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Abstract

With the advent of a new arc-based additive manufacturing (AM) process, referred to as Wire-and-
Arc Additive Manufacturing (WAAM), the scale of the metal printed parts increased up to several
meters, thus becoming suitable for large-scale applications in marine, aerospace and construction
sectors. However, specific considerations in terms of geometrical and mechanical properties ought to
be made in order to effectively use the printed outcomes for structural engineering purposes. The
introduction of the novel printing strategy referred to as “dot-by-dot”, consisting in successive drops
of molten metal, enabled the use of WAAM for complex lattice structures, made by continuous grids
of WAAM bars. Nevertheless, their proper design requires an accurate evaluation of the influence of
the non-negligible inherent geometrical irregularities on the mechanical response of the bars. Hence,
extensive experimental work is needed in order to evaluate the mechanical response of WAAM bars
with geometrical imperfections.

The present study is thus focused on the assessment of the mechanical response in tension of WAAM-
produced 304L stainless steel small bars in terms of key effective mechanical parameters. As such,
the mechanical characterization through tensile tests is supported by microstructural investigations
and detailed studies on the geometrical features. Three batches of bars are studied, each one printed
at different build angles representative of limit cases for practical applications. The microstructural
analysis confirms the preferential grain orientation typical of WAAM process for all three build
angles. The results of the geometrical and mechanical characterization clearly evidence the non-
negligible influence of the inherent geometrical imperfections on the mechanical response in tension
of the printed bars, with a detrimental effect of the build angle on the main key effective mechanical
parameters. Overall, the results highlight the need of specific investigations on both geometrical and

mechanical properties of WAAM bars for structural design purposes.
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1. Introduction
Among different metal-based Additive Manufacturing (AM) processes, Wire-and-Arc Additive
Manufacturing (WAAM) results to be the most suitable for construction applications to realize large
structural components and real-scale structural elements with ideally no geometrical limitations in
shape and size, while still maintaining good mechanical performances [1-3]. In the last few years,
various research studies focused on the microstructural and mechanical features of different WAAM
processed metals, such as steels [4-16], titanium [17-19] and aluminum alloys [20-23]. Regarding
WAAM of steels, recent studies investigated their mechanical response with specific reference to the
inherent issues proper of the printing process, i.e. the anisotropic nature of the printed parts [5—
8,14,16,24] and the geometrical irregularities which might affect their mechanical behavior [25,26].
The first explorations of WAAM applications in construction were conducted with the layer-by-layer
deposition strategy, to realize planar (shell) elements by deposition of successive layers of molten
metal, see e.g. [27-29]. More recently, an alternative single-cycle deposition strategy (also referred
to as skeleton WAAM [30] and hereafter as “dot-by-dot” deposition) was investigated to realize bars
and lattice elements [31] through the deposition of successive drops of molten metal. Current research
is also investigating the application of the printed bars as steel reinforcement for innovative 3D-
printed concrete structures [32,33]. Nonetheless, given the novelty of the printing strategy, the
reported research activity on this technique is still very limited [34-36].
WAAM-produced elements are generally characterized by specific features related to the printing
process which should be properly investigated: (i) different material properties with respect to the
conventional wrought counterpart; (ii) possible anisotropic mechanical behavior with respect to the
printing direction; (iii) geometrical irregularities related to the WAAM deposition strategy (either
layer-by-layer or dot-by-dot). Therefore, it becomes crucial to study WA AM-produced parts from the
microstructural, geometrical and mechanical point of view in order to assess their mechanical
response for structural design purposes.
Over the last years, the authors have been studying the microstructural and mechanical features of
WAAM-produced ferrous and non-ferrous metals (304L austenitic stainless steel and 5083 aluminum
alloy) [25,37—42]. With specific focus on the austenitic stainless steel, the results revealed a marked
orthotropic nature, related to the strongly oriented microstructure [40]. The mechanical
characterization highlighted appreciable differences in the tensile response of specimens oriented at
different directions with regard to the printing layers [38]. Moreover, specific studies were carried
out to evaluate the influence of the geometrical irregularities and surface roughness on the mechanical

response of as-built WAAM plates [25].
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As for the layer-by-layer printed plates, also dot-by-dot printed bars need to be studied in terms of
mechanical response accounting for their inherent geometrical irregularities. Indeed, a typical
WAAM bar has one main building direction and a nominal constant cross-section (corresponding to
the weld drop). Hence, for structural design purposes, it can be ideally assumed as a straight
cylindrical element having circular cross-section with constant along-the-length area, even though
the actual printed outcome is characterized by non-negligible lack of straightness and cross-section
variation, due to the spot-like deposition. Concerning the mechanical behavior, given the bar
geometry and the relatively small cross-section (usually of the order of 5 to 6 mm diameter) of the
specimens to be tested, machining process becomes quite challenging and costly for practical
applications. Hence, specific considerations on both geometrical and mechanical features of as-built
printed bars should be addressed.

Another important aspect specific of the dot-by-dot printing process is the relative inclination of the
torch and the nozzle. In this regard, very recently, Silvestru et al. [35] performed an investigation on
WAAM-produced mild steel bars printed at different inclinations of the build angles (e.g. the
inclination of the printed bar with respect to the vertical gravity axis) and nozzle angles (e.g. the
inclination of the nozzle with respect to the printed bar) by means of 3D laser scanning, tensile tests
and non-linear finite element analysis. The results of the study indicated that both the built angle and
the nozzle angle have a detrimental effect on the geometrical irregularities (variation along the length
of the cross-sectional area), while they did not provide a significant effect on the mechanical
properties as evaluated on machined specimens. On the other hand, the as-built bars evidenced non-
negligible reduction on strength, elongation and ductility.

