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Abstract

Metal additive manufacturing (AM), in particular wire-and-arc additive manufacturing (WAAM), has become over the last
few years the breakthrough technology to reduce the environmental impact and increase the efficiency of steel structures.
Although intense research effort has been paid toward the mechanical characterization of WAAM-produced thin walls, little
attention has been devoted to the investigation of multi-layered thick parts. These latter would indeed expand the application
of WAAM for large-scale constructions requiring thicker cross-sections to withstand high loading conditions. The present
work provides a comprehensive experimental investigation of mild steel WAAM thick plates from the fabrication to the
mechanical and microstructural characterization. First, the fabrication process is presented in full details. From that, micro-
structural and mechanical characterization is described and discussed, showing a homogeneous microstructure with little
influence on the mechanical response along the wall plate thickness, also considering different specimen orientations with
respect to the printing directions. The results confirm good mechanical properties of the printed outcomes, in line with those
of structural mild steels manufactured with conventional technologies. Little influence on the response along the thickness is
reported, thus proving the required quality of WAAM thick parts for applications in the construction sector.

Keywords Additive manufacturing - Wire-and-arc - Mild steel - Thick plates - Microstructural analysis - Mechanical
characterization

1 Introduction

Current strategies for the realization of automated steel con-
structions see the application of metal additive manufactur-
ing (AM) processes, and in particular wire-and-arc additive
manufacturing (WAAM), as an opportunity to build a new
generation of efficient steel structures with reduced material
use. This, though, does require advanced multidisciplinary
knowledge in manufacturing, metallurgy, structural engi-
neering and computational design.
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The digitalization of the construction sector could poten-
tially produce more efficient structures, reduce material
waste, and increase work safety [1, 2]. Moreover, recent
works proved that metal AM in construction can be a valid
technology to reduce CO, emissions and increase the effi-
ciency in using high-demand resources [3, 4]. In this sense,
among different metal AM processes, WAAM has proved
to be the most suitable for efficient structural systems with
areduced environmental impact [5].

Recent applications of WAAM for large-scale structures
exploited two different deposition strategies: (i) a “continu-
ous” strategy, i.e., layer-by-layer deposition, suitable for pla-
nar and shell elements [6—8] and (ii) a “dot-by-dot” strategy
to realize lattice and diagrid structures, such as the awarded
WAAM diagrid column designed by the research group at
University of Bologna (see, e.g., [9]). Specific considera-
tions must be made when dealing with WAAM elements:
(i) the inherent surface roughness, which could influence the
mechanical properties [10-14], (ii) the marked mechanical
anisotropy due to the specific microstructure [15-21], (iii)
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the influence of process parameters in both geometrical and
mechanical response [22-24]. Hence, specific knowledge
in advanced manufacturing technology should be combined
with structural design competences to efficiently fabricate
high-performance WAAM elements [25].

Additively manufactured components, as WAAM plates,
are built by the subsequent deposition of layers of molten
feedstock material. Evidence of both deposited layers and
deposition strategy can be found by analyzing the micro-
structure. Deposited layers experience a complex thermal
cycle, very similar to the case of multi-pass welding; there-
fore, inhomogeneity and defects in the microstructure can be
found [26, 27]. In addition, due to the additive process, some
degree of anisotropy in the final parts can be expected, and
mechanical properties can vary with regard to the building
direction. So far, significant effort has been devoted to the
mechanical and microstructural characterization of wall and
thin plates produced by WAAM with an ER 70S-6 wire. In
literature, tensile properties have been assessed along the
building direction (vertical direction) [28] or by compar-
ing vertical and horizontal (parallel to the building plate)
directions [24, 29-32]. In few cases, also other extraction
directions (i.e., 30°, 45° and 60° to the building plate) were
considered [13, 33]. Generally, isotropy in ultimate and
yield strengths was found. Also, impact toughness, evalu-
ated for samples extracted from the vertical and horizontal
directions, showed no substantial difference in the adsorbed
energy [34], thus supporting the isotropic mechanical behav-
ior of ER 70S-6 WAAM thin walls. Fewer works reported
anisotropy in ductility, like Rafieazad et al. [32] and Nemani
et al. [29], with vertical samples characterized by a lower
elongation to failure than horizontal ones. As in vertical
samples deposited layers are perpendicularly oriented to the
loading direction, the reason for the lower ductility along the
building direction was found in: (i) the presence of micro-
structural defects, such as porosities and lack of fusion, in
correspondence of melt pool boundaries that act as stress
concentration sites; (ii) formation of brittle phases, such as
martensite-austenite in the inter-critical heat-affected zone
adjacent to the melt pool; and (iii) grain coarsening in the
heat-affected zone.

