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3COMTES FHT a.s., Průmyslova 995, 334 41, Dobrany, Czech Republic
E-mail: rdarabi@inegi.up.pt
∗Corresponding Author

Received 23 October 2020; Accepted 14 November 2020;
Publication 09 January 2021

Abstract

Additive manufacturing (AM) of metals proved to be beneficial in many
industrial and non-industrial areas due to its low material waste and fast
stacking speed to fabricate high performance products. The present contribu-
tion addresses several known challenges including mechanical behaviour and
porosity analysis on directed energy deposition (DED) manufactured stain-
less steel 316L components. The experimental methodology consisting of
metal deposition procedure, hardness testing and fractographic observations
on manufactured mini-tensile test samples is described. A ductile fracture
material model based on the Rousselier damage criterion is utilized within a
FE framework for evaluation of material global response and determination of
initial porosity value representing the structure’s nucleating void population.
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Alternatively, the initial pore sizes are characterized using the generalized
mixture rule (GMR) analysis and the validity of the approach is examined
against the experimental results.

Keywords: Directed energy deposition (DED), additive manufacturing
(AM), porosity, mechanical behavior, initiation and propagation of cracks.

1 Introduction

Metal additive manufacturing (AM) has grown rapidly over the past decade
to become a transformative technology capable of revolutionizing the way in
which goods from diverse industrial sectors, such as biomedical, aerospace,
automotive, marine and offshore, are produced. AM technologies could man-
ufacture parts with intricate configurations, hybrid structures and composites
with reduced raw material waste, which could be impossible to attain with
conventional manufacturing processes. AM, also popularly known as metal
three-dimensional (3D) printing, refers to various innovative processes that
are used to manufacture three-dimensional products through joining metallic
materials including powder, wire, or sheet forms to make objects from CAD
models in a layer-by-layer manner [1–4]. This process involves heating,
melting and solidification of an alloy by a moving heat source in a layer
by layer manner. Due to the repeated heating and cooling stages, the part
usually undergoes several melting and solidification cycles which affect the
microstructure and the mechanical behavior of the material [4]. Based on
ASTM standard F2792 [5], AM is categorized into powder bed fusion (PBF)
and directed energy deposition (DED). The former method is widely being
applied due to its advantages in achieving near net shape and final precise
dimensions, while the DED technology has high productivity, fast stacking
speed and less size restrictions owing to its procedure, in which the metal
powder is directly injected and melted to the target location using a heat
source [6–9]. Diverse types of this technology can be classified based on the
type of the feedstock, in the form of the powder, wire or sheet, and the nature
of the heat source, generally being laser beam, electron beam or plasma arc.
The present work is focused on the powder-based DED system, which feeds
the metal powder into a melt path and utilizes a thermal energy source to
create a molten pool into a narrow region, while material is deposited in a
layer-wise fashion on a substrate part [10]. The thickness of the deposited
layer may vary between 0.1 to a few millimeters [11]. Due to the flexibility
to change materials’ compositions at each layer, by simply adjusting feeding
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materials and process parameters, the possibility of achieving heterogeneous
parts is one of the pivotal features of DED processes [10–13]. Antony
et al. [14] investigated, experimentally and numerically, the laser melting
of SS grade 316L powder on top of a AISI 316L substrate using a pulsed
Nd:YAG laser, by focusing on the influence of the laser parameters on the
geometry characteristics of melted tracks. They showed that increasing the
laser power favors an enhanced energy density of the laser beam, which
leads to create larger molten pools, whereas the authors suggested opti-
mum values of scanning speed and laser power for fabricating the single
layer sintered tracks. They also developed a FE model for determining the
temperature history in the powder melting process. The scanning speed and
scanning path were found to be highly influential on mechanical properties
and morphology of the fabricated stainless steel parts, respectively in [15] and
[16]. Still several challenges need being tackled in DED processes, including
limitations in building complex shapes, control of material properties and
achieving an efficient powder delivery rate. Due to high thermal gradients
during the process, the effect of morphology of structure and final porosity
have a significant influence on the mechanical properties and their relation to
the laser power, powder flow rate, scan speed and molten pool size should not
be ignored [11, 12]. In 2001, Kobryn and Semiatin showed the effect of lack
of fusion defects on the anisotropy of mechanical properties of the Ti-6Al-
4V deposits, as well as on the the crack initiation spot in the compact tension
test results of the samples [17]. Ahmadi et al. [18] investigated the impact of
several microstructural properties such as melt pool size, texture orientation
and porosity on the mechanical properties of selective laser melting (SLM)-
processed 316L stainless steel parts using a finite element model, where
they illustrated the influence of controlled parameters such as laser power,
scanning velocity and scanning direction on production of components with
improved mechanical properties. Wolff et al. [12] studied the anisotropic
mechanical behavior of DED-fabricated Ti–6Al–4V components by utilizing
X-ray diffraction, fractography and pore analyses, targeting to achieve com-
ponents with improved mechanical properties. In their study, they highlighted
influential factors such as the location of test coupons relative to the surface of
the cube component, orientation of the coupons relative to the build and scan
direction and laser processing power on the mechanical properties and bulk
porosity distribution. To gain higher surface quality, dimensional accuracy
and to eliminate the buckling effect, the influence of building direction on the
microstructure, mechanical properties and machinability of the 316L stainless
steel was studied by Guo et al. [19]. The fabricated 316L stainless steel
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via SLM process was also studied by Suryawanshi et al. [20] using two
different scanning strategies to assess and compare fatigue crack growth,
fracture toughness and mechanical properties that could be linked to the
porosity content in the SS 316L produced alloys. In this contribution, the
impact of the loading direction on the fracture surfaces of tensile samples
was shown, where unmelted powder particles were found in the parallel
loading direction. In addition, rapid solidification was shown to have notable
effect on microstructure, to enhance the yield stress of the processed samples,
as well as on developing anisotropic properties. Iqbal et al. [21] conducted
mechanical testing on the SS 316L SLM produced components where they
demonstrated a link between the reduction in effective cross-sectional area
and the presence of un-melted powder particles on the fracture surface of
tensile specimens. In [22], the effect of powder recycling and cooling rate
was studied on DED manufactured SS 316L samples, while variations of
the recorded fracture strain was reported due to the inclusions like oxides
in the microstructure of the components, directly influencing the mechanical
properties and especially the ductility of the as-deposited components.

