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ABSTRACT

The study considers the fatigue strength of additively manufactured specimens made of metamaterials
based on Ti-6Al-4V titanium alloy. The study presents results of full-scale tests for two types of meta-
biomaterials: lattice and surface. Dynamic tests were performed in a symmetrical tension-compression cycle
at room temperature. The goal of the tests was to construct an S-N curve, which was used to determine the
fatigue limit of the metamaterial. We found that the results of numerical simulation differ significantly from
the full-scale tests, showing a trend toward overestimated fatigue life. The surface roughness parameter of
the specimen was introduced, allowing to achieve better agreement between the results of full-scale tests
and numerical simulations.
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Introduction

Structures created in various branches of modern high-tech engineering (aerospace,
automotive, aircraft, shipbuilding, etc.) require materials combining high strength with
resistance to cyclic loads. Titanium alloys, in particular Ti-6Al-4V (or its Russian
equivalent VT6), have remained a key structural material for several decades due to the
optimal ratio of strength, corrosion resistance and durability under dynamic loads [1].
Metamaterials based on the Ti-6Al-4V alloy have also been the focus of considerable
attention in modern biomedical technologies, in particular, in traumatology, orthopaedics
and regenerative medicine, due to biocompatibility, lightness and strength of titanium.
Metamaterials with an artificially produced periodic structure exhibit unique
mechanical characteristics, including negative Poisson’s ratios, controlled anisotropy and
good fatigue strength compared with traditional solid materials with isotropic properties.
The designed elastic and strength properties of lattice and surface metamaterials based
on Ti-6Al-4V titanium alloy expand their scope of application in the aerospace industry,
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biomedicine and other fields with demand for materials with unique mechanical
properties [2].

As additive technologies are gaining increasing popularity [3], new approaches must
be developed to evaluating the strength characteristics of metal-based metamaterials.
The physical behaviour of Ti-6Al-4V alloy serving as a base material for 3D printing of
metamaterials has been comprehensively explored to study various additive technologies
for manufacturing tests specimens, such as electron beam melting (EBM), selective laser
melting (SLM), laser powder bed fusion (LPBF) [4]. It was found that the mechanical
properties of additively manufactured titanium alloy after appropriate thermal treatment
were within the standard range of parameter values for solid materials fabricated by
conventional methods [5,6].

Material fatigue is understood as the gradual accumulation of damage in the
material under the influence of variable stresses, typically below the yield point, leading
to cracking and fracture [7]. The fatigue strength of materials under variable cyclic
loading largely depends on the time evolution of stresses; the loads considered are
typically periodic. It was experimentally established that the number of cycles to failure
depends not only on the magnitude of the maximum absolute stress but also on the stress
amplitude of the cycle. The larger this quantity at constant maximum stress, the fewer
loading cycles the material can withstand. For many materials, there is a maximum cycle
stress at which the material can withstand an infinite number of load cycles. The highest
absolute stress in the cycle at which fatigue failure does not yet occur is called the fatigue
limit of the material. The fatigue limit of the material is determined by testing identical
specimens at different values of maximum stress with a constant asymmetry coefficient,
recording the number of cycles at which failure occurs in each specimen. The number of
cycles that the specimen or part can withstand before failure characterizes the fatigue
life of the material.

High-cycle fatigue occurs at stresses well below the yield point. In this case, the
material is elastically deformed, so its properties are satisfactorily described by Hooke’s
law. Since most materials have a complex multicomponent structure (grains, pores, non-
metallic inclusions, etc.), alternating local plastic deformation, which is called microplastic,
occurs in individual microvolumes under elastic deformation of a sufficiently large volume.
As this deformation is repeated for multiple cycles, microscopic cracks start to evolve.
The boundary between low-cycle and high-cycle fatigue is not clearly defined. The
fatigue life of 10° cycles can be selected as the threshold for Ti-6Al-4V alloy [8].

Traditional experimental methods for evaluating the fatigue characteristics of
metals include symmetric cyclic loading controlling the number of cycles to failure, which
allows to construct Wohler fatigue curves, or the so-called S-N (stress-number) curves [9].
The maximum cycle stress at which the specimen is tested is plotted along the ordinate,
and the number of cycles that the specimen can withstand until failure is plotted along
the abscissa. According to standard approaches to fatigue strength testing, at least fifteen
identical specimens are tested to build a fatigue curve and determine the fatigue limit.

Studies show that fatigue life strongly depends on the microstructure: coarse-
grained structures show higher resistance to crack initiation, while fine-grained structures
show higher resistance to crack propagation [10]. The fatigue characteristics of Ti-6Al-4V
fabricated by the traditional technique and laser power bed fusion (LPBF) are compared in [11].
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It was found that additively manufactured specimens have 15-20 % lower fatigue life
due to the presence of pores and residual stresses. This confirms the need for post-
treatment (thermal or mechanical) to improve performance.

A distinctive characteristic of metamaterials is that their properties are architecture-
dependent. Lattice structures can exhibit greater fatigue strength compared to classical
solid materials with the same density. However, the location of the crack initiation site
becomes critical, as failure generally begins in the connections between strut elements.
Failure in even a small number of struts in a lattice structure greatly reduces the load-
bearing capacity of the structure [12].

Additive manufacturing of products from metamaterials often faces problems with
fatigue strength, primarily due to manufacturing quality. Despite high accuracy of modern
3D printers, internal defects occur in the material at the micro, meso, and macro levels
during the printing process [13]. Such defects often have a significant influence on the
mechanical characteristics and behaviour of the metamaterial during its service life [14].
Depending on the geometric location and shape, these defects negatively affect the
strength and other mechanical properties of the complex structure of the metamaterial
as a whole [15].

