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Abstract: The process of an unstable plastic flow associated with the strain rate sensitivity of mechanical properties was studied in porous 316L austenitic steel samples manufactured by laser powder
bed fusion (L-PBF). Different micromechanisms of deformation and fracture of porous samples
dependent on strain rate were found. It was found that despite the porosity, the specimens showed
high strength, which increased with the loading rate. Porosity led to lower ductility of the studied
specimens, in comparison with literature data for low porous 316L L-PBF samples and resulted
in de-localization of plastic deformation. With an increase in strain rate, nucleation of new pores
was less pronounced, so that at the highest strain rate of 8 × 10−3 s−1 , only pore coalescence was
observed as the dominating microscopic mechanism of ductile fracture.
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1. Introduction
The interest in obtaining digital metal products using additive technologies is very
high. The as-built microstructure of L-PBF (laser powder bed fusion) stainless steel is
usually described as a cellular columnar structure. At solidification, colonies of crystallographically coherent cells grow in the same direction and form colonies separated by
high-angle boundaries [1,2]. Additionally, oxide nanoparticles and the segregation of
elements at cell boundaries have been reported [3]. The strengthening effect of the oxide
particles in as-built 316 steel was proposed, but an absence of the nanoparticle strengthening effect after annealing makes this hypothesis arguable. Formation of segregation
and specific dislocation structures at cell boundaries have also been reported [2,4–7]. The
dislocation structures observed in as-built L-PBF seem to be quite stable, and they have
recovered and annihilated only after annealing at 800–950 ◦ C. Mobility of these dislocations is not high as the as-built 316L steel, which has higher strength and lower ductility
characteristics in a comparison with the conventional bulk material [8,9]. Additionally,
under high strain rates, twinning can be activated in L-PBF 316-L samples [10].
A technological feature of L-PBF manufacturing is commonly associated with the
formation of specific for L-PBF micro defects such as lack-of-fusion pores, interlayer
defects, spattering, keyhole pores [3,10]. These defects of course influence the life span
of the component, and quantification of the deteriorating effect of each type of defect is
crucial for/in applications. Porosity is commonly considered a critical defect negatively
influencing mechanical characteristics. The main effect is a decrease of the load-bearing
cross-section; additionally, sharp pore edges introduce possible stress concentration points.
Nevertheless, the influence of porosity on micromechanisms of fracture initiation is not fully
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understood. Whether it is the growth of existing pores or the nucleation and coalescence of
micro pores under strain is still an open question.
An unstable plastic flow of metals and alloys is one of the serious fundamental
problems associated with damage of structural metallic materials. It is associated with
many physical effects; among them is the Portevin le Chatelier effect, which is explained
by the occurrence of propagative localized bands [11,12] and strain rate sensitivity of
mechanical properties [13]. In structural materials, these effects can manifest themselves
both with negative and positive sides. For example, steel products show increased fragility
in a certain temperature range (blue-brittleness), which is a decrease in the ductility of steel
with a simultaneous increase in strength observed upon deformation at the 200–300 ◦ C
temperatures that causes a blue discoloration of the steel sample [14]. Unlike traditional
austenitic steels, in which, with an increase in the deformation rate, an increase in strength
and a decrease in plasticity occur, in samples of the same austenitic steels manufactured by
laser 3D printing, an increase in both strength and plasticity with an increasing strain rate
has been observed [15]. The micromechanisms behind this behaviour are still unclear.
Porosity in materials produced by additive manufacturing (AM) is commonly considered a critical defect. At the same time, the impact of deformation and porosity in the
fracture micromechanisms at different strain rates has not been investigated thoroughly.
Therefore, intentionally porous specimens were used for the study. On the other hand, in
selected biomedical applications, the materials porosity is desirable to improve required
properties of the implants. This investigation reveals micromechanisms of fracture observed in L-PBF 316L stainless steel with a density of 92% under different strain rates.
Focus was paid to the investigations of the deformation mechanisms and final elongation
to fracture, along with the investigation of a contribution of porosity into the fracture
mechanisms at different strain rates.
2. Materials and Methods
Porous samples of 316L steel were manufactured by the Renishaw AM 400 (Renishaw
Inc., Wotton-under-Edge, UK) metal laser printer equipped with a 400 W laser. Spherical
gas-atomized standard ASTM F3184 (316L steel) powder provided by Renishaw was used
for the study.
To intentionally manufacture porous specimen, laser power of 150 W, point distance
of 60 µm, hatch distance of 110 µm, exposure time of 80 µs the manufacturing parameters
recommended by the equipment manufacturer were used. The laser power was 25% lower
than the recommended by the manufacturer laser power of 200 W. To prevent oxidation,
the manufacturing was performed under Ar atmosphere. The islands/chess-board strategy
with the bi-directional/zig-zag scan path, scan length of 5 mm, and 23◦ rotation between
layers was used [16]. The measured density by the hydrostatic underwater weighing
method was 92%. The measured density by the Archimedes’ method, which is commonly
used for AM materials and is based on a calculation of the specimen density from the
difference of the weight of the specimen in air and distilled water, was 92%. The tested
specimens were manufactured horizontally so that the build direction was perpendicular
to the stress application direction of the tensile specimens. Tensile cylinder specimens of
the standard size of 6.5 mm in length and 0.5 mm in diameter were machined and polished
before tests.
The deformation of the samples was carried out with a mechanical testing machine
Instron by tensile at room temperature and different rates: 3 × 10−4 s−1 , 1 × 10−3 s−1 ,
8 × 10−3 s−1 . Nine samples were tested, three at each strain rate. The dimensions of
the samples for mechanical tests were selected by GOST 1497-84 (ISO 6892-84) requirements. The microstructure and crystallographic texture of the studied samples were
studied with a ZEISS Cross Beam AURIGA scanning electron microscope (SEM) (Carl Zeiss
NTS, Oberkochen, Germany) equipped with an EBSD HKL Inca spectrometer used an
Oxford Instruments Channel 5 analysing system. EDS elemental analysis was conducted
on the polished sample near the fracture surface (1 mm from the edge); the statistical
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Table 2 shows the average values of the characteristics obtained.
Analysis of the microstructure after deformation showed that fracture occurs along
with technological pores, the sharp irregular edges of which served as stress concentrators
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samples. The increase in the strain rate led to a relative attenuation of texture components such as (011)[1-11] and an increase in the components of Goss texture (011)[100].
The presence of a highly diffuse but pronounced multicomponent axial crystallographic
texture (011)[100] + (011)[1-11] was observed only in the deformed with a strain rate of
9 of 11
8 × 10−3 s−1 . According to the literature, a change in texture, as well as additional hardening, is associated with changes in the deformation mechanism [19].

