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ABSTRACT

ARTICLE INFO

Laser Powder Bed Fusion (LPBF) has been widely adopted for producing stainless
steel 316L components with complex geometries; however, despite extensive re-
search on its tensile performance, the shear behavior of LPBF 316L remains insuffi-
ciently characterized. Reliable shear properties are crucial for structural components
operating under multiaxial loading, yet experimental data enabling accurate calibra-
tion of multiaxial yield and failure models are still scarce. In this study, the tensile
and shear responses of LPBF 316L were systematically investigated through stand-
ard uniaxial tensile testing and losipescu shear testing, supported by full-field Digital
Image Correlation (DIC). All specimens were fabricated using LPBF system, and their
build orientations were precisely documented to account for anisotropy effects. Ten-
sile tests yielded an ultimate tensile strength of approximately 650 MPa and an aver-
age elastic modulus of 197 * 32 GPa. losipescu shear tests demonstrated a maximum
shear stress of 621 MPa, revealing a notably close relationship between shear
strength and tensile strength. The experimentally measured shear modulus was also
consistent with the tensile-derived value through classical elastic relations. The com-
bined results deepen our understanding of LPBF 316L mechanical behavior, espe-
cially the coupling between tensile and shear responses. The findings further high-
light the importance of integrating shear data into design procedures, multiaxial
stress assessments, and material databases for additively manufactured stainless
steels. Overall, this study provides a robust experimental foundation for improving
structural integrity assessments and advancing the design of LPBF 316L components
subjected to complex loading.
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1. Introduction

Additive manufacturing (AM) enables the production
of geometrically complex and material-efficient compo-
nents directly from digital models (Fidan et al. 2023;
Banica et al. 2024; Ramos et al. 2025). Within metallic
AM, laser powder bed fusion (LPBF) is among the most
established techniques due to its ability to achieve near-
full density, excellent dimensional accuracy, and tailored
microstructural features (Drissi-Daoudi et al. 2023).

However, the inherent cyclic thermal history of LPBF in-
troduces unique microstructural characteristics, such as
cellular or columnar grains, alongside process-related
imperfections including porosity and residual stresses.
These features strongly influence the resulting mechan-
ical properties, often leading to anisotropy when com-
pared with conventionally manufactured counterparts.
As aresult, LPBF continues to attract significant research
attention, not only for its capacity to manufacture func-
tional end-use components but also for the need to thor-
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oughly understand the interplay between process, mi-
crostructure, and mechanical performance (Gengoglu et
al. 2022; Ismail et al. 2025). Accordingly, robust mechan-
ical characterisation of LPBF materials should be
grounded in rigorously validated reference datasets,
since incomplete, inconsistent, or non-traceable records
can bias property assessment and undermine cross
study comparability (Arzomand et al. 2024). In parallel,
data driven modelling approaches including machine
learning have been increasingly used to infer critical en-
gineering properties from experimental datasets,
thereby reducing reliance on labour intensive and time
consuming test campaigns while supporting more effi-
cient materials qualification and decision making (More
and Kambekar 2025). Moreover, the growing emphasis
on timely and non-destructive evaluation has acceler-
ated the use of wireless sensor networks and in situ
monitoring frameworks for continuous condition track-
ing and early anomaly detection; these principles are di-
rectly relevant to LPBF process monitoring and NDE
based verification pipelines aimed at linking process sig-
natures to resulting mechanical performance (Narwade
and Jadhav 2025).

