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ARTICLE INFO ABSTRACT

Keywords: This paper presents a detailed experimental and numerical study into the constitutive and fracture
Additive manufacturing behaviour of additively manufactured AlSi10Mg aluminium alloy produced by laser beam powder
Aluminium

bed fusion (PBF-LB/M). A series of 26 coupons with various geometries (to achieve a range of
stress states) and build directions (¢ = 0°, 45° and 90° relative to the layer direction, to inves-
tigate anisotropy) were additively manufactured and tested. The PBF-LB/M AlSil0Mg material
showed mild constitutive anisotropy, with the highest Young’s modulus and proof strengths
observed for the 0° coupons. For the case of smooth round bars, an appreciable discrepancy in
engineering fracture strain was observed between repeated tests on the 90° coupons, with up to
almost 60% differences, indicating potential variability in defect density. Complementary finite
element models were developed to extract fracture strains and stress states. The analysis showed
minor anisotropy in the fracture properties, with two outliers in the 90° coupons that exhibited
considerably higher fracture strains than the 0° coupons, attributed to good interlayer adhesion
and a reduced defect density near the critical cross-section. Two ductile fracture criteria, namely
the Positive Stress Triaxiality-Lode Angle Parameter Interaction Model (PTLIM) and the Lode
angle Modified Void Growth Model (LMVGM), were calibrated against the test data and shown to
achieve comparable predictive capabilities.

Powder bed fusion
Fracture
Constitutive property

1. Introduction

In recent years, several metal additive manufacturing (AM) techniques have gained significant attention due to their ability to
readily fabricate complex components and to enable the efficient use of high-performance materials in advanced engineering appli-
cations [1,2]. These AM techniques have shown great potential for applications in both structural and aerospace engineering, such as
for the fabrication of lightweight lattice components [3], optimised load-carrying structural elements [1,4-6] and hybrid AM-hot-
rolled steel components [7,8].

Laser beam powder bed fusion (PBF-LB/M) is a metal AM process capable of producing geometrically complex, highly optimised
structures with high dimensional accuracy, though generally at slower deposition rates than wire-based methods such as Wire Arc
Additive Manufacturing (WAAM). The PBF-LB/M process involves the layer-by-layer deposition of metal powder, featuring selective
melting and rapid solidification at predetermined locations using a laser beam. In previous studies of PBF-LB/M stainless steels [9,10],
distinctly different mechanical responses were observed compared with those of traditionally manufactured stainless steels.
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Anisotropic plasticity and fracture behaviour under various stress states were also observed. Similar anisotropic plastic behaviour has
been reported in PBF-LB/M aluminium alloys [11]; however, studies into their fracture properties remain limited. As a lightweight,
high-performance material, aluminium lends itself particularly well to the emerging opportunities offered by additive manufacturing,
especially in aerospace and automotive applications, but also increasingly in construction. Previous studies have reported that the
mechanical properties of PBF-LB/M aluminium are comparable to or superior to those of their cast and wrought counterparts [12,13].
However, PBF-LB/M aluminium alloy often exhibits a certain level of anisotropy in strength and ductility, attributed to its cellular
microstructure, crystallographic texture and melt pool boundaries (MPBs), as well as other features such as defects arising from the
fabrication process [14,15]. Coupons tested perpendicular to the build direction have been generally found to exhibit higher tensile
strength and ductility than those tested parallel to the build direction [11]. Anisotropic fracture characteristics have been also reported
for PBF-LB/M aluminium alloy. Coupons loaded parallel to the build direction have exhibited crack propagation preferentially along
the MPBs [16], whereas, for those loaded perpendicular to the build direction have shown fracture paths involving a combination of
propagation across melt pools and along the MPBs [14,15]. Such anisotropy in strength, ductility and fracture characteristics, though
not apparent in some studies [16,17], can be mitigated by subsequent heat treatment, albeit typically at the expense of strength [18].
Considerable efforts have been also dedicated to the behaviour [13,19] and optimisation [20,21] of structural elements produced by
PBF-LB/M, with the aim of elucidating the influence of process parameters on overall structural performance and harnessing the
unique capabilities of AM to create complex geometries that were previously constrained by the manufacturability limitations of
conventional formative and subtractive manufacturing techniques.

Despite recent advances in additive manufacturing, limited research has addressed the fracture behaviour of aluminium alloys
produced by PBF-LB/M. To bridge this gap, this paper investigates the constitutive and fracture behaviour of the A1Si10Mg aluminium
alloy produced by PBF-LB/M via experimental and numerical analyses. A comprehensive test series comprising 26 coupons with
different build orientation angles was conducted under various stress states. Additionally, parallel FE models were developed to
examine and characterise the influence of stress state and build direction on the fracture behaviour.

2. Experimental programme
2.1. Material and specimens

A total of 26 coupons were manufactured using an SLM 280 HL twin metal printer, featuring a 280 mm x 280 mm x 365 mm
building chamber and two Yb-fibre lasers, in the Department of Mechanical and Materials Engineering at the University of Turku.
During the PBF-LB/M process, successive layers of metal powder were spread by a recoater and selectively melted by high-energy laser
beams and solidified at predefined locations based on a 3D digital model. All PBF-LB/M process parameters used in this study are the
same as those in [13], as summarised in Table 1. A bi-directional stripe scanning strategy with a 67° interlayer rotation was employed
during fabrication to minimise residual stresses and distortions.

All specimens were built using AlSi10Mg powder at a deposition rate of 29.8 cm3/hour; the nominal chemical composition and
mechanical properties of the PBF-LB/M AlSi10Mg material can be found in [13]. The coupon layout is shown in Fig. 1, where the
coupons were printed at 0°, 45° and 90° relative to the build plate (i.e. § = 0°, 45° and 90°, where 0 is the angle between the lon-
gitudinal axis of the coupon and the deposition layers, as shown in Fig. 1(b)). A spacing of approximately 15 mm was maintained
between coupons to prevent spatter, local overheating and distortion during the PBF-LB/M process. Support structures were fabricated
to secure the specimens during printing and to minimise distortion upon build plate removal. After printing, all specimens were
removed from the build plate using a bandsaw.

