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Abstract
This study explores the influence of printing orientation on the yield surface characteristics and their evolution under plastic 
pre-deformation in additively manufactured (AM) stainless steel 316L produced via laser powder bed fusion (LPBF). Tubu-
lar specimens were fabricated in three orientations (XY, ZX, and Z) and subjected to multi-axial loading to experimentally 
determine initial and subsequent yield surfaces using a single-specimen probing approach. The yield surfaces were derived 
at two offset strain definitions (0.001% and 0.005%) and further analyzed after tensile pre-deformations of 0.35%, 0.5%, 
and 0.8%. Results revealed strong anisotropy in the AM specimens, with the Z-oriented samples displaying the lowest yield 
strength and most significant softening. In contrast, the XY and ZX orientations exhibited higher resistance to plastic defor-
mation. The wrought SS316L showed superior mechanical performance. The evolution of yield surfaces highlighted the 
orientation-dependent hardening/softening mechanisms and directional stress redistribution. Electron backscatter diffraction 
(EBSD) analysis revealed that the microstructural anisotropy and grain morphology—particularly the presence of columnar 
grains in the Z-oriented samples—correlate strongly with the observed mechanical anisotropy and yield surface asymmetry.
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1  Introduction

Stainless steel 316L (SS316L) belongs to the materials of 
an austenitic structure. It is widely used in such industries as 
aerospace, medical, and energy due to its exceptional com-
bination of mechanical properties, corrosion resistance, and 
biocompatibility [1]. These properties make it a preferred 
material for critical applications like implants, structural 
components, and chemical processing equipment. The low 
carbon content of SS316L minimizes carbide precipitation, 

enhancing its weldability and resistance to intergranular 
corrosion. Furthermore, SS316L exhibits excellent ductil-
ity and toughness across a broad temperature range, making 
it suitable for environments where mechanical stress and 
chemical reaction coexist [2]. In biomedical applications, 
SS316L is employed for manufacturing surgical tools and 
orthopaedic implants due to its non-reactive surface and 
superior strength. In the power engineering sector, it is 
used for components exposed to high-pressure and high-
temperature conditions, such as heat exchangers and reactor 
vessels. Its combination of low thermal conductivity, high 
melting point, limited sensitivity to oxygen absorption, and 
high absorptivity in infrared also makes SS316L ideal for 
additive manufacturing (AM) techniques, such as laser pow-
der bed fusion (LPBF), enabling the fabrication of intricate 
geometries and optimized designs tailored to specific appli-
cations [3].

Traditional manufacturing methods, including casting, 
forging, and machining, have been historically employed 
to process SS316L. However, these methods often result in 
material wastage and limitations in geometric complexity. 
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The emergence of AM has revolutionized the production 
of SS316L components. AM for SS316L encompasses 
different technologies such as powder bed fusion (PBF), 
directed energy deposition (DED), fused deposition mod-
elling (FDM), and binder jetting (BJ) [4]. 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 [5]. Therefore, it is essential to apply 
optimized process parameters to achieve the required 
mechanical properties since they are strongly dependent 
on the AM process strategy applied [6]. LPBF involves 
selectively melting fine metal powders layer by layer using 
a high-energy laser, facilitating near-net-shape manufac-
turing and reducing material waste. Moreover, LPBF 
offers the flexibility to produce customized components 
with intricate internal structures that are challenging to 
achieve with conventional techniques [7]. Despite its 
advantages, LPBF introduces unique challenges, including 
residual stresses, anisotropic mechanical properties, and 
variations in microstructure. These factors significantly 
influence the mechanical behaviour of SS316L, includ-
ing its yield strength, ductility, and overall performance. 
Addressing these challenges requires a comprehensive 
understanding of the material’s mechanical properties 
and their dependence on the printing orientation and post-
processing conditions.

The mechanical characterization of materials is still 
primarily performed using uniaxial testing methods in 
research and commercial facilities. Uniaxial tensile tests 
conducted on SS316L manufactured using selective laser 
melting (SLM) [8], directed laser deposition (DLD) [9], 
laser engineered net shaping (LENS) [10], and high-power 
direct laser deposition [11] have demonstrated superior 
mechanical properties in the horizontal and 45° orienta-
tions compared to the vertical orientation. One should 
highlight that uniaxial testing methods provide only lim-
ited data concerning the mechanical strength and damage 
of materials in a single direction, which does not simulate 
the real-world multiaxial stress conditions encountered 
by materials in most engineering applications. To fully 
understand all aspects of material’s behaviour, such as 
initial texture or anisotropy, yield surface determination 
in the biaxial or triaxial stress space is important [12, 13]. 
Determination of the yield surface of SS316L is crucial 
for predicting its performance under complex loading 
conditions, especially in safety–critical applications such 
as pressure vessels, aerospace structures, and medical 
implants. Yield surface analysis enables the identification 
of anisotropy and directional dependencies in mechanical 
behaviour, which are particularly pronounced in additively 
manufactured materials. For LPBF-fabricated SS316L, 
the anisotropy in mechanical properties arises from the 

layer-by-layer building process, resulting in heterogeneous 
microstructures and residual stress distributions.

The yield strength of SS316L is a critical parameter dic-
tating its performance in structural applications. For LPBF-
fabricated components, the yield strength varies with print-
ing orientation due to the anisotropic microstructure. Lavery 
et al. [14] reported yield strengths of 325 MPa and 415 MPa 
for samples printed along vertical and horizontal directions, 
respectively. Moreover, on post-processing treatment such 
as hot isostatic pressing (HIP), they demonstrated that it 
reduced anisotropy by homogenizing the microstructure and 
relieving residual stresses, achieving yield strength values of 
approximately 225 MPa in both directions.

Kumar et al. [15] examined the mechanical properties of 
SS316L produced via binder jetting (BJ) and LPBF, high-
lighting changes due to microstructural variations. The yield 
strength increased from 273 MPa (wrought) to 511 MPa and 
430 MPa (LPBF) in vertical and horizontal printed speci-
mens, respectively, due to fine cellular structures, while BJ 
exhibited a lower yield strength equal to 198 MPa in both 
printed directions due to higher porosity. These findings 
suggest that while LPBF enhances strength, it shows con-
siderable anisotropy, whereas BJ SS316L leads to isotropy 
through microstructural advantages. This anisotropy neces-
sitates a thorough understanding of the yield surface of AM 
SS316L, which describes the combination of stress states 
under which a material begins yielding itself.

Yield surface analysis has been extensively studied for 
isotropic and anisotropic materials. However, the available 
literature on the experimental identification of yield surface 
for additively manufactured stainless steel 316L is still lim-
ited. Somlo et al. [16] 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. Although some experi-
mental papers devoted to the identification of yield surface 
based on the uniaxial or biaxial tensile tests of the 316L 
stainless steel manufactured by selective laser melting could 
be found, they do not consider printing orientation [17, 18].

The experimental studies on yield surface identifica-
tion for AM materials are also important from the mod-
elling point of view. In the last decade, crystal plastic-
ity has become an indispensable tool for establishing a 
connection between the microstructure of materials and 
their macroscopic mechanical strength [16]. It allows for a 
detailed description of the plastic deformation mechanisms 
of different AM materials, including SS316L. It should be 
stressed that despite having the same chemical composi-
tion, such material exhibits distinct mechanical properties 
as compared to its wrought form [1, 3, 9–11]. Therefore, 
it is of the highest importance to reveal the deformation 
mechanisms to further implement them into the mate-
rial model to precisely predict its behaviour. At larger 
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scales, the heterogeneous microstructure of AM metals 
can be described using a homogeneous elastic–plastic 
material model [16]. An anisotropic yield function is usu-
ally employed to govern the plastic behaviour, and it can 
be determined through crystal plasticity simulations or 
directly from the experiments. There are numerous ani-
sotropic 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.

While significant progress has been made in under-
standing the mechanical behaviour of SS316L, gaps 
remain in the comprehensive yield surface characterization 
of LPBF-fabricated components, particularly concerning 
their anisotropy and the influence of printing orientation. 
This study aims to:

•	 Investigate the yield surface of LPBF SS316L with 
respect to three different printing orientations.

•	 Comparison of the yield surface of LPBF SS316L with 
that of wrought material.

•	 Determine the effect of plastic pre-deformation on the 
evolution of initial yield surface.