The complex architecture of metamaterials makes classical experimental testing
methods too cumbersome, which stimulates the development of computational
approaches to evaluating the strength properties of complex elastic structures. Numerical
technologies actively pursued to study mechanical fatigue include mathematical
modelling methods such as finite element analysis (FEA), discrete element method (DEM)
for modelling fracture in brittle structures and multilevel modelling at micro, meso, and
macroscales. The crystal plasticity finite element method (CPFEM) accounting for
plasticity and crack kinetics for metal alloys allows to build models characterizing grain
orientation and dislocation dynamics to predict fatigue Llife with a small error in
comparison with full-scale tests [16].

Despite the progress made in this area, several major issues remain unresolved.
Crucial aspects of fatigue testing include the scale effect on test results (real designs
exhibit significant differences from laboratory specimens in cyclic loading); the influence
of defects, for example, randomly distributed pores in the volume of additively
manufactured material; the effect of dynamic loading rate, which is critical for
components of turbines, rockets, and airplanes.

A promising direction is integration of machine learning, for example, neural
network predictions of fatigue life based on microstructural data. For example, the
machine learning method was used in [17] to study the influence of location, size and
morphology of defects inside the structure to improve the prediction of fatigue life.

The full-scale tests and simulations carried out in this paper to obtain the strength
characteristics of additively manufactured metamaterials under cyclic loading used
the following unit cells of a meta-biomaterial based on Ti-6Al-4V alloy: gyroid, a surface-
based meta-biomaterial, and diamond, a lattice-based meta-biomaterial. All
metamaterials have three porosity values of 30, 50,and 70 %. High-cycle tests are
performed to evaluate the parameters characterizing fatigue in the metamaterial under
the influence of long-term loads with amplitudes below the yield strength.
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Materials and Methods

The base material was a Ti-6Al-4V alloy in the form of spherical powder with particle sizes
from 15to 53 um with a chemical composition of 90.02 wt. % Ti, 6.01 wt. % Al,
3.89 wt. %V, 0.08 wt. % Fe. The alloy is widely used in surgical operations to replace bone
structures with artificial components due to its high strength properties, chemical stability
and biocompatibility. It can be used to manufacture parts with thin elements and complex
geometries, also well suited to manufacturing products whose mass should be minimal.

Geometric models

To evaluate the fatigue characteristics of metamaterials with complex internal structure,
it is important to understand the behaviour of the solid material from which the
metamaterial is fabricated. The mechanical behaviour and representative values of elastic
and strength properties of the biocompatible Ti-6Al-4V alloy are well known, available in
Russian [6] and foreign [5,10] reference books and databases of materials. In this study,
we carried out an experimental evaluation of the mechanical properties of solid material
additively manufactured with a 3D printer to assess the reliability of the test results for
metamaterials obtained by similar technologies.

We considered solid specimens for cyclic loading tests, whose shape and
dimensions are standardized in GOST 25.502-79 [18]. The specimen models were built in
the SolidWorks CAD software. The appearance and geometric characteristics (total length
of 108 mm, thickness of 3 mm, length and radius of the gauge section of 28 and 25 mm,
respectively) of the model are shown in Fig. 1.

3

Fig. 1. Solid specimen for fatigue tests

The following types known from the literature were selected as representative
volume elements (RVE’s), or unit cells, of the fabricated metamaterials: diamond, a cell
composed of short struts making up a diamond crystal lattice; gyroid, a cell based on
triply periodic minimal surfaces (TPMS).

The volume fractions of solid material were taken to be 30, 50 and 70 %. The
variation in porosity of RVE’s and, accordingly, specimens of the metamaterial is regulated
by the diameter of the struts making up the diamond lattice metamaterial or by the
thickness of the ‘trabeculae’ formed by periodically repeating surfaces shifted by a fixed



Strength characteristics of additively manufactured meta-biomaterials made of titanium alloy under cyclic loading 54

distance relative to each other in the case of the metamaterial based on TPMS. In the
latter case, the introduced thickness is the characteristic transverse dimension of curved
solid shell elements forming surface-based metamaterials.
The following factors were taken into account to design CAD models of the
specimens for printing:
1. at least five unit cells had to be included along all axes of the gauge section of the
specimen to minimize the influence of local factors on the overall deformation behaviour;
2. minimum thickness of the RVE was limited to 1 mm for additive manufacturing to
reduce the impact of manufacturing defects on experimental results;
3. grip section for specimens subjected to tensile loading was substantially long, at least 42 mm;
4. specimen stiffness in the grip section was at least 1.5 times as high as that in the gauge section;
5. material for the specimens had to be used judiciously to reduce the manufacturing costs.
Geometric models of metamaterial cells were built in the Altair Inspire 2023
software, allowing to create models of periodic porous structures of various topologies
(Fig. 2). Unit cells of lattice and surface metamaterials and the construction of their
models are described in our earlier studies [19,20].

Volume fraction of 30% Volume fraction of 50% Volume fraction of 70%
Gerid g ‘ ‘

Diamond
Fig. 2. CAD models of unit cells for constructing gyroid and diamond metamaterials with three volume
fractions of solid material: 30, 50 and 70 %
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Fig. 3. Characteristic shape and dimensions of specimens for cyclic loading tests: (a) specimen with 30 %
volume fraction of solid material, (b) specimen with 50 % volume fraction of solid material, (c) specimen
with 70 % volume fraction of solid material
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The two basic 3D structures (diamond, gyroid) with three characteristic porosities
(30, 50 and 70 %) were used to build 3D CAD models, necessary for 3D printing of
specimens for subsequent mechanical testing. The characteristic (including overall)
dimensions and shape of the specimens for cyclic loading are shown in Fig. 3.

