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In recent years, wire arc additive manufacturing (WAAM) has increasingly attracted attention in the construction
sector because of its ability to optimize the production of large metallic structural parts, and for use in con-
nections suitable for easy execution and potential reuse. The technology has become mature leading to shorter
fabrication times and less expensive total costs due to lower raw material costs. Therefore, it is timely to conduct

the material tests to evaluate the plastic flow and fracture of the WAAM steel plate to gain material charac-
terization for an efficient design of connections. In this paper, the coupon specimens are cut from the WAAM
plates in different directions in relation to the printing orientation to investigate possible material anisotropy.
Results of uniaxial coupon specimens, the stress-strain curve, are analyzed in three stages: the elastic stage, the
plastic stage and the coupled plastic-damage stage. The FE simulation is performed to calibrate the true stress and

strain curves in different stages.

1. Introduction

Additive manufacturing (AM), also referred to as 3D printing, is a
technology that forms three-dimensional objects by placing successive
layers of raw materials. AM is becoming popular in the construction
sector [1-5] attributing to its rapid prototyping advantages. Seven types
of distinct processes of AM processes are recognized by ISO/ASTM
52,900 [6] as follows: material extrusion, material jetting, binder
jetting, powder bed fusion, directed energy deposition, vat photo-
polymerization, and sheet lamination. In recent years, wire arc additive
manufacturing (WAAM) [7-9], a wire-based directed energy deposition
(DED) technologies based on an electric arc as the heat source and a
solid wire as the feedstock material, see Fig. 1, has increasingly attracted
attention in the construction sector. Although the precision of the
WAAM technique, the last one was used for fabrication of specimens
tested within an on-going project, may be lower than those obtained
using powder-bed systems, WAAM are currently accepted in the con-
struction sector both by academia and industry [7-9]. The main reasons
for that are: (1) the technique is capable of producing large metallic
structural parts in a shorter time due to the increase of deposition rates;
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(2) the technique becomes less expensive due to the use of standard off-
the-shelf equipment; (3) the techniques become more mature, leading to
lower costs due to the decrease of raw material costs.

The current investigations of WAAM steel applications in the con-
struction sector include both modest-scale components and full-size
structures [1]. MX3D delivered the first additively manufactured
metal pedestrian bridge with a width of 2.5 m and a span of 10 m
fabricated by a 6-axis robotic welding arm [10,11]. Bambach et al. [12]
exploited the hybrid technologies by combining WAAM and forging,
fabricated a rib by depositing layers from a WAAM process on a pre-
formed component. The results showed that the hybrid manufactured
part shows satisfactory metallurgical bonding in the transition zone. The
tensile properties obtained with the samples tested in the transition zone
exceed the minimum tensile strength requirements of forged materials.
Lange et al. [13,14] redesigned and printed some traditional steel
components incorporating the advantages of WAAM and achieved
valuable material-savings, such as hook (Fig. 2-a), local stiffener of I-
shaped girder, clamping element, optimized T-stub endplate, joints to
connect four members (Fig. 2-b) and bridges with a length around 2.5 m.
As shown in Fig. 3, ArcelorMittal company, in partnership with Delft
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Fig. 1. Schematic of WAAM Process.

University and Technology, developed a new type of pin connections by
hybrid manufacturing. The main plate and cover plates were made of
S460 steels and the pin connectors were manufactured by GMAW with
adequate strength.

Finite element analysis is necessary for understanding and opti-
mizing the performance of AM components [15,16] and especially in the
application in connections. Preconditions of FEA is the accurate pre-
diction of the material behavior. Therefore, the coupon specimens were
used to evaluate the plastic flow and fracture of WAAM steel plates to
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Main Plate
$460

Cover Plate

Fig. 3. WAAM Pin Connection manufactured by hybrid manufacturing (Man-
ufactured by ArcelorMittal company and tested in Delft University
and Technology).

accomplish an efficient design of structural components. Kyvelou et al.
[17] and Laghi [18] conducted a series of tensile tests on WAAM
stainless steel on as-built and milled specimens, in an attempt to quan-
tify the material anisotropy by testing coupons cut in different angles to
the printing orientation. The results showed that the direction of loading
relative to the print layer orientation has a strong influence on the
stress—strain characteristics. Coupons loaded by a force 45° to the

(a) Hook [14]

(b) Joints to connect four members [14]