2 � Materials and methods

The SS316L was additively manufactured by using the Ren-
ishaw AM 250 system with powder feedstock supplied by 
the same company. The Renishaw AM 250 is a laser powder 
bed fusion (LPBF) additive manufacturing system designed 
for high-precision metal 3D printing. It features a 200-W 
fibre laser, offering high precision with a 70-µm focal diam-
eter and 1070-nm wavelength, along with a 250 × 250 mm 
build area, up to 300 mm deep. The inert atmosphere gen-
eration creates a vacuum before backfilling with high-purity 
argon, ensuring a high-quality build environment with mini-
mal argon consumption and reduced oxidation. This sys-
tem supports all qualified metals, including titanium and 
aluminium, making it ideal for aerospace and biomedical 
applications.

Fig. 1   Printing orientation of specimens on the build plate a; engineering drawing of the thin-walled tubular specimen for yield surface determi-
nation b; loading sequence of strain paths for yield points determination in the biaxial strain space c 
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The round bars of diameter and length equal to 13 mm 
and 70 mm, respectively, were printed in three orienta-
tions (Z – vertical, XY – horizontal, ZX – 45°) (Fig. 1a) 
following the process parameters presented in Table 1. 
After the AM process, the as-built specimens were sub-
jected 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 subse-
quently machined to achieve the thin-walled tubular speci-
men geometry (Fig. 1b). Both the inner and outer surfaces 
of the specimens were machined using the same turning 
parameters.

Mechanical testing was conducted using the MTS 858 
servo-electrohydraulic biaxial testing machine, which has a 
maximum axial force capacity of ± 25 kN and a torque 
capacity of ± 100 Nm. All tests were performed at room tem-
perature (23 °C). Initially, a uniaxial tensile test was carried 
out to evaluate the fundamental material properties, includ-
ing the conventional yield strength (YS) R0.2. The yield point 
was defined based on a 0.005% plastic offset strain, as deter-
mined from the stress–strain curve. Since this study 
employed a single-specimen methodology, the choice of a 
small plastic offset strain ensured that the accumulation of 
additional plastic strain from prior loading was minimal. 
This approach not only enhanced experimental cost effi-
ciency but also provided a more accurate representation of 
the transition from elastic to plastic state. Consequently, a 
0.005% plastic offset strain was adopted for yield surface 
determination across all cases. For subsequent experimental 
procedures, Vishay 120 Ω strain gauges were affixed to the 
midsection of the outer surface of the gauge region on thin-
walled tubular specimens to monitor and control axial, shear, 
and hoop strain components (Fig. 1b). During yield probing, 
axial and shear strain components were recorded using a 
three-element 45° rectangular rosette (EA-05-125RA-120), 
whereas hoop strain measurements were taken with a linear 
pattern rosette (EA-13-062AK-120). A single-specimen 
methodology combined with a sequential probing technique 
under strain-controlled loading was employed to establish 
the initial yield surface for different material states (as-
received and three printing orientations), encompassing 17 
distinct strain paths. The loading sequence began and ended 
with tension in the same direction within the ( �xx

, 
√

(3∕(1 + ν)2)�xy ) strain plane (Fig. 1c), where ν represents 
Poisson’s ratio. Subsequently, stress-controlled unloading 
was performed until force and torque returned to zero. The 
experimental investigations involved four stages:

(1)	 Determination of the basic mechanical properties of 
wrought and AM SS316L;

(2)	 Determination of the initial yield surfaces of wrought 
and as-printed SS316L;

(3)	 Introduction of tensile pre-deformation in the speci-
mens at 0.35%, 0.5%, and 0.8% plastic strain;

(4)	 Determination of subsequent yield surfaces of the plas-
tic pre-deformed specimens;

(5)	 microstructural analysis of undeformed and pre-
deformed specimens.

The specimens were loaded to the desired value of plas-
tic strain and then linearly unloaded to a zero-stress state. 
Subsequently, yield points were determined. Based on the 
stress–strain characteristic, the yield points for each path at 
0.001% and 0.005% plastic offset strains were determined. 
The yield surface was obtained by fitting the experimental 
yield points with the Szczepinski anisotropic yield equation 
using the least squares method [19].

EBSD measurements were performed with a high-resolu-
tion Quanta 3D FEG scanning electron microscope system 
equipped with integrated EDS/EBSD capabilities, operating 
at 20 kV. Metallographic preparation included hot-mounting, 
followed by polishing with a Struers MD-Largo disc and 
2-μm diamond suspension, and finishing with a Metrep® 
MD-Chem cloth and 0.04-μm colloidal silica solution.

3 � Results and discussion

3.1 � Results of the basic mechanical parameters 
of the material

The stress versus strain curves of wrought and three different 
printing orientations of SS316L are presented in Fig. 2. All 
tubular specimens were subjected to uniaxial tensile condi-
tions at room temperature. Tensile strength is essential for 

Table 1   Process parameters applied during additive manufacturing

Region Layer thick-
ness [µm]

Hatch dis-
tance [mm]

Beam comp 
[mm]

Focal point 
[mm]

Power [W] Point dis-
tance [µm]

Exposure 
time [µs]

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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assessing the quality of the build part. The yield strength 
(0.2% YS), ultimate tensile strength (UTS), elongation at 
failure (EL), and Young’s modulus (E) are presented in 
Table 2. The results show that the specimens printed in the 
horizontal direction exhibit slightly higher mechanical prop-
erties compared to those printed in the vertical and inclined 
orientations. The horizontal printing orientation resulted in 
a 9.5% increase in YS and an 8% increase in UTS compared 
to the vertical orientation. An increase of 82% in EL was 
also observed. These results align with previous studies [8] 
on the same SLM process and various printing orientations, 
as well as for components manufactured using LENS [10]. 
Notably, SLM-printed SS316L in the Z direction can exhibit 
elongation equal to more than 20%, depending on heat treat-
ment, though the Z direction shows greater variability com-
pared to the XY-printed specimens [20].

This anisotropy arises from the layer-by-layer manufac-
turing process, where the microstructural characteristics and 
interlayer bonding significantly impact mechanical perfor-
mance [11]. In horizontally printed samples, the loading 
direction is parallel to the sliced layers, allowing the scan-
ning tracks to act as reinforcing fibres, thereby improving 

mechanical strength. In contrast, when the orientation is 
vertical, the loading direction aligns perpendicular to the 
sliced layers, which results in lower tensile properties by 
weakening the metallurgical bonds between the layers.

In Table 2, the comparison of the mechanical properties 
of SS316L shows that LPBF-processed specimens of this 
work in XY, ZX, and Z orientations have lower tensile char-
acteristics than those of the wrought one. Whereas these 
results are much higher in comparison with the reported 
data in the literature, where different techniques were used 
to produce the SS316L specimens.

A comprehensive microstructural analysis based on 
EBSD is presented in “Sect. 3.7” for all build orientations 
(XY, ZX, Z) as well as for the wrought condition. Previ-
ous studies have demonstrated that LPBF can induce pre-
ferred crystallographic orientation and texture along the 
build direction, influenced by scanning strategy; however, 
its effect can vary depending on processing parameters and 
material system [25–27]. A research study by Casati et al. 
[28] found no significant texture in LPBF-processed SS316L 
using a meander scanning strategy with a 67° rotation of the 
scanning direction after each layer. This rotation modifies 
thermal gradient directions, preventing texture formation 
and ensuring an isotropic polycrystalline structure. The addi-
tive manufacturing parameters used in this work are similar 
to the previous study. Therefore, the lack of a pronounced 
grain orientation in the samples suggests that variations in 
mechanical behaviour are primarily attributed to microstruc-
tural features. It is well known that microstructural defects 
such as micro-segregation, oxidation, inclusions, and melt-
ing defects are more prevalent at interlayer boundaries 
perpendicular to the build direction [29]. These defects act 
as stress concentrators, potentially reducing strength and 
ductility. Since interlayer boundaries in vertically printed 
samples are oriented orthogonally to the loading direc-
tion, stress concentration at these interfaces leads to earlier 
yielding, reduced strength, and lower elongation at failure. 
Conversely, in horizontal samples, these boundaries align 

Fig. 2   Standard tensile characteristics of the additively manufactured 
and wrought SS316L

Table 2   Comparison of the 
mechanical properties of 
wrought and AM SS316L

0.2% YS [MPa] UTS [MPa] EL [%] E [GPa]

Wrought (current work) 610 740 45 178
XY (current work) 553 713 40 182
ZX (current work) 540 685 25 193
Z (current work) 505 660 22 185
Wire arc additive manufacturing [21] XY 262 580 34 -

Z 252 676 39 -
Electron beam powder bed fusion [22] XY 396 652 31 -

Z 334 572 29 -
Laser directed energy deposition [23] XY 530 670 34 -
Cast [24] 262 552 55 -
Wrought [24] 170–310 480–623 30–40 -
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parallel to the loading direction, minimizing stress locali-
zation and enhancing mechanical performance. Thus, this 
difference in the positioning of layer boundaries relative to 
the loading axis is a key factor in the anisotropic behaviour 
of LPBF-processed SS316L.