Nine coupons with different geometries and build direction angles were loaded in monotonic tension to investigate their consti-
tutive and fracture properties. Among these, a standard smooth round bar (SRB) coupon, which was designed to generate a uniaxial
stress state (stress triaxiality # of 1/3 and Lode angle parameter ¢ of 1) based on EN ISO 6892-1 [22], was tested to obtain the
constitutive response and the plastic strain at fracture initiation &¢ (referred to as the fracture strain), as shown in Fig. 2(a). The stress
triaxiality 5 is defined by the first invariant of the stress tensor I; and the second invariant of the deviatoric stress tensor J, as expressed
by:

L On

= = — 1
i 3\/ 3.]2 Ocq ( )

where oy, = I1/3 is the hydrostatic stress, 6eq = \/3J2 is the equivalent von Mises stress. The value of 7 can also be expressed as the ratio
of the mean stress to the equivalent von Mises stress, even for an anisotropic material [23]. The Lode angle parameter ¢ is defined as:

Table 1

PBF-LB/M processing parameters.
Laser power Laser spot diameter ~ Scannig speed Layer thickness Hatch distance Scanning Preheated powder Shielding
W) (pm) (mm/s) (pm) (pm) rotation (°) bed (°C) gas
370 80 1150 30 120 67 150 Argon
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Fig. 1. Schematic illustration of printed coupons and coupon orientation angles.
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where J3 is the third invariant of the deviatoric stress tensor. Three build orientation angles (8 = 0°, 45° and 90°) were considered for
the smooth round bar coupons in order to enable the calibration of the three-dimensional anisotropic yield criterion presented in [23].
Two repeated coupon tests were conducted for each build direction angle.

The remaining coupons were designed to obtain the fracture properties only, and each printed at & = 0° and 6 = 90°. Three
configurations of notched round bar (NRB) coupons were designed to obtain the fracture strains at high triaxial stress states, i.e. 7 > 1/
3 and ¢ = 1, with different notch radii used to achieve varying levels of stress triaxiality. Theoretically, specimens with larger notch
radii experience larger values of the second and third principal stresses, resulting in higher values of stress triaxiality [24]. Accord-
ingly, three NRBs were designed with radii of 3.5 mm, 6 mm and 20 mm, referred to as NRB-R3.5, NRB-R6 and NRB-R20, respectively,
as shown in Fig. 2(b).

Similarly, three configurations of grooved plate (GP) specimens were designed to achieve a plane strain condition, which theo-
retically corresponds to a & value of 0 in the plastic range for incompressible materials [24]. As with the NRB specimens, the # value in
GP specimens increases with the notch radius and is larger than 1/3. Three GP specimens were designed with radii of 2 mm, 4 mm and
10 mm, referred to as GP-R2, GP-R4 and GP-R10, respectively, as shown in Fig. 2(c).

Pure shear (PS) specimens were designed to investigate the fracture strains under low values of both stress triaxiality and Lode
angle parameter, while tension shear (TS) specimens were designed to investigate the fracture strains under moderate 5 and ¢ values.
Both specimen types have similar geometry but different angles between the minimum cross-section and the loading direction: 0° for
the PS specimens and 45° for the TS specimens, as shown in Fig. 2(d, e). Two bolt holes were designed on both sides of the coupons to fit
pin supports, following the recommendations in [24] to release appreciable tensile stresses that can otherwise arise at large de-
formations. Two repeated tests were performed for each PS and TS coupon type and build direction angle.

The coupon identifiers follow the format “Coupon-0”, where “-1” or “-2” is added at the end if repeated tests were performed. For
example, the second repeated test of the PS specimen at § = 90° is referred to as PS-90-2. The measured geometries of each coupon are
reported in Table 2, including the diameter of the SRB coupons in the parallel length dsgp, the minimum diameter of the NRB coupons
dngs, the notch radius of the NRB coupons Rygrp, the minimum thickness of the GP coupons tgp, the notch radius of the GP coupons Rgp,
the width of the GP coupons Wgp, the width of the notched region for the PS Wpg and TS Wrg coupons and the minimum thickness of
the notched region for the PS tpg and TS trs coupons.

The average density of the printed material was determined to be 2.58 g/cm® based on Archimedes’ measurements, which is
slightly lower than the value provided in the material data sheet, i.e. 2.67 g/cm>. The lower density may be attributed to internal
defects, such as pores and micro-cracks.

2.2. Test setup

An Instron 5984 150 kN universal testing machine was used to apply the loads to the coupon specimens, as shown in Fig. 3. Two
pairs of two-camera StrainMaster Digital Image Correlation (DIC) systems were used to capture the surface deformations and strains on
both the front and rear faces of each coupon. Random white speckles were sprayed onto the specimen surfaces over a black background
for the DIC measurements. A similar test setup was adopted in [25]. The cameras were first calibrated using a stereo calibration board,
and the grid of markers on the calibration board was automatically detected using the DaVis 10 software [26], which maps the pixel
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Fig. 2. Nominal geometry of tested coupons (mm).

data to real coordinates. All specimens, except for the PS and TS coupons, were directly clamped between the machine jaws, as shown
in Fig. 3(a). For the PS and TS coupons, two pin supports were designed, as shown in Fig. 3(b), providing a pinned boundary condition
that allows free rotations of the central region of the coupons and relieves additional transverse tension, thereby maintaining a
relatively constant stress state at the critical cross-section throughout the loading history. The applied load was recorded using a built-
in load cell in the testing machine. Both the load and DIC images were synchronously recorded at 1 s intervals and post-processed using
the DaVis 10 software.

