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The porosity defects arising in objects produced by metal Material Extrusion (MEX) additive manufacturing
affect the macroscopic mechanical behaviour. This paper presents a new approach integrating p-computed to-
mography (pXCT) and multi-scale finite element analysis to evaluate the mechanical performance of components
fabricated by metal MEX. The porosity information from pXCT is mapped into the finite element model, allowing
to define the volume fraction of porosity to each finite mesh element. Then, the Mori-Tanaka homogenization
technique is used to estimate the effective mechanical properties in each integration point, assuming a repre-
sentative volume element composed by a metal matrix with a void. The reliability of the proposed approach was
assessed using tensile specimens of stainless steel 316L produced by metal MEX. The numerical predictions were
compared with experimental measurements, namely the strain field evolution measured by digital image cor-
relation (DIC). The results highlight the detrimental influence of the porosity distribution, evaluated in the
specimen using pXCT, on the strain distribution during the loading stage. The numerical predictions are in
agreement with the experimental measurements, i.e. the difference is lower than 11%. Therefore, the proposed
approach offers valuable insights for evaluating the mechanical performance of components produced by metal
MEX, focusing on the detrimental effects of porosity defects.

1. Introduction

The international standard establishes and defines Material Extru-
sion (MEX) as the Additive Manufacturing process (AM) in which ma-
terial is selectively dispensed through a nozzle orifice [1]. The printed
material is deposited in the printing heated bed following a specific
pattern derived from a CAD model, enabling the construction of the 3D
object in a layer-by-layer configuration [2]. In case of MEX of metals, the
feedstock comprises metal powder particles, polymeric binders and
additives [3]. This multi-material formulation is heated until it’s soft-
ened and has the condition to be extruded thru the nozzle. The
multi-step process requires two additional phases besides the shaping:
the debinding phase to remove the binder and the sintering to consoli-
date the metal particles into the final metal component [4]. MEX
experienced rapid growth thanks to the process’s low shaping set-up and
running cost, the wide selection of printing materials available, and the
existing knowledge of extrusion-based processes [5]. However, some
drawbacks still prevent its widespread implementation, namely the
presence of random intrinsic defects. MEX components display different
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microstructural defects (pores) with different origins and impacts on the
final object. Imprecise control of the debinding stage can lead to the
formation of large internal voids due to insufficient gas flow rate or to
the stresses applied by the gas trying to flow out of the parts [6-8]. On
the other hand, inaccurate shaping, slicing parameters and filament
diameter variation lead to the formation of spaces between printed
strands. Even with the anisotropic shrinkage, these void spaces are al-
ways transported to the final metal part originating chain of pores, most
of them with an elongated shape [9-11]. Sintering defects are
temperature-related and impossible to remove in totality, as it is
impossible to achieve perfect density in the thermal sintering process
[12].

The presence of unknown physical defects in the interior of structural
components can have a detrimental effect on the component’s me-
chanical strength. In the case of components subjected to cyclic loads,
the impact of having interior porosity is even more prejudicial because
the fatigue life can be strongly reduced [13,14]. Carlton et al. [15] re-
ported that the failure in uniaxial tensile specimens presenting porosity
is highly defect-driven. Nevertheless, other studies have adopted the
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defect-tolerant design for Metal Additive Manufacturing (MAM) com-
ponents, where existing internal physical defects are considered during
the design stage [16]. Several research works have clearly pointed out
the need to identify, measure, and analyse the impact of these defects on
the final mechanical performance [17,18]. Hence, the rejection of
components with defects can be avoided if their impact on the me-
chanical behaviour is known a priory, allowing to lower the waste
associated with the production. Despite all research efforts, MAM pro-
cesses have still not been used to produce structural components to a
significant extent. Indeed, the qualification of MAM components is
relatively recent, requiring significant empirical testing [19]. The
establishment of comprehensive, widely accepted standards to certify
MAM components is still under development [20,21].

The porosity in the parts produced by MAM can be evaluated by
different techniques, which can be divided into two groups: destructive
and non-destructive. Metallographic image analysis allows for the
identification and quantification of porosity in a predefined cross-
section but requires the cutting of the part or specimen [22]. The most
common non-destructive techniques for porosity analysis are ultrasonic
testing, X-ray inspection and Archimedes density characterization.
Nevertheless, these techniques are unable to provide detailed informa-
tion about the porosity present in the interior of a component. Indeed,
the Archimedes density analysis only provides information about the
volume, being inadequate to provide information about size, location,
morphology and distribution of the porosity [18]. On the other hand,
X-ray inspection only gives information on the 2D plane [23], and ul-
trasonic testing is dependent on the geometry being analysed and has
difficulties detecting small pores when compared with novel techniques
[24]. The emergence of micro X-ray computed microtomography
(pXCT) allowed us to perform quantitative volumetric inspections and
measurements of complex internal features, such as defects, without
destroying the part [25]. Liverani et al. [26] used the pXCT technique to
establish a correlation between the laser-powder bed fusion parameters
and the resulting density of the specimens of AISI 420. The uXCT tech-
nique has also been used to study the formation and evolution of sin-
tering defects, the damage evolution and failure mechanisms in MAM
specimens [15,27]. Although the huge potential of the pXCT technique,
the final 3D object density and the consequent detection of defects are
strongly affected by the segmentation methods and the threshold reso-
lution of the scan [28,29].

