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ARTICLE INFO ABSTRACT
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(MSCEPS) methodology

This research aims to experimentally investigate the ductile fracture characteristics and the level of anisotropy of
four plates, 400 mm x 150 mm x 3.72 mm, made by Wire Arc Additive Manufacturing (WAAM) technology with
1 mm thick layers. Relatively small roughness is measured, expressed in maximum peak-to-valley height,
measured by scanning, of 98 pm. Calibrated parameters for an advanced computational material model are
derived for a finite element mesh size of 0.5 mm. The experimental campaign is based on eight types of short
coupon specimens, analysed to explore fracture behaviour exposed to various stress conditions. Sixty-five coupon
specimens, 51 milled and 14 tested in as printed conditions, cut out in three directions relative to the printing
direction, are examined. The assumption of isotropic mechanical characteristics is confirmed. The mesoscale
critical equivalent plastic strain (MCEPS) methodology is used to predict experimental results numerically. Three
stages are considered: elastic, plastic, and couple plastic-damaged stages. The accuracy of the calibrated pa-
rameters is validated by comparing the engineering stress-strain relationships obtained from experimental tests
and finite element (FE) analysis, reaching very good agreement. A list of all material parameters for ductile

fracture modelling at various triaxiality levels and Lode parameters is provided for a mesh size of 0.5 mm.

1. Introduction

Wire and Arc Additive Manufactured (WAAM) technology, har-
nessing the power of arc welding tools and metal wire, stands out as an
efficient process in additive manufacturing. It excels in crafting large-
scale components, having the potential to technologically increase
deposition rates, further minimise material and equipment expenses,
and reach exceptional structural integrity. Ideally suited for the
manufacturing of parts of connections or structural members with
varying complexity, WAAM presents a compelling alternative to the
conventional fabrication processes in civil engineering [1,2]. The
exploration of WAAM/GMAW steel applications in the construction
sector encompasses a variety of projects, from small scale to the creation
of full-scale structures [3-7].

Coupon specimens were cut out to assess the plastic deformation and
fracture mechanisms of “GMAW steel plates”, facilitating the efficient
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design of structural components. A comprehensive series of coupon
specimen tests were meticulously carried out to thoroughly investigate
the mechanical properties of WAAM materials. These properties
encompassed key parameters such as the elastic modulus, yield strength,
ultimate tensile strength, and fracture strain, providing a holistic
assessment of the material’s performance. Haden et al. [8] investigated
the mechanical properties of WAAM-produced stainless steel 304 and
mild steel ER70S. Sun et al. [9] conducted experiments to investigate the
anisotropic mechanical properties of a low-carbon, high-strength steel
component made by WAAM. Ermakova et al. [10] performed an
experimental study on the mechanical and fracture characteristics of
WAAM components fabricated from ER70S-6 and ER100S-1 metal
wires. Furthermore, the impact of multiple parameters on the mechan-
ical properties has been meticulously examined. This includes the effects
of surface roughness, printing orientation, microstructural features, re-
sidual stress distribution, and the intricacies of the printing process
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Table 1 parameters etc. Kyvelou et al. [11] and Laghi [12] conducted extensive
Specimens used for the tests (Total: 65 specimens). tensile tests on WAAM stainless steel, both in as-built and milled con-
Specimen  Description Longitudinal  Perpendicular  Inclined ditions, to investigate the printing orientation effects on the mechanical
0% (90% (459 properties. Szost et al. [13] compared the microstructure and residual
R0 As-printed (Raw) . . . stress profiles in AM components fabricated by WAAM and the Cladding
dog-bone specimen (CLAD) technique. Wang et al. [14] explored the impact of different arc
MRO Milled dog-bone 2 3 3 modes on the tensile properties of 316 L stainless steel specimens
specimens manufactured by WAAM. Dinovitzer et al. [15] examined the influence
Milled double round . .
notch specimens of process parameters on the mechanical properties of WAAM-produced
MR3 with a 3 mm 3 3 3 Hastelloy X alloy on 304 stainless-steel substrates. In addition, material
nominal radius models for WAAM steels have also been proposed [16]. These include a
Milled double round quad-linear model and a bilinear plus nonlinear hardening model for
MR6 n‘?:}clh Sgecmens 3 3 2 normal-strength WAAM steel, as well as a two-stage Ramberg-Osgood
with a 6 mm .
nominal radius model for high-strength WAAM steel. However, to the best of the au-
Milled double round thors’ knowledge, the experimental investigation of ductile fracture in
MR12 notch specimens 3 1 0 WAAM materials is relatively limited. There is a paucity of research
with a 12 mm reported on examining the ductile fracture strain in relation to stress
nominal radius T - .
. triaxiality and the Lode parameters, similar to other metal materials
Milled double sharp
MRV ; 3 4 3 [17]
notch specimens .
Milled double Finite element analysis (FEA), especially fracture behaviour predic-
narrow notch tion, is essential for comprehending and enhancing the performance of
MSI specimens with 8 2 3 components manufactured by WAAM, particularly in structural joints.
notch extended to . . s .
middle line The accuracy of FEA relies on the precise characterisation of material
Milled double parameters. Identifying material parameters for fracture models is the
narrow notch most important step in the prediction of the failure of steel structures.
MsH specimens with 2 1 1 The phenomenological models [18-20] and physically-based model
notch extended over . o . . o .
middle line [21-25] are generally adopted in civil engineering for predicting steel
fracture. Uncoupled phenomenological models [26,27] are preferred for
their straightforward acquisition of material parameters and simpler
computation, in contrast to the more complex physically based models
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(c) Milled double sharp notch (MRV)
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(d) Milled double narrow notch specimens (MRX)

Fig. 1. Geometry and symbols of each specimen.
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(a) Longitudinal directions (0°)

(b) Perpendicular directions (90°)

(¢) Inclined directions (45%)

Fig. 2. Photos of as-printed dog-bone specimen.

Fig. 3. Photos of milled 3D printed specimens.

to capture the interaction between deformation and damage processes.
The uncoupled phenomenological model assumes that damage pro-
gression does not influence the effective stress-strain behaviour of steel.
The parameters of the uncoupled phenomenological models are more
readily accessible, conducting a series of tailored coupon specimens for
each specific component is necessary to accurately identify the param-
eters essential for the ductile fracture model.