Saboori et al. [23, 24] investigated the influence of carrier gas flow rate,
shielding gas and type of powder on the porosity and oxide contents of the as-
deposited 316L steel, produced with the optimum process parameters. They
used the ImageJ software [25] to evaluate the porosity value for an optimized
and conventional process. Haoyun Tu et al. [26] studied the fracture behavior
of an aluminum laser welded joint (Al 6061) experimentally and numerically,
whereby the Rousselier damage model was used for simulation of fracture
behavior.

Azinpour et al. studied the fracture in laser-processed 316L stainless
steel components process by powder-blown DED technology, with different
deposition orientations. The failure induced by growth of micro-cracks and
porosities was investigated by using a phase-field ductile fracture model
relying on the Rousselier damage criterion [27].

In the present study, as a follow-up to the previous research by the
authors, further experimental analyses are conducted on the SS 316L fab-
ricated components to evaluate the material properties of specimens with
different anisotropy configurations. The impact of the loading direction and
the extraction orientation of miniature-sized test specimens, obtained from
a DED fabricated sample part, on the mechanical properties including the
ultimate and yield stresses are highlighted. Fracture morphology and porosity
evaluations, as well as numerical studies using a ductile fracture model, are
conducted to assess crack initiation and propagation in the tensile samples,
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whereby approximated values of initial porosity are obtained by inverse
method. Furthermore, the generalized mixture rule (GMR) method is used
to consider the effect of individual pores on the tensile behavior of the
specimens. Approximated pore shapes are used to evaluate the bulk porosity
volume fraction in three orthogonal orientations. To extract the porosity area
of the parts (in percentage), the 2D microscopic surface of one of specimens
is employed by ImageJ software, whereby the post processing evaluations
suggest that the approximated bulk porosity values using GMR approach are
in a close agreement with the calibrated initial porosity values obtained from
the ductile fracture model based on Rousselier damage criterion [28, 29].