316L stainless steel remains one of the most investi-
gated alloys in LPBF because of its weldability, corrosion
resistance, and stable austenitic structure. Its LPBF-pro-
cessed form typically shows fine microstructural fea-
tures and mechanical properties comparable to or ex-
ceeding those of conventionally processed 316L
(Karthik et al. 2021; Sun et al. 2021; Wang et al. 2021;
Tang et al. 2022; Drissi-Daoudi et al. 2023). A quantita-
tive comparison of the measured tensile and shear prop-
erties with those reported for LPBF 316L shows that the
values obtained in this study fall within the typical
ranges documented in recent literature. The observed
differences can be associated with microstructural vari-
ations arising from thermal histories during processing,
as also emphasized by (Rottler et al. 2025b), who
demonstrated how heat-driven transformations influ-
ence mechanical response. Similarly, (Rottler et al.
2025a) on LPBF temperature history highlights the role
of heataccumulation and cooling rates in dictating defect
formation and microstructural stability, providing con-
text for the mechanical trends observed here. Overall,
this comparison confirms that the present tensile-shear
dataset is consistent with established LPBF behavior
while offering additional insight into shear response,
which remains underreported.

The losipescu shear test is a widely used method to
determine shear properties of metals and composites
(Adams 1990; Stojcevski et al. 2018). It provides a full
shear stress-strain response and avoids some limita-
tions of alternative techniques such as the short-beam
shear test (Allott and Czabaj 2021), off-axis shear test
(Gao et al. 2025), and three-rail shear test (May and
Kilchert 2022). The specimen features two opposing V-
notches at mid-width that produce a reduced cross-sec-
tion where the shear stress concentrates, enabling con-
trolled shear failure in the central gauge region
(Ramezani Dana et al. 2024). For the tensile and com-
pression loading, the notches act as stress concentra-
tions; however, it is negligible for the shear loading. This
phenomenon results in a much more uniform shear

stress distribution than unnotched shear specimens. In
contrast to unnotched geometries, which develop para-
bolic shear distributions, the Iosipescu geometry pro-
vides conditions suitable for accurate determination of
shear modulus and shear strength, even for materials
with heterogeneous microstructures such as LPBF met-
als (Liu et al. 2025). In addition to the advantages of the
V-notched shear specimen, the DIC method may contrib-
ute to capturing displacements of the full-field area un-
der shear loading, which offers a widely validated ap-
proach for determining material properties (Jerabek et
al. 2010). DIC has also been adapted for in-situ monitor-
ing of large-scale additive manufacturing processes by
exploiting the natural surface texture of polymer-com-
posite prints, enabling accurate tracking of full-field de-
formation and warpage throughout the build (Spencer et
al. 2021). Similarly, high-precision full-field deformation
measurements in arc-based directed energy deposition
have been achieved using both 2D- and 3D-DIC, with re-
sults validated against numerical simulations and shown
to reliably capture strain evolution despite challenges
such as arclight and steep thermal gradients (Wang et al.
2023).

The implementation process of DIC can be summa-
rized in three main steps. First, the surface of the speci-
men must be prepared with a random speckle pattern.
For this purpose, the surface is initially cleaned and
coated with a thin white base layer. Once dried, a fine
black spray is applied to generate the required random
speckle distribution. Following surface preparation,
specimens were positioned in the testing apparatus and
digital images were captured before and after defor-
mation. Then, the obtained image sets were then pro-
cessed using correlation algorithms to evaluate displace-
ment and strain fields (Kavdir and Aydin 2019).

Despite growing interest, shear data for LPBF 316L
remain scarce, and most applications of the losipescu
method in metal additive manufacturing have been lim-
ited to systematically studying the shear response of
LPBF 316L stainless steel. Furthermore, the researchers
continue to debate the most suitable approaches for ac-
curately characterizing shear behavior, which under-
lines the importance of using DIC to validate the strain
distribution in the notched region. In this work, we ad-
dress these gaps by (i) fabricating LPBF 316L losipescu
specimens and evaluating their as-built shear response
with DIC measurement, and (ii) benchmarking the re-
sults against co-fabricated tensile specimens to establish
a direct comparison between shear and tensile behavior.
This combined testing strategy provides a more compre-
hensive understanding of LPBF 316L under different
loading conditions, complementing the tensile-domi-
nated literature and supporting the development of
more reliable design data for engineering applications.

