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Stainless steel 316L tubes and bars were additively manufactured (AM) by using the Laser Powder Bed
Fusion Melting (LPBF-M) method in three orientations. As-built specimens were then machined and
the initial yield surface was determined for three printing orientations based on the yield stress definition
for 0.005 % plastic offset strain. The as-received, wrought material was additionally tested using the same
tension–compression-torsion conditions to compare the mechanical behaviour of AM and wrought
SS316L. The sizes of yield surfaces elaborated for LPBF-M specimens increased along the tensile and com-
pressive directions and shrunk when torsion was applied, as compared to the as-received specimen.
� 2024 The Author(s). Published by Elsevier Ltd on behalf of Society of Manufacturing Engineers (SME).
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1. Introduction

SS316L is extensively utilized across various industrial sectors
due to the excellent combination of mechanical properties, corro-
sion resistance, weldability, and formability [1]. Additionally,
SS316L is recognized for its low thermal conductivity, high melting
point, limited sensitivity to oxygen absorption, and high absorptiv-
ity in infrared, making it an exceptional material for AM [2]. AM for
SS316L encompasses different technologies such as Powder Bed
Fusion (PBF), Directed Energy Deposition (DED), Fused Deposition
Modeling (FDM), and Binder Jetting (BJ) [3]. The selection of the
appropriate printing technology and parameters is crucial for
ensuring a successful process during which crack-free components
with extremely low porosity can be manufactured [4]. Therefore, it
is essential to apply optimized process parameters to achieve the
required mechanical properties [5] since they are strongly depen-
dent on the AM process strategy applied. Uniaxial tensile tests con-
ducted on SS316L manufactured using Selective Laser Melting
(SLM) [6], Directed Laser Deposition (DLD) [7], Laser Engineered
Net Shaping (LENS) [8], and High-Power Direct Laser Deposition
[9] have demonstrated superior properties in the horizontal and
45� orientations compared to the vertical orientation. One should
stress, that uniaxial testing provides only limited data on the
anisotropy of AM SS316L, which is insufficient to fully understand
all aspects of its behaviour, especially when different printing ori-
entations are applied. In order to expand the knowledge of the
mechanical behaviour of AM SS316L, the yield surface concept
could be used. An interior of the yield surface can be described
as a region in the stress space where the material always behaves
as elastic. Hence, an experimental identification of such surfaces
would be extremely important since it provides realistic stress val-
ues under which material could operate without permanent defor-
mation. Unfortunately, the available literature on the experimental
identification of yield surface for additively manufactured stainless
steel 316L is still limited. Somlo et al. [10] presented a computing
attempt to determine yield surfaces for additively manufactured
metals, austenitic stainless steel 316L and titanium alloy Ti-6Al-
4 V, through crystal plasticity modelling [10]. Although some
experimental papers could be found on the identification of yield
surface based on the uniaxial tensile and biaxial tensile behaviour
of the 316L stainless steel manufactured by selective laser melting,
they are not considering printing orientation [11,12].

The experimental studies on yield surface identification for AM
materials are also important from the modelling point of view. In
the last decade, crystal plasticity has become an indispensable tool
for establishing a connection between the microstructure of mate-
rials and their macroscopic mechanical strength [10]. It allows for a
detailed description of the plastic deformation mechanisms of dif-
ferent AM materials including SS316L. It should be stressed, that
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despite having the same chemical composition, such material exhi-
bits distinct mechanical properties as compared to its wrought
form [1,2,7–9]. Therefore, it is of the highest importance to reveal
the deformation mechanisms to further implement them into the
material model to precisely predict its behaviour. At larger scales,
the heterogeneous microstructure of AM metals can be described
using a homogeneous elastic–plastic material model [10]. An
anisotropic yield function is usually employed to govern the plastic
behaviour, and it can be determined through crystal plasticity
simulations or directly from the experiments. There are numerous
anisotropic yield criteria available, each utilizing quadratic or non-
quadratic yield functions with varying numbers of adjustable
parameters. Generally, the complexity and flexibility of a yield
function increase with the number of parameters it incorporates.
However, calibrating multiple parameters requires extensive
experimental testing.

Therefore, the main aim of this paper is to experimentally
determine an initial yield surface of AM SS316L for three printing
orientations based on the yield point definition in form of the plas-
tic offset strain equal to 0.005 %. Subsequently, a comparison of the
yield surface determined for wrought material was performed to
assess a suitability of the proposed LPBF-M methodology in manu-
facturing of the material having similar characteristics as the
wrought one.
2. Materials and methods

The round bars and tubes of diameter and length equal to
13 mm and 70 mm, respectively, were additively manufactured
by using the Renishaw AM 250 system and the SS316L powder
feedstock supplied by the same company. They were printed in
three directions (Z – vertical, XY – horizontal, ZX – 45�) (Fig. 1a)
applying the process parameters presented in Table 1.