Fig. 2. Photos of conceptual application of WAAM technique in structural connections.
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printing direction (“45°coupons”) exhibited the highest values of
Young’s modulus and strength while coupons loaded perpendicular to
the printing direction (“90° coupons”) had the lowest properties. Szost
et al. [19] compared the microstructure and accumulated residual
stresses during the fabrication of AM components produced by the
WAAM and laser cladding process (CLAD) technique. The results
showed that both types of specimens have a very compact material
structure with a few pores located in the baseplate vicinity. The
maximum residual stresses appeared in the wall-baseplate transition, in
both types of specimens, with the higher values if the WAAM technique
is used. Wang et al. [20] performed WAAM experiments with 316L
stainless steel under different arc modes and a constant deposition rate.
The results indicated that the ultimate tensile strengths of the Speed-
Pulse and SpeedArc additive manufactured specimens along the hori-
zontal direction are greater than 540 MPa, and the tensile strengths and
hardness values of the components produced by SpeedArc WAAM are
higher than those of components produced by SpeedPulse WAAM due to
the finer solidification structure provided by SpeedArc WAAM. Haden
et al. [21] investigated the mechanical properties of WAAM steel made
of stainless steel 304 and mild steel ER70S respectively. The results
showed that no significant difference in yield strength was observed of
printed mild steel (ER70S) between specimens cut-out in direction
perpendicular and along to the direction of printing, i.e. transversal and
longitudinal specimens, while the full stress-strain curves are not
compared in terms of different directions. Dinovitzer et al. [22] dis-
cussed the process parameters effects on mechanical properties of
WAAM steel made of Hastelloy X alloy wire on 304 stainless-steel plate.
The results showed that increasing travel speed or decreasing current
caused a decrease in melt through the depth and an increase in rough-
ness. Sun et al. [23] experimentally investigated the anisotropic me-
chanical properties of a low-carbon high-strength steel component
fabricated by WAAM. The results showed the mechanical properties of
longitudinal specimens were inferior to that of the transversal speci-
mens. Ermakova et al. [24] performed experimental investigation on the
mechanical and fracture properties of WAAM components made of
ER70S-6 and ER100S-1 metal wires. The results show that the material
hardness and yield strength of the specimens fabricated by ER100S-1
were higher than ER70S-6 by 62% and 42%, respectively. The results
also showed that the yield and ultimate tensile strength values were
slightly higher in ”0° specimen” (the printing direction) compared to
”90° specimen” (perpendicular to the printing direction). It is evident,
based on the recent material investigations, that the level of anisotropy
of material fabricated using the WAAM/GMAW technique is important
information for material modeling. Still, an open question is whether it
is necessary to consider in the design of structural members and
connections.

In this paper, the coupon specimens are cut from the plates printed
by ArcelorMittal Global R&D Bars & Wires. The specimens are cut in
different directions of the printing to quantify material anisotropy.
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Three distinct regions of the stress—strain curve obtained in uniaxial
coupons are considered in modelling: the elastic stage, the plastic stage
and the coupled plastic-damage stage. The FE simulations are performed
to derive the true stress and strain curves in different stages.

2. Experimental details
2.1. Description of materials

In detail, the Gas Metal Arch Welding (GMAW), one of WAAM, is
used to produce the materials. Four plates, with a dimension of 400 mm
x 150 mm x 3.7 mm, were fabricated using welding wire AWS 5.18
ER70S-6 Bohler K56 and getting approximately 1 mm thick layer, see
photos of GMAW plates in Fig. 4 and Fig. 5. The chemical composition
and mechanical properties of the steel wire are given in Table 1 and
Table 2, respectively. The printed plates were milled to 2.8 mm thick-
ness, see Fig. 6, to study the plastic behavior of GMAW plates neglecting
the surface roughness effect.

2.2. Specimens preparation

To characterize the anisotropic in-plane plastic behavior of WAAM
steel plates at room temperature, material tests along three different
orientations have been prepared on smooth dog-bone (SDB) specimens
according to specification ASTM E8 [25]. A total of eight specimens
were conducted, see Table 3. The geometries of the specimens are pre-
sented in Fig. 7 with a nominal width of 6.0 mm and a nominal thickness
of 2.8 mm respectively. The actual geometry is also measured by digital
caliper during tests and listed in Table 3. The deformation of specimens
is recorded by two-dimensional Digital Image Correlation (DIC) while
the force is recorded via an electronic universal material testing machine
with a capacity of 100.0kN. The gauge length used to calculate engi-
neering strain is defined as 25.0 mm based on ASTM E8 [25]. The tensile
tests were conducted in a displacement-controlled mode with a speed of
0.5 mm/min.