In structural applications, most load-bearing compo-
nents are subjected to complex, multiaxial stress states
rather than purely uniaxial tension. Under such condi-
tions, shear stresses often play a dominant role in both
yielding and failure initiation. Therefore, reliable shear
property data are essential not only for ensuring safe
and robust structural design but also for accurately cali-
brating multiaxial yield criteria such as von Mises,
Tresca, and other advanced constitutive models. This
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need becomes even more critical for additively manufac-
tured metals like LPBF 316L, whose microstructural het-
erogeneities, residual stresses, and anisotropy may
cause deviations from the behavior of conventionally
produced alloys. The scarcity of experimentally vali-
dated shear data in the literature thus represents a sig-
nificant gap that limits the development of dependable
design frameworks and material databases for LPBF
components. By providing comprehensive shear meas-
urements alongside tensile data, the present study aims
to help close this gap and to support more accurate as-
sessment of LPBF 316L under realistic loading condi-
tions.

2. Materials and Methods

In this study, three specimens were prepared for each
test type, i.e., tensile and losipescu shear tests, in order
to determine the corresponding tensile and shear me-
chanical properties of the LPBF-fabricated material. In
addition, strain analyses were performed using the DIC
technique to obtain full-field deformation measure-
ments.

—

2.2. Laser powder bed fusion technique

Tensile and Iosipescu shear specimens were produced
from 316L stainless steel powder using the LPBF tech-
nique to evaluate shear behavior. Manufacturing was car-
ried out on a Concept Laser M Lab R system under a ni-
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Fig. 1. SEM image of 316L stainless steel powder.

DIC was employed to capture full-field deformation
and strain data during tensile and Iosipescu shear tests.
DIC analyses were carried out in GOM Correlate with
subset sizes of 15-25 pixels and step sizes of 10-19 pix-
els depending on speckle quality and image resolution.
Bicubic interpolation and a second-order shape function
were used, and correlation was performed with the
Zero-Normalized Cross-Correlation criterion. The meas-
urements were carried out with an AVE2 video exten-
someter attached to the tensile testing machine,
equipped with a 16 mm focal length lens. Prior to testing,
the specimens (tension and losipescu) were prepared
with a random speckle pattern by first applying a white
base layer and then spraying fine black dots using matte
spray paint, as shown in the Figs. 3-5.

2.1. Materials

316L stainless steel powder served as the feedstock
material for additive manufacturing via the LPBF
method. The particle diameter distribution was deter-
mined to be approximately 10-45 pm. Microscopic in-
spection confirmed that the powder possessed a nearly
spherical morphology without agglomeration (see Fig. 1).

ETU-YUTAM

trogen-protected environment, with oxygen concentra-
tion maintained below 1%. The applied process parame-
ters were a laser power of 90 W and a scan speed of 1500
mm/s. The CAD models of the specimens were converted
into STL format using AutoFab software. The images of
the fabricated specimens are displayed in Fig. 2.
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Fig. 2. Tensile and losipescu test samples on the LPBF platform.

All specimens were tested in the as-built condition
without the application of any thermal post-processing
such as stress-relief annealing or hot isostatic pressing
(HIP). This choice was made to preserve the intrinsic
LPBF microstructure and residual stress state, allowing

the shear and tensile behavior to be evaluated directly in
the as-fabricated condition.

The production orientation of the test specimens,
forces applied during the test and losipescu test speci-
mens are given in Fig. 3.

losipescu test a
samples

Tensile test
samples

b

Fig. 3. Schematic representation of the build orientation and specimen alignment for tensile and losipescu tests.

2.3. Tensile test

Uniaxial tensile tests were carried out on three spec-
imens using an Instron 5982 static testing machine, as
shown in Fig. 4. The specimens were prepared in ac-

cordance with standardized geometry (ASTM D638 /
ISO 527 type IV dimensions), with an overall length of
75 mm and a thickness of 2 mm. The crosshead dis-
placement rate was set to 1 mm/min throughout the
experiments.
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Fig. 4. Experimental setup of the tensile test and geometry of the tensile specimen (dimensions are mm).