This study aims at providing the first results on an extensive work devoted to assess the mechanical
response of WAAM stainless steel bars for structural design purposes. In particular, the study here
presented is focused on the mechanical response in tension of single bars printed at three different
build angles. The results are aimed at evaluating the influence of both build angle and geometrical
irregularities (proper of the selected printing process) on the mechanical properties. For this purpose,
detailed geometrical characterization is carried out on two levels: (i) a specimen-to-specimen
characterization to assess the variability of the geometry within the same batch, and (ii) an inherent
characterization on the single bar to assess the variability of the geometry along the element.
Additional microstructural investigations are also provided through conventional metallographic
analyses, based on the use of optical and scanning electron microscopy. The mechanical response is
then estimated through tensile tests on as-built bars to assess the key effective mechanical parameters

of WAAM bars useful for structural design purposes.
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The paper is organized as follows. Section 2 provides the problem formulation by introducing the key
aspects influencing the mechanical response of a bar with imperfections through a simple mechanical
model. The aim is to highlight, from a qualitative point of view, the potentially major influence of
both geometrical irregularities and material constitutive behavior on the global force-elongation
response of steel bars with imperfections. Section 3 illustrates the aim and the methods adopted to
carry out the experimental tests, whose results are reported in Section 4. Section 5 provides an
interpretation of the mechanical response of WAAM bars based on the experimental results. Some

concluding remarks and recommendations are finally drawn.
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2. Problem formulation of the mechanical response of a steel bar with

geometrical imperfections
2.1 General case of a steel bar with geometrical imperfections

Generally speaking, the mechanical behavior of a steel bar can be severely affected by the presence
of geometrical imperfections (e.g. cross-sectional variations along the longitudinal axis), especially
when considering ultimate deformation capacity. A relevant example is represented by the
phenomenon of the pitting corrosion of prestressing strands and rebars that may cause severe
reductions of ultimate strength and deformation capacities [43—45] up to catastrophic failure (e.g.
Polcevera bridge in Northern Italy [46,47]). In fact, in such case the axial stress field induced by an
external axial load is not uniform along the element length and local stress concentrations and early
plasticization may occur with the remaining part still in the elastic phase. This leads to premature
failure with limited ductility capacity. The influence of local stress concentration and plasticization
in the global force-elongation capacity of the single bar strictly depends on the specific type of
geometrical imperfections and on the material constitutive model [48].

For a first appraisal of the influence of these aspects on the tensile response of a steel bar with a
geometrical defect, an element of length Ly with an idealized defect is considered. The ideal defect is
localized in a portion of length L. (which can be described by the dimensionless parameter A=L./Ly)
characterized by a reduced cross-sectional area 4. (which can be described by a dimensionless
parameter p=A./Ao, where Ay indicates the cross-sectional area of the defect-free bar). At first
approximation, the damaged element can be modelled by two non-linear springs connected in series.
The graphs of Figure 1 reproduce the qualitative force-elongation behavior of the whole damaged
element as compared to the corresponding undamaged one. The behavior is studied by considering
three different constitutive models: an elastic-perfectly plastic (EPP) model, an elasto-plastic with
hardening (EPH) model and a non-linear Ramberg-Osgood (RH) [49] model. Two different steel
types are also considered: low-strength/high-ductility steel and high-strength/low-ductility steel (i

indicates the material ductility).
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Figure 1: (a) Mechanical model of a bar with geometrical imperfections, Force-elongation of a metal bar
with a single geometrical defect (characterized by p=0.9 and 2=0.01) for (b) high-ductility (u.=100)

material behavior and (c) low-ductility (u.=10) material behavior.

Fig.1 b and c clearly show the very large variability of the force-elongation behavior in tension due
to the coupling of geometrical irregularities and non-linear material constitutive behavior. Hence,
from a structural design point of view it becomes of high interest to assess the whole element’s
response when subjected to tensile force with specific focus on the influence of the geometrical
irregularities.

For the present study, the WAAM bars are studied at a macro scale through geometrical and
mechanical characterization to derive the effective stresses and strains evaluated from the whole

force-elongation response.
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2.2 Specific case of WAAM bars

Dot-by-dot printed elements are produced through successive deposition of metal droplets along the
main axis (z-axis). This results in 3D elements (bars) of constant nominal diameter directly related to
the drop of liquid metal, with one main growing direction. Usually, for current printing technologies
the nominal diameter of WAAM bars varies within the range of 4 to 8 mm [50]. However, for dot-
by-dot printed bars the successive deposition of metal droplets causes a variation of their real diameter
along the height of the bar of the order of around 0.5 mm, resulting in a visible surface roughness,
similarly to the one generated by the layer-by-layer deposition for continuously-printed plates [25].
Additionally, the deposition process can also induce some lack of straightness due to inaccurate
positioning of the torch, which should also be investigated (Figure 2a). Hence, with regards to dot-
by-dot WAAM bars, the deposition strategy results in a non-uniform circular cross-section and non-
straight longitudinal axis (formed by the polyline connecting the centroids of each circular cross-
section).

The nominal geometry of the digital model for the investigated WAAM bars consists in a uniform
full cylinder with straight longitudinal axis (coincident with z-axis of the cylindrical coordinate
system, Figure 2b). The geometry is described by the nominal bar height (/) and the nominal cross-
sectional diameter (d,). The real geometry of a WAAM bar is, instead, more complex and can be
described by a solid element with non-uniform circular cross-section varying along its length and a
non-straight longitudinal axis (Figure 2c). The coordinate system adopted for the geometrical
description has the origin in the centroid of the base cross-section (e.g. C(z=0)) and the z-axis
corresponding to the one connecting the centroid of the base cross-section and the one of the top

cross-section (e.g. C(z=H)).
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Figure 2: (a) Close-up view of the geometrical description of WAAM bars (printed at 45° and 0° build angle,

respectively, bars printed at 10° build angle resulted similar to those at 0°, hence not included); (b) digital
model and (c) corresponding printed element of a WAAM bar and (d) detail of one real cross-section; (e)
nominal, real and effective cross-sections of the WAAM bar. (f) effective vs actual (true) stress fields.

As a consequence of these geometrical irregularities, it is clear that a detailed description of the
mechanical tensile response of the real WAAM bar would require the evaluation of local true stress
and strain values. These values vary along the longitudinal axis due to the variation of the cross-
sectional area along the length of the bar (4=4(z)) and due to the presence of small eccentricities due
to the lack of straightness, possibly inducing also additional bending stresses (Figure 2f). Such
detailed evaluation would require ad-hoc measurements during experimental tests (e.g. with the use
of optical monitoring systems) and complex digital twins, see e.g. [3,27].

As an alternative, from a structural design point of view, the mechanical response of the entire real
WAAM bar could be described in terms of effective mechanical parameters (e.g. effective stresses
and strains) which are associated to the effective volume-equivalent cross-sectional area A4y uniform

along the whole length of the element as follows:

F
Gy = (1
A@fi’
AL
£ === 2
eff LO ( )

Clearly, such effective parameters could be adopted for the design of WAAM bars having the same

geometrical properties and realized with the same printing parameters as the ones studied hereafter.

10
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3. Experimental tests on WAAM bars
3.1 The aim and approach

The aim of the experimental work is to assess the mechanical response of WAAM bars for structural
design purposes. From the mechanical point of view, the response is studied under different loading
conditions: tension, compression and bending. The tests are carried out on as-built bar, considering
the real conditions at which they will be subjected for construction applications (i.e. with no post-
processing milling treatments). The results of the experimental tests are then interpreted in terms of
effective quantities (i.e. effective stresses and strains) accounting for the variability and possible
detrimental effects associated to the inherent geometrical irregularities. Detailed microstructural
analyses are also carried out to highlight the microstructure features of WAAM dot-by-dot stainless
steel, also considering possible defects.