3.2 � Effective mechanical parameters of the material 
tested under combined loading

Figure 3 presents the effective stress–strain curves, com-
paring the mechanical behaviour of wrought SS316L and 
LPBF-printed specimens in XY, ZX, and Z orientations 
under tension, tension–torsion, and pure torsion loading 
conditions. The effective stress is defined as the stress in 
a hypothetical state of deformation that is free of damage 
and is mechanically equivalent to the current state of defor-
mation and damage. In wrought SS316L, the stress–strain 
responses for torsion and tension–torsion loading are close 
to each other, whereas the tensile curve deviates significantly 
(Fig. 3a), indicating different deformation mechanisms. A 
similar trend is observed in Z-oriented printed specimens 
(Fig. 3), suggesting that the building direction influences 
mechanical behaviour. The observed anisotropy in the 
mechanical response of wrought SS316L most likely did not 
originate from crystallographic anisotropy (as reported in 
“Sect. 3.7”) but rather from differences in hardening behav-
iour, loading-path sensitivity, or microscale heterogeneities, 
which become evident under multiaxial loading.

In contrast, XY- and ZX-oriented specimens show mini-
mal deviation between loading conditions at limited effective 
strain values, implying a more uniform response (Fig. 3b and 
c). These findings demonstrate that the same material can 
exhibit distinct mechanical responses depending on the load-
ing conditions, primarily due to the initial anisotropy present 

in the material. This anisotropy affects stress accommoda-
tion, strain localization, and overall deformation behaviour, 
leading to variations in stress distribution under different 
loading paths. Understanding these differences is crucial 
for accurate prediction of material performance under com-
plex loading scenarios, particularly in applications requiring 
multi-axial loading resistance.

3.3 � Results of the material under tensile 
pre‑deformation

The stress–strain and plastic strain curves of wrought 
SS316L and LPBF-printed SS316L specimens (in XY, ZX, 
and Z orientations) subjected to cyclic loading–unloading 
tensile tests for the purpose of plastic pre-strain (0.35%, 
0.5%, and 0.8%) reveal key insights into their mechani-
cal behaviour, as shown in Fig. 4. These results provide a 
detailed understanding of elastic–plastic deformation, strain 
recovery, and residual plasticity, essential for predicting 
material performance under repeated loading conditions.

As it can be observed from Fig. 4, all specimens dem-
onstrate a smooth, continuous stress–strain response with a 
well-defined elastic–plastic transition. Each curve initially 
exhibits an elastic region followed by plastic deformation, 
where stress increases non-linearly. Whereas, after unload-
ing to zero stress, the material does not return to its original 
strain but retains permanent plastic deformation (as seen by 
the shift in strain values for different curves). Upon unload-
ing executed after different levels of plastic pre-strain, the 
wrought SS316L exhibits a strong elastic recovery with 
residual plastic strain (Fig. 4a and b), highlighting its supe-
rior work hardening and uniform deformation capability. 
The plastic strain accumulation per cycle is relatively low, 
suggesting greater microstructural stability and reduced 

Fig. 3   Comparison of material 
characteristics of SS316L for 
different loading paths: pure 
tension; tension–torsion; and 
pure torsion on thin-walled 
tubular specimens
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dislocation pile-up, making it highly suitable for applica-
tions requiring excellent fatigue resistance. In contrast, 
the LPBF-printed specimens show notable differences in 
their cyclic stress–strain behaviour due to anisotropy and 
process-induced microstructural heterogeneities. The LPBF 
specimens display increased plastic strain accumulation per 
loading cycle with weak strain recovery potential, indicating 

a lower resistance to plastic deformation compared to the 
wrought specimen. The XY and ZX orientations show com-
parable mechanical behaviour, while the Z orientation exhib-
its significantly reduced mechanical performance, emphasiz-
ing the role of layer orientation and microstructural integrity 
in determining the cyclic stress–strain response. Compared 
to the wrought material, the LPBF specimens show a lower 

Fig. 4   Material response of tensile plastic pre-deformation and unloading after different values of plastic strain for wrought material a, b and 
those printed in XY c, d, ZX e, f and Z orientation g, h 
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yield point, suggesting a degree of microstructural softening 
due to the laser scanning strategy and heat accumulation.

3.4 � Yield surface of SS316L in the as‑received state

The stress–strain dependence for as-received wrought and 
as-printed SS316L was investigated in each of the 17 distinct 
strain paths (Fig. 1c) in a narrow plastic strain range to deter-
mine the yield points for further calculations of the yield 
surface. The yield points were determined using a load-
ing–unloading method in various strain directions (being 
a different combination of axial and shear loads) via the 
specified offset strain approach. The loading and unloading 
paths showed negligible deviation from linearity across all 
directions, indicating minimal plastic deformation during the 
probing of the initial yield surface. The Poisson’s ratio was 
used as 0.25 for calculations along all evaluated directions. 
The yield points of the as-received wrought and as-printed 
SS316L were determined at offset strain values of 0.001% 
and 0.005% for each stress path. After experimentally deter-
mining the yield points in various directions, ellipses were 
fitted via the least squares method using the Szczepinski 
anisotropic yield equation. The primary parameters of these 
ellipses are summarized in Table 3.

These ellipses representing yield surfaces (Fig. 5) dem-
onstrate a clear dependence on the chosen yield definition. 
For the wrought SS316L, the yield surfaces at 0.001% and 
0.005% offset strains (Fig. 5a) show a relatively symmetric 
and smooth distribution of yield points in the axial-shear 
stress plane. The axes ratio is nearly 1 for the yield sur-
face at 0.005% offset strain. Whereas, the yield surfaces 
of LPBF-printed SS316L specimens (Fig. 5c, e, g) exhibit 
a slightly asymmetric distribution of yield points, with a 
broader spread along the axial stress axis compared to the 
shear stress axis. This suggests that the material exhibits 
higher resistance to axial deformation than that of the shear 
one. Additionally, the yield points of as-printed SS316L, 
determined at offset strain values of 0.001% and 0.005% 
(Fig. 5c, e, g), exhibit close proximity along the shear stress 
axis. In contrast, along the axial stress axis, the yield points 
for these two offset strain definitions are significantly sepa-
rated, indicating a greater sensitivity to yield definition in 
axial loading conditions.

The initial yield surface at 0.005% offset strain is com-
pared with the Huber-von Mises-Hencky (HMH) isotropic 
yield locus, which assumes material isotropy (Fig. 5b, d, f, 
h). The HMH isotropic yield surface is drawn by fixing the 
experimentally obtained yield point in tension. Figure 5b 
shows that the initial yield surface of wrought SS316L devi-
ates more noticeably from the HMH isotropic yield locus, 
particularly in the shear stress region. This deviation con-
firms the presence of initial anisotropy in the as-received 
state of wrought SS316L. The observed initial anisotropy is 
attributed to distinct hardening behaviour in shear strength, 
which likely results from the manufacturing processes 
applied to the material.

Whereas, XY and ZX orientations exhibit a close agree-
ment with the HMH locus (Fig.  5d and f), suggesting 
near-isotropic behaviour. In contrast, in the Z orientation 
(Fig. 5h), the yield surface deviates from the HMH isotropic 
yield locus, in the compressive and shear stress regions. This 
deviation suggests that the material’s yielding in the Z ori-
entation is influenced by the layered microstructure, which 
may introduce directional strengthening mechanisms such as 
grain boundary strengthening or texture effects. The Z orien-
tation, being parallel to the build direction, may exhibit dif-
ferent deformation mechanisms compared to the XY and ZX 
orientations, leading to significant variations of yield points. 
Since the yield surface axis ratios of the printed materials 
(1.51 – XY, 1.58 – ZX, 1.44 – Z) are lower than the same 
ratio for the isotropic material according to the HMH yield 
condition (1.73), an occurrence of some initial anisotropy 
was confirmed.

