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Abstract

Advances in additive manufacturing (AM) techniques have enabled fabrication of highly porous
titanium implants that combine the excellent biocompatibility of bulk titanium with all the
benefits that a regular volume-porous structure has to offer (e.g. lower stiffness values
comparable to those of bone). Clinical application of such biomaterials requires thorough
understanding of their mechanical behavior under loading. Computational ‘models have been
therefore developed by various groups for prediction of their quasi-static mechanical properties.
The fatigue behavior of AM porous biomaterials is, however, not well understood. In particular,
computational models predicting the fatigue response of these structures are rare. That is
primarily due to the fact that geometrical features present in computational model of fully porous
structures span over multiple length scales. This makes the problem formidably expensive to
solve computationally. Here, we propose a multi-scale modeling approach to alleviate this
problem and solve the problem of crack propagation in AM porous biomaterials. In this
approach, the area around the crack tip is modelled at the micro-scale (using beam elements)
while the area far from the crack tip is modeled at the macro-scale (using volumetric elements).
Compact-tension notched specimens were fabricated using a selective laser melting machine for
validating the results of the presented modeling approach. The multi-scale computational model
was found to be capable of predicting the fatigue response observed in experiments.

Keywords: Multi-scale model; porous biomaterial; fatigue properties; numerical modeling;

additive manufacturing



1. INTRODUCTION

Advanced additive manufacturing (AM) techniques have enabled the ultimate form-freedom in
designing porous biomaterials that are aimed for application as orthopedic implants. It has
therefore become possible to fabricate fully porous biomaterials with regular interconnected
porosities. AM porous biomaterials with such topological properties offer unigque features
including bone-mimicking mechanical properties [1, 2] and enlarged internal surface area that
could be used for application of antibacterial coatings to prevent implant-associated infections
[3]. The micro-architecture of additively manufactured porous biomaterials (unit cell type,
density, pore size, etc.) regulate the mechanical [4] and. biological [5, 6] response of such
structures.

In the recent years, many research have studied the quasi-static mechanical properties of AM
porous biomaterials based on various types of repeating unit cell types, different porosities, and
varying pore sizes using analytical [7-10], numerical [11-13], and experimental [14-16]
approaches. Since bone substituting implants are loaded repetitively (i.e. > 2 million times per
year [17]), their fatigue response is of great clinical relevance. Most of the studies carried out on
the fatigue properties of AM porous structures have been experimental [18, 19]. Recently, we
developed a methodology for numerical predictions of the S-N curves of porous biomaterials
subjected to compression-compression cyclic loading [20]. Porous biomaterials are primarily
loaded under compression and bending. In the tensile regions of AM porous biomaterials
subjected to bending, cracks may initiate and propagate. Even when the overall porous structure
is purely experiencing compression, local tensile stresses might develop at the micro-scale due to
the different orientation of the struts constituting the porous structure. It is therefore important to

study fatigue crack propagation in AM porous biomaterials [21]. Computational prediction of the



fatigue behavior in general and crack propagation in particular is especially valuable, as it could
remove the need for lengthy and expensive tests that are usually required to study the fatigue
behavior of AM porous biomaterials. Moreover, computational models are required for
interpreting the results of the crack propagation experiments performed on AM. porous
biomaterials. In the case of bulk materials, several analytical (e.g. linear elastic fracture
mechanics and elastic-plastic fracture mechanics) and computational methods (e.g. singular
elements and cohesive zone elements) are available for interpreting the experimental results.
However, such methods are not applicable to AM porous biomaterials due to the complexity of
the micro-structure of these structures. In that case, using computational micromechanics [22-28]
would be very useful due to its ability to consider the complexities observed in the micro-
architecture of these materials. Micro-modeling of the microstructure of porous biomaterials is
efficient for relatively small structures. As the number of struts in open-cell porous structures
increases, the computational effort necessary to solve the mechanical response of the porous
structure increases exponentially. For objects whose sizes are large enough to enable actual
application as orthopedic implants, solving the numerical micromechanical model is formidably
expensive. That has been a major challenge in computational study of crack propagation in this
kind of porous structures.