2.3. Experimental results

The engineering stress-strain curves of WAAM plates are presented in
Fig. 8. The “upper envelope” and “lower envelope” of the results are
identified to provide the top and bottom stress bounds at the same strain
level of the specimen. The basic material properties, such as the yield
strength, ultimate strength, elastic modulus, and uniform elongation are
shown in Table 3.

Summary of material characteristic influenced by the printing di-
rection is given below:

Fig. 4. Naming and orientation of specimens cut from a GMAW plate.
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Fig. 5. All four GMAW plates provided for the investigation.

Table 1
Chemical composition of ER70S-6 wire based on EN ISO 636-A standard.
C (%) Si (%) Mn (%) P (%) S (%)
0.07 1 1.65 0.008 0.0019

- The average elastic modulus along 45° and 90° orientation is 7.71%
and 3.80%, respectively, are less compare to the 0° direction,
respectively.

- The average yield strength along 45° and 90° orientation is 5.5% and
7.0% larger compare to the 0° direction, respectively.

Table 2
Mechanical properties of ER70S-6 wire based on EN ISO 636-A standard.

- The average ultimate strength along 45° and 90° orientation is 1.0%
and 2.3% larger compare to the 0° direction, respectively.

- The average uniform elongation along 45° and 90° orientation is
8.0% and 11.7% larger compare to the 0° direction, respectively.

The failure mode of dog-bone specimens is shown in Fig. 9. Obvious
necking is observed before the final fracture happens for the specimens
in all three different orientations as it would be in the case of mild steel
specimens. The obtained fracture plane, which is inclined (slant) in the
thickness direction for all specimens, indicating that the shear failure is
dominated in the thickness direction. Different from flat fracture mode
of the mild steel see Fig. 10, the slant fracture is not only in the
appearance of fracture pattern but also the micro-void growth and

Heat treatment Yield Strength

MPa

Tensile Strength Elongation (Lo = 5dg)
(MPa) %

Wire Diameter
mm

Impact energy ISO-V KV J
20°C

Impact energy ISO-V KV J
—40 °C

As welded 480 580 24

95 47 1.0

Frame of the
“as fabricated
plate”

. Milled
plate |

i

Fig. 6. The milled plate used to cut specimens.
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Table 3
Summary of Experimental Results.

Structures 34 (2021) 1393-1402

Direction Label = Width (mm)  Thickness Elastic Modulus (GPa)  Poisson’sratio  Yield Strength (MPa)  Ultimate Strength (MPa)  Uniform Elongation (%)
(mm)
0° (L) L1 6.17 2.82 210.8 0.27 401.6 575.6 27.4
L2 6.00 2.81 204.2 0.27 382.8 564.0 30.0
Average 207.5 0.27 392.2 569.8 28.7
45° (D 11 5.88 2.82 182.2 0.31 428.9 570.2 32.0
12 6.00 2.81 206.9 0.30 418.4 576.8 32.5
13 6.00 2.81 185.4 — 393.8 575.4 31.2
Average 191.5 0.30 413.7 574.1 31.9
90° (T) Pl 6.11 2.87 216.7 0.34 455.7 598.2 31.0
P2 6.00 2.81 199.4 0.30 408.7 577.3 32.1
P3 6.05 2.87 182.8 - 394.0 573.6 34.5
Average 199.6 0.32 419.5 583.0 325
plasticity is dominated in the coupled plastic-damage stage. The
32 L 36 L 32 weighted function according to Ling [27] shown in Eq.(4), is used to
predict the true stress after necking. The measured engineering stress-
engineering strain relationship is considered as a target in calibrating
N the weight constant W, 0<KW<1, using the finite element simulation. The
10 coj stop criterion of the weight constant W calibration is when one of the
& following two criterions are satisfied:
,p) The calculated engineering stress is larger than test results when W =
&) 0;
100 The weight constant W in the range 0OSWX1 leads to the calculated

Fig. 7. Geometry of dog-bone specimens (Unit: mm).

coalescence. The shear localization mode, namely large micro-void
shape but relatively small volume changes, appeared in the microscale
[26] along the thickness direction. The plastic flow in the localized shear
bands lead to the ultimate fracture of GMAW plates is observed in all
loading orientations.

