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Wire-Arc Additive Manufacturing (WAAM) is a metal 3D printing technology suitable
to realize large-scale elements of complex form. The deposition strategy of metal
can be either layer-by-layer, used for shells and solid parts, or dot-by-dot, resulting
in bars and lattice structures. This latter has in particular the potential to realize
new resource-efficient lightweight structural elements with reduced material use.
This paper investigates the structural performance of stainless steel bars produced
via Wire-and-Arc Additive Manufacturing (WAAM) using a dot-by-dot deposition
strategy. The study addresses the challenges posed by the non-uniform geometry
and mechanical properties of WAAM bars, focusing on their tensile, flexural, and
buckling behavior. Experimental tests, including tensile, three-point bending, and
compression, were conducted on bars with varying build angles and slenderness.
Results show that WAAM bars achieve yield and ultimate strengths comparable to
conventional 304L stainless steel, but with a notably lower and more variable
Young’s modulus (100-130 GPa), influenced by build orientation and crystalline tex-
ture. Three modeling approaches were assessed: nominal, effective, and real ge-
ometry (via 3D scanning), with finite element analysis highlighting the impact of
geometric irregularities on flexural stiffness and buckling resistance. The findings
support the development of design rules for WAAM structural elements, advancing
their application in resource-efficient, optimized metal structures.
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1 Introduction the mechanical performances of the printed parts. Several

researchers investigated different aspects of WAAM-

Over the last few years, metal additive manufacturing
(AM) has gained increased attention in various industries,
from aerospace to automation, from biomedical to con-
struction. Wire-and-Arc Additive Manufacturing (WAAM) is
an arc-based Directed Energy Deposition (DED) technol-
ogy that allows to reach high build rate at relatively low
cost compared to other metal AM-based technologies, thus
becoming suitable for large-scale applications [1,2]. With
the few geometrical limitations of this manufacturing tech-
nique, its application can potentially produce more effi-
cient, optimized structural elements with the same perfor-
mances but at reduced weight and environmental impact
[3-5]. Current drawbacks that limit the use of such tech-
nology in construction are the lack of structural design
code and the limited investigation on the repeatability of

produced alloys with specific focus on, among others: (i)
the different mechanical properties of the printed parts vs
the conventional parts; (ii) the influence of the build size
and printing parameters on the performances of the
printed parts; (iii) optimized shapes for more efficient
structural parts; (iv) hybrid manufacturing techniques to
combine WAAM with other materials and conventional
manufacturing [6].

With reference to the specific dot-by-dot deposition strat-
egy, successive drops of molten metal are deposited one
over the other, creating bars and lattice-like structures.
Recent efforts focused on the characterization of bars
printed with such deposition strategy, either in carbon
steel [7,8] or stainless steel [9,10]. In detail, the work by
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Silvestru et al.[8] addressed the structural behavior of car-
bon steel slender bars produced with dot-by-dot (or point-
by-point) WAAM strategy. The bars were printed with 8-
mm diameter and various levels of slenderness. Experi-
mental analyses were carried out to evaluate the level of
global imperfection of the bars, accounting for a buckling
curve type “c” from Eurocode 3. When comparing the load-
displacement curves obtained from simulations to those
from experiments, it could be noticed that the curves valid
for the simulations displayed a much steeper initial in-
crease in the pre-buckling part. This is attributed to unde-
sired deformability in the experimental setup, mostly at
the supports.

With the aim of proposing specific structural design rules
for the buckling behavior of WAAM dot-by-dot stainless
steel bars, this paper presents the results of an experi-
mental investigation aimed at assessing the plastic and
flexural properties of slender bars under various loading
conditions. For this reason, different groups of bars at var-
ious levels of slenderness were tested under tensile, bend-
ing and compression loading. First, the problem formula-
tion is introduced in Section 2. The experimental results
on tensile, bending and compression tests are then sum-
marized in Section 3, while Section 4 provides the first re-
sults of the numerical interpretations.