2.3. Test results

2.3.1. Coupons for investigating constitutive behaviour (SRB)

Different gauge lengths L, were employed for the different coupon types, as summarised in Table 2 and indicated in Fig. 2. For the
SRB specimens, a gauge length L of 25 mm was chosen, which corresponds to 5.65\/A [22], where A is the cross-sectional area of the
coupon within the parallel length. The engineering stress—strain curves for all SRBs are shown in Fig. 4. These curves were derived
using the measured geometries and gauge lengths given in Table 2. Table 3 presents the key mechanical properties obtained from all
SRB specimens, including the Young’s modulus E, Poisson’s ratio v, 0.2% proof strength o¢ 3, 1.0% proof strength o1 o, 2.0% proof
strength o7 o, ultimate strength oy, strain at ultimate strength ¢,, engineering strain at fracture ¢.r and the parameters n [27] and m
[28,29] from the two-stage Ramberg-Osgood material model. The Young’s modulus E was calculated as the slope of the linear portion
of the stress—strain curve, specifically between approximately 0.250¢ 2 and 0.350¢ 2 [30]. The Poisson’s ratio v was determined as the
ratio of the mean transverse to mean longitudinal strains within the same range. For the SRB specimens, the transverse strain can be
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Table 2
Measurements of key features of each coupon (mm).
Coupon Diameter/Width Thickness Notch radius Gauge length
SRB-0-1 dsgpg = 4.91 — — 25
SRB-0-2 dsgp = 4.96 — — 25
SRB-45-1 dsgp = 4.99 — — 25
SRB-45-2 dspp = 4.98 — — 25
SRB-90-1 dsgp = 4.91 — — 25
SRB-90-2 dspp = 4.97 — — 25
NRB-R3.5-0 dngp = 4.88 — Rngrp = 3.38 20
NRB-R3.5-90 dyrs = 4.88 — Rugrgs = 3.30 20
NRB-R6-0 dnrp = 4.84 — Rngrp = 5.95 20
NRB-R6-90 dngp = 4.84 — Rngrp = 5.95 20
NRB-R20-0 dyrp = 4.91 — Ryrps = 20.40 30
NRB-R20-90 dnrs = 4.90 — Rngrs = 20.20 30
GP-R2-0 Wep = 25.46 tgp = 2.09 Rgp = 1.85 20
GP-R2-90 Wgp = 25.02 tep = 2.04 Rgp = 2.02 20
GP-R4-0 Wgp = 25.51 tgp = 1.98 Rgp = 3.96 20
GP-R4-90 Wep = 25.06 tgp = 1.95 Rgp = 3.92 20
GP-R10-0 Wep = 25.56 tgp = 1.99 Rgp = 10.02 20
GP-R10-90 Wgp = 25.04 tep = 1.98 Rgp = 9.93 20
PS-0-1 Wps = 2.96 tps = 1.85 — 40
PS-0-2 Wps = 2.99 tps = 1.79 — 40
PS-90-1 Wps = 2.99 tps = 1.75 — 40
PS-90-2 Wps = 2.92 tps = 1.81 — 40
TS-0-1 Wrs = 2.98 trs = 1.79 — 40
TS-0-2 Wrs = 2.96 trs = 1.78 — 40
TS-90-1 Wis = 2.97 trs = 1.78 — 40
TS-90-2 Wrs = 2.97 trs = 1.77 — 40

(a) Test setup for SRB, NRB, and GP (b) Test setup for PS and TS

Fig. 3. Test setup for coupon specimens.

determined based on the change in specimen diameter. However, the 3D DIC system is not able to capture the deformation of the entire
specimen due to the camera views being partially obstructed by the specimen itself, as shown in Fig. 5(a). The transverse strain &¢ap
was therefore calculated from Eq. (3):

PR dRsgs _ 2nRspebr — 2n(Rsps — dRsgs)6: _ Lors — lsrs
fran Rspp 27Rspp0; Lsps

3

in which 6;, Rsrp, dRsgrs, Lsrp and Isgp are defined in Fig. 5(b).

Fig. 6 shows histograms with error bars representing the standard deviation of the measured 0.2% proof (yield) and ultimate
strengths and engineering fracture strains for specimens in all three printing directions. Mild anisotropic constitutive behaviour is
observed, with the highest strain hardening found in the SRB-90 specimens; this is consistent with the finding presented in [13]. The
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Table 3
Key mechanical properties from SRBs.
Coupon E (MPa) v 60.2 (MPa) 01.0 (MPa) 62,0 (MPa) oy (MPa) £4(%) £ef(%) n m
SRB-0-1 78,330 0.306 282.0 336.8 373.6 415.4 4.77 4.79 10.5 2.5
SRB-0-2 74,310 0.318 288.3 341.8 379.0 425.0 5.29 5.29 9.9 3.0
SRB-45-1 68,240 0.287 273.0 319.4 361.7 394.4 4.04 4.07 10.5 2.2
SRB-45-2 70,160 0.309 273.6 321.3 364.8 402.3 4.19 4.31 11.6 2.3
SRB-90-1 70,500 0.306 265.8 326.4 376.5 427.9 5.91 6.08 7.8 3.4
SRB-90-2 70,010 0.292 263.9 322.0 368.9 400.7 3.74 3.81 8.5 1.8

/Specimen

LsrB

(a) Schematic of DIC measured area (b) Schematic of cross-section

Fig. 5. Schematic illustration of calculation of Poisson’s ratio.

maximum Young’s modulus and proof strengths occur at 6 = 0°, which is associated with the texture and elongated grains relative to
the loading direction, as reported in previous studies on PBF-LB/M aluminium alloy [15,31,32]. The measured engineering fracture
strains ranged from 4% to 6%, indicating limited ductility, typical of PBF-LB/M aluminium alloys.

The SRB-90 specimens exhibit relatively large scatter in both ultimate strength and engineering fracture strain, as reflected by the
standard deviations in Fig. 6. This scatter may be related to variations in interlayer defects, which have a more direct influence on the
macroscopic mechanical response when deposition layers are perpendicular to the loading direction, i.e. # =90°. The variation in
engineering fracture strain can be explained in terms of ductile fracture mechanisms. Based on void growth and coalescence theory
[24,33,34], fracture initiates once the adjacent voids coalesce as a result of the continuous growth of voids under plastic deformation.
A higher defect density reduces the spacing between voids and promotes localised stress concentrations, thereby facilitating earlier
fracture initiation.

Fig. 7 shows the fracture profiles of each specimen. The fracture profiles of the PBF-LB/M specimens indicate contributions from
both inclusions and manufacturing defects. Fracture surfaces oriented near 45° are observed in both SRB-45 specimens, aligning with
the deposition direction, as shown in Fig. 7(b). This is attributed to a higher density of defects (pores and micro-cracks) between
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Fig. 7. Fracture profile of SRB specimens.

adjacent layers [35]. The lack of adhesion can be explained by the material shrinkage during cooling from high temperatures, which
increases the number of internal defects between two adjacent layers.

The large discrepancy in ductility between the two SRB-90 specimens is likely due to variations in the density of these inter-layer
defects. Since the quality of inter-layer bonding is not uniform, the extent of defects along the build direction can vary, resulting in
noticeable differences in ductility. In contrast, the SRB-0 and SRB-45 specimens are loaded perpendicular to, or at 45° to, the build
direction. Therefore, each cross-section intersects multiple printing layers, effectively averaging the influence of inter-layer defects
across many printing layers. The averaging reduces the sensitivity of their ductility to local variations in defect density between two
printing layers compared with the SRB-90 specimens.