Here, we propose a multi-scale numerical approach for modeling crack propagation in AM
porous biomaterials that could tackle the challenges associated with the computational cost of the
simulations. In this approach, the area around the crack tip is modeled at the micro-scale (using
beam elements) while the area far enough from the crack tip is modeled only at the macro-scale
(using volumetric elements). We designed and fabricated notched compact-tension (CT)

specimens using a selective laser melting (SLM) machine to perform crack propagation



experiments that were then used to validate the results obtained with the proposed numerical
approach.

2. MATERIALS AND METHODS

2.1. Experimental technique

Three CT specimens with similar macro- and micro-structural topologies were manufactured
from Ti-6Al-4V powder using a selective laser machine (SLM 125, Realizer, Germany) (Figure
1-2). Exposure time of 300 us and laser current of 1200 mA were chosen for the laser beam. To
better transfer load from the clamps to each CT specimen, two solid rings with appropriate
dimensions were machined and inserted into the holes (Figure 1b). The dimensions of the
specimens were 80 mm x 78 mm x 15 mm (Figure 1a). The lattice structure was based on cubic
diamond unit cells (Figure 3). The struts had diameters of 150.71 + 11.6 um and lengths of
433.07 = 7.12 pm. The micro-architecture of the CT specimens is presented in Figure 4 with
different magnifications. To test the specimens under static loading, a displacement rate of 2
mm/min was applied. To test the specimens under fatigue loading, tension-tension cyclic loading
with a loading ratio of R .= 0.1 was used. The maximum load in fatigue tests was 300.1 N and
the test frequency was set to 15 Hz. Both types of tests were performed using an Instron
ElectroPuls E10000 mechanical testing machine with a 10 kN load cell.

Since the numerical model consists of both beam elements (for microscale region) and
volumetric elements (for macroscale region), it is necessary to know what the macro-scale
mechanical properties of the porous structure is. Therefore, three cylindrical samples (D =
15 mm and L = 20 mm) with similar processing parameters used for manufacturing of the CT
specimens were manufactured. The mechanical properties such as plateau stress, elastic modulus,

and yield stress were obtained using the method explained elsewhere [29].



2.2. FE modelling of fatigue damage propagation

ANSYS implicit solver was implemented for creating the models and solving the governing
equations. Timoshenko beam elements with three integration points (BEAM189 in ANSYS)
were used for modelling the struts in the microscale region of the model and 8-noded brick
elements (SOLID185 element type in ANSY'S) were used for discretizing the macroscale region
of the model. The mechanical properties of bulk Ti-6Al-4V (listed in Table 1) were used to
model the mechanical behavior of the struts in the micro-scale model or the micro-scale region
of the multi-scale model. For the macro-scale region, the mechanical properties obtained from
porous cylindrical specimens (listed in Table 1) with micro-architectures similar to that of the CT
specimens were used. The multiscale model consisted of 35,520 volumetric elements and
103,737 beam elements.

For describing the fatigue behavior of the parent material, the S-N curve presented in Figure 3 of
[20] was used. In fatigue simulations, in order to decrease the computational time, the number of
simulation cycles are usually smaller than the loading-unloading cycles, i.e. each simulation
cycle represents a number of loading-unloading cycles, An;. A preliminary study was carried out
to find the optimum range for An; in the FE CT specimens. The results of that preliminary study
indicated that the optimum range of An; in each simulation cycle should be determined
according to the number of removed or degraded elements. The results of different simulations
converged, if An; was chosen in such a way that the number of removed elements in each
simulation cycle was no more than 0.001% of the total number of elements.

In the multi-scale model, the micro-scale region was extended when the crack tip grew too close
to the interface frame (between the micro-scale and macro-scale regions). Since in open-cell

structures, the crack tip is blunt (i.e. we have a damage area in open-cell porous structures



instead of a crack tip in solid materials), the concept of crack “tip” is not directly applicable.
Instead, the mean XY location of the removed elements in the cycle was calculated at the end of
each simulation cycle. If the distance between the damage area and the interface frame was
smaller than 4 cells, the micro-scale area was enlarged by three cells in all directions.