However, while the existing research predominantly concentrates on
finite element (FE) predictions of material behaviour prior to necking, to
the best of the authors’ knowledge, there is a lack of work reported on

the ductile fracture predictions for WAAM steels. Therefore, the exper-
imental results from 65 coupon specimens made from a Wire Arc Ad-
ditive Manufacturing (WAAM) plate using the Gas Metal Arc Welding
(GMAW) process are used to determine fracture properties. Out of the 65
specimens, 51 were milled to a uniform finish, and 14 were tested with
the surface as it was when printed. Eight distinct types of relatively short
specimens, with basic dimensions according to ASTM E8/E8M-13 [28],
are analysed to explore fracture behaviour under various stress condi-
tions. In the material model, we considered three critical regions of the
stress-strain curve derived from uniaxial testing: the elastic stage, which
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Creation date: 01/29/2020 03:03 pm Lt 15.0 mm
Device: MarSurf PS 10 (11523) Ls: 8.0 ym
Probe: PHT 350 VB: +/-200.0 pm
vt 1.0 mm/s
Points: 30000
wwi-1
R[LC ISO 16610-21 2.5 mm]
pm
0
-100.0 : i
Ver 50.0 um/div; Hor 2.5 mm/div; 12.5mm
R[LC ISO 16610-21 2.5 mm]
Ra 20.512 pm
Rz 94.995 pm
Rmax 130.873 pm
Fig. 4. Illustration of surface roughness measurements for 3D printed materials.
Table 2
Results of roughness measurement of 3D printed plates with directions of 90° (Unit: pm).
Specimen R, Rmax
Ist 2nd 3rd Ave 1st 2nd 3rd Ave
Plate 1 Side A 95.0 84.4 91.8 90.40 130.9 104.2 101.3 112.13
Side B 89.6 101.1 85.6 92.10 104.8 126.6 110.4 113.93
Plate 2 Side A 85.9 87.6 97.3 90.27 90.7 101.1 110.9 100.90
Side B 95.6 90.4 79.5 88.50 111.7 99.2 85.5 98.80
Plate 3 Side A 81.8 76.3 53.2 70.43 102.7 90.7 65.4 86.27
ate Side B 64.3 60.0 53.3 59.20 80.7 65.4 65.4 70.50
Plate 4 Side A 88.9 95.9 86.4 90.40 111.1 111.7 108.5 110.43
Side B 98.8 86.1 77.3 87.40 106.5 93.2 84.5 94.73
Average 83.59 Average 98.46
Table 3
Results of roughness measurement milled of 3D printed plates with directions of 45° and 0° (Unit: pm).
Specimen R, Rmax
1st 2nd 3rd Ave Ist 2nd 3rd Ave
Plate 1 45° 14.0 12.4 13.1 13.17 23.5 15.6 20.3 19.80
Plate 1 0° 5.6 4.7 6.7 5.67 6.6 5.5 8.2 6.77

marks the initial linear response of the material; the plastic stage, where
permanent deformation sets in beyond the material’s yield point; and
the coupled plastic-damage stage, reflecting the complex interaction
between plastic flow and material degradation. The ductile fracture
behaviour of WAAM steel is predicted by the meso-scale equivalent
plastic strain (MSCEPS) approach proposed by the authors [29,30]. To
prove the accuracy of the calibrated parameters, the experimentally
derived engineering stress-strain relationship is compared with the
predictions generated by finite element (FE) analysis. Such comparative
assessment ensures the validation of the model’s predictive capabilities.

2. Experimental details and results
2.1. Coupon specimens

Four plates were manufactured using Gas Metal Arc Welding
(GMAW) technology, as a subset of Wire Arc Additive Manufacturing
(WAAM). The specific type of welding wire, its chemical composition,
and the mechanical properties used in the GMAW process were provided
in the authors’ previous publication [7].

A comprehensive test series was conducted on eight distinct types of
specimens to explore the fracture behaviour under various stress con-
ditions. Specimens’ details per category are given in Table 1. Addi-
tionally, the layout and corresponding symbols for each specimen are
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Experimental results summary of as-printed dog-bone (RR0) specimens and nominal values of the electrode.

Direction Label Thickness (mm) Width (mm) Elastic modulus (GPa) Yield strength (MPa) Ultimate strength (MPa) Uniform elongation (%)
RROL1 3.74 4.89 199.7 401.0 544.0 31.0
RROL2 3.63 4.87 209.8 406.0 551.0 27.0
0° RROL3 3.64 4.87 203.3 425.0 550.0 32.0
RROL4 3.74 4.88 214.3 412.0 551.0 34.0
RROLS 3.76 4.87 188.2 385.0 546.0 32.0
Average 197.6 404.0 548.0 29.0
RROI1 3.63 4.88 188.4 411.0 545.0 32.0
RROI2 3.67 4.88 206.8 407.0 544.0 33.0
45° RROI3 3.69 4.88 191.3 417.0 547.0 31.0
RROI4 3.68 4.88 192.5 420.0 548.0 31.0
RROIS 3.64 4.88 193.8 391.0 550.0 32.0
Average 204.8 409.0 544.0 32.0
RROP1 3.82 4.88 191.1 350.0 534.0 30.0
90° RROP2 3.83 4.89 196.5 403.0 564.0 31.0
RROP3 3.85 4.88 193.3 357.0 542.0 31.0
RROP4 3.76 4.88 196.1 349.0 537.0 31.0
Average 194.2 365.0 544.0 31.0
ER70S-6 wire based on EN ISO 636 [31] 480.0 580.0 24.0

Table 5
Experimental results summary of milled dog-bone (MRO) specimens.

Direction Label Width (mm) Thickness (mm) Elastic modulus (GPa) Yield strength (MPa) Ultimate strength (MPa) Uniform elongation (%)
0° MROL1 6.17 2.82 210.8 401.6 575.6 27.4
MROL2 6.00 2.81 204.2 382.8 564.0 30.0
Average 207.5 392.2 569.8 28.7
MROI1 5.88 2.82 182.2 428.9 570.2 32.0
45° MROI2 6.00 2.81 206.9 418.4 576.8 325
MROI3 6.00 2.81 185.4 393.8 575.4 31.2
Average 191.5 413.7 574.1 31.9
MROP1 6.11 2.87 216.7 455.7 598.2 31.0
90° MROP2 6.00 2.81 199.4 408.7 577.3 321
MROP3 6.05 2.87 182.8 394.0 573.6 34.5
Average 199.6 419.5 583.0 32,5
ER70S-6 wire based on EN ISO 636 [31] 480.0 580.0 24.0

shown in Fig. 1.

Specimens were cut out from four plates, oriented at 0° (direction
parallel to the main printing layer), 45° (inclined), and 90° (perpen-
dicular to the main printing layer), to assess the material’s anisotropic
properties systematically. Typical specimens, as-printed and oriented at
0°, 45°, and 90° for cutting, are illustrated in Fig. 2. Fig. 3 shows pho-
tographs of the MRO, MR3, MR6, MR12, MSI, and MSII specimens, ar-
ranged from left to right. The MRO specimens are subjected to uniaxial
tension, while the MR3, MR6, MR12, and MRV specimens have equi-
biaxial tension in the critical section. Additionally, the MSI and MSII
specimens are exposed to a combination of tension and shear stress
[29,30]. Consequently, the specimen nomenclature in the subsequent
sections should explicitly incorporate the cutting direction, angle,
specimen type, and identifier. The specimen designations adhere to a
standardised format, specified as ‘specimen type - direction - specimen
number within the same batch’. The classification of specimen types is
delineated in Table 1. Noted that “L” denotes cutting longitudinal to the
direction of the printing (0° direction), “P” denoted that cutting
perpendicular to the direction of the printing (90° direction), and “I”
denoted that cutting inclined to the direction of the plate (45° direction).
For example, the specimen designated as MR3L1 represents the first
milled specimen featuring a double round notch with a nominal radius
of 3 mm, which has been cut along the direction of the printing, corre-
sponding to the 0° orientation.

