 <0.4

Table 1 
PBF-LB scanning parameters for Ti–6Al–4V lattice structures.

Laser 
power

Scanning 
speed

Layer 
thickness

Beam 
diameter

Scanning 
rotation angle

TruPrint 140 W 1250 mm/s 30 μm 30 μm 67◦
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3. Results and discussion

3.1. Microstructure and (micro-) porosity

Prior to the mechanical characterization of the TPMS lattice struc
tures, the microstructure of as-built (AB) and heat-treated (HT) condi
tions were compared in terms of grain size, distribution, and residual 
stresses. Scanning electron and light microscopy showed that the 
microstructure transformed to a homogenous α+β mixture without 
preferred grain orientation and increased grain size between 100 and 
200 μm, highlighted in Fig. 3b and determined using the line section 
method. Due to stress-relief treatment after manufacturing, the mea
surement of the residual stresses showed that these could be reduced 
successfully from AB = 65 ± 9 MPa to HT = − 12 ± 4 MPa.

The heat treatment led to a uniform mixed structure in all parts of the 
lattice. Macro- and micro-hardness measurements (Table 4) revealed no 
difference between solid rods and the connecting points of the lattice 
structures, which underlines the homogeneity of the grain distribution 
inside the lattice structure. The achieved Vickers hardness for both types, 
with a value of around 300–350 HV, is comparable to the literature [34,
35] and leads to the assumption, that the geometric structure has no 
influence.

Table 3 
Parameters for CT analyses of Ti–6Al–4V lattice structures.

Beam 
current

Beam 
energy

Power Working 
distance

Effective 
pixel size

Exposure 
time

Exposure 
rate

75 μA 134 kV 10.5 
W

174 mm 12.7 μm 354 ms 2.82 fps

Fig. 2. Experimental setup for tensile and fatigue tests of Ti–6Al–4V lat
tice structures.

Fig. 1. a) Schematic image of TPMS unit cell; b) specimen geometry for tensile and fatigue assessment of TPMS lattice structures.

Fig. 3. a) SEM image of Ti–6Al–4V lattice structure and b) light micrograph with Ti–6Al–4V evolution in lattice.

Table 4 
Macro- and micro-hardness of Ti–6Al–4V.

Type Solid (PBF-LB/M) TPMS-lattice (PBF-LB/M)

HV10 320 ± 17 HV 304 ± 4 HV
HV0.01 328 ± 21 HV 309 ± 9 HV
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In addition to microstructure, CT was used to analyze the 
manufacturing-related geometric properties and the micro-porosity of 
the struts. When focusing on geometric accuracy, the CT-based density 
calculation for the lattice part (marked in the blue rectangle in Fig. 4a) 
shows a global density of approx. 69.55 %, which results in an effective 
cross-section of approx. Aeff = 100 mm2. The cavities of the lattice are 
mostly free of powder residuals and show a homogenous shape in all areas 
of the structure. The inside of the structure inherits an increased surface 
roughness which may affect the mechanical properties. Due to lattice- 
specific melting strategies, there is an increased probability for micro
porosity such as gas pores and lack of fusion defects. In Fig. 4c, the defect 
distribution of a single specimen within a defined region of interest (see 
Fig. 4a) shows an enhanced number of defects with a small size and a 
spherical shape which leads to a higher percentage of gas porosity which 
results in a higher sphericity value. The equivalent defect size (dependent 
on real defect area and sphericity) was plotted over the number of mi
cropores and the average sphericity factor of single defect categories. The 
amount of lack of fusion defects, detectable by the lower sphericity of AM 
components [36], is comparatively low. It is apparent, that the sphericity 

decreases with increasing equivalent defect size, which underlines the 
argumentation of a lack of fusion defects. Defects with an equivalent size 
of 80 μm show higher sphericity (≈0.5–0.6) than bigger defects with 
approx. 250–300 μm and a sphericity of 0.4. Especially the bigger 
defects/pores with the lower sphericity will strongly affect the mechan
ical properties [37,38] in combination or as well as the notch factor effect 
of lattices in general. Further characteristics such as perimeter, intercept 
and real pore are need to be taken into account due to significant effects 
on materials properties [39]. These factors can significantly impact the 
quasistatic properties as well as the fatigue lifetime and have to be 
carefully taken into account when focusing on fatigue failure analysis.

3.2. Quasistatic deformation behavior

The quasistatic deformation behavior of additively manufactured 
TPMS lattices is important to evaluate regarding the mechanical prop
erties in the context of stiffness adaptability. Fig. 5 shows the stress- 
strain curves of bulk and TPMS structures to highlight the adapted 
mechanical properties in the context of preventing stress shielding. 

