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� Ti-42Nb alloy processed by laser
powder bed fusion shows promise for
bone tissue engineering.

� Surface roughness and excess
material on downward facing
surfaces occur process-induced in
TPMS lattices.

� The as-built morphology can be
numerically reconstructed using a
dedicated modeling procedure.

� Simulations with the reconstructed
design possess high agreement with
the experimental results.

� Informed predictions for the actual
structure–property relationships of
any TPMS based lattice are feasible.
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Lattices based on triply periodic minimal surfaces (TPMS) have recently attracted increasing interest, but
their additive manufacturing (AM) is fraught with imperfections that compromise their structural integ-
rity. Initial research has addressed the influence of process-induced imperfections in lattices, but so far
numerical work for TPMS lattices is insufficient. Therefore, in the present study, the structure–property
relationships of TPMS lattices, including their imperfections, are investigated experimentally and numer-
ically. The main focus is on a biomimetic Schoen I-WP network lattice made of laser powder bed fusion
(LPBF) processed Ti-42Nb designed for bone tissue engineering (BTE). The lattice is scanned by computed
tomography (CT) and its as-built morphology is examined before a modeling procedure for artificial
reconstruction is developed. The structure–property relationships are analyzed by experimental and
numerical compression tests. An anisotropic elastoplastic material model is parameterized for finite ele-
ment analyses (FEA). The numerical results indicates that the reconstruction of the as-built morphology
decisively improves the prediction accuracy compared to the ideal design. This work highlights the
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Defect modeling
Structure–property relationship
central importance of process-related imperfections for the structure–property relationships of TPMS lat-
tices and proposes a modeling procedure to capture their implications.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bone tissue engineering (BTE) involves the development of arti-
ficial lattices that serve as temporary or permanent replacements
for injured natural bone tissue [1,2]. These biomimetic scaffolds
have to meet a number of essential requirements in terms of mate-
rial, design and resulting mechanical properties to ensure optimal
application for the patient [3,4].

Nondegradable scaffolds from alloplastic materials are consid-
ered to be a particularly promising option for BTE. This is due to
their almost unlimited availability, avoiding of disease transmis-
sion, but also because of the possibility to specifically design the
morphology of the scaffolds [5,6]. Titanium and its alloys have
emerged as a highly viable option due to their excellent biocom-
patibility and osseointegration capability. In particular, titanium-
niobium alloys provide favorable properties in terms of cell adhe-
sion and proliferation. This can be attributed to the non-toxic and
non-allergenic behavior of niobium in the patient’s body as well as
the reduction of the Young’s modulus at sufficient strength in com-
pounds with titanium [7,8]. The reduction in elastic modulus
reduces the stress-shielding effect, in which an excessively stiff
implant suppresses mechanical stimulation of bone tissue and thus
its proper regrowth [9,10].

Numerous studies investigating the relationship between the
design and the resulting performance of the implant have revealed
the eminent impact of the mesostructure in the dimension of a few
hundred micrometers. Biomimetic scaffolds without a cortical-like
reinforcement have been proven to be superior for osseointegra-
tion, although natural bone typically exhibits such a shell. There-
fore, the use of trabecular-like lattice structures is recommended,
provided that the mechanical requirements are fulfilled [11,12].
For such lattices, volume fractions around 0:3 and pores of
300 � 600lm size are reported to be particularly well accepted
by human tissue [13–15]. From a structural mechanics point of
view, decreasing the volume fraction leads to an exponential
decrease in the elastic structural stiffness, which again reduces
the stress-shielding effect [16]. Furthermore, pore shape and sur-
face curvature are important: due to their attractive effect on cells,
concave surfaces support cell migration and thus tissue growth
[17–19].

Nowadays, additive manufacturing (AM) is considered as the
preferred manufacturing method for porous bone implants, as its
layer-by-layer process allows the fabrication of complex CAD-
designed structures [20,21]. One AM technique is laser powder
bed fusion (LPBF), often named as selective laser melting (SLM),
where metallic powder is selectively melted using a laser beam
as energy source to build up the structure layer-by-layer. LPBF
allows the manufacturing of lattices with strut size of a few hun-
dred micrometers in a reasonable quality [22,23].

Nevertheless, manufacturing deviations are inevitable, espe-
cially for filigree and small-scale lattices. Commonly, external
and internal imperfections are distinguished: while the first class
includes all morphological inaccuracies such as dimensional and
shape changes, the second class refers to defects within the
microstructure, such as voids or cracks [24,25]. In addition, imper-
fections are generally associated with deviations in the target vol-
ume fraction. External imperfections have been found to be often
critical to failure, especially in the case of fatigue failure. This can
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be attributed not least to the fact that the influence of internal
imperfections can be substantially reduced in a practical way by
suitable post-treatment compared to external imperfections
[26,27]. Anyway, since lattice imperfections have a decisive
influence on performance and premature failure on the one
hand, but are insufficiently understood and controllable on the
other hand, they are rarely used in engineering applications
[28–31].

Lattice structures based on triply periodic minimal surfaces
(TPMS) have attracted particular attention in BTE [32–35]. This lat-
tice class has also been studied in other engineering applications,
such as the construction [36,37], electrical [38], acoustic [39],
transportation [40], chemical [41], optical [42], and energy
[43,44] industry. The keen interest in TPMS based lattices is
explained by the variety of exceptional characteristics, including
the control of the pore size, strut size, curvature and volume frac-
tion [45–47], the ability of functional grading [48–50], the high
surface area at low volume fraction [51,52], the high strength com-
bined with low stiffness [53], and the good fluid dynamic charac-
teristics [54–56]. Moreover, numerous studies have
demonstrated that the structure–property relationships of TPMS
lattices can be numerically captured in principle by computational
solid mechanics [57,58] and computational fluid dynamics (CFD)
[59,60].

Nevertheless, there are often discrepancies between numerical
results and actual behavior, since the used CAD models represent
an idealized as-designed state, while the experiment is performed
with the as-built state including all imperfections [61,62]. Due to
their novelty and challenging fabrication, TPMS lattices are partic-
ularly prone to nonconformities [30,63,64]. To overcome the as-
built/as-designed mismatch, first approaches for simulative evalu-
ation and prediction of manufacturing defects have been reported
in recent years. Gebhardt et al. [65] derived a finite element mate-
rial model from mechanical tests on bulk specimens, which could
be used to predict the behavior of complex strut-based lattices.
Zhang et al. [66] simulated lattice structures with adjusted volume
fractions, so that the numerical results agreed well with the exper-
iment. In order to investigate the influence of imperfections in the
microstructure on the fatigue behavior of AM processed compo-
nents, Bonneric et al. [67] introduced artificial pores into the spec-
imens. In this way, the researchers were able to evaluate the
criticality of the pores depending on their position and finally to
predict the fatigue behavior by simulation.

Another frequently applied method for accessing the structure–
property relationships is the exploitation of computed tomography
(CT) scans. Accordingly, Amani et al. [68] derived heterogeneous
models from CT scans of lattice structures and predicted the frac-
ture location using finite element analysis (FEA). Raßloff et al.
[69] presented a numerical method to capture the microstructure
with pores from CT scans and statistically analyze. On this basis,
representative volume elements were modeled that allow the pre-
diction of the fatigue behavior using FEA. Dallago et at. [70] per-
formed FEA based on the CT data and achieved good agreement
between the measured and simulated stiffness. In a subsequent
study, the authors also succeed in estimating the fatigue behavior
of AM processed lattices with CT data [71]. Liu et al. [23] numeri-
cally predicted the compressive stiffness and strength of LPBF fab-
ricated lattices based on CT scans.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Visualization of fabricated specimens: in (a) the tensile specimens are
shown, in (b) the compression specimens, and in (c) the Schoen I-WP (I) network
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Although the abovementioned methods generally provide good
agreement with experimental results, they only allow simulations
for already fabricated lattices. In particular, the process of defect
insertion remains uncertain, preventing the transfer to other AM
lattice structures. Lozanovski et al. [72,73] have begun to solve this
drawback for strut-based trusses through a modeling approach in
which characteristic morphological design features were derived
from CT scans. Once design parameters were specified, the as-
built morphology of other conventional trusses as well as their
mechanical properties could be predicted.