2 Experimental Procedure

In order to proceed with an experimental campaign miniature tensile spec-
imens were extracted from a cube, with an edge length of 35 mm, of
commercially available AISI 316L stainless steel alloy fabricated by directed
energy deposition, using a printer InssTek MX600 3D equipped with an
Ytterbium fiber laser as the heat source. The manufacturing parameters of
the DED procedure are specified in Table 1. Chemical composition and
thermo-physical properties of initial powder are given in Tables 2 and 3,
respectively.

The deposition scheme is shown in Figure 1. After deposition, a total
number of 15 miniature size tensile test samples were extracted from the cube
in three different orientations with an electrical discharge machine (EDM)

Table 1 Processing parameters employed in DED process [27]
Parameters Value Unit
Laser spot diameter 0.8 mm

Laser power 417 W

Scanning speed 14.166 mm/s

Layer thickness 0.25 mm

Track overlap 0.5 mm

Powder feeding rate 3 g/s

Table 2 Chemical Composition of stainless steel 316L powder [27]
Element C Cr Cu Mn Mo N Ni P S Si
(wt %) 0.009 16.82 0.31 1.74 2.08 0.029 10.26 0.03 0.024 0.27
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Table 3 Thermo-physical properties of stainless steel 316L powder [27]
Parameters Value Unit
Liquidus temperature 1723 K

Solidus temperature 1553 K

Density 7966 Kg/m3

Latent heat 256400 J/Kg

Figure 1 Schematic of the deposition process.

technique. For specification of the samples, they are labeled in each direction
as T1i, T2i and T3i, where i = 1, 5 as shown in Figure 2.

The experimental approach herein follows investigations about the
strength and elongation anisotropies in DED-processed SS 316L component
coupons and their connection with build orientations, process parameters and
the distance of the specimens from the surface of the fabricated component
cube due to different temperature gradients of each layer during solidification
process [12, 27]. The scheme of the coupon fabrication based on the building
direction is depicted in Figure 3, which could be influential in characteriza-
tion of the tensile properties such as ultimate tensile strength or elongation,
as was addressed for instance in [19].

2.1 Mechanical Testing

The geometry of the miniature tensile samples is shown in Figure 4 and
a gauge length of 11 mm is considered. The maximum applied machine
load was 5 kN with a constant crosshead velocity of 1 mm/min, at which
15 mini-test samples (five units per configuration) were tested. The setup
configuration of the test equipment is depicted in Figure 5. For more precise
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Figure 2 Configuration of the test specimens in regards with the cubic component.

Figure 3 Schematic of the building directions during the fabrication process for (a) sample
group T1i and (b) Sample groups T2i and T3 [27].

load measurements, strain gauges or an extensometer were directly fixed to
the specimen.

The anisotropy of mechanical properties of SS 316L SLM-fabricated
components was shown in several recent studies, for instance in
[15, 16, 19, 20]. In Figure 6(a–d) the stress-strain curves of tensile tests
for the different specimens show the influence of the building direction on
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Figure 4 Dimensions of tensile test specimens in mm.

Figure 5 Tensile test setup configuration.

the mechanical properties. The graphs illustrate that coupons from the YZ
plane as displayed in Figure 6(a) have higher ductility than those in the other
orientations. The reason may lay on the fact that, as illustrated at Figure 3,
the sliced layers in this sample group of specimens, T11-T15, were built
perpendicularly to the loading direction, resulting in weaker load-bearing
bonding than that of other sample groups. The coupons machined in both
XZ-XY directions have greater strength, as shown in Figure 6(b, c), which
comes at the cost of smaller failure strain, altogether exhibiting anisotropy
in mechanical properties. The variation of the tensile properties including
yield and ultimate strength with each sample configuration are shown in the
bar graphs of Figures 7 and 8, respectively. Overall, higher yield stress and
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Figure 6 Engineering stress vs. strain curves for samples (a) T11-T15, (b) T21-T25 (c)
T31-T35 and (d) all samples.
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Figure 7 Yield stress of all samples.