Several modelling techniques have been recently developed to pre-
dict manufacturing defects, including porosity formation [30]. Howev-
er, the actual physics-based models are limited to meso-scale analysis
due to the complex multi-physics phenomena involved in the MAM
process [31]. Besides, the adoption of multi-scale approaches requires a
prohibitive computation time. Alternatively, the numerical simulation
can be used to evaluate the mechanical response of the components
produced by MAM. Accordingly, the internal porosity is generally
neglected, i.e., the material is assumed to be continuous and homoge-
neous (defect free). Nevertheless, integrating the data from pXCT into
the finite element (FE) analysis can help assess the impact of the intrinsic
physical defects on the structural performance. Hardin et al. [23]
pointed out very early the importance of this connection, developing a
method to transfer the porosity distribution, measured from 2D radio-
graphs, into the finite element analysis. Considering a distributed initial
porosity, they used the Gurson-Tvergaard-Needleman damage material
model in the non-linear finite element analysis. Siddique et al. [32]
explored an identical approach, connecting the data obtained from pXCT
to the finite element analysis. The 3D geometry of the component was
reconstructed, meshed and then exported to the Abaqus finite element
solver; nevertheless, they needed to de-select smaller pores for simpli-
fication. Other research studies using segmented 3D digital images [33]
with a costume-developed model, and Volume Graphics software [34]
showed good promise in performing structural analysis using the pXCT
data. Still, they can only assess the material linear response. Most studies
are based on single pore models with linear or non-linear material
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Fig. 1. Specimen produced by MEX: (a) Geometry and main dimentions in mm
(pre sintering); (b) Printing strategy of two sequential layers N and N+1 with
rectilinear infill pattern.

behaviour. Continuum material models are used to define an initial
fraction of porosity homogeneously distributed in a specimen or repre-
sentative volume element. However, in the case of MAM processes, the
porosity volume fraction cannot be assumed either homogeneously or
isotropic to represent the whole 3D object [35-39].

The main objective of this study was to create a simple and viable
way of communication between FE analysis and pXCT data, capable of
qualifying the random and intrinsic microstructural defects (pores) on
MAM components. The proposed method uses a mean-field homogeni-
zation method to define the mechanical behaviour of each finite element
in the mesh, depending on the defects detected in the pXCT dimensional
analysis. The paper is divided into four main sections. The present sec-
tion is the first and synthesizes the MAM issues; section 2 contains the
physical experimental procedure concerning the production of 3D ob-
jects by MAM, the porosity evaluation and mechanical testing. Section 3
comprises the procedure related to the numerical model: defects map-
ping, FE boundary conditions to the constitutive material model and
homogenization theory used. The results and discussion are presented in
section 4. This section evaluates and measures results from the uniaxial
tensile test and builds a strong relationship between numerical and
experimental data. The main conclusions are presented in section 5.

2. Experimental procedure
2.1. Samples fabricated by MEX

The preparation of the feedstock and filament was carried out ac-
cording to the procedure proposed by Cerejo et al. [40]. The stainless
steel 316 low carbon nitrogen-atomized powder (Osprey Sandvik®),
with particle size dgg = 10 pm and shape factor of 1, was used. The
SS316L powder was mixed with the master binder (M1) and additives
(TPE and plasticizer) in a Plastograph Brabender W50 (Brabender GmbH
& co. KG, Duisburg, Germany). SS316L powder particles represented
60% of the feedstock volume, while the M1, TPE and additives volume
fractions were 30%, 7% and 3%, respectively. The mixing chamber
temperature was 180 °C, and the blade rotation speed was 30 rpm. The
mixing operation was performed during a time required to reach a ho-
mogeneous mixture dictated by a steady state regime in the magnitude
of the applied torque. The resulting feedstock was cut into small pellets
and extruded into filament form. The filament was fabricated in a single
screw extruder (Brabender GmbH & Co., Duisburg, Germany), which
presents five heating zones (160 °C, 165 °C, 170 °C, 175 °C and 180 °C)
along the screw direction and 1.75 mm of nozzle diameter. The
cross-section of the produced filament was measured to evaluate the
dimensional accuracy, which was 1.75 + 0.05 mm.

The flat dogbone-shaped tensile specimen was produced by MEX,
allowing the subsequent evaluation of the mechanical strength. The final
dimensions of objects produced by MEX are influenced by the shrinkage
occurring during the debinding and sintering stage [41]. Hence, the
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Table 1
Print parameters selected in PrusaSlicer 2.4.0 to fabricate the flat
dogbone-shaped tensile specimen.

Printing parameter Value
Nozzle temperature [°C] 190

Build platform temperature [°C] 60

Nozzle diameter [mm] 0.4

Layer thickness [mm] 0.2
Printing speed [mm/s] 25

Fill pattern (100% infill) rectilinear
Number of perimeters 2

1400
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§ 1000
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=
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g
= 400
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Fig. 2. Debinding and sintering cycle applied to the specimens.

desired size of the samples was defined according to the “ASTM E8/E8M
standard for tension testing of metallic materials” and were scaled in all
directions to produce the geometry of the green part [42]. Previous
studies on the same material showed that the shrinkage is approximately
15% in the xy plane and 25% along the z-axis (thickness of the speci-
mens) [43]. Thus, the scale factor applied to the desired geometry was
1.15,1.15 and 1.25 in the X, y and z directions, respectively, as shown in
Fig. 1 (a). The thickness of the shaping scaled object is 2.5 mm. The
G-code containing the printing strategy (Fig. 1 (b)) was generated in the
PrusaSlicer 2.4.0 and the specimens were printed in a Prusa MK3S using
the parameters listed in Table 1. Since the diameter of the filament
presents some variation along the length, the Repetier-Host was used to
control printing parameters in real-time, namely the extrusion multi-
plier, allowing to reduce the possibility of having pores along the strand
printed line. A total number of three specimens were produced under
identical conditions.

