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Abstract

Laser powder bed fusion AlISil0Mg exhibits hierarchical and heterogeneous microstructure,
which leads to anisotropic mechanical properties. The present work systematically investigated
strength, ductility and their correlations to heterogeneous microstructure along different
loading directions. Two AlSil0Mg samples presenting distinct features of Al-Si cellular
structures and melt pool borders were analyzed, using combined tensile tests and digital image
correlation measurements at both macro and micro scales. In addition, crystal plasticity
modeling and simulation were conducted to reveal the deformation behavior and propensity to
damage in the melt pool interiors and at the melt pool borders. Strain localizations are found in
both the building direction and the perpendicular direction, due to weaker melt pool border and
soft grain orientation, respectively. With the experimental and numerical results, it is
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demonstrated that the strength anisotropy mainly originates from the elongated Al-Si cellular
structure, while the melt pool border plays a secondary role. Moreover, the ductility and its
anisotropy appear to be determined by combined effects of strain localization, propensity to
damage and constraints to crack formation. The findings of the present work unveil clearly how
hierarchical and heterogeneous microstructure renders the macroscopic mechanical properties
of additively manufactured Al alloys in different loading directions.
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1. Introduction

Laser powder bed fusion (LPBF) is one of the most popular metal additive manufacturing
techniques [1-3]. It enables manufacturing of highly complex geometries via layer-by-layer
building strategy and hence presents a promising applicability in aerospace, automotive and
biomedical industries [4-8]. Among the various LPBF metals, aluminum alloys, especially the
Al-Si system, stand out for their excellent printability, good corrosion resistance and high
strength to density ratio [9-11]. LPBF AlSil0Mg is an epitome for the development and
application of additive manufacturing technology [12-14].

The intrinsic characteristics of the LPBF process, i.e. excessively high cooling speed,
strong temperature gradient and layer-by-layer building scheme lead to hierarchical and
heterogeneous structures [15-17]. The microstructure of LPBF AlSi10Mg spans over several
scales: nanoscale solute atom clusters [18] and precipitates [19], microscale Al-Si cellular

structures [20] and mesoscale melt pools (MP) [21]. The Al-Si cellular structure is composed



of elongated Al cells enclosed by interconnected Si-rich eutectic phase [22-24]. The melt pool
is constituted by an aggregate of Al-Si cells presenting different geometrical features and
crystallographic orientations [24, 25]. According to the size and connectivity of the Si-rich
networks, a MP can be divided into three regions, namely the fine melt pool (FMP), the coarse
melt pool (CMP) and the heat affected zone (HAZ), the latter two constituting the melt pool
border (MPB) [26-29]. In addition, the particular thermal field of the LPBF process renders
AlSi110Mg columnar grains in MP interiors exhibiting a weak <001> fiber texture and equiaxial
grains at MPBs presenting random orientations [30].

The abovementioned microstructure imparts a higher strength to LPBF AlSil0Mg
compared with the as-cast counterparts [25, 31, 32]. However, it also leads to anisotropy in
mechanical properties that remains an important hurdle yet to be overcome [24]. Indeed, LPBF
AlSi10Mg generally presents lower strengths and elongation to failure when loaded along the
building direction (i.e. vertical direction), while it shows a stronger strain hardening capacity
when loaded along the perpendicular direction (i.e. horizontal direction) [27, 33].

In the past few years, many efforts have been devoted to decipher the mechanisms of
anisotropy. The focus was mainly placed on the geometrical features of the Si-rich network,
for instance the orientation, size and connectivity. Combining micropillar compression
experiments and crystal plasticity finite element simulations, Li et al. [34] revealed that the
strength anisotropy is mainly induced by the elongated Si-rich network, as it exhibits a stronger
load bearing capacity and thus renders a higher flow stress in the vertical direction. The same

conclusion has been reached by Song et al. [35] who investigated the anisotropy in both



strength and damage initiation from the perspective of phase stress partition and showed that
the anisotropy was notably influenced by the strength of the Al phase. Moreover, Wang et al.
[36] and Chen et al. [37] showed that samples with similar MP structures but globularized Si
phase after post-heat treatment presented a steeply weakened anisotropy, confirming the key
role of the Al-Si cellular structure in anisotropic strength. The anisotropy in ductility was
mostly proposed to arise from the strain localization at the MPBs, promoting earlier fracture
along the vertical loading direction. Chen et al. [38] studied the local strain distribution, void
growth and crack nucleation in the MPB regions via in situ X-ray tomography tensile testing,
and they proposed that the fracture of LPBF AlSi10Mg was mainly induced by the microvoids
and cracks formed in MPBs. Fite et al. [39] also observed strain localization at MPBs in the
vertical loading direction with in situ tensile tests and digital image correlation (DIC) analysis,
and they showed that the local strain was correlated to the Al-Si cell size and Si network
connectivity. Otani et al. [40] quantitatively characterized the strain localization within MPB
in both horizontal and vertical loading directions by DIC analysis and in situ observations of
deforming samples. The strain localization degree at MPBs was revealed to vary notably under
different geometrical relations of the MPBs with the loading direction (LD), which was
proposed to be responsible for the anisotropy in ductility. However, whether the strain
localization behavior changes with microstructures induced by different LPBF parameters
remains unexplored.