In the above-mentioned literature works, the differences
in microstructure and mechanical properties along the thick-
ness of the WAAM plate and the overlapped layers on the
plane parallel to the building platform were not expressly
characterized. Therefore, the investigation of the effect on
microstructure and mechanical properties of overlapped lay-
ers on the plane parallel to the building platform was not
highlighted. A first attempt of assessing the effect of thick-
ness was performed by Rafieazad et al. [35] by character-
izing block components produced by WAAM. They assessed
tensile properties and impact toughness of both horizontal
(XY plane, parallel to the deposition direction) and vertical
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plane (XZ plane, parallel to the building direction). Ten-
sile properties of horizontal and diagonal samples extracted
for the XY plane were comparable, while vertical samples
extracted from XZ plane showed lower tensile properties and
evidenced an anisotropic behavior along the building direc-
tion. However, when considering results of impact tests, the
influence of sample extraction directions was less evident.

Moderately thick plates (of the order of few centimeters)
are commonly required in various industrial applications,
including offshore, acrospace and construction sectors. For
example, thick tubular members of offshore jacket platforms
can be manufactured using various technologies, including
hot and cold forming requiring welding and seamless tube
productions. For large tubular joints, cast iron solutions are
also preferred, requiring steel grades with special through-
thickness properties. Jumbo profiles are also typically
required to realize mega-frames in high-rise buildings. One
very recent application of thick parts in the aerospace sector
is represented by the first metal 3D-printed rocket entirely
produced in metal directed energy deposition (DED) tech-
nology and launched in space by Relativity Space (see e.g.
[36]) with a diameter of over 2 m.

The present work aims at providing a comprehensive
study from the fabrication to the characterization of WAAM
steel thick plates. Section 2 reports the experimental method
adopted to fabricate the samples and characterize them in
terms of chemical composition, microstructural features, and
mechanical response. The main experimental results are then
presented and discussed in Section 3. Finally, the main con-
clusions are drawn.

2 Experimental methods

A wide experimental investigation was carried out to char-
acterize the microstructural and mechanical features of
WAAM-produced steel thick plates. The specimens were
extracted from two 24-mm thick plates (Fig. 1b, c) along
three different directions with respect to the deposition lay-
ers and four different relative positions along the thickness.

2.1 Material and process

The plates were produced at AITIIP Centro Tecnologico
(Spain). The adopted welding machine was a Fronius TPS
500i with Fronius WF 60i ROBACTA DRIVE CMT welding
torch and a SplitBox SB 60i R as buffer. The welding torch
was mounted on a Comau NJ-130 robot (Fig. 1a). The set
of printing parameters was assessed from an autonomous
working cell Kraken (as outcome of MEGAROB Project,
see, e.g., [37]). The wire feed used was a 1.2-mm Lincoln
Electric UltraMag (ER 70S-6). The welding gas used was
SanArc8, a mixture of Ar and CO,.
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Fig. 1 Fabrication of the tested plates: (a) robotic set-up, (b) detail on
the plate thickness, (c) full plate

The following process parameters were adopted to fab-
ricate the plates: wire feed rate of 7.5 m/min, 2.25-mm
layer height, robot printing velocity (during printing) of

0.018 m/s, robot travel velocity (between printing) of 0.06
m/s, 238 A current and 16.34 V voltage, with 15 I/min gas
flow rate.

The initial printing parameters based on the work by
Nagasai et al. [38] were fine-tuned to the specific char-
acteristics of the AITIIP printing set-up. The robot speed
was adjusted to reduce the thickness of the single layer,
thus substantially improving the geometrical quality, while
reducing the thermal transfer. The optimal compromise
between thickness of single layers and geometrical pre-
cision was found using a printing velocity of 0.018 m/s
leading to a nominal layer thickness of 3—5 mm.

As shown in Fig. 1b, the deposition strategy to realize
each layer consisted in a continuous deposition for the
two perimeter layers, or contour, of nominal thickness in
the range of 3-5 mm and a zig-zag pattern to fill the layer
volume, which was rotated every single layer by 30°, in
order to obtain the total nominal wall thickness of 24 mm
(Fig. 1c). Beads of molten material were deposited with
a 3.5-mm distance, and dwell time was set as a function
of the part temperature, which was kept under 250 °C for
the whole process.