The given volume of the metamaterial (Fig. 4) with the dimensions of 15 x 15 x 15 mm?
and a unit cell size of 3x3x3mm?® was designed in Altair Inspire 2023 and
complemented by massive solid grips with a length of 45 mm, with the cross-sectional
area of the grip exceeding the effective area of the specimen’s gauge section by at least
1.5 times (Fig. 5). Such a restriction ensures that failure occurs within the gauge section
of the specimen, allowing to correctly evaluate the deformation in the metamaterial,
eliminating the influence of solid grips.

Volume fraction of 30% Volume fraction of 50% Volume fraction of 70%

Fig. 4. CAD models of metamaterial specimens (gyroid, diamond) with three volume fractions of solid
material (30, 50 and 70 %)

Volume fraction of 30% Volume fraction of 50% Volume fraction of 70%

Diamond Gyroid Diamond Gyroid Diamond Gyroid

Fig. 5. CAD models of metamaterial specimens (diamond and gyroid) with three volume fractions of solid
material (30, 50 and 70%) for full-scale tests on cyclic loading
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The lattice-based diamond structure was designed with the strut thickness set equal
to 0.4, 0.56, 0.71 mm for volume fractions of 30, 50 and 70 %, respectively. The surface-
based gyroid structure is designed with the required volume fraction set from 0 to 1,
where 0 is the absence of material and 1 is solid material. In our case, the volume
fractions were 0.3, 0.5 and 0.7. The obtained minimum thicknesses of the "trabeculae” for
the gyroid structure were 0.97, 35 and 1.87 mm.

Specimens for full-scale tests

Solid specimens (15 pieces) from additive titanium alloy for testing were additively
manufactured by selective laser melting on a Concept Laser M2 industrial 3D printer (GE
Additive, Germany) with the printing area of 250 x 250x 280 mm? (Fig. 6). A biocompatible
Ti-6Al-4V powder was used for 3D printing of specimens from additive material.

Fig. 6. 3D-printing equipment and prepared Ti-6Al-4V specimens: (a) Concept Laser M2 industrial 3D
printer, (b) 3D-printed solid specimens for testing

The metamaterial specimens based on the designed geometric models were
prepared by SLM from biocompatible Ti-6Al-4V powder also using the Concept Laser M2
printer. A series of specimens with three volume fractions was prepared for each of the
two types of metamaterials for cyclic loading tests. Examples of additively produced
specimens are shown in Fig. 7. A total of 12 specimens (2 identical specimens of each
type) were printed for full-scale tests of metamaterials.

Gyroid Diamond

ibil

Fig. 7. Front view of printed metamaterial specimens based on Ti-6Al-4V alloy (gyroid and diamond) with
three volume fractions of solid material (30, 50 and 70 %) for full-scale tests on cyclic loading
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Evaluation of material density

Because the metamaterial specimens for full-scale testing are manufactured additively
and have a complex structure, their volume and geometric characteristics differ from the
nominal characteristics of the corresponding CAD models. The specimens for full-scale
tests are dry-weighed, with the actual porosity of the meta-biomaterial subsequently
determined, which allows to adjust the geometry of the specimen model to reproduce
the experiments in a simulation environment and bring the model parameters closer to
the characteristics of the printed specimen.

To calculate the actual volume fraction, or volume content, of solid material in a
metamaterial, in addition to the mass of the samples, the density of the titanium alloy
used in printing the samples is determined. By weighing fifteen solid samples of the same
type made for fatigue testing and calculating the average mass of one sample and based
on the sample volume known from its digital model, simple calculations can be used to
obtain the density of the solid material based on the additive titanium alloy. Then, to
calculate the value of the actual volume fraction of the solid phase of the metamaterial
of each sample, it is necessary to consider the lattice structure of the metamaterial
without taking into account the grips added to the metamaterial sample for its
attachment in the testing machine.

Platti
— attice . (1)
PTieAl%i
_ lattice
Piattice = v - (2)
lattice
Myattice = Msample — Myrips (3)
Mygrips = Vgrips " PTi—-641-4V> (4)

where ¢ is the volume fraction of the solid phase of the metamaterial; pjttice 1S the
effective density of the metamaterial, defined as the ratio of the mass of the metamaterial
specimen under consideration to its overall volume; pr;_cai—4y is the actual density of
the Ti-6Al-4V titanium alloy used; m,sice 1S the mass of the metamaterial specimen
under consideration, in this study in the form of the cube of 15 x 15 x 15 mm?; V) ¢tice iS
the overall volume of the metamaterial specimen under consideration, equal to
3.375 mm?; respectively, mggmpe is the mass of the entire printed test specimen
consisting of the cube of metamaterial and additional grips; mg,;,s is the mass of
additional solid titanium alloy grips for attaching the specimen in the machine added to
the metamaterial specimen; V. is the volume of the additional grips.

After the relative density of the periodic structure of the specimens is determined,
the numerical model is corrected to take into account the obtained volume fractions and
is used for reproducing full-scale tests in the simulation environment. In the case of
lattice specimens, the thickness of the strut is varied in accordance with the obtained
relative density of the meta-biomaterial; in the case of the surface structure, the geometry
is adjusted directly by setting the actual volume fraction.

