Chapter 6

In-situ experiments and high fidelity
simulations

As mentioned throughout this work, components obtained by additive manufacturing present
fabrication defects, such as surface roughness, layer discontinuities, or internal porosity, that
strongly affect their mechanical performance.

The use of numerical simulations is very useful for studying how fabrication defects influence
the mechanical behavior of lattice materials. As described in sections 3.1 and 5.2.2.3,
computational homogenization based on the fast Fourier transform (FFT) allows for highly
efficient numerical simulations without the need for a mesh, reducing computational resources
(Lucarini and Segurado, 2019; Lucarini, Upadhyay, and Segurado, 2021; Lucarini et al.,
2022). With this technique, it is possible to directly use reconstructions obtained from X-ray
tomography (Lucarini et al., 2022), which include the internal structure. Moreover, these
models can be used to simulate the mechanical tests performed on the same exact specimens,
allowing the analysis of the stress distribution and effect of defects (Lucarini et al., 2022).

In this chapter, the experimental analysis of Polyamidel2 individual cells and struts is
integrated with numerical simulations to analyze how defects influence the mechanical behavior
and fracture of these materials and also the non linear behavior. In-situ tests of unit cells
and single struts of different diameters have been conducted using X-ray tomography. These
tests allowed the observation of how cracks nucleate and how damage propagates during the
experiments. From the reconstructions of the tomograms, exact digital replicas of the sample
volumes were created and used to simulate the tests using an FFT-based method considering
a phase-field fracture model to predict the behavior and further investigate crack nucleation.
Additionally, the non-linear mechanical behavior was studied using a viscoelastic-viscoplastic
(VEVP) model, which was first calibrated to obtain fitted parameters and then used to
generate results.
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6.1 Experimental results from in-situ tests

In-situ tests were carried out in unit cells and single struts under two different experimental
set-ups in two different tomographs, one for compression of the unit cells and the other for
tensile tests of the struts.

6.1.1 Experimental set-up

Two experimental set-ups were used; one designed for tensile tests and the other for compression
tests.

Figure 6.1: In-situ experimental setup for (a) tensile tests on the struts and (b) compression tests
on the BCC unit cells.

Single struts in-situ tensile tests

Cylindrical tensile specimens with diameters of 0.7, 1.0, and 1.5 mm and a length of 6 mm
were fabricated, mimicking the geometries of the individual struts, as it was done in section
5.1.3. These specimens were printed in three different directions, resulting in samples with
layers oriented perpendicular, parallel, and oblique to the load. These printing directions are
H, V, and T, respectively.
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The samples were scanned in the MatélS facilities at INSA Lyon using the RX Solutions
EasyTom Nano tomograph, with a voxel size of 4 nm, a voltage of 80 kV, and a current of
80 pA, without the need of using a filter to reduce the electron beam hardening effect. A
non-commercial in-situ tensile machine equipped with a 1.5 kN load cell was used to perform
tensile tests. The tensile process was displacement-controlled, with a speed of 0.0139 mm/s (
2.78 x 1072 s71). Figure 6.1a shows the configuration of the in-situ tests.

To study the evolution of the microstructure with damage, the tests were carried out stepwise,
allowing the tomography of the sample to be performed at different deformation stages until
fracture. At each step, the sample was slightly unloaded to prevent relaxation movements or
crack propagation. Tomographies were taken when the sample entered the non-linear regime
to observe microstructural changes due to damage. Additionally, to study deformation and
determine whether the non-linear region was due to damage or plasticity, an in-situ test was
performed in 20 steps, applying DVC (Digital Volume Correlation). For DVC, an in-house
code developed at INSA Lyon was used. Each step consisted of increasing the displacement
by 58 pm in tension, and to avoid stress relaxation during tomography, the sample was
compressed by 10 pm. Therefore, each tomography was taken at every 48 pm of displacement.
In this case, the voxel size was 8 pm.

The tomographies of all tests and steps were converted into RVEs of ~ 256® voxels with a
resolution of 36.3 pm/pixel following the process mentioned in 3.3.1 for the simulations.

Unit cells in-situ compression tests

Unit cells with strut diameters of 0.7 and 1.0 were subjected to in-situ compression tests. The
samples were scanned IMDEA Materials using the GE (Phoeniz) Nanotom 160 kV tomograph,
with a voxel size of 8 pm, a voltage of 130 kV, and a current of 80 pA, without the need to use
a filter to reduce the electron beam hardening effect. A non-commercial in-situ compression
machine equipped with a FUTEK IPM650 controller and a 200 N load cell was used. The
compression process was displacement-controlled, with the strain rates shown in Table 6.1 for
each unit cell size. Figure 6.1b shows the configuration of the compression in-situ tests.

Table 6.1: Strain rate and displacement for each step of the in-situ compression tests of unit cells
with 0.7 and 1.0 mm struts diameter.

Unit cells
Strut diameter [mm] 0.7 1.0
¢ s 1] 510 x 101 | 3.91 x 10
Step displacement [pm] 195 260

To study the evolution of the microstructure with damage, the tests were carried out stepwise,
allowing the tomography of the sample to be performed at different deformation stages until
20 % of deformation. In Table 6.1, the displacement applied at each step for both unit cell
sizes is reported. Also, in this case, after each step, the sample was slightly unloaded to
prevent relaxation movements or crack propagation.
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As with struts, the tomographies were converted into RVEs of ~ 256 voxels with a resolution
of 36.3 um/pixel following the process mentioned in 3.3.1 for the simulations.

