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A B S T R A C T

Metal additive manufacturing presents significant opportunities in the construction industry by enabling
the creation of innovative components and seamless integration with conventional steel parts to form
hybrid structures. However, ensuring the long-term performance of such structures, particularly under cyclic
loading, requires a comprehensive investigation into the behavior of individual materials and their interfaces.
Unfortunately, current European fatigue design standards do not adequately address the unique considerations
of metal additive manufacturing. This paper provides a thorough analysis of high-cycle fatigue in butt-
joint connections of arc-welded hybrid additive manufactured joints. The study specifically concentrates on
the use of arc welding to join an AISI316L plate produced through the Laser Powder Bed Fusion (LPBF)
technique with a quarto plate. Experimental tests incorporate engineering stress control and utilize three
distinct stress steps to establish S–N curves. The findings highlight the substantial influence of internal
defects and their geometric characteristics on stress concentrations and fatigue life. These insights provide
valuable understanding regarding the fatigue performance of hybrid additive manufactured joints compared
to conventional steel, opening avenues for further research on the integration of metal additive manufacturing
components with traditional steel structures.
1. Introduction

The rising demand for efficient utilization of resources in steel
structures has spearheaded the investigation of metal additive man-
ufacturing (AM) as a viable solution for crafting structural nodes in
the construction sector [1–4]. The endurance of metal AM products
under repetitive loading, commonly referred to as fatigue life, has taken
center stage in additive manufacturing research [5–7]. The unique
microstructural characteristics of metal AM metals, combined with
the occurrence of internal defects, significantly influence the initiation
and progression of cracks [8,9]. Moreover, in the design of intricate
structural steel nodes, fatigue is a key determinant of the product’s
geometry and assembly sequence [10,11].

When considering welded joints, specific attributes such as the weld
opening angle and the weld seam finishing require meticulous exam-
ination to ensure that cyclic load-induced stress and strain states do
not precipitate brittle failure [12,13]. The investigation of fatigue phe-
nomena in conventional structural nodes is guided by EN1993-1-9 [14],
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a standard established based on extensive experience and voluminous
experimental tests. These tests have facilitated the classification of
nodes’ details and estimation of their fatigue life.

Previous studies have examined the fatigue life of base metals
in metal additive manufacturing [15–19], as well as the behavior of
hybrid metal AM steel when joined with other components [20–24].
However, to the best of authors’ knowledge, there is a limited number
of studies specifically addressing the cyclic loading behavior of hybrid
AM joints.

Some studies have specifically explored laser welding of steel plates
manufactured through Laser Powder Bed Fusion (LPBF), resulting in
modifications to the involved metals [20,21]. For instance, Zhang
et al. [20] conducted experiments on grade 316L stainless steel tensile
coupon half parts manufactured using powder bed fusion (PBF) and
laser welding. The PBF base material exhibited higher strengths and
a finer microstructure compared to conventionally produced stainless
steel. The horizontal PBF base material demonstrated higher proof
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stress due to grain growth orientation, while laser weld regions showed
lower hardness and strength due to a coarser microstructure. The study
concluded that laser welding enables the use of additive manufactur-
ing for large-scale components, but the potentially lower mechanical
properties of welds should be taken into account during the design
process.

Chierici et al. [24] investigated the mechanical behavior of hy-
brid steel components formed by welding LPBF plates and quarto
plates made of AISI 316L stainless steel. The mechanical characteri-
zation of LPBF-produced plates, quarto plates, and the welded hybrid
components revealed a maximum difference of 10% in their properties.

The possibility of directly manufacturing components onto existing
parts using LPBF technique has also been explored [22,25]. In a study
by Merklein et al. [22], a gear component with discrete tooth geometry
was manufactured using a combination of powder bed fusion of metal
using a laser beam (PBF-LB/M) and a forming process. The study
presented a process chain for manufacturing hybrid parts and evaluated
the final part geometry through topography measurement.

However, it is important to note that manufacturing parts onto
existing parts requires flat surfaces for building the LPBF-produced part
and is limited by the volume capacity of the machine used. There is
currently a lack of literature on arc welding of LPBF-produced steels,
especially in the context of hybrid joints. Pasang et al. [23] demon-
strated promising mechanical properties with arc-welded 2.5-mm-thick
steel plates produced through LPBF.

Given the relatively small size of metal AM components, a conse-
quence of restricted production chamber dimensions, these parts often
need to be assembled with other conventional components to form
a complete steel joints, as shown in Fig. 1. Understanding how AM
components interact with metals produced through different manufac-
turing processes, particularly regarding potential modifications in the
base material due to employed joining techniques (such as welding), is
therefore crucial [26,27]. The potential applications of this technology
may be related to the local repair of large structure components [28,29]
or the realization of hybrid constructions [30].