The present study is focused on the results of tensile tests carried out on WAAM bars by estimating:
(1) the geometrical irregularities of both the single specimen (inherent variability) and of the entire
batch (specimen-to-specimen variability), (ii) the microstructural features proper of the selected
printing process, (iii) the effective mechanical parameters for structural design purposes. Table 1
summarizes the specimens’ characteristics and tests.

In order to account for the possible influence of the printing direction (with respect to the vertical
axis) on the overall mechanical response of the printed bars, three different build angles (b-a) are
considered, consisting in the angle between the axis of the WAAM bar (z-axis) and the vertical axis
(perpendicular to the base platform). The nozzle angle (n-a), consisting in the angle between the axis
of the WAAM bar (z-axis) and the nozzle axis, was set equal to 0° for all batches. In detail, the
specimens were printed with build angles equal to 0° (dot-0), 10° (dot-10) and 45° (dot-45) (Figure
3). The case of 0° and 45° build angles correspond to the common limit conditions (0° and 45°) for
practical applications. The case of 10° build angle corresponds, instead, to a commonly adopted value

for lattice structural elements (see e.g. [31]).

11
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Figure 3: Graphical representation of the WAAM bars printed with three different build angles (b-a):0°
(dot-0), 10° (dot-10) and 45° (dot-45).

Table 1: Summary of specimens’ characteristics and tests.

Build
angle

Specimen ID

Nominal
length

Nominal
diameter

Geometrical
characterization

Mechanical
characterization

Quantity

OO

dot-0

H,=250 mm

d,=6 mm

Hand
Volume
3D scan

Tensile

10

10°

dot-10

H,=250 mm

d,=6 mm

Hand
Volume

Tensile

10

45°

dot-45

H,=200 mm

d,=6 mm

Hand
Volume
3D scan

Tensile

3.2 Material and process

The WAAM bars studied in the present work were produced by MX3D [51] with Gas Metal Arc
Welding (GMAW). A commercially-available ER308LSi stainless steel welding wire (1 mm

diameter) grade, supplied by Oerlikon [52], was used as feedstock wire. The nominal chemical
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composition of the wire is reported in Table 2. Welding speed and wire feed rate were 15-30 mm/s
and 4-8 m/min, respectively. The employed shield gas was 98% Ar and 2% CO: at a flow rate of 10-
20 L/min, the current and arc voltage of the deposition process were 100-140 A and 18-21 V
respectively, while the deposition rate was 0.5-2 kg/h. Values of the process parameters are provided
within typical ranges adopted by MX3D. For further information the interested reader could refer
directly to MX3D. The substrate was a printing plate of 1000 x 1000 x 30 mm, with welded H-type

beams as support.

3.3 Chemical and microstructural characterization

The chemical composition of WAAM bars was verified by Glow Discharge Optical Emission
Spectroscopy (GDOES), with a sputtered burnt spot of 2.5 mm diameter. Microstructural
characterization was then carried out in order to relate the mechanical parameters to the
microstructural features typical of additively manufactured parts. Samples for microstructural
characterization were extracted from dot-0, dot-10 and dot-45 bars. In the analyses, two directions
were considered: the longitudinal one (i.e. parallel to the z-axis, as defined in Figure 2) and the
transverse one (i.e. perpendicular to the z-axis). Metallographic sections were embedded in a phenolic
resin and polished up to a mirror finish by following standard metallographic preparation techniques
[53]. Chemical etching with 20 s immersion at ambient temperature in Vilella’s reagent (1 g picric
acid, 5 mL hydrochloric acid and 100 mL ethanol [54]) was adopted to reveal general microstructural
features. The presence of ferrite was then confirmed using a specific color etching, described in [55].
Etched metallographic sections were observed by means of optical and field emission gun scanning
electron microscopy (FEG-SEM). An energy-dispersive spectroscopy (EDS) system, available inside
the FEG-SEM microscope, was employed for semi-quantitative compositional microanalyses. In
addition, to further investigate fracture path and failure mechanisms, also samples extracted along the
longitudinal axis of bars, in a region close to the fracture surface, were subjected to the same

metallographic preparation described above and then observed with an optical microscope.

3.4 Geometrical characterization

Given the non-uniform cross-section and not-perfectly-straight longitudinal axis, the geometrical
characterization consisted in: (i) evaluating the real cross-sectional area along the longitudinal axis;
(i1) identifying the shape of each cross-section (if it can be assumed as circular at first approximation);

(ii1) identifying the real longitudinal axis (corresponding to the polyline connecting the real cross-

13
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sectional centroids); (iv) evaluating the volume-equivalent cross-section (for the evaluation of the
effective stresses).

First, the specimen-to-specimen geometrical variability was assessed for all specimens then tested
under tensile loading condition. For each of them, the estimation of the volume-equivalent, or
effective, cross-sectional area (4) of each specimen was taken by means of volume measurements,

based on the Archimedes’ principle, as also adopted in [25,26]. From them, the effective diameter is

f4A
computed as d,, = — (Figure 2¢). The measures were taken for each entire specimen before
V4

testing. This procedure was previously applied for as-built specimens taken from WAAM-produced
plates, as also presented in [25,26].

Then the local geometrical measurements were performed through 3D scanning technique
considering two WAAM bars (printed at 0° and 45° build angles). From the 3D model, a total of 120
cross-sections (equally spaced at 2 mm) along the length of each specimen were extracted, from
which information regarding the cross-sectional diameter and centroid was analyzed. A structured-
light projection Artec Spider 3D scanner [56] was used for the 3D scan acquisition. The 3D model of
the scanned bar consisted of around 40 million triangular elements, with a medium-points spacing of
about 0.10 mm.

In detail, for each considered cross-section (located at height z) of the real WAAM bar, the cross-
sectional area A e.= Area(z) and the corresponding centroid Crea/=Crea(z) were measured. In addition,

from the cross-sectional area 4.« an equivalent cross-sectional diameter was identified as follows:

,4/1 : . D
d., = —= . The equivalent real diameter d.ar Was computed considering that the shape of the
/1

cross-section is close to that of a circle. This assumption is in line with the digital input model used
for the printed bars (see Section 2.2). The discrepancies from the circular shape were computed
comparing the values of the two sides of the circumscribed rectangle (L, L,) with the equivalent
diameter d,.. (see Figure 2c). Then, the identification of the real longitudinal axis was performed by
connecting the centroids Cr.. (corresponding to the center of mass of each cross-section) of all

sections.
3.5 Mechanical characterization

The tensile tests were performed on a universal testing machine of 500 kN load capacity at the

Structural Engineering labs of University of Bologna.

