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Abstract

The demand for free-form steel structures having improved performances, reducing labour and resource usage is increasing
in the construction sector. Structural nodes are some of the most critical regions for steel structures characterised often by
large dimensions. These nodes can exploit the geometrical freedom of metal additive manufacturing (MAM) processes.
Laser powder bed fusion (LPBF) is arguably the most developed MAM process, which has limitations regarding the size of
the parts to be produced. A way to overcome the size limits of LPBF for producing structural nodes while still exploiting its
geometrical capacity is producing hybrid components by welding them to traditionally manufactured beams. Such hybrid
joints would constitute a complex system from a mechanical design perspective requiring a systematic analysis in order to
be certified for structural use. Accordingly, this work studies the mechanical behaviour of hybrid steel components generated
by welding LPBF plates and quarto plates made of AISI 316L stainless steel. The work was guided by a case study based
on a large steel node, which helped defining the requirements to fill the gap of the international standards. The mechanical
characterisation of LPBF-produced plates and quarto plates, as well as the welded hybrid components revealed a maximum
of 10% difference between the properties of the differently manufactured plates. Through the digital image correlation (DIC)
analyses, the anisotropic deformation behaviour along the LPBF, weld seam, and quarto plate regions have been identified,
and the properties after welding did not show relevant modifications. The tests allowed to define that the failure behaviour is
mainly governed by interlayer bounds, and a 0.9 safety reduction parameter for considering the reduction of ductility induced
by arc welding to LPBF. Finally, design and production suggestions have been provided for a correct evaluation of gross and
effective sections of the designed nodes.

Keywords Steel structures - Hybrid complex joints - Laser powder bed fusion - Additive manufacturing - Hybrid
manufacturing

1 Introduction

The design of steel structures is becoming more demand-
ing for lightness, optimisation to the performances and
efficiency in terms of resource use. It is well known that
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structural nodes and their assembly are the most critical
features of steel structures, having a low level of optimisa-
tion and several design restrictions due to their producibil-
ity. Traditional manufacturing for steel structures generally
includes forging, rolling and extrusion [1], characterised by
high production rates and well known processes for regular-
shaped components. However, when dealing with complex
geometries or high customisation, the favourability of tradi-
tional techniques reduces, with an increase of design costs
and labour content.

A current obstacle that nowadays designers and manu-
facturers are facing is the design and production of complex
structural nodes for free-form or high performance struc-
tures. These nodes are often composed of several separately
manufactured parts, meeting with several different angles.
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The assembling process requires shaping the beams edges
to fit nodes’ geometry, and high quantity of bolted connec-
tions or metres of welding. Then, when the beams are made
of hollow sections, the need for internal stiffeners adds fur-
ther cutting and welding operations, as well as geometrical
discontinuities and stress concentration regions. In addition,
unique design for several nodes is often required, also in
the same structure, making the design cost and the labour
content drastically increase.

On the basis of the rising steel structure requirements
for resource efficiency, simplified assembly and optimised
design can find a beneficial tool in metal additive manufac-
turing (MAM) [2—4] for the production of structural nodes
[5-12]. By employing optimised additively manufactured
nodes to join traditionally manufactured large regular-
shaped profiles, MAM can find a favourable and sustain-
able use in the construction sector (Fig. 1a) [8, 13]. Indeed,
this solution exploits the advantages and meets the limits
of both traditional and additive manufacturing. Traditional
steel manufacturing ensures a low costs, high productivity,
and efficiency in the production of structure’s columns and

Fig. 1 Scheme of the case study
steel structure which requires
complex node geometry (a).
AM produced and traditional
node with the required welding
for the node production (b).
Processes involved in the pro-
duction of the samples (c)

AISI 316L

traditional
manufacturing

beams. On the other hand, using additive manufacturing to
produce the complex nodes, it is possible a low-cost shape
and assembling optimisation [10] reducing in shop work,
on-site labour and scraps [14]. In addition, nodes having
medium dimensions agree with most of MAM processes
including laser metal deposition (LMD) and laser powder
bed fusion (LPBF). A previous work from the authors [15]
demonstrated that additively manufactured structural nodes
can save up to 90% of the scraps from their traditional manu-
facturing, 20% of their weight, and almost 45% of the CO,
emission from transportation. However, the required energy
for the additive manufacturing was estimated higher than the
needed for traditionally manufacture the nodes. From the
structural point of view, with MAM-produced nodes, the
stress concentration is reduced, and any need for welding
is limited to the on-site assembling (Fig. 1b). The reduction
in number of assembling operation can also simplify the
capacity design of the whole structure, improving its safety
and reducing the need for oversizing [15].