2 Problem formulation

This research is aimed at providing insights on the struc-
tural behavior of WAAM slender bars. The overarching goal
is to exploit the potential structural performances of a new
generation of resource-efficient WAAM-produced lattice-
based metal structural elements. The first proof of concept
of such disruptive concept is represented by the WAAM di-
agrid column fabricated in 2019 at MX3D and designed by
the research group of University of Bologna [10].

Real dot-by-dot WAAM stainless steel bars are character-
ized by non-uniform geometry and non-uniform mechani-
cal properties along their lengths. With specific focus on
their buckling behavior, this latter is governed by the
Young’s modulus of the bars’ material and the moment of
inertia of the bars’ cross-section. Due to the irregular na-
ture of real WAAM bars, the moment of inertia should be
in general considered non-uniform along the length z of
the bars (i.e. J=J(z)), while in general the elastic modulus
could not be assumed uniform and homogeneous along
the elements. For structural design purposes, dot-by-dot
WAAM stainless steel bars might be studied considering
three different modelling approaches (Figure 1), as pro-
posed in [9] with the purpose of evaluating their flexural
rigidity (E<J) based on the integration between the results
of geometrical and mechanical characterization together
with analytical or finite element models.

- Approach 1: a nominal cylindrical bar is used to model
the bar geometry. The cross-sectional moment of inertia
is calculated from the initial nominal diameter of the
printed bar (dr) and kept constant along the length of the
bar (J=J»). From this, a nominal flexural Young’s modulus
is obtained (Er=Efn).

- Approach 2: an effective cylindrical bar is used to model
the bar geometry. The cross-sectional moment of inertia
is calculated from volume equivalency and kept constant

along the length of the bar (J=Jer). In detail, the cross-
section is assumed circular, and from volume measures
the corresponding effective cross-sectional area is taken,
from which the effective moment of inertia was calculated
(see e.g. [9]). From this, an effective Young’s modulus is
obtained (Er=Ererr).

- Approach 3: the real geometry of the bar is used to
model the bar geometry. The real geometry is extracted
from discrete sections (at 1-mm distance) of a 3D-scanned
model of the real bar (J=Jrear=Jreal(z)). From this, a cali-
brated Young’s modulus is obtained from finite element
analysis considering a uniform material model (E=Efre).

In order to adopt Approach 3, all specimens then tested
(Section 3) were previously 3D scanned using a struc-
tured-light projection Artec Spider 3D scanner.
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Figure 1 Modelling approaches for WAAM bars
3 Experimental tests on dot-by-dot WAAM bars

3.1 Tensile tests

In order to assess the plastic behavior of WAAM stainless
steel bars, a first batch of 29 single bars produced at dif-
ferent build angles were tested under tensile loading. In
detail, the following sets of bars were tested: 10 bars with
0° build angle, 10 bars with 10° build angle, 9 bars with
45° build angle. The experimental results were presented
in detail in [11].
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The following key effective (i.e. based on the effective ge-
ometrical parameters as introduced in Section 2) mechan-
ical parameters were estimated from the experimental re-
sults: tensile Young’s modulus (E:), yield strength,
corresponding to the 0.2% proof strength (f,), ultimate
tensile strength (fu), and elongation at rupture (A«). Most
of the key effective parameters showed decreasing aver-
age values for increasing build angles. However, they also
presented coefficients of variation with values up to 12%
for ultimate tensile strength and 28% for Young’s modu-
lus. The values of yield and ultimate tensile strengths were
comparable with those of traditionally manufactured 304L
stainless steel, whereas Young’s modulus values (around
100-130 GPa) were much lower, as already observed
when considering specimens extracted from WAAM-
produced stainless steel walls manufactured using the
layer-by-layer printing strategy (see e.g. [12,13]). The re-
sults of the studies highlighted that the WAAM austenitic
stainless steel exhibits, in general, a strong crystalline tex-
ture. Hence, in order to interpret the macroscopic elastic
performance of this textured material, knowledge of the
single crystal elastic moduli is required. The Young's mod-
ulus of a single crystal in a specific direction depends on
the number and strength of its interatomic bonds, provid-
ing the values of the monocrystal elastic stiffness con-
stants. The values showed by the specimens oriented at
0° and 90° ranged around 110-140 GPa (close to those
observed ones for the WAAM bars), while much higher val-
ues were evidenced by specimens oriented at 45° (values
higher than 200 GPa). The microstructural analysis con-
ducted on dot-by-dot WAAM stainless steel bars evidenced
a texture formed from epitaxial grain growth, as evidenced
by microstructural analyses performed on bars (as de-
tailed in [11]). On the contrary, both the material and the
effective Young’s modulus values as measured from as-
built and machined carbon steel WAAM bars did not show
a significant difference from the typical value of conven-
tionally manufactured carbon steel (200 GPa). In that
case, the relative difference between the material and ef-
fective Young’s modulus values was less than 5%.