2.2. Roughness measurements

The surface roughness of the 3D printed plates was measured using a
Marsurf PS10 profilometer. A total of three measurements were taken at
distinct positions on each of the four plates, ensuring a comprehensive
assessment of the surface characteristics. Fig. 4 illustrates an example of
surface roughness measurements. The mean peak-to-valley height is
represented by the parameter R,, while the maximum peak-to-valley
height is indicated by Rjqx. The surface roughness measurements of
both sides of the plates are given in Tables 2 and 3.

For the 3D printed plates oriented in the 90° direction, as shown in
Table 2, the average Rz is 83.59 pm, and the average Ryax is 98.46 pm.
The maximum R, value recorded is 101.1 pm, with the minimum at 53.2
pm, while the maximum Rpax value is 130.9 pm and the minimum is
65.4 um. The average Rz value for plate 1, oriented at a 45-degree angle,
is 13.17 pm, with the corresponding average Rmax value being 19.80
pm. When direction of measurements is oriented 0-degree angle, plate 1
exhibits a lower average Rz value of 5.7 pm and an average Rmax value
of 6.8 pm.

2.3. Test results of dog-bone specimens

The geometrical dimensions, i.e. the width (H) and thickness (t), as
well as the experimental test outcomes, showing the elastic modulus,
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Table 6
Printing direction effects on the mechanical performance of dog-bone specimens.

Engineering Strain (--)

(b) Inclined direction (45°)

Fig. 5. Engineering stress-strain relationship of dog-bone specimens.

Type Variation Elastic modulus (GPa) Yield strength (MPa) Ultimate strength (MPa) Uniform elongation (%)
R = Xas5 1.0 3.64 % 1.24 % —0.73 % 10.34 %
As-printed Xo
R=X0_19 ~1.72% —9.65 % ~0.73 % 6.90 %
Xo
R=X5_19 ~7.71% 5.48 % 0.75 % 11.15 %
Milled 2
=X, 1.0 —3.81 % 6.96 % 2.32% 13.24 %
0
Table 7

Surface roughness effects on the mechanical performance of dog-bone specimens.

Type Degree Elastic modulus (GPa) Yield strength (MPa) Ultimate strength (MPa) Uniform elongation (%)
0° 5.01 % -2.92 % 3.98 % —1.03 %
R = Smiled o 45° —6.49 % 1.15% 5.53 % ~0.31 %
Xas-printed 90° 2.78 % 14.93 % 717 % 4.84 %
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(b) RROI2 (45° Directions)

(c) RROP3 (90° Directions)

Fig. 6. Failure mode of as-printed dog-bone (RRO) specimens.

(b) MROI2 (45° Directions)

(¢) MROP1 (90° Directions)

Fig. 7. Failure mode of milled dog-bone (MRO) specimens.
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Table 8
Experimental results of milled double round notch specimens.
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Directions Label w L H R t Yield strength (MPa) Ultimate strength (MPa) Uniform elongation (%)
mm mm mm mm mm
MR3L1 14.9 99.8 6.2 3.0 2.82 460.85 636.14 36.54
MR3L2 15.0 100.1 5.9 3.0 2.85 449.83 660.39 38.47
MR3L3 14.0 98.9 5.4 3.0 2.84 483.98 607.04 31.80
Average 464.89 634.52 35.60
MR6L1 15.3 100.0 6.2 6.0 2.82 464.57 620.17 25.03
00 MR6L2 14.9 100.0 6.1 6.0 2.83 453.12 607.20 23.80
MR6L3 15.0 100.0 6.0 6.0 2.85 470.68 608.64 23.78
Average 462.79 612.00 24.20
RP12L1 15.2 99.9 6.1 12.0 2.82 436.36 609.64 17.60
RP12L2 15.3 99.7 6.3 12.0 2.85 408.54 588.61 17.49
RP12L3 15.0 100.0 5.9 12.0 2.82 418.64 597.06 17.45
Average 421.18 598.44 17.51
MR3I1 14.1 99.1 5.1 3.0 2.73 479.71 638.07 37.34
MR3I2 14.9 100.0 5.9 3.0 2.81 455.13 663.91 39.87
MR3I3 10.0 100.2 4.2 3.0 2.82 478.10 617.75 33.82
45° Average 470.98 639.91 37.01
MR6I1 14.1 99.1 5.1 6.0 2.73 428.67 583.06 23.79
MR6I2 12.0 98.8 5.1 6.0 2.82 488.12 624.48 22.10
Average 458.40 603.77 22.95
MR3P1 15.0 99.9 6.2 3.0 2.90 472.19 665.82 36.51
MR3P2 14.7 100.1 5.9 3.0 2.85 457.78 646.45 37.03
MR3P3 10.0 100.0 4.0 3.0 2.82 414.26 628.97 33.75
Average 448.08 647.08 35.76
90° MR6P1 15.1 99.9 6.2 6.0 2.89 441.56 619.76 23.81
MR6P2 13.0 100.0 5.0 6.0 2.82 489.69 629.10 22.09
MR6P3 15.0 100.0 6.0 6.0 2.87 478.86 629.23 25.05
Average 470.04 626.03 23.65
RP12P1 15.0 100.0 6.0 12.0 2.92 410.06 604.71 17.95

yield strength, ultimate tensile strength, and uniform elongation, for
both as-printed (RRO) and milled (MRO) dog-bone specimens are given
in Tables 4 and 5, respectively. The mechanical properties of steel wires
used during 3D printing are also listed based on EN ISO 636 A [31]. The
recommended values of ISO standards are characteristic values repre-
senting the lower fractal of the mechanical property. The definitions of
the symbols are provided in Fig. 1. The engineering stress-strain re-
lationships for dog-bone specimens are depicted in Fig. 5. Note that the
engineering strain is determined by calculating the average ratio of the
incremental displacement to the original gauge length, which is 25 mm,
with the smallest area of interest being the necking region in the middle.
A summary of the material characteristics affected by the printing di-
rection and surface roughness is listed in Table 6 and 7. In reviewing the
impact of surface roughness on material properties, the discrepancies in
elastic modulus are observed within a range of 3 % to 7 %. Yield strength
displays a more pronounced variation, ranging from 1 % to 15 %,
whereas the ultimate strength exhibits a moderate deviation, with dif-
ferences between 4 % and 7 %. Uniform elongation is relatively unaf-
fected, with 0 % to 5 % variations. Regarding the influence of printing
direction, variations in the elastic modulus are noted within a narrow
margin of 2 % to 8 %. The yield strength exhibits a larger fluctuation,
spanning from 1 % to 10 %. In contrast, the ultimate strength shows a
moderate deviation, with discrepancies falling between 0 % and 2 %.
The uniform elongation remains largely invariant, with variations
confined to a range of 7 % to 13 %. Except for the yield strength in the
direction perpendicular to the printing axis, the variations are consid-
ered negligible, as they belong to the inherent variability within the
same production batch.