Furthermore, the deviations from the HMH isotropic 
yield locus observed in the LPBF-printed specimens sug-
gest that conventional yield criteria may not be sufficient to 
accurately predict the yield behaviour of AM materials. This 
highlights the need for the development of more advanced 
yield criteria that account for the anisotropic microstructure 
and directional dependence of mechanical properties in AM 
materials.

Yield surfaces obtained for 0.005% plastic offset strain of 
wrought and AM SS316L in three directions were compared 
in Fig. 5i. The yield stress at this offset strain was found 
to be 280 MPa (wrought), 372 MPa (XY), 370 MPa (ZX), 
307 MPa (Z) in tension and − 301 MPa (wrought), − 385 MPa 
(XY), − 385 MPa (ZX), − 363 MPa (Z) in compression. It 

Table 3   Ellipse parameters 
for the initial yield surface of 
SS316L for 0.005% plastic 
offset strain

Centre (x0, y0) [MPa] Rotation angle 
(∅) [radian]

Semi-axes ( a, b ) [MPa] Axes ratio ( a
/

b
)

Wrought  − 12.63, 5.83  − 0.61 329.11, 312.65 1.05
XY  − 9.07, 3.14 0.03 400.34, 265.93 1.51
ZX  − 8.32, −1.39  − 0.07 398.93, 251.89 1.58
Z  − 34.05, 7.60  − 0.04 367.12, 255.28 1.44
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exposes the presence of tension–compression asymmetry in 
the initial state of materials. The yield stresses in torsion and 
reverse torsion were equal to 310 MPa, 260 MPa, 243 MPa, 
261 MPa and − 299 MPa, − 250 MPa, − 246 MPa, − 247 MP
a, respectively, for the same offset strain. It can be observed 
that the tensile yield strength at 0.005% plastic offset strain 
of wrought SS316L is lower than those of AM 316L, which 
is contrary to the results obtained for the conventional tensile 
strength (0.2% offset strain), reported in Fig. 2 and Table 2. 
This is due to the effect of the selected yield point definition, 
as Fig. 6 shows the stress–strain response of materials under 
tensile loading at smaller strain value. A close-up view of 
the tensile curves shows that the samples built using LPBF 
technology have a higher stress value at the very initial stage 
of elastic deformation in comparison to the wrought mate-
rial (Fig. 6).

It can also be observed in Fig. 5i that the sizes of yield 
surfaces elaborated for LPBF 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. Such behaviour was prob-
ably associated with material anisotropy, and thus, different 
textures [30] and crystal structures [16]. The shape of yield 
surfaces for all printing orientations strongly indicates the 
texture presence [31]. However, it could be observed that 
the specimen built in the Z-orientation exhibits a notable 
shift of yield surface centre in the compression direction in 
comparison to that of other specimens (Table 3). It should 
be emphasized that based on the previous studies on addi-
tively manufactured materials, the anisotropic character of 
mechanical properties in AM SS316L is directly attributed 
to texture. However, as reported by Casati et al. [28], no 
significant texture was observed in the vertical and hori-
zontal printed SS316L utilizing the LPBF process with a 
meander scanning strategy, incorporating a 67° rotation of 
the scanning direction after each layer. Therefore, consid-
ering the differences in mechanical properties due to the 
intrinsic anisotropy at different printing orientations, one 
should indicate an undoubted effect of microstructure, melt 
pool, and temperature gradient that are directly related to 
such issues. Recent studies by Liu et al. [32] have shown 
that a depth of the melt pool and remelting time interval 
can effectively control the grain size and dislocation den-
sity 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 creation of a melting trajectory that exceeds 
the size of the laser spot due to the penetration depth being 
larger than the layer thickness [33]. Consequently, there is 
a remelting of the previous layer. This phenomenon enables 

grain growth in parallel or perpendicular orientations to the 
build direction in different dimensions, contributing to the 
anisotropic mechanical property [33, 34]. Furthermore, it 
has been observed that columnar grains grow in the direc-
tion of the temperature gradient, which also may affect the 
mechanical response of the material when it is deformed 
along the printing orientation.

Figure 7 presents the variation in the effective Young’s 
modulus for wrought SS316L and LPBF-printed SS316L 
specimens in XY, ZX, and Z orientations across multiple 
loading paths within the axial-shear stress plane. As shown 
in Fig. 7, the results demonstrate a clear dependency of the 
Young’s modulus on both the material processing route 
and the loading direction applied. For the wrought SS316L 
specimen, the effective Young’s modulus varies between 
approximately 170 and 190 GPa, with notable oscillations 
across different loading directions. The highest stiffness is 
observed near 45° and 225°, whereas the lowest modulus 
values are recorded around 150° and 330°. This unexpected 
anisotropic behaviour in the wrought material, while more 
pronounced than in the LPBF-printed samples, may arise 
due to loading-path sensitivity or microscale heterogeneities 
introduced during manufacturing processes, which become 
evident under multiaxial loading.

Additionally, Fig. 7 shows that the XY- and ZX-oriented 
specimens exhibit a similar trend of variation of the effec-
tive Young’s modulus as observed in the wrought specimen. 
An opposite trend was observed in the Z-oriented specimen. 
The XY- and ZX-oriented specimens maintain a relatively 
high Young’s modulus (186–191 GPa) in the axial loading 
directions; however, they show a reduction near 120° and 
300°. This behaviour suggests that the XY- and ZX-oriented 
specimens retain significant stiffness in the loading paths 
dominated by axial tension and compression but exhibit 
reductions in the effective stiffness under shear-dominated 
conditions. The Z-oriented specimens display a relatively 
low fluctuation, being within the range from 181 to 191 GPa. 
The stronger modulus variation suggests that the mechani-
cal response in the LPBF-printed SS316L is more sensi-
tive to the underlying grain orientation, defect distribution, 
and residual stress accumulation, which may result from the 
repeated laser scanning and subsequent cooling cycles.

3.5 � Evolution of the initial yield surface 
with pre‑deformation

The analysis of the subsequent yield surfaces in the axial-
shear stress plane for both wrought and LPBF-printed 
SS316L in different orientations provides critical insights 
into the material’s mechanical response under plastic defor-
mation. The results presented in Fig. 8 provide the evolu-
tion of yield surfaces obtained for the as-received state of 
wrought SS316L and the as-printed specimens in XY, ZX, 
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and Z orientations using LPBF. The yield surfaces changes 
were studied for three strain levels of the tensile plastic pre-
deformation: 0.35%, 0.5%, and 0.8%. All yield surfaces were 
determined for 0.001% plastic offset strain. This method 
ensures an accurate representation of the plastic behaviour 
and its evolution due to prior deformation.

The initial yield surface evolution of the wrought SS316L 
specimen due to the tensile plastic pre-deformation (Fig. 8a) 
demonstrates a reduction of its dimensions, particularly in 
the compression and shear stress directions. Such contrac-
tion signifies a strain softening effect in directions orthogo-
nal to the pre-deformation loading path, reflecting the kin-
ematic character of softening. It means that while plastic 
deformation strengthens the material in the tensile direc-
tion, it reduces the yield stress in the transverse and shear 
directions, likely due to anisotropic dislocation interactions. 
Notably, at 0.35% plastic strain, the yield surface exhibits its 
smallest size, demonstrating an immediate softening effect, 
likely due to dislocation rearrangement. As the pre-strain 
increases to 0.5%, the yield surface expands nearly sym-
metrically, suggesting the activation of isotropic hardening 
mechanisms and the accumulation of statistically stored 
dislocations. At this stage, the yield stress surpasses that of 
the initial yield surface in the tensile direction. However, at 
0.8% pre-strain, a slight contraction is observed compared to 
the 0.5% case, but the yield stress remains higher than that 
at 0.35%, indicating that strain hardening persists, though 
it may be partially offset by recovery or localized softening 
mechanisms. Additionally, the yield surfaces rotate, with the 
major axis orienting approximately 24° clockwise relative 
to the tensile stress direction applied, suggesting a redistri-
bution of internal stresses and possible back stress effects.