Fig. 4. a) 2D-CT side view with area of interest, b) 3D-CT reconstruction of Ti–6Al–4V lattices, and c) defect distribution with LogNormal fit and sphericity.
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When comparing the tensile properties (Young’s modulus (YM), yield 
strength (YS), ultimate tensile strength (UTS), and elongation at fracture 
(FS)) differences need to be properly understood for targeted use in 
biomedical applications. Ti–6Al–4V bulk material shows a yield strength 
(YS) of 784 ± 12 MPa and an ultimate tensile strength of 869 ± 7 MPa 
which is comparable to the literature [40]. The TPMS lattice structure 
shows a yield strength of 285 MPa and an ultimate tensile strength of 
301 MPa which is close to factor 3 less than bulk material while reducing 
the mass to 69.55 % of solid. The most important parameter for implant 
applications is the stiffness. Due to the effective area of the TPMS lattice, 
the stiffness is significantly reduced from 110 to 30 GPa, reducing or 
preventing the phenomenon of stress-shielding [41–43]. Due to the 
adapted microstructure caused by the heat treatment, the ductility (FS 
≈ 9 %) is high to increase the damage tolerance under cyclic loading for 
implant applications.

The quasistatic properties are summarized in Table 5, addressing the 
differences between solid and TPMS-lattice characteristics.

3.3. Fatigue behavior and damage evolution

In addition to the quasistatic performance of additively manufac
tured TPMS lattice structures, the fatigue behavior needs to be properly 
understood and characterized in terms of damage evolution and crack 
initiation. Fig. 6 visualizes the S–N (Woehler) curve of the TPMS lattice 
structure with a density of 69.55 %. The constant amplitude tests (CAT) 
correlate well to the Basquin equation (R2 = 0.98) with a fatigue 
strength coefficient of σf = 633 MPa and a fatigue strength exponent of 
b = − 0.21, whereas the exponent for bulk material was determined 
with b = − 0.12. In addition, the scatter is low, which can be observed 
by analyzing the 90 % scatter band for high cycle fatigue (HCF) regime. 
This lattice type leads to stress amplitudes from 70 to 35 MPa within the 

HCF regime and shows a slightly increased slope to other topic-related 
studies [44]. Fatigue failure was always detected in the gauge length 
section of the specimen. The fatigue limit was calculated to be σf = 30 −

35 MPa. To include inhomogeneities of additively manufactured struc
tures and materials, the localization of stress concentrations due to 
non-constant cross sections and notch effects need to be taken into ac
count in future investigations due to influencing factors such as surface 
roughness, microporosity with information about shape, size, 
morphology and dimensions (defect distribution), and microstructure.

In addition to the fatigue strength determination, the damage 
mechanisms and damage evolution of the lattice structures need to be 
evaluated and understood to properly and safely design medical im
plants. Fig. 7 shows different material reactions during a fully reversed 
constant amplitude test of Ti–6Al–4V at a stress amplitude of σa = 45 
MPa. Focusing on the total strain recorded using DIC, no changes can be 
detected up to 104 cycles. From 104 cycles up to failure, constant soft
ening was observed, which started in regular linear decrease followed by 
an exponential decrease. The changes in temperature and potential show 
similar results with regard to the total strain up to 104 cycles. From this 
point, the recorded total strain and dynamic stiffness values show 
significantly increased noise which leads to the hypothesis of initial 
damage indications of single struts inside the structure. This is accom
panied by a peakwise increase of the change in temperature curve 
caused by plastic deformation at the crack tip of single strut failure 
which needs to be validated in fractographic analyses after fatigue 
failure. When comparing the significance of total strain and change in 
potential, it can be seen that, due to the complex stress surface, the 
electrical resistance signal indicates a higher grade of detail and accu
racy than the strain measurement. Damage inside the volume or struc
ture cannot be fully detected/localized by optical strain measurement on 
the specimen’s surface at the time of initial damage.

The total strain verifies the occurrence of material softening as well 
as the dynamic stiffness. Statements about the integral material behavior 
and damage indicators can reliably be detected with the used mea
surement instruments. The use of optical strain measurement systems is 
required for localized strain accumulations. This allows crack length 
changes and thus damage evolution to be detected and reliably analyzed 
on a small scale. Fig. 8a shows the change in crack length from the time 
of visibility on the specimen’s surface as a function of the number of 
cycles. Due to the external trigger provided by the testing machine to the 
image acquisition of the DIC system, a clear assignment between indi
vidual deformation and damage images to the corresponding cycle and 
force signal is enabled. In addition to the change in crack length on the 
specimen’s surface, localized strain accumulations at the gaps between 

Fig. 5. Stress-strain curve of Ti–6Al–4V bulk material and lattice structure.