6.1.2 Experimental results of struts

Figure 6.2 shows the force-displacement curves obtained from the in-situ tests. A significant
variation in mechanical behavior can be observed among the different samples printed with
the same diameter but in different directions. Despite the lack of repeatability, all samples
exhibit both a linear and a non-linear regime. The non-linearity is likely due to the evolution
of damage experienced by the sample, given the limited plasticity it exhibits after fracture.
Additionally, the unloading steps taken throughout the test to capture the tomographies are
evident. In the 0.7 mm diameter sample printed in the T direction, radiographs were taken
instead of tomographies, so the unloadings were unnecessary. The curve for the sample used
for DVC is not shown in Figure 6.2.

The high variability in results is due to two main reasons. First, the printing parameters
are not optimal for manufacturing struts with sub-millimeter diameters, leading to a strong
surface roughness. Also, the fabrication defects are unique to each sample, influencing each
one differently.

In order to obtain a realistic stress-strain response from the tests, it is necessary to perform a
direct measurement of strain because, due to the testing machine’s low stiffness, the carriage’s
movement cannot be directly associated with the displacement of the sample’s effective length.
The use of extensometers is also not possible here because of the small sample size. For this
reason, it was only possible to obtain the stress-strain curve from the test conducted for DVC.
Therefore, the experimental results in Fig. 6.2 have not been used for mechanical property
characterization because of the limitations in strain measurement and the limited number of
tests performed per sample type. Instead, the focus has been solely on studying the evolution
of the microstructure as it relates to damage.

0+ : : :
0.0 0.5 1.0 1.5 2.0
Desplacement [mm]

Figure 6.2: Experimental force-displacement curves from single strut in-situ tests with X-ray
tomography.

100



Chapter 6. In-situ experiments and high fidelity simulations

1.0
r_\f 0.8 Min. cross sec.
= 0.6
5 (\WL 1l h
% 044 LMyl |
s
© 0.24

00 L L L L L L L

0o 1 2 3 4 5 6 7
Lenght z axis [mm|]

(a)

r0.16

r0.12

T
<
=)
3]

Internal Porosity [%)]

-0.04

~0.00

1.0 -0.16
&0.84 L I3
B 20 Eroa2
N = . é N
g 8% 10 =1 o0s
: s Sy
& 049 o = &%
@ 0 g
] <3}
= = 10.04
F—10
0.0 T T T T T T T T _0-00
0o 1 2 3 4 5 6 7
Lenght z axis [mm]
(b)

Figure 6.3: Analysis of strut tested with DVC in (a) the initial state and (b) the step before failure.

Figure 6.3 depicts the sample used for DVC, with a diameter of 1 mm, printed in the T
direction. In this sample, the first crack to nucleate, located at the right end, coincides with
the area of the smallest cross-section. However, failure occurs due to the propagation of a
second crack, which nucleates at later stages of deformation and is located near the region
with the highest initial porosity. Additionally, the local deformations obtained through DVC
are shown in black, revealing a high concentration of localized deformation in the fracture

zones.

Figure 6.4: Single strut of 1.0 mm diameter with layers in the V direction. S indicates a crack
originated in the surface, and P indicates a crack originated in an internal pore.

In Figure 6.4, three different states of a 1 mm diameter sample printed in the V direction are
shown. In the upper figure, the sample is in its initial state before applying any load. In the
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middle image, an intermediate stage is represented where the sample shows two cracks, one
originating at the surface (S) and the other from an internal pore (P). The bottom image
represent the final stage after failure, showing the fracture plane, which, in this case, resulted
from the propagation of the crack that originated at the pore.

From the tomographies obtained during the in-situ tests, it can be observed that cracks
predominantly nucleate at the surface, with fewer nucleations originating from internal defects,
as seen in Figures 6.3b and 6.4. Additionally, many cracks nucleate in regions corresponding
to the smallest cross-section in the initial state, as occurs in Figure 6.3. However, cracks do
not always nucleate in areas of higher porosity. The propagation of cracks mainly depends
on the printing direction. After fracture, plasticity is only observed in the area close to the
failure site, as illustrated in Figure 6.4. There is no direct correlation between failure due to
a crack originating at the surface or from internal pores, nor is there a consistent pattern
regarding cracks originating in regions of the smallest cross-section.

6.1.3 Experimental results of unit cells

Figure 6.5 shows the stress-strain curves obtained from the in-situ tests of the unit cells with
0.7 and 1.0 mm diameter struts with as-built surface condition and surface-treated condition.
The curves present similar shapes and values to those obtained from the characterization
experiments shown in section 5.1.2 and Figure 5.1b. Compared to the tests carried out for
mechanical characterization, where there was no significative improvement in the performance
of cells with diameters higher than 0.5 mm, the surface-treated samples performed better than
the non-treated ones during in-situ tests, as the samples reached higher maximum stresses,
especially on the cell with 0.7 mm diameter strut. The variations observed between the curves
obtained from the different tests can be attributed to multiple factors, such as the different
strain rates the tests have been carried out, environmental conditions inside and outside the
tomograph, and sample age, among others. In addition, the observations from the mechanical
behavior obtained from the in-situ tests come from one sample for each geometry and surface
treatment. In contrast, the observations in section 5.1.2 were done on multiple samples. For
this reason, the observations from the in-situ stress-strain curves cannot be used to study the
mechanical behavior of these samples.

In contrast to the struts, where there is no correlation between the type of defect and the
location of the crack nucleation, in unit cells, crack nucleation is strongly related to the
geometrical features of the samples. The first cracks always nucleate before 10 % of strain in
the inner parts of the nodes that join the vertical struts with the diagonal ones and propagate
with an angle of 45° with respect to the load direction, as observed in Figure 6.6. In addition,
secondary cracks appear in the middle of the vertical struts, approximately at 20 % of strain
only in the non-surface treated samples. This crack nucleation behavior has also been observed
in the unit cells during the tests explained in section 5.1.2.