The debinding and sintering stages were performed in a Termolab
Sintering oven with an Argon atmosphere. The temperature evolution is
presented in Fig. 2, which is usually adopted for the binder and additives
used in the present study. The debinding operation shows five heating
stages (1 °C/min) and five different holding stages to guarantee the
proper elimination of organic constituents, requiring 17 h up to 600 °C.
On the other hand, the sintering operation presents four heating stages
(2 °C/min) and four different holding stages, requiring 7 h and 55 min
for heating up to 1250 °C. The specimens were polished after sintering to
reduce top layer surface roughness which was induced by the extrusion
multiplier parameter. Besides, specimens were submitted to a heat
treatment for residual stress relief, where the heating rate was 10 °C/
min up to 450 °C with a dwell time of 1 h and left to cool inside the same
oven.
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a)

Fig. 3. pXCT reconstructed 3D object: a) perspective view of the specimen; b)
section cut view of a plan parallel to the top face representing the middle of the
specimen; c) section cut view of a plan parallel to the side face of the gauge
length representing the middle of the specimen.

2.2. Tomography analysis

The internal porosity present in the sample fabricated by MEX was
evaluated using pXCT analysis, allowing the accurate measurement of
the size and location of the pores after debinding and sintering. Only a
single specimen was analysed, which will be posteriorly used to assign
the porosity volume fraction in the numerical model. The tomograph
Nikon XTH 225 ST with a detector Varex 4343 CT, with a static target
reflection and a minimum spot size of 3 pm, was used. The experimental
analysis was performed using a voltage of 225 kV and 84 pA of current,
with an angular step of 0.33° through 360° of rotation, with a voxel size
of 19 pm. The 4448 series of sequential X-ray high-resolution images
was coupled to generate the object’s volume. The 3D geometry of the
specimen was reconstructed using CT Pro 3D (Nikon Metrology) soft-
ware and is presented in the Fig. 3.

Volume Graphics 2022.3 software was used to perform the porosity
dimensional analysis on the scanned specimen. The outer surface of the
3D object was evaluated, and the pore detection was performed using
VGDefX algorithm with void analysis. This analysis was carried out with
an auto threshold deviation mode with a —0.75 deviation factor. The
volumetric geometry of the specimen, delimited by the outer surface,
was defined by a finite element mesh of tetrahedral elements generated
in the Volume Graphics. The mesh’s biggest and smallest element size
was set to 0.1 mm, allowing an accurate discretization of the 3D object
volume. After discretization, the void analysis was superposed on the
mesh to assess the element porosity information. The result was a finite
element mesh defining the geometry under analysis, containing the
porosity volume fraction assigned to each finite element. Surface defects
are not considered as pores by the transfer of data, so only internal ge-
ometry features were mapped.

2.3. Uniaxial tensile test

The mechanical strength of the samples fabricated by MEX was
evaluated using the uniaxial tensile test, allowing to characterize both
the elastic and the plastic behaviour under monotonic load. The nominal
width and length of the parallel gauge section are 6.3 mm and 33 mm,
respectively. The uniaxial tensile tests were carried out according to
ASTM E8 standard [42] at room temperature using a universal tensile
test machine Shimadzu Autograph AG-X universal testing machine
equipped with a 10 kN load cell was used. The tests were performed until
rupture under displacement control with prescribed crosshead velocity
of 0.0167 mm/s.

The specimen strain field was measured using the VIC-3D Correlated
Solutions ® (Correlated Solutions, Columbia, SC, USA) equipment,
ensuring that both equipment was synchronized, i.e., the VIC-3D and the
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Fig. 4. Methodology flowchart - Integration of softwares.

tensile test machine. The use of DIC technique in several MAM studies
reveals that during the tensile specimens the strain concentration is
affected mainly by the internal pores [10,44]. This technique allows the
evaluation of the heterogeneous strain distribution in the specimen
gauge area (inhomogeneous material behaviour), resulting from the
physical defects in the specimen’s interior. The set-up comprises two
stereo high-speed cameras (Stingray F-504B ASG, Allied Vision)
equipped with two 75 mm focal length lenses (FL-CC7528-2 M, Ricoh
Pentax), which were placed perpendicularly to the specimen surface
with the airbrush-painted speckle pattern. Captured speckle images
were analysed using the system VIC-3D 2012 recording the motion of
the specimen surface at the acquisition frequency of 2 Hz. The lower face
of the specimen (during the shaping stage) was selected to evaluate the
strain field due to its flatness compared with the opposite face. The
resolution was approximately 2 pm/pixel (2358 x 1728 pixels in the
measurement area of 80 x 55 mmz).