Figure 8 Ultimate tensile strength of all samples.

ultimate tensile strength values are observed for the sample group T31-T35.
Although there is no clear uniform pattern of those limit values based on
the coupon distance to the component surface, in most cases they grew from
surface to interior of the component cube, which can be naturally related
to the different cooling rates in terms of the position of the sample within
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Figure 9 Variation in Vickers micro hardness across the sample heights.

the component. Furthermore, smallest yield limit value is recorded for the
coupons close to the exterior of the component in sample groups 2 and 3.

2.2 Hardness and Microstructure

The micro-hardness profile across a tensile sample is shown in Figure 9,
revealing variations in different orientations. The hardness slightly increased,
near to the center of samples, with average values 301 HV, 294 HV and 293
HV for T11, T21 and for T31, respectively. Compared to what was reported
in [21], the fracture location was observed at the higher hardness zones.

Figure 10 shows the solidified microstructure in the cross section of the
stainless steel fabricated at the building direction for T31. Due to the high
delivered energy by the laser beam, a high-temperature gradient between the
molten pool and the previously deposited zone is generated, resulting in a
directional growth of the dendrites perpendicular to the molten pool border
that initiates at the edges and propagates towards the center of the molten
pool, as it can be seen in Figure 10(b, c). The presence of residual δ-ferrite
phase could reinforce the austenite base and that could be linked to the higher
recorded tensile strength for this sample, while the ductility is comparably
lower than the other samples, similar to the observations in [19, 22].

The difference in macro-hardness between the two sections is due to the
anisotropy of the dendritic microstructure of the stainless steel. Furthermore,
grain coarsening was observed after solidification under low cooling rate,
where the alloys solidified within the primary austenite area and also the
ferrite phase formed by an eutectic solidification from the remaining melting
material between the austenitic dendrites which can be seen in Figure 10(d).
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Figure 10 Micrographs of the additive manufactured stainless steels for T31 specimen (a)
melt pools overview; (b–d) high magnifications of the microstructure that reveals the grain
growth direction and existence of delta ferrites in an austenite matrix.

2.3 Fracture Morphology

The fracture surface and morphology of the tensile samples that were
machined closer to surface of the cube are shown in Figure 11, where it is
visible, in the microstructure SEM images, the crack initiation spots and the
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Figure 11 Fracture surface and morphology of deformed specimens (a) T11, (b) T21 and
(c) T31.
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Figure 12 Relation between porosity and global energy density in DED process.

dimple population. Microscopic images were captured, stitched and analyzed
using a NIKON ECLIPSE MA200 in SW NIS-elements AR. It is clear that
the additive manufactured stainless steels at both building directions show
combinations of transcrystalline ductile fracture in all samples.

2.4 Porosity Evaluation

Micro-void defects or porosities have been found rather important in addi-
tive manufacturing processes, which could adversely affect the mechanical
properties of AM-fabricated components. Spherical porosities (interlayer
porosities) may appear in the keyhole mode [30] due to high power density,
which could leave voids in the form of entrapped vapor within the deposited
layers. Moreover, gas pores could be left during powder atomization process
or the entrapment of the shielding gas in the molten pool, resulting in
microscopic spherical voids in the fabricated layers. Another known cause
of porosities in additively manufactured components may be attributed to the
lack of fusion due to insufficient power delivery in order to penetrate the
molten pool to the previously-deposited layer [11, 31]. The global energy
density (GED) is referred to as a useful measure that establishes a link
between the interlayer and intralayer porosities in DED processes. This
parameter is quantified through a combination of several process parameters.
Figure 12 schematically represents the link between the GED and porosity in
DED manufacturing processes [32].
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Figure 13 Microstructure of the fabricated component containing porosities; approximated
ellipsoid pore shape with projected area Sij and dimensions a, b and c Numerical framework.