To better simulate the actual load transfer from clamps to the porous structure, the solid clamps
were modeled with cylindrical shapes (Figure 5b) and were assigned the mechanical properties
of Ti-6Al-4V. The cylinders (which were representatives of clamps) were discretized in such a
way that there were always nodes in their central axes (by adding hard points to their central axis
before meshing them in ANSYS). All the DOFs of the nodes located in the central axis of the
lower clamps were constrained. The DOFs of the nodes located in the central axis of the upper
clamp were given a displacement only in the Z direction and were not allowed to move in the X
and Y directions (Figure 5).

2.2.1. Consideration of damage accumulation in elements

To calculate the damage accumulated in the struts (in the micro-scale model or in the micro-scale

region of the multi-scale model), the Miner’s rule D = };; % [30] was used. Using the S-N

curve of the parent material, the life N; of the material for the equivalent stress level of each strut

was obtained. The accumulated damage in the material for the simulation cycle i was equal to

Ani
N; )

After struts fail one by one in the lattice structure, they lose their contribution to the load bearing
of the porous structure. As a result, the elastic modulus of the lattice structure decreases.
Moreover, the stiffness of the lattice structure decreases even before any strut has completely

failed. That is because as the lattice structure goes under cyclic loading, the damage accumulated



in the struts decreases the stiffness of the struts and as a result the lattice structure. As suggested

in [31, 32] and shown in [20], the elastic modulus of a deteriorated material could be obtained as:
E;j = Es(1-D;)) (1)

where E; ; is the elastic modulus of strut i and D; ; is the accumulated damage in strut ¢ (both

Lj
corresponding to the simulation cycle j). In the FE model, twenty different material models with
different elastic moduli ranging from 0 to the initial elastic modulus of the bulk material were
created and assigned to different elements at each cycle numbers according to their current

damage value (using Eq. (1)).

2.2.2. The implementation of S-N diagram

The S-N curves are usually obtained for completely reversible loads. Since the applied stress was
not completely reversible and it was tensional-tensional with a loading ratio of R = 0.1, the
following relationship (based on the modified version of the Goodman’s relationship [20, 33,
34]) was used for converting the fluctuating stress to equivalent reversible stress:

g,
Orepy = ao'm (2)

Sut

where o, and g, are respectively the amplitude and mean values of the fluctuating stress and S,,;
is the ultimate stress of the bulk material in tension. Since in this study R = 0.1, we have
o, =0.450,,4,, and a,, = 0.55 g,,,,, Which gives [20]:

0.45 0,44 (3)

Trev = | 055 O

u

The stress concentration factor linearly decreases the slope of the LogS-LogN diagram from the
point (0,logS,,) (with a minimum drop of zero) to the point (N,,logsS,) (with a maximum drop

of Kr max). Where N, is the cycle number at the beginning of the endurance limit region. In [20],



we showed that the equation for the S-N curve after applying stress concentration factor can be

obtained by replacing N in the original S-N diagram by

—b+/b?%+4aLog(S)
N == 10f 2a (4)
1_Kf,max

where = , b=1-aT,, T, =log(S,), T, = Log (S.), and function f is.the equation

e u

describing the original LogN-LogS curve (which is the logarithmic N-S curve).

2.2.3. Irregularities in strut cross-sections

To consider the irregularities in the micro-scale model and the micro-scale region of the multi-
scale model, different cross-sections sizes were assigned to different struts. The cross-section
size of each strut was chosen from a Gaussian distribution with the mean and standard deviation
values equal to the corresponding measured values obtained from the manufactured specimens.
21 cross-section sizes were chosen for the struts (1 cross-section size equal to the mean cross-
section of manufactured specimens, 10 cross-sections larger than mean value, and 10 ones
smaller).

The irregularities created during the AM of the porous structure increases the local stress values
in the struts not only because the cross-section area of some parts of the struts are very small but
also because very small curvatures in the surface of the struts create stress concentration. Due to
unavailability of data regarding the statistical distribution of the stress concentration factors, one
stress concentration factor was used for all the struts of a structure. To implement the stress
concentration concept in the fatigue problem, after each solution, the stress obtained in each strut

was multiplied by Ky before being used in the damage accumulation relationship (i.e. Miner’s
rule). An iterative procedure was used to determine the effective K¢. In this approach, first an

arbitrary value of Ky was chosen for each structure and the fatigue life was obtained for



F = 0.5 F,, where F, is the load at which the quasi-static load-displacement curve becomes non-
linear for the first time (equivalent to yield load in the load-displacement curve of cylindrical
specimens under axial loading). The Ky value was then modified according to the fatigue life
obtained for this initial value. This procedure was repeated until the numerical fatigue life was
close to the fatigue life obtained from experiments. The K¢ value obtained for F = 0.5 F, was
used for other applied loads too.