2.2 Sample fabrication

Once fabricated, the two plates were machined to elimi-
nate the superficial oxidation and reduce surface rough-
ness, obtaining a final thickness of roughly 19 mm. Then,
different types of machined specimens were extracted
(Fig. 2). First, to characterize the plate along the three
main planes (XY, XZ, and YZ as defined in Fig. 2b), bulk
parallelepiped samples (30 x 30 x 19 mm?) were extracted
from the area indicated by red squares in Fig. 2b, preserv-
ing the whole plate thickness. These samples were utilized
for microstructural analyses and to verify the elastic modu-
lus via non-destructive ultrasonic method [39].

Additionally, a series of samples for mechanical char-
acterization were extracted with the aid of wire electrical
discharge machining (wire-EDM). Different orientations
were considered with respect to the deposition layers,
i.e., parallel to the deposition layer (L), perpendicular to
it (T), and at 45° (D), and at different positions along the
thickness, identified as level 1, level 2, level 3, and level
4 in Fig. 2b. In detail, a total number of 24 dog-bone
shaped tensile specimens were extracted having 4-mm
nominal thickness and straight length of 270 mm at 3
different orientations and 4 different levels of thickness,
with 2 repetitions for each type. At the same orienta-
tions, a total of 30 flat parallelepiped specimens, having
nominal thickness of 2.5 mm and straight length of 55
mm, were obtained for the impact tests.
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Fig. 2 Fabrication of the samples: (a) extraction of the samples; (b)
graphical representation of the sample extraction with respect to the
printing orientation and level with respect to the plate thickness

2.3 Chemical composition and microstructural
characterization

Chemical composition of the WAAM plates was evalu-
ated with glow discharge optical emission spectroscopy
(GDOES, 4-mm diameter sputtered burnt spot). Micro-
structure of WAAM plates was characterized along the
whole plate thickness on XY, XZ, and YZ planes (Fig. 2) by
cutting metallographic samples from bulk parallelepiped
samples. Prior to microstructural characterization, samples
were subjected to a standard metallographic preparation
up to mirror polishing with 1-um diamond suspension and
chemical etching with Nital 2% [40]. Microstructural fea-
tures were investigated with both optical (OM) and field-
emission gun scanning electron microscopy equipped with
an energy-dispersive X-ray spectroscope for localized
elemental analyses (FEG-SEM EDS).
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2.4 Mechanical characterization

The tensile tests were carried out on dog-bone specimens
having dimensions defined according to ISO 6892-1 stand-
ard test protocol [41]. The ID of each specimen is defined as
follows: (i) specimen location along thickness (i.e., 1, 2, 3,
4), (i) specimen orientation (i.e., L, D, T), and (iii) specimen
number (i.e., 1, 2). As an example, the specimen ID 1L-1
indicates the first specimen oriented along the longitudinal
direction and located at level 1 along the thickness.

The tensile tests were carried out using a universal
hydraulic machine (Fig. 3a). The tests were conducted in
displacement control until failure, with a varying velocity
between 0.3 and 0.5 mm/min (lower until yielding, then
increasing until failure) following the ISO 6892-1 standard
test protocol specifications [41].

The axial elongations were recorded using a 100-mm
extensometer, and average longitudinal strains were calcu-
lated to obtain the stress—strain curves. The tangent Young’s
modulus values were calculated from the stress—strain curves
through an ordinary least squares regression (OLSR) to iden-
tify the average longitudinal Young’s modulus E according
to the method proposed by [10] and adopted also in [13, 20].

Additionally, a total of 8 specimens (2 longitudinal, 3
transversal, and 3 diagonal, taken at different levels of thick-
ness) were monitored with digital image correlation (DIC)
as well, an image-based monitoring system able to capture
the full field of strain during the entire test (Fig. 3b,c). Prior
to testing, the front of the specimens monitored under DIC
was sprayed with white matt paint, while a random pattern
of black speckles was subsequently applied (see Fig. 3c for
reference of typical tested coupons monitored with and with-
out DIC). The DIC system was employed to provide comple-
mentary data allowing to reconstruct the full surface strain
field along the entire gauge length. This accurate surface
strain field allows to compute both the longitudinal (i.e.,
along longitudinal direction of the specimen) and transversal
(i.e., along the transversal direction of the specimen) strains.
The analysis of the captured strain field makes possible to
detect non-uniform strain field under macroscopic uniaxial
loading, which is typical of not-machined WAAM pieces
(see, e.g., [10, 13, 20, 42]). The outputs of the DIC were pro-
cessed using Vic3D software to obtain both the longitudinal
and transversal surface strain fields (punctual values). The
detailed analysis and discussion of the strain fields obtained
from the DIC data is out of the scope of the present paper
and will be presented in future work.

