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Summary: This paper investigates the fatigue performance of a hybrid transitional joint in an I-
girder stiffener using DED-Arc AM46 steel from a material and detail perspective. High-cycle
fatigue (HCF) tests were performed on machined/polished specimens extracted in horizontal and
vertical directions relative to the welding beads. The obtained results were used to define the
material S-N curve, showing behavior comparable to conventional S355 steel and a fatigue limit
of 371 MPa at 2 x 10° cycles. The hybrid joint was evaluated using linear static finite element
analysis and the Theory of Critical Distances. For all analyzed geometries and service load levels,
the effective stresses remained below the fatigue limit, indicating infinite life under the
considered loading. Experimental validation is required to confirm this behavior under realistic
manufacturing conditions.
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O DED-ARC HIBRIDNIM SPOJEVIMA U KONSTRUKTIVNOJ PRIMENI

Rezime: Ovaj rad istrazuje otpornost na zamor hibridnog spoja integrisanog u popreéno
ukruéenje I-nosaca kroz primenu DED-Arc AM46 ¢elika, analiza se sprovodi na nivou materijala
i konstruktivnog detalja. Visokocikli¢na ispitivanja su sprovedena na masinski obradenim i
poliranim uzorcima orijentisanim horizontalno i vertikalno u odnosu na pravac nanosenja
materijala. Na osnovu rezultata definisana je S-N kriva materijala. Rezultati pokazuju ponaSanje
uporedivo sa konvencionalnim S355 ¢elikom, uz trajnu dinamicku ¢vrstoéu od 371 MPa pri
2 x 10° ciklusa. Hibridni spoj je analiziran primenom linearne statitke metode konaénih
elemenata i teorije kriticnih rastojanja. Za razmatrane geometrije i nivoe eksploatacionog
opterecenja, efektivni naponi su ispod trajne dinamicke ¢vrstoce, §to ukazuje na beskonacan
zamorni vek pri razmatranom opterecenju. Eksperimentalna ispitivanja su potrebna u daljem radu
kako bi se procenio uticaj procesa izrade na otpornost na zamor.

Kljuéne reci: directed energy deposition-arc, AM46 &elik, visokocikli¢ni zamor, S-N Kriva,
hibridan spoj, zamorni vek
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1. INTRODUCTION

Steel structures rely extensively on welded joints and connections, which often introduces
geometric discontinuities, residual stresses and fabrication imperfections that result in stress
concentrations, leading to reduced fatigue life [1]. In steel bridges, fatigue damage is mainly
caused by cyclic traffic-induced stress histories [2], with welded details such as transverse
stiffener-to-  I-girder connections, often identified as fatigue-critical regions [2-4].
Simultaneously, additive manufacturing is increasingly being explored as an alternative
fabrication approach for producing optimized structural details with reduced stress
concentrations, improved geometric efficiency, fatigue performance and long-term durability [3].

Directed Energy Deposition-Arc (DED-Arc) is a promising fabrication technology for large-
scale steel applications, offering high deposition rates, material efficiency and reduced production
lead time [5]. Carbon steel feedstocks, such as AM46 steel, further support its structural and
economic viability. While DED-Arc enables complex and customized geometries, process-
induced features such as surface irregularities, porosity, residual stresses, material anisotropy,
and microstructural heterogeneity may affect its fatigue behavior [5-7].

Several studies have investigated the high-cycle fatigue (HCF) behavior of DED-Arc steels,
mainly ER70S-6 low carbon steel and stainless steels. Despite Ermakova et al. [7] reporting
orientation-dependent behavior under uniaxial, torsional and multiaxial loading, recent research
has shown that build orientation has limited influence on fatigue performance [8-10]. On the
contrary, surface condition was identified as the dominant factor affecting fatigue behavior, with
as-built irregularities leading to earlier crack initiation and reducing fatigue life compared to
machined specimens [6,11]. Post-processing techniques, such as machining and rolling, improve
fatigue performance by reducing surface waviness and stress concentrations. Furthermore, rolling
additionally introduces beneficial compressive residual stresses [12,13]. Porosity reduces fatigue
strength by acting as a crack initiation site, particularly in corrosive environments [14].