Testing procedure for determining fatigue properties

The purpose of the cyclic tests was to construct the S-N curve to subsequently determine
the fatigue limit of the solid material. In our case, tests were carried out for 15 solid
specimens up to their fracture under various loads. Cyclic loading tests to determine the
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fatigue properties at room temperature were carried out on a Zwick Roell AMSLER 100
machine (Fig. 8) with testXpert V12.3 software. A resonant system with variable loading
frequency was used in the experiments, allowing to adjust the loading frequency to
ensure stable loading in the selected range.
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Fig. 8. Experimental equipment and loading conditions for cyclic loading tests: (a) Zwick Roell AMSLER
100 system, (b) loading conditions for solid specimens and metamaterial specimens
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The uniaxial stress state of the test specimen is characterized by the load cycle
asymmetry coefficient R = 0,45/ Omin, Where o, and o,,4, are the minimum and
maximum values of stresses applied to the specimen in the load cycle. Tests for
constructing the S-N curve and determining the fatigue characteristics of the solid
material are usually carried out with a symmetrical tension-compression cycle, when
Omin = —Omax- FOr €ach tested specimen, the loading amplitude, the number of fracture
cycles, and the cyclogram were recorded. Testing of one speciment before reaching the
destruction forms one point of the S-N curve in the coordinates "force — number of
loading cycles”.

According to GOST 25.502-79 [18], at least 15 identical specimens are tested to
build a fatigue curve and determine the fatigue limit corresponding to a 50 % probability
of failure. At least three specimens are tested within the 0.95-1.05 fatigue limit stress
range, corresponding to a 50 % probability of failure, and at least half of them must not
fracture within the selected number of test cycles. In our case, the number of cycles for
determining the fatigue limit is taken equal to 2 million.

The test results are used to plot points on the axes corresponding to the number of
cycles versus stress amplitude in log-log coordinates. The fatigue curve is plotted in log-
log coordinates based on the test results of the specimens after processing the
experimental data using the least squares method. The left, inclined branch of the fatigue
curve is described by the equation of the form:

g,(N) =A-N75, (5)
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where g, (N), MPa, is the stress amplitude of the cycle; A is the coefficient corresponding
to the maximum stress that the material can withstand in one loading stage,
approximately corresponding to the intersection of the curve with the ordinate axis;
N is the fatigue life expressed as the number of cycles for a given stress amplitude;
B is the exponent characterizing the slope of the straight line plotted in log-log coordinates
using the least squares method from the points corresponding to the test results.

The right branch of the fatigue curve is a horizontal straight line. The coefficients
of the obtained fatigue curve are calculated in the postprocessing software, provided
together with the experimental data for each specimen. The experimental data is
processed based on the technique described in [21].

One of the main factors influencing the results of high-cycle fatigue testing for
metamaterials is the surface roughness in the gauge section. Additive manufacturing
technologies using metal powders provide a relatively low quality of the surface, with
local structural defects observed. A possible solution to this problem is mechanical
processing of the obtained specimens. However, such processing was not included in the
experimental plan, since the goal of this study was not to obtain the most durable
specimens through additional manipulations, but rather to determine the mechanical
characteristics of meta-biomaterials under conditions best reproducing their real-life cycle.

In view of this, the following factors were taken into account to determine the
fatigue properties of metamaterials: more predictable, reproducible behaviour close to
solid material for specimens with the high volume fraction, which is why such specimens
were tested first; the yield strengths found in previous experiments for similar
specimens [22], allowing to evaluate the upper bound for the load amplitude multiplied
by 0.8; accounting for the S-N curve obtained for solid material and the fatigue limit.

After a series of preliminary experiments was conducted and the first results were
obtained, we found that the most effective technique for predicting the stress amplitude
turned out to be the comparing the yield strength ratios for the solid and the
metamaterial with the fatigue limit ratios for the same specimens. The tests were
repeated for 2 million cycles. After that, the specimen was considered unfractured. In
some cases, the duration of the test was increased to assess whether the selected bound
was correct.

Finite element models of metamaterials and specimens

Computational mathematical models based on the finite element method were developed
based on the prepared 3D CAD models of the specimens made of solid material and two
types of metamaterials. Full-scale tests on fatigue strength were reproduced in a simulation
environment in two stages. The first stage was uniaxial tension for each metamaterial
specimen in the Abaqus software, describing a half-cycle (symmetric tension-compression
cycle) of the fatigue test. The procedures for developing the numerical models and
performing the simulations were done in Abaqus. The problems were solved on a
workstation equipped with Intel Xeon Silver 4210R processor (2.4 GHz, 12 cores).

Finite element meshes for the models of metamaterials considered are given in
Fig. 9, schematically showing the kinematic boundary conditions of the solved problem
on tension of a deformable solid by the displacements set along the specimen axis. Fixed
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zero displacements of the mesh nodes at one end of the specimen simulate rigid fixation
of the specimen in the grips of the testing machine, while the given non-zero component
of the displacements along the specimen axis simulates the movements of the crosshead.

(b)
Fig. 9. Schematics for design of numerical tests on uniaxial tension of metamaterial specimens and
fragments of finite element mesh: (a) diamond, (b) gyroid. The specimens with 30, 50 and 70 % volume
contents of titanium alloy are shown from Left to right

The load application region is kinematically coupled to the reference point, for
which a non-zero displacement in the longitudinal direction is set. The displacement
value is selected so that the final deformation of the specimen’s gauge corresponds to
the deformation obtained in the full-scale test. The displacement value during the tensile
tests varies linearly from zero to a maximum equal to 3, 4, and 5 mm for specimens with
the metamaterials of the considered volume fractions (Fig. 9).

In the case of numerical tests of the metamaterial, the size of the finite element in
the gauge section of the metamaterial specimens was 0.1 mm due to geometric
complexity of the internal structure. The quantitative characteristics of the finite element
meshes are given in Table 1. The resulting files with the computational results are
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imported from Abaqus into the Altair HyperLife environment for the second stage of
simulation evaluating the fatigue properties of the model.