3. Numerical model

The methodology presented in this study, graphically described in
Fig. 4, consists of the interoperability of two commercially available
softwares with distinct applications. Digimat state-of-the-art material
engineering capabilities intertwined with the ANSYS workbench for
static finite element analysis to study the impact of the manufacturing
final microstructure in the overall structural performance of MAM
components. The Digimat (version 2022.2) platform employs a pro-
cedure with three main internal modules: Digimat-CAE establishes a
hybrid connection using multi-scale coupling technique; Digimat-MAP
transfers the microstructural data processed in the Volume Graphics to
the ANSYS static structural mesh elements; Digimat-MF makes use of
fast homogenization methods to give average responses of strain and
stresses of the elements’ macro material properties considering its micro
constituents (metal matrix and void). The multi-scale coupling pre-
computes the macroscopic material properties needed in the Ansys/
Digimat-CAE communication interface (dynamic libraries) at each
finite element mesh integration point. Hence, the hybrid parameters are
computed from N number of Digimat-MF simulations. N is related to the
number of groups of elements with different porosity volume fraction
assignments after the mapping. Basically, the pre-processing step is
equivalent to launching an extensive campaign of experimental tests
with various porosity volume fractions. A microscopic model is defined
for each porosity volume fraction, and the elastoplastic properties are
calculated. To simulate the specimen’s non-linear macroscopic
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mechanical response, static structural analysis was used in the work-
bench module in ANSYS software (version 2021 R2).

3.1. Geometry and boundary conditions

Only the gauge section of the uniaxial tensile test was modelled in
order to reduce the computational effort. Considering the anisotropic
shrinkage that occurred during the debinding and sintering stages, as-
suring that the areas with the highest interest are included in the nu-
merical analysis, the dimensions of the specimen used in the numerical
model were updated according to the experimental measurements of the
specimen after debinding and sintering stages. Hence, the gauge section
width, length and thickness were 6.3 mm, 33 mm and 2.08 mm,
respectively. This paralelepipedal geometry was discretized with
436,590 linear hexahedral finite elements, corresponding to 0.1 mm of
element size in all directions. Despite the apparent symmetry of the
geometry, loading/boundary conditions and material isotropy, the
inhomogeneous porous distribution requires the modelling of the entire
specimen geometry.

The prescribed displacement (4 mm) was assigned to the nodes in
one end face of the specimen, while the nodes located in the opposite
extremity were constrained in the normal direction, i.e., in the loading
direction. Additionally, a single node of the face constrained in the
normal direction was fixed in all directions to prevent rigid body mo-
tion. The loading conditions were applied using 100 steps, i.e. the
increment of prescribed displacement was 0.04 mm.

3.2. Material constitutive model

The Hooke’s law defines the material mechanical behaviour in the
linear elastic regime. Hence, the elastic properties considered for the
SS316L were 200 GPa for the Young modulus and 0.28 for the Poisson
ratio.

The elastoplastic constitutive model adopted in the present finite
element model considers the plastic behaviour defined by: (i) isotropic
yield criterion; (ii) isotropic hardening law and (iii) associated flow rule.
The isotropic plastic behaviour was described by the von Mises isotropic
yield criterion. The evolution of the flow stress with plastic strain was

defined by the isotropic work hardening law:
Y=Y, +ke® + R{1 — exp(—meP)}, 1)

where € denotes the equivalent plastic strain, Y, is the initial yield
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Table 2

Material Parameters used in the hardening law to describe the study SS316L.
Parameter Yo [MPa] k [MPa] R, [MPa] m
Value 300 1035.44 202 8.3

1200

1000

800

600

400

True stress [MPa]

200 L ——Experimental [Cooper et. al 2018]

—— Hardening law

O 1 1 1

10 20 30 40 50
Plastic strain [%)]

60

Fig. 5. Comparison between experimental and numerical true stress-strain of
the forged SS316L tensile specimens [46].
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Fig. 6. Mori-Tanaka Homogenization: Variation of elastoplastic material
properties with volume fraction of porosity.

stress. This exponential and linear law comprises three material pa-
rameters (Digimat version 2022.2): k represents the linear hardening
modulus, R, defines the hardening modulus and, lastly, the hardening
exponent is defined by m [45].

The material parameters required to the numerical model were
calibrated from the experimental stress—strain curve obtained by Cooper
et al. [46] using forged SS316L tensile specimens. The procedure is

Fig. 7. Specimen geometry: a) before debinding and sintering (green spec-
imen); b) after debinding and sintering (metal specimen). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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based on the minimization the difference between the numerical and the
experimental stress values [47]. The material parameters listed in
Table 2 were obtained for the isotropic hardening law, Eq. (1). Fig. 5
presents the both the experimental and the numerical stress-strain
curves. The numerical results are in good agreement with the experi-
mental ones, i.e. the mechanical behaviour of this alloy is accurately
described by this hardening law. It is important to note that the elas-
toplastic constitutive model cannot assess the impact of the nucleated or
coalesced porosity that are the cause of fracture/ductile damage of
metallic materials.

3.3. Homogenization procedure

The Mori-Tanaka (M-T) homogenization procedure was adopted in
the present study to consider the effect of the physical porosity on the
mechanical material response [48]. In this specific case, the material is
defined by two phases: a metal material matrix and a single spherical
pore with a shape factor of 1. The volume fraction of each phase is
defined via the representative volume element (RVE) in each integration
point of the finite element mesh. The mechanical properties are
pre-computed and assigned to finite elements based on the porosity
distribution. Fig. 6 presents the mechanical response (elastoplastic
behaviour) resulting from the M-T homogenization model for different
values of porosity volume fraction.

M-T model consists of a semi-analytical model that gives approxi-
mations to the volume averages of stresses and strains, either at the
macro level or within each phase. The model is very successful in pre-
dicting the effective properties of two-phase materials; in theory, it is
restricted to a moderate volume fraction of inclusions (less than 25%),
but can give good approximations in all ranges [49,50].