The failure mode of the as-printed dog-bone (RRO) specimens is

shown in Fig. 6, while the corresponding failure characteristics for the
milled dog-bone (MRO) specimens are given in Fig. 7. Significant
necking is evident in both as-printed and milled specimens across all
three orientations before the final fracture. The failure mode of milled
specimens exhibits similarity for different orientations, suggesting that
directional effects on failure mode are minimal. In contrast, the failure
modes in as-printed specimens depend on various orientations.

2.4. Test results of milled double round notch specimens

Table 8 shows the geometrical dimensions of the milled double
round notch specimens (MRx), including total width (W), width at the
double round notch (H), total length (L), nominal radius of the round
notch (R), and thickness (t). The above symbols are presented in Fig. 1.
The experimental results of the milled double round notch specimens are
shown in Fig. 8. Note that Engineering strain is calculated as the average
ratio of the incremental displacement to the original gauge length,
depending of the diameters of the round notches. Table 9 is a summary
showing how the printing directions influence the material character-
istics of MRx specimens. Influenced by the printing direction, the yield
strength demonstrates significant variability, ranging from 1 % to 4 %.
The ultimate strength exhibits a more moderate divergence, with dis-
crepancies ranging between 1 % and 2 %. Uniform elongation, however,
remains predominantly constant, with fluctuations limited to a narrow
band of 0 % to 5 %. These variations are considered to be within the
typical scatter observed in standard material testing procedures.

Figs. 9, 10, and 11 show the failure modes for the MR3, MR6, and
MR12 specimens. These illustrations emphasise how the printing di-
rection influences the failure mode. It is observed that all specimens
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Table 9
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Printing direction effects on the mechanical performance of milled double notch specimens.

Type Variation Yield strength (MPa) Ultimate strength (MPa) Uniform elongation (%)
R — %, 10 1.31 % 0.85 % 3.96 %
0
e R — ’)‘(_9;_ 10 -3.62% 1.98 % 0.45 %
- R — ’)%5, 10 —0.95 % ~1.34 % —5.17 %
R ?)4(_9;7_ 10 1.57 % 2.29 % —2.27 %
MR12 f= )7%)5 -t i . .
R — ))((_?_ 10 —2.64 % 1.05 % 2.51 %
. R =’)%)5, 1.0 3.19% 1.26 % ~14.12%
R = %’— 1.0 3.05% 5.49 % 2.27 %

experience failure at their smallest cross-sectional areas. The fracture
patterns, in all cases, is along “the shortest line” perpendicular to the
axis of the specimens. The MR3 specimens do not have necking in any of
the directions tested. While the MR6 specimens display a minor necking
around the cross-section of the fracture for all directions. For the MR12
specimens, there is a clear difference in failure characteristics based on
the direction. In the 0° direction, necking is evident, indicating a ductile
failure mode. On the contrary, the 90° direction specimens show a “flat
fracture” surface, indicating an abrupt fracture.

2.5. Test results of milled double “V” notch specimens

Table 10 gives the dimensions of the milled double “V” notch spec-
imens (MRV), with the total width (W), width at the double “V” notch
(H), total length (L), and thickness (t). The definitions of the afore-
mentioned symbols are also shown in Fig. 1. Additionally, the table
includes experimental results, namely yield strength, ultimate tensile
strength, and uniform elongation. The engineering stress-strain re-
lationships for the double sharp notch specimens are shown in Fig. 12.
Note that the engineering strain is determined by calculating the
average ratio of the incremental displacement to the distance of the
sharp notch symmetrically on each side of the notch. A summary that
accounting on the influence of printing directions and the material
characteristics of MRV specimens is listed in Table 9. The printing di-
rection exerts a minor influence on the yield strength, with variations
amounting to approximately 3 %. The ultimate strength exhibits dis-
crepancies within a range of 1 % to 6 %. Notwithstanding these fluc-
tuations, uniform elongation remains relatively stable, with variations
confined to a band of 2 % to 12 %. These observed variations are within
the typical scatter expected in standard material testing procedures.

Fig. 13 shows the failure modes of MRV specimens, highlighting the
influence of different printing directions on fracture surface. Each
specimen fracture at the minimal cross-section area. Along the 0° and
90° directions, MRV specimens show a modest level of necking, indi-
cating a short phase of ductility before the fracture. On contrary, when
aligned in the 45° directions, these specimens do not have necking,
indicating a brittle fracture.
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2.6. Test results of milled double narrow notch specimens

Table 11 provides an overview of the dimensions for milled double
narrow notch specimens (MSx), with total width (W), total length (L),
the lengths up to the narrow notches on either side (L1 and L2), notch
lengths (W1 and W2), notch widths (N1 and N2), and thickness (t).
Check the symbols shown in Fig. 1. Fig. 14 shows the engineering stress-
strain relationships of the double narrow notch specimens. The engi-
neering strain is defined by the mean ratio of the change in displacement
to the initial gap width, referring to the dimensions of the narrow
notches along the specimen’s edge. A summary is depicted in Table 12
considers the possible influence of the printing direction on the material
characteristics on MSx specimens. The MSI specimens exhibit a
comparatively minor variation in terms of yield strength, ultimate
strength, and uniform elongation, as opposed to the MSII specimens.

The failure modes of milled double narrow notch (MS) specimens are
shown in Fig. 15. A 45°-degree inclined fracture surface is observed for
both MSI and MSII specimens indicating the failure mechanism char-
acterised by shear loading. Although the MSI and MSII specimens both
exhibit fractures inclined at 45° degrees, the positions of crack origi-
nation are distinct: MSI specimens are prone to midsection cracking,
while MSII specimens are more likely to fracture close the outer edges.
The deformation in the slender plates between the notches is consider-
ably more pronounced in MSII specimens, indicating the ductile
behaviour and enhancing capacity for plastic deformation compared to
MSI specimens. The distinct fracture patterns shows that the MSI spec-
imens exhibit cracks that form a characteristic inclined surface, sug-
gesting a less ductile failure mode compared to MSII specimens where
the local necking is visible. Noted that the uniform elongation has no
physical meaning for the tensile-shear dominated specimens, just for the
sake of comparing between FE and tests considering geometry scatter
during fabrication.

3. Ductile fracture simulation
3.1. Calibration of materials parameters

The fundamental assumption of the uncoupled ductile fracture ma-
terial model assumes that the progression of damage does not influence
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(a)MR3L2 (0° Directions)

(c)MR3P1 (90° Directions)

Fig. 9. Failure mode of MR3 specimens.
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(a) MR6L2 (0° Directions)

(b) MR6I3 (45° Directions)

(c) MR6P1 (90° Directions)

Fig. 10. Failure mode of MR6 specimens.
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(b) RP12P1 (90° Directions)

Fig. 11. Failure mode of MR12 specimens.

Table 10
Experimental results of milled double sharp notch (MRV) specimens.