The LPBF-printed SS316L specimen in the XY orienta-
tion (Fig. 8b) exhibits an anisotropic yield surface evolu-
tion following tensile plastic pre-deformation. The con-
traction of the yield surface is non-uniform, with the centre 
shifting slightly towards the positive axial stress direction 
at 0.35% plastic strain. The centre shift from the initial 
yield surface origin suggests a preferential softening oppo-
site to the applied tensile stress, which may be attributed 
to the residual stress state and microstructural anisotropy 
inherent in LPBF processing. At 0.5% pre-strain, the yield 
surface becomes smaller, indicating enhanced directional 
softening, possibly due to instability or damage initiation 
in certain paths. Interestingly, after 0.8% pre-strain, the 
yield surface expands again, becoming the largest among 

all pre-strain levels. This suggests a transition to strain 
hardening as new dislocation networks are formed and sta-
bilized. Despite this variation, all yield surfaces obtained 
after tensile pre-deformation remain smaller than the ini-
tial yield surface, emphasizing the persistent influence of 
microstructural anisotropy and potential texture-induced 
effects. Furthermore, the major axes of these yield surfaces 
rotate approximately 45° counter-clockwise with respect 
to the applied tensile pre-deformation direction, signifying 
a complex interaction between strain-induced softening 
and the anisotropic grain morphology of the LPBF-printed 
material.

The ZX-oriented LPBF-printed SS316L specimen 
(Fig. 8c) displays a comparable response to the XY ori-
entation, particularly in terms of the rotational behaviour 
of the subsequent yield surfaces. The major axes of these 
yield surfaces also undergo a counter-clockwise rotation of 
approximately 30°. However, some notable differences are 
observed in these yield surfaces with increasing plastic pre-
deformation. The yield surfaces after 0.35% and 0.5% plastic 
pre-deformation exhibit nearly identical characteristics, with 
higher yield stress levels than the initial yield surface along 
certain stress paths. This suggests that the material retains a 
substantial degree of strain hardening along specific direc-
tions at lower pre-strain levels. However, after 0.8% plastic 
pre-strain, the yield surface exhibits a noticeable contrac-
tion, becoming the smallest among all pre-strain levels. 
This reversal is indicative of localized softening, possibly 
due to microstructural degradation, dislocation recovery, or 
early onset of damage mechanisms that reduce the material’s 
ability to sustain further plastic deformation. The distinct 
evolution of yield surfaces in this orientation highlights the 
influence of layer-wise grain structure and residual stress 
distribution, which govern the hardening and softening char-
acteristics of LPBF-printed materials.

The yield surface evolution for LPBF-printed SS316L in 
the Z orientation (Fig. 8d) further emphasizes the influence 
of plastic pre-straining on material anisotropy. After tensile 
plastic pre-straining, a general softening trend is observed, 
with the lowest degree of this effect occurring after 0.5% 
plastic pre-deformation. At 0.35% plastic pre-strain, the 
yield surface contracts in an almost isotropic manner while 
slightly shifting towards the positive axial stress direction, 
indicative of uniform softening with a minor directional 
bias. With an increase of pre-strain to 0.5%, the yield sur-
face expands compared to the 0.35% condition, demonstrat-
ing a transient hardening effect. However, at 0.8% plastic 
pre-strain, the yield surface closely resembles that at 0.35%, 
suggesting that strain hardening and subsequent recovery 
effects may balance each other out at higher plastic strains. 
These findings indicate that the Z-oriented LPBF specimens 
exhibit a complex interplay between strain hardening, resid-
ual stress relaxation, and microstructural anisotropy, which 

Fig. 5   Yield surfaces of SS316L in the “as-received” state with yield 
points obtained for 0.005% and 0.001% plastic offset strains (a, c, e, 
g); initial yield surface (0.005% offset strain) of the SS316L com-
pared with the Huber-von Mises-Hencky (HMH) isotropic yield locus 
(b, d, f, h); and comparison of the yield surfaces for three printing 
orientations and the same material in the as-received state for 0.005% 
plastic offset strain (i)

◂
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collectively influence the mechanical response under plastic 
deformation.

Khan et al. [35] investigated the yield surfaces at 0.001% 
plastic offset strain after unloading through linear, bi-linear, 
and non-linear paths to zero stress from the 6% true tensile 
strain for a very low work hardening aluminium alloy (Al-
6061-T6511) and showed contraction along the prior load-
ing direction with plastic deformation. However, in another 
study by Khan et al. [36] on subsequent yield surfaces of a 
high work hardening aluminium alloy (annealed Al-1100) 
after unloading from 16% tensile pre-strain showed expan-
sion, positive cross-effect, and translation in the pre-loading 
direction. Also, Ishikawa [37] determined the subsequent 
yield surfaces after complete unloading on an initially iso-
tropic SUS 304 steel using 0.005% plastic offset strain. The 
results showed that approximately 0.4% tensile plastic pre-
strain led to the contraction of the yield surface along the 
axial stress direction. Therefore, it can be concluded from 
the published results that the behaviour of the subsequent 
yield surface depends on the material type, pre-deformation 
level, and the definition of yield. In this study, the evolu-
tion of the initial yield surface of wrought SS316L displays 
a more predictable hardening–softening sequence, with a 

relatively symmetric yield surface evolution and a clear 
transition from softening to isotropic hardening. In con-
trast, the LPBF-printed specimens exhibit distinct yield sur-
face shapes, orientations, and hardening/softening effects 
depending on the build direction.

The experimentally determined yield points for both 
the initial and plastically pre-deformed states of wrought 
SS316L and LPBF-printed SS316L in XY, ZX, and Z ori-
entations were fitted using the Szczepinski yield function. 
The fitting procedure employed the least squares method 
to describe an elliptical approximation of the yield surface 
for each tested material condition. Table 4 presents the fit-
ting errors, calculated as the sum of the squared distances 
between the experimentally obtained yield points and the 
corresponding points on the fitted yield surface. The results 
indicate that these fitting errors were consistently minimal 
across all cases, demonstrating a strong correlation between 
the experimental yield data and the derived elliptical yield 
surface approximation. The exceptionally low fitting errors 
not only validate the appropriateness of the Szczepinski 
yield function in describing the yield surface at different 
pre-strain levels but also highlight the reliability of the 
experimental measurements and data processing techniques 
employed in this study. The results suggest that the identi-
fied yield function parameters can be effectively incorpo-
rated into finite element modelling (FEM) frameworks for 
accurate simulations of the mechanical response of SS316L 
under complex loading conditions.

Figure 9 provides a comprehensive analysis of the evolu-
tion of the yield surface parameters for wrought SS316L 
and LPBF-printed SS316L in the XY, ZX, and Z orienta-
tions under varying levels of tensile plastic pre-deformation 
(0.35%, 0.5%, and 0.8% plastic strain). The major semi-axis 
of the yield surface, which represents the maximum yield 
strength of the material along a specific stress path, exhibits 
a general decreasing trend with the introduction of tensile 
plastic pre-strain across all material conditions (Fig. 10a). 
Initially, the major semi-axis values for the different mate-
rials vary significantly, with wrought SS316L exhibiting 

Fig. 6   Standard tensile characteristics of the additively manufactured 
and wrought SS316L for a limited strain range

Fig. 7   The effective Young’s 
modulus values of the SS316L 
in various loading directions of 
the strain plane considered
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Fig. 8   Comparative analysis 
of the initial yield surfaces of 
the SS 316L with the yield 
surfaces of the same subjected 
to pre-deformation through the 
monotonic tension up to plastic 
pre-strain equal to 0.35%, 0.5%, 
and 0.8%, respectively
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the lowest value (270 MPa), while LPBF-printed speci-
mens display higher initial values in the XY (328 MPa), ZX 
(338 MPa), and Z (290 MPa) orientations. With the intro-
duction of plastic pre-strain, the major semi-axis decreases, 
particularly in the LPBF-printed specimens; the reduction 
is most pronounced. At 0.35% plastic strain, the XY-ori-
ented specimen experiences the greatest decrease, approxi-
mately 41% lower than its initial value. As plastic pre-strain 
increases to 0.5%, the major semi-axis of the XY specimen 
continues to decline, while the wrought and other orien-
tations exhibit a slight increase, indicating different strain 
hardening responses among orientations. However, after 
0.8% plastic pre-strain, the trend reverses, with the major 
semi-axis stabilizing or slightly recovering in some cases. 
By this stage, the major semi-axis has reduced to 215 MPa 
in wrought SS316L, 222 MPa in XY, 206 MPa in ZX, 
and 180 MPa in Z. The relatively slower rate of decrease 
observed in wrought SS316L suggests that it undergoes 
a more stable softening process, while the LPBF-printed 
specimens exhibit a greater susceptibility to yield surface 
contraction, likely due to their distinct microstructural 
characteristics.