2.2.4. The damage propagation algorithm

The algorithms used to model the progressive damage in the micro-scale or multi-scale models
were similar (Figure 7a shows the flowchart used for modeling progressive damage in both
models). Depending on the type of analysis (i.e. micro-scale or multi-scale), some blocks of the
flowchart shown in Figure 7a were replaced by the flowchart blocks shown in Figure 7b-d.
Flowchart in Figure 7a specifies where and how the noted blocks should be replaced. One of the
main difficulties encountered during the multi-scale modeling was coupling the neighboring
nodes of the beam elements (in micro-scale model) and volumetric elements (in macro-scale
model) at the interface between the micro-scale and macro-scale parts of the multi-scale model.
The micro- and macro-scale regions were discretized in such a way that for each node of the
micro-scale model located in the micro-macro interface frame, there was a corresponding node
from the volumetric elements in the macro-scale region. Using the coupling command to
constraint the degrees of freedom (DOFs) of the adjacent nodes of the micro-scale and macro-
scale models in the interface between the two noted regions led to solution errors due to
development of negative pivots in the stiffness matrix created in ANSYS FE code. To resolve
this, for each beam element with one of its nodes located in the micro-macro interface area, the

XYZ locations of its end nodes were stored, the node number of the adjacent volumetric element
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was specified, the noted beam element was removed, and a new beam element was created. In
each newly created beam element, the node located in the interface area belonged to the
volumetric element and the node in its other end belonged to the previous (deleted) beam
element. This process is called merging in the flowchart presented in Figure 7b.

3. RESULTS

The static force-displacement curve was initially linear until it reached a maximum point after
which it showed a severe decrease (Figure 9a). While the rising part of the curve was smooth, the
falling part of the curve was non-smooth and had several fluctuations. The sharp peaks in the
falling region of the force-displacement curve (Figure 9a) represent the crack propagation from
one unit cell to the next. The crack propagation under different applied displacements is shown
in Figure 10. In most specimens, the crack propagation pathway was almost straight and made a
20° angle with the notch direction (Figure 10).

In the fatigue experiments, the displacement-cycle diagrams were bilinear similar to what was
observed in the corresponding curves.in [20] for porous cylindrical samples under compression-
compression load. In the first stage, the displacement increased slowly up to a critical point after
which the displacement increased rapidly (Figure 9b). The fatigue lives in all the specimens were
close and in the logarithmic range of 6000-12000 cycles. The final fracture in all specimens
occurred in displacements around or less than 0.8 mm. In other words, the displacement-cycle
diagrams became vertically asymptotic once the displacement reached 0.8 mm.

The solution time for the multi-scale model demonstrated in Figure 5 was very high and each
simulation cycle took about 0.5-1 h using a computer with 16 GB RAM and Core i7 CPU. The
simulation results showed that the results do not converge, if the number of removed elements in

each simulation cycle exceeds 12. The fatigue life obtained for each specimen was strongly
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dependent on the value of the surface factor (stress concentration factor). A small change in the
surface factor altered the fatigue life significantly. The curve plotted in Figure 9b corresponds to
a surface factor of 0.85. It took about 4 months to reach the numerical curve plotted in Figure 9b.
For fitting purposes, the horizontal axis of the multi-scale FE model (in Figure 9b) has been
divided by 1.74.