In this study, arc welding has been used to create the studied hybrid
elements. Indeed, arc welding is a common technique for on-site steel
structure assembly that is highly compatible with stainless steel, to join
AM nodes. An experimental investigation into the fatigue life of butt-
joint produced by arc welding an LPBF AISI316L plate with a quarto
plate has been carried out. This joint category is well-documented and
regulated by the EN1993-1-9 [14] when made by conventional steel,
and this has served as a reference for the experimental study on the
hybrid metal AM joints to identify the differences in their behavior.

This paper introduces a methodology for accurately modeling the
interaction between hybrid materials and assessing their fatigue resis-
tance in the elastic regime, specifically in the context of incorporating
hybrid details in building structures. Subsequently, the study focuses
on investigating the high cycle fatigue of arc-welded samples made
from hot-rolled and LPBF-produced plates. The S–N curve for the tested
samples is determined through tests conducted under engineering stress
control, following ASTM E739-10 guidelines [31]. Furthermore, frac-
ture surfaces are examined using a scanning electron microscope to
identify crack origins and propagation. Additionally, the results are
analyzed using the strain energy density (SED) approach to further
explore the correlation between fatigue life and joint build directions.

The study demonstrated that the fatigue life of metal AM parts
is significantly influenced by the shape and orientation of the pores,
which are determined by the build direction. The insights gained
regarding the long-term performance of additive manufacturing (AM)
have direct relevance to its application in the construction industry.
Fig. 1-a demonstrates the capability of hybrid AM to produce complex
three-dimensional shapes with personalized designs and remarkable
accuracy. These components can be invaluable for localized repair work
in medium–large scale structures (such as complex geometries in Fig. 1-
b), allowing for efficient on-site welding without the need for complete
2

structure replacement.
2. Static tensile behavior of hybrid specimens

In the study conducted by Chierici [24], which pertains to the same
production plate from which the samples in this study are derived, ma-
terial properties were analyzed using a 10 mm thick plate, as depicted
in Fig. 2. The selection of the test material was based on meeting the
standard mechanical properties typically required for metals used in
structural applications [32], as well as ensuring its suitability for the
LPBF process [33]. The chemical composition of the quarto plate steel
can be found in Table 1. The production process, illustrated in Fig. 2,
involved the creation of LPBF 10 mm thick plates with various build ori-
entations. To provide a comprehensive characterization of the material,
the study by Chierici et al. [24] encompassed evaluations of porosity,
microhardness, microstructures, tensile strength, and anisotropy.

The experimental analysis aimed to evaluate the integrity of the
welded joint and investigate the impact of welding thermal cycles on
the material properties. For the hybrid specimens, six tensile testing
bars were obtained by cutting the welded plates. Each testing bar had
a length of 143 mm, a thickness of 10 mm, and a width of 10 mm, as
depicted in Fig. 3. Tensile tests were conducted using a universal testing
machine (MTS Alliance RT/100, Eden Prairie, MN, USA) equipped
with a digital image correlation (DIC) system (Aramis 3D Camera,
Braunschweig, Germany) to analyze the deformation behavior. Prior
to testing, a speckle pattern was applied to the specimens. The DIC
system enables precise strain calculations on a predefined region of the
sample, providing accurate data on the LPBF and quarto plate sides of
the hybrid specimens.

The results, presented in Fig. 4, revealed heterogeneous strain be-
havior among the welded specimens. Notably, the elongation at ulti-
mate tensile strength 𝜖𝑢 of the LPBF part increased by approximately
0% after welding. Additionally, the elongation at failure 𝜖𝑓 exhibited

higher values compared to the base metals, indicating increased ductil-
ity due to the welding thermal cycles. These findings demonstrate the
successful weldability of thick LPBF AISI 316L plates and quarto plate
parts using arc welding.

The microstructure examination of the welded samples exhibited
the expected grain distribution characteristic of the AISI 316L quarto
plate. The welding thermal cycles did not affect the grain dimensions,
which remained at an average of 30 μm. The weld seam observation
revealed a medium width of 3 mm, 30 times larger than the average
dimension of the LPBF melt pools. The samples examined in this exper-
imental campaign exhibited a minimal level of anisotropy, indicative of
favorable production process parameters and high material quality. The
employed process facilitated a uniform distribution of both physical
and mechanical properties. Nevertheless, it is crucial to note that even
a slight degree of anisotropy in static behavior, often overlooked in
static modeling or design, can have implications for fatigue life. In fact,
static behavior is primarily influenced by microstructure dimensions
and grain orientation, while fatigue life is contingent upon factors
such as surface and internal defects, their dimensions, diffusion, and
orientation. These findings prompted the authors to delve deeper into
the anisotropic nature of this material, especially in terms of fatigue
life, to ensure a comprehensive understanding of the significant aspects
associated with steel produced through LPBF.