The average longitudinal and transversal strains were
evaluated from the DIC data by means of virtual extensome-
ters to compute the values of the Poisson’s coefficient (ratios
between the average transversal and longitudinal strains, see
Fig. 3d). The OLSR method was additionally used to evalu-
ate the average values of Poisson’s ratios.
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Fig.3 (a) Tensile test set-up; (b) DIC monitoring; (c¢) post-failure »

specimens monitored with (left-hand side) and without (right-hand
side) DIC system; (d) average longitudinal and transversal strains as
obtained from DIC

Impact tests were performed with a Charpy pendulum
(300 J capacity) on V-notch sub-sized samples (55x 10x2.5
mm?) according to the specifications given by EN ISO
148-1:2016 [43]. The specimens taken were taken from the
flat parallelepiped specimens extracted from plates. Five
samples for each extraction direction (7, L, D) taken along
the plate thickness have been tested at both room tempera-
ture (approx. 20 °C) and low temperature (— 20 °C), for a
total of 30 samples.

Fracture surfaces of both tensile and impact tests speci-
mens were observed at high magnification by FEG-SEM to
investigate failure mechanisms.

3 Results and discussion
3.1 Compositional analysis

The chemical composition of the WAAM plate, reported
in Table 1, complies with the specification given by EN
10025-2 [44] for non-alloy structural steels. In fact, the ER
70S-6 wire, whose nominal composition is reported in the
same table for reference, is one of the most used filler wires
for arc welding of generic structural steels such as S185,
S235, S275, and S355. Considering products of compara-
ble thickness, according to the EN 10025-2, these steels
should contain a maximum of 0.27 wt.% of C, 1.8 wt.%
of Mn, 0.6 wt.% of Si, and 0.045% of both P and S. The
WAAM plate, as anticipated, complies with the specifics.
The slightly higher amount of Si in the WAAM plate is due
to the feedstock material, as Si is often added to filler wires
as deoxidizer and to improve fluidity. It is also worth notic-
ing the extremely low amount of C, especially relevant if
correlated to the good overall mechanical properties dis-
cussed in the following sections, which are comparable to
regular S275 steel.

3.2 Microstructural characterization

Microstructural analyses, carried out on bulk parallelepi-
ped samples (30x 30X 19 mm?®) extracted from machined
plates, revealed a generally sound microstructure with minor
traces of typical solidification defects (i.e., gas porosities)
as evidenced by micrographs in Figs. 4 and 5. As expected
from the chemical composition results in Table 1, a ferritic
microstructure with a low-volume fraction of perlite was
found. WAAM, like other additive processes, results in a dis-
tinctive microstructure and, even if microstructural analyses
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Table 1 Chemical composition of the WAAM plate, evaluated by GDOES, compared to the nominal composition of the ER 70S-6 feedstock

wire [45]

Element (wt.%)

Fe C Mn Si P S Other
ER 70S-6 Wire Bal 0.078 1.4 0.85 - - -
WAAM Plate 97.499 +0.015 0.071+0.001 1.338+0.002 0.776 £0.011 0.024 +0.001 0.014 +0.0004 0.278
Layer core Interlayer region
% s =~
G a s s
:\\:‘«_ m}, e )
Layer n+2 Layer core
Interlayer region-
Layer n+1 Layer core
Interlayer region——
LRenN Layer core
(a)