14



The tensile specimens were tested under displacement control with a velocity corresponding to a
stress rate of 2 MPa/s according to [57]. A linear deformometer (50 mm gauge length) was adopted

to detect the effective strain of the specimens up to yielding (Figure 4).

(a) (b)

Figure 4: (a) Tensile test set-up, (b) typical tensile failure for a dot-0 specimen.

The tensile tests were performed on a total of 29 specimens (10 at 0° build angle, 10 at 10° build
angle and 9 at 45° build angle). Elastic Modulus (£), 0.2% proof stress (Rpo.2), ultimate tensile
strength (UTYS), elongation to failure (4+) and element’s ductility (u.) were evaluated from the
effective stress-strain curves. After the tensile tests, fracture surfaces were analyzed at low
magnification by means of a 3D digital microscope and by FEG-SEM, coupled with EDS, for a high

magnification investigation.

15



Vickers hardness measurements (HV1) with a 1 kg load and 15 s dwell time were performed on
polished sections extracted from the WAAM bars along the direction parallel and perpendicular to

the z-axis.

16



4. Main experimental results

4.1 Compositional analysis

Chemical composition evaluated by GDOES on the printed bars is reported in Table 2 and compared

to the nominal composition of the feedstock wire. As the 308L Si wire is commonly adopted for the

conventional welding of the AISI 304L (UNS-S-30403) austenitic stainless steel, results were also

compared to the reference composition of the latter. Apart from a small difference in the Cr content,

the chemical composition of the printed bars fulfilled the specifications for the AISI 304L. An

analogous outcome was also found for the case of WAAM plates printed with the same wire [38].

Therefore, as the final goal of WAAM is the fabrication of large structural parts, mechanical

properties of WAAM bars are hereafter compared to the requirements reported for the AISI 304L in

the European Building Code [58] for the design of steel structures.

Table 2: Chemical composition (wt.%) measured on the WAAM bars compared to the nominal chemical

compositions of the wire (given by the supplier, and the 304L (UNS-S-30403) austenitic stainless steels [59]

C Cr Ni Mn Si Co Vv Mo Cu P S Fe
Feedstock

0.02 20.00 | 10.00 | 1.80 | 0.85 - - 0.2 - <0.025 | <0.020 Bal.
Wire
WAAM

0.01 20.17 9.59 | 123 | 0.94 - 0.11 0.05 0.03 0.043 0.022 Bal.
bars
AISI 18.0- 8.0-

<0.03 <2.0 | <1.0 - - - - <0.045 | <0.03 Bal.
304L 20.0 12.0

According to the Schaeffler diagram [60] and based on the Creq and Nieq obtained from the

chemical composition of bars, both y-austenite and d-ferrite (approx. 15 vol.%) phases were expected

(Figure 5).

17




Figure 5: Schaeffler Diagram (adapted from [60)): in the diagram, red dashed lines outline the Cre,
and Nieq values obtained from the chemical composition evaluated on WAAM bars leading to the

Austenite + Ferrite (A+F) region

4.2 Microstructural characterization

As mentioned before, the dot-by-dot methodology involves the subsequent deposition of single
metal droplets that rapidly solidify on the previously deposited material, thus forming the layered
microstructure typical of additive manufacturing. Low magnification metallographic analyses (Figure
6) give a general view of the microstructure of WAAM bars, in which evidence of the droplet
deposition can be found. In particular, by comparing the representative longitudinal sections taken
along the z-axis of dot-0, dot-10 and dot-45 bars (Figures 6a,b and ¢), layers formed by the subsequent
depositions, whose boundaries are underlined in yellow in the figure, can be seen. In case of dot-0
and dot-10 (Figures 6a,b), layer boundaries are almost perpendicular to the building direction while
a slight inclination can be observed for dot-45 bars (Figure 6¢). The analyses also evidenced the
variability in the bar diameter that will be further addressed in the following section. It is well-
documented in the literature that additive processes, like WAAM, often lead to epitaxial grain growth
[61]. Due to epitaxy, during the solidification of molten droplets grains grow directly from the
previously deposited layer, replicating the same crystallographic orientation and following the
maximum thermal gradient. Therefore, the formation of highly-oriented large columnar grains

crossing-over layers is promoted. Evidence of this is given in Figures 6d,e,f, where the observation
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of metallographic sections under polarized light allows to outline epitaxial columnar grains. In the
figures, the focus is given to the interlayer region of bars, showing large grains (white dashed lines)
that cross-over the layer boundary (yellow dashed lines) without changing their crystallographic
orientation. For all the three investigated build angles (0°, 10° and 45°), epitaxial grains followed the
direction of longitudinal axis of bars (z-axis). In fact, a similar grain orientation was observed for dot-
0, dot-10 and dot-45 bars, thus showing no remarkable influence from the different build angles, even
if the layer boundaries were almost perpendicular to the z-axis in case of dot-0 and dot-10 bars and

approximately 45° oriented in case of dot-45 bars.

Figure 6. Representative low magnification microstructural images taken along the longitudinal axis (z-axis)
of the WAAM bars: a, b), c) 3D optical microscopy showing the overall microstructure, d), e), f) color
microscopy showing epitaxial growth of columnar grains crossing-over layers. Yellow and white dashed

lines underline layer boundaries and epitaxial grains, respectively.

Detail of the solidification structure formed within the large epitaxial grains is given in Figure 7, that
compares representative longitudinal and transversal metallographic sections. A fine columnar-
dendritic structure can be found inside the long epitaxial grains, for all the investigated build angles.
By focusing on the longitudinal sections (Figure 7a,b), it is possible to observe that the columnar

dendritic structure is still oriented along the z-axis, thus following the same direction as the epitaxial
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grains. Similar outcomes were already discussed in a previous paper focusing on WAAM plates [38].
As a consequence of the highly oriented microstructure observed along the longitudinal direction, in
the transverse one a homogeneous dendritic structure, with no evidence of preferred orientation, can
be resolved (Figures 7c,d).