The full-field deformation measurements were ob-
tained using the DIC technique, where virtual extensom-
eters (see Fig. 5) were defined along the gauge section to
evaluate both axial and lateral strain components. The
load-displacement curves were then generated by com-
bining the load data from the load cell with the displace-
ment values measured via DIC. From these curves, the
elastic constants (elastic modulus and Poisson’s ratio)
and the overall stress-strain behavior were determined
using the following equations:

o;=Pi/A (1)

it
|

S

S

g =06;/L (2)
E = Ac/Ae (3)
v = —Ag, /Ag; (4)

where P;: load value at point i (N), 0;: normal stress
value at point i (MPa), §;: displacement value at point i
(mm), g;: strain value at point i (mm/mm), E: elastic
modulus (MPa), v: Poisson’s ratio, L: gauge length (mm),
A: cross-sectional area (mm?) of the specimen.

————>

Fig. 5. Representation of the virtual extensometers and coordinate system used in the DIC analysis.

2.4. losipescu shear test

The shear properties of the LPBF-fabricated metallic
specimens were determined using the losipescu shear
test in accordance with ASTM D5379/D5379M (V-
notched beam method). The experiments were con-
ducted on an Instron 5982 static testing machine at a
crosshead displacement rate of 1 mm/min. DIC analysis
was employed to determine the shear strain, where vir-
tual extensometers were positioned at *+45° angles
within the gauge section. This approach enabled an ac-
curate evaluation of the shear stress-strain response,
the in-plane elastic shear modulus, and the shear-related
mechanical properties of the material. The specimen ge-
ometry and test configuration are presented in Fig. 6.

The shear stress-strain relationship for the losipescu
specimens was evaluated using the following standard

formulations, which enable the determination of shear
stress, total shear strain, and shear modulus:

Y = legl + le,l (5)
T (6)
G=> (7)

In these equations, €; and €,: the shear strain compo-
nents, F: applied force (N), t: specimen thickness (mm),
w: specimen width (mm), t: shear stress (MPa) and y: to-
tal shear strain. The shear modulus is calculated as the
ratio of shear stress to shear strain.
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Static Testing Machine Tosipescu shear test setup

Tosipescu
shear
test
specimen

Fig. 6. Specimen geometry and test configuration (dimensions are mm, thickness 5 mm).

3. Results and Discussion
3.1. Tensile test results

The mechanical properties of the three specimens, in-
cluding true stress, strain, Poisson’s ratio, and elastic
modulus, are summarized in Table 1 (E: Modulus of elas-
ticity; v: Poisson’s ratio; ou: Ultimate strength; g, ,: Max-
imum axial strain; € Maximum lateral strain). In addi-
tion, the Fig. 7 presents the engineering stress-strain
curves obtained for each tested specimen.

Table 1. Tensile test results.
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E (GPa) 197.1 +32.1
v 0.326 + 0.096
ou(MPa) 649.6 + 7.4
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€ -0.085 + 0.038
0.2 0.3 0.4

Strain (mm/mm)

Fig. 7. The engineering stress-strain curves for tensile test specimens.

The tensile test results revealed that the LPBF-fabri-
cated metallic specimens exhibited a highly consistent
tensile strength, with an average ultimate stress of 649.6
+ 7.4 MPa. In contrast, noticeable variations were ob-
served in the elastic modulus (197.1 + 32.1 GPa) and
strain values, indicating heterogeneity in stiffness and
ductility among the specimens. The stress-strain curves
(Fig. 7) confirmed these findings, showing similar maxi-
mum stress levels but different slopes in the elastic re-
gion and varying strain-to-failure values. These differ-
ences are likely related to microstructural heterogenei-
ties or process-induced defects inherent to the additive
manufacturing process. Overall, the results suggest that
while tensile strength is reproducible and reliable, fur-
ther optimization of the LPBF process parameters is re-
quired to achieve more uniform stiffness and ductility.