3.4. Porosity mapping

The finite element mesh adopted in the non-linear finite element
analysis is composed of linear hexahedral finite elements (see Section
3.1). Notice that the specimen’s geometry resulting from the pXCT
analysis is defined by tetrahedral finite elements (see Section 2.2) and,
therefore, the porosity volume fraction is assigned to each tetrahedron
element. Hence, a mapping procedure is required to transfer the porosity
volume fraction from the tetrahedral finite elements mesh (donor) to the
hexahedral mesh (receiver). Moreover, these two mesh geometries are
not precisely identical since the numerical analysis was carried out
considering the nominal dimensions of the specimen (only the parallel
gauge section), while the pXCT analysis provides realistic geometry and
dimensions. Previous literature studies have used a mapping procedure
to transfer input damage [51], porosity volume fraction [52], fibre
orientation [53] and residual stress information [54] to the simulation
meshes.

The Digimat-MAP module was used for mapping the porosity volume
fraction between dissimilar meshes, considering two different mapping
methods: (i) element to integration point (ELE2INT) and (ii) integration
point/node to integration point (INT-NODE2INT) [45]. The second
method is the Digimat default mapping algorithm. In this method, the
integration points of the hexahedral receiving mesh (8 integration
points) are localized in the tetrahedral donor mesh (1 integration point).
Data is mapped from the donor mesh nodes to the receiver mesh’s
integration points. There is a natural occurrence of smoothing. Using the
ELE2INT method there is no interpolation, the integration points of the
receiving mesh are located in the donor mesh and then the data values of
the finite elements of the donor mesh are directly transferred to the
receiving mesh integration point. Before the application of the mapping
procedure, it is necessary to guarantee that both meshes have identical
spatial locations. Thus, an automatic superposition transformation was
adopted, considering a tolerance of 0.2 mm. After the method of auto-
matic superposition is applied, the data is mapped from the donor mesh
to the receiver mesh.
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Table 3
Shrinkage of the specimens (3 samples) after debinding and sintering.

X Shrinkage [%] Y Shrinkage [%] Z Shrinkage [%]

Sample 1 14.4 14.2 17.6
Sample 2 14.3 14.3 16.9
Sample 3 14.5 14.4 18.2

4. Results and discussion
4.1. Physical defects

This section discusses the results related to sintering shrinkage,
experimental measurements of porosity, the distribution of porosity
considered in the numerical model and the evaluation of the suitable
mapping method. Concerning the shrinkage, the assessment and control
was performed using calliper measurements of the 3D objects in the
principal orientations before and after the debinding and sintering stage.
The dimensional difference between a green part and a sintered part can
be seen in Fig. 7. All samples were sintered in the same position and
presented identical geometrical shrinkage values in the XY plane, i.e.
around 14.5%. However, the shrinkage in Z axis typically has a greater
variation, studies show that shrinkage on the samples depends on their
features [41]. Even so, this variation is most likely to also have occur due
to the presence of delamination defects that increase the volume of the
samples on the Z axis. The results of the shrinkage are presented in
Table 3.

In Fig. 8 it is presented the porosity distribution within the specimen
evaluated by pXCT. Both the shaping and debinding stages generated
some porosity in the specimen. The large pores were created due to the
increasing pressure applied by the trapped gas, which resulted from
decomposed binder and additives. The delamination debinding defect
present in the gauge section of the specimen has 2.18 mm® of volume

a)

Volume [mm?]

8.35
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and it is roughly on the same layer as the majority of shaping defects (see
side view of the highlighted zone in Fig. 8). Thus, this zone was prone to
gas accumulation, leading to large delamination. The shaping elongated
defects were caused by insufficient extrusion multiplier during the
shaping phase. Indeed, the porosity pattern is similar to the rectilinear
parameter of infill (see Fig. 1 (b)). The side view shows that the defects
present in the specimen are heterogeneously distributed through the
thickness.

The total volume of the voids detected in the pXCT analysis is 21.83
mm?, while the scanned specimen volume is 672.57 mm?, i.e. there is
3.14% porosity detected. This value is in agreement with values found in
the literature for specimens manufactured by MEX [55]. Fig. 9 presents
the relationship between diameter (maximum permissible diameter of a
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Fig. 9. Relationship between the maximum permissible diameter of a defect
and sphericity of the detected pores.

Side View

Front View

Fig. 8. a) uXCT dimensional results of specimen 3: Size, location and shape of porosity; b) front and side view of the zone highlighted showing the presence of
elongated porosity; ¢) front and side view of the second highlighted zone showing the presence of a delamination defect.
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1.00

Fig. 10. a) 3D object space transformation: automatic superposition of donor and receiver volumes. b) Distributed volume fraction of porosity in the donor mesh. c)
Volume fraction of porosity of the FE receiver mesh with ELE2INT mapping method. d) Volume fraction of porosity of the FE receiver mesh with INT-NODE2INT

mapping method.

defect) and sphericity of the voids detected in the pXCT analysis. The
largest pores caused by debinding delamination and insufficient extru-
sion have a very elongated shape (small sphericity). On the other hand,
67.4 % of the pores are small in size and present a sphericity value equal
or larger than 0.5.