Existing studies on low carbon AM46 steel are rare in the literature and have mainly addressed
the influence of fabrication parameters on microstructure and monotonic mechanical properties
[15], while its cyclic behavior remains insufficiently understood, particularly at the component
level. This paper assesses the feasibility of advancing the design and fabrication of a hybrid
transitional joint integrated into an I-girder transverse stiffener, representative of a small-scale
bridge girder detail, through the adoption of emerging manufacturing technologies and materials.
The study is based on the detailed characterization of the HCF behavior of DED-Arc AM46
carbon steel and uses these findings to quantify the fatigue performance of the proposed
transitional joint detail.

2. METHODOLOGY

2.1. EXPERIMENTAL PROCEDURE

AMA46 steel wire supplied by Bohler Voestalpine, and having a diameter of 1.2 mm, was used
as the feedstock material. The material was manufactured using an ABB IRB 4600 robot
integrated with a Fronius TPS 400i welding machine and equipped with Cold Metal Transfer
(CMT) technology. The nominal chemical composition and mechanical properties provided in
the supplier’s data sheet are summarized in Table 1 and Table 2, respectively.

Table 1: Nominal chemical composition [wt.%] of AM46 steel wire [16]

C Mn Si
0.1 1.7 1.0




Table 2: Mechanical properties of AM46 steel wire [16]

Yield strength fy Tensile strength fy Failure strain g,
[MPa] [MPa] [%]
480 580 24

Using the process parameters summarized in Table 3, 390 x 200 x 8.1 mm walls were
fabricated using a single-bead deposition strategy, as illustrated in Figure 1(a), where each layer
consisted of one continuous welding pass along the wall length. To achieve a more uniform heat
distribution, the deposition direction was alternated between successive layers i.e., the first layer
was deposited from right to left and the following from left to right.

An M21 shielding gas mixture consisting of 82% Ar and 18% CO: was applied throughout
the deposition process at a constant flow rate of 20 L/min. Thermal history was characterized
through the Ats/s cooling time, corresponding to the cooling interval between 800 °C and 500 °C
obtained from the recorded temperature profiles. The interpass temperature was maintained
below 250 °C during deposition.

Table 3: Deposition parameters used in the fabrication of wall plates
Wire diameter | Current Voltage | Welding speed | Wire feed speed | Heat input

[mm] [A] V1] [mm/s] [m/min] [kI/mm]
1.2 150 21.3 6.0 4.7 0.5
22
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Figure 1: (a) Geometry and deposition strategy of the DED-Arc walls and schematic layout
used for specimen extraction; (b) geometry of HCF specimens (units: millimeters)

The HCF specimens, with the geometry shown in Figure 1(b), were extracted from DED-Arc
wall plates in two orientations relative to the welding beads, with nominal thickness of 5 mm:
horizontal (0°) and vertical (90°). Fatigue tests were performed under force-controlled loading at
a stress ratio R = 0, with stress levels ranging between 70% and 90% of the tensile strength. Four
stress ranges were considered, with three repetitions conducted at each stress level. In total, 18
specimens were tested, 9 specimens per orientation.

2.2. HYBRID TRANSITIONAL JOINT

A linear static finite element analysis was conducted in Abaqus to investigate a hybrid
transitional joint incorporated within a central transverse stiffener of a 6 m long S355 steel I-
girder, as shown in Figure 2. The girder was designed in accordance with EN 1993-1-1, EN 1993-
1-8 and EN 1993-1-9 [17-19] for a stress range of Ac =250 MPa (R = 0). The hybrid joint was



formed by replacing the lower portion of the stiffener with a DED-Arc-fabricated component,
while the remaining stiffeners were conventionally welded. Two DED-Arc component
geometries were investigated, with bottom widths of 40 mm and 150 mm, respectively. Both
components had a height of 40 mm and a length of 130 mm. The numerical models were based
on idealized geometries, and did not account for surface irregularities, porosity, residual stresses,
material anisotropy, and microstructural heterogeneity typically associated with the DED-Arc
manufacturing process.
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Figure 2: Hybrid transitional joint and corresponding DED-Arc component geometries

The finite element model included two materials. DED-Arc AM46 carbon steel was used for
the additively manufactured component, with material properties taken from the previous
mechanical characterization. To obtain a more conservative numerical model, the properties of
the horizontal specimens were adopted. S355 steel was used for the remaining girder components,
with material properties defined according to EN 10025-3 [20]. Both materials were modeled as
linear elastic, defined by the Young's modulus and Poisson's ratio, the latter taken as 0.3 for each.
The corresponding material properties are summarized in Table 4.