Fig.4 Optical and scanning electron microscopy of the XZ plane of
the WAAM plate showing: (b, d) the microstructure in correspond-
ence of layers core consisting of fine polygonal ferrite with perlitic
islands; (c, e) the microstructure in correspondence of interlayer

revealed an essentially homogeneous microstructure along
the three main planes, traces of the subsequent deposited lay-
ers can be recognized. According to the deposition process
and the contouring strategy applied for each layer, traces
of the deposited layers can be easily detected on the XZ
plane. In particular, two distinct regions can be clearly iden-
tified, as schematized in Fig. 4a: (i) the layer core, where
the microstructure is to a lesser extent affected by the sub-
sequent thermal cycles and is typically characterized by the
finest microstructure; (ii) an interlayer region, located near
layer boundaries, where the microstructure is affected by
complex heating cycles due to the subsequent deposition of
molten material. Ferrite morphology varied within WAAM
plates depending on the location within the deposited
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regions consisting of different ferritic morphologies, including polyg-
onal and acicular ferrite. Schematic representation of the regions is
given in (a)

layer, as shown in Fig. 4b—e and as also observed by other
authors [24, 32, 35]. In the layer core, a homogeneous and
fine microstructure mainly consisting of polygonal, or equi-
axed, ferrite with small perlite islands was found (Fig. 4b).
Perlite islands were better resolved at FEG-SEM analyses
(Fig. 4d), which revealed the typical plate-like lamellar
morphology of alternating ferrite and cementite plates. In
the interlayer regions, along with the polygonal ferrite, also
other ferrite morphologies could be observed (Fig. 4c and
e), as also reported by [32, 35]. This region is more affected
than layer core by solid-state transformations occurring in
non-equilibrium conditions during the subsequent deposi-
tion of layers. Like in a multipass welding process, due to the
heating induced by the deposition of molten material, the
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XZ plane

== Tensile loading ==

Fig.5 Optical micrographs showing interlayer region in samples for
mechanical tests: (a) longitudinal, (b) diagonal and (c) transverse
sample. In the micrographs, yellow dashed lines schematize layers

previously solidified metal re-austenitized and, during rapid
cooling, austenite to ferrite transformations occur. Austen-
ite decomposes first in allotriomorphic ferrite, then in Wid-
manstatten ferrite and eventually in acicular ferrite, which
nucleates from inclusions [46—49]. Acicular ferrite is often
identified as a “basket-weave structure” and, in weldments
of low and mild steels, can easily co-exist with allotriomor-
phic, polygonal, and Widmanstatten ferrite [47, 48]. The

XY plane

YZ plane

orientation according to tensile loading direction, and red arrows
highlight some gas porosities. In (d), a detail of representative gas
porosities

presence of non-metallic inclusions promotes the formation
of acicular ferrite at the expenses of bainite. As will be bet-
ter explained later in the text when discussing fractographic
analyses, a widespread dispersion of non-metallic inclusions
rich in Si, S, and Mn was found, which can justify the evo-
lution into acicular ferrite upon cooling. Acicular ferrite is
known to improve strength and especially toughness of the

Fig.6 Optical microscopy of the XY and YZ plane showing the evolution of the microstructure along the thickness of the WAAM plate: (a, e)
level 1, (b, f) level 2, (c, g) level 3, (d, h) level 4. Red arrows highlight some gas porosities
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alloy [46-49]; therefore, its presence in correspondence of
interlayer region it is not undesired.

By referring to the extraction directions of specimens for
mechanical tests (L, D, T), the orientation of the interlayer
regions changes with reference to the loading direction, as
displayed in Fig. 5: (i) T specimens have layers parallel to
the base platform and perpendicularly oriented to the load-
ing direction; (ii) L specimens are characterized by layers
oriented along the loading direction; (iii) D specimens pre-
sent a 45° tilt angle between layers and loading direction.
However, as will be discussed in the following section, the
different layer orientation in L, 7, and D specimens did not
significantly affect the mechanical behavior. The reason can
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be found in the beneficial presence of acicular ferrite in the
interlayer region, but more importantly in the complex depo-
sition strategy adopted to deposit each layer that promoted
microstructural homogeneity between different planes and
loading directions (Figs. 5 and 6). Microstructural fineness
in both layer core and interlayer region and a gradual transi-
tion from the core of the layer to the interlayer region were
also promoted by the deposition strategy, as it can be seen
in Fig. 5. These aspects improved the isotropic mechani-
cal response of the material, as it will be later explained.
The deposition strategy also reduced the presence of large
defects, especially in the interlayer region, further support-
ing the good overall mechanical behavior. In fact, as shown
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Table2 Summary of the Specimen EGPa)  f.(MPa) & (%)  f,(MPa) & (%)  e(%  p©

average key mechanical J ) " " d

parameters from tensile tests L 1 206 350 0.17 469 21 27 160
2 201 330 0.16 454 18 25 157
3 204 337 0.17 455 18 25 153
4 204 317 0.16 452 16 23 146
Mean 204 333 0.16 457 18 25 154
cov 2.1% 4% 4% 2% 11% 9% 7%