Two main phases were detected and, based on previous analyses on WAAM plates [38,42] and on
the chemical composition of bars (Table 2 and Figure 5), they were identified as: y-austenite and
minor J-ferrite, the latter located in the interdendritic regions of y-austenite. According to the ternary
Fe-Cr-Ni phase diagram, in fact, a type ferrite-austenite (FA) solidification is expected. In this view,
a specific colour etching [55] was used to reveal the presence of o-ferrite in the austenite matrix
(Figure 7b,d). The analysis confirmed the presence of vermicular d-ferrite (white phase in Figure
7b,d) in the interdentric regions of the y-austenite, being the predominant phase. The microstructure
of all the investigated samples was also analyzed at high magnification by FEG-SEM (Figure 8).
FEG-SEM observations confirmed the presence of vermicular d-ferrite inside the y-austenite. Phases
are highly oriented, in the longitudinal section (Figure 8a), along the z-axis. The o-ferrite phase was
also observed in the transverse sections (Figure 8b), showing, as already discussed, a non-preferred
orientation. High magnification analyses also disclosed globular micrometer-sized particles, whose
EDS semi-quantitative analyses revealed the presence of O, Mn, S and Si (Figure 8c). Globular
nonmetallic phases in titanium-free cast austenitic stainless steels are reported in the literature, present
as complex oxygen compounds [62] whose size decrease with increasing cooling rate [63]. Even if
in the WAAM process the molten area is shielded with a flux of inert gas, it is possible that minor
oxidation phenomena still occur, as recently demonstrated in case of highly reactive materials as Al
and Ti alloys [64,65]. The same particles were also observed on the fracture surface of all samples,
as discussed in the following Section 3.5. High magnification analyses also revealed a spread
spherical micro-porosity in the samples that can be related to both gas occlusion occurring during the
WAAM process and, to some extent, to the metallographic preparation that promoted the detachment
of the aforementioned non-metallic inclusions from the matrix.

It should be also noticed that in correspondence of the layer boundaries, a discontinuity in the
columnar-dendritic structure exists. In fact, due to the complex thermal cycles involved in the
deposition of each layer (or droplet), coarsening of the underneath solidified material occurs. By
focusing on the micrographs in Figure 6a that shows an interlayer region, it can be seen that in the
region immediately above the layer boundary (yellow dashed line) a finer structure can be observed,
while in the region below the boundary the structure is coarser. This outcome was observed in

correspondence of each layer boundary, regardless the different build angle. Furthermore, analogous
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results, in case of WAAM plates, was also discussed in the literature [4,66] and in a previous work

[42].

Figure 7: Representative optical micrographs of the WAAM bar: a), b) longitudinal sections, c¢), d)
transverse sections. In a) and c) the darker phase is o-ferrite while the lighter one is the y-austenite. A
specific color etching was applied in b) and d) to reveal the o-ferrite as the white phase. Yellow and white

dashed lines underline layer boundaries and epitaxial grains, respectively.
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Figure 8: Representative FEG-SEM micrographs of the WAAM bar: a) longitudinal section, b) transverse
section,; ¢) EDS analyses performed on inclusions. In the micrographs, the lighter phase is o-ferrite while the

darker one is the y-austenite, as indicated by arrows.

4.3 Geometrical characterization

4.3.1 Specimen-to-specimen variability

In order to evaluate the effective mechanical properties for structural design purposes, the volume-
equivalent cross-section was assumed as the resistant effective cross-sectional area for the calculation
of the effective stresses from tensile tests, according to the procedure adopted also in [37,67].

The average effective diameters dey were equal to (Table 3): 5.92 mm for dot-0 specimens

(corresponding to a reduction of less than 5% from the nominal diameter, equal to 6 mm), 5.71 mm
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for dot-10 specimens (corresponding to a reduction of around 5% from the nominal diameter), and
6.40 mm for dot-45 specimens (corresponding to an increase of around 7% from the nominal
diameter). For all of them, the coefficient of variation of the effective diameter was of around 5%.
These results are also in line with the measured diameters of WAAM steel bars studied by Silvestru

et al. [35], that registered standard deviation values of around 0.20 mm.

Table 3: Mean values and standard deviations of diameters for the bars tested: specimen-to-specimen

variability (from volume measures on dot-0, dot-10 and dot-45).

Specimen-to-specimen variability
Specimen ID doy
[mm]
dot-0 5.92+£0.29
dot-10 5.71+£0.28
dot-45 6.40 +0.29

4.3.2 Inherent variability

From 3D scan acquisition, the 3D models of three bars (one dot-0, one dot-10 and one dot-45) were
analyzed to quantify the variability of the local geometrical parameters as identified in Section 3.4.
First, it was found that the variability registered for the dot-10 specimen resulted very similar to the
one observed for the dot-0 specimen. For this reason, in the present paragraph only the results related
to two specimens (one dot-0 and one dot-45) are reported and analyzed.

For each specimen, first the distribution of the cross-sectional area was studied with reference of the
120 sections taken from 3D scan. Figure 9 compares the measured values with the nominal cross-
sectional area (4,= 28.3 mm). Overall, the dot-45 specimen presents slightly higher mean value with
respect to the nominal one, while dot-0 presents a lower mean value. The dot-45 specimen also
evidences higher scatter in the punctual values (values ranging from 23 to 34 mm?) with respect to

the dot-0 one (values ranging from 23 to 30 mm?).
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Figure 9: Graphical representation of the variation of the cross-sectional area A(z) along the longitudinal
axis.

Then, the statistical distribution of the real cross-sectional area was computed and normalized in
terms of mean value (4 ew(z)/Amean). For both specimens, Normal and Lognormal best-fit distributions
were also computed. In both cases, the two distributions fit well the data. The standard deviation
values (which, in case of normalized distributions, correspond to the coefficient of variation) resulted
equal to 0.06 for both dot-0 and dot-45 bars.

The average real diameter d,e(z) resulting from the analysis of the 3D-scan acquisition for the dot-0
bar resulted equal to 5.87 mm, with a coefficient of variation equal to 3%. Regarding the dot-45 bar,
the mean diameter resulted equal to 6.05 mm, with a coefficient of variation equal to 3%. Again, the
results are in line with findings reported in the work by Silvestru et al. [35] which evidenced standard
deviation values between 0.13 and 0.21 mm (for a nominal diameter of 8§ mm).