Directions Label W L H t Yield strength (MPa) Ultimate strength (MPa) Uniform elongation (%)
mm mm mm mm
MRVL1 14.6 99.8 6.6 2.85 448.89 615.23 26.88
0° MRVL2 15.0 100.0 6.2 2.82 461.34 677.84 29.20
MRVL3 14.1 98.9 5.5 2.84 470.78 620.87 20.43
Average 460.34 637.98 25.50
MRVI1 14.2 99.1 5.5 2.71 455.77 628.20 22.47
450 MRVI2 14.9 99.9 6.6 2.80 480.62 650.89 22.77
MRVI3 15.2 99.8 6.4 2.86 488.71 659.00 20.46
Average 475.03 646.03 21.90
MRVP1 14.9 100.0 6.0 2.84 491.28 696.45 27.82
MRVP2 15.0 100.0 6.0 2.84 461.85 685.60 24.33
90° MRVP3 15.1 100.0 6.2 2.88 465.08 666.06 26.32
MRVP4 14.6 100.0 6.4 2.89 479.25 643.97 25.86
Average 474.37 673.02 26.08

the true stress-strain relationship of 3D printed steel until the point of
fracture. This section systematically calibrates the relationship between
uniaxial true stress and equivalent plastic strain, as well as the param-
eters defining the fracture locus.

3.1.1. Plastic flow stress

Milled dog-bone like specimens were used as a calibration base for
the plastic flow stress of 3D-printed steel. The detailed dimensions these
specimens are shown in Fig. 1 and Table 5. The variability of obtained
results in the mechanical behaviour identifying the upper and lower
envelopes, as well as the average line, are shown in Fig. 16. Nominal
values of used electrodes are given for the sake of comparison. Statistical
assessment of variations is left out of the scope of this work.

When subjected to uniaxial loading three key phases are distin-
guished: the initial elastic stage (From 0.0 to Point B in Fig.16), followed
by the plastic stage (From Point A to Point B in Fig.16), and the plastic-
damage coupled stage (From Point B to Point C in Fig.16). This
sequential transformation delineates the mechanical response of the
material under tensile loading [32]. During the elastic stage, the
behaviour of the material is governed by the elastic strain e®and the
modulus of elasticity E. This stage is defined by the material’s ability to

13

return to its original shape upon the removal of the applied load, ac-
cording to Hooke’s Law, which states that stress is linearly dependent on
strain. In the plastic stage, the true stress-strain relationship is deter-
mined from the engineering stress-strain data extracted from the milled
dog-bone specimens. This conversion is essential for an accurate repre-
sentation of the material’s behaviour beyond its elastic limit, as given by
Egs. (1) and (2).

oy =0.(1+¢) (€9)]

& =In(1+e) (2)
where: o; and ¢, are the true stress and true strain; ¢, and ¢, are the
engineering stress and engineering strain.

Egs. (1) and (2) are crucial for understanding the initial stages of
plastic deformation. Still, they do not account for the complexities
introduced by necking and material damage that occur as deformation
increases. Therefore, there is a need for a more sophisticated model that
encompasses these phenomena to maintain applicability throughout the
entire deformation process. The plastic-damage coupled stage distin-
guishes two specific sub-phases: the plastic-dominated phase and the
damage-dominated phase. This refinement emphasised the evolving
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Fig. 12. Engineering stress-strain relationship of milled double sharp notch specimens.

(a) MRVL2 (0° Directions)

(b) MRVI2 (45° Directions)

(¢) MRVP1 (90° Directions)

Fig. 13. Failure mode of milled double sharp notch specimens.
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Table 11
Experimental results of milled double narrow notch specimens.

Journal of Constructional Steel Research 228 (2025) 109422

Directions Label w L Ly Ls w; W,y N; Ny t Yield strength (MPa) Ultimate strength (MPa) Uniform elongation (%)
mm mm mm mm mm mm mm mm mm
MSILI 149 1000 519 459 76 73 21 23 284 159.01 300.01 258.35
MSIL2 150  99.8 525 461 7.4 73 22 20 283 146.39 330.96 302.46
MSIL3 142 99.0 51.0 449 71 72 31 31 283 144.69 249.83 246.86
0° Average 150.03 293.6 269.22
MSIL1I 150 1000 520 460 94 96 20 21 280 123 284.10 403.60
MSIL2 150  99.6 516 454 94 93 24 24 285 12227 266.57 403.03
Average 122.64 275.33 403.32
MSII1 149 1000 521 459 75 75 20 22 282 150.10 285.35 218.46
450 MSII2 149 1000 519 459 75 75 22 22 281 15267 285.13 226.36
Average 151.39 285.24 222.41
MSII1 140  99.2 511 452 75 76 31 29 272 130.09 288.50 514.64
MSIP1 150 1000 519 460 75 73 21 21 290 14586 272.57 254.65
MSIP2 149 1000 520 459 75 74 21 22 287 141.08 298.13 270.73
90° MSIP3 150 1000 522 459 76 76 19 21 289 13115 271.28 245.59
Average 139.36 280.66 256.99
MSIP1 147 1000 520 460 82 82 21 20 289 10543 278.03 509.90
400 . . . i Table 12
Printing direction effects on the mechanical performance of milled double notch
—_ specimens.
© PR
o . #.--"' "'~.~ 1 Type  Variation Yield strength Ultimate strength ~ Uniform
g 300 \‘ (MPa) (MPa) elongation (%)
7)) N
(7] \ R = Xas
o . Xo 0.91 % ~2.85% ~17.39 %
Y — T 1.0
200 —— MSIP1 MSI oo
= — = B0
£ MSIP2 "\ | R=% -7.11% ~4.41% ~4.54 %
& — - MSIP3 : 1.0
o ——MSIN I R s
£ 100 — =MSII2 X 6.07 % 4.78 % 27.60 %
o * 1.0
c = MSIL1 | 7 MSIL :
o — -MSIL2 . R=X0_
— - MSIL3 | Lo Xo ~14.03 % 0.98 % 26.43 %
0 T T T T T '
0.0 0.5 1.0 1.5 2.0 25 3.0
Engineering strain (--)
(a) MSI specimens interplay between plastic deformation and material damage, allowing
for a more nuanced and accurate depiction of the material’s behaviour
400 ! ! ! d exposed to high deformations (strains). In the plastic-dominated stage,
the relationship in Eq. (3) between true stress and true strain is articu-
© lated through the weighted average model, as referenced in [33].
o 4
= 300 (Ep)zﬁ
N — —
b 7k =G, |W(1+8 —2) + (1 - W) S 3)
4 i &)
e
L
g 200 where: W represents a weight constant and 0 < W < 1; & and 5, are the
i= | corresponding plastic strain and true stress at the end of plastic phase; &
§ MSIIP1 and " are plastic strain and true stress after necking, respectively.
c —— NSl In the plastic-damage coupled stage, particularly when damage is the
= 100 dominant f he relationship b d plasti
S —— MSIIL1 i predominant factor, the relationship between true stress and plastic
w — =MSIIL2 strain [32] is articulated through Eq. (4).
n
0 T T T T T 6= Z(l—di) ek (i=1...n) 4
0 1 2 3 4 5 6 i

Engineering strain (--)
(b) MSII specimens

Fig. 14. Engineering stress-strain relationship of milled double narrow
notch specimens.
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where: G is the true stress after considering damage; d; is damage scalar,
which can be expressed by damage evolution law, as shown in Eq. (5).
The damage correlation can be iteratively applied to refine the true
stress-strain relationship. This process involves adjusting the relation-
ship in a manner that progressively aligns the finite element (FE)
simulation outcomes with experimental data. By repeatedly applying
the damage correlation in n-iteration, the model’s predictive accuracy is
enhanced, ensuring that the simulation results closely mirror the
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(c) 90° Directions

Fig. 15. Failure mode of milled double narrow notch specimens.
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Fig. 16. Upper, average and bottom line of engineering stress-strain curve for
MRO specimens.

observed material behaviour from testing.

d - O g oS )
1o B 7)) #28,

where: B; is the parameter of damage evolution; & , is the corresponding
plastic strain at the beginning of damage-dominated phase.