3. Numerical modeling of the hybrid material

Due to the absence of tailored design regulations for 3D-printed
structural components, numerical analyses are essential to assess their
structural integrity. Material and welded joint modeling follows the
methodology proposed by EN1993-1-4 [34] and EN1993-1-5 [35],
ensuring the applicability of current design rules to LPBF products.
This study investigates two material models: isotropic and transversal
isotropic. Both models assume linear elastic behavior up to the 0.1%
proof stress to capture the unique material characteristics. The isotropic

model, with three axes of symmetry, requires two independent elastic
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Fig. 1. Hybrid AM connections: (a) Repairing existing structures; (b) Tubular steel canopy.
Table 1
Chemical composition of the quarto plate steel for LPBF.

Mass % C Si Mn P S Cr Ni Mo N Iron

Quarto Plate 0.017 0.50 1.35 0.027 0.002 17.0 10.1 2.04 0.04 balance
Fig. 2. Processes involved in the production of the sample [24].
Fig. 3. Hybrid sample geometry (nominal values).

constants (Young’s modulus (E) and Poisson’s ratio (𝜈) for modeling).
The shear modulus (G), a remaining elastic constant needed for the
compliance matrix, is determined by E, 𝜈, and expressed by Eq. (1).

𝐺 = 𝐸 (1 + 𝜈) (1)

The elastic phase of a transversely isotropic material was simulated
using the transversely isotropic elastic model, which demonstrates
orthotropy with rotational symmetry around axis 3 (Fig. 5). This se-
lection was motivated by the inherent symmetry arising from the layer
superimposition that occurs during the printing process. The consti-
tutive equation for this model is defined by five independent elastic
constants [36].

Notably, the isotropy observed in the transversal plane (plane 1-2,
as illustrated in Fig. 5) permits the utilization of Eq. (2) to derive the
shear modulus. Hence, the five independent elastic constants, namely
𝐸1, 𝐸3, 𝜈12, 𝜈13, and 𝐺13, respectively represent the elastic modulus in
the transversal (isotropic) plane 1-2, the elastic modulus in the plane
1-3, which is perpendicular to the transversal plane, the Poisson’s ratio
in the transversal plane 1-2, in the normal plane 1-3, and the shear
3

modulus. Consequently, the significant symmetries of the elastic tensor
necessitate the compliance matrix to exhibit symmetry, as expressed
by Eq. (2). The constitutive equations, when expressed in their inverse
form as shown in Eq. (3), emphasize the simplifications resulting from
the transition from orthotropy to transverse isotropy:

𝐺12 =
𝐸1

[

2
(

1 + 𝜈12
)] (2)
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To construct the material model based on experimental test results,
the values of experimental Poisson’s ratios, 𝜈̄13 and 𝜈̄31, need adjustment
for compliance matrix symmetry. The least-square method has been
used, minimizing the sum of the squares (Eq. (4)) of the relative error
between experimental and approximated values in Eq. (5). To analyze
the impact of anisotropy on this elastic constant, three alternatives
are proposed. In these equations, 𝜈̄𝑖𝑗 represents experimental Poisson’s
ratio, and 𝜈𝑖𝑗 denotes the approximated value. Compliance matrix
symmetry is enforced by Eqs. (4)–(5).

𝑆 =
∑

𝑓 2(𝑥𝑖) (4)

𝑖
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Fig. 4. Mechanical properties of the hybrid samples: (a) strain virtual sensors; (b) local values from the three regions of the welded samples.
Fig. 5. Scheme of the layered printed part and reference system: build direction (axis
3), scan plane (plane 1-2).
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where 𝑖, 𝑗 = 1, 3 for 𝑖 ≠ 𝑗. The transformation equation for the
compliance matrix is given by:

𝜈13𝐸3 = 𝜈31𝐸1 (6)

The shear modulus 𝐺13 for a transversally isotropic material can be
expressed as [37], where 𝐸𝐼𝑛𝑐𝑙 is the principal elastic modulus from
tensile tests in a 45◦ off-axis configuration:

𝐺13 =
1

1 𝐸 + 4 + 1 𝐸
(7)
4

1−𝜈13 1 𝐸Incl 1−𝜈31 3
3.1. Modeling of elastic deformation using finite element method

Steel AISI316L for structural use is always modeled as isotropic
(e.g., EN1993-1-4 [34]). This hypothesis is based on the low degree
of anisotropy that steel usually has, but also on the employment of
laminated components in steel structures. The rolling direction is al-
ways parallel to the components’ axis, and the huge experience in
components’ behavior allowed to define average values of the mechan-
ical properties to guarantee a safe design with an isotropic material
behavior. The model adopted in this work considered a linear-elastic
curve for the elastic phase of AISI 316L (E=192 MPa, 𝜈=0.3, G=73.8
GPa).

The LPBF steel has not been represented by a complete anisotropic
material, but by a transversal isotropic, since the layer-based produc-
tion generates a plane of isotropy which is orthogonal to the build
direction.