Regarding the micromechanical observations, the test specimens were
hot mounted in resin under heat and high pressure and polished for micro-
scopic porosity analysis. Microscopic images were captured, stitched, and
analyzed using a NIKON ECLIPSE MA200 in SW NIS-elements AR. Using
this method, the microstructural porosity content is illustrated in Figure 13,
where an approximated ellipsoid-shaped pores with dimensions a, b and c are
assumed for utilization in the numerical procedure hereafter.

3 Numerical Analysis

3.1 Defect Analysis Using Generalized Mixture Rule (GMR)
Approach

To establish relationships between porosity and resulting mechanical behav-
ior in each tensile specimen, a generalized mixture rule (GMR) analysis
was used. This utilization of this methodology was stressed out in [12, 33]
served to provide a unified and rigorous mathematical framework that can
describe physical properties of composites and multiphase materials such as
void volume fraction and microstructural characteristics. Taking the porous
media as a special case of two-phase composite structure, where null property
pores are scattered within the solid component, the GMR is given by:

MJ
C =

Np∑
i=1

(Vi ∗MJ
i ) (1)
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where MC is a specific mechanical property of the composite, Vi and Mi are
respectively the volume fraction and mechanical property of the ith material
phase, where the composite consists of Np phases and

∑Np

i=1 Vi = 1, and J
is a fractal parameter that could represent geometrical features, distribution
and orientation of pores [12]. The relation between mechanical properties of
non-porous material and porous material is written as:

σpm
σnpm

= (1− ϕ)1/J (2)

where ϕ is the porosity volume fraction and σnpm and σpm are the strengths
of the nonporous and porous materials, respectively. Equation (2) can be
rewritten as:

σpm
σnpm

= (1− ϕ)1/J =

(
ρc
ρs

)1/J

(3)

in which ρc the density of the composite phase and ρs is the density of the
solid bulk phase. In DED processes, the amount of the porosity is less than
10% and hence, using the Taylor expansion, according to [10]. Equation (3)
can be simplified as:

σpm
σnpm

= (1− 1

J
ϕ) (4)

The shape of the melt pool is illustrated in Figure 14, where l is the laser
diameter and h is the overlap track. The size of the melt pool in the three
directions can be calculated based on the following equations [12]:

Aex = l

( q
ρpowder

v (2l − h)
− t

)
(5)

Aey = (2l − h)

( q
ρpowder

v(2l − h)
− t

)
(6)

Aez = (2l − h)l (7)

where q, ρpowder and t are the mass powder flow, the density of the powder
and the deposition layer thickness, respectively.

3.2 Calculation of Thermal Strains

To consider the process parameters, the thermal distortions which cause the
lack of fusion and porosity is observed in this study. The Buckingham π
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Figure 14 Melt pool dimensions schematic.

theorem is applied to AM process to make a relation between parameters
as in Equations (8)–(10) [34, 35]. The thermal strains derived from different
thermal gradients in every direction, ε∗ei , are calculated based on the following
set of equations:

ε∗ei =
βδT
√
V t

αEI
√
ρpowder

H3/2 (8)

α =
k

ρpowderCp
(9)

H =
ηP

v
(10)

where β is volumetric thermal expansion coefficient, δT is temperature gra-
dient, V is the volume of the molten pool and k, Cp and ρpowder are thermal
conductivity, specific heat and, density of the powder. The coefficients of η,
P and v represent the absorption value, laser power (W) and speed of the
laser beam (mm/s). In the thermal strain equation expressed in Equation (8),
the second moment of inertia of the pores, I , with x, y and z as the principal
axes, as follows [12]:

[Itotal] =

Ixx Ixy Ixz
Iyx Iyy Iyz
Izx Izy Izz
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= m



9

6
−N1

5
(b2 + c2) −N1

5
(b2 + c2) −N1

5
(b2 + c2)

−N2
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(a2 + c2) 9/6− N1

5
(a2 + c2)

N1

5
(a2 + c2)

−N3

5
(b2 + a2) −N3

5
(b2 + a2)

9

6
−N1

5
(b2 + a2)


(11)

where N1, N2 and N3 represent the number the pores along x, y and z
axes, where Ni is the width of the cubic component divided by the overlap
tracking distance in the ei direction. The mathematical relation between
thermal strains in Equation (8) and the size of pores in each direction that
was visualized in Figure 16 can be given by curve fitting in the following
expression [12]:

C1ε
∗
ei
2 + C2ε

∗
ei + C3 = (b2 + c2); (a2 + c2); (b2 + a2) (12)

To determine the bulk porosity value of volume fraction in Equation (4),
one can write [12]:

−→n . [I] .−→e i= −
N3

5
(b2 + a2);−N1

5
(b2 + c2);−N2

5
(a2 + c2) (13)

The J-factor parameter in each direction can be associated with−→n .[I].−→e i
via the following relation [12]:

J−→e i
= eE(−→n .[I].−→e i) (14)

Where E in the scope of the present research found to be the sum of Ci
in Equation (12).

3.3 Image Analysis

The ImageJ open source software [25, 36] is used as an additional tool for 2D
image processing of the porosity in the components. As depicted in Figure 15,
the porosity area (in percentage) in the components are quantified in the
software by applying a threshold into greyscale micrographs covering an area
of 41548 µ m2 to produce a binary image. Using this approach, the pores are
distinguished from the bulk material with the sum of pore areas presented as a
percentage of the total examined area. The image analysis evaluation reports
an average of 0.67% porosity content for the samples [37, 38].
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Figure 15 Representation of porosity content using ImageJ software.

3.4 Ductile Fracture Analysis

The sequence of ductile material degradation is characterized by nucleation,
growth and coalescence of the micro-voids and micro-cavities. In the scope
of present DED manufactured steel products, the pressure-dependent plas-
ticity, thermodynamically-consistent ductile damage framework based on
the Rousselier criterion is utilized [28, 29]. The flow potential associated
with this model takes into account the effect of hydrostatic stress while the
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accumulation of damage is modelled through a single scalar field, namely
the void volume fraction, which physically signifies the evolution of the
porosities in the material bulk.

The Rousselier material model is established based on the decomposition
of the free Helmholtz potential into the elastic (φe), plastic (φp) and damage
(φp) components as follows:

φ = φe(εe) + φp(ζ) + φd(f) (15)

Where εe is the elastic strain and ζ and f are the internal variables,
respectively describing the hardening variable and the void volume fraction.
The Rousselier damage criterion uses the following flow potential based on
the isotropic hardening and isotropy of damage:

φ =
q

ρ
−R(ζ) + σ1fDexp

(
σm
ρσ1

)
(16)

where R(ζ) is the material hardening function, q =
√

3
2s:s is the equivalent

stress based on deviatory stress component s, σm is the mean stress and σ1
and D are the Rousselier model parameters affecting the material softening.
The nucleation of the voids in this context is considered by employing an
initial value of void volume fraction, f0, appears in the relative density,
ρ = 1−f

1−f0 , indicative of the density of the damaged material to its reference
state (intact material). The use of the relative density in the present ductile
fracture framework is necessary as the hypothesis of incompressibility is no
longer holds. Thus, the initial porosity value plays an important role in the
construction of the present model while representing the nucleating voids, in
which no damage will be generated if this parameter set to zero.

In light with the recent methodology proposed by the present authors
in [27], the above ductile damage model is implemented within the finite
element framework using ABAQUS software and by user coding in UMAT
interface, while solely the local damage model is employed by neglecting the
phase field crack coupling presented therein.

4 Results and Discussions

Based on the numerical framework presented in Section 3, the value of
initial porosity is firstly identified by inverse finite element using the ductile
fracture model that was described in Section 3.3. Furthermore, in a novel
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effort, a correlation between the presented GMR approach, ductile damage
concept and image analysis is established: the calculated values from the
GMR approach are validated via relevant comparisons with the obtained
values of initial void volume fraction from ImageJ software and the calibrated
ones using the FE framework, which in turn identified using the experimental
data.