The parameters W and B;, crucial for determining the true stress-
strain relationship at different stages, are meticulously calibrated
using a phased approach within the finite element (FE) framework. This
systematic refinement ensures that the model’s predictions are seam-
lessly synchronized with test data, providing a precise and reliable
depiction of the material’s mechanical response. During each calibration
stage, as shown in Fig. 17, the finite element model is realistically
modelled to mirror the boundary and load conditions of the actual test.

The engineering stress-strain curve, derived from the tensile test,
serves as the benchmark for calibration. By systematically adjusting the
values of the unknown parameters, the scattering between the finite
element model’s output and the engineering stress-strain curve is
minimised to the best possible fit. This iterative process ensures that the
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Uy=Uz=0.0
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Mesh size=0.5mm

Ux=Uy=Uz=0.0

Fig. 17. The finite element model of milled dog-bone specimens [7].
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Fig. 18. Comparison between FE calibrated results and MRO specimens.
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Table 13

Calibrated parameters for plastic-damage coupled phase.

Parameters Gu & w 5‘3,1 B Ef},z B,
Unit [MPa] [-] -1 [-] [-] [-1] [-]
Upper 707.96 0.1808 0.3 05335 0.60 - -
Envelope

Lower 66672 01731 0.0 02078 0.33 07730  0.07
Envelope

Average line 684.71  0.1715 0.0 0.2342 0.22 0.3577 —-0.18

model’s predictions closely track the material’s behaviour as observed in
the tests, achieving a high degree of agreement in the simulation results.
The optimal values for the unknown parameters in each stage are
identified after attaining the closest proximity between the two cur-
ves—the finite element model’s output and the experimental engineer-
ing stress-strain curve. This convergence signifies that the model has
been successfully calibrated, capturing the material’s response with low
scattering across the various stages. The outcomes of the calibration
process are succinctly presented in Fig. 18 and detailed in Table 13,
providing a visual and tabular summary of the optimised parameter
values.

3.1.2. Computational homogenization

From a microscopic perspective, the fracture failure in 3D printed
steel is initiated by the nucleation of microscopic voids within the ma-
terial. These voids subsequently grow and eventually coalesce, leading
to the formation of macroscopic cracks that result in material rupture
[21,34,35]. The representative volume element (RVE) of 3D printed
steel can be conceptualized as a cubic structure, with a micro void
centrally located within it. Consequently, a unit cubic cell featuring a
spherical micro void at its core, as depicted in Fig. 19, is employed to
symbolize the evolution of voids throughout the matrix deformation
process. The porosity, which is 0.698 %, and the diameter of the
spherical void within a unit cell are determined by analysing the
chemical composition of the material, see [36] for detailed information.
The relationship between the material’s chemical makeup and the
characteristics of the voids that form is provided by Eq. (6):

o’

Unit Cell

Central Void
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-3

=0. % -
fo = 0.054 | %S(wt) oM

+0.055 x %O (wt) (6)

fo is the porosity of the unit cell; %S(wt), %Mn(wt) and %O(wt)
represent the percentage content of sulfurt, manganese and oxygen in
the material, respectively. The chemical composition of the 3D printed
steel is given in [7].

Given the minimal void volume fraction in the initial stage, the
constitutive relation serves as the matrix material model. Subsequently,
the Hill-Mandel computational homogenization method [37] is
employed to articulate the mesoscale relationship between the micro-
scale and macroscale behaviour of the matrix material. This is based on
the analysis of the unit cubic cell, as shown by Eq. (7).

1
Ojj = — Eld® (7)
' \®\/@ '

where: ¢; represents macroscale Cauchy stress; 6;; represents microscale
Cauchy stress; © represents the unit cell domain.

By the virtual loading on the microscale unit cell, the behaviour of
the matrix at the macroscale under a range of stress conditions can be
effectively demonstrated. Mesoscale critical equivalent plastic strain
(MCEPS), as measured on the void surface of the microscale unit cell,
serves as an indicator of failure. It is assumed that this MCEPS value
remains invariant for the unit cell, regardless of the multiaxial loading
conditions to which the matrix is subjected [29,30]. Two proposed
mesoscale indicators (MIs), see Egs. (8) and (9), serve to predict failure
using the Mesoscale Critical Equivalent Plastic Strain (MCEPS). Specif-
ically, MI, is defined by the homogenised equivalent strain at the micro
void surface, as the mesoscale failure index and MI, identifies the
maximum equivalent strain at the micro void surface as the mesoscale
failure index.

1
Iy

MI, = max (&) 9

MI, =

Uniaxial Tension (UT)

<I:>

Pure Shear (SH)

3

- Plane Strain Tension (PST)

l056

Fig. 19. RVE, cube cell with sphere void and virtual multiaxial loading.
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Fig. 20. Mesoscale index (MI2) vs. equivalent plastic strain (MI) for various loading on RVE.

Table 14
Equivalent plastic strain ratio related to uniaxial tension applied on REV.
Items & & & s & 93 &
MI; (SH/UT) 0.4611 0.0677 0.1364 —0.0628 —0.0902 0.0776 —0.0161
Upper envelope MI;(PST/UT) 0.8268 —0.0859 —0.6118 0.9150 —0.5533 0.1491 —0.0144
MI, (SH/UT) 0.4129 —0.1088 0.6021 —0.6797 0.3087 —0.0481 0.0
MI(PST/UT) 0.9961 —1.8926 3.6708 —4.2222 2.6196 —0.8074 0.00968
MI; (SH/UT) 0.7471 —2.0824 5.7455 —7.0756 4.4151 —1.3492 0.1601
Lower envelope MI;(PST/UT) 0.9828 —1.6045 3.8215 —4.7460 2.9747 —0.9056 0.1067
MI, (SH/UT) 0.4244 —0.0283 —0.0013 0.0171 —0.0131 0.0182 —0.0049
MI,(PST/UT) 0.9169 —1.2451 1.6945 —1.6041 0.9191 —0.2715 0.0316
MI; (SH/UT) 0.3981 0.2474 —0.1214 0.0536 —0.0110 0.0 0.0
Average line MI;(PST/UT) 0.8756 —0.3540 —0.2132 0.8473 —0.8087 0.3294 —0.0494
MI, (SH/UT) 0.3613 0.4975 —1.2003 1.3312 —0.7460 0.2238 —0.0293
MI(PST/UT) 0.8238 —0.5290 —0.0475 0.3577 —0.1836 0.0294 0.0

where: I', represents micro void surface. The MI evolutions along with
the increase of macro equivalent plastic strain under different load

conditions are shown in Fig. 20.