Although surface treatment does not cause significant improvements in the mechanical behavior
of struts, it reduces the nucleation sites in the surface of the struts as it reduces the surface
defects, which act as local stress concentration sites (Serrano-Munoz et al., 2017).
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Figure 6.5: Stress strain curves of unit cells from X-ray in-situ tests.
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Figure 6.6: Cross section from the final step of in-situ tests with X-ray tomography of unit cells
with (a) 0.7 mm diameter struts without surface treatment, (b) 1.0 mm diameter struts
without surface treatment, (c) 0.7 mm diameter struts with surface treatment, and (d)
1.0 mm diameter struts with surface treatment.
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6.2 Linear elastic-fracture simulations

6.2.1 Struts

The simulation of the tests was performed using the phase field fracture model presented in
section 3.4. The pristine material follows a linear elastic model with values of 1.7 GPa for E
and 0.4 for v. Fracture energy values of 250, 500, and 1500 N/m, along with characteristic
lengths (I.) of 90, 180, 600, and 1800 pm, have been used. In Figure 6.7b, a cross-sectional
view of a representative volume obtained from the raw tomography (Figure 6.7a) is shown,
where internal defects can be observed. In addition to the simulation of the tests with the
actual geometry obtained from X-rays, another set of simulations was conducted in which
internal porosity was removed, Figure 6.7c. This set of simulations was performed to study
the influence of surface roughness on crack nucleation and propagation uncoupled to the effect
of internal porosity.

(b) (c)

Figure 6.7: Tomographic volume of 1 mm strut printed in oblique direction used for porosity
analysis and diameter measurements where (a) raw gray-scale tomography slice, (b)
reconstruction from original tomography including defects, and (c) reconstruction with
no pores. The reconstructed volume is virtually cut in the middle of the sample for
this figure.

Simulations have been conducted with different values to define the fracture model, specifically
the parameters G. and [.,,.. These parameters determine the shape of the predicted force-
displacement curves. Although no pair of values accurately represents the experimental
force-displacement curves, the values of G, = 1500 N/m and [.,, = 600 pm best align with
the test results. Simulations are performed for the actual microstructure obtained in the
tomographies and also for artificial microstructures in which internal porosity has been
removed.

Figure 6.8 presents the stress-strain curves for the sample used in DVC. In the figure, the
experimental curve is represented together with the curves obtained from simulations with
various values of the parameters /., and G.. The curves obtained using the representative
volumes without porosity reached higher maximum loads than their corresponding microstruc-
tures with porosity; however, their behaviors are similar. For this reason, only the result of a
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single simulation using a microstructure with porosity is represented in the figure, using grey
color.
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Figure 6.8: Stress-strain curves from the experimental DVC test and predictions using PFF with
different parameters.

Figure 6.9: Sample used for DVC. Up: RVE with pores, Middle: fracture prediction using RVE
with pores, and Down: fracture prediction using RVE without pores. Where sdvl
indicates the damage phase field.

It has been observed that the behavior obtained by the simulation of this DVC experiment
is influenced more by surface roughness than by internal porosity. As the fracture energy
decreases, the maximum damage is reached at lower levels of strain and stress. On the
contrary, with increasing [.,,, the material exhibits a more ductile behavior before fracture
due to the extension of the non-linear region. However, as l.,, increases, the maximum stress
the material can achieve decreases.

In addition to the force-displacement results, the simulations allow for the localization of
damage within the specimen and the formation or propagation of critical cracks (Figure
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6.9). Generally, the simulations predict the locations where damage is concentrated, but
they do not always accurately predict which crack propagates to cause the final failure. The
simulations typically show a single propagating crack, which often coincides with the first
crack nucleated during the test. However, in experiments, failure does not always occur due
to the propagation of the first nucleated crack. In Figure 6.3, it can be seen that the first
crack nucleated at the location of the smallest effective area aligns with the crack propagation
location in the simulation shown in Figure 6.9.

In some cases, despite the parameter variation, the crack consistently appears in the same
section, indicating a clear stress concentration in those areas, as seen in Figure 6.9. However,
even if the crack forms in the same position, it may not align with the experimental fracture.
In other cases, changes in the parameters do affect the prediction of the crack localization,
making it coincide with the experimental results, as shown in Figure 6.10.

Figure 6.10 compares the location of experimental cracks with predictions made using different
parameters and representative volumes from a 1.5 mm diameter sample printed in the T
direction. This sample has a different diameter than the one shown in Figure 6.9.

State before G.=250  G.=250  G.=1500
failure 1car =90 lcar =90 1car =600

Initial state

Figure 6.10: Strut of 1.5 mm diameter with layers in T direction showing raw tomographies
of the initial and before failure states, and the fracture predictions using different
parameters.

To analyze whether the resulting crack is influenced by internal porosity, new models have
been generated in which the internal porosity has been removed. The simulation results
are presented in Figures 6.9 alongside the results from the original microstructure. These
porosity-free simulations provide insight into which samples fail due to cracks nucleated at
the surface.

In summary, it can be stated that the brittle fracture approach using phase field and real
microstructures does not always predict failure in a consistent manner with experiments. The
differences are probably due to the use of linear elastic fracture, which does not accurately

106



Chapter 6. In-situ experiments and high fidelity simulations

represent the actual degradation in the material. The type of fracture observed and the force-
displacement curves suggest a cohesive crack behavior with a maximum strength characterizing
the nucleation of cracks in high-stress regions. Furthermore, the behavior of monolithic
Polyamide 12 in the absence of failure is not elastic, indicating that a material model
considering viscoelasticity and viscoplasticity would be more appropriate, as observed in the
mechanical characterization of bulk and struts in sections 4.1 and 5.1.3, respectively (Cobian
et al., 2022).