The out-of-roundness was estimated by computing the ratio between the real diameter (drea)
computed according to Section 3.4 and each of the two dimensions of the circumscribed rectangle
(Lx, Ly). For the dot-0 bar, the average values of the ratios L./dyess and Ly/d,. resulted equal to 1.03
and 0.99, respectively, with a coefficient of variation of 2% for both of them. For the dot-45 bar, the
average values of the ratios L./drear and L,/dyeu resulted equal to 1.01 and 1.00, respectively, with a
coefficient of variation of 2% for both of them. Thus, the results confirmed that the real cross-sections

can be approximated to a circular shape.
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Figure 10a displays the real longitudinal axis of the two WAAM bars, i.e. dot-0 (blue line) and dot-

45 (red line). The eccentricity (e) of the bars were computed in terms of modulus of the coordinates

+C_ 7.

eal ,x real,y

of the real centroid Creai(z)=(Creaix, C reaiy) as follows: e = \/ C

For the dot-0 bar, the mean value (enean) and standard deviation (o.) of e (over a height of 250 mm)
resulted equal to emean = 0.43 mm and o, = 0.23 mm (coefficient of variation of 0.53), with a
maximum value equal to ener = 0.92 mm (for a ratio en«/H equal to 0.46%). For the dot-45 bar, the
mean value and the standard deviation of e (over a height of 200 mm) resulted equal to emnean = 0.55
mm and o, = 0.26 mm (coefficient of variation of 0.48), with euax = 1.12 mm (for a ratio euax /H equal
to 0.58%). The comparison of values of the three main descriptors of the eccentricity (i.e. emax, €mean,
o.) indicates that the dot-45 bar has higher irregularity (+15-30%) with respect to the dot-0. Similar
findings were also reported in the work by [35] which evidenced a much rougher surface in case of
45° built angle. The larger irregularity of the dot-45 bar could have a detrimental effect on the
mechanical parameters of bars printed with higher build angles. The values of e for the investigated

dot-0 and dot-45 specimens are also indicated in Figure 10a with a star.

(a)
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Figure 10: Geometrical characterization of WAAM bars printed with different build angles: (a) comparison
of longitudinal eccentricity (blue — dot-0, red — dot-45); frequency distribution of normalized cross-sectional

area (b) for dot-0, (c) for dot-45; frequency distribution of diameters (d) for dot-0 (e) for dot-45.

4.4 Tensile and hardness data

The tensile tests were performed on a total of 29 specimens (10 dot-0 specimens, 10 dot-10
specimens and 9 dot-45 specimens). Figure 11 presents the effective stress-strain curve of WAAM
bars and a zoom of them (for strain values lower than 1% and stress values lower than 400 MPa).
Effective stress values .5 were computed as the ratio between the tensile force acting on the specimen
and its effective cross-sectional area (according to Eq.1). Effective strains were computed according
to Eq. 2 and considering a gauge length of 50 mm. Overall, for all three inclinations considered, a
significant inherent variability in the tensile response can be detected for each single orientation. Dot-
0 and dot-10 specimens presented ultimate tensile strength values up to 600 MPa and elongation to
failure up to 40%. On the other hand, dot-45 specimens presented ultimate tensile strength values up

to 480 MPa and elongation to failure values up to 35%. All three orientations registered very large
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post-yielding hardening behavior until rupture. From a closer look at the first part of the tensile tests

(deformation values less than 1%) (Figures 11 b,d,f), the 0.2% proof stress values were around 200-

250 MPa for all three inclinations.
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Figure 11: Effective stress-strain curves for tensile tests on WAAM bars: full curve and a zoom of them (up

to 1% strain) for specimens with (a,b) dot-0, (c,d) dot-10 and (e,f) dot-45.

Table 4 collects the values of the key effective mechanical parameters (means +/- standard
deviations), in terms of Young’s modulus (E), 0.2% proof stress (R,02), ultimate tensile strength (UTS

and elongation to failure (4+) according to ISO 6892-1 [57]. Values of yield-to-tensile strength ratio

E .
(Rpo.2/ UTS) and element’s ductility (4, = —Z4— = A, ) are also reported. In order to accurately
Er rp2  Eoff Rpo2

evaluate the Young’s modulus values overcoming the experimental noise typical of the effective
stress-strain curves, an ordinary least squares regression (OLSR) analysis was employed, as proposed

by [67] and also adopted in [25,40].

Table 4: Key effective mechanical parameters from tensile tests on WAAM bars.

Specimen E Rpo2 UTS Ao, R0/ UTS e
ID [GPa] [MPa] [MPa] [Yo] [-] [-]

dot-0 133 +27 243 + 20 524 £ 56 35+14 | 047+0.03 93 £42

dot-10 108 + 19 245+ 21 536 £49 34+9 0.46 =0.03 79 £21

dot-45 98 +28 208 + 20 419 +£29 24+ 6 0.50 = 0.05 55+ 14

Overall, the average value of all the key effective mechanical parameters decrease with increasing
build angle. As far as Young’s modulus is concerned, the specimens present significantly low values
(between 100 and 140 GPa) with a very large scatter. Values of 0.2% proof stress and ultimate tensile
strength are instead comparable to the standard values for structural steel. Elongation at rupture values
are between 25% and 35% with very large scatter for all three build angles. The ductility of the
element has values ranging between 50 to 100 with, again, very large scatter for all three build angles.
Hardness results (HV) are reported in Figure 12, as average values measured on the longitudinal and
transverse metallographic sections of all investigated build angles. By considering standard
deviations, hardness evaluated on longitudinal sections (along z-axis), thus parallel to the tensile load
direction, can be considered comparable among dot-0, dot-10 and dot-45 bars. On the other hand, for

all build angles tested, hardness measured on transverse section (perpendicular to the z-axis) was
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lower than longitudinal one. The slight difference between the longitudinal and transverse sections is
possibly related to the difference in the microstructural features discussed in Section 4.2. Specifically,
both optical and FEG-SEM microscopy showed an anisotropy in the microstructure due to the
additive process, evident if the morphology of the o-ferrite (whose hardness and strength are slightly
higher than austenite) is concerned. Furthermore, a modest decrease in the average hardness value
was observed for bars printed with 10° and 45° build angle, if compared to 0° ones. Consequently,
the overall hardness of 0° bars (287 HV1) was higher than 10 and 45° ones (257 and 264 HV;,

respectively). However, the difference among the three build angles tested is very narrowed.

350

300 -

H

dot-0 dot-10 dot-45

mLongitudinal section o Transverse section

Figure 12: Hardness measurements. (HV ) performed on longitudinal and transverse section of WAAM bars.

4.5 Fracture surfaces

Fracture surfaces were initially observed at low magnification by means of a 3D digital
microscope. In order to delineate the fracture path, micrographs in Figure 13 show the view along z-
axis of representative dot-0, dot-10, and dot-45 specimens (Figure 13 a,b,c), and the corresponding
metallographic sections (Figure 13 d,e.f). From the analyses in Figure 13 it is evident that, for all the
tested build angles, fracture occurred along a direction inclined by 45° to the applied tensile load (i.e.
longitudinal z-axis), consistent with the plane of maximum shear stress. By referring to the layer
boundaries, underlined by the yellow dashed lines in the figure, dot-45 specimens were characterized
by the most unfavorably orientation with respect to the plane of maximum shear stress. In fact, as
also discussed above, the layer boundaries of dot-45 were approximately oriented at 45° to the z-axis.
This outcome contributes to further justify the mechanical properties of dot-45 specimens, lower than

dot-0 and dot-10 especially in terms of tensile strength and elongation. By recalling the results of
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microstructural analyses, the interlayer region is characterized by a change in the morphology of the
columnar dendritic structure, as coarsening of the microstructure occurs due to the deposition of the
following droplet (Figure 7a). In addition, it can be assumed that minor localized oxidation or
contamination phenomena occurred, even if the surface of the molten metal is protected by a shielding
gas during the deposition. This assumption is supported by the globular particles, presumably related

to non-metallic inclusions, that were detected in the microstructure (Figure 8).