Despite the advantages that MAM can provide to the
steel construction industry, the design and verification of
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components for steel structures are strictly related to the
design codes. The international standards define rules for the
traditional manufacturing techniques and the typical nodes’
shapes. Concerning non-certified production processes for
structural steel, such as MAM, several regulations are not
applicable, and the products properties need to be certified
to guarantee their compliance with the requirements stated
by the standards. In detail, the steel conformity for struc-
tural components can be studied according to EN 1090-1
[16], which states the rules for products from hot rolling,
cold forming and other technologies. It refers to the strength
properties, the weldability and fracture toughness proposed
in EN 1090-2 [17], even if this code is specific for the execu-
tion of steelwork produced from hot rolling, cold forming
and hot finishing. This specification limits the use of EN
1090-2 [17] for MAM products design to those rules referred
to by EN 1090-1 [16]. Moving forward to the design of steel
structures (Eurocode 3 Part 1-1 [18]), the material properties
of nonstandard products need to be tested, and the conform-
ity to the values presented in EC3 1-1 section 5.2 need to be
checked. In addition, the supplementary rules for steel struc-
tures of Eurocode 3 Part 1-4 [19] can be applied when the
material properties are in accordance with the values it sets.
Going into the detail of the design of joints (Eurocode 3 Part
1-8 [20]), the standard refers to EN 1090-2 [17] for admitted
products. Since EN 1090-2 specifies the requirements for
the execution of structural steelworks produced just from
hot rolling, cold forming and hot finishing, steel joints can
be designed according to the standards just if made by the
specified products. However, the use of alternative produc-
tion processes for structural steel is allowed, but the design
and verification need to be subject to a certification body.
On the base of the analysis of the international stand-
ards, the first step for designing a structural steel component
produced with MAM is the qualification of its properties,
and the reliability of possible connections with other parts.
A literature review on MAM steel products revealed that
their mechanical properties at the lab scale are compara-
ble to traditional steel [22—23], and they demonstrated an
anisotropic behaviour. Experimental works also proved the
dependency of MAM product properties on process parame-
ters [24], which are designed for the required geometry, lead
time and special features. Other relevant factors determin-
ing behaviour of the component are the post-process treat-
ments [26-29], whose choice depends on the desired result-
ing properties, part shape and dimensions. Concerning the
techniques to join several parts, one of which produced with
MAM, in the literature there are a few works dealing with
laser welding of LPBF-manufactured steel plates [31-32],
which induced modifications on the involved metals. The
use of LPBF to directly manufacture on existing parts have
been assessed in the literature as well [33, 34]. Such strategy
would require flat surfaces to build the LPBF-produced part

and the part sizes would be limited to the volume of the used
machine. The literature on the arc welding of LPBF-pro-
duced steels and in particular hybrid joints is very limited.
In Pasang et al. [35], arc-welded 2.5-mm-thick steel plates
produced by LPBF showed promising results in terms of
mechanical properties. However, for the construction indus-
try, a greater understanding of the mechanical properties is
required for higher thicknesses (> 8 mm) and hybrid joints.
Civil construction being one of the most conservative sec-
tors in terms of design regulations, requires fundamental
studies dealing with material properties in this new applica-
tion field [36]. To authors’ knowledge, no previous work
has attempted to assess the mechanical properties of welded
MAM-traditional steel configurations in the light of the civil
construction requirements.

For proving the suitability of using MAM for the produc-
tion of a structural node for traditional steel beams, some
challenges are still present. As stated by the international
standards, the materials and joints properties need to be
specified for non-standards products. The literature did not
revealed a sufficient stability for MAM processes and mate-
rials properties for thick components. Thus, an experimental
study has been set for a comprehensive quantification of the
mechanical and physical properties of MAM thick steel parts
produced for high productivity. Concerning the reliability of
joining the MAM node to traditionally manufactured beams,
there is a huge lack of knowledge about the quantification
of the thermal effect of welding on thick steel parts. Thus,
an experimental investigation is needed to identify the weak
regions and to quantify the MAM products properties varia-
tion induced by welding.

On the basis of the current knowledge gap that prevents
a favourable use of MAM in the construction sector, the
authors propose the present work. Laser powder bed fusion
(LPBF) is the considered MAM process, owing to its indus-
trial maturity. Indeed, it has a great degree of geometri-
cal freedom compared to laser metal deposition and other
directed energy deposition processes. AISI 316L with its
common use in special steel structures, known LPBF pro-
cessability [37] and good weldability [16] was chosen as
the material. To analyse material properties, thick plates
have been considered, setting the thickness to 10 mm, in
order to meet the dimension-dependant parameter of LPBF
process, as well as the properties dependency on the heat
effect induced by fusing several subsequent layers. The
LPBF 10-mm-thick plates were produced with different
orientations to extensively characterise the material con-
cerning porosity, microhardness, microstructures, tensile
strength and anisotropy. The needed assembly process for
the designed MAM node should be applicable on-site,
which better fits the process properties of manual arc weld-
ing, as commonly employed in the construction industry.
The reliability of arc welding for assembling LPBF AISI
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316L to traditionally manufactured steel beams is investi-
gated by arc welding LPBF 10-mm-thick plates (produced
with different orientations) to the traditional counterparts.
The experimental analysis on the welded joint concerned
the same properties investigated for the base material, in
order to quantify the integrity of the welded joint, and the
effects of welding thermal cycles on the materials proper-
ties. Digital image correlation (DIC) was applied during ten-
sile tests determining the strain development in the welded
samples, and revealing the heterogenous strain behaviour
among the welded specimens. The results were then related
to the design process for structural nodes, and the needed
verifications for a safe employment of LPBF in the construc-
tion sector were outlined. A visual outlook of the production
processes of the sample is presented in Fig. lc.

2 Materials and methods

This study began with the material choice, the production
of the samples, and the identification of the analyses to per-
form. The study pointed at investigating the changes induced
on LPBF-produced AISI 316L by the thermal cycles from
arc welding. Indeed, the large thickness of the plates requires
several welding layers, and the effect of a concentrated heat
source on LPBF steel is still unknown. The metals in both
single and welded hybrid configurations were studied also
to relate the welded joints properties to the base metals, and
thus provide possible correcting parameters to quantify the
mechanical properties of welded joints starting from the
base metals ones.

2.1 Feedstock material

The test material was chosen to meet the typical mechani-
cal properties required to metals for structural applications
[16] and the processability for LPBF [37]. AISI 316L was
selected for both additive and traditional manufacturing
(respectively LPBF and quarto plates) with the same nomi-
nal chemical composition. Table 1 reports the chemical
composition of the quarto plates and the powder feedstock
used in the experiments. The steel for LPBF process was gas
atomised and sieved to produce powder having a size distri-
bution between 18 and 47 pum (Hoganis, Goslar, Germany).
For the production of quarto plates, AISI 316L ingots were
hot rolled to the thickness.