6.2.2 Unit cells

In the case of unit cells, the simulations consistently predicted the damage at the nodes,
where cracks appear in the experiments in the in-situ and conventional compression tests, as
shown in Figure 6.11. However, the simulations were challenging as there were convergence
issues when the strains were over 8 % for the defect-free RVE and memory and simulation
times for the RVEs obtained from tomographies.

These difficulties originate from the suboptimal adaptation of FFTMAD with phase-field
fracture implemented for lattice structures and a material consecutive model that does not
adapt to the real materials behavior, as mentioned in the previous section, with the prediction
of the strut’s crack nucleation and propagation behavior. These difficulties have prevented the
successful generation of stress-strain curves from comparing them with the experimental ones,
and it also was not possible to complete simulations with RVEs obtained from tomographies.

9.0e-01
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Figure 6.11: Damage prediction on the as-designed BCC unit cell RVE. Where sdv1 indicates the
damage phase field.

6.3 Elasto-visco plastic simulations

Experimental mechanical tests (see Figures 5.1b and 5.2) show that unit cells and struts
present not only an elastic regime but also a strain rate-dependent plastic regime, where
the yield point increases with the strain rate, showing viscoplasticity. In addition, the
strains reached until failure surpasses 10 %, overcoming large deformations. Up til now, all
the simulations have been done with a linear elastic model, which, although it has given
information about the influence of porosity, can only predict the effective elastic modulus, as
seen in section 5.2.2.3. In addition, in section 6.1.2, the predictions with phase-field fracture
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deviate from the experimental results because this material model did not represent the actual
degradation of the material as a model considering viscoelasticity and viscoplasticity would
be more appropriate.

For this reason, the finite strain VEVP material model introduced in section 3.5, which was
calibrated at both the macroscopic and microscopic scales using experimental data, was used
to predict the non-linear response of the struts and unit cells.

6.3.1 Model calibration

The experimental data obtained from the mechanical tests shown in chapter 4 and summarized
in Table 6.2 for the bulk material and section 5 for the single struts were used to fit the
material parameters of the finite-strains visco-elastic visco-plastic material model using BI.
The single struts were tested only under tensile uniaxial loading at strain rates of 2.78 x 1073,
1.67 x 1072, 1.67 x 107!, and 1.67 s L.

For the fitting process, the number of Maxwell branches is set to N = 8 (equations 3.14
and 3.15) based on the observations made during the experimental tests. The material
parameters 1 are divided into the viscoelastic parameters 1€ and the viscoplastic parameters
¥'P which are explained in the next paragraph. Using the Markov Chain Monte Carlo (MCMC)
algorithm, the parameters are inferred by choosing random variables between a range of
values. Due to the lack of compression tests on single struts, the compression macroscopic
parameters are used on the microscopic scale. Then, using maximum a posteriori (MAP),
the fitted parameters for the VEVP model that produce the most similar stress-strain curves
to the experimental ones are selected. The comparison between the experimental data and
predicted curves is shown later in Figure 6.13 of section 6.3.

Table 6.2: Bulk material loading conditions used for BI

Loading speed experiment type Strain rate &[s™!]
7.37 x 1074
Tension 7.37 x 1073
7.37 x 1072
2.78 x 1073
Compression 2.78 x 1072
2.78 x 1071
1.0
10.0
160.0
380.0
High Compression 640.0
750.0
890.0
Relaxation Elastic loading 7.37 x 1073
(compression) | Elasto-plastic loading 7.37 x 1073

Low

Medium Compression
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Viscoelastic parameters

The Young’s modulus E,, Poisson’s ration v.,, Bulk moduli K;, Shear moduli G;, and
volumetric k; and deviatoric g; retardation times conform the Y€ parameters to be inferred.

The relaxation times (see equations 3.16 and 3.17) g; and k; are chosen to be random
retardation variables to be inferred, and the rest corresponding to the branches ¢ = 2, ..., 8 are
defined as ¢; = g1 x 1070~V and k; = k; x 10-~Y. In addition, G; and K;, when i =1, ..., 8,
are defined as random variables to be inferred as E(t) and v(t) are both time-dependent in
polymer materials. Equilibrium moduli G, and K, are constants defined in eq. 6.1. The
ranges of the parameters are defined using rough estimation ranges based on the experimental
results and literature. The values of G;, ¢;, K;, and k; present ranges that include several
orders of magnitude, and to make them have the same probability during the random walks,
their logyo values are used as the uniformly distributed random variables. The ranges chosen
for each viscoelastic parameter and the fitted parameters are shown in Tables 6.3 and 6.4,
respectively.

(6.1)

Table 6.3: Uniform distribution ranges of the viscoelastic material parameters. Where i = 1,..., 8,
the units of G; and K; are MPa, and g; and k; are s.

9ve By [MPa] Voo 10g10G; | logi10K; | logiogr | logiok:
Ranges macro | [800 - 1600] | [0.20 - 0.45] [-1.0 - 4.5] [0.0 - 3.0]
Ranges micro | [200 - 1600] 0.283 [-1.0 - 4.5] [0.0 - 3.0]

Table 6.4: Viscoelastic material parameters for the macro and micro scale obtained with Bayesian
inference fitting after using MAP.