However, there is a lack of reconstruction methods for TPMS
based lattices so far. This is a major reason why their structure
integrity cannot yet be sufficiently ensured for extensive technical
use. This is particularly true for BTE, where high safety require-
ments and conflicting design criteria still often preclude clinical
use. In order to unlock the enormous potential of TPMS lattices
for seminal high-performance applications, modeling concepts
for reconstructing the as-built morphology are required. In the pre-
sent study, such a modeling procedure is proposed: insights into
the actual structure–property relationships of TPMS lattices can
be obtained by artificially introducing imperfections. In particular,
the distinctive AM mesostructure is reconstructed independently,
instead of using a one-to-one adaptation from CT data. This is crit-
ical because in practice CT data are often not available due to com-
ponent dimensions and effort. Over the longer term, characteristic
modeling parameters for different TPMS lattices and LPBF process
parameters should be derived to predict the structural properties
nondestructively and without high-quality instrumentation.

Specifically, the study includes the following: firstly, a Ti-42Nb
biomimetic lattice based on the Schoen I-WP network TPMS with a
volume fraction of 0:27 designed for BTE is fabricated by LPBF.
Using CT scans and uniaxial compression tests, this lattice is char-
acterized experimentally. Secondly, an anisotropic elastoplastic
material model corresponding to additively processed Ti-42Nb is
parameterized for FEA. The required material properties are
obtained by uniaxial tensile and compression tests on bulk speci-
mens. Thirdly, a procedure to reconstruct as-built state of TPMS
lattices is presented. The suitability of the approach is evaluated
both morphologically and mechanically: the numerical results of
the as-designed, the as-built, and the reconstructed I-WP lattice
are compared with those of the fabricated lattice. Fourthly, the
transferability of the proposed modeling approach to further com-
mon TPMS based lattices is discussed.
lattice with 0:27 volume fraction and a unit cell size of 4mm.
2. Methods

In this section, the experimental and numerical procedures are
outlined. In Section 2.1, the experimental details, including mate-
rial, design, fabrication, and testing of the specimens are explained.
Subsequently, the modeling procedure of the as-built TPMS lattice
is described in Section 2.2 before the FE modeling concludes this
section in Section 2.3.
2.1. Experimental work

The geometries of the bulk specimens are shown in Fig. 1(a) and
(b). A total of nine tensile specimens with rectangular cross-
sections and five cylindrical compression specimens were
extracted from 9mmx19mmx40mm large cuboids by electric dis-
charge machining (EDM). The tensile specimens were extracted
parallel (0�), perpendicular (90�), and at a 45� angle to the building
direction (BD). Thus, three tensile specimens were analyzed for
each testing directions to capture the manufacturing-related aniso-
tropy of the material properties. The compression specimens were
in the 0� configuration.
3

The considered lattice is based on the Schoen I-WP (I) network
TPMS with 3x3x3 unit cells, a volume fraction of 0:27 and a unit
cell size of 4mm. Here, unit cell denotes the minimum of the lattice
that can be periodically continued. In Fig. 1(c), the lattice design is
illustrated. In the previous work [3], this lattice type has been
found to be favorable for human bone tissue consisting of Ti-
42Nb, especially for trabecular bone. To obtain its mesh in STL-
file format based on its level set function /, MATLAB software
(MathWorks, Natick, USA) was used. The procedure was previously
detailed in [3].

All specimens were additively manufactured from biocompati-
ble Ti-42Nb alloy. The pre-alloyed, gas-atomized Ti-42Nb powder
used was supplied by TANIOBIS GmbH (Goslar, Germany) [74].
The chemical composition of the Ti-42Nb powder was determined
by inductively coupled plasma optical emission spectrometry (ICP-
OES) and carrier gas hot extraction (LECO TC-436DR). The distribu-
tion of particle size was also measured. More details can be found
in [75].

A SLM 280 Generation 2.0 dual-laser machine (SLM Solutions
Group AG, Germany) equipped with an infrared laser source with
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Gaussian beam profile and 80lm beam size was used to fabricate
the specimens. The process parameters for the specimens were cal-
ibrated by a previously performed optimization procedure, cf. [75].
For the bulk specimens, a laser power of 250W, a scanning speed of
1000mm/s, a hatch distance of 100lm, and a layer thickness of
50lmwas used. For the lattice, the laser power as well as the scan-
ning speed were reduced to 150W and 650mm/s, respectively.
Furthermore, a scan rotation of 67� was employed for both speci-
men types. The extent to which the investigation is reasonable
due to the different process parameter sets and specimen dimen-
sions is discussed in Section 3.

A GE Phoenix Nanotom M (Waygate Technologies, Wunstorf,
Germany) was employed for micro-CT scans with a resolution of
9:5lm at 140V voltage and 120lA current. The volume recon-
struction from CT scans was performed with Phoenix datosx 2.2
software (Baker Hughes, Houston, USA) and VG-studio max 3.5
software (Volume Graphics, Heidelberg, Germany) was used for
analysis. The material density of the bulk specimens was measured
on mechanically and chemically polished cross sections with a dig-
ital microscope (VHX7000, Keyence Deutschland GmbH, Ger-
many). The relative volume fraction of the lattice was
determined with CT scans.

A hydraulic universal test bench (Instron� GmbH, Germany)
with a load cell for 50kN and a displacement rate of 0:04mm=s
was employed for the uniaxial compression tests. To transfer the
load from the frame to the specimen, the machine was equipped
with plane-parallel stainless steel anvils. The uniaxial tensile tests
were performed using a tensile-compression module (Kammrath &
Weiss GmbH, Germany) with a displacement rate of 0:00175mm=s
and a 5kN load cell.

The displacement was measured optically with a microDAC
video extensometer and the strain was subsequently evaluated
with VEDDAC strain software (Chemnitzer Werkstoffmechanik
GmbH, Germany). The reference length for calculating the axial
strain of the tensile specimens was 4:9mm mm, whereas
0:96mm mm was used for the in-plane transverse strain. For the
latter, the necking point was considered. VEDDAC 7 software was
employed to evaluate the strain distribution of the lattice by means
of digital image correlation (DIC). For video recording, a Nikon
D7100 camera (Nikon, Japan) with a SIGMA DG Macro HSM
105mm objective (Sigma Corporation, Japan) was used.

For material characterization, the individual test results were
averaged. In this way, statistical effects were reduced, while gener-
ally good repeatability was found for all tests. The specified
mechanical quantities include both the average and the standard
deviation. In contrast, no statistical validation was performed for
Fig. 2. Side view of a unit cell in as-designed, as-built and reconstructed configuration.
building direction (BD) is upward. Highlighted are downward facing surfaces where pro
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the characterization of the lattice due to the limited specimen
number.

2.2. Modeling of as-built TPMS lattices

Additively manufactured TPMS lattices exhibit surface rough-
ness as well as missizing of faces, struts and nodes (see Section 1).
While the former type is typically homogeneously distributed
throughout the structure, the latter effect occurs mainly at down-
ward facing surfaces. In the following, a semi-random multi-step
modeling procedure is presented, in which the as-built state of lat-
tices is reconstructed independently and not taken one-to-one
from CT scans. For distinction, the ideal CAD lattice is called as-
designed model in this study, the lattice derived immediately from
CT data is called as-built model, and the lattice obtained by the
modeling procedure is called reconstructed model. In Fig. 2 an
example is shown for each type.