3.2 Three-point bending tests

The determination of the elastic flexural stiffness was car-
ried out by means of three-point bending tests. A total of
10 specimens of 250 mm length were tested. The set-up
consisted of two fixed cylindrical supports spaced at 200
mm to mimick cylindrical hinge supports. The concen-
trated load was applied at the mid-span of the bar through
an actuator in displacement control with a velocity of 2
mm/min, until the target displacement was reached. The
target displacement was set at 2 mm, leading to a re-
sponse that remained, overall, within the elastic limit. The
value of the target displacement was evaluated by assum-
ing isotropic material behavior and a Young’s modulus
value equal to Et=136.68 GPa based on the results of the
previous tensile tests, see e.g. [11]. Under this assump-
tion, the bending stress of the outermost fiber correspond-
ing to a mid-span vertical displacement of 2 mm would
result approximately equal to 200 MPa, thus lower than
the expected value of the yielding stress (corresponding
to the 0.2% proof stress approximately equal to 250 MPa
for bars printed at 0° build angle, see e.g. [10]). All tests
were carried out according to ISO 178 specifications. The
test was performed at the LASTM lab of the University of

Bologna using a 100 kN Amsler Wolpert testing machine
with switch cabinet. From each test the experimental value
of the elastic flexural rigidity was computed. First, the
pseudo-plateau region was identified (corresponding to
the linear branch of the force vs displacement response),
then the flexural rigidity value was determined by applying
the Ordinary Least Square Regression.

The results of three-point bending tests in terms of applied
force Fexp vs mid-span deflection dexp are shown in Figure
2. As expected, all the specimens tested up to a target
displacement of 2 mm experienced a similar almost-linear
elastic behavior. For each value of imposed vertical dis-
placement, the experimental flexural rigidity (Ed)exp Was
calculated according to Eg. 1. Once the pseudo-plateau re-
gion was visually identified (red dotted portion of the
graph), Ordinary Least Square Regression was used to fit
the branch.

FL3

B = 255

(1)

From these results, the flexural rigidity (EfJ)exp was esti-
mated. These values were then adopted to interpret the
results on the compression tests to extract the flexural
buckling behavior of WAAM stainless steel slender bars.
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Figure 2 Three-point bending test results

3.3 Compression tests

With the aim of assessing the flexural buckling behavior of
WAAM stainless steel bars, a total of 17 specimens with
different lengths were extracted from the specimens pre-
viously tested when subjected to three-point bending. The
scope of the experimental investigation is to use the flex-
ural stiffness from three-point bending tests to interpret
the results obtained from the compression tests and as-
sess the buckling behavior of dot-by-dot WAAM stainless
steel bars.

The bars of the original batch from three-point bending
tests (Section 3.2), also referred to as parent specimens,
were produced with fixed process parameters and WAAM
set-up. The same process parameters and WAAM set-up
were also adopted to fabricate the bars printed with 0°
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build angle and tested considering tensile loading (Section
3.1). All parents specimens had a total length of 250 mm
and a nominal diameter of 6 mm. From these, four differ-
ent groups of specimens at different lengths tested when
subjected to compression were formed. Further details can
be found in [14].