Ve E. [MPa] | vs | logiog1 | logioks
Params macro 1374.3 0.283 | 0.897 1.035
Params micro 622.8 0.283 | 0.540 1.888
9Ue loginK1 | logioKs | logioK3 | logioKy | logioKs | logioKe | logioK7 | l0g10Kg
Params macro | 4.220 -0.236 2.956 2.113 -0.078 -3.898 1.708 3.146
Params micro 2.322 3.112 2.386 -0.233 1.767 0.614 2.360 3.231
9ve logi10G1 | l0g10Ga | l0og10G3 | 10g10Gy | 10g10Gs | l0og10Ge | 10g10G7 | l0g10Gs
Params macro | -0.066 1.066 0.885 0.390 1.334 0.815 3.182 0.953
Params micro | -0.368 -0.714 0.827 0.078 1.707 -0.522 1.410 3.039
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Viscoplastic parameters

The set ¥'P is composed of 12 parameters that have to be identified; the viscosity n and
rate sensitivity exponent s defined in eq. 3.19, the yield parameter « of eq. 3.20, the initial
compressive yield stress 0¥ computed in eq. 3.21 and tensile yield stress of through m®; the
parameter ( related to the plastic Poisson ratio in eq. 3.23, and hardening parameters cy,
H? h; of the compressive regime (eq. 3.24) and tensile regime ty, HY h; (eq. 3.25). As with
Y€, the parameters to be identified adopt random values within a range, and in the case of
n, co, HY, to and H? their logarithms (logiy) are applied. Tables 6.5 and 6.6 show the ranges
chosen and the values obtained for each viscoplastic parameter, respectively.

Table 6.5: Uniform distribution ranges of the viscoplastic material parameters for the macroscale
(bulk level) and the microscale (strut level). Where 7 is in MPa - s, and tg, cg, H{ and
H? are in MPa.

9P logiom s a 3 ol [MPa) mV
Ranges macto | [3.0 - 5.3] | [0.01- 0.5] | [L.0-7.0] | [0.0-2.0] | [5.0-60.0] | [0.1-0.9]
Ranges micro | [3.0 - 5.3] | [0.01 - 2.0] 3.705 0.2175 | [20.0 - 35.0] 0.777

VP lOgloto ‘ l091000 lOgl()H? ‘ lOglng ht ‘ hc
Ranges macro [-5.0 - 3.0] [-3.0 - 2.0] [0 - 10000]
Ranges micro | [5.0 - 3.0] | [-3.0 - 0.0] | [-5.0 - 2.0] [ [0.0- 2.0] | [0 - 10000] | [200 - 1000]

Table 6.6: Viscoplastic material parameters for the macro and micro scale obtained with Bayesian
inference fitting after using MAP.

9vP logiom s a 6} o [MPa] mY
Params macro | 5.183 | 0.179 3.705 0.2175 29.696 0.777
Params micro | 3.173 | 0.298 3.705 0.2175 34.882 0.777

9P logioto | logioco | logioHY | logioHY hy he
Params macro | 2.145 | -2.533 | -3.184 1.157 9648.948 | 299.094
Params micro | 2.276 | -2.888 | -2.091 0.907 9475.703 | 236.011

6.3.2 Struts and unit cells simulations

Strain-controlled uniaxial tensile tests were simulated using the finite-strain VEVP model
with the material parameters for the micro-scale implemented in FFTMAD. To predict the
mechanical behavior of the struts, a cylindrical defect-free RVE was used, a maximum strain
of 0.12 was applied at maximum times of 43.25, 7.3, 0.73, and 0.073 s, which are equivalent to
the strain rates 2.78 x 1073, 1.67 x 1072, 1.67 x 107!, and 1.67 s}, respectively, to compare
the stress-strain curves with the experimental ones obtained from the 1.5 mm diameter single

struts. To achieve better convergence rates and improve the results, the parameter 5 was
scaled by 1.5.
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For the BCC unit cells, strain-controlled uniaxial compression tests were simulated with
FFTMAD using the finite-strain VEVP model. The parameters obtained for the microscopic
and bulk parameters calibrated with the experimental data were used for the simulations. As
with the single struts, the non-linear response was predicted using a defect-free RVE, and
a maximum strain of 0.075 was applied at a maximum time of 4.97 s to simulate a strain
rate of 1.5 x 1072 s™! to compare the results with the experimental data. In addition, to
validate the implementation of the material model in FFTMAD, the same simulation, using
the macroscopic parameters, same loading conditions, and material model, was performed
with the commercial software Abaqus. To improve the convergence rate, 8 was multiplied by
1.5.

The mechanical behavior under tension and different strain rates of a single strut with a
1.5 mm diameter obtained experimentally and the predictions obtained with the material
model using microscopic parameters are compared in Figure 6.12. The predictions with
the large strain VEVP model and the calibrated parameters for the microscopic parameters
agree well with the desired behavior, that is, the strain rate dependency and the dissipative
VEVP response. The agreement between predictions using the fitted parameters and the
experimental results validates the Bayesian inference fitting process.

509 1.5 mm single struts
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Figure 6.12: Non-linear behavior prediction using VEVP model on 1.5 mm diameter single struts
using microscopic parameters.

Figure 6.13a shows the experimental and predicted behavior of the BCC unit cell with 1.5
mm diameter struts. In this case, as the material parameters for the microscopic scale were
calibrated using only experimental data from tensile tests, the simulation could not predict
the plastic behavior of the unit cell under compression. However, the apparent stiffness
obtained for the unit cell with 1.5 mm diameter struts was 47.74 MPa, which is very close to
the average experimental result, 44.1 MPa, as shown in table 5.2. This indicates that a fitting
of micro parameters with only experimental data from the tensile tests of single struts is
insufficient to predict material behavior under loading conditions other than uniaxial tension,
as is the case with the unit cells under compression.
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Figure 6.13: Non-linear behavior prediction using VEVP model on (a) BCC unit cell with 1.5 mm
diameter struts using microscopic parameters, and (b) BCC unit cell with 5.0 mm
diameter struts using bulk parameters.