Figure 6. The pole figures with {111} and {100} zones obtained in the studied samples after deformation with the different
strain rates, EBSD analysis: 1—3 × 10
2—1 ×10
10−3s s−;1 ;3—8×
3—8 ×
1010−s3 s−
. 1.
10−4 ss−1; 2—1×

Conclusions
4. Conclusions
The process of an unstable plastic flow associated with the strain rate sensitivity of
mechanical properties was studied in porous 316L austenitic steel samples manufactured
fusion (L-PBF).
(L-PBF). Presence
Presence of pores and specific
specific cellular microstructure
by laser powder bed fusion
of LPBF
LPBF316L
316Lsteel
steelgoverned
governed
the
deformation
process
and
fracture
mechanisms
under
the deformation process and fracture
mechanisms
under
tentension
at
different
strain
rates.
The
following
conclusions
can
be
drawn:
sion at different strain rates. The following conclusions can be drawn:

••

••

••

specimens
showed
highhigh
strength,
the value
of which
increased
Despite the
theporosity,
porosity,the
the
specimens
showed
strength,
the value
of which
inwith
thewith
loading
Porosity
the effective
of the specimen,
creased
the rate.
loading
rate. decreased
Porosity decreased
thecross-section
effective cross-section
of the
which
led to
lower
ductility
of ductility
the specimens.
Additionally,
porosity resulted
in the
specimen,
which
led
to lower
of the specimens.
Additionally,
porosity
rede-localization
of plastic deformation
so that necking
wasnecking
not observed
in all
tested
sulted
in the de-localization
of plastic deformation
so that
was not
observed
specimens
all strain rates.
in
all testedatspecimens
at all strain rates.
With an
an increase
increase in
instrain
strainrate,
rate,nucleation
nucleation
new
pores
was
pronounced,
at
ofof
new
pores
was
lessless
pronounced,
at the
−
3
−
1
the highest
strain
rate
, only
pore coalescence
was observed
as the
highest
strain
rate of
8∙ of
10 8 ×
s 10
, onlys pore
coalescence
was observed
as the dominatdominating
microscopic
mechanism
ductile fracture.
ing
microscopic
mechanism
of ductileoffracture.
With an increase in strain
strain rate,
rate, FCC (111)[11-2]
(111)[11-2] or (11-1)[11-2]
(11-1)[11-2] twinning was more
developed, probably due to relatively low mobility of dislocations
dislocations associated with
cellular dislocation
structures
in
L-PBF
material.
It
resulted
in in
an an
increased
elongation
dislocation structures in L-PBF material. It resulted
increased
elonga−3 s−1 .
at
fracture
measured
in
specimens
tested
at
8
×
10
tion at fracture measured in specimens tested at 8∙ 10 s .

Commonly, microstructure of additively manufactured (AM) materials is not the
same as in conventional bulk materials. Additionally, some specific defects such as gas
porosity and lack of fusion may be found in AM materials. These features influence mechanical characteristics and performance of the material, and therefore, establishing the
conditions of existence of instability of plastic flow is necessary for successful 3D metal
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Commonly, microstructure of additively manufactured (AM) materials is not the same
as in conventional bulk materials. Additionally, some specific defects such as gas porosity
and lack of fusion may be found in AM materials. These features influence mechanical
characteristics and performance of the material, and therefore, establishing the conditions
of existence of instability of plastic flow is necessary for successful 3D metal product
industrial applications.
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