2.2 Quarto plate production

Quarto plates are hot-rolled products, and we considered
them for sake of simplicity as representative products for
traditional manufacturing. Their analysis has been used to
compare the physical and mechanical properties of the LPBF
products. They have been then employed as the counterpart
of LPBF plates for the investigation of the hybrid joint, rep-
resenting the LPBF node welded to traditionally manufac-
tured beams. Quarto plates are obtained by rolling ingots
produced by converting iron, or by means of fusion of metal
scraps and iron ore. The rolling process requires the use of
heated ingots up to work with softened material. The mate-
rial pass through a series of counter-rotating rollers which
shaped the plate to the designed thickness [1]. AISI 316L
quarto plates were provided by, Finland.

2.3 Laser powder bed fusion of the specimens

An industrial LPBF system was employed for the production
of the plates (Renishaw AM250, Stone, UK). The employed
LPBF system is equipped with an active fibre laser oper-
ating in pulsed wave (PW) emission by power modulation
[38]. The laser scans continuous scan tracks, while the laser
is modulated with the given exposure time (7,,) emitting
pulses with a fixed point distance (d,) [39]. Meander scan
strategy was used, while the scan direction was varied by
67° between each layer. The system operated under Ar
atmosphere, maintaining the oxygen level below 1000 ppm.
The process parameters were set to produce parts with suf-
ficient density and high productivity. Laser power (P) was
set at 200 W, with an exposure time of 80 us, while point
(a’p) and hatch (d,,) distances were set at 60 um and 110 pm
respectively. Layer thickness (z) was 50 um. The plates were
designed to have 10 mm thickness, 70 mm length and 90 mm
width for the consecutive gas tungsten arc welding (GTAW)
process. Plates were produced with different orientations to
test the influence of material anisotropy with respect to the
build direction as shown in Fig. 2a. The produced specimens
are shown in Fig. 2b. All specimens were tested after a sand-
blasting operation to remove the sintered particles. No heat
treatment was applied to the tested specimens.

2.4 GTAW of hybrid specimens

GTAW was used to weld LPBF specimens to quarto
plates since it is a widely used welding process in the

Table 1 Chemical composition

X Mass % C Si P S Cr Ni Mo N (0] Iron
of the quarto plate steel and of
the powder used for LPBF Quarto plate  0.017  0.50 0.027 0002 17.0 10.1 204 004 Balance
Powder 0.00  0.20 <0010 0004 177 119 23 001 004 Balance
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Fig.2 Build orientation angles 6 and ¢ for LPBF, and dimensions nomenclature (a); produced specimens having =10 mm, /=70 mm,

w=90 mm (b)

clamping system

Hot rolled

Fig. 3 Welding setup and extracted sample. Marker in cm

construction sector [17, 40]. An expert weld engineer con-
figured a butt joint as designed for the optimised structural
node (Fig. 1b). A clamping system to reduce the heat-
induced deformations was employed, maintaining the sam-
ple straight during welding. The expert applied manually
the welds with 7 consecutive passes using AISI 316L as
the filler wire (Fig. 3). No surface finishing was applied
after welding, and the excess of metal on the weld seam
was not grinded to test the most severe condition. The
quality of the welds was confirmed through dye penetrant
tests and radiographic tests according to the respective
codes [41, 42].

2.5 Characterisation

LPBEF is not yet present in the current standards as a manu-
facturing process for structural steel. Therefore, its suitabil-
ity should be proved by proper qualification and certification
pathways (as proposed by certification bodies [9]). Propos-
ing products having properties which suit the structural steel
requirements according to the international standards EN
1090-2 [17] would simplify the approval process. With this
aim, the surface quality of the as-built products was evalu-
ated to identify possible finishing processes to obtain the
standard roughness for structural steels, and to quantify the
gross section of the LPBF components to guarantee suffi-
cient thickness for the resisting section after sanding. It is
well known that the metallographic properties are strictly
dependant on the production process, and that they deter-
mine the mechanical properties. Thus, porosity, microhard-
ness, microstructure and tensile properties provided the
information to investigate the quality of thick LPBF products
with high productivity parameters. In addition, the proper-
ties were used to study the effect that the concentrated ther-
mal cycle of the seven layers of welding had on the LPBF
steel. Specifically, the tensile tests were designed to study
the strength of the welded samples, and to investigate the
fracture location and the local properties of the welded met-
als. The comparison to the base metals properties aimed
to quantify possible performance modifications due to the
seven-layer welding. In addition, the gathered properties rep-
resent the needed data to build reliable numerical models of
the structural nodes to assess their integrity with reduced
prototype testing.

2.5.1 Surface roughness

A tactile surface roughness measurement system (Mahr
Perthometer, Gottingen, Germany) was used to measure
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the roughness parameters for both the LPBF and quarto
plates. For LPBF plates measurements were carried out in
three locations for each plate: top, bottom and groove face
(edge) (Fig. 4), considering as measure direction the build
direction.

2.5.2 Metallography

LPBF-produced and quarto plate specimens were cut and
mounted in resin and prepared for metallographic analysis
by conventional grinding and polishing methods. Optical
microscopy of the cross-sections was taken to measure the
level of porosity. Vickers microhardness profile along the
longitudinal direction of the samples was taken according to
ISO 6507 [43] to outline variation of the mechanical prop-
erties in LPBF, quarto plate, welded zones. Microhardness
profiles were taken at three different heights along the plate
thickness, applying a 10 N load, with a dwell time of 5 s.
Material microstructure was revealed by chemical etching,
with a solution composed of one HNO; part, one HCI part
and one part of water. The samples were immersed for 45 s
in the solution before washing and drying. Optical micros-
copy and scanning electron microscopy (SEM) images were
taken.