Figure 6.13b shows the stress-strain curves obtained by compression tests and simulations
of a macroscopic-sized unit cell. As the parameters were fitted using all the experimental
data from the bulk mechanical characterization shown in section 4.1, the stress-strain curves
obtained with the macroscopic parameters, using both Abaqus and FFTMAD, closely align
with the experimental data. Compared to the unit cell’s mechanical behavior obtained using
the microscopic parameters, the predictions using bulk parameters successfully replicate the
expected non-linear response because there was enough experimental data to obtain the fitted
parameters that predict the material’s behavior under a wide range of loading conditions.
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Conclusions

In this work, the mechanical response of lattices fabricated by SLS in PA12 polymer has
been analyzed using experimental and numerical techniques, paying special attention to the
material response and the effect of the fabrication defects.

PA12 specimens printed by SLS have been characterized using a variety of experimental
techniques at the macroscale using bulk specimens and at the microscale by directly studying
lattices, unit cells, and single strut responses. In the bulk form, the material was tested
under different loading conditions, strain rates, temperatures, and at different polymer aging
times to study how the material responds to a broad set of mechanical and environmental
conditions. In the case of single struts, unit cells, and lattices, experimental and numerical
analysis techniques were combined. For the mechanical response, both micro-tension tests
(single struts) and micro-compression tests (unit cells and lattices) were performed. For the
micro and nanostructure characterization, X-ray tomography, nanoindentation, DSC, SAXS,
and WAXS were used. Simulations of the different types of specimens have been performed
by FEM and FFT-based homogenization. The first technique has been used for ideal full
lattice experiments. On the other hand, FFT homogenization has been adapted to study
microstructures obtained directly from X-ray tomography in order to quantify the effect of
defects.

A summary of the conclusions achieved in this study is presented below,

o Microstructure of SLS PA12 is controlled by the size of the fabricated part, from struts
to bulk specimens

The size of the struts significantly influences the microstructure due to the limitations
of the 3D printing machine’s resolution, as the components are subjected to different
thermal histories related to the contour and hatching strategy. First of all, since the
surface roughness and pore size remain constant, smaller samples have relatively larger
defects compared to their overall size. Regarding coalescence between particles, struts
with diameters below 0.96 mm present a high fraction of unmelted and partially melted
particles with poor particle coalescence, especially in smaller struts (0.5-0.7 mm). As
the cross-section diameter increases, the consistent melting improves the quality of
coalescence between particles. The different types of coalescence between particles
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are observed between struts and bulk material with SEM, nanoindentation maps, and
optical microscopy. Furthermore, WAXS and SAXS help to quantify coalescence quality.
WAXS and SAXS revealed that the ,, phase dominates in powders and smaller struts
(0.5-0.7 mm) containing partially melted particles, and -,, evolves towards the stable
Y001y Phase as the strut diameter and fraction of fully melted particles increases, peaking
in the bulk material. In the case of lattices, the nanostructure resembled that of bulk
material, as the time and temperature during manufacturing acted as an annealing
treatment, enhancing coalescence quality.

o PA12 exhibits moderate strain rate sensitivity.

This response is achieved both on the bulk material using standard uniaxial tests at
different strain rates and at the macroscale by conventional nanoindentation and nano-
impact tests on lattice nodes. Moreover, the similarity of the macro- and micro-strain
rate dependency results validates the use of different testing techniques to characterize
rate-dependent mechanical behavior.

o Fabrication direction has a strong effect on the mechanical response, especially in
plasticity and fracture.

At the macro-scale, PA12 presents a viscoelastic-viscoplastic behavior with moderate
strain rate sensitivity on the yield stress. It behaves as an isotropic material within the
elastic range, as the elastic modulus is independent of the load application direction
when tested in compression. In contrast, the modulus values are slightly higher when
tensile loads are applied parallel to the layers. However, the mechanical behavior of
PA12 is highly anisotropic in the plastic range when tested under tension due to the
much higher sensitivity to imperfections when the load is applied perpendicular to the
layers. In compression, the PA12 material behaves in an isotropic manner, even in the
plastic regime, as the mechanical response is much less sensitive to layer imperfections.

o Temperature and humidity strongly affect the mechanical response.

At temperatures close to the T, the material is more ductile (>12 %) but suffers from
a decrease in the yield stress of ~ 45 % and elastic modulus of at least 30 %. On the
other hand, samples aged at room temperature in a dry environment present a slight
increase in stiffness by &~ 1.5 % and become more fragile by at least 15 %, which is the
typical behavior of a polymer that has been subjected to physical aging. Therefore, the
direction of the load concerning the layer’s orientation and the influence of temperature
and time are essential considerations in the design of PA12 SLS-printed pieces.

o A very strong size effect on the mechanical properties, mainly stiffness and strength
(smaller is softer/weaker), is observed between the macro and micro scales.

Single unit cells fabricated with strut diameters in the millimetric range presented an
effective elastic modulus reduction of 50 % in comparison to the macroscopic material.
This reduction is monotonically related to the dimensions of the struts, leading to a size
effect of the type the smaller, the softer. It has been found that this size effect is the
combination of several factors. Porosity and surface roughness produce a reduction in
the elastic modulus of =~ 10 %, becoming less critical as the size increases. Therefore,
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this weakening effect cannot justify itself the significant loss of stiffness of unit cells.
The remaining reduction is caused mainly by the partial melting of the powder, whose
fraction decreases with diameter. The presence of unmelted particles is due to the
contour step during the manufacturing for small diameters, as this step delivers less
energy density to the process. The DSC and WAXS-SAXS analysis confirmed the
presence of unmelted particles, which are less frequent as the diameter increases.

o The size effect of strut diameter is influenced by full specimen size

In the case of macroscopic lattice specimens, the stiffness reduction with respect to
macroscopic bulk samples is also present (30 % reduction) but weaker than in single cells
or struts (which reached around 50 %). Moreover, the strut diameter size effect in large
lattice specimens is less important. Again, the reason for this weakening is a combination
of factors. On the one hand, partial melting and defects are also found in these specimens
in numbers similar to those of unit cells. On the other hand, WAXS-SAXS analyses
show that the nanostructure of melted areas in full lattice specimens differs from unit
cells. This different nanostructure is induced by the different thermal histories that
depend on the sample dimensions. In the case of large specimens, the laser passes more
times through the same area, increasing the annealing degree on the samples. As a
result, melted powder undergoes a phase transformation where the content of the stable
~ phase and the lamellar thickness increase, enhancing the mechanical properties of the
material and the quality of the bonding between particles.