Table 4: Mechanical properties of DED-Arc AM46 and S355 steel

Material Young’s Yield Tensile Failure
modulus E strength fy strength fy strain gy

[GPa] [MPa] [MPa] [%]

S355 210 345 470 22

Vertical 183 407 505 16

DED-Are Horizontal 180 407 517 17

The I-girder was modeled as a simply supported beam subjected to four-point bending, with
load application points located at 1 m from midspan, see Figure 3(a). The displacement-controlled
analysis was performed for two service load levels, corresponding to 60% and 80% of the beam
resistance [21, 22]. The force level associated with each load level was determined, and the
corresponding vertical displacement was then applied in the finite element model. These applied
vertical displacements were 14.04 mm and 18.86 mm for the 60% and 80% service load levels,
respectively. The left support was defined as pinned, while the right support was defined as a
roller, allowing longitudinal movement and preventing restraint-induced tensile stresses in the
girder flange.

The finite element mesh primarily consisted of hexahedral elements (C3D8R), while
tetrahedral elements (C3D10) were used in geometrically complex regions where a structured
mesh could not be generated, see Figure 3(b). Local mesh refinement was applied in the critical
stress region of the bottom flange and DED-Arc component. A mesh sensitivity study was



performed through progressive refinement, with the final mesh defined by an element size of 4
mm in the bottom flange and in the longitudinal direction of the DED-Arc component, and 1.5
mm in the transverse direction of the DED-Arc component.
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Figure 3: Finite element model: (a) support and load application points; (b) finite element mesh

2.3. ANALYSIS PROCEDURE

The fatigue analysis combines the experimentally derived S-N curve of the DED-Arc material
with the linear-elastic stress field obtained from the I-girder finite element model. The critical
stress concentrator in the hybrid joint is identified based on the maximum principal stress, and
the local stress profile is extracted along a path perpendicular to the toe line at that location.

To account for the mesh-induced stress singularities affecting the extracted stress profile, the
Theory of Critical Distances (TCD) is applied to determine representative effective stresses using
the Point Method (PM) and Line Method (LM) [23]. Both methods are formulated based on the
elastic stress field near the critical location. The el Haddad parameter ao [24], representing the
material characteristic length, is determined using Eq. (1) and then used to obtain the critical
distances D for the two methods according to Eq. (2) and Eq. (3). In the Point Method, effective
stress is obtained from the extracted stress profile as the stress value located at the critical distance
Dpwm from the maximum-stress location. In the Line Method, effective stress is determined from
the same stress profile by integrating stress distribution over the critical distance D m and
normalizing it by Dym.

The effective stress ranges obtained from the PM and LM are used as input to the
experimentally derived S-N curve of the DED-Arc material to determine the fatigue life of each
geometric configuration. This enables the fatigue performance of the hybrid transitional joint to
be estimated and compared across the investigated configurations.

1 /AKyy,
%o = E(Aao ) (1)




where:

7 is the mathematical constant,

AK,, is the stress intensity factor range at the threshold,
Aay, is the fatigue strength of the unnotched part.

Dpy = % )
Diy = 2a, (3)

Note that, the stress intensity factor range at the threshold, AKy,, is not a single material
constant, as it depends on factors such as stress ratio, microstructure, mean stress, temperature,
and environmental conditions.

3. RESULTS & DISCUSSION

3.1. HIGH-CYCLE FATIGUE BEHAVIOR

The applied stress amplitudes were defined based on the tensile strengths of the horizontal
and vertical specimens, which were 517 MPa and 505 MPa, respectively, as shown in Table 4.
Specimens that reached an infinite life defined at Nf > 2 x 10° were retested at a higher stress
amplitude. The stress amplitude-number of cycles to failure relationship is presented in Figure 4,
along with literature data for S355 structural steel [25]. The figure also includes the fitted
experimental S-N curve corresponding to a 50% survival probability, shown as a solid black line,
and the 2.5% and 97.5% survival bounds, shown as dashed red lines and obtained by shifting the
50% survival curve by two standard deviations while keeping the same slope. The fatigue limit,
defined at 2 x 10°cycles on the 50% fitted curve, corresponds to a stress amplitude of 185 MPa,
or equivalently a stress range of 371 MPa. The experimental results show good agreement with
the fatigue behavior reported for S355 structural steel [25], and although some scatter is observed
in both orientations, the horizontal and vertical specimens exhibit similar fatigue behavior overall.
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Figure 4: HCF experimental results with fitted S-N curve and 2.5% and 97.5% survival
probability bounds