2.3.2. Coupons for investigating fracture behaviour

Fig. 8 shows the load-displacement curves for all the fracture coupons, where anisotropic load-displacement responses are
observed. Apparent differences in ductility are observed in the NRB-R20 and NRB-R6 specimens at two build direction angles, which
may be explained as follows. First, the PBF-LB/M AlSi10Mg material may have anisotropic fracture properties. Second, variations of
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Fig. 8. Load-displacement curves for all fracture coupons.

defect density between layers, especially at @ = 90°, can lead to high variation in ductility for specimens of the same nominal
configuration. The result from a single test may therefore not be representative of the material ductility under such a stress state. Third,
as the stress state is affected by the constitutive behaviour [24], the mild anisotropy in the constitutive relationship shown in Section
2.3.1 may affect the stress state of fracture specimens with the same geometry but different build direction angles, in turn affecting the
fracture strain and the resulting ductility in the load-displacement curve. The fracture properties in the two printing directions will be
further analysed in Section 3.4 based on the values of stress triaxiality, Lode angle parameter and fracture strain extracted from finite
element (FE) simulations of the tested specimens.

The load-displacement curves can be divided into two categories based on the fracture response: (1) fracture initiation followed by
some propagation with increasing displacement until full fracture; and (2) fracture initiation with rapid propagation and the sudden
entire loss of resistance. An example of the former category is NRB-R20-0, as shown in Fig. 9(a), while an example of the latter category
is the specimen shown in Fig. 9(b). For both categories, the descending branches of the load-displacement curves are short or even
absent, reflecting the rapid and unstable fracture propagation associated with the brittle nature of the material. For all specimens,
except the PS and TS types, the stress state and plastic strain distributions have a low gradient across the fracture cross-sections [36].
Therefore, fracture initiates over a large area, leading to a marked reduction in specimen resistance, aligning with the observation of
the curves in Category 1. The PS coupons show a sudden entire loss of resistance without observable softening, and are therefore
classified as Category 2. The TS specimens, on the other hand, exhibit a relatively long fracture propagation range, rendering

10 Onset of rapid fracture 1.6
g | propagation \ 1.4 1 /
1.2 1 LT .
s Fracture = Fracture initiation with
:é 61 initiation é 1 rapid propagation
3 2 0.8 1
S 47 Fracture 506 4
5 propagation 04
0.2 1
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0 0.1 0.2 0.3 0 0.1 0.2 0.3 0.4
Displacement (mm) Displacement (mm)
(a) NRB-R20-0 (Category 1) (b) PS-0-1 (Category 2)

Fig. 9. Two different types of load—displacement curves based on fracture response.
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identification of the exact fracture initiation displacement somewhat subjective. Hence, based on the analysis of the load—displacement
curves, the displacements at fracture initiation Af of all coupons, except the TS specimens, are presented in Table 4.

The fracture initiation location can sometimes be defined by analysing both the fracture surface and the DIC results. The fractured
cross-section profiles of all SRBs are shown in Fig. 7, while those for all other coupons are shown in Fig. 10. Since the fracture profiles of
the two repeated tests for each of the TS and PS specimens (in both build direction angles) are almost identical, only one representative
profile is shown. Regarding the SRB specimens, necking is not apparent in any tests, indicating uniform stress and strain distributions
across the entire cross-section. From void growth-coalescence based ductile fracture mechanics, fracture initiation depends on both the
stress state and the equivalent plastic strain. The uniform distributions of both lead to approximately simultaneous fracture initiation
across the entire cross-section for SRB specimens. In the case of suitably-designed NRB and GP specimens, fracture initiates at the
centre of the cross-section [24]. As shown in Fig. 10(a-f), the cross-sections of all NRB and GP specimens displayed a typical cup-cone
profile, featuring rough surfaces at the centre and smooth inclined surfaces at the edges. This typical profile indicates that fracture
initiated at the centre of the cross-section for all specimens. Regarding the PS specimens, fracture initiation was not observed by the
DIC system, i.e. it did not occur on the specimen surface, and the fracture profiles were relatively rough at the centres of the cross-
sections. Both observations suggest that fracture initiated at the cross-section centre. Theoretically, PS specimens generate a pure
shear stress state and have a uniformly smooth fracture surface. However, the observed roughness in the centre region is attributed to
induced tensile stresses that develop after a certain degree of plastic deformation — the specimen rotates, and the shear surface is not
perfectly aligned with the two pin supports, thereby inducing an additional tensile stress component at the cross-section centre [24].
For the TS specimens, fracture initiation could not be detected from the DIC measurements, indicating that failure initiated at a
location other than the surface facing the DIC cameras. Accordingly, neither the fracture initiation displacement nor the initiation
location can be reliably determined. Therefore, in Section 3, FE analysis for calibrating the material fracture properties is not per-
formed for the TS specimens.

3. Finite element analysis
3.1. General

The fracture strains and stress states of all specimens cannot be directly obtained from the test observations, since most fractures
initiated at the centre of the cross-section, as discussed in Section 2.3.2. Accordingly, parallel FE models were developed using the
Abaqus software [37] to numerically track the developments of stress states and fracture strains in all specimens. The explicit solver
was used in this study to avoid convergence problems.

In addition to the tested coupons, flat plate (FP) coupons from [13] were also modelled to expand the dataset. The FP specimens in
[13] were manufactured using the same printing parameters and same batch of metallic powder as those used in the present study. As