Figure 13: Analyses of fracture surfaces by means of 3D digital microscopy: a), b), c) longitudinal view and
d), e), ) metallographic sections of 0°, 10° and 45° WAAM bars.

The same globular particles were markedly detected on fracture surfaces of all samples, suggesting
that they had a major role in determining the mechanical performances of the WAAM bars. In fact,
fracture surfaces were observed at both low and high magnification by means of FEG-SEM (Figure
14). A general view of fracture surfaces can be appreciated in low magnification analyses (Figure 14
a,b,c), where a ductile fracture characterized by dimples can be observed for all specimens, regardless
the build angle. A more detailed insight into dimples morphology was obtained at higher
magnification (Figure 14 d,e,f). As a consequence of the very fine microstructure resulting from the
WAAM process, dimples size was in the order of few micrometers. No trace of a preferred orientation

among samples was evidenced. It is known that dimples form due to microvoids nucleation, growth
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and coalescence in correspondence of hard second phases, such as non-metallic inclusions that
strongly contribute to the ductile fracture [68]. In fact, globular sub-micrometric particles, consistent
with the ones observed in Section 4.2, were detected inside dimples on WAAM bars. A detail of a
globular particle is given in Figure 14g, with the corresponding semi-quantitative chemical analysis
performed by EDS, that confirmed the presence of O, Mn, S and Si. As already discussed, oxygen
compounds on fracture surfaces can be related to oxidation phenomena occurring during the WAAM
process and could indeed justify the lower elongation at fracture exhibited by WAAM bars compared

to the conventional wrought material, as well as the scatter showed in the elongation results.

Figure 14: FEG-SEM analyses of fracture surfaces: a), b) c) low and d), e), f) high magnification of dot-0,
dot-10 and dot-45 bars, (g) microanalysis on globular particles (probably oxides) found inside dimples on
the fracture surfaces of WAAM bars.
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5. Interpretation of the mechanical response
5.1 Variability of the geometrical irregularities

Table 5 reports the ratios between the average effective/nominal diameters and cross-sectional areas
(deg/d, and Ae/An) together with the coefficients of variation of the effective diameters for the
different build angles. The ratios of the diameter values are between 0.95 and 1.07, while the COV
values are equal to 5%, independently from the specific build angle. These results are also in line
with the findings reported by Silvestru et al. [35] which evidenced discrepancies between average
and nominal diameters in the range of +/-5%.

Overall, the detrimental effect of the higher build angles on the geometrical irregularities (as
estimated for the dot-45 specimens) could be associated to the lower surface tension of the molten
pool, which is used to counter gravity and thus avoid overhang limitations. Thus, in order to overcome
this issue, future studies should be devoted to fine tune the process parameters, with specific regard

to the heat input.

Table 5: Variability of the specimen-to-specimen geometrical irregularities (mean and standard deviation).

Specimen-to-specimen geometrical variability
Specimen de/d, Ao/ An
1D [-] [-]
dot-0 0.99 £ 0.05 0.98£0.10
dot-10 0.95+£0.05 0.91£0.09
dot-45 1.07 £ 0.05 1.14+£0.10

Table 6 summarizes the main results obtained from the inherent geometrical characterization of the
dot-0 and dot-45 3D-scanned bars in terms of: (i) ratios between the real and effective cross-sectional
area (Area/Aey) and (i1) diameter (drea/def), (iil) discrepancy between real and nominal diameter
(drea/dn), (iv) out-of-roundness parameters (Lv/drew and Ly/drq) and (v) lack-of-straightness
parameter (e/H). It can be noted that the COV values are around 2-3% for the diameter and out-of-
roundness parameter, around 6% for the cross-sectional area, and around 10-12% for the lack-of-
straightens parameters.

The overall variability resulting from specimen-to-specimen and inherent variability is one important

source of variability of the key effective mechanical parameters. For instance, the overall COV of the
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cross-sectional area can be estimated through the well-known SRSS combination rule, resulting in a
value of around 12%.

In general, the geometrical parameters here studied (i.e. diameter variability, eccentricity) could be
used as reference for a methodology aimed at evaluating and further classifying the printing quality

of WAAM bars realized by various providers with different sets of process parameters.

Table 6: Variability of the inherent geometrical irregularities (mean and standard deviation)

Inherent geometrical irregularities
Specimen Areal/ Aeff dreal/ dej}" LJO/ dreal Ly/ dreal dreal/ dn e/H
ID [-] [-] [-] [-] [-] [Ye]
0.98 &+ 0.99 + 1.02 + 0.99 + 0.98 +
dot-0 0.06 0.03 0.02 0.02 0.03 0.22+0.12
0.99 + 0.99 + 1.01+ 1.00 + 1.01 +
dot-43 0.06 0.03 0.03 0.02 0.03 0.28 £0.10

5.2 Variability of the key effective mechanical parameters

Table 7 reports the values of the coefficient of variation (COV) registered for the key effective
mechanical parameters, considering the three different build angles. The values allow to make some
interesting observation regarding the variability of such parameters. Young’s modulus values
exhibited large COV, in the range of 20-30%. Such values are in line with those exhibited by the as-
built specimens cut from plates and printed with the same wire [25] and are mainly caused by the
inherent geometrical irregularities of the specimens (both cross section area and lack of straightness).
0.2% proof stress and ultimate tensile strength variabilities are between 8-12%. As expected, such
variability is very close to the overall cross-sectional area variability (COV estimate equal to 12%)).
Elongation at rupture and element’s ductility exhibit very large COV values, in the range of 25-45%,
which are influenced by all the geometrical variabilities. The high sensitivity of these parameters on

all the geometrical irregularities is in line with the observations provided in Section 2.

Table 7: Variability of the key effective mechanical parameters (COV).