2.5.3 Mechanical testing

Tensile tests of the LPBF parts and quarto plates were made
to assess the mechanical properties prior to the welding
operation. For the hybrid specimens, the welded plates were
cut obtaining six tensile testing bars for each orientation
having length 143 mm, thickness 10 mm and width 10 mm
as shown in Fig. 5c. An extensometer at the longitudinal
direction of each sample, and a strain gauge along the trans-
versal direction (Fig. 5b) provided the elongation values to
study both the elastic and the post-elastic properties of the
materials. To compute the elastic constants of the transversal
isotropic LPBF AISI 316L, the strain gauges were applied
on the surfaces corresponding to the planes 1-2 (H) (iso-
tropic plane) and 1-3 (VH) (assumed equivalent to 2-3). The

Fig.4 Surface roughness meas-
urements reference system, and
picture from the measurement
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last plane is studied along two directions as an off-axis con-
figuration test in order to obtain the data for the computation
of its shear modulus [44]: 1-3 (HV), 1-3 inclined at 45° (I)
(Fig. 5a). The Poisson ratios were computed as the ratio
between the transversal elastic strain and the longitudinal
one of the central cross section of the samples: v = z—; Since

tensile tests exhibit an unstable initial phase, the strain val-
ues for the computation were selected when the stress—strain
curve reaches a stable trend, it means after 0.012% strain and
25 MPa.

Tensile tests were carried out under displacement control
with a universal testing machine (MTS Alliance RT/100,
Eden Prairie, MN, USA) fitted with a digital image cor-
relation (DIC) system (Aramis 3D Camera, Braunschweig,
Germany). A speckle pattern was applied to the specimens
prior to testing. DIC offers point-by-point strain computa-
tion on a pre-defined region of the sample. The acquired
images were processed applying “virtual extensometers” to
quantify the strains in LPBF and quarto plate sides of the
hybrid specimens. After the tensile tests SEM images were
taken in the fracture zone was for a better understanding of
the failure mechanism.

3 Results

A first visual inspection of the LPBF and quarto plate sam-
ples did not reveal macroscopic imperfections, and the weld-
ing expert performed state-of-the-art welds since no defects
were detected. The more specific analyses performed on the
samples are presented in the following sections.

3.1 Characterisation of LPBF-produced specimens
and quarto plates

The base metals were characterised to provide information
about the products quality obtained through high produc-
tivity parameters, and the reference values to quantify the
welding thermal effect on the LPBF steel.

BOTTOM
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Fig.5 Strain gauge setting on the three types of base metals sample (a); tensile test setting for base metals with transversal strain gauges (b)
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Fig.6 Measured parameters Ra with standard error for the quarto
plate and LPBF base metals (AISI 316L)

3.1.1 Surface quality

Figure 6 shows the average surface roughness of the speci-
mens. The experimental results on the quarto plate revealed
smooth surfaces fitting the requirements for structural steel
(3.5-7.5 pm) [45], and resulted comparable to the values

from the BOTTOM horizontal (Figs. 2, 4) values of the
LPBF sample. Conversely, the BOTTOM inclined set
showed the highest Ra. The measured region is character-
ised typically by a higher roughness as it is sustained by
the powder bed during the LPBF process, which results in
limited heat dissipation accompanied by a rougher topogra-
phy. Similarly, observations can be made for to the EDGE
inclined and the EDGE vertical regions. The results showed
that the surface roughness is anisotropic in the built parts,
which may induce different fatigue behaviour in the part
as well as possible issues with fitted or bolted assemblies.
These results are essential to qualify the best surface finish-
ing process and the quantity of material to remove to reach
the standard roughness for structural steel.

3.1.2 Porosity

The average density for the three considered build direc-
tions of the LPBF parts did not present great differences:
horizontal 99.52%; inclined 99.70%; vertical 99.85%, where
non circular pores were observed locally (Fig. 7a). The
image analysis allowed to identify small and spherical pores
attributed to gas entrapment, and irregularly shaped pores,
which may be associated to lack of fusion or spatter induced
porosity (Fig. 7a) [46, 47]. Concerning the AISI 316L quarto
plate, the average density was close to 100% (Fig. 7b). Since
the pores are discontinuities favouring cracks formation
and propagation, the density of the base metals, and the
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T Build
direction

Fig.7 Analysis for pores in the LPBF-produced horizontal sample (a) and in the quarto plate one (b)

maximum dimensions of the pores suggested the possible
influence of the porosity on the mechanical properties of
the materials. In addition, the high quantity of pores can be
responsible for a low ductility of the materials [48].

3.1.3 Microhardness

Microhardness analyses on the base metals (Fig. 8) revealed
that the quarto plate values lied in the recommended typical
range for structural steel [49]. On the other hand, the higher
microhardness values of LPBF AISI 316L with respect to
the quarto plate are associated to the rapid solidification
induced during the LPBF process. No sensible difference
was observed between the different build directions. This
was because the microhardness measurements were carried
out along the build direction for each specimen, and in order
to better reveal the anisotropic behaviour a macro approach
such as the tensile test is required. Overall, the results con-
firmed the adequateness of both of the materials for further
testing, and represented the reference values to quantify the
heat-affected zone in the welded samples.