Table 4

Key features of all coupons.
Coupon Af (mm) Fracture initiation location Nav Eav & ¢
SRB-0-1 1.209 Whole cross-section 0.333 1.000 0.044 1.000
SRB-0-2 1.361 Whole cross-section
SRB-45-1 1.016 Whole cross-section 0.333 1.000 0.035 1.000
SRB-45-2 1.076 Whole cross-section
SRB-90-1 1.520 Whole cross-section 0.333 1.000 0.042 1.000
SRB-90-2 0.954 Whole cross-section
NRB-R3.5-0 0.155 Cross-section centre 0.679 1.000 0.034 0.953
NRB-R3.5-90 0.163 Cross-section centre 0.650 1.000 0.033 1.000
NRB-R6-0 0.177 Cross-section centre 0.530 1.000 0.038 1.000
NRB-R6-90 0.255 Cross-section centre 0.535 1.000 0.060 1.000
NRB-R20-0 0.260 Cross-section centre 0.421 1.000 0.036 0.990
NRB-R20-90 0.503 Cross-section centre 0.434 1.000 0.096 1.000
GP-R2-0 0.182 Cross-section centre 0.934 0.198 0.026 0.840
GP-R2-90 0.132 Cross-section centre 0.831 0.541 0.018 0.950
GP-R4-0 0.220 Cross-section centre 0.752 —0.006 0.076 0.890
GP-R4-90 0.179 Cross-section centre 0.686 0.386 0.043 0.970
GP-R10-0 0.267 Cross-section centre 0.626 0.179 0.070 0.900
GP-R10-90 0.235 Cross-section centre 0.597 0.363 0.052 0.970
PS-0-1 0.339 Cross-section centre 0.025 0.078 0.110 1.000
PS-0-2 0.334 Cross-section centre
PS-90-1 0.326 Cross-section centre 0.024 0.068 0.106 1.000
PS-90-2 0.334 Cross-section centre
TS-0-1 — Unknown — — — 1.000
TS-0-2 — Unknown — — —
TS-90-1 — Unknown — — — 1.000
TS-90-2 — Unknown — — —
FP-0 [13] 1.92 Cross-section centre 0.333 1.000 0.047 1.000
FP-90 [13] 1.95 Cross-section centre 0.333 1.000 0.049 1.000
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Fig. 10. Fracture profiles of NRB, GP, PS and TS specimens.

such, the printed material properties in [13] are regarded to be the same as those in the present study. There were 12 FP specimens in
total with 6 oriented at & = 0° and 6 at = 90°. The detailed geometries and loading responses for these FP coupons can be found in
[13].

3.2. Stress—strain relationship

3.2.1. Effect of stress state

The SRB specimens were used to calculate the stress—strain relationships. The engineering stress—strain curves shown in Fig. 4 were
derived based on the initial geometries and gauge lengths of the specimens. However, in the FE modelling, the true stress—strain
relationship is required to allow for the deformation of the specimens under load and hence to express the real material constitutive
relationship. The following equations were used to calculate the true stress oy and true strain ey before necking:

Otrue = O'eng(l + €eng) “@
Etrue = ln(l + Eeng) 5)

in which cepg is the engineering stress and eepg is the engineering strain.

Necking did not occur in any of the SRB specimens for all three build direction angles. Therefore, the constitutive relationships were
determined using Egs. (4) and (5) alone, without accounting for post-necking effects. However, the constitutive relationship obtained
from the SRB specimens are valid only up to their fracture strains, which were relatively low compared to the other specimens.
Therefore, it was necessary to extend the calibration of the constitutive relationship beyond the fracture strain of the SRB specimens
using the other specimens with the highest fracture strains, i.e. the PS specimens in this study.

Since the constitutive relationship is affected by the stress state [38,39], careful consideration is required when combining cali-
bration results from two different specimens subjected to distinct stress states. Specifically, the stress state is characterised by the stress
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triaxiality # and Lode angle parameter &. The constitutive relationship under different stress states can be represented by applying a
stress correction factor ¢ to the reference constitutive relationship. In this study, the stress in the SRB specimens osgp was used to define
the reference constitutive curve. Accordingly, the stress in the constitutive relationship under any given stress state can be expressed as
¢ osge. Fig. 11 shows an example of a constitutive relationship calibration using the PS specimens. The simulation curve generated
using the SRB-calibrated constitutive relationship with ¢y = 1 shows good agreement with the experimental results. This consistency
suggests that the constitutive relationship under = 1/3 and £ = 1 (associated with the SRB specimens) is similar to that under n =
0 and ¢ = O (associated with the PS specimens), indicating that the influence of stress state on the constitutive behaviour is minimal
under these two conditions. Therefore, the calibration of the constitutive relationship beyond the fracture strain of the SRB specimen
can be based directly on the PS specimen data without applying any stress correction factor, i.e. by assuming ¢ = 1.

Owing to the non-uniform stress and strain distribution across the critical cross-section in the PS specimens, the tested
load—-displacement curves cannot be directly converted into a stress—strain relationship. Therefore, the true stress—strain curve beyond
the fracture strain of the SRB specimen was assumed to follow a predefined functional form with prespecified free model parameters.
An iterative fitting process was then conducted to adjust the parameters until the best agreement with the test results was obtained. The
proposed functional form is based on the second stage of the two-stage Ramberg-Osgood model [28,40], expressed as:

b

Otrue — OfSRB Otrue — OfSRB

Etrue = + & + £f SRB (6)
E srp 0a — Of.SRB

in which ofgp is the true stress of the SRB at fracture, e sgp is the true strain of the SRB at fracture, ¢, is any value of true strain which is
larger than the highest fracture strain among all coupons, o, is the corresponding true stress and b is the free model parameter.

In this study, the chosen value of ¢, was 0.15, and the corresponding values of 6, and b were calibrated through the iterative
procedure described above. The calibrated values were found to be 6, = 495 MPa and b = 7 for the § = 0° specimens and ¢, = 475 MPa
and b = 8 for the 6 = 90° specimens. For the case of § = 45°, only SRB specimens were tested; hence, the post-SRB fracture stress—strain
relationship was assumed to follow a strain-hardening slope equal to that at the point of the fracture initiation of the SRB specimens.
The resulting true stress—strain curves for all build direction angles under  =1/3, £ =1 and n = 0, £ = 0 are shown in Fig. 12. Note that,
when calibrating the true stress—strain curves in each orientation, isotropic material behaviour was assumed.

The constitutive relationship, i.e. the value of ¢, for each of the remaining coupons was analysed individually. For each specimen,
the value of ¢» was assumed to remain constant throughout the plastic range. Several iterations were conducted until the best fit to the
test curve was achieved. The final values for all specimens are given in Table 4. It can be seen that the coupons tested at = 0° have a
large variation in ¢ compared to those tested at 6 = 90°, indicating a more pronounced effect of the stress state on the constitutive
response at § = 0°.