« Internal pores and surface roughness control the fracture of SLS PA12 parts

Fractures originate from crack nucleation in the defects and its propagation depends
mainly on the printing direction in single struts. However, no direct correlation between
failure and a crack originating in the surface or internal pores is observed. On the other
hand, crack nucleation and propagation in unit cells are directly correlated with the
geometry of the samples, where the crack always nucleates on the nodes that connect
with a strut oriented in the load direction. Furthermore, although surface treatment
does not strongly affect the mechanical properties of unit cells with diameters over 0.5
mm, nucleation of cracks in the surface of the struts is not produced.

e Numerical simulations, and FFT-based homogenization in particular, allows to quanti-
tatively predict the effect of defects

FFT simulations allowed us to quantify the effect of the defects in the response of
the materials with respect to ideal specimens. These differences were around 10%. In
addition, FFT combined with linear elastic fracture mechanics using a phase-field fracture
model allows the simulation of crack propagation in the simulation of an experiment.
These simulations correlate well the stress concentration areas when compared with
tomographic results. However, the defect responsible for the final failure was not
always identified with the combination of phase-field fracture and actual microstructure.
Probably differences are due to the strong simplification of assuming an elastic-brittle
response.

It also has to be remarked that other process parameters beyond specimen size and orientation
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influence the mechanical properties, especially when the machine is working close to its
resolution limit. However, these parameters cannot be modified in commercial machines,
which are optimized for macroscopic specimens. If the manufacturing strategy or printing
parameters were optimized for components with microscopic dimensions, the effect of defects,
poor particle coalescence, and thermal history could potentially be reduced, and the size effect
might be mitigated.

Nevertheless, the use of commercial machines is mandatory in this work and in the MOAMMM
project itself since it is the basis for the implementation of the results of the research in
an industrial environment. In the case of standard fabrication in commercial printers, this
study will help design components made up of lattice meta-materials, considering the actual
behavior as a function of the cell characteristics (strut diameter) and part size. In addition,
the experimental and numerical techniques, including the material model, used in this work
can be used to characterize other materials, especially polymeric in both bulk and lattice
form.

A general conclusion is that SLS PA12 material can be successfully used to fabricate parts
composed of lattices. During the MOAMMM project, the characterization performed in this
thesis has been used to design and fabricate a bicycle helmet and shoe soles with great success.

7.1 Future work

This study has addressed the mechanical behavior of PA12 samples fabricated by SLS for
producing metamaterial components while making insightful contributions to understanding
the root cause of the effect of sample size on the mechanical properties and the evolution of
damage. However, there are areas where further research is needed. Challenges were found,
especially in the additive manufacturing strategy used, which was not optimized to print
samples on the micro-scale, the experimental infrastructure available to perform mechanical
tests on the struts was limited, and the computational resources needed to do simulations on
lattice geometries and the digital volume replicas of the tomographies were very demanding.
Having identified the limitations, future studies could:

o Conduct additional tests on micro samples across a broad range of loading conditions,
such as the characterization carried out on the bulk material, to obtain more experimental
data for calibrating the micro parameters with BI (Bayesian inference).

o Refine the machine’s printing parameters to maximize the quality and mechanical
performance of printed components with dimensions close to the resolution of the
printing machine, such as struts.

o Optimize the FFTMAD algorithm by combining phase-field fracture with the large
strains VEVP material model to predict the samples’ non-linear response and crack
nucleation and propagations by using the tomographic volume replicas as RVEs and
include damage. In addition, implementing an anisotropic material law could enable to
understand the effect of printing direction in additive manufactured samples.

Moreover, exploring new printing strategies for SLS to build lattice structures and struts, such
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as the single pulse strategy proposed by Ghouse et al., 2017, could provide valuable insights
that were beyond the scope of the present work. Continued investigation in these areas will
be essential for designing lattice materials and could ultimately lead to the cost-effective
production of components with customizable mechanical behavior for shock absorption
applications in the aerospace, automotive, and medical industries, among others.
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Annex 1

Material properties of EOS PA2200

Table 1: EOS PA2200 highlighted properties from the material data sheet available at EOSGmbH,
2024 webpage.

Material Property Value
Tensile Modulus X/Y/Z | 1700/1700/1700 MPa
Tensile Strenght X/Y/Z 50/50/50 MPa
Strain at break X/Y/Z 20/20/10 %

Melting temperature 176 °C

EOS PA2200 powder particle size

An analysis of the particle size distribution was carried out on new virgin powder, old powder,
the powder left after the printing process, and a 50/50 mix of both powders, the mix used for
printing. The overall average powder size is around 55 pm. The average particle size of each
powder type is shown in table 2. The analysis data is shown in Figure 1.

Figure 2 shows SEM images of the new and old powders. The particles appear irregular, with
rounded and slightly elongated forms and a homogenous size distribution. There are no major
differences between the morphology and sizes of new and old powders.

Table 2: Average particle size of EOS PA2200 new, mix and old powder. D50 means that 50 % of
particles are smaller and larger than the specific value.