T 1 204 346 0.17 460 18 24 140
2 205 328 0.16 455 18 24 153
3 205 326 0.16 457 19 23 145
4 204 327 0.16 446 17 19 121
Mean 205 332 0.16 455 18 23 140
Cov 0.8% 3% 3% 1% 7% 10% 9%
D 1 205 348 0.17 456 19 26 153

2 206 327 0.16 450 19 28 175
3 205 336 0.16 454 19 27 166
4 204 327 0.16 450 17 23 145
Mean 205 335 0.16 453 19 26 160
cov 0.9% 3% 3% 0.7% 8% 10% 10%

in Fig. 5a, b and ¢ with a detail given in Fig. 5d, porosities
spherical in shape with size of tens of micrometers were
homogenously distributed along the whole microstructure.

Further supports to these findings can be found by analyz-
ing the microstructure along plate thickness on XY and YZ
planes, as reported in Fig. 6. The figure compares the micro-
structure observed near plate edges (i.e., levels 1 and 4) and
in plate center (i.e., levels 2 and 3) of different planes (parallel
and orthogonal) to the building direction. Analyses revealed
a homogeneous microstructure also along the plate thickness
where polygonal, or equiaxed, ferrite with perlite colonies is
the predominant microstructure. Plate edge and center dif-
fer substantially for the dimension of the ferritic grain, being
slightly coarser in correspondence of the plate center (levels
2 and 3). However, microscopic analyses identified no major
discontinuities along the plate thickness and a homogeneous
dispersion of small spherical porosities (some of them indi-
cated by red arrows in Fig. 6) in the microstructure.

3.3 Tensile tests

Figure 7 shows the engineering stress strain curves as
obtained from the tensile tests on dog-bone specimens

including both the full strain range (on the left) and a
zoom of it to (on the right) a strain limit of 1%. The curves
are typical of hot-rolled steels with a first linear elastic
behavior followed by a pseudo-horizontal yielding pla-
teau identifying the yielding region and ending with a
final strain hardening region up to failure. The follow-
ing key mechanical parameters were determined from
the stress—strain curves, including longitudinal Young’s
modulus E, Poisson’s ratios v, yield strength f,, ultimate
strength f,, yield strain ¢,=/f,/E, elongation at ultimate
strength €, elongation at rupture ¢, and strain ductility
u= e,/ey.

In most cases, the yielding point was very well defined,
while in only few cases a somewhat rounded shape was
observed, similar to the curves reported in [13]. The com-
parison of the full stress—strain curves of the different types
of specimens does not show a clear influence of the speci-
men orientation and location along the thickness in the ten-
sile response. The zoom at small strains reveals, for some
specimens, a slightly rounded curve with a not well-defined
yielding point. This motivated the choice of the 0.2% proof
strength as measure of the yield strength, following the same
approach as reported in [13].

Table 3 Ratios of key

mechanical parameters with Ratio EO 5O & (%) fu O AR &0 +O
respect to the specimens ur 1.00 1.01 1.01 1.01 1.02 1.10 1.10
orientation LD 0.99 1.00 1.00 1.01 0.98 0.96 0.96
DIT 1.00 1.01 1.01 1.00 1.04 1.15 1.14
DIL 1.01 1.00 1.00 0.99 1.02 1.04 1.04
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The measured values of Young’s moduli (ranging
between 200 and 210 GPa) and Poisson’s ratios (ranging
between 0.26 and 0.4) are within the typical ranges of con-
ventional normal-strength carbon steels [50]. This result was
also confirmed by ultrasonic analyses that by measuring the
elastic constants on XY, XZ, and YZ planes. The analyses
revealed a substantial isotropy in the elastic behavior with
E=211+1 GPa (XZ plane), 214 + 1 GPa (XY plane), and
214 +2 GPa (YZ plane).