Effective mechanical parameter variability
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Specimen ID E Rpo.2 UTS Ao, He
dot-0 22% 11% 12% 39% 45%
dot-10 18% 9% 9% 33% 27%
dot-45 28% 8% 7% 26% 26%

Figure 15 and Table 8 compare the key effective mechanical parameters for the three build angles
investigated on WAAM bars. Reference to traditional values of the key mechanical parameters of
304L stainless steel according to European building code [58] (red dotted line) and the results
obtained for specimens cut transversally from WAAM-produced 304L stainless steel plates
(presented in [38]) are also provided.

Young’s modulus values are much lower than the conventional 304L stainless steel (140 to 100 GPa
vs. 200 GPa). Values of 0.2% proof stress are within the ranges provided by Eurocode 3 [58] for
conventional 304L stainless steel. Similar results are registered for ultimate tensile strength values,
with the exception of dot-45 specimens, for which a value of around 420 MPa is computed on average,
lower than the recommended ranges in [58] of 500-520 MPa for 304L steel. The lower tensile strength
of dot-45 specimens can be associated to both the geometrical irregularities (see Section 4.3) and the
unfavorable orientation of the layer boundaries (see Section 4.2) to the tensile load, as also confirmed
by their lower elongation.

With reference to the key effective mechanical parameters extracted from WAAM 304L stainless
steel plates (WAAM-T, see e.g. [25,37,38]), the values of Young’s modulus and elongation at rupture
are in line with those reported in this study. The low stiffness is indeed related to the texture formed
due to the epitaxial grain growth evidenced by microstructural analysis performed on bars (see
Section 4.2) and investigated more in details on plates (see e.g. [25,42]).

On the other hand, 0.2% proof stress values reported for WAAM bars are significantly lower than
WAAM-T (of around 250 MPa vs. 350 MPa). Slightly lower values are also registered for ultimate
tensile strength values (of around 500 MPa vs. 600 MPa).

With reference to the elongation and ductility, it should be noticed that a high deviation from the
average value was evidenced. In addition to the previously discussed geometric variability, it should
be also taken into account that the nonmetallic inclusions and microporosities observed during
microstructural and fractographic analyses, strongly influence the mechanical behavior, especially in

terms of ductility and elongation.
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Figure 15: Results of the tensile tests on WAAM dot-by-dot bars printed at different angles: (a) Young’s
modulus; (b) 0.2% proof stress, (c) ultimate tensile strength; (d) elongation at rupture; (e) element’s
ductility. Reference values for conventional 304L stainless steel (from EC3) and results from WAAM

specimens cut transversally from plates (WAAM-T) (Ref. [38]) are also added.
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From the comparison between the specimens printed with different build angles (as also provided in
Table 8), overall the specimens printed at low build angles (dot-0 and dot-10) register good strength
properties (in terms of 0.2% proof stress and ultimate tensile strength) in line with conventional 304L
stainless steel. Values of Young’s modulus, elongation at rupture and element’s ductility registered
instead the highest influence of the build angle. The detrimental effect of the higher build angle in
the elongation at rupture and element’s ductility might be due to the higher geometrical irregularities,

which could influence the ductile behavior after yielding, as also presented in Section 2.

Table 8: Relative ratios of the key mechanical parameters with respect to the build angle.

Influence of built angle
E Rp()_z UTS A% He
Relative ratio
[-] [-] [-] [-] [-]
dot-10/dot-0 0.78 0.98 1.00 1.00 0.85
dot-45/dot-0 0.69 0.82 0.78 0.64 0.59

All results obtained from the geometrical and mechanical characterization provides a body of
knowledge that can be then used in further study to calibrate ad-hoc partial factors for the structural
design of WAAM lattice structures. Clearly each set of partial factors is highly correlated to the

specific printing process characterized by a given set of printing parameters.
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Conclusions

The study presents the first results of an extensive experimental work devoted to assess the

mechanical response of stainless steel bars printed with Wire-and-Arc Additive Manufacturing

(WAAM). In particular, the work focuses on the mechanical response under tensile loading of as-

built bars in terms of effective mechanical parameters, with the aim of studying: (i) the influence of

the geometrical irregularities proper of the printing process on the mechanical response under tension,

(i1) the effect of increasing build angle in the key effective mechanical parameters. Microstructural

analysis and detailed geometrical characterization of selected specimens were also carried out for a

better interpretation of the results of the tensile tests.

The main results are summarized as follows:

Chemical composition of the printed bars complied with the requirements for the AISI 304L
austenitic stainless steel.

Microstructural characterization revealed a microstructure directly affected by the deposition
process, consisting of successive layers of solidified material, large epitaxial grains crossing
over layers and a fine columnar dendritic substructure within grains. For all build angles (0°,
10° and 45°) grains and substructure were strongly oriented along the longitudinal axis of the
bars. On the other hand, the inclination of layer boundaries to the longitudinal axis increased
with the build angle, being maximum for the 45° built bars.

The results of the geometrical characterization through 3D scanning acquisition on the
specimens printed with three different build angles (at 0°, 10° and 45°) revealed a quite
uniform specimen-to-specimen variability of the effective diameters and cross-sectional areas
with coefficient of variations of around 5% and 10% respectively, independently from the
build angles. On the contrary, a detrimental effect of the build angle is observed in terms of
increased lack of straightness when comparing specimens printed at 0° and 45° (+30% on the
average value and +15% on the maximum value).

The results of the tensile tests revealed a significant inherent variability (e.g. for a fixed build
angle) of all the key effective mechanical parameters with coefficient of variation values
ranging from 10% for the yield and ultimate strength parameters up to 30-40% for the
parameters associated to the deformation capacity (Young’s modulus, elongation at rupture
and ductility). Furthermore, the specimens printed at 45° build angle had reduced values of
all the key effective mechanical parameters (-20+35%) with respect to those printed at 0° or

10°. In particular, severely reduced values of element’s ductility and Young’s modulus were
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registered. Reasonings to this can be found in the higher geometrical irregularities, which alter
the mechanical response of bars.

- Detailed inspection of the fracture surfaces revealed a ductile fracture behavior in all the
investigated specimens. In addition, fracture occurred along the direction of maximum shear
stress, tilted at 45° to the longitudinal axis of bars. In this view, bars printed with a 45° build
angles revealed to be the most disadvantaged ones.

Overall, the results show a significant variability of the effective mechanical parameters on the
inherent geometrical irregularities with a detrimental effect of large build angles on all the
geometrical irregularities (especially the lack of straightness) and on the mechanical behavior. These
results confirm the need of ad-hoc calibrated partial safety factors for structural design that could
properly account for both the inherent geometrical and mechanical variabilities associated to a
specific set of WAAM printing parameters.

In this regard, an improved printing process would lead to reduced geometrical discrepancies and,

thus, superior mechanical properties, especially in terms of deformation capacity.
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