4. DISCUSSIONS

We proposed a multi-scale modeling approach that enabled prediction of the fatigue response of
CT specimens. Corresponding experiments were also performed to validate the simulation
results. There was generally a good agreement between the simulation and experimental results.
4.1. Differences with compression-compression fatigue from FE modelling point of view

In our previous study [20], we investigated damage development in porous structures subjected
compressive cyclic loading. The algorithm used in this study for modelling damage propagation
in CT specimens under tension-tension loading had some similarities with the one used in [20].
For example, the FE model took into account the irregularity in the cross-section area and stress
concentration factors. However, during the multi-scale FE model development process of CT
specimen, several challenges were faced, which showed that other factors have to be also taken
into account when modeling damage propagation in CT specimens using multiscale FE models.
For example, in the cylindrical specimens under compression-compression loading, when the
elements were considered to be damaged (d = 1), their material properties were changed to a
very small value (e.g. E; = 1 Pa). This method helped to better visualize the damage extent
inside the lattice structure. This methodology of “removing” elements was however unsuccessful
in the CT multi-scale model used in this study and led to numerical errors and solution

divergence after the first simulation step. This was due to the fact that in the CT models studied
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here, the damage area is concentrated around the crack tip, and the development of an area of
beam elements with negligible stiffness in the neighborhood of an area of beam elements with
very high stiffness leads to the presence of small pivot terms in the stiffness matrix of the model.
In the cylindrical models under compression-compression loading, the elements with negligible
stiffness values are distributed throughout the whole structure, such problems were not
encountered until the very final moments of the fatigue problem solution when the majority of
the elements were removed. In the CT model, to remove each element, the element had to be
actually removed from the model.

In compressive loading, the compression plate loads could be applied by two approaches. In the
first approach, the cylindrical geometry of the compression plates were constructed in the FE
model and contact algorithm was defined between the compression plates and the cylindrical
porous structure. Adding contact algorithm to the FE model made numerical solution much more
complex and, in many cases, led to unexpected solution errors. An alternative approach was
therefore used to apply boundary and loading conditions in the compression-compression
problem. In this approach, the nodes located at the lowermost part of the porous structure were
constrained in the vertical direction and the nodes located at the top surface of the porous
structure were given a specified downward displacement. As for the multiscale modeling of CT
specimens, using the first approach (i.e. defining contact algorithm between the holes of the CT
specimen.and the pins of the clamps) led to similar solution problems. Using the second method
(i.e. constraining all the nodes of the porous structure located in the periphery of the lower hole
position and displacing the nodes of the porous structure located in the periphery of the top hole
in the Y direction) created unrealistic loading and boundary conditions which were not

experienced in actual tests. In the experimental tests, different points in the periphery of the CT
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specimen holes could have different vertical displacements (due to relative rotational movement
of the holes in contact with clamp pins). In fact, the center of the holes had a predefined pure
upward movement with a displacement rate predefined by the user, while the contour around the
holes experienced different vertical displacements. To create a more realistic loading and
boundary condition in the hole contours, the holes were filled by much stiffer cylinders (the outer
boundaries of which were merged with the boundaries of the holes), and the boundary and
external loading conditions were applied to the central axes of the noted stiff cylinders only.

In our previous study [20], it was seen that under compressive loading, using multi-linear
material model instead of linear elastic material model does not significantly change the
observed behavior of the porous structure (such as the resulted S-N curve, displacement-cycle
curve, etc.). This was due to the fact that in cylindrical specimens in high cycle fatigue condition
(Omax < 0.6 0;,), inelastic behavior in the material occurs only in the uneven outer surfaces of
the struts and the internal parts of the struts remain always elastic. In fact, in compression-
compression loading, the propagation of micro-cracks in the struts under “clastic” stress
conditions is the main cause of damage accumulation in the porous structures. In the CT
specimens, however, the struts located close to the crack tip are usually in the plastic regime. If
the plasticity is ignored in the CT numerical model, the stress in area around the crack tip
becomes very high and the damage area spreads unrealistically fast leading to unacceptable
results.

4.2. Other FE modelling considerations

In our numerical model, the micro- and macro-scale regions were connected to each other
through the common nodes between them. This increased the stress concentration in the regions

very close to the interface frame. More accurate approaches may be needed in some cases when
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trying to connect beam elements to volumetric elements, as the nodes of beam elements have 6
DOFs (three translations and three rotations) while the nodes of the volumetric elements have 3
DOFs (three translations). In our multi-scale model, the end nodes of the beam elements were
simply connected to the corresponding volumetric elements. Since the distance between the
interface region and the crack tip was always at least four unit cells and as the damaged area did
not approach the interface area, simply connecting the beam and volumetric elements was
effective in the case of our simulations. However, using a multiple constraint approach may
further improve the accuracy of the model in the interface area and decrease the stress
concentration observed in that region.