3.2. STRESS ANALYSIS

The maximum principal stresses in the DED-Arc component, as per the finite element
analysis, were identified in the vicinity of the end of the transition zone, as illustrated in Figure
5(a), corresponding to the critical weld toe region. From this location, a stress evaluation path
was defined perpendicular to the toe line and extending away from the DED-Arc component.
Figure 5(b) illustrates the extracted stress profiles for the two DED-Arc component geometries
under investigation, corresponding to widths of 40 mm and 150 mm. The labels 0.6BR and 0.8BR
refer to the applied service load levels, corresponding to 60% and 80% of the beam resistance,
respectively.

The critical distances required for the TCD analysis were calculated according to Egs. (1)-(3),
using AKy, = 16.12 MPay/m, obtained from the crack growth results reported by Mendez-Morales
et al. [26] for WAAM carbon steel and a stress ratio of R = 0.05. The extracted stress profiles
were then analyzed using TCD to determine effective stresses, as illustrated in Figure 5(c), with
the corresponding values summarized in Table 5.
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Figure 5: (a) location of the maximum principal stresses and evaluation path; (b) extracted FE
stress profiles; (c) TCD-based effective stress evaluation using PM and LM

Table 5: TCD effective stresses for the DED-Arc components

60% Beam Resistance 80% Beam Resistance

40 mm 150 mm 40 mm 150 mm
AGesipm [MPa] 149.3 229.2 172.0 264.3
AGest, v [MPa] 148.9 228.6 171.7 263.8

The TCD effective stress ranges were compared with the fatigue limit defined at 2 x 10°
cycles obtained from the 97.5% fitted S-N curve, which represents the design curve
corresponding to a 2.5% probability of failure. This fatigue limit corresponds to stress ranges of
309 MPa. Since effective stress ranges obtained for investigated configurations remain below this



fatigue limit, configurations are considered to operate below the endurance limit. Accordingly,
infinite life is assumed for the applied service load levels.

It should be noted that this study represents a preliminary fatigue  assessment based on
constant-amplitude loading, with stress ranges derived from a linear static finite element model.
Further work will consider variable-amplitude cyclic loading and realistic manufacturing
conditions.

4. CONCLUSIONS

This paper investigated the fatigue performance of a hybrid transitional joint incorporated
within an I-girder stiffener, supported by high-cycle fatigue characterization of DED-Arc AM46
steel. High-cycle fatigue tests were conducted on machined/polished extracted in vertical and
horizontal orientations. The tests were performed under force-controlled loading at a stress ratio
of R =0, with stress levels ranging from 70% to 90% of the tensile strength.

The hybrid transitional joint was numerically analyzed within a 6 m long S355 steel I-girder.
The joint was incorporated within the central transverse stiffener by replacing its lower portion
with a DED-Arc-fabricated component, while the remaining stiffeners were conventionally
welded. Two DED-Arc component geometries were analyzed, corresponding to widths of 40 mm
and 150 mm. The numerical model was subjected to displacement-controlled four-point bending
at two service load levels, representing 60% and 80% of the beam resistance.

Based on the results obtained in this study, the following conclusions can be drawn:

- The tested material showed good agreement with literature data for conventional S355 steel,
indicating comparable fatigue performance for the analyzed DED-Arc material. The fatigue limit,
defined at 2 x 10cycles on the fitted S-N curve corresponding to a 50% survival probability, is
a stress range of 371 MPa.

- The finite element analysis identified the end of the transition zone at the flange as the critical
region of the hybrid transitional joint. Following the TCD-based evaluation, the effective stresses
obtained for both DED-Arc geometries and service load levels were below the material fatigue
limit. Accordingly, the investigated configurations remain below the endurance limit, indicating
infinite life under the considered service loading. This conclusion applies to the idealized
numerical geometry used in the finite element model.

Surface irregularities, porosity, residual stresses, material anisotropy or microstructural
heterogeneity associated with the DED-Arc process were not included in the analysis. These
manufacturing-induced features may accelerate fatigue crack initiation and reduce fatigue
performance compared with the idealized model. Therefore, although the numerical results
indicate promising behavior of the analyzed hybrid transitional joint, experimental testing of
fabricated specimens is required to confirm its fatigue performance under realistic manufacturing
and loading conditions.
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