The aforementioned studies were mostly focused on one specific microstructure and one

hierarchy, i.e. either the Al-Si cellular structure (mechanism: load bearing capacity of the Si-



rich network) or the melt pool (mechanism: deformation compatibility between MPBs and MP
interiors). However, the interplay and competition between the mechanisms at these two
hierarchical levels are still unclear. Moreover, it will be interesting to explore whether the local
deformation behaviors change with different microstructures (Al-Si cell size, melt pool border
width, etc.). This paper is devoted to decipher how the microstructure heterogeneity determines
the mechanical behavior of LPBF AISil0Mg, in terms of strength, ductility and their
anisotropies. To this end, two materials presenting different Al-Si cellular structures and MPB
features were investigated by tensile tests with macro DIC (to obtain global strength and
ductility) and in situ tensile tests with high resolution DIC (to correlate strain distribution with
microstructure). Moreover, crystal plasticity finite element modeling (CPFEM) and
simulations of Al-Si cellular structures of different melt pool zones were performed to assess
the deformation behavior and propensity to damage of the melt pool interiors and borders. In
the light of the experimental and numerical results, the main factors controlling the mechanical

anisotropy were thoroughly discussed.

2. Materials and experiments

2.1 Material manufacturing

The LPBF AlSi10Mg samples were manufactured by an EOS M290 machine offering the
possibility to preheat the build platform. Plates of 5x35x150 mm were printed with laser
power of 390 W, layer thickness of 30 um, hatch spacing of 0.19 mm, scanning speed of 1300
mm/s and 67° scan rotation between layers. Considering the fact that build platform preheating

is recognized as an important factor determining the microstructure of LPBF AISil10Mg [24],



two different build platform temperatures, i.e. 35 °C and 200 °C were used. The preheating
leads to weaker cooling speed and temperature gradient, therefore rendering a relatively coarser
microstructure, as discussed in our previous work [25]. The printed samples remained in the as

built state for the following characterizations.
2.2 Microstructure characterization

Scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) were
employed to characterize the microstructure of the samples. Metallurgical polishing was
conducted to obtain appropriate surface quality. The SEM observations were carried out with
a JSM-IT500A equipment. Fig. 1(a) and (b) shows the morphologies of the three distinct zones
of melt pool, i.e. FMP, CZM and HAZ for the 35 °C and 200 °C cases, respectively. Compared
to the FMP, the Si-rich network is coarser in the CMP and its connectivity is notably degraded
in the HAZ. The 200 °C material has a coarser microstructure in three aspects, first, the Al-Si
cellular structure is larger in terms of cell size and wall thickness; second, the nano-particles
within the Al matrix are bigger; third, the CMP and HAZ (i.e. the MPB) are wider. Nevertheless,

the melt pool width and depth are very similar between the two manufactured materials.

Fig. 1. Microstructure features of the 35°C (a) and 200°C (b) materials.

The EBSD characterization was performed with the EDAX S800 GMH EBSD system,



using an acquisition step size of 0.5 pm. The post-processing of EBSD data was performed
with the AZtecCrystal software. The inverse pole figures are presented in the supplementary
material, see Fig. S1. The two materials are found to present similar grain morphologies and

orientation distributions.
2.3 Mechanical tests

Uniaxial tensile tests were performed along two loading directions, one parallel (namely
horizontal (H)) and the other perpendicular (namely vertical (V)) to the building direction,
respectively, see Fig. 2(a). To more easily recognize the combination of build platform
temperature and loading direction, the samples are further designated as 35H, 35V, 200H and

200V. The main dimensions of the sample are given in Fig. 2(a).

Vertical
samples

Horizontal
samples

Building direction

Fig. 2. Schematic drawing of vertical and horizontal samples (a), observation field of micro in situ

tensile tests (b), and nanoscale speckle pattern observed at high SEM magnification (x3000) (c).



The tensile tests were performed with a Deben tensile stage, using a loading speed of 0.05
mm/min. Given the reduced gauge (with a varying cross section) length of 7.6 mm (see Fig.
2(a)), the strain rate of the tensile tests is in the order of magnitude of 10 s™!. Two sets of strain
measurements via digital image correlation (DIC) were carried out. The first was achieved with
matte paint speckle pattern (macro-DIC) to assess the macroscopic strain field, and the second
with the nanoscale gold particles (HR-DIC) to probe the strain field within the melt pools. The
deposition of the nanoscale speckle pattern was conducted via an ion sputter equipment
(ISC150 from Supro Instruments) at a power of 6W and spraying time of 160s, inspired by the
works of Hoefnagels et al. [41] and Vermeij and Hoefnagels [42]. Such deposition is realized
at room temperature so that the microstructure of LPBF AlSi10Mg will not be affected. The
average size of gold speckles is roughly 150 nm, as evaluated by ImagelJ. The high quality gold
speckle pattern is shown in Fig. 2(b) and (c). These homogeneously distributed and dense gold
particles will enable quantitative assessment of strain field in the FMP, CMP and HAZ. It is
noteworthy that the Si-rich eutectic phase can be barely seen in the SEM images (taken at the
magnification of 500) used for the HR-DIC analysis, see Fig. S2 in the supplementary material.