After the AM process, the as-built specimens were subjected to
stress relief using a 470 �C soak for 6 h whilst still attached to the
build plate following standards. The bars were then wire cut from
the build plate and subsequently machined to achieve the speci-
men geometry illustrated in Fig. 1b. Both, the inner and outer
surfaces of the specimens were machined using the same turning
parameters. Mechanical tests were performed on the MTS 858
servo-electrohydraulic biaxial testing machine with the maximum
Fig. 1. Printing orientation of specimens on the build plate (a); engineering drawing of th
circuits on the specimen (c); loading sequence of strain paths for yield points determin
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capacity of ± 25kN axial force and ± 100 Nm torque at room tem-
perature (23 �C). At the beginning of the experimental program, the
uniaxial tensile test was carried out to determine the basic proper-
ties of the material including the conventional yield strength (YS)
R0.2. Based on the stress–strain characteristic, the definition of
yield point for 0.005 % plastic offset strain was determined. Since
a single specimen approach was used in this work, such a small
plastic offset strain for the definition of yield can be used to deter-
mine the yield surface as the accumulation of additional plastic
strain from the previous loading path was negligible. Therefore,
considering the cost perspective of the experiment and to provide
a more realistic elastic-to-plastic transition, 0.005 % plastic offset
strain definition of yield for all the yield surfaces was adopted.
For the purpose of subsequent experiments, Vishay 120 X strain
gages were bonded in the middle of outer surface of gauge section
of the thin-walled tubular specimens to measure and control axial,
shear and hoop strain components (Fig. 1c). During yield probing,
the axial and shear strain components were measured by using
three-element 45� rectangular rosette EA-05-125RA-120 while
for the hoop strain, linear pattern rosette EA-13-062AK-120
was used. A detailed description of the methodology imple-
mented for the precise strain measurement and control of tests
was presented in [13]. A single specimen approach and sequen-
tial probing technique under strain-controlled loading were used
to determine an initial yield surface for each state of the material
(as-received and three printing orientations) involving 17 dis-
tinct stress paths. The sequence commenced under tension and
finished with tension in the same direction within the

(exx,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð3=ð1þ mÞ2Þ

q
exy) strain plane (Fig. 1d), where m is Poisson’s

ratio. Loading for each path began from the origin and continued
until a limited plastic offset strain of 1.5 x 10-4 (0.015 %) was
achieved. Then, the stress-controlled unloading process was exe-
cuted until the force and torque reached zero values. The yield
points were identified through the designated offset strain tech-
nique, where yield is determined as the point at which the equiv-
alent stress–strain curve deviates by 0.005 % from the elastic line
in each loading direction. The Szczepinski anisotropic yield con-
dition was utilized for the numerical computation of the yield
surface [14]. The experimental yield points were fitted with the
Szczepinski anisotropic yield equation using the least squares
method.
e tubular specimen for yield surface determination (b); schemes of the strain gauge
ation in the biaxial strain space (d).



Table 1
Process parameters applied during AM.

Region Layer thickness
[lm]

Hatch distance
[mm]

Beam Comp
[mm]

Focal point
[mm]

Power
[W]

Point distance
[lm]

Exposure time
[ls]

Scan speed
[mm/s]

Energy density
[J/mm3]

Volume Fill
Hatch

50 0.11 0.025 0 195 60 80 750 47.27

Scanning
strategy

Meander
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3. Experimental results and discussion

Firstly, the tubular specimens were subjected to uniaxial tensile
tests to determine the yield strength, ultimate tensile strength,
elongation and Young modulus (Fig. 2a, Table 2). The results
obtained were similar to those documented in [6] for the same
SLM process and various printing orientations, as well as for com-
ponents manufactured using LENS [8]. Previous studies [15] have
shown, that the elongation of SLM SS316L in the Z direction can
exceed 20 % depending on the heat treatment, with higher variabil-
ity observed in the Z direction compared to the XY plane. It is
widely acknowledged that the mechanical properties of AM
SS316L are influenced by the level of anisotropy. The difference
in strength has been linked to the printing orientation [9]. When
SS316L is printed horizontally, the loading direction aligns parallel
to the sliced layers, with the scanning tracks acting as reinforcing
fibres within the material [9]. Conversely, in the vertical direction,
the loading orientation is perpendicular to the sliced layers, result-
ing in weaker metallurgical bonds between layers and conse-
quently lower tensile properties.
Fig. 2. Standard tensile characteristics of the additively manufactured and as-received SS
the yield surfaces for three printing orientations and the same material in the as-receiv
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Subsequently, the stress–strain dependence for each state of the
material was investigated in each of the 17 distinct stress paths in
a narrow strain range to determine the yield points for further cal-
culations of the yield surface. The representative results for direc-
tion 0 was presented in Fig. 2b. It was found, that the sizes of yield
surfaces elaborated for LPBF-M specimens increased along tensile
and compressive directions and shrunk in directions where torsion
was applied, as compared to the specimen in wrought, as-received
conditions (Fig. 2c). Such behaviour was probably associated with
material anisotropy, and thus, different textures [16] and crystal
structures [10]. The main ellipse parameters for the determined
yield surfaces of SS316L manufactured in three orientations as well
as for the as-received material were presented in Table 2. Since the
yield surface axis ratios of the printed materials are lower than the
same ratio for an isotropic material according to the Huber-von
Mises yield condition (1.73), an occurrence of some initial aniso-
tropy was confirmed. The shape of yield surfaces for all printing
orientations strongly indicates the texture presence [17]. However,
it could be observed, that the specimen built in the Z orientation
exhibits a notable shift in the compression direction in comparison
316L (a) and the same curves presented for limited strain range (b); comparison of
ed state for 0.005 % plastic offset strain (c).