3. Plastic flow of WAAM plates
3.1. Calibration of plastic flow stress in different printing orientations

The uniaxial stress-strain relationship of GMAW specimens is
modelled in three distinct regions: the elastic stage, the plastic stage, and
the coupled plastic-damage stage, see Fig. 11. The coupled plastic-
damage stage is further decomposed into the plastic-dominated zone
and the damage-dominated zone. The elastic stage is controlled by the
elastic strain and Young modulus. The plastic and coupled plastic-
damage stages are presented in Fig. 11. The relationship of the uniax-
ial true stress—strain is easily obtained in the plastic stage. Therefore, the
main focus point is in modelling of the relationship of uniaxial true
stress-strain in the coupled plastic-damage stage. The calibration pro-
cess is sequential, meaning that the effects of damage-dominated zone is
considered separately from the calibration in plastic-dominated zone.

The material is exposed to plastic stage when the equivalent plastic
stage is 0<e’<&,, where & is the plastic strain when the true stress
without considering necking and damage effects reaches the peak, see
Fig. 11. In the plastic stage, the uniaxial plastic strain and true stress are
simply obtained through the engineering strain - engineering stress
relationship, assuming conservation of the volume. The engineering
strain €., and engineering stress o, relationship is simply converted to
the true stress o vs. true strain ¢ relationship using well known equations
(2) and (3).

e=In(1+¢€,) &)

6 =001+ &) 3

The coupled plastic-damage stage reached when & > €. The point of
maximum true stress is the onset of the necking. When &, < <&, _, the
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engineering stress fitting well the experiment results for strain levels
&y < €<€4_;, and gives a higher stress prediction when the £ > g; ;. The
point € = g4 ; is defined as the onset of the damage-dominated zone of
the coupled plastic-damage stage. The corresponding maximum plastic
strain, in the finite element model, is defined as the equivalent plastic
strain at the onset of damage-dominated zone E’;H of the coupled plastic-
damage stage.

()" ?
Where: W is a weight constant, 0O<SW<1.
The damage is dominated in the coupled plastic-damage stage for

strains & > Eﬂ,i, see Fig. 11. The true stress in the damage-dominated
zone could be obtained through Eq. (5) because the damage effects
after necking are not considered in the definition of true stresses. The
damage evolution law, expressed in Eq. (6), is assumed in determining
the dependence of the damage scalar d on the equivalent plastic strain
€. The experimentally established engineering stress-engineering strain
relationship is considered as the objective of the calibration. The
parameter B is varied in the finite element model until the calculated
engineering curves agree well with the experimental results. The stop
criterion of the parameter B calibration is when the difference between
the numerial predicted and experimental engineering stress—strain
relationship is within 5%. Noted that Eq.(5) and (6) could be iterated
several times by adjust the & ; until the predicted engineering stress—-
strain relationship agreed well with numerial results.

= (1 —d)o"* (5)

& <
0 & <E._,;

4= 1 —exp{—B(E” —E"dﬂ.)} F2E

(6)

The finite element model and boundary condition used for parame-
ters calibration of coupled plastic-damage stage is shown in Fig. 12. One
end of the coupon specimen model is fixed for all displacement at the
shown faces, and the other end is used to introduce the displacement.
The specimen is modelled by solid element C3D8. The quasi-static
simulation is implemented using ABAQUS/EXPLICIT solver with a
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Fig. 8. Engineering stress—strain relationship.

total time 1 s for the mass scaling. Note, no physical meaning of the time
step duration.

The time increment influences FE results as shown in Fig. 13. Results
of the same model are shown for different time increments using 0.5 mm
element in the middle part of the model. The FE results indicate the
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Through
Thickness

H

Through
Thickness

(a) Longitudinal (0°)

(b) Inclined (45°)

Through
Thickness

(c) Transverse (90°)

Fig. 9. Failure modes of “dog-bone” specimens.

predicted results will be affected obviously by the loading rate when the
time increment is set as 1 x 10~ s. Larger variation is observed in the
plastic stage and coupled plastic-damage stage. When the time incre-
ment is less than 1 x 107> s, the minimum increment considered is 1 x
1077 s, all the models lead to identical engineering stress and strain
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(b) t=5mm

Fig. 10. Flat fracture through thickness of cold-formed mild steel S355.

Plastic Stage Coupled Plastic-Damage Stage

Plastic-Dominated IDamage-Dominatoad
= |

True Stress (MPa)

=P
Ea-i

Plastic Strain £[--]

Fig. 11. Plastic and coupled plastic-damage stages (Necking and damage ef-
fects are not considered for true stress).

curves, until the force reaches to the peak value. The maximum force
represents the onset of the necking. However, the predicted engineering
stress of the model in the softening stage, the post necking behavior,
using the time increment of 1 x 107> s is larger compared to the time
increments of 1 x 10 ®sand 1 x 107 s. The differences in engineering
stress and strain predictions using the time increment 1 x 107 s and 1
x 1077 s are very small. Hence, the time increment 1 x 107° s is pro-
posed for the calibration based on 0.5 mm element size in the middle
part of the model.