The minor semi-axis, which represents the minimum 
yield strength, follows a different pattern, as shown in 

Fig. 9b. It can be observed that initially all materials exhibit 
relatively similar minor semi-axis values, ranging between 
226 and 248 MPa. However, upon applying 0.35% plastic 
pre-strain, all materials experience a significant decrease in 
their minor semi-axis values, reflecting softening effects. At 
0.5% plastic pre-strain, a slight increase is observed in the 
wrought, ZX, and Z specimens, suggesting localized strain 
hardening effects. However, after 0.8% plastic pre-strain, a 
further decrease occurs. Whereas, in the XY orientation, 
the minor semi-axis remains nearly constant. Interestingly, 
at this stage, the minor semi-axis values for all materials 
converge within a narrow range of 143–151 MPa, indicating 
that despite initial differences in processing and orientation, 
all specimens exhibit similar minimum yield strengths after 
undergoing significant plastic deformation. This suggests 
that plastic pre-straining leads to a homogenization effect in 
yield surface characteristics, particularly in shear-dominated 
stress directions.

The axis ratio (a/b), which is the ratio of major to minor 
semi-axes and reflects the shape evolution of the yield sur-
face, also varies with increasing plastic pre-strain, as shown 
in Fig. 9c. An axis ratio equal to 1.73 corresponds to the 
ideal Huber–von Mises–Hencky isotropic yield criterion. 
Deviations from this value signify directional hardening or 
anisotropic plastic flow behaviour. For wrought SS316L, the 
axis ratio increases from 1.16 in the initial state to 1.5 for 
0.35% plastic pre-strain, suggesting early-stage anisotropic 
hardening due to dislocation structure evolution along pre-
ferred paths. This is followed by a slight decrease to 1.4 at 
0.5% plastic pre-strain, and a small increase again to 1.42 
at 0.8% plastic pre-strain. Such minor oscillations are likely 
attributed to the balance between strain-induced alignment 
of microstructural features and homogenisation effects due 
to progressive plastic deformation. In wrought material, with 

Table 4   The fitting errors associated with the yield surfaces for the 
material tested

Material Initial 0.35% deformed 0.5% deformed 0.8% deformed

Wrought 0.329 0.420 1.32 0.873
XY 0.271 0.311 0.418 0.430
ZX 0.514 0.385 0.271 0.399
Z 0.658 0.589 1.04 0.669

Fig. 9   Variation of the yield 
surface parameters of SS316L 
due to pre-deformation by 
monotonic tension up to plastic 
strain equal to: 0.35%, 0.5%, 
and 0.8%, respectively
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its equiaxed grain structure and lack of strong texture, the 
anisotropy evolution is moderate and stabilizes with strain.

In contrast, the LPBF-XY orientation shows a non-mono-
tonic behaviour, with an initial axis ratio of around 1.34 
(initial and 0.35% plastic pre-strain), followed by a notable 

drop to 1.18 at 0.5% plastic pre-strain, and then a sharp rise 
to 1.5 at 0.8% plastic pre-strain. This behaviour reflects the 
strong textural and microstructural anisotropy introduced by 
the LPBF process, which makes the material more sensitive 
to the strain path and deformation history. The drop at 0.5% 

Fig. 10   IPF maps of SS316L specimens
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likely indicates a temporary strain-induced softening or tex-
ture realignment, possibly due to activation of secondary slip 
systems or local yielding in less favourable crystallographic 
directions. The subsequent increase to 1.5 could be due to 
the development of directional hardening in dominant slip 
systems as the deformation becomes more localized along 
structurally preferred orientations.

The LPBF-ZX and LPBF-Z orientations exhibit relatively 
stable axis ratios of approximately 1.48 and 1.23, respec-
tively, throughout the plastic pre-straining process, indicat-
ing a more consistent anisotropic response and less sensi-
tive to evolving plasticity mechanisms in these orientations. 
Notably, the axis ratio for all tested materials remains lower 
than the theoretical value of 1.73 for the perfect Huber–von 
Mises–Hencky isotropic yield surface, indicating signifi-
cant anisotropic effects in both wrought and LPBF-printed 
SS316L.

The evolution of the yield surface orientation, represented 
by the rotation angle (Ø), reveals important differences 
between wrought and LPBF-printed SS316L, as shown in 
Fig. 9d. The angle Ø is measured from the axial stress direc-
tion (x-axis) to the major semi-axis of the fitted elliptical 
yield surface. It provides insight into directional hardening 
behaviour and internal anisotropy induced by plastic defor-
mation. For wrought SS316L, the major semi-axis undergoes 
a progressive clockwise rotation (negative Ø) as the tensile 
plastic pre-strain increases, as evidenced by an increasing 
negative rotation angle, reaching approximately − 0.4 radians 
at 0.8% plastic strain. This behaviour suggests that plastic 
deformation induces a systematic reorientation of the yield 
surface, likely due to evolving dislocation structures and 
internal back stresses.

In contrast, LPBF-printed specimens show a markedly 
different response. Both XY and ZX orientations demon-
strate a progressive counter-clockwise rotation (positive 
Ø), reaching values as high as 0.79 radians (~ 45°) in the 
XY orientation after plastic pre-straining. This significant 
reorientation of the yield surface reflects the strong direc-
tional microstructural features introduced during the plastic 
deformation, which is explained in details in “Sect. 3.7”. 
The Z-oriented LPBF sample displays a smaller and more 
stable rotation trend, with Ø remaining close to zero after an 
initial slight increase. This suggests that the evolution of the 
yield surface orientation is less pronounced along the build 
direction or possibly compensated by competing microstruc-
tural effects. Notably, the yield surface in some cases (e.g., 
initial LPBF-XY or LPBF-Z at 0.8% plastic strain) appears 
nearly aligned with the principal stress axes (Ø ≈ 0). These 
instances, however, are not contradictory but represent spe-
cific points where anisotropic hardening does not induce a 
measurable rotation. Such behaviour reflects the complex 
interplay between strain path, microstructural anisotropy, 
and deformation history.

The anisotropic nature of the LPBF specimens leads to 
significant variations in major and minor semi-axes evolu-
tion, axes ratio trends, and yield surface rotation. These find-
ings highlight fundamental differences in the mechanical 
response of conventionally processed and additively manu-
factured SS316L, providing crucial insights into their strain-
hardening/softening behaviour and anisotropic plasticity.

Although the yield surface concept is commonly known, 
the experimental identification of yield surfaces for addi-
tively manufactured materials can be treated as a relatively 
new approach used in mechanics to characterise the mate-
rial behaviour subjected to complex loading in stress states 
separating the elastic and plastic ranges [30, 38, 39]. One 
should emphasize that research in this area is mainly limited 
to numerical investigations through crystal plasticity [30, 38] 
and anisotropic [39, 40] models. Even though experimental 
data is used to validate or calibrate the model, it is mainly 
based on the uniaxial tensile test results. The approach 
presented in this research is thus important as it provides 
the experimental data for AM SS316L for which the yield 
surfaces were determined for three different printing orien-
tations. 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 research.

3.6 � Yield definition influence on the yield surface 
dimensions

The definition of yield, especially the selection of the plastic 
offset strain (e.g., 0.001% vs. 0.005%), has a crucial impact 
on the determination and interpretation of the yield surface 
dimensions in AM SS316L. In this study, two yield defini-
tions were employed to explore their influence on the yield 
surface for specimens fabricated using LPBF in three orien-
tations (XY, ZX, Z) and compared with wrought SS316L. 
The difference in offset strain directly affects the measured 
yield points, which serve as the basis for constructing the 
yield surfaces in axial-shear stress space.