The sample geometry, boundary conditions and finite element mesh dis-
cretization are shown in Figure 16. The quadrilateral four-node, plane stress
elements formulated with reduced integration method is used throughout the

Figure 16 Geometry and mesh discretization of the tensile test samples.
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Table 4 Material data used in the numerical simulation of tensile test samples
Parameter Symbol Value Unit

Young’s modulus E 192.0 GPa

Poisson’s ratio ν 0.33 −

Initial yield σy 453.85 MPa

Strength coefficient K 1078 MPa

Hardening exponent n 0.81

Model parameter σ1 302.2 MPa

T11 Model parameter D 2.0 −

Initial porosity f0 0.00025, 0.0005, 0.001 −

Initial yield σy 464.2 MPa

Strength coefficient K 1036 MPa

Hardening exponent n 0.76

T31 Model parameter σ1 309.5 MPa

Model parameter D 2.0 −

Initial porosity f0 0.00025, 0.0005, 0.0009 −

simulations. The set of material data utilized for the numerical simulation
of samples T11 and T31 based on the Rousselier damage criterion are given
in Table 4. As for the plastic hardening, Ludwik’s law R(α) = σy + Kαn

is considered. By assuming the gauge length of 11 mm for the samples, the
variation of the force-displacement is compared with the experimental data
for T11 and T31 samples in Figures 17 and 18, respectively. Clearly, a faster
growth rate of the voids can be observed by setting the initial void volume
fraction to a higher value, which is also addressed in [39], whereby lowest
displacement at fracture is obtained for f0 = 0.001. Following these results,
the values of f0 = 0.00025 and f0 = 0.0007 are in the closest agreement
with the experimental test data for T11 and T31 specimens, respectively.

These values are compared with the values obtained from the GMR
approach in Table 5, in which a very good correlation can be found. Further-
more, the values determined using ImageJ analysis reveals a close agreement
compared to the calculations based on the GMR approach. The above results
confirm the validity of the employed GMR approach, as a rather phenomeno-
logical and purely mathematical tool, using finite element framework in the
scope of the micromechanical damage model, which in turn was calibrated
against the experimental measurements.
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Figure 17 Variation of the global force-displacement graphs with the initial porosity for T11.

Figure 18 Variation of the global force-displacement graphs with the initial porosity for T31.

Table 5 Initial porosity values obtained from FEM and image J software compared with
GMR approach

Bulk Porosity Volume
Samples f0 Rousselier Model ϕ Porosity Calculation Fraction by ImageJ
T11 0.00025 0.0002676 0.00268
T31 0.0009 0.0009027 0.0097
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5 Conclusion

This study aims to primarily reveal the effect of the different deposition orien-
tations on the mechanical properties and microstructural features in a DED-
fabricated 316L component. By conducting numerical and experimental
analyses, the remarkable conclusions in the paper include:

1. Stress-strain curves show obvious dependence of the material properties
on the orientation of printing, as well as the distance of the coupons from
the component cube surface.

2. The T11-T15 that were built normal to the loading direction were found
to possess weaker metallurgical bonding between layers accounted for
the relatively lower limits in yielding and ultimate tensile strength.

3. The presence of delta ferrite may cause increased hardness in compar-
ison with the single-phase austenitic stainless steels, due to the solid
solution hardening of Ni and Mo of the ferrite phase, and the internal
strain hardening that occurs between the austenite and ferrite, caused by
the different coefficients of thermal expansion.

4. Morphology studies show that when loading direction is parallel to the
dendritic grains, for the building direction of T11-T15, could increase
the fracture elongation since the ductility of the dendrites along the
growth orientation was higher.

5. The porosity analyses conducted using image analysis making use of
ImageJ software and FE framework in the scope of Rousselier pressure-
dependent plasticity model, whereby the initial porosity values identified
by comparing against the experimental data.

6. As an alternative approach and assuming the fabricated component as
a special case of multiphase composites, the GMR framework was
utilized to calculate the initial void volume fraction values from T11 and
T31 samples and in a novel effort, a correlation between this approach
and micromechanical damage theory was established through definition
of initial porosity. Interestingly, these values were found to be in a
close agreement with the identified values from image analysis and FE
framework, which approves the soundness of the employed numerical
frameworks.

7. In future studies, the further use of the GMR approach may be inves-
tigated to characterize the geometrical features and distribution of the
pores in the manufactured components.
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