3.1.3. Fracture locus

Selected for its user-friendly parameter calibration, enhanced accu-
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racy in predicting fractures, and extensive applicability, the uncoupled
damage model known as the Lou-Huh model [17,38] is employed in this
paper to pinpoint the fracture locus. The fracture strain within the
damage model is given as a function of both stress triaxiality and the
Lode angle parameter by Eq. (10).
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Fig. 21. Calibrated results of stress-strain relation and fracture locus.
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=2 Cy = —C.
L +3 1 3-L 2
gv—c< ) e (r+ +c)]
f 3 =
2 1+C 3 /L2+3

where: 77 and L are the averaged stress triaxiality and averaged Lode
angle parameter, which are averaged over loading history and shown in
Egs. (11) and (12). The stress triaxiality # and Lode angle parameter L
are defined by principal stresses in Eqs. (13) and (14), C represents the
cut-off value and is taken as 1/3, unknown parameters C;, C3 and C3 can
be calculated by Egs. (15)-(17).

_ 1 [
n=p [ nde an
s Jo
1
L== Lde&? (12)
2 J,
1
3001+ 02+ 03
n 5 ) (13)
1 N2 N2 N2
3 (61— 02)" + (62 — 03)" + (01 — 03)
20, —01—0
=277 (14)
01 — 03
- —C2
gy (1/V3 +C)
C; = log —_ (15)
(L) &y (2/V3 +C)
V3
Table 15
Calibrated parameters of fracture locus.
Item G Cy Cs Eyr Epsr By
Lower envelope MI; 4.207 —0.156 1.100 1.100 0.611 0.566
MI, 7.343 0.029 1.200 1.200 0.416 0.422
Upper envelope MI,; 6.550 0.120 1.500 1.500 0.577 0.612
MiI, 9.731 0.544 1.700 1.700 0.395 0.516
Average line MI; 8.049 0.353 1.800 1.800 0.544 0.647
g MI, 9.899 0.459 1.900 1.900 0.435 0.545

Fig. 22. Failure mode comparisons between FE and test of MRO type specimens.
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Fig. 23. Equivalent plastic strain to fracture depending on stress triaxiality and lode parameter.
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Fig. 23. (continued).
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In Egs. (15)-(17), the equivalent fracture plastic strain exposed to
uniaxial tensile (UT), pure shear (SH) and plane strain tension (PST) are
unknown, and named &, &,,, &, respectively. Three virtual loadings
are independently applied to the unit cell, see Fig. 19, to get the rela-
tionship between the equivalent strain of fracture under different stress
states in the microscale of the matrix. The relations between strain ratio
and fracture strain exposed to uniaxial tensile are fitted by seven-term
polynomial equations, see Eq. (18).

7
re=Y &(&;) x={SH/UT,PST/UT}

i=1

18

where: ry represents fracture plastic strain ratio between SH or PST and
UT; ¢; is the fitting coefficient of the polynomial. The coefficients of the
seven-term polynomial are shown in Table 14.

For Egs. (15)-(17), parameter E’;,T is determined by the calibration of
finite element model based on the milled dog-bone specimens, the ratio
of & /e5,; and e /2%, is obtained by Eq. (18), then the fracture locus
using Eq. (10) is identified. The calibrated results of the stress-strain
relation and fracture locus under uniaxial tensile load are shown in
Fig. 21 for the upper and lower envelop. After calibrating the fracture
parameters, the calibrated engineering stress-strain relation is in good
agreement with the experimental coupon results. Fig. 22 illustrates a
very good agreement of the failure modes obtained in MRO type spec-
imen, and the results from finite element (FE) analysis.

The summary of calibrated parameters of the fracture locus is
concisely presented in Table 15. The equivalent plastic strain to fracture
as calibrated by the average MCEPS MI;, is smaller than the value
calibrated from maximum MCEPS MI,. The equivalent plastic strain to
fracture depending on the stress triaxiality and lode parameters is shown
in Fig. 23. For lower envelope and average line, the equivalent plastic
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strain to fracture surface from MI2 is higher than from one obtained by
MI1. For the lower envelope, the surface of the equivalent plastic strain
to fracture, calibrated by MI2, is greater than that of MI1. For the upper
envelope, the surface corresponding to the equivalent plastic strain at
fracture, calibrated by MI2, intersects with the surface calibrated by
Mi1.

3.2. Validation of ductile fracture simulation

3.2.1. Description of finite element model

The finite element model used for the verification of the calibrated
parameters, is shown in Fig. 24. Typically, the coupon specimen model
has prevented displacement at one end while the displacement is applied
on the opposite end. The specimen is modelled using solid elements
C3D8 [39]. The quasi-static simulation is conducted with the ABAQUS/
EXPLICIT solver, which spans a total duration of 1 s using appropriate
mass scaling (1 x 1072 s). It should be noted that the time step duration
does not have a physical significance in this context. The time increment
is setat 1 x 107> s. Engineering stress is determined by the ratio of the
nominal force to the smallest cross-sectional area along the specimen’s
length. The definition of engineering strain encompasses the ratio of the
displacement increment to the original gauge length of the specimen.
The original gauge length for different specimens is shown in Fig. 24.

3.2.2. Comparisons between FE simulation and test results

3.2.2.1. Milled double notch specimens. The comparison of the engi-
neering stress-strain relationships for MR3 type specimens between FE
analysis and experimental tests is shown in Fig. 25 for the upper and
lower bounds, and in Fig. 26 for the mean curve. The results from
varying MCEPS parameters lead to different fracture displacements.
Generally, the FE predictions based on parameters calibrated using the
average MCEPS (MI;) align more closely with the experimental data
than those based on the maximum MCEPS (MI). Furthermore, the
simulation of specimens with varying widths is conducted to reflect the
actual experimental conditions, as the fractured specimens exhibit
different widths. The results showed that the width of the specimens
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(a) MR3 specimen
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(d) MSI specimen

(b) MR6 specimen
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(e) MSII specimen

(c) MR12 specimen

Fig. 24. Calibrated results of stress-strain relation and fracture locus.
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Fig. 25. Upper and lower engineering stress-strain relationship comparisons of
MR3 between FE and tests.

significantly influences the fracture displacement; wider specimens tend
to exhibit a higher fracture engineering strain.

The comparison of failure modes between FE predictions and
experimental results is presented in Fig. 27a. The failure mode is largely
consistent with the experimental observations, with the exception of
four elongated elements obtained from the corners of the printed steel
plates. The fracture pattern observed in the Finite Element (FE) simu-
lation is not smooth, primarily attributed to the influence of mesh size,
and different equivalent plastic strain to fracture varied with the stress
triaxiality and Lode angle parameter.