3.1.4 Microstructure
The quarto plates showed both d-ferrite (Fig. 9a) and anneal-
ing twins (Fig. 9b), the grains showed an equiaxed structure,

and approximately 30 pm medium dimension. Etching the
base LPBF AISI 316L highlighted the melt pools produced
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Fig.8 Microhardness measurement with standard error of the hot-
rolled quarto plate and LPBF produced AISI 316L

HV1

by the laser scanning, and the specific scan strategy for each
build direction. As example, the dashed lines in Fig. 9d
depicted the melt pool boundaries of the sample vertical, and
the scheme for their measurement. The melt pool width was
found to be constant among the three selected build direc-
tions (i.e. horizontal, inclined and vertical) approximately at
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Fig.9 Microstructure of the quarto plate (a, b) and LPBF vertical specimen (c—f). Equiaxed fine cells in LPBF-produced AISI 316L

100 pm (see Fig. 9d). Partial overlaps of adjacent scan areas
(Fig. 9¢) were detected during the microstructure observa-
tion due to a smaller hatch distance with respect to melt
pool width. Elongated grains, oriented along the build direc-
tion, spanning over melt pool boundaries was observed in
all the LPFB samples. This peculiar morphology is induced
by the high cooling rate of LPBF process, and it is the most
probable factor which induce the typical LPBF material ani-
sotropy [31]. Further magnification from the SEM revealed

elongated and equiaxed cells in the grains (Fig. 9e—f) within
the single melt pools.

3.1.5 Tensile properties

The mechanical properties of the quarto plate and LPBF-
produced AISI 316L are shown in Fig. 10, where E is the
Young’s modulus, oy, is the 0.2% proof stress, UTS is the
ultimate tensile strength, g, is the elongation at the ultimate
tensile strength, &, is the elongation at failure, and v is the
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Fig. 10 Experimental values with standard error for the main mechanical properties of the base metals: Young’s modulus E, 0.2% proof stress
002, ultimate tensile strength UTS, strain at ultimate tensile strength €, strain at failure £, Poisson’s ratio v

Poisson ratio for the LPBF steel according to Fig. 5. The
results highlighted a weak anisotropy in all the LPBF sam-
ples, and identified the inclined direction as the transition
orientation from the horizontal to the vertical directions.
All the Poisson ratios are close to 0.3 as typical value of
traditional stainless steel, however, the anisotropy reflected
also in this property. The LPBF-produced AISI 316L had
similar mechanical properties to the quarto plate counterpart
in terms of elastic modulus, and ultimate tensile strength. On
the other hand, LPBF-produced AISI 316 had a higher yield-
ing point and a lower elongation at break. However, LPBF
-produced AISI 316L demonstrated mechanical properties
fitting the standard values for stainless steels for structural
roles in the construction sector. These results are also essen-
tial to quantify the variations induced by the welding ther-
mal cycles on the two involved metals.

The fracture surface observation suggested that the
AISI 316L quarto plate was sufficiently dense and duc-
tile to develop a complete ductile fracture (Fig. 11a) with
homogeneous ductile dimples and a pronounced necking.

@ Springer

Conversely, the LPBF samples demonstrated a more brittle
behaviour, induced by the growth of pores instead of section
necking, and the presence of small dimples and brittle frac-
ture surfaces (Fig. 11b). These observations confirmed that
the pores increased the brittleness of the LPBF-produced
sample.

3.2 Characterisation of the welded hybrid samples

Porosity, microhardness and microstructural analyses have
been performed on the hybrid joints to quantify the effects
that the seven welding layers had on the base metals. The
results allowed to identify the variation from the proper-
ties of the base materials, quantify the dimension and the
properties of the heat-affected zones. The data provides the
needed information to build accurate numerical models able
to capture the possible weakening of materials due to weld-
ing. Numerical and analytical analyses would prove if the
standard design rules [18] offer reliable approaches also for
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Fig. 11 Fracture surface observation for quarto plate AISI 316L (a) and LPBF horizontal (b) after tensile tests

LPBF products, or if modifications or new specific rules
are needed.

3.2.1 Porosity of the welded samples

After polishing the welded samples, the quarto plate parts
showed high density and a few imperfections, giving a
99.98% density (Fig. 12), and a maximum dimension for
the pores of 80 pm. After welding, the LPBF parts of the
welded samples still showed a large number of pores having
average diameter 30 pm. The horizontal specimen showed
a 99.52% density, the inclined specimen 99.70%, and the

vertical specimen 99.85%. The porosity decreased in terms
of pore density and dimensions close to the weld seam, how-
ever, being the pore distribution not uniform along the sam-
ples, the density variation could not be reliably quantified
to study the density sensitivity to welding thermal cycles.

3.2.2 Microhardness of the welded samples
The microhardness measures on horizontal, inclined and
vertical welded samples are shown in Fig. 13. They are

divided according to the distance from the top of the weld
seam (from 1 to 9 mm far), and the three graphs in each plot
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Fig. 12 Porosity of the quarto plate and LPBF parts of the horizontal welded sample
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Fig. 13 Microhardness (HV1) values along the horizontal, inclined, vertical welded samples at three levels of sample thickness (1 mm, 5 mm

and 9 mm from the weld seam top)

represent the measurements in the three sample types (i.e.
horizontal, inclined, vertical). The microhardness analysis
highlighted the variation induced by the welding thermal
cycles close to the weld seam. The three samples demon-
strated an instable evolution close to the weld seams, iden-
tifying the heat-affected zones. At 15 mm from the weld, the
LPBEF parts reached a stable microhardness trend, matching
the base metal values (Fig. 8). Conversely, the quarto plate
part showed a gentle constant decrease, and the microhard-
ness values did not reach the nominal values in the whole
sample length. The microhardness evolution across the
thickness had a clear development in each sample, as the
root of the weld showed a high microhardness value, while
in the upper layers progressively decreased. This phenom-
enon is associated to the welding layers which superimposed
one another, and gradually produced different thermal treat-
ments. The microhardness analysis suggested that the LPBF
steel is less sensitive to thermal treatments than quarto plate
steel, and that the heat-affected zone can be identified as
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a 15 mm offset of the weld seam edges on both the LPBF
and quarto plate sides. The dimension of the HAZ will be
compared to the microstructure analysis results in the next
section, and possible mechanical weakening of this region
will be evaluated during the tensile tests with DIC.