An alternative method would be to create two separate micro-scale and macro-scale models: a
complete CT model wholly made of volumetric elements (with the mechanical properties of the
porous structure) and a micro-scale model representative of the area around the crack tip. After
solving the complete macro-scale CT-model, the nodal forces in the hypothetical interface frame
could be calculated and transferred to the micro-scale model. The micro-scale model could then
be solved using the forces obtained from the macroscale model to allow the crack to propagate.
While this method of transferring the loads from the macro-scale model to the micro-scale model
decreases the artificial stress concentration at the interface frame area, it only gives acceptable
results in'the  initial steps of the damage propagation. Once the crack has substantially
propagated, the loads obtained from the macro-scale model are not accurate anymore, because
the effects of the new state of the crack are not reflected in the macro-scale CT model.

4.3. Micro- vs. multi-scale models

The multi-scale model showed several advantages over the micro-scale model. First, the

computational time in the multi-scale model was much smaller than in the micro-scale model (30
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min vs. 90 min using a PC computer with 16 GB RAM and Core i7 CPU). Computers with less
performance capacities (e.g. a laptop computer with 8 GB RAM and Core i7 1.8 GHz CPU) were
able to solve the multi-scale model but unable to solve the micro-scale model. In the micro-scale
model, in order to have a clamping condition similar to that experienced in the experimental
tests, using contact algorithms between the porous structure and the clamps would be inevitable.
In the multi-scale model, the area far from the crack tip was discretized using volumetric
elements. Merging the hypothetical clamping and the (volumetric meshed region of the) porous
structure was therefore possible, resulting in more accurate results.  The stress distribution
observed in the area around the crack tip was similar for both models when the loading and
boundary conditions of the multi- and micro-scale CT models were similar.

4.4. Application in biomedical implants

The load-bearing implants inside the body are usually loaded in compression and bending,
because they usually have to sustain the body weight. There are several works [35-37] that have
reported the failure of the implants‘in Mode-1 crack propagation. The neck [37], the stem-sleeve
interface [38], and the body [35] of the femoral component stems have all been reported as the
fracture sites after implantation. Microscopic examination of the fracture surface has in most
cases revealed that the fracture has been caused by fatigue loading (for example the presence of
dark corroded area representing the fracture initiation sites and concentric clamshell marks
representative of fatigue failure) [35-38]. In tension or bending, the mode-I fatigue fracture
propagation is very dependent on the micro-features of the structure. Due to the nature of the
micro-structure of AM porous biomaterials, the locations with very high stress concentration
factors are much more abundant in those structures as compared to solid implants. AM porous

biomaterials are therefore more vulnerable to fatigue fracture. Taking into account the
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complexities in stress distribution in the micro-structure of porous structures (which depends on
several factors such as unit cell size, unit cell shape, roughness of the struts, etc.), a micro-
mechanical approach is expected to yield much more accurate results as compared to a macro-
mechanical model. By modeling the micro-structure of the entire porous structure, the
computational analysis time will increase substantially. The multi-scale methodology proposed
in this study combines the best of both approaches and results in an accurate prediction of the
fatigue behavior within a more reasonable time frame.

5. CONCLUSIONS

In this study, a multi-scale computational approach was proposed to predict crack propagation in
AM porous biomaterials. CT specimens were also manufactured from AM porous biomaterials
and tested under fatigue. The results of the multi-scale computational model matched those
found in the experiments. The multi-scale models had several advantages over the micro-scale
model including much smaller computational time, much better prediction of stress distribution
in crack tip region, and less solution instabilities. The preprocessing procedure for the multi-
scale model was, however, more complex. The results of this study also showed that considering
plasticity in the material behavior of the parent material is of great importance, since the struts
located around the crack tip are usually in the plastic regime. This is in contrary to cylindrical
porous structures under compression-compression loading studied in our previous study which
showed that considering either linear elastic or elastic-plastic material models yields similar
results especially for lower stress levels .
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Tables

Table 1- Mechanical properties of bulk Ti-6Al-4V and porous structure used for modeling the mechanical
behavior of the multi-scale model