Since the general modeling of TPMS lattices has already been
described in the literature (cf. [3,64]), only the specifics are
detailed here. The starting point is the ideal TPMS in STL-file for-
mat, determined by its level set function / and the level set con-
stant r for the desired volume fraction. Here, the target value for
the volume fraction of the as-designed and the reconstructed lat-
tices is the volume fraction of the as-built lattice obtained by CT
measurement. The modeling procedure then rearranges the sur-
face in three steps, where the z-direction is assumed to be the BD.

In the first step, excess material is added to the downward fac-
ing surfaces. For this, the slope of the lattice is required. Due to the
implicit description of TPMS, this is done analytically by determin-
ing the gradient of the level set function r/ with respect to the
three spatial directions x; y and z. Subsequently, the angle h that
the gradient encloses with the base vector in z-direction ez is com-
puted by means of the relation

h ¼ arccos
r/ � ez
j r/ j

� �
: ð1Þ

Based on the angle h, an empirical function g1ðhÞ is defined. The
function is added to the z-coordinate of each surface node of the
as-designed model. A sigmoid function is used to ensure continuity
according to

g1ðhÞ :¼ C3 þ C4 � C3

1þ exp C1ðC2 � hÞð Þ : ð2Þ

The parameters C1 to C4 control the characteristic of the function:
C1 adjusts the slope of the function, C2 defines the inflection point,
and C3 and C4 are the upper and lower asymptotes.
The reconstruction is created following the procedure described in Section 2.2. The
cess-induced excess material occurs in reality.
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After adding the material excess on downward facing surfaces,
the roughness is applied in the second step. For this purpose, the
surface is shifted heterogeneously, i.e. with random magnitude
and direction. In particular, an iteration loop is executed, where
each iteration slightly edits the surface. Here, one iteration com-
prises the following: a point and a direction are randomly defined

within the ð12mmÞ3 large design space of the 3x3x3 unit cell lat-
tice. From these two quantities, a position-dependent shift vector
is calculated for each surface node, which is added to its coordi-
nates. While the direction remains constant for each node, the
magnitude depends on the distance d between the defined random
point and the surface node. A second empirical function g2ðdÞ
serves here as a scaling function. In order to achieve a continuous
and spatially limited impact of each iteration, a decaying exponen-
tial function is used according to

g2ðdÞ :¼ C5 expð�C6 dÞ: ð3Þ

Parameter C5 measures the maximal shift of a surface node per iter-
ation and C6 determines the influence range. The described surface
modification is looped 54000 times, which corresponds to 2000
iterations per unit cell.

After these two modeling steps, the as-built morphology is
essentially reconstructed. However, the modifications are accom-
panied by changes in the volume fraction. Therefore, in the third
step, the level set constant r is readjusted to drive the volume frac-
tion to the target value, i.e., the volume fraction of the CT scan.

The parameter calibration is done manually based on the as-
built lattice. The level set constant r is chosen so that the recon-
structed model has the same volume fraction as the as-built model.
The further parameters C1 to C6 of the modeling functions g1 and
g2 are tuned simultaneously to minimize the objective variable.
In this study, the Boolean difference volume between the as-built
model and the reconstructed model is used as objective variable.
This indicator explicitly captures the morphology of the lattices,
which is crucial since the volume fraction remains constant in all
simulations and is therefore not meaningful. The measurement is
accomplished with nTopology software (nTopology, New York City,
USA).

It is worth mentioning that the stochastic type of modeling does
not provide a unique lattice design: although the basic structure of
the lattice with the excess material persists, the final design varies
due to the randomly distributed surface roughness. To verify the
reproducibility of this semi-random modeling procedure, the
parameterization is performed for a statistically significant num-
ber of lattices and the resulting scatter is measured. In particular,
the considered number ensures that the normalized Boolean differ-
ence volume is within the confidence interval to the 95% level.
2.3. Finite element modeling

In this section, the methods of FE modeling are outlined. The
FEAs are performed with Pam-Crash software (ESI Group, Paris,
France). All models are solved using the explicit solver. In order
to obtain tetrahedron volume meshes, the triangular surface mesh
of the idealization, the as-built model and the reconstructed model
are edited using nTopology software. Quadratic shape functions
(i.e., TETRA10 elements) are applied. The number of elements
required for sufficient accuracy is identified by h-refinement mesh
studies prior to further simulations. Starting from the original CT
scan with 1:87kk surface elements, the approximation quality of
the as-built model is reduced until the technical stress–strain
curve from a compression test converges to 1% tolerance. The
identified mesh parameters (i.e., target element size and minimum
feature size,) are applied to each calculation.
5

In addition to meshing, the significance of the simulation
results in terms of reproducibility is important. This is particularly
relevant for the semi-randommodeling procedure from Section 2.2.
Therefore, reproducibility is analyzed based on ten calculations
with identically parameterized reconstructed models.

A material model is parameterized that reflects the uniaxial
behavior of LPBF processed Ti-42Nb from tensile and compression
tests of the bulk material. The averaged stiffnesses and strengths as
well as the density frommaterial characterization are used as a ref-
erence. The material model includes orthotropic elasticity as well
as anisotropic plasticity. For the latter, besides anisotropic onset
of plastic yielding and isotropic strain hardening, a tension–com-
pression anisotropy at failure is considered.

The elastic material behavior is determined by nine parameters:
the elastic moduli Ei, the shear moduli Gij and the Poisson’s ratios
mij, with i; j ¼ 1; 2; 3. The three orthotropic axes correspond to
the three spatial directions x; y and z, where the z-direction repre-
sents the BD.

The directional onset of plastic flow is described by the
Raghava-Hill plasticity model [76–78], which combines an aniso-
tropic yield function with a tension–compression asymmetry.
The yield function reads

f ðr;a;RÞ ¼
3ða� 1Þrm þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9 ða� 1Þrmð Þ2 þ 4ar2

H

q
2a

� R: ð4Þ

Here, rm ¼ trðrÞ=3 denotes the hydrostatic stress of the Cauchy
stress tensor r, and R represents the current yield stress. Parameter
a ¼ rc

y=rt
y measures the compression-tension ratio of the initial

yield stress in compression rc
y and tension rt

y. The effective Hill
stress rH is defined by

rH ¼ Fðryy � rzzÞ2 þ Gðrzz � rxxÞ2 þ Hðrxx � ryyÞ2 þ 2Lr2
yz

þ 2Mr2
zx þ 2Nr2

xy; ð5Þ
where F;G;H; L;M and N are constants describing the directionality
of the yield function.

Strain hardening is captured by a power law model according to

rðepÞ ¼ minðaþ benp; rmaxÞ; ð6Þ
where a represents the initial yield stress, b the strain hardening
coefficient, n the strain hardening exponent and rmax the maximum
permissible stress. ep denotes the effective plastic strain, which is
calculated with the plastic deformation rate tensor Dp at time t by

ep ¼
Z t

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
Dp

ij D
p
ij

r
dt: ð7Þ

Finally, the Johnson–Cook (JC) damage criterion is used to describe
the onset of material failure [79]. The JC damage criterion is a
strain-rate dependent empirical model that incorporates the
weighted accumulation of local plastic strain for determining the
damage initiation variable Dint. Damage initiates at

Dint ¼
XDep

ef
¼ 1; ð8Þ

where ef denotes a weighting function. This function considers the
stress triaxiality g ¼ rii=req, the equivalent stress req ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3=2rijrij

p
as well as the effective plastic strain rate _ep according to

ef ¼ D1 þ D2 exp �D3
g
3

� �� �
1þ D4 ln

_ep
_e0

� �� �
: ð9Þ

The model parameters D1 to D4 have to be adjusted to the observed
material behavior. Damage evolution is described by an abrupt fail-
ure progress involving element elimination when the onset of dam-
age is attained.