The measured values of yield strength (ranging between
315 and 360 MPa), ultimate tensile strength (ranging
between 440 and 480 MPa), and elongation at rupture (rang-
ing between 19 and 28%) are in general lower than the values
stated by the manufacturer for conventional welds [45], but
adequate for structural applications. In fact, by comparing
tensile results to the specification given by EN 10025-2
[44] for non-alloy structural steels, ER 70S-6 WAAM plates
comply with the conventional S275 J2 steel, also consider-
ing the impact toughness values discussed in Sect. 3.4. In
addition, all curves evidence strain hardening ratios value
J/fy>1.10, therefore satisfying the requirements given by
EC3 [50] for normal-strength structural steel, and good duc-
tile behavior with values of elongation at rupture typically
within 20-30%. Only few transversal specimens evidenced
a slightly lower ductility with values of elongation at rupture
between 18 and 20%. In any case, all specimens satisfied the

@ Springer
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requirement of &,> 15% for normal-strength structural steel
provided by EC3 [50].

Tables 2 and 3 and the bar charts of Fig. 8 provide a
summary of the key mechanical parameters along the differ-
ent thickness levels and directions to highlight the potential
influence of the specimen orientation and position along the
thickness on the tensile behavior.

Table 2 provides the average values of selected key
mechanical parameters for each level (1, 2, 3, 4) along the
thickness and for each orientation (L, 7, D). The average

35
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Fig.9 Results of impact tests (average and standard deviations) per-
formed at 20 °C and—20 °C for L, D, and T orientations along the
plate thickness

W20
\-20°C
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Table 4 Normalized impact toughness evaluated from tests per-
formed on sub-sized specimens (average values)

Direction  Kv [J]
20 °C —-20°C
Sub-sized Normalized  Sub-sized Normalized
specimens specimens

L 27 108 27 108

D 28 112 28 112

T 27 108 27 108

is computed considering the two tested specimens of the
same type. The mean values do not show a significant vari-
ation across the thickness and do not evidence any system-
atic trend, apart from a very slight increase of some prop-
erties for level 1 along the longitudinal direction L. All
key mechanical parameters show small variabilities along
the thickness, with minimum COV values (less than 1%)
observed for Young’s modulus. Yield and ultimate strengths,
as well as yield strains, exhibit COV values around 0.7-4%.
Higher through-thickness variability is observed for values
of elongation at ultimate strength and elongation at rupture,
showing maximum COV of 11%. In addition, Table 2 pro-
vides, for each orientation, mean values and coefficient of
variation (COV) considering the 8 specimens over the four
levels oriented along the same direction. For the sake of
clearness, mean values and standard deviations are also rep-
resented in the bar charts of Fig. 8. All mean values exhibit

L D

(b)

(d)

Fig. 10 Representative fracture surfaces of tensile samples observed
by FEG-SEM at low and high magnification: (a, d) longitudinal; (b,
e) diagonal; (c, f) transversal samples. Green dashed circles highlight

little variation along the 3 directions, which are further quan-
tified in terms of ratios as reported in Table 3. On average,
Young’s modulus values are almost constant along the three
directions (ratios between 0.99 and 1.01), thus indicating
an almost perfectly isotropic elastic behavior. The smallest/
highest values of the ratios are, instead, observed for the
elongation at rupture and ductility (with minimum/maxi-
mum ratios between 0.95 and 1.15). The other key mechani-
cal parameters exhibit ratios between 0.98 and 1.04. Overall,
the obtained results indicate a very mild anisotropy, thus in
line with previous results obtained on WAAM carbon steels
[21, 51].

3.4 Impact tests

Impact toughness of sub-sized samples extracted from
WAAM plates ranged between 27 and 28 J. As showed
by the bar chart in Fig. 9, no significant difference was
evidenced among sample extraction direction (L, D, T) or
along plate thickness. In fact, standard deviations, which
represent the variability along the thickness, are rather
reduced. As an interesting result, the impact toughness
was maintained even when tested at low temperature
(=20 °C). It is worth noticing that none of the tested
samples reached the complete break, thus suggesting a
significant level of ductility. Fractographic analyses, dis-
cussed in the following section, demonstrated that frac-
ture was fully ductile; thus, 100% shear fracture according
to ASTM E23-18 [52]. Therefore, following the work of

T

some of the non-metallic inclusions found on fracture surfaces. In (g),
representative semi-quantitative analyses showing enrichment of Mn,
Si, and S in correspondence of inclusions

@ Springer
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Fig. 11 Representative fracture
surfaces of impact test samples
observed by FEG-SEM at low
and high magnification on
longitudinal orientation tested
at: (a, ¢) 20 °C; (b, d)—20 °C.
Green dashed circles highlight
some of the non-metallic inclu-
sions found on fracture surfaces

Lucon, McCowan, and Santoyo [53] already applied to
ER 70S-6 WAAM sub-sized specimen by Wagqas et al.
[34, 54], also the normalized impact toughness was calcu-
lated from the sub-sized adsorbed energy resulting from
the tests. Results are reported in Table 4.