Notably, the GP specimens generally have lower ¢ values than the PS specimens, despite both designed to have zero average Lode
angle parameters. This phenomenon is consistent with previous numerical observations [38,41,42] and is attributed to the distinct
Lode angle parameter history, as shown in Fig. 13. The two coupons have clearly different Lode angle parameter histories: the GP
specimen initially experiences high values of Lode angle parameter, which gradually decreases to zero with increasing plastic strain,
while the PS specimen shows approximately zero Lode angle parameter at the onset of plasticity, which then increases with defor-
mation. Based on these observations, for the material studied, the value of ¢ tends to be less than 1 when the Lode angle parameter is
between 0 and 1. The initial high Lode angle parameter in the GP specimens reduces their resistance at the beginning of loading and
continues to affect the response throughout deformation, indicating a lower value of ¢ in the early plastic range, where the Lode angle
parameter is above zero. In contrast, as discussed previously, the PS specimens show ¢ = 1 under pure shear conditions. This is
attributed to the fact that, for the relatively low-ductility material tested in this study, the rotation of the critical region is insufficient to
induce appreciable tensile stresses, allowing the specimen to remain close to a pure shear state throughout loading. However, for
materials with higher ductility, large rotations develop during deformation, inducing significant tensile stresses in the critical region,
thereby increasing the Lode angle parameter. This leads to a potential reduction in the value of ¢. Correspondingly, FE simulations
typically show good agreement with experiments (¢ = 1) in the early plastic range, followed by overestimations (¢ < 1) at larger
plastic strains due to the increases in both stress triaxiality and Lode angle parameter. This behaviour explains the commonly observed

:2 | SRB calibrated  PS calibrated

I e =
~ 1.2 1 z
T 08
3 0.6 -

04 1 - - -PS-0-1

0o ] - - -PS-0-2

0 . — I
0 0.1 0.2 0.3 0.4

Displacement (mm)

Fig. 11. Result of constitutive relationship calibration using PS specimens.
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Fig. 12. True stress-strain curves under n =1/3,( =1andn =0, £ = 0.
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Fig. 13. Lode angle parameter histories of grooved plate (GP) and pure shear (PS) specimens.

overestimation of numerical responses in the later stages of loading for PS specimens, as reported in [42-44]. Note that the effect of
stress triaxiality on ¢ is not considered in this analysis, as its influence is significantly lower compared to that of the Lode angle
parameter [38].

The stress state and fracture strain of each specimen vary depending on whether the corrected or uncorrected constitutive rela-
tionship is applied. Fig. 14 shows an example using the GP-R4-0 specimen, in which the stress triaxiality from the simulation after
correction is slightly higher than that before correction. A detailed comparison of the average stress state and fracture strain for each
specimen, based on both the stress state-corrected (through ¢) and —uncorrected constitutive relationships, is shown in Fig. 15. Note
that the calculation of the average stress state and the method of extracting the stress state and fracture strain will be introduced in
Section 3.4. While the stress triaxiality and fracture strain remain relatively consistent, a more notable discrepancy is observed in the
Lode angle parameter, particularly for the GP specimens. The discrepancy is attributed to the sensitivity of the Lode angle parameter to
the constitutive properties at the early stages of plastic deformation. It can be expected that, for high ductility materials, the Lode angle
parameter will converge to zero regardless of whether the stress state-corrected or —uncorrected constitutive relationship is used.
Accordingly, the predicted stress state and fracture strain for high ductility materials will be similar for simulations using either set of
material properties. Note that the anisotropic constitutive properties are considered when calculating the stress states and fracture
strains. The detailed method of considering the material anisotropy will be introduced in the next section.

W
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(a) Load-displacement curve (b) Stress triaxiality development

Fig. 14. FE simulation of GP-R4-0 using constitutive relationships before and after correction through the application of the parameter ¢.
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Fig. 15. Comparisons of stress state and fracture strain before and after the stress state correction of the constitutive relationship.

3.2.2. Effect of material anisotropy

Material anisotropy was observed in the tested material, as described in Section 2.3.1. Distinct constitutive relationships were
therefore defined for each build direction angle. The anisotropic material model developed in [23] is adopted in this study. The model
assumes transversely isotropic behaviour, which is suitable for the layer-wise PBF-LB/M material examined here. Owing to the rotating
scan strategy adopted during specimen fabrication, the material properties can be reasonably assumed to be isotropic within the
deposition plane (perpendicular to the build direction) at the macro-scale [15], indicating that the plane of transverse isotropy co-
incides with the deposition plane. In the elastic range, the relationship between the stress and strain tensors can be expressed using
Hooke’s Law, expressed as [23]:

{e} = [Sl{a} %)

where {6} = [011, 622, 033, 612, 623, 63117 is the stress tensor matrix, {e} = [e11, €22, €33, 2€12, 2623, 2¢31]7 is the strain tensor matrix, and
[S] is elastic compliance tensor matrix. For transversely isotropic material, [S] is giving by:
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where Eg and Egg are the Young’s moduli measured for specimens with § = 0° and 6 = 90°, respectively, v, is the Poisson’s ratio in the
transversely isotropic plane, vy, is the Poisson’s ratio related to the normal and in-plane directions when the stress is applied in the 3-
direction (0 = 90°), and Gy,, is the shear modulus related to the normal and in-plane directions.

In the plastic range, the Hill Y1d48 criterion [45] was adopted in [23], featuring a quadratic formulation and six free model pa-
rameters, as given by:

flo) = \/F(Gzz —033)> + G(033 — 011)° + H(o11 — 622)° 6 ©)

+2L0§3 + 2M0'§1 + ZNG%2

where oy is the initial reference true yield stress which is regarded as the true yield stress in the case of § = 0° in this study, and F, G, H,
L, M and N are free model parameters. The calibration method considered the continuous variation of all six free model parameters
throughout the entire plastic range, and the detailed calibration procedure can be found in [23].

The anisotropic material model in [23] requires coupon tests in three build direction angles to calibrate the model parameters.
Hence, the three stress—strain curves in Fig. 12 are used for this calibration. The implementation of the anisotropic model was con-
ducted via the Abaqus subroutine VUMAT [37], using the formulation provided in [23]. In the modelling, the values of ¢ were assigned
for both build direction angles (9 = 0° and 8§ = 90°) based on the calibration results corresponding to the specific specimen geometry;
for example, ¢ = 0.90 for GP-R10-0 and ¢ = 0.97 for GP-R10-90. For the build direction angle at § = 45°, where no corresponding
coupon tests were conducted, ¢ was assumed to be 1 for all specimens.