At the lower offset of 0.001%, the yield surfaces capture 
the very initial plastic response of the material. This early-
stage yielding is more sensitive to intrinsic anisotropies 
induced during the LPBF process, such as directional grain 
growth, residual stresses, and layer-wise heterogeneities. 
Consequently, the yield surfaces determined at 0.001% are 
generally smaller and more irregular in shape. For exam-
ple, in the Z-oriented LPBF specimens, the yield points 
were significantly separated along the axial direction while 
remaining closely clustered along the shear axis, indicat-
ing a strong directional dependence. This reveals how early 
plastic deformation is more likely to initiate in certain direc-
tions due to microstructural features, such as columnar grain 
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growth aligned with the build direction or weaker interlayer 
bonding.

On the other hand, yield surfaces constructed at 0.005% 
offset strain showed a noticeable expansion along the prin-
cipal stress directions and were more regular in shape. This 
larger offset allows for a small amount of plastic deformation 
before yield is defined, thereby smoothing out minor local 
effects and making the yield surface less sensitive to micro-
structural irregularities. While this approach may slightly 
obscure the earliest stages of plasticity, it provides a more 
stable and consistent representation of the material’s yield 
behaviour under multiaxial loading. For example, LPBF-
printed XY and ZX specimens showed better agreement 
with the idealized Huber–von Mises–Hencky (HMH) iso-
tropic yield locus at 0.005%, indicating that the isotropic 
effects are partially averaged out or less dominant at this 
higher offset.

The impact of yield definition is also reflected in the axis 
ratio and orientation (rotation angle) of the fitted elliptical 
yield surfaces. At 0.005% offset, the wrought material dis-
played nearly symmetric yield surfaces (axis ratio ≈ 1.05). 
On the other hand, the LPBF specimens, particularly in 
the ZX and XY orientations, exhibited higher axis ratios 
(1.51–1.58), pointing to anisotropy. These ratios differed 
more at the smaller offset, reinforcing the observation that 
isotropy is more evident when plasticity is defined closer 
to its onset. Furthermore, the centre of the yield surfaces 
shifted depending on the yield definition and orientation, 
especially in the Z-direction samples, which exhibited nota-
ble asymmetry and off-centre yield surfaces even at 0.005%.

One should highlight that the definition of the yield point 
plays a pivotal role in determining the dimensions and shape 
of the yield surface. A smaller offset strain reveals the early 
isotropic plastic behaviour and highlights the influence of 
microstructure, while a larger offset yields a more general-
ized view of the material’s plastic response. For LPBF-man-
ufactured materials, where directional effects are inherent, 
the chosen yield definition not only affects the quantitative 
results but also the qualitative understanding of plasticity 
and mechanical performance under complex loading. Thus, 
accurate yield surface characterization in AM materials 
requires careful consideration of the yield definition to 
ensure that both the anisotropy and its practical implica-
tions are properly captured.

3.7 � Microstructural observations

The microstructural observations of wrought and AM 
SS316L stainless steel specimens were examined using 
EBSD. It enabled a quantitative assessment of grain 
boundary character, misorientation distribution, and grain 
morphology. Such observation revealed deformation 

mechanisms and were subsequently correlated with ani-
sotropic mechanical behaviour observed during complex 
loading.

The inverse pole figure (IPF) maps generated via EBSD 
provide spatially resolved crystallographic orientation data, 
which were used to assess the microstructural anisotropy and 
the potential presence of texture in both wrought and LPBF-
fabricated SS316L specimens (Fig. 10). These maps are 
presented for both non-deformed and tensile pre-deformed 
(0.8% plastic pre-strain) states of each material condition 
(wrought, XY, ZX, and Z orientations). All maps are indexed 
with respect to the loading axis.

The IPF maps of the wrought SS316L in both unde-
formed and deformed states present a random distribution 
of grain orientations with no specific texture. Grains exhibit 
an equiaxed morphology, typically associated with isotropic 
mechanical behaviour. Grain boundaries are smooth and 
uniformly distributed, with no evidence of directional grain 
elongation. This microstructural uniformity is reflected in 
the nearly circular initial yield surface and minimal evolu-
tion upon plastic pre-straining, as the deformation mecha-
nisms remain consistent in all loading directions. After 
deformation, the IPF map of the wrought specimen revealed 
slight orientation changes within individual grains, indica-
tive of lattice rotation during plastic deformation. However, 
no pronounced texture evolution or preferred orientation 
development was observed, suggesting that the deformation 
was homogeneously accommodated through intragranular 
slip rather than texture sharpening or twinning. These obser-
vations are consistent with the moderate rotation of the yield 
surface major axis (~ 24°) and symmetric hardening behav-
iour seen experimentally.

Although the EBSD analysis (Fig. 10) confirms that the 
wrought SS316L exhibits an isotropic grain structure, the 
mechanical response showed mild anisotropy at small plas-
tic strains. This is evident from the differences in effective 
stress–strain curves observed under pure tension, pure tor-
sion, and combined tension–torsion loading paths (Fig. 3a), 
as well as from the deviation of the initial yield surface from 
a perfect Huber–von Mises–Hencky isotropic yield surface 
(Fig. 5b). The observed anisotropy is not attributed to tex-
ture or directional grain elongation, but rather to the mate-
rial’s response under multiaxial loading conditions. Possi-
ble contributing factors include path-dependent hardening 
(e.g., latent hardening effects), non-associative flow behav-
iour, and microstructural heterogeneities such as dislocation 
structures or residual stresses, which may influence the onset 
of plasticity but are not captured in EBSD scans. Therefore, 
while the material is microstructurally isotropic, it exhibits 
a degree of mechanical anisotropy that becomes apparent 
under different loading conditions in the early stages of plas-
tic deformation.
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In the XY-oriented specimens, the IPF maps in the unde-
formed state reveal a fine-grained microstructure with nearly 
equiaxed grains and minor preferential alignment along cer-
tain crystallographic directions, likely due to the influence 
of the layer-wise melt pool solidification. Grain morphol-
ogy is uniform; although, some elongation is occasionally 
observed parallel to the scanning direction, reflecting local-
ized thermal gradients and epitaxial growth at melt track 
boundaries [28, 32]. Upon tensile pre-deformation, the IPF 
maps indicate an increase in intra-grain misorientation and 
mild grain rotation, particularly within larger grains. This 
is indicative of plastic strain accumulation through dislo-
cation activity. No significant grain boundary migration or 
recrystallisation was observed, which aligns with the low-
temperature nature of LPBF processing and the absence of 
post-processing heat treatment beyond stress relief. Nota-
bly, despite the absence of strong texture, the deformation-
induced orientation changes lead to a pronounced rotation 
of the yield surface (up to ~ 0.79 radians), highlighting the 
sensitivity of the mechanical response to microstructural 
anisotropy introduced through processing.

The ZX-oriented samples, representing a 45° inclina-
tion relative to the build platform, show a more heterogene-
ous grain structure in the IPF maps. The undeformed state 
exhibits both equiaxed and elongated grains, with elongation 
occurring diagonally relative to the scan vectors. This mixed 
morphology suggests the interaction of multiple melt pool 
orientations and thermal gradients along the diagonal plane 
of building. After deformation, grains display increased 
fragmentation and notable internal orientation gradients, 
especially in elongated grains. Such observations indicate 
localised plastic deformation through dislocation cell forma-
tion and subgrain development. While a distinct texture is 
still absent, the heterogeneous grain structure contributes to 
non-uniform strain accommodation, which correlates with 
the observed anisotropic evolution of the yield surface—
especially the stable axis ratio and moderate yield surface 
rotation (~ 30°).

The Z-oriented specimens, built vertically, demonstrate 
the most pronounced anisotropy in grain structure, as evi-
denced in the IPF maps [28, 31]. The undeformed micro-
structure consists of long columnar grains aligned along 
the build direction (parallel to the loading axis during test-
ing). This alignment is the direct consequence of thermal 
gradients and solidification direction in the LPBF process. 
Columnar grains span multiple layers and are occasion-
ally intersected by melt pool boundaries, suggesting partial 
remelting and epitaxial grain growth between subsequent 
layers [33, 34].