Table 1. Quantitative characteristics of finite element models of metamaterial specimens for numerical
simulations

Specimen Nodes Elements
Diamond, 30% 304 396 1210275
Gyroid, 30% 249 756 988 563
Diamond, 50% 297 937 1232168
Gyroid, 50% 96 911 402 611
Diamond, 70% 299 051 1266728
Gyroid, 70% 261777 1104 826

Simulation procedure for high-cycle fatigue tests

Numerical simulations reproducing the fatigue tests were performed in the Altair HyperLife
2023.1 fatigue analysis software, using basic solvers, including support for post-processing
of stress results from the Abaqus environment. Setting up fatigue tests in the computational
environment requires importing a solver file with the results of finite element analysis of
the specimen, specifying the parameters of the material model and specifying the fatigue
curve for a symmetrical loading cycle. The files with the results of quasi-static simulations
for uniaxial tension of diamond and gyroid specimens with the volume fractions of 30,
50 and 70 % of solid material were taken as input files for fatigue analysis.

Loading steps from Abaqus are recognised in Altair HyperlLife, each step
corresponding to a specific force, which is a response to the displacement applied to the
specimen during the simulation of uniaxial tension. The loading step for the numerical
test is selected in accordance with the load applied in the full-scale test. If necessary, the
load is multiplied by a factor so that it exactly matches the load during the full-scale test.
The load selected for the simulation at the compression stage is multiplied by a negative
factor. Thus, two peak loading points are determined in the tension-compression cycle.

To assess fatigue, a symmetrical loading cycle is set by indication of the maximum
tensile and compressive loads. The loads for numerical fatigue tests were selected in
accordance with the value of the load during a full-scale fatigue test. In the
computational assessment of fatigue characteristics, the fatigue strength estimation
method was used with Goodman correction of average stresses under uniaxial loading.

In Altair HyperLife, any user-defined S-N curve must be specified for a symmetrical
loading cycle, and should consist of two linear sections defining the relationship between
the durability Ny and the amplitude of stresses during a symmetrical loading cycle:

s(oy) = {5 09 M = i
FL(N) ™™, Ny > Ny

where § is the stress amplitude of the symmetrical cycle (g, in Eq. (5)), S; is the coefficient
of fatigue strength, Nj,;: IS the maximum number of cycles before failure, FL is the
fatigue limit, b, and b, are the first and second fatigue strength indicators equal to the
slope coefficients of straight lines on a logarithmic scale.

The previously introduced fatigue equation (5) describes the left branch of the S-N
curve (Fig. 11), constructed according to Eq. (6), if we take the coefficients b; = B and

(6)
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S1 = A. In addition, for certainty, Fig. 10 shows a view of the fatigue curve with
a horizontal right-hand branch corresponding to the exponent b, = 0, which is a
frequently used model case when describing the phenomenon of fatigue in metals.

4 Slope-transition, 1-segment SN

.
-
.,

(NE, FL)

L
Fig. 10. Scheme of one-segment SN curve

The parameters set for the material model are elastic modulus, Poisson’s ratio,
ultimate tensile strength of the material, the characteristics of the fatigue curve, namely,
the exponent B, the maximum number of cycles to failure Nj;,,;+ and the fatigue limit FL.
In our case, elastic modulus was 105 803 MPa, Poisson’s ratio was 0.3 and ultimate tensile
strength of the material was 906 MPa [22]. The mean computational time to evaluate the
fatigue characteristics of one specimen with Altair HyperLife software on an Intel Xeon
Silver 4210R processor is 1.8 h.

Results and Discussion
Evaluation of geometric parameters and density

The specimens made of the additively manufactured titanium alloy were subjected to
measurements of the geometric dimensions and weighing to assess the quality of 3D
printing. The actual dimensions of the specimens are given in Table 2. The mean cross-
sectional area in the narrowest point of the gauge section was 17.9 mm?, and the density
of the titanium alloy was 4 305 kg/m?>.

Table 2. Geometric characteristics of solid specimens

Gauge Gauge Cross- Gauge Gauge Cross-
Specimen | thickness width sectional Specimen | thickness width sectional
h, mm b, mm area A, mm? h, mm b, mm area A, mm?
1 2.99 5.99 17.91 9 2.98 5.97 17.79
2 3.02 5.99 18.09 10 2.98 5.96 17.76
3 2.98 6.00 17.88 11 2.99 5.99 17.91
4 3.00 6.01 18.03 12 2.99 6.00 17.94
5 2.99 5.98 17.88 13 2.97 5.98 17.76
6 3.00 5.97 17.91 14 2.98 5.98 17.82
7 3.01 6.01 18.09 15 2.97 5.98 17.76
8 2.99 6.00 17.94 - - - -
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Specimens of the diamond and gyroid types with three volume fractions of solid
material - 30, 50 and 70 % - were printed for the full-scale tests (two identical
specimens of each type, 12 specimens in total). The overall dimensions of the gauge
cross-section of the metamaterial specimens are given in Table 3. The actual mass of
specimen types was determined as the arithmetic mean of the masses of the specimen
type entities (Table 4).