To consider the impact of the physical defects on the overall me-
chanical performance of the 3D object it is necessary to include the data

1.00e-06

a)

Displayed field : Volume fraction of porosi
O.Zfoay 0.500 p%.755y

of the detected porosity in the numerical modelling of the uniaxial
tensile test. Hence, Fig. 10 (a) presents the automatic superposition of
both donor and receiver meshes. The mapping of the porosity distribu-
tion from the donor mesh (see Fig. 10 (b)) to the receiving mesh is
presented in Fig. 10 (c)-(d) using two different mapping methods. The
results are displayed using the geometry’s front and side cut views,
wherein it is possible to identify interior zones with higher values of

1.00

Fig. 11. Porosity data mapping relative error: a) ELE2INT. b) INT-NODE2INT.
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Fig. 12. Evaluation of the engineering stress-strain evolution in three samples
obtained by MEX. Marks on the curve identify instants for experimental and
numerical strain distribution measurement (1.1%, 3.2%, 7.6% and 12.2% en-
gineering strain measured with virtual extensometer).

volume fraction of porosity (delamination defect). The results show that
the ELE2INT mapping method proved to be a more effective method to
map the volume fraction of porosity. The difference between the map-
ped porosity distribution and the porosity distribution defined in the
donor mesh was lower using the ELE2INT (Fig. 10 (c)), than with the
INT-NODE2INT method (Fig. 10 (d)). Indeed, the INT-NODE2INT

Table 4

Journal of Materials Research and Technology 30 (2024) 3238-3250

method produced a smoothing on the mapped volume fraction of
porosity (from 0.990 to 0.923), as shown in Fig. 10 (d). Therefore, only
the ELE2INT mapping method was considered in the definition of the
porosity distribution used in in the structural simulation. In mapping
procedure, both the donor and receiver mesh have the minimum value
of porosity assumed for each FE defined as 107°.

The performance of each mapping method can be evaluated using an
error indicator. The relative error in each finite element can be defined
as the difference between the porosity volume fraction defined in the
initial donor mesh and the porosity mapped back to the donor mesh after
being mapped to the receiving mesh (reversed mapping). Fig. 11 pre-
sents the absolute value of the relative error of each mapping method
adopted. The number of finite elements with different porosity volume
fraction after the reverse mapping is larger using the INT-NODE2INT
method. Thus, the relative error indicator is another prove that the
ELE2INT is a more accurate method. Concerning the mapping method
used in the FE analysis (ELE2INT), the small difference in the porosity
volume fraction is affected by the differences between donor and
receiver mesh refinement.

4.2. Experimental strength

The mechanical strength of the samples fabricated by MEX was
evaluated by carrying out uniaxial tensile tests and the engineering
stress-strain curves are presented in Fig. 12. The strain in the gauge area
was evaluated by the DIC system using a virtual extensometer placed at

Comparison of the average tensile test results with other flat printed SS316L specimens.

Source Young modulus (GPa)

Present study 164.9 (£12.7)

Pellegrini et al. [10] 143.9-182.8
Caminero et al. [9] 151.3
Kurose et al. [11] -

Sandvik (as sintered) [57] 160 (£20)

6y 0,2% (MPa) UTS (MPa) Elongation at break (%)
231.3 (£22.1) 545 (+11.35) 17.3 (+£0.7)
106.7-125.7 387.7-405.2 38-45

179.9 497.1 36.7

- 450 48

200 (£5) 500 (+£15) 60 (£3)

0.0476125

0.046225

0.0448375

0.0420625

0.0392875

0.0365125

0.035125

0.0337375

0.0309625

0.029575

0.0281875

0.102125

0.09985

0.097575

0.093025

0.09075

0.088475

0.083925

0.08165

0.079375

0.074825

0.07255

0.070275

Fig. 13. Distribution of localized strains for 1.1%, 3.2%, 7.6% and 12% overall engineering strain.
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Fig. 14. Evolution of distribution of strains extracted in the line highlighted in
black for different values of overall engineering tensile test strain.

middle of the specimen (23 mm of initial gauge length). Although there
is the presence of internal porosity defects, the uniaxial tensile tests
reproducibility was very high. The average mechanical properties
resulting from the three samples are presented in Table 4, namely the
Young modulus (E), the yield stress (cy), the ultimate tensile stress (UTS)
and the elongation at break (e). The obtained results are compared with
other literature results in order to validate the MEX sample preparation.
Since the parts produced by MEX technology have anisotropic me-
chanical properties, i.e, depending on the build orientation, the com-
parison was conducted only with the studies where specimens were
printed in the flat orientation [9,11]. The present samples show higher
values of yield stress and ultimate tensile stress in comparison with the
literature and material (powder) supplier values as it is shown in

b)
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Table 4. Although it is proven that elongation at fracture reduces with
the increase in porosity [13,18], the difference between these results
and those published in the literature could be related to sintering and
post-sintering conditions, since the formation of precipitates signifi-
cantly affect the ductility [12,56].

The strain field in the gauge area measured in four different instants
during the uniaxial tensile test is presented in Fig. 13 (identified in
Fig. 12 with a cross symbol). The highest strain value arises in the
debinding delamination pore zone, highlighted in the detailed view of
Fig. 8 (c). The range of the strain field at the last instant shows de-
formations between 11.1% and 16.7%, corresponding to 12.2% of
overall engineering strain measured with the virtual extensometer.
Therefore, the internal porosity yields this heterogeneity of the strain
field in the gauge area.

The regions with larger strain values are always located in the same
region during the loading (see Fig. 13), i.e., the region containing the
debinding delamination defect pore. Globally, the strain in the gauge
area is increasing during the loading.