The assignment of anisotropic material properties is necessary in order to capture the localised stress and strain distributions, and
hence the stress state. This is demonstrated in Fig. 16 for the example case of the NRB-R6-0 specimen. The FE models using both
anisotropic and isotropic mechanical behaviour produce comparable load-displacement curves, but the stress triaxiality determined
using the anisotropic model is approximately 20% lower than that using the isotropic model, indicating the importance of incorpo-
rating anisotropic constitutive properties into the FE simulations.

3.3. FE model

Fig. 17 shows the FE model for each coupon type. For all coupons, three-dimensional solid elements with reduced integration
(C3D8R) were used. Geometric symmetry was utilised to reduce the computational cost: for the PS and TS specimens, half of the
coupons were modelled, while for the SRB, NRB, FP and GP specimens, one eighth of the coupons were modelled. The loading applied
during the tests was simulated by a longitudinal displacement (A) at the coupon ends, reflecting the actual displacement-controlled
loading protocol in the tests.

The critical fracture area was assigned a more refined mesh size relative to the remainder of the specimens, marked by red boxes in
Fig. 17. The mesh size of each specimen was chosen based on the recommendations in [24], in which a detailed mesh sensitivity
analysis was conducted for each coupon type. The FE model of each coupon employed the measured geometry, as given in Table 2. For
specimens with repeated tests, the average values were used.
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Fig. 16. FE simulation of NRB-R6-0 with isotropic and anisotropic material properties.
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Fig. 17. FE model of each coupon type.

3.4. FE modelling results and fracture property analysis

The FE load-displacement curves for all specimens are plotted in Fig. 18. The curves with the anisotropic material behaviour
differed only slightly from those idealised with the isotropic assumption, since the degree of anisotropy in the studied PBF-LB/M
aluminium is relatively low. Overall, the simulation results show good agreement with the experimental results and are thus
considered reliable for analysing the fracture properties of the tested PBF-LB/M aluminium.

For most coupons, # and ¢ varied with the degree of plastic deformation, and hence their average values were employed in the
fracture analysis to reflect the loading history. The average stress triaxiality 7,y and Lode angle parameter &,, values were calculated as:

(jf {dgp

£f d
Nay = fO Zf % and ‘):av = P (10)

in which & is the plastic equivalent strain at fracture initiation (referred to as the fracture strain) and ¢, is the plastic strain.

The average stress state (i7,y and &,y) and fracture strain (ef) for each coupon were extracted from the corresponding FE simulation
results. These three parameters were determined from the element located at the fracture initiation location and at the displacement
corresponding to fracture initiation As. The relevant data are summarised in Table 4 for all specimens, except the TS specimens, where
the fracture initiation location was difficult to determine reliably, and any misidentification of the location could lead to significant
inaccuracies in the calibration of the fracture models.

Fig. 19 shows the fracture strains for each specimen type, where £,, = 1 for the SRB, NRB and FP specimens, and &,y ~ 0 for the GP
and PS specimens. Note that the red crosses in Fig. 19 do not strictly represent fracture strains under &,, = 0, since most GP specimens
have &,y values larger than 0. As shown in Fig. 19(a), for specimens tested at the 0° build direction angle, the fracture strains generally
follow the theoretical exponential trend with stress triaxiality. In contrast, Fig. 19(b) shows that for the specimens tested at § = 90°, the
maximum fracture strain occurs at a 77,y value of 0.434, rather than at 1/3 for &,y = 1, as predicted by theory. Notably, the SRB and FP
specimens both generate the same stress state (17,y = 1/3 and &,y = 1) and show nearly consistent fracture strains. Given that there are
eight tests in total for SRB-90 and FP-90, but only one test for NRB-R20-90 and NRB-R6-90, the fracture strain at 77,y = 1/3 and &,y =1 is
considered to be more reliable than those at the higher #,, values. The high fracture strains observed at high #,,-values may be
attributed to a low defect density, due to particularly good adhesion between adjacent printing layers, as discussed in Section 2.3.1.
The defect density varies across melt pool boundaries, which are considered to be the primary cause of the scatter in the data and the
inconsistencies in ductility among repeated tests for a given coupon configuration. This effect is especially pronounced in the NRB
specimens at § = 90°, which consistently fail at the minimum cross-section containing only one melt pool boundary, thereby leading to
the deviations of fracture strain from the theoretical predictions.

Fig. 19(c) compares the fracture strain data across both build direction angles. In general, the fracture strains between the two build
direction angles are consistent for most specimens, including the SRB, FP, PS and NRB-R3.5 specimens. However, outliers are observed
for NRB-R20 and NRB-R6, which show noticeably higher fracture strains at & = 90°. The considerably higher fracture strains for these
two specimens are attributed to particularly good adhesion between the print layers near the minimum cross-section, resulting in
reduced defect density and therefore enhanced ductility. Note that the GP specimens are excluded in this comparison due to their
differing average Lode angle parameters.

In this study, two fracture criteria were calibrated and their ability to predict the true fracture strain of the specimens under the
distinct stress states were compared: the Positive Stress Triaxiality-Lode Angle Parameter Interaction Model (PTLIM) criterion [34],
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Fig. 18. Comparison between test and FE modelling results.
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Fig. 18. (continued).

which considers the interaction effects of stress triaxiality and Lode angle parameter on the fracture strain; and the Lode Angle
Modified Void Growth Method (LMVGM) criterion [46], which incorporates both effects of stress triaxiality and Lode angle parameter
individually. The integral form of the PTLIM is expressed as:

£f
D = aprum / eﬂm‘M'I(&H)yPTL‘M dep an
0

in which apriv, fprv and yprinv are the free model parameters, and D is the damage index; fracture initiates when f dD = 1.
When the stress state remains constant throughout the loading process, the PTLIM can be expressed as:
o = 1 ei/}PTMMq(€-2+1)7PTLIM 12)
QOPTLIM

The LMVGM incorporates the effects of stress triaxiality and Lode angle parameters on fracture using exponential functions. The
integral form of LMVGM is defined as:

£
D= aLMVGM/ eﬂl.Mch'l*}‘l.MVGMidep (13)
0

where apmvem, fumvem and yivvew are the free model parameters.