Table 1
Chemical composition of pre-alloyed, gas-atomized Ti-42Nb powder used for LPBF
processing.

element Ti Nb O

wt.% 57:9� 0:33 41:49� 0:25 0:285� 0:001
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The boundary conditions of all different FE models are illus-
trated in Fig. 3. The displacement-controlled loads of the simula-
tion are converted here to their corresponding technical strains
for interpretability. For tensile specimens, all degrees of freedom
of one side are constrained and on the other side the axial technical
strain �e1 ¼ 0:1 is applied. Analogous to the experiment, the 0�;45�

and 90� orientation to the BD are considered separately. During
loading, the reaction force at the restrained side, the displacement
of the parallel 4:9 mm long shaft, and the cross-sectional area at
the necking location are measured.

For the compression tests, rigid plates are modeled immediately
at the upper and lower side of the specimens and provided with a
surface-to-surface contact condition. The friction coefficient is set
to 0:3 to reflect the experimentally observed motion at the inter-
faces. Moreover, self-penetration of the specimens is excluded by
an additional contact condition. While all degrees of freedom of
the lower plate are constrained, only vertical displacement is
allowed at the upper plate. For the bulk specimens, the axial tech-
nical strain �e2 ¼ �0:6 is applied at the upper plate, and for the lat-
tices �e3 ¼ �0:3. The reaction force and displacement of the plate
are measured during the compression tests.

In this study, technical axial and transverse strains are calcu-
lated by relating the respective displacement to the initial length,
and technical stresses by relating the force to the initial cross-
sectional area. In addition, the initial range of technical stress–
strain curves is prepared by extending the elastic straight line tan-
gentially and using the intersection with the strain axis as the
starting point. The characteristic mechanical parameters such as
stiffness and strength are measured according to the method
described by Ma et al. in [55].
Fig. 3. Boundary conditions (a) for the tensile specimens with an applied technical
strain of �e1 ¼ 0:1, (b) for the bulk compression specimens of �e2 ¼ �0:6, and (c) for
the lattices of �e3 ¼ �0:3.
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3. Results and discussion

In the following section, the experimental and numerical results
are presented and analyzed. In Section 3.1, the mechanical proper-
ties of the bulk material from experiments and simulations are
evaluated, and in Section 3.2, the morphology of the fabricated
and modeled lattice is investigated. In Section 3.3, the structure–
property relationships of the I-WP lattice are discussed before Sec-
tion 3.4 concludes this section with a numerical extension of the
modeling procedure to additional TPMS lattices.
3.1. Mechanical properties of the bulk specimens

In this section, both experimental and numerical mechanical
results of the LPBF processed Ti-42Nb bulk specimens are studied.
The chemical composition of the powder was determined in the
previous work [75] and is listed in Table 1. This shows good agree-
ment with the nominal composition of the alloy. Even though the
composition was not measured after processing, the inert gas
atmosphere suggests that the deviation is marginal. The particle
size ranges from 10 � 63lm and the percentiles are
d0:1 ¼ 17lm, d0:5 ¼ 30lm and d0:9 ¼ 51lm. The material density
of the processed specimens is equal to 5:64g=cm3, or 99:94%. Fur-
ther details on microstructure can be found in [75]. Here, only the
comparatively low dependence of the microstructure on the BD
should be emphasized.

The graphical results of the experiments for mechanical charac-
terization are shown in Fig. 4. Both the technical stress–strain
curves in (a) and the technical in-plane transverse strains at the
necking point in (b) of the uniaxial tension tests include the three
extracting directions 0�;45�, and 90�. The technical stress–strain
curves of the uniaxial compression tests in (c) are for the 0� direc-
tion. Table 2 contains the corresponding average values and stan-
dard deviations. Here, the directional stiffness E, the yield stress
rYS and the ultimate tensile stress rUTS are presented for tensile
loading. For compressive loading, the compressive yield stress
rc0:2 and the compressive stress at �0:3 axial technical strain
rc30 are listed.

Essentially, the experimental results for the mechanical proper-
ties of LPBF processed Ti-42Nb agree well with those reported in
the literature [75,80], although the values depend on the process
parameters. Characteristic of Ti-Nb alloys is the pronounced
plateau-like stress–strain relationship with plateau stress in the
plastic regime. The additively manufactured variant exhibits excel-
lent strength and ductility values compared to other manufactur-
ing processes, such as cast and solution annealed [81,82]. In the
present study, the high elongations at fracture above 15% for all
extraction directions can be particularly highlighted.

The identified material parameters of the FE material model are
listed in Table 3. The corresponding simulation results are pre-
sented in Fig. 4 and Table 2 together with those of the experiments.
The comparison indicates that the parameterized material model is
suitable: besides the anisotropic material behavior of LPBF pro-
cessed Ti-42Nb under tensile load, the compressive behavior is
captured. Due to the moderate anisotropy, an isotropic FE material
model could be used to simplify the parameterisatzion. At least for
the elastic behavior, no major influence is to be expected. Further-
more, it is worth noting that the abrupt element elimination



Fig. 4. Experimental and numerical results of uniaxile mechanical characterization
of LPFB processed Ti-42Nb: technical stress–strain curves for tensile tests are
shown in (a), the corresponding technical in-plane transverse strains at the necking
point in (b), and the technical stress–strain curves for compression tests in (c).
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proves to be effective when the JC damage criterion is reached. In
fact, failure occurs only at the end of the tensile tests, while no
damage or failure occurs during the compression tests. Finally, as
Fig. 4(a) and (b) illustrate, both the technical stress–strain curves
and the deformation process, including necking, are essentially
reflected.
7

However, it remains uncertain to what extent the technical in-
plane transverse strain at the necking point is representative of the
actual spatial strain. The same is true for the parameterization of JC
damage model: firstly, only the tension–compression anisotropy is
taken into account, but no further directional dependencies. Sec-
ondly, the damage model was parameterized with respect to the
primarily uniaxial load cases in tension and compression testing.
It is questionable whether this parameterization is sufficient to
properly describe multiaxial stress states. This could be a critical
drawback for further numerical work on lattice structures as they
involve multiaxial stress states. This topic is addressed in Sec-
tion 3.3, among others.

3.2. Morphology of the lattice

In this section, the morphology of the fabricated and modeled
lattices is examined and compared. Fig. 5(a) shows light micro-
scope images of the LPBF processed I network lattice with
3x3x3 unit cells of 4mm size and 0:27 volume fraction. The speci-
fic TPMS morphology is essentially well represented, but morpho-
logical mismatches due to missizing and surface roughness are
observed.

Without quantification, it can be stated that no roughness pat-
terns are visible on the lattice. Furthermore, the comparison
between top view and side view discloses a comparatively minor
directional dependency. Therefore, an approximately homoge-
neous roughness can be assumed. For more informative state-
ments, the surface roughness parameters would be required. In
the magnified view, bonded powder particles are visible on the lat-
tice causing the surface roughness. This phenomenon is traceable
to the LPBF process and was already discussed in other studies
[36,83,84]. However, preclinical studies on osseointegration have
shown that rough surfaces resulting from the AM process can facil-
itate cell attachment and ingrowth [85,86]. In contrast to rough-
ness, missizing occurs primarily locally on downward facing
surface, as indicated by the equally sized red circles in the top
and side views. The deviation is opposite to the BD, effectively
resulting in excess material. The cause of this local concentration
is the direction-dependent heat conduction during the layer-by-
layer manufacturing process and the resulting overheating. Effec-
tively, this leads to dross formation and partial melting of loose,
unsupported powder on downward facing surface. The material
adherence increases the as-built volume fraction compared to as-
designed. Accordingly, the volume fraction of 0:292 determined
in the CT scan exceeds the target value of 0:27.