3.2.3 Microstructure of the welded samples

The microstructure observation of the welded samples
showed the typical grain distribution of the AISI 316L
quarto plate, and demonstrated that the welding thermal
cycles did not affect the grain dimensions, having main-
tained the average dimensions of 30 pm. Austenite with delta
ferrite was detected in weld seam, as well as both columnar
dendrite and cellular structure (Fig. 14b). The fusion line of
the welded region was clearly identified (Fig. 14a), and the
weld seam observation after etching highlighted the weld-
ing layers shape having a medium width of 3 mm, 30 times
larger than the medium dimension of the melt pools from
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* layers.bounda |

cellular structure

(b)

Fig. 14 Weld region of the horizontal welded sample (a); microstructure of the weld seam, and of its interface between with the LPBF part (b);
differences in microstructure from the HAZ and the LPBF not affected by the welding thermal cycles (c¢)

the LPBF process. In the LPBF part, the chemical etching
showed the typical LPBF elongated grains and the melt
pools, having medium width 100 pm, and depth 40 pm. The
differences among the weld seam, quarto plate and LPBF
parts suggested that the weld seams could have its own
properties, and it should be considered as a third part in
the hybrid welded samples. Closes to the weld seam, up to

15 mm from the interface with the LPBF part, the melt pools
were no more visible in all the samples. This highlighted the
region mostly affected by the thermal cycle (Fig. 14c), and
confirmed the HAZ dimension quantified during the micro-
hardness analyses. Despite the effect of the welding process
on the melt pools, the dimensions and orientation of the
grains did not showed any relevant change along the samples
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length, confirming the observations from the microhardness
analyses about the limited effect of arc welding on the LPBF
material.

3.3 Static tensile behaviour of the welded
LPBF-quarto plate samples

During the tests, the samples showed a ductile behaviour
with, first, a deterioration of the weld, and then an initial

deformation of the quarto plate part. These phenomena are
followed by a strain concentration in the LPBF part, its neck-
ing and rupture (Fig. 18b). This observations fitted the strain
concentrations evolutions identified by the DIC (Fig. 15a),
which highlighted the hybrid behaviour of the welded sam-
ples. The DIC allowed also to define the mechanical proper-
ties of the hybrid samples (Fig. 15b), and to prove the DIC
reliability as agreeing with the results from the traditional
tensile tests. The hybrid samples (Fig. 15b) demonstrated a
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non-linear elasto-plastic behaviour with gradual yielding,
and did not show a strong anisotropy.

The application of virtual local extensometers (Fig. 15¢)
to the weld seam, the quarto plate and LPBF parts captured
their stress—strain responses (Figs. 16, 17), and particu-
larly identified the anisotropic behaviour of the LPBF parts
(Fig. 18a). A relevant gap is clear between the horizontal
welded samples and the others (Fig. 17c), and the inclined
samples showed low homogeneity in the curves (Fig. 16b)
with respect to the horizontal and vertical samples (Fig. 16a,
¢). The weld seam showed a non-homogeneous distribution
of properties due to the variability within the microstructure
of the manually welded seam (Fig. 17a). Observing the local
properties of the three parts of the hybrid samples (Fig. 16),
it can be noticed a strong difference in yield strength
between the quarto plate parts and the weld seam and LPBF
ones. This observation is coherent with the microhardness
measurements, since the weld seam and the LPBF parts had
similar HV1, while the quarto plate part showed lower val-
ues (Fig. 13). Indeed, the Vickers hardness has been demon-
strated to be directly proportional to the yield strength [50].
At the end, comparing the hybrid samples behaviour with
the local properties of their parts, it is clear that the LPBF
anisotropy is softened by the influence of the traditionally

manufactured components which demonstrated a homogene-
ous behaviour among all the sample types (Fig. 17b).

The properties of the LPBF and quarto plate steels before
and after welding (Fig. 18a) revealed that the welding ther-
mal cycles had a negligible effect on the yield and ultimate
tensile strength values. Nevertheless, welding increased the
elongation at ultimate tensile strength €, of the LPBF part
by almost 10%, which could be considered during model-
ling and design of welded LPBF parts. These results mean
that the base metal properties for both LPBF and quarto
plate steels can be used to design welded samples, and just
a reducing factor y =0.85 should be used to consider the
actual strain at failure of the LPBF part. On the other hand,
the elongation at failure e, showed higher values than the
base metals, demonstrating an increase in ductility due to
the welding thermal cycles. The last observation concerns
the HAZ. There is not a distinguishable weakening in the
regions close to the weld seam, and this confirmed the grad-
ual microhardness variation from the weld seam to the base
metals (Fig. 13), and the slight modification detected in the
microstructure (Fig. 14c). These results demonstrated the
good weldability of thick LPBF AISI 316L plates and quarto
plate parts using arc welding, and provided the needed data
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to study the structural integrity of LPBF structural node to
be welded to traditional profiles.

The LPBF process peculiarities were identified also in
the fracture surface analysis. Several beam scanning traces
(Fig. 19a) of the LPBF process emerged, highlighting that
the melt pools boundaries were weak surfaces of the LPBF
part. Unfused powder particles were detected (Fig. 19d), the
formation of cracks followed these regions. The surfaces
were mainly characterised by ductile dimples (Fig. 19¢), but
also brittle fracture regions arose (Fig. 19b). While further
study of the process parameters may be carried out, such
defects are inherent of the LPBF process and the layered
material obtained through it.