Table 3. Geometric characteristics of gauge section of metamaterial specimens

Specimen Specimen ID Overall gauge thickness h, mm Overall gauge width b, mm
1 FD-70-1 14.89 14.61
2 FD-70-2 14.96 14.59
3 FG-70-1 14.90 14.61
4 FG-70-2 14.95 14.61
5 FD-50-1 15.28 14.90
6 FD-50-2 15.29 14.92
7 FG-50-1 15.29 1491
8 FG-50-2 15.25 14.88
9 FD-30-1 15.03 14.98
10 FD-30-2 15.07 14.97
11 FG-30-1 15.29 14.84
12 FG-30-2 15.21 1491
Table 4. Actual mass of specimens for fatigue tests
Volume fraction, % Mass of diamond specimens, g Mass of gyroid specimens, g
30 54.5 52.4
50 79.9 78.1
70 105.2 104.9

The actual volume fraction of each specimen differs from the nominal value by no
more than 5 % (Table 5). The exception is the diamond with the nominal volume fraction
of 30 %. Because thinner structural elements were included in this type of meta-
biomaterial compared to specimens of other types, the volume fraction of the diamond
30 % specimen was deliberately exceeded by 27.5 % compared to the target at the stage
when the model was constructed for printing, since the minimum thickness of the strut
was set at 1 mm (radius of 0.5 mm).

Table 5. Actual volume fractions of metamaterial specimens

Volume fraction, %

Volume fraction of diamond
specimens, %

Volume fraction of gyroid
specimens, %

30 45.7 31.5
50 63.8 51.7
70 72.9 70.8

Results of cyclic tests for specimens made of solid material

The results of the cyclic tests performed with 15 specimens made of additively
manufactured Ti-6Al-4V alloy are given in Table 6, including the cyclic load frequency,
the load amplitude (also converted to longitudinal stress occurring in the narrowest point
of the specimen’s gauge section) and fatigue life expressed as the number of loading cycles
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that the specimen withstood. The rows are sorted in descending order from the highest
load applied to the lowest. One of the prepared specimens (specimen 3) was used only for
calibrating the equipment, so its experimental characteristics are not given in Table 6.

Table 6. Parameters of cyclic tests for solid specimens

Load amplitude, | Stress amplitude, | Fatigue life, | Test frequency, Specimen Note
F kN o, MPa N/, cycles £ Hz P

13.43 750 2 492 66.7 1 -
9.04 500 9315 67.5 2 -
7.66 430 31 407 66.8 14 -
7.16 400 49 363 71.3 11 -
541 300 180 259 68.0 4 -
4.84 270 195 001 67.9 6 -
444 250 769 413 66.8 15 -
434 240 403 988 67.5 7 -

No failure after

473 242 - 66.7 13 3877 783 cycles

No failure after

416 232 - 67.9 12 4000 020 cycles

413 230 382 689 67.7 8

No failure after

4 225 B 68.6 10 4000 008 cycles

No failure after

3.93 220 - 68.0 5 4000 007 cycles

No failure after

3.74 210 - 67.5 9 4000 000 cycles

~ ~ ~ ~ 3 Reference
specimen

The appearance of the specimens after completion of the tests is shown in Fig. 11.
As can be seen from the photographs, several specimens (specimens 5, 9, 10, 12, 13)
remained intact after reaching the maximum number of loading cycles. The experimental
data for the remaining specimens - the values of the stress amplitude of the loading
cycle and the number of loading cycles that the specimen could withstand - are plotted
in log-log coordinates (Fig. 12). Fatigue failure expectedly occurred in the smallest gauge
cross-section, where maximum normal stresses occur along the longitudinal axis of the

specimen.

it

'

Fig. 11. Solid specimens after fatigue tests
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3.0 35 4.0 4.5 5.0 5.5 6.0
Ig(N;, cycles)

e Full-scale test - - - Regression

Fig. 12. Experimental results of cyclic tests of solid samples and the regression line
in log-log coordinates

A regression dependence was constructed from the experimental points,
satisfactorily approximating the linear dependence of the number of loading cycles that
the material can withstand on the stresses in the material. The regression coefficients
give the values of the exponent B and the amplitude of the fatigue curve of the material
(Table 7). The fatigue Limit of the Ti-6Al-4V alloy, equal to 213 MPa, was also determined,
which is significantly less than the yield strength generally characterizing the strength
properties of the material under static loading. Notably, high-cycle failure has a
significantly probabilistic nature, and cases when two specimens exhibited significant
difference in fatigue life under the same load were observed in full-scale tests.

Table 7. Equation coefficients for inclined branch of fatigue curve for solid material
Equation coefficients for horizontal branch of fatigue curve
Fatigue limit after 2 g,(N)=A-N8B

million cycles, FL, MPa A, MPa B Fatigue life at knee point
N jimie, Cycles
213 3547.2 0.206 861778

Results of cyclic tests of metamaterial specimens

The results of cyclic tests for metamaterial specimens made of additively manufactured
Ti-6Al-4V alloy are given in Table 8 and photographs of the specimens after the completion
of the tests are shown in Fig. 13. Analysing the results, we found that not all specimens
failed under the given cyclic loading: in fact, not only specimens with the high volume
fraction of solid material but also specimens with a 30 % volume fraction did not fail.
Table 8 gives the type of specimen, loading cycle frequency, load amplitude
(including amplitude converted to longitudinal stress occurring in the narrowest gauge
cross-section of the specimen), fatigue life found expressed as the number of loading
cycles that the specimen can withstand. The cycle frequency was chosen slightly higher
compared to tests of solid materials to shorten the duration of the experiment. Three
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specimens did not fail when the maximum number of loading cycles was reached, two of
which were specimens with the highest porosity. One specimen failed outside the gauge
section, which may be due to a printing defect or stress concentration occurring in the
transition zone.

Table 8. Results of full-scale tests for metamaterial specimens

. Load . . Test
Specimen . Fatigue life .