The evolution of the damage process during tensile
loading was captured by the DIC strain maps presented
along with the stress-strain curve (see Fig. 8). Here, (a)
represents the initial state without load and no elonga-
tion, (b) corresponds to € = 0.09, (c) to € = 0.23, and (d)
to €= 0.33, showing the normal strain distributions along
the loading direction. At the initial stage, the axial strain
distribution was relatively homogeneous throughout the
gauge section, indicating uniform elastic and early plas-
tic deformation. As the applied strain increased, strain
gradients became more pronounced and the onset of lo-
calized deformation could be observed, reflecting the in-
itiation of necking in the specimen. At the later stage,
strain localization intensified significantly, with the
highest strain values concentrated within a narrow band
that corresponded to the eventual fracture site. This evo-
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lution demonstrates a transition from diffuse plastic de-
formation to localized necking, followed by fracture,
which is consistent with the post-peak softening ob-
served in the stress-strain response. Such results high-

light the capability of DIC to provide full-field insights
into the deformation and failure mechanisms of addi-
tively manufactured metallic materials under tensile
loading.
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Fig. 8. Engineering stress-strain curve of the tensile specimen with corresponding DIC normal strain maps
at different loading stages.

3.2, losipescu shear test results

Table 2. losipescu shear test results.

Three losipescu specimens were tested under shear Properties Mean value (5D)
loading, and the experimental results are presented in G (GPa) 72.0 £ 2.6
Table 2 (G: Shear modulus; 7,: Maximum shear stress; < (MPa) 62124911
Y¢: Maximum shear strain), and the shear stress-strain 4 e
curves are given in Fig 9. Yr 0.577 + 0.045
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Fig. 9. The engineering shear stress-strain curves for losipescu test specimens.
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The losipescu shear test results of the LPBF-fabri-
cated specimens demonstrated highly consistent behav-
ior among the three samples. The average shear modulus
was calculated as 72.0 + 2.6 GPa, indicating good agree-
ment of stiffness values across the specimens. Similarly,
the maximum shear stress (621.2 + 21.1 MPa) showed a
very narrow scatter, confirming the reliability and re-
peatability of the shear strength. The maximum shear
strain was determined as 0.577 *+ 0.045, suggesting that
the ductility of the material also followed a consistent
trend. The shear stress-strain curves nearly overlapped,
further verifying the uniformity of the experimental re-
sults. In particular, the elastic region slopes were well
aligned with the calculated shear modulus values, while
the peak stresses and strain-to-failure levels revealed no
significant deviation among the specimens. Overall,
these results emphasize that the shear response of addi-
tively manufactured metallic materials is not only repro-
ducible but also homogeneous in terms of stiffness,
strength, and ductility, which underlines the reliability of
the applied methodology.

The maximum shear stress obtained from the
losipescu tests (= 621 MPa) is in close agreement with
the ultimate tensile strength (* 650 MPa). This corre-
spondence is noteworthy in the context of multiaxial
yield criteria. While von Mises and Tresca predict shear
yield stresses of ay/\/§ and og,,/2, respectively, the ex-

+0.000

urface component 1
pSXY

perimental results suggest a shear resistance approach-
ing the tensile strength. Such behavior highlights the
unique microstructural response of LPBF 316L and pro-
vides a useful reference point for calibrating multiaxial
constitutive models and failure criteria in additively
manufactured metals.

Fig. 10 presents the shear strain distributions of the
losipescu specimen at different loading stages. These
strain maps clearly illustrate the evolution of defor-
mation and the formation of a pure shear strain field in
the central gauge section. Although there are only a lim-
ited number of studies addressing the shear properties
of metallic materials using the [osipescu test, the present
results confirm the suitability of this method. The con-
sistency observed among the specimens, together with
the DIC-based strain maps, demonstrates that the ex-
pected shear strain field was successfully generated,
which is essential for accurately determining shear me-
chanical properties. This gap underscores, DIC provided
full-field strain data that cannot be captured through
conventional deformation measurement techniques,
thus validating both the accuracy of the losipescu test
and the reliability of the experimental procedure. Over-
all, the combination of losipescu testing and DIC analysis
offers a powerful approach for the comprehensive char-
acterization of shear behavior in additively manufac-
tured metallic materials.