The specimens were tested under compression loading.
The compression tests were carried out at the Structural
and Geotechnical Engineering Laboratory (LISG) from Uni-
versity of Bologna. The testing machine is a Universal test-
ing machine with 200 kN compression capacity, together
with a QuantumX data acquisition system and software.
The axial deformation of the dot-by-dot WAAM specimens
was recorded by a linear variable differential transformer
(LVDT). The results of the compression tests of all 17 spec-
imens can be found in [14].

4 Numerical simulations

4.1 Flexural stiffness

FEA were carried out to estimate the flexural elastic mod-
ulus following Approach 3 introduced in Section 2. The FE
models were based on the real geometrical information
obtained through 3D scan acquisition to simulate the real
geometrical irregularities of the printed bars and assess
their influence on the flexural behavior. For the simula-
tions, the computer-aided engineering (CAE) software
Abaqus was used. The 3D-scanned geometry was meshed
with 10-node quadratic tetrahedral finite element
(C3D10).

The generation of the numerical models followed a two-
step strategy. First, the complex 3D geometry of the part
was reconstructed by lowering the resolution of the full 3D
scan model to a given target percentage. Then the mesh
of the FE model was created by considering tetrahedral
finite elements of a constant nominal size. A mesh sensi-
tivity analysis was carried out to select the proper mesh
size aimed at balancing the computational effort and the
accuracy in terms of global force-displacement response.
Further details are provided in [12].

The Ramberg-Osgood (RO) material model was adopted
for the constitutive model of the WAAM stainless steel re-
sulting from the dot-by-dot deposition process, consider-
ing the following initial values of the main parameters cal-
ibrated from the tensile tests on WAAM bars: elastic
modulus Eo= E:=137 GPa ,exponent n=8.59, 0.01% proof
stress (representative of the proportionality limit)
00.01=180 MPa and 0.2% proof stress (representative of
yielding stress) 00.=250 MPa. From the engineering
stress-strain curve adopted following the RO material
model, the true stress-strain curve has been calculated
and adopted in the FEA. In detail, an elastic-plastic behav-
ior has been modelled in Abaqus software.

For the application of boundary and loading conditions,
three reference points (RP) were set in terms of fixed
points defined by a set of coordinates. These points were
used to fix the position of both boundary conditions and
loading point for all the models. In detail, two reference
points (RP-1 and RP-2) were set at a relative distance

equal to 200 mm to simulate the position of the physical
hinge-supports of the experimental set-up. The third ref-
erence point (RP-3) was set at the mid-span where the
load is applied. The boundary conditions were set as: one
hinge (RP-1) and one roller (RP-2) applied as constraints
by tying the cross-sections corresponding to the support
sections and loading point at mid-span with the respective
reference points. The increasing load at the midspan is ap-
plied by monitoring the vertical displacement of RP-3. The
analysis is carried out as non-linear static in displacement
control of the midspan with an increment of 0.01 mm per
step. Figure 3 provides the graphical representation of one
dot-by-dot WAAM bar together with the reconstructed ge-
ometry from high-precision 3D scanning and the mesh of
FE model with an indication of the reference points and
constraints.

[—
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—

Figure 3 Graphical comparison between the real bar (top), the ge-
ometry obtained from the high-precision 3D scanning (mid) and the
FE model with indication of the reference points and constraints (bot-
tom)

The calibration of the flexural Young’s modulus Errs was
performed through an iterative procedure considering the
3D-scanned geometry of all specimens. A non-linear in-
cremental static analysis was carried out by applying an
increasing vertical displacement at the mid-span reference
point up to a value of 2 mm, corresponding to the target
displacement. From the results of the numerical simula-
tion, the force-displacement curve of the FEA was com-
pared with the one obtained from the experimental tests .
In detail, the two curves were compared in terms of rigid-
ity (EJ) values taken within the linear-elastic region of the
curve and applying the Ordinary Least Square Regression
(OLSR). From the obtained rigidity (EJ) values, the cali-
brated flexural elastic modulus was computed using the
corresponding average moment of inertia Jreal (Whose val-
ues are provided in [12]).