Property Solid Ti-6Al-4V Porous structure
Elastic modulus 122.3 GPa 0.22

Poisson’s ratio 0.342 0.1

Tangent modulus 1.25 GPa -

Yield stress 1000 MPa -

Ultimate tensile strength 1200 MPa -
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Figure 1- (a) The dimensions of the CT specimens (b) The manufactured CT specimens from two views
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Figure 2- A view of the additively manufactured CT specirh
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a
a=1mm
1=0.433 mm

Figure 3- The diamond unit cell (the bold lines) used for creating the micro-scale geometry of the lattice
structure
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(d)
Figure 4- Microscopic views of notch tip for (a) 20X, (b) 50X, (c) 100X, and (d) 200X magnifications
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(b)
Figure 5- (a) A 3D view of the multi-scale FE model; (b) Implementation of extra cylinders to model the loading
condition in the clamping area
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i Ifit is a multi-scale analysis insert
+ block A here and if it is a micro-
1 scale analysis insert block B here

Assign E to each strut
Yes according to its damage
level

Assign E=E_ to all the

struts

—)[ Apply displacement (U;) to top grip

Solve the problem,
Find the reaction force R

No

Yes

d=|R-R,/Ry< 1% No—>< d<100% U= (1-d/2) U;

Yes

a. Find the bending and axial stresses in each strut
b. Find the minimum and maximum stresses in y and z directions of each strut
c. Calculate the equivalent reversible stress sy, in both y and z directions

d. Consider the effect of stress concentration factor by §y,,, = KrSe,

Repeat for y and z directions of all elements

Remove the element

Yes

a. Calculate deltaD), using Miner’s rule A
b. Dy=deltaD,*+D,

!

Yes

27



[]
y v

delta n=2 delta n “‘Yes’«N Yes »| delta n=delta n/5
N
v

delta n=2 deltan “‘Yes Ng<0.001N ><—No Ny>0.005N Yes |  deltan=delta n/s
No
A v v

If it is a multi-scale analysis insert
block C here

Esn'ncu|re<0'1 Emcaln,mt

Nor

Yes

(@)

28



I e e e e e e e e e e T T T

Block A

e il IR I e R I I R T T T

n=1?
or

id the interface changed in previo No

simulation cycle?

Yes

\ 4

/a. Create the geometry of both the micro- and macro-scale models and\
mesh them
b. Mesh the micro-scale model using beam elements and mesh
the macro-scale model using volumetric elements
c. Constraint the lower grip
d. Define a damage table for each beam element in the micro-scale
model with three columns: element number, damage in local y direction

Qf element, and damage in local z direction of the element /

a. Find the nodes in the micro- and macro-scale models which are in
neighborhood of each other (Find the interface nodes)
b. Merge the neighbor nodes in the interface between the micro- and
macro-scale models

__________________________________________________

29

-

N e e e e e e e e e e e e e e e e e e e e e e e e e e e e e P



Block B

Yes

A 4

a. Create the geometry of both the micro-scale model and mesh it using
beam elements

b. Constraint the lower grip

d. Define a damage table for each beam element in the micro-scale
model with three columns: element number, damage in local y direction
of element, and damage in local z direction of the element

- e e e e e e e e e e e e m,
gy

Calculate the average location of the
last 10 removed elements

Increase the size of micro-scale model for two
es layers of cells from the side the crack tip has
come close to the interface frame

Is the average location of the
deleted elements close enough
to the interface frame?

~en e

(d)
Figure 7- (a) The flowchart of the algorithm used for modeling damage propagation in the micro- or multi-scale
models. The algorithms shown in flowcharts (b-d) are used as blocks in the main algorithm flowchart depending
on the analysis type (micro-scale or multi-scale)
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Figure 8- View of the interconnection area between the micro-scale and macro-scale parts in the multi-scale
model. The macro-scale part was discretized in such a way that for each strut end located in the interface frame,

there was a neighbor node in the macro-scale part.
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Figure 9- Comparison of experimental and numerical (a) load-displacement curves under static loading, and (b)
displacement-cycle curves under fatigue loading.
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Figure 10- Sequence of damage propagation in the AM specimen (left) and in the corresponding multi-scale FE
model under isostatic loading condition
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Highlights

e A multi-scale computational approach was proposed to predict crack propagation
e The results of the multi-scale computational model matched the experimental results
o Considering plasticity in the material behavior of the parent material is important
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