(’J@Si;rface component 1
e E)S%(Y

Fig. 10. Evolution of shear strain distribution in the losipescu specimen at different loading stages:
(@) y=0; (b) y=0.189; (c) y = 0.456; (d) y = 0.604.

4. Conclusions

In this study, the tensile and shear properties of 316L
stainless steel fabricated by laser powder bed fusion were
systematically investigated using the digital image corre-
lation technique. Particular emphasis was placed on char-

acterizing the multiaxial mechanical response, with a fo-
cus on shear behavior, which has been scarcely reported
for LPBF 316L alloys. The application of DIC enabled full-
field strain and displacement measurements, thereby im-
proving the accuracy and reliability of the extracted elas-
tic modulus, shear modulus, and Poisson’s ratio.
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The experimental results revealed that the LPBF-fab-
ricated specimens exhibited a consistent ultimate tensile
strength of 649.6 + 7.4 MPa, with an average elastic mod-
ulus of 197.1 + 32.1 GPa. Under shear loading, the
losipescu tests yielded an average shear modulus of 72.0
* 2.6 GPa and a maximum shear stress of 621.2 + 21.1
MPa, demonstrating excellent reproducibility and uni-
formity. The uniform strain distribution observed within
the gauge section confirmed that the V-notched
lIosipescu method, in combination with DIC, provides a
robust and reliable approach for capturing the pure
shear stress-strain response.

A key outcome of this work is the close alignment be-
tween the tensile and shear strengths, which provides
valuable insight into the governing deformation mecha-
nisms of LPBF 316L. This relationship also offers a prac-
tical advantage for calibrating multiaxial yield and fail-
ure criteria such as von Mises and Tresca, both of which
require accurate shear and tensile limits for reliable pre-
dictions. The results demonstrate that LPBF 316L exhib-
its a more uniform strength response under different
loading modes than is often assumed, emphasizing the
importance of incorporating shear data when evaluating
the structural integrity of additively manufactured com-
ponents.

The combined tensile and shear data obtained in this
study offer direct input for engineering design frame-
works, particularly those requiring reliable multiaxial
material parameters for LPBF 316L. The close corre-
spondence between tensile and shear strengths, to-
gether with the experimentally validated shear modulus,
enables more accurate calibration of commonly used de-
sign criteria such as von Mises and Tresca, as well as im-
proved selection of safety factors for components sub-
jected to complex loading. These experimentally derived
properties can also serve as dependable entries for ma-
terial databases used in design and simulation work-
flows, thereby supporting more robust structural integ-
rity assessments for LPBF-fabricated 316L components.

The results obtained in this study also have practical
implications for the structural design of LPBF 316L com-
ponents. Since most load-bearing parts operate under
multiaxial stress states, the experimentally determined
tensile and shear properties — particularly the close val-
ues of tensile and shear strength and the validated shear
modulus — can serve as reliable input for calibrating
multiaxial yield and failure criteria. These data provide a
more robust basis for material selection, safety-factor
determination, and the development of design databases
for additively manufactured 316L structures.

Overall, this work contributes to filling a significant
gap in the literature by establishing reliable shear prop-
erty data for as-built LPBF 316L stainless steel. The out-
comes not only enhance the understanding of the mate-
rial’'s multiaxial mechanical behavior under complex
loading conditions but also provide critical input for the
reliable design and structural application of LPBF-fabri-
cated components. In addition to conclusion of this
study, a post-treatment study may contribute to the im-
provement of microstructure of as-built LPBF samples
for further tensile and shear properties.
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