D amplitude N, cycles frequency, | Specimen Note

F,N r f, Hz
FD-70-1 7 000 2 000 000 113.5 1 No failure
FD-70-2 30 000 27 092 129.4 2 -
FD-50-1 8 500 3818 281 97 5 -
FD-50-2 10000 1954 603 96.5 6 -
FD-30-1 5700 103 175 81.2 9 Failure outside gauge
section

FD-30-2 5100 4000 083 84.2 10 No failure
FG-70-1 9500 1048 331 107.1 3 -
FG-70-2 9500 638 703 107.2 4 -
FG-50-1 5100 1040 982 94.1 7 -
FG-50-2 5100 799 347 94.2 8 -
FG-30-1 2100 4000 000 75.7 11 No failure
FG-30-2 2 500 524 977 75.6 12 -

Fig. 13. Photographs of specimens after full-scale fatigue tests at time of failure or after reaching
the maximum number of loading cycles without failure: (a) from Left to right, gyroid specimens,

2 specimens for each volume fraction (30, 50 and 70 %) of solid material, (b) from left to right,
diamond specimens, 2 specimens for each volume fraction (30, 50 and 70 %) of solid material

(b)
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Thus, the presence of a stress concentrator in the grip section of the specimen in
the transition from a wider to a thinner part is an essential factor for evaluating the
number of cycles to failure in some specimens. Moreover, the selected load turned out to
be low for some specimens.

Simulation results for metamaterial specimens

Numerical analysis of the maximum number of loading cycles (i.e., fatigue life in Altair
HyperLife terms) was carried out based on static analysis of the stress-strain state of the
specimens (Fig. 14).

S, Mises S, Mises

(Avg: 75%) : 75%)
805.35 304.13
- 738.24 278.79
671.13 - 253.44
604.01 - 228.10
536.90 202.75
469.79 L 177.41
402.68 152.07
335.56 126.72
268.45 - 101.38
201.34 76.03
134.23 50.69

7.11 25.34

0.00 0.00

¥ Y
z .L’ X ZL X
S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
62221 85318

- 213.30
- 142.20
71.10
L 0.00

51.85
- 0.00

(e

Fig. 14. Distribution of von Mises stress intensity (MPa) for metamaterial specimens with various volume
fractions at selected step for analysis in Altair Hyperlife: (a) gyroid 30 %, (b) gyroid 50 %, (c) gyroid 70 %,
(d) diamond 30 %, (e) diamond 50 %, (f) diamond 70 %

Figure 15 shows the results as the distribution of the life span, i.e., fatigue life. As
can be seen from the fatigue life fields (Fig. 15), all specimens withstood a cyclic load
coinciding with the load set during full-scale tests. However, the obtained theoretical
values of fatigue life for each specimen turned out to be significantly higher in
comparison with the values obtained during full-scale tests. Numerical analysis indicated
that the failure did not occur in the specimens.

In view of the above, a parameter Cr;,;s, responsible for surface roughness of the
specimen was introduced into the calculations of the number of cycles to failure (Fig. 16).
In this case, the fatigue limit is multiplied by this parameter: FL" = FL - C¢ipjsp-

As already mentioned above, high-cycle fatigue failure is considerably probabilistic
in nature, and cases when two specimens had a significant difference in fatigue life at
the same load were observed in full-scale tests. Numerical simulation methods do not
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allow to detect the precise time of loss of integrity for the specimen, instead providing
only the fatigue life for each individual finite element.

Contour Plot Contour Plot Contour Plot
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Simple Average Simple Average Simple Average
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Fig. 15. Numerical estimates for fatigue life based on simulations: (a) from left to right, gyroid specimens
with 30, 50 and 70 % volume fractions of solid material, (b) from left to right, diamond specimens with
30, 50 and 70 % volume fractions of solid material

Fig. 16. Photographs for surface of typical specimens, demonstrating poor surface quality of
metamaterials obtained by 3D printing
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The results of fatigue tests are significantly affected by the surface quality of the
specimens and the presence of microcracks and other defects. In the case when meta-
biomaterial is produced using additive technologies, this effect becomes key due to the
high ratio of surface area to the volume in comparison with conventional solid structures.
When cyclic loading with a low amplitude is used to determine the fatigue limit of the
material and plot the S-N curve with a large number of cycles (more than 2 million),
theoretically extending to a horizontal section, the accuracy of predicting the fatigue life
also decreases.

Due to the features of cyclic testing described above, the following approach was
used to calibrate the fatigue curve:

1. range of values limited by two obtained results was considered for full-scale tests at a
fixed load;

2. adequacy of calibration of the S-N curve was estimated entirely based on the results
for all full-scale tests performed;

3. additional parameter Csin;sp, Was introduced to account for the effect of the surface
finish quality;

4. loss of integrity was assumed to occur in the specimen if a significant number of
elements (about 50 %) with a fatigue life below the considered value were found in the
gauge section at a considered time.
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Fig. 17. Numerical estimates for fatigue life based on simulations accounting for the surface roughness
parameter: (a) from left to right, gyroid specimens with 30, 50 and 70 % volume fractions of solid material,
(b) from Left to right, diamond specimens with 30, 50 and 70 % volume fractions of solid material
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As a result, we obtained a fitted fatigue model of the material for further
calculations with a coefficient of 0.25 accounting for the influence of surface roughness.
The simulation results for each full-scale test performed are shown in Fig. 17.

A comparison of the results of full-scale fatigue tests and numerical simulations
taking into account the roughness parameter introduced into the numerical model is
presented in Table 9. The numerical tests evaluated the volume percentage of the
elements in the gauge section of the metamaterial specimen that can withstand the
number of cycles obtained during the corresponding full-scale test. This volume did not
include the elements in the grips, only the elements in the gauge section. The
percentages obtained are listed in the last column of Table 9.