Following plastic pre-deformation, the IPF maps show 
localised intragranular misorientation bands aligned per-
pendicular to the loading axis, indicative of planar slip and 
dislocation pile-up within columnar grains. However, unlike 

in the XY and ZX samples, the orientation change is less 
pronounced, and no evidence of significant grain refinement 
or recrystallisation is visible. The persistence of columnar 
grain morphology even after plastic straining suggests lim-
ited capacity for dislocation cross-slip or dynamic recovery, 
contributing to the lower ductility and higher tendency for 
strain localisation.

The EBSD-derived misorientation statistics, shown in 
Fig. 11, were further summarised in Table 5 to provide 
insight into the deformation mechanisms. Grain boundaries 
were categorised based on misorientation angles: low-angle 
grain boundaries (LAGBs, 2°–15°) and high-angle grain 
boundaries (HAGBs, > 15°). One should highlight that the 
fraction of HAGBs was dominant across all specimens, with 
values ranging between 59.8 and 74.3%. This prevalence 
suggests that the microstructures are largely composed of 
recrystallised or well-annealed grains with relatively high 
resistance to dislocation transmission, particularly in the 
wrought condition.

For the as-built LPBF specimens, the fraction of LAGBs 
(2°–15°) increased with the inclination from the build direc-
tion (i.e., higher in XY and ZX vs. Z), indicating the pres-
ence of substructure development due to thermal cycling and 
residual stress accumulation. These substructures contribute 
to strain hardening through dislocation entanglement, par-
ticularly in the XY and ZX orientations.

Upon tensile pre-deformation, the fraction of low-angle 
boundaries generally increased, particularly in the range of 
2°–5°. For example, the XY specimen showed an increase 
from 22.9 to 24.3%, while the Z-oriented sample showed 
a slight reduction (26.5 to 16.0%). This trend suggests an 
orientation-dependent response to plastic deformation. 
While plastic strain in XY and ZX orientations activates 
recovery mechanisms leading to dislocation rearrangement 
and subgrain formation, the Z-oriented samples may expe-
rience grain fragmentation and boundary migration due to 
their columnar grain structure and higher defect density at 
interlayer regions.

Although prior studies (e.g., Casati et al. [28]) report 
minimal texture in LPBF 316L processed using a meander 
scanning strategy with inter-layer rotation, the yield surface 
asymmetry and anisotropic yield strength observed in the 
current study suggest that microstructural heterogeneity 
extends beyond texture alone. Subtle orientation cluster-
ing, remelted zones, and directional solidification phenom-
ena—especially evident in the Z-oriented builds—introduce 
localized anisotropies even in the absence of strong crys-
tallographic texture. The grain size and morphology, dic-
tated by melt pool dynamics and remelting effects, result in 
directionally dependent mechanical properties. For instance, 
the higher strength observed in XY and ZX specimens can 
be attributed to finer, equiaxed grains that impede disloca-
tion motion uniformly across loading directions [29, 32]. 



The International Journal of Advanced Manufacturing Technology	

Fig. 11   Grain distribution maps 
of SS316L specimens

Table 5   Grain distribution values of tested SS316L specimens

Wrought ZX XY Z

Misorientation angle 2°–5° 5°–15° 15°–180° 2°–5° 5°–15° 15°–180° 2°–5° 5°–15° 15°–180° 2°–5° 5°–15° 15°–180°

Non-deformed 0.280 0.031 0.689 0.181 0.084 0.734 0.229 0.117 0.654 0.265 0.137 0.598
Deformed 0.338 0.038 0.624 0.174 0.103 0.723 0.243 0.128 0.629 0.160 0.097 0.743
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In contrast, in the Z-oriented samples, columnar grains and 
their alignment with the loading axis promote easier disloca-
tion glide along specific crystallographic planes, contribut-
ing to earlier yielding and pronounced softening.

One can clearly observe that the yield surface shapes and 
their evolution with pre-strain are deeply influenced by the 
initial microstructure. Initial yield surfaces for XY and ZX 
samples were nearly symmetric and more closely resembled 
the Huber–von Mises–Hencky (HMH) isotropic criterion, 
consistent with their more equiaxed microstructures and 
lower degrees of anisotropy. These specimens also exhibited 
less rotation and distortion of the yield surface upon plastic 
pre-deformation, suggesting more uniform work harden-
ing behaviour. On the other hand, the Z-oriented specimens 
demonstrated pronounced deviation from the isotropic yield 
locus. The centre of the yield surface for the Z specimen 
was significantly shifted along the compressive direction 
(Table 3), and a greater degree of softening was observed 
upon pre-straining.

This reflects the combined influence of the columnar 
grain structure, higher defect concentration at layer bound-
aries, and directional dislocation pile-up, all of which con-
tribute to asymmetric plastic flow. The mechanical anisot-
ropy quantified by axis ratios of the elliptical yield surfaces 
(1.44–1.58 for LPBF samples vs. 1.05 for wrought) was 
further confirmed during EBSD analysis. The greater the 
axis ratio, the more directional dependency is observed 
in yield behaviour—directly tied to microstructural ani-
sotropy arising from AM processing [16, 30, 31]. Addi-
tionally, the evolution of yield surface shape and size with 
increasing pre-strain—particularly the rotation of the 
major axis—indicates a complex interaction between accu-
mulated plastic strain and microstructural response. The 
LPBF samples, especially in XY orientation, showed a pro-
nounced rotation (up to 0.79 radians) of the yield surface 
after 0.8% plastic strain, reflecting the activation of new 
slip systems and possible strong directional microstructural 
features induced by deformation.

4 � Concluding remarks

This paper provides a comprehensive analysis of the 
mechanical behaviour of wrought SS316L and LPBF-
printed SS316L in XY, ZX, and Z orientations, focusing 
on their yield surface evolution, strain-hardening mech-
anism, and anisotropic behaviour under tensile plastic 
pre-deformation. To the author’s knowledge, there are no 
such prior studies available related to the experimental 
investigation of yield surface and its evolution reflecting 
prior deformation for additively manufactured SS316L. 
The yield surfaces were determined employing a single 
specimen approach and sequential probing technique for 

the plastic offset strain equal to 0.001% and 0.005%. Addi-
tionally, tensile plastic pre-deformation at 0.35%, 0.5%, 
and 0.8% plastic strain was introduced to all materials. The 
main findings can be summarized as follows:

•	 The layer-by-layer additive manufacturing process 
introduces directional dependencies in mechanical 
properties, affecting the strength, stiffness, and plas-
ticity of the material. The Z-oriented specimens exhibit 
the lowest mechanical performance, primarily due to 
weaker interlayer bonding, while the XY and ZX orien-
tations show relatively higher yield strength and more 
uniform hardening behaviour. The wrought SS316L 
shows the highest mechanical properties among all 
specimens.

•	 The loading–unloading cyclic behaviour in LPBF-
printed SS316L is highly dependent on printing orien-
tation, with wrought SS316L outperforming all LPBF 
orientations in terms of elastic recovery and reduced 
plastic strain accumulation. The findings emphasize the 
need for strategic part orientation in design, optimized 
post-processing, and predictive modelling of mechani-
cal anisotropy for improving the structural reliability 
of additively manufactured components in high-cycle 
loading applications.

•	 The initial yield surfaces obtained at 0.005% plastic 
offset strain demonstrate that the yield strengths of 
LPBF-printed specimens were increased along the axial 
stress direction, but reduced along the shear stress one, 
in comparison to wrought SS316L. Such behaviour was 
associated with a certain form of material anisotropy 
representing different textures and crystal structures.

•	 The subsequent yield surfaces obtained at 0.001% 
plastic offset strain reflecting tensile plastic pre-strain 
exhibit softening of the wrought and LPBF-printed 
SS316L specimens. The degree of this effect depends 
on the material morphology and pre-strain level.

•	 The minimal discrepancies between experimental yield 
points and fitted yield surfaces show the ability of the 
Szczepinski yield function to capture the evolution of 
yield surfaces at different pre-strain levels. This sig-
nifies the utilization of precise mathematical approxi-
mations to characterize yield surfaces, particularly for 
anisotropic materials such as LPBF-printed SS316L, 
where microstructural variations contribute to direc-
tional differences in plasticity.

•	 EBSD observations confirmed that differences in 
grain morphology and crystallographic orientation, 
especially the presence of columnar grains in the Z 
direction and more equiaxed grains in the XY and ZX 
orientations, contribute significantly to the anisotropic 
yield behaviour and evolution of the yield surface in 
LPBF-processed SS316L.
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