4 Discussion

The present work aimed to design structural nodes pro-
duced with LPBF with properties and aesthetics as similar
as possible to traditionally manufactured steel beams. This
allows to homogenise the aesthetic and the performance of
the differently manufactured components, in order to reduce
the discontinuities. This discussion relates the experimen-
tal results to the most critical steps for the design of struc-
tural nodes, and identifies if the material properties are in
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compliance with the standards or if these need to be adapted
to the design of MAM-produced structural components.
Specifically, the study investigated and quantified the
effect induced by arc welding on thick AISI 316L plates
produced with additive manufacturing and traditional
techniques (respectively, laser powder bed fusion and hot
rolling). LPBF was considered in this research to pro-
duce steel nodes having complex shapes, with the aim of
meeting the recent requests of the construction industry
to simplify the assembling process of steel structures,
reduce the discontinuities in welded structural joints, and
the consumption of feedstock materials [9]. Considering
the manufacturing of structural hybrid joints for industri-
ally realistic applications, MAM revealed to be a viable
technology to obtain benefits on the structural side and on
the assembling and resource use ones [§, 14]. Despite the
evaluated benefits, LPBF is not included in the Eurocode
3 [18] as manufacturing process for structural steel. Thus,
a comprehensive evaluation of the material properties
and accurate structural design are essential, and the fulfil-
ment of the qualification and certification (CE marking
[51]) are still needed to employ LPBF parts in the con-
struction sector. The available studies from the literature
were a good starting point for this study, but they do not
provide enough information about thick plates and their
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weldability to design structural complex components for
future standardisation efforts. In particular, for constituent
products not covered by design standards, ISO 1090-1 [16]
and 1090-2 [17] demand to specify their properties. To
such products, requirements from the relevant European
products standards should be applied.

For the case study considered in this work, a 1D sur-
face finishing is requested to employ LPBF products with
traditionally manufactured profiles [52]. The 1D surface
finishing represents a free of scale surface, ensuring good
corrosion resistance (EN 10088-2 [45]), and corresponding
to an Ra range typically between 3.5 and 7.5 pm. The results
depict that the Ra values of LPBF as-built components, vary

weld seam

(b)

stress, UTS is the ultimate tensile strength, €, is the elongation at the
ultimate tensile strength, &, elongation at failure. Macro image of the
vertical welded sample after tensile test (b)

between 10 and 20 pm. As a conservative approximation
for the material allowance 4 times the value of Ra or the Rz
value measurements can be considered for the successive
surface finishing [53]. This means that the gross section of
the as-built component should be enlarged by 80-160 pm
to larger thickness. The dimensional adjustments to the
designed geometry can be applied according to the surface
finish requirement as well as inclination with respect to the
build platform.

The process parameters are a crucial aspect for additive
manufacturing, as they determine the quality of the prod-
ucts and the lead time for the production. Often the process
parameters are set through the analysis of porosity followed
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()

Fig. 19 Images of the vertical welded sample after the test and fracture surface details: scanning traces (a), brittle fracture surface (b); small

ductile dimples (c); unfused powder (d)

by static tensile testing. Producing thick samples with high
productivity rates provided products adequately fused with-
out excessive porosity and adequate tensile strength. The
fracture analysis on the LPBF and hybrid samples on the
other hand showed the presence of local defects and the
traces of the layered material structure. Further improve-
ment of LPBF process stability may be carried out to go
towards properties in compliance with the Eurocodes: dedi-
cated post-processing treatments and inline process control.
Hot isostatic pressing (HIP) may allow for a better bonding
between the layers and help close some of the pores. Inline
process monitoring can help with the process instabilities
such as defected recoating, heat build-up, and spatter related
issues, which may all cause local porosities [46, 47]. Such
solutions are still to be developed for a wider industrial use.

Since additive manufacturing is not yet included as an
allowed process for structural steel, a comparison to the
requirements for traditional steels is the pathway to the cer-
tification of the process and the products. For traditional
structures international standards provide rules and analyses
to ensure a correct and safe design [18]. The first analysis
that structural design requires is about the entire structure.
Complex structures which need also optimisation processes
are generally studied using global plastic analyses, since they
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are more reliable than elastic analyses for the considered
cases. The materials involved in the structures shall respect
ductility conditions to ensure a safe development of the com-
ponents’ plasticity. In this regard, Eurocode 3 [18, 54] states
that the plastic analyses are admissible if the ratio between
the ultimate tensile strength and the yield strength of the
material satisfy the expression’% > 1.10, and the elongation

at failure is never less than 15%. Our results revealed that the

lowest ]% ratio is equal to 1.31 in an horizontal sample, while
y
the lowest elongations at fracture rose in an inclined sample

with the value 33.4%, and in the LPBF part in the least duc-
tile welded sample (welded vertical) reaching the 43.4%.
These values prove the capacity of the material to develop
sufficient plasticity to allow plastic analyses.

Going into the detail of node design, the components
need to be verified in order to respect the performances
required by the structure. The complex LPBF-produced
node has both an unconventional shape and a non-standard
production process. This denies the use of the rules for tradi-
tional components, and requires specific numerical analyses
with properly defined numerical models. Indeed, AISI 316L.
quarto plate can be modelled as suggested by Eurocode 3
[54, 55], but these rules are not reliable for non-certified
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production processes for structural steel. A relevant peculi-
arity of LPBF products in contrast with standard steel is its
anisotropy. It is well known that quarto plate parts have their
own anisotropy, which is evaluated through the plastic strain
ratio [56]. Such anisotropy is negligibly small during the
design phase [45]. The LPBF-produced components inves-
tigated in this study showed a slight anisotropy (Fig. 10).
While quarto plate profiles are generally employed along
their direction of highest resistance, the production as a sin-
gle component of the LPBF node could require the involve-
ment of the directions of the lowest resistance of the mate-
rial. In particular, LPBF steel demonstrated anisotropy in
both the elastic and plastic phase. The mechanical properties
gathered in this study allow to model a transversely isotropic
elastic phase and anisotropic yielding through Hill’s crite-
rion [57]. With this material model, a comparative analysis
on the optimised node can be performed through numerical
simulations by implementing both isotropic and anisotropic
material models. The results would quantify the effect (in
terms of stress and strain concentrations) that the anisotropy
has on the node behaviour when combined with complex
geometries. If the materials have a weak anisotropy, it could
happen that the state of stress and strain obtained by model-
ling the material as anisotropic are similar to the results from
isotropic models. In this regard, it would be interesting to
identify a threshold value for the anisotropy magnitude (e.g.
Zener ratio, Ar-value) for which the design with a isotropic
material model is acceptable. Then, once defined a proper
model, the node’s integrity and performances can be verified
by applying the loading conditions from the structural analy-
sis, and computing the stresses and strain inside the node.
The simulations results would prove if the node satisfy the
requirements imposed by the structural scheme (hinge, rigid
or semi-rigid joints) from a bearing and rotational capacities
points of view.