The engineering stress-strain relationship of the MR6 specimens
obtained by finite element (FE) analysis and experimental results are
presented in Fig. 28, with the upper and lower bounds for specimens of
various widths. The average engineering stress-strain relationship
comparisons between FE analysis and tests are illustrated in Fig. 29.
Additional simulations are conducted of a specimen width of 13 mm to
investigate possible differences caused by specimens cut very closely to
it. For specimens with widths of 15 mm and 13 mm, the experimentally
observed fracture displacement falls within the range defined by the
upper and lower bounds of the finite element (FE) results, which were
predicted using the maximum MCEPS (MI,) parameters. It is noted that
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Fig. 26. Average engineering stress-strain relationship comparisons of MR3
between FE and tests.

in some cases, the stress-strain relationships are outside these bound-
aries. This discrepancy indicated that the number of repetitions in dog-
bone specimens should be increased to comprehend better the “natural”
variability in the properties of isolated plates manufactured by WAAM.
The need for additional testing underscores the importance of thorough
characterisation to account for the material’s scatter and to enhance the
accuracy of FE models in predicting mechanical behaviour. However,
the finite element (FE) predictions, when calibrated with the average
MCEPS (MI1), align more closely with the test results for a specimen
width of 13 mm than those calibrated with the maximum MCEPS (MI2).
For 15 mm width, the trend is reversed, with the maximum MCEPS
(MI2) predictions showing better agreement with experimental data.
The comparison of failure modes between FE predictions and experi-
mental tests is depicted in Fig. 27b.

One source of uncertainty is related to the influence of the
manufacturing process, which is left out of the objectives of this paper.

The failure mode is generally consistent with experimental obser-
vations. A ‘sawtooth’ pattern of failure is noted in the FE predictions,
which deviates from the experimental findings. This discrepancy could
be mitigated by employing a finer mesh size; however, doing so would
significantly extend the computational time.
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Fig. 27. Failure mode comparisons of MR type specimens between FE and test.
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Fig. 32. Failure mode comparisons of MRV type specimens between FE and test.

Results of FE analysis and experiments are compared in Fig. 30. In
Fig. 30a, the experimental results for MR12 specimens fall within the
upper and lower bounds defined by the average MCEPS (MI1) and the
maximum MCEPS (MI2). The FE predictions calibrated with average
MCEPS (MI;) and maximum MCEPS (MI,) agree with the test outcomes.
The discrepancy between the FE predictions based on average and
maximum MCEPS is minimal. This is likely due to the stress state of
MR12 being close to the uniaxial tension, with both sets of simulations
calibrated using dog-bone specimens. The comparison of failure modes
between finite element (FE) predictions and experimental tests is
depicted in Fig. 27c. The failure mode is generally consistent with
experimental observations, except for the ‘sawtooth’ pattern along the
cross-sections, which may be attributed to mesh size effects.

3.2.2.2. Milled double sharp notch specimens. Fig. 31 compares the en-
gineering stress-strain relationships for MRV specimens, as determined
by finite element (FE) analysis and experimental tests. Ten tests were
conducted on the MRV specimens, yielding test data that is more
redundant than that of other specimen types. Consequently, the scatter
in the test results for MRV specimens is comparatively greater, with the
bounds of experimental outcomes even exceeding those predicted by
finite element (FE) simulations. Among the finite element (FE) pre-
dictions, those calibrated with the average MCEPS (MI;) show a closer
alignment with test observations across both the upper and lower bound
predictions and the average lines, compared to those based on the
maximum MCEPS (MI;). The comparison of failure modes for MRV
specimens between FE analysis and experimental tests is depicted in
Fig. 32. The predicted failure mode of the MRV specimens is consistent
with the experimental observations.

3.2.2.3. Milled double narrow notch specimens. The comparison of the
engineering stress-strain relationship for MSI specimens, as determined
by finite element (FE) analysis and experimental data, is illustrated in
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Fig. 33. Notably, there is a pronounced difference between FE pre-
dictions and experimental observations, particularly for MSI specimens.
This discrepancy is attributed to manufacturing constraints, which have
resulted in actual specimen widths deviating from the design specifi-
cations, with widths ranging from 14.0 mm to 15.0 mm. The influence of
specimen width on the engineering stress-strain relationship for MSI
specimens was investigated using FE predictions. The findings indicate
that the width significantly affects the curve’s shape. This is because the
gauge length for MSI specimens is “arbitrary” (without the physical
meaning), taken as 2 mm, and even slight variations in displacement
increments causes considerable differences in the stress-strain response.
The experimental results are found to align with the predictions for the
15 mm and 13.5 mm wide specimens. To enhance the predictive accu-
racy of the engineering stress-strain relationship, it is imperative to
develop a more sophisticated model in the future. This refined model
should take into account the complexity of the manufacturing process
and the material properties depending on it.

The engineering stress-strain relationship for MSII specimens is
shown in Fig. 34, where the agreement of results obtained from finite
element (FE) simulations and experimental measurements is shown. The
fracture displacements predicted by both the maximum MCEPS (MI,)
and the average MCEPS (MI;) are consistently lower than those observed
in the experimental outcomes. Notably, the predictions derived from the
average MCEPS (MI;) align more closely with the test data compare with
those from the maximum MCEPS (MI). In terms of ultimate engineering
stress, the discrepancies between the predicted and experimental values
are acceptable, with a margin of 25 % for the UE/LE envelope and 15 %
for the average line. The large strain difference is mainly due to 2 mm
gauge length. The failure mode comparisons of MS specimens between
FE and test are shown in Fig. 35. The predicted failure modes for both
MSI and MSII specimens are in good agreement with experimental
observations.
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Fig. 33. Engineering stress-strain relationship comparisons of MSI between FE
and tests.

4. Conclusion

A comprehensive study investigated the ductile fracture character-
istics of steel plates manufactured via the GMAW process. The ductile
fracture behaviour of WAAM steel is predicted by the mesoscale
equivalent plastic strain (MSCEPS) approach. The following conclusions
can be drawn:

(1) Specimens’ cut is oriented to 0° (parallel to the main printing
layer), 45° (inclined), and 90° (perpendicular to the main print-
ing layer), to systematically evaluate the material’s anisotropic
behaviour. Differences are observed among specimens in various
orientations, but the variations attributed to orientation are
relatively minor compared to the scattering of results from the
same batch of materials. Consequently, the anisotropic properties
of the WAAM steel plates may be considered negligible.

In reviewing the impact of surface roughness on material prop-
erties, in addition to the yield strength in the direction perpen-
dicular to the printing axis, the variations of elastic modulus,
ultimate strength, and uniform elongation, are considered

(2
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Fig. 34. Engineering stress-strain relationship comparisons of MSII between FE
and tests.

negligible, as they are overshadowed by the inherent variability
within the same production batch.

(3) The accuracy of the calibrated parameters is validated by
comparing the engineering stress-strain relationships obtained
from experimental tests and finite element (FE) analysis. Gener-
ally, the finite element (FE) predicted results derived from the
average MCEPS (MI1) tend to give better agreement with
experimental observations than those from the maximum MCEPS
(MI2). Tables 13 and 15 list all the material parameters utilized in
the uncoupled ductile fracture simulations for a mesh size of 0.5
mm.
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Fig. 35. Failure mode comparisons of MS type specimens between FE and test.
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