Using the as-built/as-designed comparison in Fig. 5(b) and (c)
proposed by CT data, the morphological mismatch can be quanti-
fied: 90% of the surface exhibits deviations less than or equal to
�0:1mm, tending to be surface roughness. The remaining 10% of
the surface have predominantly larger positive deviations of up
to 0:5mm. In particular, this is indicated by the two separate por-
tions within the deviation distribution in Fig. 5(c): firstly, a nor-
mally distributed portion correlated with roughness, and
secondly, an smaller portion in the positive deviation region due
to excess material.

The same is reflected in the CT images in Fig. 5(d) and (e): with
the given resolution, no distinct preferred directions or patterns of
roughness are apparent either in a single view or when comparing
side and front views. In terms of magnitude, this predominantly
homogeneous roughness remains below 0:1mm. Furthermore, it
is observed that surfaces with more than about 45� overhang exhi-
bit up to 0:5mm excess material. The determined critical overhang
angle coincides with the common literature [87–89]. This local
concentration of excess material induces the build direction
dependency of AM processed lattices. Typically, this results in an
asymmetric morphology especially in the side view, cf. Fig. 5(e).



Table 2
Mechanical properties of tensile and compression specimens from experiment and simulation for different building directions: E denotes the directional Young’s modulus, rYS the
yield stress and rUTS the ultimate tensile stress, and rc0:2 the compressive yield stress and rc30 the compressive stress at �0:3 axial technical strain. The experimental data include
the average and standard deviation.

E / GPa rYS / MPa rUTS / MPa rc0:2 / MPa rc30 / MPa

0� experiment 64�0:5 685:67� 9:1832 722:98� 7:638 856:66� 38:704 1289:7� 38:335
simulation 64 706:89 721:2 864:2 1307:5

45� experiment 69:2�1:4 727:1� 4:4451 756:72� 6:0211 - -
simulation 69:2 738:54 747:41 - -

90� experiment 60�0:6 669:97� 2:3784 709:38� 3:8456 - -
simulation 60 693:74 698:11 - -

Table 3
Parameters of the LPBF processed Ti-42Nb material model proposed in Section 2.3.

parameter value unit

orthotropic elasticity Exx 60:0 GPa
Eyy 60:0 GPa
Ezz 64:0 GPa
Gxy 21:5 GPa
Gyz 26:0 GPa
Gzx 26:0 GPa
mxy 0:4 -
myz 0:4 -
mzx 0:4 -

Raghava-Hill plasticity F 1:2 -
G 0:9 -
H 1:0 -
L 3:0 -
M 3:0 -
N 3:0 -
a 1:2234 -

strain hardening a 1000 MPa
b 790 MPa
n 0:8 -
rmax 1400 MPa

Johnson–Cook failure D1 0:75 -
D2 0:65 -
D3 10000 -
D4 0:0001 -
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In comparison, Davoodi et al. found in [90] on LPBF-processed
TPMS lattices with 2mm unit cell size of Schwarz Primitive and
Diamond type made of Ti-6Al-4 V excess material at overhanging
surfaces ranging from 190 � 340lm. These findings are consistent
with those made here, as the Schoen I-WP is considered procedu-
rally challenging, cf.[13].

The considerable morphological mismatch is expected to have a
decisive effect on the mechanical performance of the lattice: under
load, any imperfection in the lattice introduces stress concentra-
tions. This ultimately results in premature failure compared to
the ideal lattice. Due to own experience as well as the pertinent lit-
erature (e.g. [31,64,72]), it is to be expected that the findings are
independent of the material: even with optimized process param-
eters, the characteristic morphological imperfections, i.e. missizing
and roughness, are inherent to the PBF processes.

The identified parameters of the modeling procedure for recon-
structing the as-built morphology described in Section 2.2 are
listed in Table 4. Fig. 6 (a) and (b) contain the graphical represen-
tations of the parameterized modeling functions 2 and 3. Addition-
ally, a sample geometry is illustrated for both modeling steps.

It is worth noting that the volume fraction changes during the
different modeling phases: adding excess material in the first step
increases the volume fraction from the original 0:292 to 0:3311. In
the second step, the fraction is reduced to an average of 0:3167 by
applying roughness. Then, in the third step, the target value of
0:292 is set again by readjusting the level constant r. In total, the
parameterization indicator, the Boolean difference volume with
respect to the as-built lattice, is reduced by the reconstruction pro-
8

cedure to 4:93%� 0:281% compared to 10:64% for the as-designed
lattice. This alignment to the as-built morphology results from the
multi-step modeling procedure, in which the material distribution
is adjusted but not its volume.

Basically, two main implications of the material redistribution
process emerge: firstly, the nodes of the lattice become thicker
due to the excess material on their underside. However, since the
total amount of material remains constant, secondly, the struts of
the lattice become thinner in the process. In this way, potential
predetermined breaking points arise, which can exert a serious
impact on the structure–property relationship. This will be investi-
gated in the next section for uniaxial compression tests.

The statistic for the absolute deviation between the as-designed
and the reconstructed model in Fig. 7(a) reveals that 90% surface
fraction exhibit comparatively small absolute deviations less than
0:105mm. This deviation is overwhelmingly normally distributed,
as can be seen from the directional distribution in Fig. 7(b). In addi-
tion, a larger positive deviation of up to 0:5mm occurs at about
10% of the surface, indicating excess material. Examining the top
and front views in Fig. 5(c) and (d), the deviation features can be
assigned to different surface regions: the excess material occurs
at downward facing surfaces, while the surface roughness is homo-
geneously present throughout the lattice.

Comparing the as-built and the reconstructed lattices an overall
high agreement can be stated: the essential morphological features
of the as-built TPMS lattice are captured by the procedure both
qualitatively and quantitatively. Despite the lack of statistical val-
idation for the as-built lattice, this general statement remains
valid. Even if deviating average characteristic values should be
found for a representative specimen number, this can be covered
by reparameterization of the modeling parameters from Table 4.
The same is true for a changed cell size, where the relative devia-
tion would presumably be larger, but the imperfections would
likely occur in a similarly systematic manner. Therefore, rescaling
of the lattice should be captureable by the modeling procedure.
Moreover, it is worth mentioning in this context that statistical
effects are accounted by the semi-random procedure: excess mate-
rial is located deterministically, whereas surface roughness is dis-
tributed randomly. Therefore, a certain variance for the final
model design analogous to the real conditions is given. In this
way, overfitting for a single lattice can be avoided.

Finally, the modeling procedure provides a quasi as-built mor-
phology for further numerical structure–property investigations.
Depending on the specific application, subsequent solid mechani-
cal, fluid and thermodynamic simulations can supply valuable
insights into the actual component behavior. Accordingly, in the
next Section 3.3 the influence of the as-built morphology on the
compression behavior is studied by FEAs.
3.3. Mechanical properties of the lattice

In the following section, the experimental and numerical
mechanical properties of the I network lattice are presented and



Fig. 5. Experimental data of the morphology of the 3x3x3 I network lattice with 4mm unit cell size: (a) shows different views from light microscope, (b) and (c) display
statistics to the morphological as-built/as-designed mismatch from CT data, (d) and (e) exhibit the graphical representations of the lattice. The equal-sized red circles in (a)
indicate that excess material is on downward facing surfaces.

Table 4
Parameters for modeling a 3x3x3 I network lattice with 4mm unit cell size and 0:292
volume fraction using the modeling procedure explained in Section 2.2.