Table 2 presents the input values for the LPBF AISI 316L (Inclined
build direction) for the finite element formulation. In this paper, the
numerical modeling was conducted using the Abaqus software [38].

The elastic parameters were derived from the experimental curves
illustrated in Fig. 6 and incorporated into the matrix of the finite
element (FE) model, as presented in Eq. (3). The results, specifically
the numerical Young’s modulus 𝐸 and Poisson’s coefficient 𝜈, exhibit a
noteworthy alignment with the experimental values, as demonstrated
in Fig. 7. Tests on welded hot-rolled AISI 316L plates bonded via LPBF
showed the base metal’s mechanical properties largely remained intact
post-welding, save for a 10% reduction in break elongation.

After adjusting the model for this reduction, the material models
were integrated into the sample geometry (Fig. 2-b). The weld seam’s
actual geometry was approximated as trapezoidal and assumed to be-
have like the hot-rolled material. No significant weld bead weaknesses
were found; hence, a rigid link was used for connecting the base metals
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Table 2
LPBF parameters modeling.

E1 E2 E3 𝜈13 𝜈31 𝜈32 𝜈23 𝜈12 𝜈21 G12 G13 G23
[GPa] [GPa] [GPa] [–] [–] [–] [–] [–] [–] [GPa] [GPa] [GPa]

195 195 187 0.33 0.31 0.31 0.33 0.29 0.29 75.40 74.70 74.70
Fig. 6. Elastic behavior of the hybrid specimens (experimental vs numerical):(a)
Horizontal direction (H); (b) Diagonal direction (I); (c) Vertical direction (V).

and the weld bead. Model calibration involved a quasi-static load with
imposed displacement in the simulation, and results were compared
with experimental findings processed through digital image correlation
(DIC). The numerical model mirrored the hybrid behavior observed
in DIC tensile tests. Strains initially formed in the conventional steel
(Fig. 8), then concentrated in the LPBF region, causing necking (Fig. 8).

Given that LPBF is used for producing complex-shaped structural
nodes to be assembled with conventional steel parts, the level of
anisotropy becomes significant in the overall system’s behavior. The
5

Fig. 7. Calibration of numerical models: (a) Elastic modulus; (b) Poisson’s coefficient.

orientation of LPBF parts influences the behavior of both the node
and the assembled joint with conventional profiles [39,40]. To assess
the potential impacts of high anisotropy, the previously described
numerical models were utilized for a parametric analysis involving
variations in the anisotropy of the LPBF steel (as depicted in Fig. 9).
Specifically, the LPBF model maintained consistent properties as pre-
sented in Table 2. From a computational standpoint, the material
parameters remained constant, while the reference material orientation
was adjusted from 0 to 90◦ (equivalent to 0 to 1.57 rad), as visually
depicted in Fig. 9.

4. Testing layout

The fatigue behavior was evaluated and recorded in the form of S–N
curves, derived from the test samples. Furthermore, the fracture surface
was examined to determine the site of crack formation and to trace the
crack propagation path. The entire testing process was regulated under
engineering stress control with frequencies ranging from 20 to 35 Hz.
Fig. 10 depicts the testing machine alongside the plate from which the
samples were extracted. Prior to the commencement of the tests, the
cross-sections of the base metals were measured. As depicted in the
Fig. 10-b, the weld transition section was intentionally left unsmoothed
to assess how it responds to irregular surface finishing, a scenario



Journal of Constructional Steel Research 215 (2024) 108513A. Menghini et al.
Fig. 8. Strain distribution in the hot rolled-LPBF welded sample from the experimental tests with DIC and the numerical simulations: (a) total strain 0.2; (b) total strain 0.47.
Fig. 9. Material orientation’s parametric analysis: 0.1% stress.

that may arise during on-site welding in existing joints. The primary
objective was to investigate the factors that predominantly influenced
the fatigue strength of samples, specifically examining the impact
of irregular welding surface finishing versus the internal orientation
defects of the samples. It is noteworthy that the height of the weld
height was consistently maintained at no more than 10% of the overall
weld width, adhering to the guidelines outlined in EN 1993-1-9. The
test setup was configured based on the yield stress of the two materials
in question. As high cycle fatigue typically involves minimal material
plasticization, the maximum test stress was designated at a value lower
than the yield stress of both materials. In order to construct the S–N
curve, three stress range (𝛥𝜎) steps were selected. For each of these
steps, three samples were subjected to testing. The selected 𝛥𝜎 values
were 252 MPa, 216 MPa, and 180 MPa, with a stress ratio (R) of 0.1.
Post-testing, the fracture surfaces were scrutinized under a Scanning
Electron Microscope (SEM) to ascertain the crack origin. The objective
was to understand its correlation with the fatigue life and the build
directions of the joint. The experimental procedure was implemented
on two sets of samples wherein LPBF plates were welded to hot-rolled
steel depending on their build direction to uncover and quantify any
potential correlations between this orientation and its high cycle fatigue
life.