3.5 Fracture surfaces

Fracture surfaces of both tensile (Fig. 10) and impact test
(Fig. 11) samples were investigated at high magnification
by FEG-SEM to investigate fracture mechanisms. Repre-
sentative fracture surfaces of tensile samples are reported
in Fig. 10, showing a ductile morphology characterized by
typical microvoids, termed dimples, nucleated and growth
in correspondence of non-metallic inclusions. The inclu-
sions are clearly visible in high magnification analyses in
Fig. 10 (d—f) as sub-micrometric spherical particles. Local-
ized EDS analyses (Fig. 10(g)) showed an enrichment of
Si, S, and Mn in correspondence of the particles, suggest-
ing type I MnS inclusions.

@ Springer

The lack of scan track marks or preferential fracture
directions on the fracture surface supports the isotropic
mechanical response of the material promoted by the
above-discussed homogeneous microstructure, achieved
by the complex deposition strategy and partial remelting of
the previously solidified layers. Furthermore, no substan-
tial differences were observed on the fracture surfaces of
the samples, regardless of the direction of extraction or the
position along the plate thickness, supporting the isotropic
mechanical behavior resulting from the mechanical tests.

The same inclusions observed on tensile samples were
also found on fracture surfaces of impact test samples, as
demonstrated by micrographs reported in Fig. 11, mainly
when observed at high magnification (Fig. 11c, d). As a
representative example, fracture surfaces at both 20 °C
and — 20 °C for the L orientation are reported in the fig-
ure. As discussed in the previous section, a fully ductile
fracture was evidenced by very fine dimples for all tested
samples without evidence of different fracture mechanisms
among the analyzed extraction/load direction conditions,
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supporting the isotropic mechanical behavior evidenced by
test results. Results also showed that ductile behavior was
preserved even when tested at low temperatures, and, as a
confirmation, an analogous morphology was found on sam-
ples tested at 20 °C (Fig. 11a, c¢) and at—20 °C (Fig. 11b,
d).

4 Conclusions

Metal additive manufacturing, and in particular wire-and-
arc additive manufacturing (WAAM), has proven to be a
very efficient solution to realize new structural elements and
metallic parts for various industrial applications, including
construction industry. However, most of the research effort
has been dedicated to thin shell (single layers) structures,
and specific experimental studies are needed to provide
insights into the possible influence of higher thickness (mul-
tiple layers) in the mechanical behavior of large parts.

The present study reported an extensive experimental
investigation from the microstructural and mechanical points
of view of WAAM-produced thick walls with ER70S-6 wire.

Microstructural analyses revealed a fine ferritic micro-
structure with a low volume fraction of perlitic islands, as
also confirmed by compositional analyses that showed an
extremely low amount of C (0.071 wt.%). Along the plate
thickness, microstructure was found as homogeneous and
mainly consisting of fine polygonal ferrite.

From the mechanical tests on specimens taken at dif-
ferent levels of thickness and different orientations, the
following considerations can be made. In general, results
provided values of the key mechanical parameters (Young’s
modulus, yield strength, ultimate tensile strength and
impact toughness) adequate for structural applications,
according to the recommendations from the Europo code
provisions, with strength values in line with S275 struc-
tural steel. Levels of ductility are quite higher than the
minimum recommended values for structural steel. Both
aspects can be explained by the very fine microstructure
and the absence of large microstructural defects. Results
also showed very little differences on the key mechanical
parameters from specimens taken at different orientations
and different location along the thickness, thus proving
an overall isotropic mechanical behavior. This result is
well supported by microstructural as well as fractographic
analyses that revealed a substantially homogeneous micro-
structure along the whole plate.

Hence, WAAM-produced thick walls resulted to be good-
quality products in terms of their mechanical performances
to be implemented in large-scale construction applications.
Future studies will be carried out on as-built specimens to
assess the influence of surface roughness and other possible
geometrical irregularities on the mechanical behavior.
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