C1 C2 C3/mm C4/mm C5/mm C6 r

0:1 150 0 �0:5 0:18 3 �1:7418
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discussed. In order to identify the required number of elements for
TPMS lattices, a mesh convergence study on the CT-reconstructed
lattice was performed in advance. In Fig. 8, technical stress–strain
curves for different mesh resolutions are presented for a uniaxial
compression test. Even though the stiffness and plateau stress
decrease with increasing number of elements, the overall mesh
9

influence proves to be marginal. The exponential increase after
the horizontal course of the curve is caused by the onset of block
compression. With the 196 k node model the convergence criterion
is achieved, corresponding to a target element size of 0:3mm and a
minimum feature size of 0:05mm for the 12mm large lattices. The
performance of ten node tetrahedral elements is found to be over-
all suitable for simulations of lattice structures, which is consistent
with the findings of [23,71,72].

In figure Fig. 9, the technical stress–strain curves of the experi-
ment and the simulation are plotted, whereas in Table 5, the corre-
sponding characteristic values are listed. The latter include the
compressive stiffness E, the compressive yield stress rc0:2, and
the compressive stress at 26% compressive strain rc26, which is



Fig. 6. According to Table 4 parameterized function 2 to model excess material on
downward facing surfaces in (a), and function 3 to model surface roughness in (b).
One sample unit cell with 4mm edge length is shown for both modeling steps. The
modeling details can be obtained from Section 2.2.
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the maximum in the experiment. The simulation comprises the as-
designed lattice, the as-built lattice, and the reconstructed lattice.
Furthermore, the relative deviation from experiment to each of
the numerical models Drel: is given. It is worth mentioning that
the experimental results are not statistically validated due to the
limited specimen size. Nevertheless, it can be assumed that a gen-
eral insight into of the actual mechanical behavior can be obtained,
even if the mean value of a larger sample size should deviate.

For all lattices, the compressive stress–strain response shows
similar characteristics to the bulk specimens: after the onset of
plastic flow, an almost horizontal curve is obtained, with an even
flatter slope than in the bulk specimens. Focusing first on the
experimental results, it can be stated that both stiffness of about
1:6GPa and compressive yield strength around 50MPa are in the
range of trabecular bone tissue [63,91]. For BTE, these properties
are essential for preventing the stress-shielding effect and for
ensuring structural integrity. The high elongation at failure of
approximately 26% technical compressive strain is also advanta-
geous for implants, as the risk of spontaneous failure can be coun-
teracted. Although the dimensions of the lattice are probably too
large for actual application, it is expected that rescaling would tend
to improve the mechanical properties [84].
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The strain distribution for �e ¼ �0:26 applied strain can be
examined in more detail by referring to the DIC calculation in
Fig. 10: the lattice exhibits a heterogeneous vertical strain distribu-
tion with significant concentrations in the struts. Here, the nodes
of the lattice show more moderate values for the vertical strain
in the interval ½�0:15;0� compared to the struts with ½�0:6;�0:2�.
However, to what extent the DIC analysis evaluates the deforma-
tion for the deformed surface correctly remains uncertain. In par-
ticular, the combination of low volume fraction of the specimen
and large deformation with failure progress is known to be chal-
lenging for optical measurements, cf. [92,93]. Therefore, the quan-
titative data should be treated with caution and it is assumed that
locally larger actual strains tend to occur. In addition, a better
equipped optical measurement setup would be useful in the future
to enable spatial DIC analysis.

Nevertheless, the given DIC analysis in Fig. 10 provides insights
into the deformation process of the lattice: the strain varies pri-
marily between the different layers, but remains approximately
equal within each layer. In the considered case, the strain increases
from the top to the bottom layer of the lattice. At the end, a layer-
by-layer collapse occurs. Since the test was stopped at the first col-
lapse, failure occurred solely in the bottom layer. Anyway, it is
expected that with further applied compressive strain, the other
layers would gradually fail [83,94,36,64]. The heterogeneous strain
distribution contradicts the uniform lattice design. The inconsis-
tency is an indication of local imperfections that occur due to the
manufacturing process. These must be addressed in the simula-
tions, since they have a decisive influence on the mechanical
behavior.

The numerical results of the as-designed lattice in Table 5 and
Fig. 9 reveal significant differences compared to the experiment.
As predicted from the morphological investigation in Section 3.2,
the ideal design is accompanied by an overestimation of compres-
sive stiffness (about 71%) as well as strengths (about 20% for rc0:2

and 12% for rc26). Consequently, the as-designed lattice is of lim-
ited informative value for the actual mechanics of the AM pro-
cessed lattice.

In contrast, much better agreement is observed for the as-built
model deduced immediately from CT data. Although stiffness is
still overestimated by about 9%, the strength values are compara-
tively close to the experimental values. This outcome correlates
with the literature [70,71] and was expected, since in the as-built
lattice external imperfections are included. The slight discrepancy
can be explained, firstly, by approximations during mesh genera-
tion and, secondly, by internal imperfections that were neglected
in the simulation. Thirdly, the material model is subject to uncer-
tainty, since only uniaxial tests on bulk specimens served for
parameterization. In particular, not only the process parameters
for the lattice differ slightly from those of the bulk specimens,
but also the solidification conditions in the LPBF process due to
the different specimen dimensions. Insights into the different
microstructural states could be gained in the future by means of
crystallographic and mechanical characterizations.

The best match is achieved with the reconstructed lattice: for
the considered strain range, the numerical results match precisely
with the experimental results. The percentage deviations are
approximately �5% for the stiffness E and less than 1% for the
strengths rc0:2 and rc26, cf. Drel: in Table 5. It should be noted that
the Boolean difference volume to the as-built lattice is about
4:93% for the reconstructed lattice. Nevertheless, this deviation is
primarily due to the smaller scale morphological features such as
roughness, which has a minor influence on the quasi-static
mechanical behavior. More crucial is that the larger scale features
associated with excess material are included.

Besides the good agreement between experiment and simula-
tion for the single reconstructed lattice, the numerical result



Fig. 7. Details for the morphological mismatch to the ideal lattice introduced by the modeling: (a) and (b) contain statistics, (c) and (d) show graphical representations for
different views.

Fig. 8. Numerical stress–strain curves of different resolutions as-built I network
lattice subjected to uniaxial compression test.

Fig. 9. Technical stress–strain curves from uniaxial compression tests on the I
network lattice obtained by experiment and simulations.
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Table 5
Mechanical properties for the I network lattice from uniaxial compression tests using experiment and simulation: E denotes the compressive stiffness, rc0:2 the compressive yield
stress, rc26 the compressive stress at �0:26 strain, and Drel: denotes the relative deviation from the experiment to the three numerical models.

E / GPa rc0:2 / MPa rc26 / MPa Drel:ðEÞ Drel:ðrc0:2Þ Drel:ðrc26Þ
experiment 1:5685 42:124 54:701 - - -
as-designed 2:6888 50:65 61:141 0:7142 0:2024 0:1177
as-built 1:7117 44:673 55:04 0:0913 0:0605 0:0062
reconstructed 1:4894 42:029 55:037 �0:0504 �0:0023 0:0061

Fig. 10. DIC analysis of the vertical strain distribution at �e ¼ �0:26 technical strain
in uniaxial compression test.

Fig. 11. Reproducibility study: shown are the interval and mean value of the
technical stress–strain curve obtained with ten reconstructed I network lattices in
uniaxial compression test.