The fatigue performance of two sets of welded samples was exam-
ined under cyclic uniaxial loads using the experimental configuration
described in Table 3, where ℎ represents the height of the sample,
𝑤 denotes the thickness, 𝐴 indicates the cross-sectional area, and ℎ𝑤
represents the height of the welding. The high cycle fatigue test results,
including stress range (𝛥𝜎) and number of cycles to failure (𝑁 ), were
6

𝑓

recorded in Table 4. Stress ranges are derived in terms of isotropic
nominal stress by dividing the applied load for the nominal area. No
failure was observed at the interface between the conventional steel
part and the weld seam, or in the base conventional steel. To further
investigate this phenomenon, the microstructure of the weld seam and
its neighborhood were examined, as shown in Fig. 11.

The results indicated that the welded material exhibited better
coupling with the conventional steel than with the LPBF part. The
LPBF-weld seam interface showed a clean line, while the conventional
steel exhibited a deeper penetration. Comparing the interface of the
two LPBF parts, the Vertical samples showed better join with the weld
seam than the Horizontal ones. This difference was taken into account
during the analysis of the fatigue test results, and is discussed in detail
in the following paragraphs. Regarding the results, it was found that
most of the Vertical samples failed in the LPBF part, with only one
sample experiencing run out, and another breaking at the weld toe,
as shown in Fig. 12-a.

5. Fatigue behavior of the welded LPBF-quarto plate samples

An analysis on the detail category of the LPBF welded samples
has been carried out to evaluate the slope of the mean values curve
(𝑚) from their experimental data, and to compare the resulting detail
category with the standard ones from EN 1993-1-9 [14]. The results
are classified according to the applied stress range, the LPBF build
orientation and the failure crack location or possible run out. The
statistical analysis has been performed with a 95% confidence level
following ASTM E739 standard procedure [31], and it has been applied
to both sets of samples (Vertical and Horizontal) considering them, first,
as a unique set, and then one by one. The first statistical analysis has
been performed by considering the Vertical and Horizontal samples
as a homogeneous set. This identified a slope m=4.1 for the mean
values curve (Fig. 13-a) and a stress range 𝛥𝜎𝑐 = 115 MPa at 2 million
cycles. The defined detail category is higher than the typical detail
category for transverse butt-welds in plates. Indeed, by plotting the
detail category curve with the conventional steel slope m=3 with a 95%
confidence level (Fig. 13-b), the weakest Horizontal samples did not
fit the obtained band. Investigating now the Vertical and Horizontal
as independent sets, the statistical analysis highlighted two different
trends (Fig. 13-c-d). The mean values from the Vertical set resulted in
a curve having slope m=2.8, which is much steeper than the Horizontal
one, which showed a slope m=7.4. This strong difference is due to the
variability in the strength of the bond between the Horizontal base
LPBF metal, and the weld seam. It is related to the microstructural
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Fig. 10. Testing layout: (a) fatigue samples, (b) production plate.
Fig. 11. Microstructure at the interface between the weld seam and the conventional steel, Vertical and Horizontal LPBF plate.
Fig. 12. Tested samples highlighting the fracture location.
properties and to the uncertainties of manual welding. Indeed, manual
arc welding is affected by the possible instabilities of the starting and
ending phases of the process, and it is a relevant cause of imperfec-
tions and defect generation. On the other hand, the vertically oriented
samples showed a behavior close to the conventional steel butt welds,
7

resulting in a mean values curve having slope m=2.8, and a stress range
at 2 million cycles equal to 101 MPa, close to the detail category for
transverse but welds.

The results have also been compared to the S–N curve from EN1993-
1-9 prescribed for the detail category 90, according to the transverse



Journal of Constructional Steel Research 215 (2024) 108513A. Menghini et al.
Table 3
Fatigue tests geometrical characteristics.

Id. Orientation Length [mm] h [mm] w [mm] A [mm2] h𝑤 [mm]

1-H Horizontal 138.9 10.2 4.0 40.8 11.0
2-H Horizontal 140.0 10.1 4.1 41.4 10.5
3-H Horizontal 139.8 9.8 4.2 41.2 11.2
4-V Vertical 140.0 10.0 4.1 41.0 10.0
5-V Vertical 140.4 10.2 4.0 40.8 11.0
6-V Vertical 140.0 10.1 4.0 40.4 11.0
7-H Horizontal 140.5 9.9 4.1 40.6 11.0
8-H Horizontal 140.2 10.0 4.0 40.0 11.5
9-H Horizontal 140.3 10.0 4.1 41.0 11.2
10-H Horizontal 140.2 9.7 4.2 40.7 11.0
11-V Vertical 140.0 10.2 4.1 41.8 11.4
12-V Vertical 140.3 10.0 4.0 40.0 10.7
13-V Vertical 140.1 10.0 4.0 40.0 11.0
14-H Horizontal 140.0 10.0 4.0 40.0 10.7
15-H Horizontal 140.3 10.0 4.0 40.0 11.0
16-V Vertical 140.8 10.1 4.0 40.4 10.6
17-V Vertical 139.8 10.1 4.1 41.4 11.0
18-V Vertical 140.0 10.0 4.1 41.0 10.7
Table 4
Experimental results of the fatigue tests.