When the stress state remains constant throughout the loading process, the LMVGM is expressed by:
L + £
& = e~ PravemI TV imvem (14)
ALMVGM

Both fracture criteria are calibrated by minimising the Root Mean Squared Relative Error (RMSRE), which is defined as:

L x 100% (15)

where N is the total number of coupon types, & is the tested fracture strain, and g, is the predicted fracture strain.
Given the observed anisotropic fracture behaviour, the free model parameters are first calibrated independently for each build
direction angle. Then, a unified set of parameters is calibrated across both orientations, as given in Table 5. The corresponding

17



J. Zhou et al. Engineering Fracture Mechanics 343 (2026) 112277

0.12 0.12
X O bav =1 b O&v=1
0.10 010 I sv=0o X G = 0
£ 0.06 o
8 2
3 3
= 0.04 &
0.02
0.00 T T T T T 0.00 T T T T T
00 02 04 06 08 1.0 12 00 02 04 06 08 1.0 12
Average stress triaxiality Average stress triaxiality
(a) Data and calibration at = 0° (b) Data and calibration at = 90°

00=90° v = 1
X0=90°, &av =0
00=0° &v=1
X 0=0°, &av =~ 0

Fracture strain

0.00 r T T T
00 02 04 06 08 1.0 12
Average stress triaxiality

(c) Data and calibration for both material orientation

Fig. 19. Fracture strains at different stress states for data and calibrated PTLIM curve at (a) ¢ = 0°, (b) @ = 90° and (c) & = 0° and 6 = 90°.

Table 5

Calibrated fracture free model parameters.
Calibration using the data at the build direction angle (°) PTLIM LMVGM

apTLIM Prrim YPTLIM RMSRE aLMveM Pmvem 7LMVGM RMSRE
0 9.9 1.2 0.8 0.241 9.3 1.0 -0.6 0.211
90 11.2 1.2 0.4 0.318 10.4 1.1 -0.4 0.341
All 0.282 0.283

0 and 90 10.3 1.2 0.7 0.289 8.9 1.2 -0.7 0.303

prediction curves of the PTLIM, generated using the free model parameters for the individual (¢ = 0° and § = 90°) and both build
direction angles, are shown in Fig. 19(a, b) and Fig. 19(c), respectively. The lower RMSRE values for the § = 0° specimens relative to
the 0 = 90° specimens indicate higher consistency in the results when the loading is applied in the § = 0° direction, corroborating the
earlier observations.

The RMSRE calculated using all calibrated free model parameters are summarised in Table 5. Overall, the RMSRE obtained from the
parameters calibrated using all data points are comparable for the PTLIM and LMVGM (0.289 vs 0.303), showing a similar level of
accuracy in predicting the fracture strain of the tested PBF-LB/M aluminium. The calibrated parameters related to stress triaxiality
(Bpruv and frvvem) are almost the same between build direction angles, suggesting a similar void growth ratio for a given stress state.
In contrast, larger differences are observed in the other parameters between the two build directions. This is attributed to the combined
influence of defect density variations and the anisotropic constitutive response on the fracture behaviour.

The RMSRE values obtained using two build direction angle-specific sets of free model parameters are slightly lower than those
using the unified free model parameter — see Table 5. This indicates that the difference between the anisotropic fracture properties in
the two build direction angles is relatively minor. The observed variations in the load-displacement curves in Fig. 8 are therefore
mainly attributed to the variation in interlayer adhesion (defect density), rather than differences in the fracture behaviour itself.

Fig. 20 shows examples of load—displacement curves and fracture simulations obtained from the FE models incorporating the
PTLIM (with the unified model parameters), compared to the experiment results, including one representative specimen from each
coupon type (SRB, NRB, GP and PS) in both build direction angles. Various methods are available for predicting fracture, including the
cohesive zone method [47] and the extended finite element method [48], the element deletion method [37] and the phase field method
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Fig. 20. Fracture simulation results compared with experiments for (a) SRB, (b) NRB, (c¢) GP and (d) PS specimens.

[49]. The element deletion method is conceptually simple and can provide accurate predictions when sufficient mesh refinement is
applied along the fracture path; therefore, it is adopted in the present study. The method consists of removing elements once the stress
state (1, £) and plastic strain history satisfy the fracture initiation criterion. Owing to the low gradients of stress state and plastic strain
at the critical cross-sections of all coupons, fracture in the simulations initiated over a relatively wide region, leading to a significant
reduction in resistance. Rapid fracture propagation was then observed, as complete fracture occurred almost simultaneously with
fracture initiation. Therefore, only the fracture initiation points are indicated in Fig. 20. Overall, the FE simulations are in good
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agreement with the experimental results. However, certain cases, such as GP-R10-0, show relatively high discrepancies, which are
attributed to the inherent limitations in the calibrated free model parameters. While the unified parameter set achieves high overall
accuracy, it may compromise the accuracy for some specimens.

4. Conclusions

The constitutive and fracture behaviour of additively manufactured AlSi10Mg aluminium alloy printed by laser beam powder bed
fusion (PBF-LB/M) has been investigated in this paper. A total of 26 coupons with nine different configurations were designed and
tested under various stress states and build direction angles. Parallel FE models were developed to investigate the effects of stress state
and build direction angle on the fracture behaviour. In the FE simulations, both the stress state-dependent softening of the constitutive
response and anisotropic mechanical behaviour were incorporated to ensure accurate predictions of fracture strains under well-
defined stress states. The present study focused on understanding the constitutive and fracture behaviour of PBF-LB/M aluminium
under various stress states and build directions, supported by finite element simulations. However, the effects of microstructural
features, including interlayer bonding quality and defect distributions, on the observed material and fracture behaviour were not
explicitly characterised in this study and could be explored in future work. The following major conclusions were drawn:

(1) Mild anisotropic constitutive behaviour was observed, with the maximum Young’s modulus and proof strengths occurring at 0
=0°.

(2) Two NRB specimens at § = 90° showed considerably higher fracture strains than the other specimens, attributed to particularly
good interlayer adhesion near the critical cross-section, resulting in reduced defect density and therefore enhanced ductility.

(3) Except two outliers (NRB-R20 at & = 90° and NRB-R6 at § = 90°), the fracture strains in the 0° and 90° build direction angles
were found to be generally consistent, indicating minor anisotropy in fracture behaviour.

(4) Two ductile fracture criteria, namely the PTLIM and LMVGM, were calibrated and showed comparable predictive capabilities,
with Root Mean Squared Relative Errors of 0.289 and 0.303, respectively.
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