F. Günther, F. Hirsch, S. Pilz et al. Materials & Design 222 (2022) 111036
proves to be reproducible. In Fig. 11, both the interval and the
mean of the technical stress–strain curves from uniaxial compres-
sion test on ten reconstructed lattices can be found. The average
absolute deviation (AAD) amounts to 0:4471MPa, which corre-
sponds to 0:793% in relative terms. This variation is comparatively
small, so that reproducibility is given for the considered case. In
this context, it should be emphasized that the statistical uncer-
tainty of the semi-random modeling procedure is reflected one-
to-one in the structure–property relationship. Thus,
manufacturing-related imponderables that lead to non-unique
structural behavior can be numerically taken into account. The
amount of variation can be adjusted by the parameters C5 and C6

of the random surface roughness, cf. function 3.
In general, the interaction of the anisotropic elastoplastic model

and the tension-pressure-dependent failure model is the pivotal
12
factor for the proper evaluation of multiaxial stress states in lat-
tices. The implemented material model proves to cover these
aspects predominantly: both in the elastic and plastic regime, the
model provides accurate results. Only the final phase involves
inconsistency, as no damage or failure occurs in the simulation,
in contrast to the experiment. This observation confirms the pre-
diction from Section 3.2 that the modeling of failure is probably
insufficient. To address this deficiency, future work should apply
specimen geometries and loading scenarios in material character-
ization where stress states comparable to the lattice occur.

Finally, some general remarks on the investigation of the
structural-property relationships should be highlighted:

� The key factor for the as-built/as-designed mismatch of the I
network lattice is the excess material on downward facing sur-
faces. This leads to a more uneven material distribution among
the nodes and struts in as-built models than in idealized as-
design models. Since the excess material has only a subordinate
load-bearing effect in the compression test, its presence effec-
tively weakens the as-built morphology in experiment and sim-
ulation. The reconstructed model takes this fact into account
and, therefore, provides decisively improved numerical results
compared to the as-designed model. In particular, the measured
compressive behavior prior to failure can be precisely
replicated.

� The numerical results indicate that the volume fraction of a lat-
tice is a limited descriptor for the structure–property relation-
ships: even if the volume fraction is 0:292 in all simulations,
the compressive behavior changes. In contrast, the Boolean dif-
ference volume to the as-built lattice emerges as a more suit-
able indicator, since here the morphology of the lattice is
explicitly considered.

� Transferring the properties of the base material to lattice struc-
tures proves to be a reasonable approximation. Therefore, the
calibration of the material parameters from Table 3 is compar-
atively straightforward. However, it should be noted that the
specimen geometry actually affects the material properties:
due to the large surface and the associated large temperature
gradients in the LPBF process, the microstructure will develop
differently in a lattice than in a bulk specimen. For this reason,
the simulation results in this section are subject to uncertainties
that may prove to be more decisive in other structural-property
investigations.

� The formulation of the contact constraint between lattice and
plate demands to be reviewed by sensitivity analyses, since
considerable effects on the numerical results can ensue, cf. [72].

� The performed simulations do not consider internal imperfec-
tions such as pores, since only the external lattice shape was
mimed. Although the present study indicated that quasi-static
structural integrity is virtually independent of microporosity
effects, this could be a critical shortcoming for other concerns.
The literature review suggests that pores, for example, can sig-
nificantly influence fatigue behavior [25,26,30,31,69,70]. Never-
theless, it can be assumed that due to the comparatively
moderate thermal conductivity and reflectivity, internal poros-
ity is not really a critical problem for Ti-42Nb alloys [95].



F. Günther, F. Hirsch, S. Pilz et al. Materials & Design 222 (2022) 111036
� In principle, the reconstruction procedure presented in Sec-
tion 2.2 can be extended by adding further modeling functions
gi. In this way, previously neglected defect types can also be
addressed. However, it is questionable to what extent this
applies to internal imperfections: primarily, the proposed
method is intended to mimic the external as-built morphology.
Therefore, a coupled multiscale approach might be required for
internal imperfections.

The overall promising findings for the proposed modeling pro-
cedure prompt the question of extensibility. This is investigated
in the following section by applying the method to three additional
TPMS network lattices.

3.4. Extension to further TPMS lattices

In this section, the extensibility of the modeling procedure from
Section 2.2 is investigated. If proven feasible, this would be the first
step in becoming less dependent on limited available CT data in the
future. Indeed, once the modeling parameters from Table 4 are
determined for specific TPMS lattices and process parameters,
the as-built morphology can be reconstructed in a simplified man-
ner. In this way, valuable insights into the actual performance
could be gained nondestructively and without high-quality instru-
mentation. In particular, three further 3x3x3 TPMS network lat-
tices with the same volume fraction, size and material as the
studied I network lattice are considered. These lattices are based
on Schwarz Primitive (P), Schoen Gyroid (G) and Schwarz Diamond
(D) network TPMS.

The modeling procedure is the same as for the I network lattice
detailed in Section 2.1 and 2.2, and the corresponding level set
functions are available in the literature, e.g. [3,13,64]. For the
new lattices, both the modeling parameters for reconstructing
from Table 4 and the parameters of the material model from
Table 3 are adopted from the I network lattice. In Fig. 12(a), the
morphology of the as-designed and the reconstructed model are
respectively contrasted. Without a comprehensive analysis of the
reconstructed models, two main findings can be drawn: firstly,
the modeling procedure can be transferred to the further investi-
gated TPMS lattices. This is probably true for any TPMS lattice,
either in network or sheet configuration. However, to what extent
the numerically reconstructed lattices match the as-built ones
remains, of course, uncertain. Secondly, according to the different
lattice shapes in connection with the modeling procedure, the pri-
mary morphological mismatch is differently distributed and occurs
to different extents. In order to quantify this more precisely, the
critical surface fraction Acrit:, i.e. the surface fraction with more
than 45� overhang, is determined for the individual lattices.

In Figure Fig. 12(b), the obtained values for P, D, G, and I net-
work lattices are compared depending on the volume fraction. It
is found that the critical surface fractions for the four lattices differ
significantly: independent of the volume fraction, P network lattice
exhibits the lowest critical surface fraction for the considered lat-
tices, whereas I network lattice shows the highest values. The frac-
tions of D and G network lattices are almost identical and are
located in between. Since the extent of the citical overhang deci-
sively affects the manufacturability by LPBF, it can be assumed that
the difference for the TPMS lattices is expressed in different man-
ufacturability and quality of the processed structures. In particular,
it can be expected that I network lattices are more challenging to
fabricate compared especially with P network lattices, but also
with D and G lattices. This hypothesis is partially confirmed by
the results reported in [13], where the manufacturability of differ-
ent TPMS lattices is investigated. As shown there, I network lattices
tend to increased morphological mismatch in the range of
0:25 � 0:5 volume fraction compared to D and G network lattices.
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To investigate the morphology dependence of the modeling
procedure, uniaxial compression tests are simulated according to
Fig. 3(c) for P, D, G and I network lattices. The specified strain is
reduced to �0:1 since the experimentally confirmed validity of
the material model is limited to the initial strain range. In each case
the as-designed as well as the reconstructed model are considered.
Moreover, the reproducibility of the numerical results for the dif-
ferent TPMS types is investigated separately. Here, no particular
correlation is detected and the scatter is similar to the I network
lattice, cf. Fig. 11. Analogous to the I network lattice, the results
are therefore predicated on a single model in each case. The corre-
sponding technical stress–strain curves can be obtained from
Fig. 12c) and the characteristic properties from Table 6.

The qualitative comparison of the stress–strain curves shows
that different TPMS lattices differ in stiffness and strength. This
can be attributed to the morphology in conjunction with the posed
FE boundary value problem and agrees with the literature, e.g.
[36,53,60,96]. In addition, a regular correlation between the results
of as-designed and the reconstructed state can be observed for the
individual TPMS types: in all cases both the stiffness and strength
of the as-designed lattice exceeds those of the reconstructed one.
This can be quantified by examining the compressive stiffness as
well as the compressive stress at �10% technical axial strain rc10

in Table 6: the stiffness of the reconstructed model is reduced by
about 30% � 42% compared to the as-designed model and for
the strength the reduction is about 2:2% � 11:5%. Comparison of
the as-designed and reconstructed lattice in Fig. 12(a) yields poten-
tial causes for the finding: similar to the I network lattice in Sec-
tion 2.2, besides the random shaped surface associated with
roughness, excess material is systematically generated at down-
ward facing surfaces. This non-load bearing accumulation of mate-
rial presumably leads to mechanical softening since the overall
amount of material remains constant. So again, redistribution of
material is the primary driver of the weakened morphology.