Table 5 
Quasistatic properties of heat-treated PBF-LB/M Ti–6Al–4V. (YM: Young’s 
modulus, YS: Yield strength, UTS: Ultimate tensile strength, FS: Fracture strain.)

Solid (PBF-LB/M) TPMS-lattice (PBF-LB/M)

YM (GPa) 109 ± 3 30 ± 2
YS (MPa) 784 ± 12 285 ± 4
UTS (MPa) 869 ± 7 301 ± 4
FS (%) (10-2) 16 ± 1 9 ± 1

Fig. 6. S–N (Woehler) curve of Ti–6Al–4V lattice structures.
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the struts can be observed using optical strain measurement, which is 
impossible by classic tactile measuring instruments. This allows notch 
factors and other information to be obtained from the optically gener
ated data. The images show that crack propagation is stable up to around 
2.13⋅105 cycles and changes to exponential crack growth with residual 
force fracture only shortly before final failure.

Focusing on the fractographic analysis presented in Fig. 9, illus
trating the fracture surface in Fig. 9a of a fatigue specimen subjected to a 

stress amplitude of 45 MPa, the crack initiation area (Fig. 9b) was 
carefully determined using scanning electron microscopy (SEM). The 
analysis revealed a significant presence of unmelted powder particles 
from the additive manufacturing process. These particles contribute to 
crack initiation, predominantly observed at sharp notches along the 
lattice structure surface. Furthermore, the fractographic observations 
indicate a consistent and uniform crack propagation confined within the 
same plane of the lattice structure.

Fig. 7. Material reactions, i.e. strain, stiffness, potential, and temperature, during constant amplitude loading of Ti–6Al–4V lattice structures.

Fig. 8. Crack propagation behavior of Ti–6Al–4V lattice structures by digital image correlation (DIC): a) surface crack length versus number of cycles and b) 
visualized crack detection.

Fig. 9. a) Fractography of Ti–6Al–4V lattice structures after constant amplitude loading with stress amplitude of σa = 45 MPa and b) SEM micrograph of the region of 
interest with high magnification.
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Additionally, multiple crack initiation spots were identified, likely 
driven by the increased surface roughness caused by the manufacturing 
process. This roughness, combined with an amplified notch factor effect 
at various critical locations, further promotes crack formation. These 
results of the fractographic investigations led to further characterization 
of the surface roughness of additively manufactured TPMS lattice 
structures on macro- and micro-scales. Focusing on the macro-surface 
roughness shown in Fig. 10a, homogenous but comparatively high 
values between 460 and 510 μm can be detected on the struts of the 
lattice which highly promote and cause failure during cyclic loading as 
shown in Fig. 9. Additionally, the micro-roughness was characterized 
using atomic force microscopy in between unmelted powder particles. 
Results of the topography signal show homogenous and comparatively 
low micro-roughness of approx. 120 nm and support the assumption, 
that crack initiation must be caused by comparatively high macro- 
roughness [22,45].

These findings highlight the complex interaction between surface 
properties, geometrical factors, and material properties which affect the 
fatigue performance of additively manufactured Ti–6Al–4V lattice 
structures.

4. Conclusions

Correlating all results of this study about the mechanical character
ization of additively manufactured Ti–6Al–4V lattice structures, the 
main findings of the quasistatic properties, the fatigue behavior, and 
damage evolution are summarized below including important micro
structural effects that help to improve the understanding of damage 
mechanisms in complex lattice structures:

Increased cavities (reduced density of 70 %) of complex lattice 
structures lead to adapted stiffness of around 30 GPa and mechanical 
properties (reduced fatigue life) compared to bulk material for medical 
implant applications and reduce the phenomena of stress shielding.

Density-related fatigue behavior was identified with small deviations 
inside the S–N curve which leads to a good correlation with the Basquin 
equation but need to take further properties into account in order to 
archive local stress concentrations of complex structures.

Damage mechanisms and damage evolution of lattices are complex 
and require suitable measurement techniques for detection, such as 
high-resolution digital image correlation (DIC) and the potential drop 
method for enhanced damage description and crack detection at spec
imen surface.

Enhanced surface roughness characterization methods using AFM 
show micro surface roughness between 100 and 120 nm for the powder 
particle-free areas which is important for further biological in
vestigations and coatings. Optical microscopy and fractographic anal
ysis (SEM) show that macro-roughness affects the fatigue lifetime and 
crack initiation processes of lattice structures. While critical 
manufacturing-related defects (microporosity) often cause fatigue 

failure of bulk material, for lattice structures surface roughness and 
notch factor effects of the geometrical design are more critical for fatigue 
lifetime and need to be considered.
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