Figure 4 displays the deformed shape and the bending
stress contour of dot-1 specimen as obtained at the last
step of the simulated three-point bending test correspond-
ing to a mid-point vertical displacement of 2 mm. It can
be noticed that the peak stresses are around 250 MPa,
thus confirming that the specimen remained within the
elastic field during the whole test. The calibration proce-
dure was applied to all tested specimens. On average, the
value results equal to 113 GPa with a COV value equal to
8%. It can be noticed that the average flexural elastic
modulus obtained from FEA is much lower than the stand-
ard value of Young’s modulus of conventionally manufac-
tured stainless steel for structural applications, in the
range of 195-200 GPa.
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Figure 4 Deformed shape (magnified) and bending stress contour
map at the last step of the simulation

4.2 Buckling behavior

Adopting the same FE models as the ones used for the
flexural stiffness interpretation (Section 4.1), the com-
pression tests on very slender bars were numerically re-
produced. The scope of the analysis was to predict the
compression capacity of the slender bars through FEA
adopting near-real imperfected geometry from 3D scan
acquisition. For the analyses, the same material constitu-
tive models as the ones used and calibrated in Section 4.1
were adopted. Figure 5 shows the results in terms of ver-
tical compressive force vs vertical displacement curves of
the three experimental tests on slender bars (black
curves) compared with the ones of the three FE models
(red curves).

The numerical results are able to capture the compression
capacity (i.e. the maximum vertical compressive force) of
the slender bars within 10-15% maximum error. However,
it should be noted that the FE models do not well capture
the elastic behavior of the slender bars in compression.
This could be due to some issues in the experimental
boundary conditions adopted during the compression
tests, which altered the overall level of rotational restraints
of the bars. This result was also evidenced in a previous
work by Silvestru et al. [15], suggesting the need of fur-
ther investigations.

——dot-1 (exp)
— — dot-2 (exp)
—-—- dot-3 (exp)
——dot-1 (FEM)
— — dot-2 (FEM)
—-—- dot-3 (FEM) -
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Figure 5 Vertical compression load-vertical displacement curves for
the groups tested for compression

5 Conclusions

The present work provided an overview on the experi-
mental and numerical investigations carried out on stain-
less steel bars produced with dot-by-dot Wire-Arc Additive
Manufacturing (WAAM) technology.

The results are summarized as follows:

- Dot-by-dot (or point-by-point) WAAM bars are
characterized by non-regular geometry and non-
linear material behavior, which require additional
considerations when predicting their structural
behavior.

- With the aim of interpreting their structural be-
havior under various loading conditions, two
batches of stainless steel bars were tested under
tension, three-point bending and compression.

- The results under tensile loading proved the det-
rimental effect of the irregular geometry on the
mechanical behavior, increasing at increasing lev-
els of inclination of the build angle. Regarding the
elastic modulus, its value was estimated of around
138 GPa, well below the typical range of stainless
steel (of around 190-200 GPa). The results under
three-point bending were adopted to calibrate the
flexural stiffness of the slender bars. The results
proved that in general the flexural elastic modulus
differed from the tensile one. The results under
compression loading were used to first calibrate
buckling curves for dot-by-dot WAAM stainless
steel bars.

- Numerical simulations were carried out to cali-
brate the flexural stiffness from three-point bend-
ing and predict the compression capacity from
compression tests.

Overall, the results can be used as first sets of key me-
chanical parameters to be adopted for the structural de-
sign of WAAM-produced stainless steel parts. Further in-
vestigations are required to calibrate ad-hoc design values
and partial safety factors, in order to draw new structural
design codes and guidelines for digitally fabricated steel
structures.
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