Id. 𝜎𝑚𝑎𝑥 [MPa] 𝜎𝑚𝑖𝑛 [MPa] 𝜎𝑎 [MPa] 𝛥𝜎 [MPa] N𝑓 Crack location

1-H 280 28 126 252 218,189 weld toe LPBF
2-H 280 28 126 252 106,404 weld toe LPBF
3-H 280 28 126 252 496,523 weld toe LPBF
4-V 280 28 126 252 900,000 LPBF HAZ
5-V 280 28 126 252 289,079 weld toe LPBF
6-V 280 28 126 252 739,005 LPBF HAZ
7-H 240 24 108 216 1,653,666 LPBF HAZ
8-H 240 24 108 216 198,465 weld toe LPBF
9-H 240 24 108 216 1,072,559 weld toe LPBF
10-H 240 24 108 216 2,473,705 run out
11-V 240 24 108 216 623,965 LPBF HAZ
12-V 240 24 108 216 409,634 LPBF HAZ
13-V 240 24 108 216 468,374 LPBF HAZ
14-H 200 20 90 180 8,600,000 run out
15-H 200 20 90 180 8,000,000 run out
16-V 200 20 90 180 1,058,167 LPBF HAZ
17-V 200 20 90 180 2,272,294 LPBF HAZ
18-V 200 20 90 180 7,500,000 run out
Fig. 13. S–N plot for the fatigue tests: (a) horizontal and vertical set (H+V); (b) horizontal and vertical set (H+V); (c) horizontal set (H); vertical set (V).
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Fig. 14. S–N graph for the fatigue tests on the welded samples compared with the
fatigue strength curve for direct stress ranges for detail category 90 from Eurocode 3
Part 1-9.

butt welds classification (Fig. 14). The aim of this comparison is to
highlight if the hybrid welded samples respect the performance re-
quirements prescribed by the international design standard despite the
microscopic and behavior peculiarities due to LPBF manufacturing. The
graph highlighted that all the results are above the design curve for a
75% confidence level of 95% probability of survival, thus all the tested
samples verified the design limit from EN1993-1-9.

Stress range in Fig. 14 are derived in terms of isotropic nominal
stress by dividing the applied load for the nominal area. By incorporat-
ing the anisotropy parameters in the numerical model, it is possible to
characterize the stress variations in the vertical samples based on their
build direction, as depicted in Fig. 9. Specifically, in this scenario, the
stress levels for the vertical specimens are observed to decrease com-
pared to the horizontal condition at equivalent strain levels. The results
in terms of S–N plot are shown in Fig. 15 for only the vertical samples
(𝛥𝜎𝑐 = 91, m=2.6) and for all the specimens (𝛥𝜎𝑐 = 106, m=3.8),
showing a slightly lower fatigue detail category, still compatible with
detail category 90 from Eurocode 3 Part 1-9.

Considering the reduced level of anisotropy, the application of
the strain energy density (SED) approach becomes viable for fatigue
analysis. The SED approach, as described in previous works by Berto
et al. [41–43], involves evaluating the local strain energy density
𝑊 within a predefined control volume surrounding the notch. This
approach proves effective in providing accurate results for complex
structures, even with a coarse mesh resolution, as it primarily relies on
geometric parameters. A critical value 𝑊𝐶 is defined within the SED
method to determine fracture conditions. As for the control volume, it
is determined by the radius 𝑅0, which can be calculated using Eq. (8)
specifically for V-notched specimens.

𝑅0 =

[

𝐼1
4𝜆1 (𝜋 − 𝛼)

(

𝐾1𝐶
𝜎𝑡

)2
]1∕2(1−𝜆1)

(8)

In this equation, 𝐼1 is influenced by the opening angle of the notch
and Poisson’s ratio, resulting in different values under plane stress and
plane strain conditions. 𝜆1 represents Williams’ mode I eigenvalue,
𝐾1𝐶 is the material toughness, 𝛼 is the corner angle and 𝜎𝑡 is the
conventional ultimate tensile strength. For mode I loading scenarios,
the average value of the elastic strain energy density (SED) can be
defined as given in Eq. (9).

𝛥𝑊 =
𝐼1

4𝜆1 (𝜋 − 𝛼)

⎛

⎜

⎜

⎝

𝐾1

𝑅1−𝜆1
0

⎞

⎟

⎟

⎠

2

(9)

where 𝐾1 corresponds to the notch stress intensity factor. The expres-
sion for 𝐾1, specifically for sharp V notches, is presented in Eq. (11).