The integrity of the weld has to be evaluated along with
the node itself. The weldability of stainless steels is dis-
cussed in EN 1011-3 [40], and GTAW is assigned as suitable
for welding AISI 316L. GTAW significantly reduced the
elongation at ultimate tensile strength of the LPBF part by
10%, while the HAZ did not show relevant weakening. The
reduced elongation at the ultimate tensile strength should
be taken into account by considering a correcting parameter
y = 0.85 for the LPBF steel. For a conservative design and
to limit the computational costs, this reducing parameter
could be considered for modelling the material of the whole
node. Indeed, the length of the node region showing the
ultimate elongation reduction has not been measured, and
the definition of a specific model for the heat-affected region
would be nor possible neither much relevant for the integ-
rity assessment of the joint. Another parameter to take into
account is the increased elongation at failure after welding.
The base metal properties could be considered to perform

the design on the safe side, since the vertical orientation did
not show significant increase of the strain at failure. Con-
cerning the weld seam verification, the conventional rules
would be adopted as it was performed according to stand-
ard procedures, and it demonstrated a strong bond with the
base metals. The directional method [20] is the most reliable
approach to verify the welding as it computes the internal
forces of the weld seam, and it is the less approximated on
the experience. Numerical analyses on the welded joints can
provide the actions which develop in the weld seam, and the
comparison with the analytical ones can demonstrate the
reliability of the verification from Eurocode 3 [20].
Besides the mechanical performances, the potentialities
of implementing MAM nodes in traditional steel structures
touch several aspects. LPBF can provide benefit in terms of
labour content and resources use, and the optimised geom-
etry can have inner space for positioning structural monitor-
ing devices for durability assessment of the components.
In case of node substitution during the structure life, the
designers can improve the node performance and durability
according to the information from structural monitoring, and
with low design and customisation costs. The last example
of advantage concerns the assembling procedure. Each node
geometry could be characterised with a unique shape detail,
which can be assigned by programming CAD software, and
which can be used as identification parameter for the correct
placement of the node. This procedure could help in assem-
bling those structures composed of large amount of nodes
having different shapes. MAM has multiple potentialities,
and once the research would have defined design process and
verifications, designer could fully exploit them.

5 Conclusions

Resource efficiency and geometrical advantages of laser
powder bed fusion (LPBF) show great promise for the con-
struction sector. However, the lack of experience and ade-
quate design rules slows the industrial pick-up of metal addi-
tive manufacturing (MAM) processes. This work proposed
a framework towards the design, production and verification
of hybrid LPBF-quarto plate structural stainless steel nodes
joined by welding. The study was guided by the analysis of a
case of structural nodes and the main requirements for struc-
tural steel and joints design for manufacturing processes cer-
tified for the structural applications.

It is difficult to design and verify steel products manu-
factured through processes not classified by the interna-
tional standards for constructions. Indeed, most of the
rules are addressed to the traditional production processes,
and just a few recommendations do not refer to specific
techniques. However, all these general requirements for
the use of steels in civil structures were satisfied by the
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LPBF-produced 10-mm-thick AISI 316L plates. To go fur-
ther in the analysis, the LPBF-produced AISI 316L was
also compared to the certified products for civil structures,
resulting in matching all the required mechanical proper-
ties. Despite this agreement with the main international
codes, the stochastic nature of the porosity found in the
LPBF products render their failure difficult to be predicted
via conventional analysis methods. This needs further
investigation to identify its influence on complex shapes
behaviour, and to define threshold values to consider the
material isotropic as already done for rolled steels. Con-
cerning the design of the hybrid joints produced by weld-
ing LPBF and quarto plate steel parts, the mechanical
properties of the base metals can be used for the design,
and just a reducing factor for the strain at ultimate tensile
strength can be taken into account. Concerning the welded
hybrid node, the designer can adopt the directional method
which considers the internal stresses in the weld seam for
the numerical analyses. Indeed, this study provided the
needed data to build reliable numerical models to assess
the integrity of the nodes for its specific applications. Due
to a lack of international standards, this is the most suit-
able route to verify the node design and to optimise it. The
fatigue performance of the hybrid components will also
be assessed in the future works. Along with the overall
fatigue performance, the main defect type leading to the
failure will be important to evaluate. In a complex system
of LPBF-produced part together with a welded region, it
is important to assess whether the LPBF related defects
or the heat-affected zone due to the welding process will
generate the crack initiation and propagation zones.

The next steps of this work will develop these numeri-
cal models to perform structural integrity analyses, and to
investigate the influence of the LPBF steel anisotropy on
the node behaviour. Such approach is expected to be cru-
cial for future certification of LPBF-produced structural
products, and for standardisation efforts concerning node
design and verification. Overcoming standardisation and
certification issues will open a wider field of exploration to
the designers so that they can better exploit the mechanical
and environmental advantages, and integrate strategies to
improve the assembling and the maintenance procedures.
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