Table 9. Comparison of results of full-scale and numerical (with roughness parameter) fatigue tests

Number of cycles | Volume percentage of gauge section
. Specimen | Load amplitude to failure for in FEA model of the specimen
Specimen . . . . .
type F,N specimen in full- withstanding the corresponding

scale tests number of cycles in full-scale test, %
1 FD-70-1 7 000 2 000 000 63.8
3 FG-70-1 9 500 1048 331 49.6
4 FG-70-2 9 500 638 703 57.5
6 FD-50-2 10 000 1954 603 22.6
7 FG-50-1 5100 1 040 982 67.0
8 FG-50-2 5100 799 347 67.0
10 FD-30-2 5100 4000 083 33.3
12 FG-30-2 2 500 524 977 72.7

Analysing the results of numerical fatigue tests, we observe that the mean
percentage of elements in the gauge section that did not fail is 52.4 % for all specimens,
with the target value of 50 %. Thus, we estimate the difference between the results of
full-scale and numerical fatigue tests as 4.8 %. The degree of agreement between the
results allows to conclude that this model of solid material can offer high fidelity in
numerical fatigue tests of meta-biomaterial specimens manufactured by additive
technologies from Ti-6Al-4V alloy, allowing to expand the range of approaches to
numerical analysis of fatigue.

Discussion

Studying the fatigue characteristics of the specimens made of solid titanium and
metamaterials, fabricated by selective laser melting, we detected several major trends for
further detailed discussion in the context of existing theory.

The obtained values of the fatigue limit for solid Ti-6Al-4V (213 MPa for 2 million
cycles) are consistent with the data given in [5,6,23], where values in the range of
200-250 MPa were observed for similar test conditions (symmetrical cycle, R = —1).
However, there was a significant variance in the results for metamaterials. This can be
explained by increased sensitivity of metamaterials to surface defects.

Weighing shows that the actual volume fractions of metamaterials differed from the
nominal ones by 5-27 %, which is typical for SLM technologies due to incomplete
melting of powder and the presence of pores. It was also noted in [24] that non-optimal
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parameter selection of laser melting (for example, insufficient laser power or scan speed)
cause porosity and microcracks, reducing the fatigue limit by 15-40 %. Similar
conclusions are presented in [25], where the fatigue limit for SLM-printed Ti-6Al-4V turned
out to be 25 % lower than that of conventional alloy due to internal defects. Furthermore,
the surface roughness that was not taken into account in the initial numerical models
considerably influences the simulation results in our case. Introducing a correction factor
(Crinisn = 0.25) allowed to reduce the discrepancy between the experimental and
computational data to 4.8 %. The effect of the microstructure on the fatigue life of the
specimen was also considered in [26].

Using the Goodman approach to mean stress correction in Altair HyperLife yielded
good agreement with experimental data after fitting. However, the same as in [27], there
were limitations in predicting the fatigue life in the horizontal branch of the S-N curve
(after Njjmir)- This is due to probabilistic nature of failure in the region of high-cycle
fatigue, where microstructural defects play the dominant role. To improve the simulation
accuracy in future studies, it is advisable to include probabilistic methods similar to those
proposed in [28].

The Gyroid specimens exhibited more predictable behaviour under cyclic loading
compared to Diamond, which is consistent with the results provided in [29] for similar
structures. The authors explain this by a uniform stress distribution in Gyroid structures,
while stresses in Diamond structures tend to concentrate in the connections between the
struts. The study also established that cracking begins to accelerate after reaching
maximum strength, resulting in a noticeable deterioration in mechanical properties. For
Diamond structures, it is recommended to increase the volume fraction of the elements
by 20-30% as reinforcement against fatigue failure [30].

Based on the data obtained and literature analysis, optimization of printing
parameters can be proposed to increase the fatigue life of material specimens, for
example, preheating the platform to reduce residual stresses as in [31], surface post-
treatment, which, according to the data in [32], significantly improves the surface quality
of the specimen and, accordingly, slows down cracking in the surface layer. Hybrid models
combining machine learning and finite element analysis to account for the stochastic
nature of defects can also help improve fatigue life and the prediction quality [33].

Conclusion

The paper reports on the fatigue properties of additively produced metamaterial
specimens based on the biocompatible titanium alloy Ti-6Al-4V, using experimental and
theoretical approaches using the finite element method. Dynamic full-scale tests were
carried out under high-cycle loading below the yield strength of the material.

The fatigue curves obtained experimentally were used to determine the fatigue
limits and other characteristics of additively produced solid titanium alloy and the
metamaterials based on it. Finite element models of the considered metamaterials were
also developed and numerical simulation of the obtained specimens was carried out to
evaluate the fatigue life of the specimens taking into account the obtained mechanical
properties of the additive titanium alloy. The results of full-scale and numerical tests
exhibit qualitatively similar dynamic behaviour. Hypothetically, the discrepancies in
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numerical and experimental data are due to the observed printing defects of
metamaterials with complex internal structure as well as to poor surface quality of the
metamaterials resulting from 3D printing.

While full-scale tests remain the gold standard, their high cost and duration have
triggered the search for numerical methods based on computational models. The study
confirmed the feasibility of using simulation approaches to predict the fatigue
characteristics of titanium metamaterials. Importantly, the surface roughness and
possible manufacturing defects should be carefully monitored in additive manufacturing
of metamaterials to achieve high accuracy.

Accounting for microstructure and defects is crucial for titanium alloys, while a key
aspect for metamaterials is to accurately describe the geometry and damage. In view of
this, we can conclude from the results obtained that numerical tests for metamaterials
with a low volume fraction (30 %) require additional fitting due to increased sensitivity
to defects; in the case of lattice structures, it is important to minimize stress concentrators
in the interfaces between the gauge and the grip sections. Further research might focus
on integrating machine learning to account for the variability in the properties induced
by SLM additive manufacturing.
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