Table 2
The mechanical properties and ellipse parameters for the initial yield surfaces of wrought and AM SS316L.

ry

[MPa]
rUTS [MPa] A [%] E [GPa] Centre

ðx0; y0Þ [MPa]
Rotation angle (Þ
[Radian]

Semi-axes
(a;b) [MPa]

Axes ratio
(a=b)

As-received 610 740 45 178 �12.63, 5.83 �0.61 329.11, 312.65 1.05
XY 553 713 40 182 �7.20, 4.25 0.04 407.19, 254.15 1.60
ZX 540 685 25 193 �8.32, �1.39 �0.07 398.93, 251.89 1.58
Z 505 660 22 185 �34.05, 7.60 �0.04 367.12, 255.28 1.44
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to that representing the wrought material. It should be empha-
sised, that the anisotropic character of mechanical properties in
AM SS316L is directly attributed to texture. It was reported, that
desirable texture formation of (110) in the SLM-manufactured
SS316L was observed to be located along the build direction [18],
which corresponds to the Z orientation [19,20]. Therefore, the
mechanical response of the specimen in Z orientation was signifi-
cantly influenced by texture (Fig. 2a,c), while such a phenomenon
was not observed for XY and ZY.

Considering the differences in mechanical properties due to the
intrinsic anisotropy at different printing orientations, one should
indicate the undoubtful effects of microstructure, melt pool, and
temperature gradient that are directly related to such issues.
Recent studies by Liu et al. [21] have shown, that a depth of the
melt pool and remelting time interval can effectively control the
grain size and dislocation density of SS316L manufactured by using
dual-laser powder bed fusion. With the adoption of a 50 ms time
interval, an increase of about 43 MPa in ultimate tensile strength
could be achieved. During the LPBF-M process, the overlap of melt
track boundaries could be found. The occurrence of such partial
remelting between subsequent scanning tracks leads to the cre-
ation of a melting trajectory that exceeds the size of the laser spot
due to the penetration depth being larger than the layer thickness
[22]. Consequently, there is a remelting of the previous layer. This
phenomenon enables grain growth in parallel or perpendicular ori-
entations to the build direction in different dimensions, contribut-
ing to the anisotropic mechanical property [22,23]. Furthermore, it
has been observed, that columnar grains grow in the direction of
the temperature gradient, which also may affect the mechanical
response of material when it is deformed along the printing
orientation.

Although the yield surface concept is commonly known, the
experimental identification of yield surfaces for additively manu-
factured materials can be treated as a relatively new approach used
in mechanics to characterise the material behaviour subjected to
complex loading in stress states separating the elastic and plastic
ranges [16,24,25]. One should emphasize, that research in this area
is mainly limited to numerical investigations through crystal plas-
ticity [16,24] and anisotropic [25,26] models. Even though experi-
mental data is used to validate or calibrate the model, it is mainly
based on the uniaxial tensile test results. The approach presented
by the authors is thus important as it provides the experimental
data for AM SS316L for which the yield surfaces were determined
for three different printing orientations. Future studies should
involve the combination of numerical and experimental
approaches to establish a new model, which could be validated
through data obtained in this paper.

4. Conclusions

In this paper, a new approach for experimental identification of
yield surface for additively manufactured stainless steel 316L was
presented. The yield surfaces were determined for the material
manufactured in three different orientations for the plastic offset
strain equal to 0.005 %. Additionally, the as-received, wrought
material was tested using the same conditions to identify the
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mechanical behaviour variations. A single specimen approach
and sequential probing technique under strain-controlled loading
were successfully employed to determine an initial yield surface
for each state of the material, involving 17 distinct stress paths.
It was observed that the main dimensions of yield surfaces for
LPBF-M specimens were increased along tensile and compressive
directions, and shrunk significantly when torsion was applied.
Such behaviour was associated with a certain form of material ani-
sotropy representing different textures and crystal structures.
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tension-torsion experiments and FE modeling on notched specimens produced
by SLM technology from SS316l. Materials 2021;14(1):33. https://doi.org/
10.3390/ma14010033.
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