Results of a study of the mesh size effect on FE results are shown in
Fig. 14. The investigation is made using FE model, using the time
increment 1 x 10~ s and the same material properties but with different
mesh size in the middle part. The coarse mesh will predict the larger
engineering stress in the softening stage, see results in Fig. 15. Hence,
the mesh size of the flat part of the model for all three orientations is
fixed to 0.25 mm to avoid the mesh size effects on the FE results.

The true stress-plastic strain relationship of each stage is calibrated
using finite element simulation. The comparisons between FE simulation
and experimental results are shown in Fig. 16. A good agreement is

1399

Uy=Uz=0.0
Ux

>

Mesh size=0.5mm

Ux=Uy=Uz=0.0

Fig. 12. Finite element model and Boundary conditions.

observed. The calibrated parameters for the coupled plastic-damage
stage are summarized in Table 4. The calibrated uniaxial stress—strain
relationship along three directions are shown in Fig. 17.

Benefits of using true stress—strain shown in Fig. 17 is only in using it
in FEA in combination with parameters shown in Table 4. Relatively
large difference between upper and lower envelope of true stress-trues
strain relationship will not have large impact a final prediction of a
specimen behavior expresses considering externally applied force and
corresponding displacement, as indicated in Fig. 16.

4. Conclusion and future study
4.1. Conclusions

The coupon specimens are cut from the plates printed by



H. Xin et al.

- 0
600 0 (B E)
500 -|
©
o
= 400
0
0
g
o 300
[
s
S
§ 2009 [——AETed
= — At=1e-5
E’ 100 - — At=1e-6
— At=1e-7
0 T T . T T 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Engineering Strain(--)
(€))
600
500 |
©
o
= 400
(7]
[7}]
g
& 300
=]
=
@ 200
c
= — At=1e-5
[=4 100 - — At=1e-6
w
— At=1e-7
0 T T T 1
0.0 0.1 0.2 0.3 0.4

Engineering Strain(--)

(b)

Fig. 13. The time increment influences FE prediction, the mesh size considered
is 0.5 mm.

Mesh Size=0.5mm

Mesh Size=0.25mm

Mesh Size=0.125mm

Fig. 14. Different Mesh size of dog-bone specimens.

ArcelorMittal Global R&D Bars & Wires. The specimens are cut in
different directions related to the printing direction to investigate
possible material anisotropy. Results of uniaxial coupon specimens, the
stress—strain curve, are considered in three distinct regions: the elastic

1400
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Fig. 15. Mesh size effects on FE simulation results.

stage, the plastic stage and the coupled plastic-damage stage. The FE
simulation is performed to obtain the true stress and strain curves in all
stages. The following conclusions are drawn:

(1) The average elastic modulus is 207 GPa, 191 GPa and 200 GPa,

(2

—

and the average yield strength is 392 MPa, 394 MPa and 420
MPa, and the ultimate strength is 570 MPa, 574 MPa, and 583
MPa for GMAW coupon specimens loaded 0°, 45° and 90° to the
direction of printing, respectively. The material performance of
GMAW steels presented in this paper is comparable to the com-
mercial mild strength steel S460 if the ultimate strength is
considered, and S355 if the yield strength value is governing.
Parameters for material modelling of GMAW are calibrated using
uniaxial coupon specimens in the three direction compared to the
printing direction. The uniaxial stress—strain relationship con-
sisting of three stages: the elastic stage, the plastic stage, the
coupled plastic-damage stage. In order to use the uncoupled
fracture model [28] to simulate the ductile fracture of 3D printed
material, the true stress-plastic strain relationship of each stage is
calibrated through finite element simulation and the sufficiently
good agreement is accomplished between FE simulation and
experimental results.
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Fig. 16. Comparisons between FE and experimental results. 4.2. Future study
The anisotropic fracture locus of WAAM steel will be further inves-

tigated to predict the ductile fracture [29,30] behavior of 3D printed

structures.

(3) Anisotropy could be neglected in FEA of GMAW structural com-
ponents, especially until the onset of necking, based on the cali-
bration of the material parameters. The lower and upper
envelope of material parameters could be used to predict a range
of the behavior of components as a compensation for the
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