Fig. 14 shows the evolution of the strain distribution (component
along the loading direction) measured along a straight line, located on
the specimen gauge area. The strain is not uniform along the line, pre-
senting two zones of strain concentration, fixed during the entire uni-
axial tensile test. The region showing the largest value of strain is located
in the debinding defect, about 3 mm of y coordinate. The second zone
with the highest strains is located around —8 mm of y coordinate, as
shown in Fig. 14. Although this zone does not contain the maximum
strain value, the strain gradient is larger in this location, particularly for
large loading values. Indeed, the final failure of the specimen occurs in
the cross section containing this zone. Fig. 15 (a) presents the tensile
specimen after fracture, which was prepared for DIC analysis.

c)

Fig. 15. a) DIC photo after the moment of test failure showing spray painted specimen 3 and fracture location; b) Surface reconstruction of the specimen 3 showing
surface defect in the zone highlighted in red (fracture location); c) close up view of the surface defect that led to test failure; d) pXCT section cut (AA) view displayed
in ¢) showing the presence of internal porosity near the surface defect location. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 16. Comparison of the engineering stress and strain of the uniaxial tensile
test for specimen three, the multi-scale method and the model with homoge-
neous porosity distribution.

Fig. 15 (b) present the initial geometry of the specimen (prior to the
uniaxial tensile test) obtained by pXCT. The specimen adopted in the
uniaxial tensile test presents a surface defect near the zone with the
larger strain gradient. Fig. 15 (c) and (d) show a detail view of this
defect, which is visible either from the exterior surface of the specimen
or the cross-section obtained by pXCT analysis. The dimensions of this
defect are approximately 0.69 mm and 0.2 mm in length and width
respectively. This defect may have been created in the shaping phase of
the MEX process, comprising the first layer deposition. Other possible

a)

. 0.049939
0046884
0043829
0040773
0037718
0034663
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0028553
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0021963
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3239
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0.025497 Min
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causes for the origin of the surface defect could be because of a
contamination of a second phase particle that was degraded in the
debinding and sintering or due to small inhomogeneity in the mixture.

4.3. Numerical analysis

The finite element predictions were obtained considering two
different numerical models. The first model uses the mapping method
ELE2INT to assign the pXCT measured porosity distribution to the finite
element mesh. On the other hand, the second model considers a uniform
distribution of the porosity (3.14%) in the finite element analysis. The
constitutive material model is identical in both simulations. The
displacement of two predefined nodes was assessed during the uniaxial
tensile test, replicating the virtual extensometer conditions used in the
DIC, and allowing the comparison of the numerical and experimental
measurements.

Fig. 16 compares the experimental stress-strain evolution for both
predictions (homogeneous and heterogeneous porosity distributions).
The predicted mechanical strength of the specimen is underestimated,
particularly when the homogeneous porosity distribution is used in the
numerical model. This difference can be a consequence of several fac-
tors. The material is assumed isotropic (von Mises) in the numerical
model, the adopted hardening law is relatively simple and the material
parameters were calibrated using the experimental stress-strain curve
obtained by Cooper et al. [46] for a sintered material. Besides, the
mapped porosity distribution used in the numerical model is affected by
the accuracy of the pXCT.

Since the post-processing results of the VIC-3D software are related

0.11019 Max
0.10481
0099432
0094052
0.088672
0083292
0077913
0072533
0067153
0.061773 Min

0.16792 Max
0.16025
0.15258
0.14491
0.13723
0.12956
0.12189
0.11422
0.10655
0.098881 Min

530.83 Max
516.25
501.66
487.08
47249
457.9
44332
42873
41415
399.56 Min

621.3 Max
603.92
586.53
569.14
55175
53436
51698
499.59
4822
464.81 Min

Fig. 17. Multi-scale model results at four marked points (1.1%, 3.2%, 7.6% and 12% overall engineering strain): a) Strains distribution field; b) Stress distribu-

tion field.
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to a 2D strain field within a region of interest, the simulation results are
also presented for the same region of interest (yy = 28 mm). Hence,
Fig. 17 (a) presents the strain field’s evolution in the specimen’s gauge
area predicted by the model that considers a heterogeneous porosity
distribution. The contour fields of strain values are displayed for 1.1%,
3.2%, 7.6% and 12.2% of strain in the virtual extensometer (the four
instants identified in Fig. 12). The maximum strain value arises in the
debinding delamination defect zone. The predicted strain distribution
aligns globally with the experimental measurements (Fig. 13).

Moreover, the porosity distribution adopted in the numerical model
(see Fig. 10 (c)) directly impacts the obtained strain field. Indeed, the
predicted strain values are larger in the zones with large porosity.
Considering the last instant evaluated, the maximum and minimum
strain values in the specimen predicted by the model with heteroge-
neous porosity distribution were 16.8% and 9.9% respectively. There-
fore, comparing the numerical prediction (Fig. 17 (a)) with the
experimental measurement (Fig. 13) allows to conclude the high level of
accuracy of the numerical model with a variation of 0.53 % and 10.92 %
for maximum and minimum stain values respectively. Nevertheless, the
strain distribution evaluated by the VIC-3D system (averaged value
within the facet area) seems smoother than the numerical field.

Fig. 17 (b) presents the distribution of von Mises stress predicted by
the model using the heterogeneous porosity distribution, comparing the
four different instants. The maximum values of true stress predicted by
the model are located around the debinding delamination defect. In the
last instant, the von Mises stress is 621.3 MPa in some concentrated
regions, which is significantly larger than the uniform stress predicted
by the uniform porosity distribution model (516 MPa).