Closer inspection reveals that the larger the critical surface frac-
tion, the larger the mechanical impairment, cf. Table 6 and Fig. 12(-
b)-(c). In particular, the characteristic properties of the P network
lattice decrease relatively less than those of the other TPMS types:
in stiffness, about 30% compared to 33% � 42%, and in strength,
about 2:2% compared to 3% � 11:5%. Thereby, the critical surface
fraction of the P network lattice amounts 6:1%, which is much less
than for the other lattices with 11:4% � 15:4%. Conversely, the
decrease is maximal for the I network lattice, which possesses
the largest critical surface fraction. This one-to-one correlation is
remarkable, since numerically a measurable relationship between
structural property and structural integrity is established. So far,
additive manufacturability is commonly evaluated qualitatively
and based on experience, cf. [13,27,30,68]. Should the finding be
confirmed experimentally, a priori statements could be derived
in the future about the expected manufacturability and the associ-
ated actual structural behavior. Moreover, it is worth mentioning
that the morphological modification is generally accompanied by
a reduction in stiffness and strength compared to the as-
designed lattice. For this reason, design procedures based on
reconstructed models are more conservative and reliable than
those based on as-designed models.

Concluding, the proposed modeling procedure can potentially
be applied to any material and TPMS type. Given the material data
and the CT scan, both the as-built morphology and the structure–
property relationship can be approximately reconstructed. In par-
ticular, the material characterizations already published in the lit-
erature for many AM-relevant materials can be accessed. In
addition, it should be emphasized that CT data are often not avail-
able, especially in practice, due to the component dimensions and
the required effort. Then appropriate conservative estimates are
necessary. To this end, the presented method offers a proposal as



Fig. 12. Overview of extended numerical work for additional TPMS network lattices with 3x3x3 unit cells of 4mm size and 0:27 volume fraction: in (a), the as-designed and
the reconstructed morphology of P, D and G network lattices are respectively contrasted, in (b), the critical surface fraction (i.e., the surface fraction with more than 45�

overhang) is plotted over the volume fraction, and in (c), the technical stress–strain curves for uniaxial compression tests are shown.
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Table 6
Numerical results for different TPMS network lattices with 0:27 volume fraction obtained by compression tests, each for the as-designed and reconstructed model. Here, E denotes
the compressive stiffness, rc10 denotes the compressive stress at �10% technical axial strain, Acrit: denotes the critical surface fraction at 0:27 volume fraction, and Drel: denotes the
relative change from the as-designed to the reconstructed model, either from E or rc10.

TPMS model E / GPa rc10 / MPa Acrit: Drel:ðEÞ Drel:ðrc10Þ
P network as-designed 10:231 147:75 0:0611 �0:3009 �0:0218

reconstructed 7:1529 144:53
G network as-designed 3:2592 68:851 0:1138 �0:3515 �0:0296

reconstructed 2:1136 66:812
D network as-designed 5:1954 80:485 0:1189 �0:3283 �0:0309

reconstructed 3:4898 77:996
I network as-designed 2:5785 57:8625 0:1541 �0:4224 �0:1154

reconstructed 1:4894 51:186
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the morphological mismatch is inserted independently instead of
relying on one-to-one adaptation from CT scans. In particular, the
distinctive AMmesostructure is mimicked, but not copied. The loss
of accuracy is countered by the extensibility, since informed pre-
dictions for any TPMS lattice can be achieved. Nevertheless, to
what extent the numerical results reflect reality remains uncertain
without experimental studies. However, at least in the case of the I
network lattice, the modeling procedure accurately reproduces the
real conditions, cf. Fig. 9 and Table 5.

4. Conclusion

The promising potential of TPMS lattices can only be technically
exploited if their structural integrity is ensured. A basic prerequi-
site for this is the consideration of process-related imperfections
already during design. However, suitable modeling concepts and
dimensioning guidelines have been lacking in literature so far.

Therefore, in this study, the structure–property relationships of
additively manufactured TPMS lattices were examined experimen-
tally and numerically. In particular, the Schoen I-WP network lat-
tice made of LPBF processed Ti-42Nb with 3x3x3 unit cells, a
volume fraction of 0:27, and a unit cell size of 4mm was investi-
gated. The main focus was on the numerical reconstruction of
the as-built morphology containing external imperfections such
as surface roughness and excess material on downward facing sur-
faces. For this purpose, a semi-random multi-step modeling proce-
dure was introduced to redistribute the material of TPMS lattices
according to CT data. The following conclusions can be drawn:

� LPBF processed biocompatible Ti-42Nb alloy emerges as
promising candidate for implant applications due to the combi-
nation of low Young’s modulus along with high strengths and
elongations at failure.

� The implemented finite element material model incorporating
orthotropic elasticity, Raghava-Hill plasticity and Johnson–Cook
failure enables to capture the experimentally determined ten-
sile and compressive behavior of bulk specimens.

� In I-WP network lattice fabricated by LPBF, besides randomly
distributed surface roughness, regularly arranged excess mate-
rial on downward facing surfaces occurs. This morphological
mismatch significantly affects the mechanical performance,
due to the resulting TPMS atypical strain localization during
uniaxial compression tests.

� The as-built morphology of I-WP network lattice can be numer-
ically reconstructed by selective modification of the ideal
design. Here, the Boolean difference volume with respect to
the as-built lattice derived from CT data proves to be a conve-
nient descriptor for evaluating reconstruction.

� The reconstructed models enable an accurate simulation of the
experimentally observed structure–property relationships. This
particularly applies to the compressive behavior, where the
15
strengths have been calculated with relative deviations below
1%. Such high prediction accuracy is a prerequisite for future
clinical use in BTE.

� In terms of critical surface overhang, TPMS network lattices
based on the Schwarz Primitive surface are advantageous com-
pared to the Schoen Gyroid and Schwarz Diamond surface for
AM. In contrast, the Schoen I-WP network is the most challeng-
ing TPMS lattice type due to the large surface fraction with
overhang exceeding 45�. Furthermore, a numerical correlation
is observed between the critical surface fraction and the degra-
dation of mechanical properties in terms of stiffness and
strength.

� The modeling procedure proves to be applicable in principle to
any TPMS based lattice and to any material. In this way, the
mandatory dependence on high-quality instrumentation can
be put into perspective once characteristic modeling parame-
ters have been experimentally determined: at least for similar
material-process-lattice combinations, informed and conserva-
tive predictions of the actual structural behavior can be
obtained by one-to-one parameter transfer even without new
CT data.

The overall convincing findings suggest to employ the pre-
sented methodology for further structure–property investigations.
Therefore, future work will investigate the influence of different
LPBF process parameters, cell types, and cell sizes on process-
related imperfections and identify characteristic modeling param-
eters. In particular, the extent to which the defect types considered
so far are already sufficient for the numerical reconstruction of dif-
ferent in other lattices will be addressed. Possibly other drivers of
morphological mismatch are prevalent here, so that further model-
ing functions need to be introduced. Once representative modeling
parameters have been calibrated by such a screening, predictions
about the distinctive AM-related morphology of various TPMS lat-
tices will be feasible in the future. In addition, the influence of AM-
typical imperfections such as surface roughness and excess mate-
rial on downward facing surfaces on the structure–property rela-
tionships will be analyzed individually. Here, the full potential of
the proposed modeling procedure unfolds since different error
types can be easily isolated, which is experimentally impossible.
If the results and hypotheses stated in this paper are confirmed
in the planned work, far-reaching implications would arise both
for structure–property research and for practical handling.
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