𝐾 =
√

2𝜋𝑙𝑖𝑚 𝑟1−𝜆1
[

𝜎 (𝑟, 0)
]

(10)
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1 𝜗𝜗
Table 5
SED analysis results.

Id. 𝛥𝑊 (𝑅0 = 0.28) N𝑓 Crack location

1-H 0.706 218,189 weld toe LPBF
2-H 0.706 106,404 weld toe LPBF
3-H 0.706 496,523 weld toe LPBF
4-V 0.191 900,000 LPBF HAZ
5-V 0.722 289,079 weld toe LPBF
6-V 0.191 739,005 LPBF HAZ
7-H 0.136 1,653,666 LPBF HAZ
8-H 0.513 198,465 weld toe LPBF
9-H 0.513 1,072,559 weld toe LPBF
10-H – 2,473,705 run out
11-V 0.139 623,965 LPBF HAZ
12-V 0.140 409,634 LPBF HAZ
13-V 0.139 468,374 LPBF HAZ
14-H 0.350 8,600,000 run out
15-H 0.350 8,000,000 run out
16-V 0.098 1,058,167 LPBF HAZ
17-V 0.098 2,272,294 LPBF HAZ
18-V – 7,500,000 run out

in which 𝜎𝜗𝜗 represents the tangential stress considering the polar
coordinates system (𝑟, 𝜗). In accordance with established engineering
approximations for structural steels [42], the critical radius 𝑅0 has been
adopted as 0.28 mm in this study. According to Berto et al. [44], the
formulation of Strain Energy Density can be revised by incorporating
the linear elastic normal and shear stress components in the polar frame
of reference, represented as 𝜎𝜃𝜃,𝜃=0,𝑝𝑒𝑎𝑘 and 𝜏𝑟𝜃,𝜃=0,𝑝𝑒𝑎𝑘. Consequently, an
equivalent peak stress under plain strain conditions, denoted as 𝜎𝑒𝑞,𝑝𝑒𝑎𝑘,
can be derived and extracted from Finite Element (FE) models. The
governing relationship for the SED is elucidated as follows:

𝛥𝑊 = 1 − 𝜈2

𝐸
𝛥𝜎2𝑒𝑞,𝑝𝑒𝑎𝑘 (11)

Fig. 16-a displays the outcomes from the conducted experimen-
tal campaign, and the corresponding results are listed in Table 5.
Additionally, Fig. 16-b showcases the superimposition of the exper-
imental results for steel butt-welded joints with the design scatter
band (adapted from Berto and Lazzarin [45]). The results depicted
in Fig. 16 show a distinct discrepancy in the average strain density
between the weld toe samples and LPBF specimens. Furthermore, a
significant variation is evident in the SED values between the vertical
and horizontal samples, with the horizontal direction displaying higher
SED values in comparison to the vertical orientation. Consequently,
the cause of these observations prompts further investigation into the
location of crack formation or the formation of critical internal defects,
contingent upon the sample’s specific location.

6. Fracture surface

To deeper investigate the fatigue behavior of the welded samples,
the fracture surface of each tested sample has been analyzed to possibly
relate the number of cycles to failure with: the presence of defects;
the location and dimension of these defects; the build orientation of
the LPBF part. The samples with the lowest 𝑁𝑓 showed an advancing
crack front located at the interface between the LPBF and the weld
seam (Fig. 17-a). With higher fatigue life, the samples showed diffused
internal defects for the Vertical samples (Fig. 17-b), and surface defects
for the horizontally oriented (Fig. 17-c).

Then, the number of internal defects decreased, and at the highest
𝑁𝑓 , the crack formation was induced by just a single defect (Fig. 17-d).
By neglecting the failure due to welding-induced defects, a dependency
on the build orientation can be observed. The vertically oriented sam-
ples showed crack formation in the base metal due to more critical
internal defects. However, the porosity analysis performed in the pre-
vious section did not reveal significant differences between the two
orientations. However, by considering that the defects develop with an
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Fig. 15. S–N plot considering material anisotropy: (a) vertical set (H+V); (b) horizontal and vertical set (H+V).
Fig. 16. Average strain density vs number of cycles for the fatigue tests for the current
xperimental campaign (a); comparison with steel butt-welded joints [45] (b).

longated shape directed orthogonally to the build direction of the com-
onent, the Horizontal samples had their defects oriented according to
he applied load, while the Vertical ones were orthogonal to the test
irection. This means that higher stress and strain concentrations are
enerated on the Vertical samples’ defects, causing a higher sensitivity
o cyclic loads.

. Discussion

The fatigue behavior is a hot topic for LPBF products, especially
ecause their typical porosity and anisotropy reduce the predictability
f the fatigue life. The aim of the tests and analyses was to identify
he weakest part of welded samples, relate the fatigue life with the
uild direction of the LPBF part, and compare their S–N curve with
he EN1993-1-9 detail categories. The analysis demonstrated that the
10

ybrid welded butt joint respected the performance provision set by
EN1993-1-9 for butt joints (Detail category 90). It means that for
high cycle fatigue, LPBF products may have a comparable behavior to
homogeneous steel but-joint, and it opens new possibilities to AM in
the realm of construction.