To identify the zones where the model qualitatively had lower ac-
curacy in predicting the distributions of the local strain, a lower inde-
pendent value was added to the lower strain values in the band scale,
represented in Fig. 18. The scale modification allows the identification

wy [1] - Lagrang
0.167

0.164062
0.161125

0.158187
. 0.16792 Max
0.13017
— 012901
0.12785
— 0.12669
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0.12204
0.12088
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0.11856
0.1174
0.11623
0.11507
0.098881 Min
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0.137625

0.134687

0.13175

0.128812

0.125875

0.122938

Fig. 18. Strain comparison (DIC vs Multi-scale model) for 12.2% overall en-
gineering strain with a lower independent band to highlight the zones with
different high values of strain.
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Fig. 19. Strain distribution outputted over a centre line for 12.2% of engi-
neering strain. Image correlation vs numerical model with heterogeneous
porosity (blue) vs numerical model with homogeneous porosity (red). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

of the consequence of shaping defects on the numeric results, present
along the strand printed line (45°) and the morphology of the strain
distribution in the debinding delamination defect. The model generally
shows good accuracy in predicting strain localization and magnitude.
The difference could be attributed to the VIC-3D correlation smoothing
of strain distributions, while the numerical model smoothes the outputs
of the strain results of the element integration points over to the nodes.
The mapping scatter error could also influence the final results; the re-
sults would undoubtedly be more accurate given a similar mesh map-
ping or a mapping procedure without scatter errors. Failure could not be
predicted with the model as the surface defects are not considered pores,
so they weren’t mapped to the final 3D simulation mesh. Additionally,
the surface defect was not discretized geometrically.

The experimental and numerical strain distribution was compared at
the simulation’s end (last instant defined in Fig. 12), considering a
straight line (~25 mm of length) located in the middle of the specimen
gauge area. The comparison is presented in Fig. 19, considering both
numerical models: homogeneous and heterogeneous porosity distribu-
tion. Only the numerical model that considers the real porosity distri-
bution inside the specimen can accurately predict the strain distribution
measured experimentally. However, the finite element model slightly
under predicts the experimental strain distribution. The differences can
be due to smoothing associated with the DIC technique, the error during
the mapping of the porosity distribution to the mesh used in the FE
analysis and the material properties used to describe the behaviour of
the material.

Nevertheless, the proposed model could have an important and sig-
nificant impact on the qualification of MAM components, being able to
predict mechanical structural performance without destroying speci-
mens and decreasing the rate of false rejections. The model showed a
close prediction of mechanical properties overall and could be used not
only to study the load capacity but also to predict failure location and
fatigue life with strain-based methods.

5. Conclusions

MAM technologies generally result in complex geometries with a
pervasive presence of porosity in their microstructures, varying in size,
shape, and distribution. These pore defects impact the overall structure
load capacity and life of metal components. This study presents a novel
methodology to predict and qualify MAM components with specific
microstructures. Using the capability of dimensional control of pXCT
and multi-scale simulation to predict the influence of all the pores
detected in mechanical structural performance. The multi-scale model
doesn’t have the limitation of discretization, being able to account for
every pore detected in the pXCT dimensional analysis. The following
conclusions can be drawn with this study:
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. Optimizing the shape, debinding and sinter parameters is essential to
produce final metal parts with low porosity. With the pXCT analysis
it was possible to conclude that the final microstructure had several
types of pores, varying in shape, dimension and location. The major
defects formed in the shaping phase had elongated shape and fol-
lowed the strand printing line, while the debinding defects man-
ifested in the form of blisters. Despite the pores, all the test specimens
had reproducibility and all three tests had consistent results, almost
in the same range of those found in the literature.

. DIC analysis made possible to evaluate the impact of defect micro-
structure in the strain evolution and concentration during a uniaxial
tensile test. The microstructure defects largely affect the concentra-
tion of strains, with specimen three showcasing the higher strain
deformation on the zone of the debinding delamination defect. Even
though the highest amount of strain was located in the blister zone,
the mechanical failure occurred due to a surface defect. The com-
bination of the tortuous shape’s surface defect and the nearby pres-
ence of internal porosity led to the sudden structural failure.

. Element to integration point (ELE2INT) is a superior mapping
method to this case than the Integration point-node to integration
point (INT-NODE2INT). Despite the meshes not being similar,
Digimat-MAP provided a good bridge to map microstructural
metrological analysis to the numerical simulation platform.

. Multi-scale simulation was able to consider the microstructure pore
defects in the mechanical structural analysis with success. The multi-
scale model predicted the higher concentration of strains in the
dedinding delamination defect and had an overall close distribution
of strains in the analysed face compared with VIC correlation results.
The differences between the model and the real analysis could be due
to the small scatter of porosity volume fraction mapping error and
the initial material model used in Digimat-MF. Regardless, the study
showed good first approximation to the problem.

. The open potential for qualification of MAM components as a non-
destructive test methodology is real, as it could improve the qual-
ity control of components with pores.

In the future, several studies could be carried out to improve the
precision and validation of the multi-scale model. A digital volume
correlation, using interrupted uniaxial tensile test with in-situ pXCT
could be used to compare the strains at the surface and all over the
component 3D volume. In the case of MEX, a model of predicting the
final metal part pore microstructure after sintering could be coupled via
mapping to predict the final structural metal part performance and
avoid spending energy sintering unwanted 3D green objects.
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