Powder | D50 diameter (mm)
New 57.66
Mixed 95.64
Old 54.42
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Range : 0.10um - 1000um

Figure 1: Particle size distribution analysis data of (a) new and (b) old powders.
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(©) | (d)

Figure 2: SEM images of (a) new and (b) old powders, and magnified images of (¢) new and (d)
old particle powders.
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Tensile properties of PA12 aged for 22 months

Table 3: Average tensile properties with a standard deviation of aged PA12 after 22 months.

Batch / time 2 / 22 mo
g [s71] Lyr. Dir. E [GPa] o, [MPa] | UTS [MPa] A%

7.37 x 10-4 H 1.66 £ 0.03 | 254 £04 41 £ 3 6+ 2
Vv 1.629 + 0.009 25 £1 43.6 £ 0.7 | 13.0 £ 0.8

_3 H 1.70 £ 0.06 | 30.8 £0.9 46 £ 1 8+ 2

737 x 10 \% 1.54 + 0.02 26 £1 43.8 £ 0.4 13 £ 3
7.37 x 10-2 H 1.788 £ 0.006 | 34.6 £ 0.3 | 485 £ 0.5 6.4 £08

Vv 1.67 £+ 0.01 30 £ 2 48.3 £ 0.5 11 £1
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WAXS patterns of tested samples

The next figures show the WAXS patterns of all the samples tested. The figures are arranged
in a sequence showing the intensity evolution of v and ~,, peaks as the sample size increases.
Figure 3 shows the pattern of the powders, where v, peak intensity is higher than ~. Figure 5
present the struts with 0.5 mm diameters, whose patterns are the most similar to the powders,
and the intensity of v and ~,, peaks are almost the same, being ~,, slightly higher in Figure
Ha. Struts with oblique layers and 0.5 mm diameters present the lowest printing quality,
indicating poor particle coalescence.

In Figure 6, which shows the WAXS patterns of 0.7 mm diameter struts, the peak of the stable
phase, 7, starts to present an intensity higher than the metastable phase, 7,,. The WAXS
patterns of 1.0 mm and 1.5 mm diameter struts are shown in Figure 7 and 8 respectively. The
peak intensity corresponding to the v phase is notoriously higher in the patterns corresponding
to the 1.5 mm diameter struts. Moreover, the intensity of the v phase keeps increasing as the
sample size increases, as it is observed in Figure 9, which shows the WAXS patterns of the
lattice with 1.0 mm diameter struts and the macroscopic bulk sample, where the pattern in
Figure 9b presents the largest difference of intensities between ~ and +,, peaks, being v peak
the one with the highest intensity. The WAXS pattern that corresponds to the bulk sample
is the most similar to the pattern of the melt with slow cooling (M.s) sample in Figure 4a,
suggesting that among all additive manufactured samples, the bulk one presents the lowest
volume fraction of unmelted or partially melted particles and the best coalescence quality
between particles.

In addition, the absence of the mesomorphic + phase (Figure 4b) on the additively manu-
factured samples indicates that they have not been subjected to rapid cooling during the
manufacturing process.
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Old powder (P.old) New powder (P.new)

Instentisty [a.u.]
Instentisty [a.u.]

26 [deg.]
(b)

Figure 3: Graphs presenting WAXS patterns, peak deconvolution and identification of the crys-
talline peaks and amorphous phase (discontinuous line) of a) old powders, b) new
powders.

Melt with slow cooling (M.s) Melt with quenching (M.q)

Instentisty [a.u.]
Instentisty [a.u.]

20 [deg.]

(b)

Figure 4: Graphs presenting WAXS patterns, peak deconvolution and identification of the crys-
talline peaks and amorphous phase (discontinuous line) of the melts with a) slow cooling,
b) quenching.

0.5 mm diameter single strut (T) 0.5 mm diameter single strut (V) 0.5 mm diameter single strut (H)

Instentisty [a.u.]
Instentisty [a.u.]
Instentisty [a.u.]

5
(020)

Figure 5: Graphs presenting WAXS patterns, peak deconvolution and identification of the crys-
talline peaks and amorphous phase (discontinuous line) of single struts of 0.5 mm diameter
a) T,b) V, c) H.
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0.7 mm diameter single strut (T) 0.7 mm diameter single strut (V) 0.7 mm diameter single strut (H)
£ £ £
iey = i
B2 2 2
2 £ =
3} 3 3}
35
26 [deg ]
(a) (b)

Figure 6: Graphs presenting WAXS patterns, peak deconvolution and identification of the crys-
talline peaks and amorphous phase (discontinuous line) of single struts of 0.7 mm diameter
a) T,b) V, c) H.

1 mm diameter single strut (T) 1 mm diameter single strut (V) 1 mm diameter single strut (H)

Instentisty [a.u]
Instentisty [a.u.]

Z

Figure 7: Graphs presenting WAXS patterns, peak deconvolution and identification of the crys-
talline peaks and amorphous phase (discontinuous line) of single struts of 1.0 mm diameter
a) T,b) V, c) H.

1.5 mm diameter single strut (T) 1.5 mm diameter single strut (V) 1.5 mm diameter single strut (H)

£l £l £l
-} < <
Z z z
= v i Y =
(020) (020)
5 10 35 5 10 35 35

Figure 8: Graphs presenting WAXS patterns, peak deconvolution and identification of the crys-
talline peaks and amorphous phase (discontinuous line) of single struts of 1.5 mm diameter
a) T,b) V, c) H.
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1 mm diameter lattice strut Macroscopic sample (bulk)

vy

(061)

Instentisty [a.u.]
Instentisty [a.u.]

35

Figure 9: Graphs presenting WAXS patterns, peak deconvolution and identification of the crys-
talline peaks and amorphous phase (discontinuous line) of a) 1 mm diameter lattice strut
and b) bulk sample.
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