Upon delving deeper into the experimental results, a correlation
emerged between the gradient of the S–N curve and the build orien-
tation of the LPBF elements, facilitating the discovery of distinct detail
categories. This indicates that the anisotropy of LPBF metals impacts
fatigue life, considering not only the dimensions and orientation of
internal defects but also their compatibility with the welded elements.

When comparing vertically oriented LPBF samples with their hor-
izontally oriented counterparts in the welded LPBF to conventional
AISI 316L, the former exhibited inferior fatigue behavior. This can
be attributed to the presence of transversely oriented internal defects
relative to the load direction. Furthermore, the strain energy density-
based analysis of the vertical and horizontal samples highlighted higher
SED values and discrepancies favoring the horizontal direction over
the vertical one. Although this finding carries significance, it should
be noted that research into the fatigue life of LPBF products intended
for structural applications remains in its nascent stages.

Similar findings were reported in previous studies [46,47]. Specifi-
cally, Beretta et al. [46] examined the influence of surface roughness on
the fatigue behavior of L-PBF AlSi10Mg printed in five different build
directions. The results of their fatigue testing demonstrated that the
horizontal specimens exhibited higher fatigue limits compared to the
vertical series.

However, the classification of the weakest points within LPBF hy-
brid products showed that the fatigue behavior is mainly a function of
roughness as shown in previous studies [48–51] causing stress concen-
tration effects [30,52]. In particular, Elangeswaran et al. [30] carried
out a fatigue test campaign on miniaturized LPBF samples, showing that
the non-machined surface exhibits a micronotch effect, leading to early
crack initiation. Machining removes these stress concentration sites,
resulting in enhanced fatigue performance. In the current study, among
the horizontal oriented samples, the most critical defect was identified
as the bonding between the weld seam and the LPBF steel. These joints
showed a lower sensitivity to internal defects in the LPBF steel, as
evidenced by the occurrence of run-out (10-H, 14-H, 15-H) when a
strong bond was formed between the weld seam and the LPBF element.
In contrast, when the samples incorporated a vertically oriented LPBF
part, the bond between the weld seam and the LPBF part proved to be
more robust compared to the material internal defects and the cracks
tend to locate in the LPBF HAZ.

8. Conclusions

In conclusion, this research aimed to investigate the fatigue life of
hybrid welded butt joints, which involved a hot-rolled plate welded
to an LPBF counterpart, both fabricated using AISI 316L. The primary

objective was to compare the application of conventional materials in
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Fig. 17. Fracture surfaces of the fatigue tests samples: (a) crack front located at the interface; (b) internal defects for the Vertical samples; (c) surface defects for the Horizontal
samples; (d) crack formation from single defect.
construction details with the potential application of metal Additive
Manufacturing (AM) through hybrid manufacturing techniques.

The study comprised two main parts. Firstly, the anisotropic be-
havior of hybrid specimens during the elastic phase was analyzed and
modeled. Calibration of the models was performed based on experimen-
tal static tests, considering the strain/stress relationship with respect to
the samples’ build direction. In the second part, the high cycle fatigue
of hybrid LPBF-quarto plate samples was investigated using the S–N
curves approach following ASTM E739-19 guidelines. The orientation,
geometry, and dimensions of defects were identified as the primary
factors influencing failure.

The findings of this study contribute valuable insights to enhance
the understanding of the fatigue life of LPBF products and identify
critical features that impact the fatigue life of joints. Notably, the study
revealed that the weld seam-LPBF steel interface was the most critical
defect when horizontally oriented LPBF parts were employed. More-
over, vertically built samples exhibited a shorter fatigue life compared
to their horizontally built counterparts.

These findings have significant implications for calculating the fa-
tigue life of structures. For samples perpendicular to the build direction,
the fatigue detail category may decrease by up to 30% when using a
nominal stress definition (𝛥𝜎𝑐 = 101 MPa vs 𝛥𝜎𝑐 = 145 MPa) and up to
37% when considering anisotropic behavior (𝛥𝜎𝑐 = 91 MPa). Therefore,
it is crucial to consider these factors and develop guidelines to facilitate
the potential application of LPBF products in the construction sector.

Furthermore, the results demonstrated that the hybrid welded butt
joint met the performance requirements set by EN 1993-1-9 for butt
joints, specifically achieving a fatigue detail category of 90. This indi-
cates that LPBF products exhibit comparable behavior to homogeneous
steel butt joints in terms of high cycle fatigue. Consequently, there is
11
considerable potential to effectively integrate these technologies into
actual structures, either for the realization of new joints or the localized
repair of damaged ones.
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