The tracking of speckle patterns during deformation was realized by an industrial camera
(Baumer VCXG-25M) and a SEM (JSM-IT500A) for the macroscale and microscale strain
field measurements, respectively. At least three samples were tested for macro DIC to ensure
the result consistency. For the in situ SEM HR-DIC tests, a series of 51204096 pixel high-
resolution SEM images were recorded at different deformation levels. As a note, two images

were taken at each step to obtain a sufficiently large region of interest (covering 250x 350 pm?).



At least two tests were conducted for each condition. All DIC analyses were performed with

the open-source code Ncorr [43].

3. Modeling and simulations

3.1 Crystal plasticity constitutive model

To probe the strength differences between the threes zones of melt pool, traditional crystal
plasticity model [44-46] was used to assess the mechanical behavior of Al-Si cellular structure.
In this crystal plasticity framework, the total deformation gradient is written in the form of
standard multiplicative decomposition:

F=FF° (1)
where F and F? account for the elastic deformation and the plastic slip, respectively. The plastic

velocity gradient L” can be expressed as:

L = FPRr =355 @m @)

a

where 7“) denotes the slip rate, s{ and m{® the slip direction vector and slip plane
normal vector of the slip system a, respectively. The operator ® refers to the Kronecker

product. The slip rate ) is related to the resolved shear stress on the slip system:
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where 7, denotes the reference strain rate, 9 the slip strength, n the strain rate sensitivity
exponent and z“) the resolved shear stress.

The strain hardening rate §“) evolves with the slip rate:
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where h, denotes the slip hardening moduli, which can be classified as self-hardening h
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(¢ =p) and latent hardening h_, (e # ) moduli, respectively:
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where h, denotes the initial hardening modulus, 7, the initial yield shear strength, 7 the
break-through stress corresponding to the initiation of large plastic flow, ¢ the latent-hardening

ratio constant (¢g=1.0 is generally adopted for isotropic hardening). The accumulated plastic

shear strain y is calculated by:

dt (6)

y= Z,t” )
a 0

3.2 Geometrical models and simulations
To probe the difference in mechanical behavior of the three distinct zones in LPBF
AlISi110Mg, six representative volume element (RVE) models were built, namely FMP35,
CMP35, HAZ35, FMP200, CMP200 and HAZ200, as shown in Fig. 3. The RVEs have the
same size, 1.e. length =4 pm, width = 2 pm and height = 4 um, respectively. A constant element
size of 50 nm was used for the model discretization. The volume fraction of the Si phase was
set to be approximately 13.8% (FMP), 11.2% (CMP) and 10.2% (HAZ) for the two sets of
models. The RVEs of the Al-Si cellular structure were built using the approach proposed by
Romanova and Balokhonov [47]. The details of the model generation for FMP can be found in
our previous work [35]. The CMP models were built in the same way by changing the Al cell
size and the Si-rich network thickness. Table 1 presents the dimensions of the FMP and CMP

models, which are determined in the light of experimental characterizations [25]. Although
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there are some deviations, the ratios of cell diameter, cell length and Si-network thickness
between FMP and CMP are however basically consistent with the experimental
characterization for both the 35 °C and 200 °C models (i.e. 0.6, 1 and 0.71 for the 35 °C model,
and 0.67, 0.7 and 0.7 for the 200 °C model). Therefore, these dimensions allow to reflect the
difference in mechanical behavior of different melt pool zones. As for the HAZ models, the
connectivity of the networks was reduced through randomly transferring elements (roughly
70%-80%) from the Si-rich networks to the Al cells, in accordance with the FIB/SEM
tomography observation [25].

Different model parameters were assigned to the 35 °C and 200 °C materials, as presented
in supplementary Table S1. It is noteworthy that the Si network was modeled as elastic-plastic
material following previous works based as experimental evidence of plasticity [34, 48]. Such
treatment can predict comparable Si phase stress with respect to the in situ neutron diffraction
measurement [49]. Moreover, only the Si network geometry changes for different melt pool

zones, whereas the material parameters are the same.

Vertical loading —_ 4#"1

(a) (b)

4um

Surpeo| [BIUOZLIOH

FMP35

(d) (e)

z

L

FMP200 CMP200 HAZ200

Fig. 3. Cuboid single crystal RVEs of FMP 35 (a), CMP 35 (b), HAZ 35 (c¢), FMP 200 (d), CMP 200
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(e) and HAZ 200 (f). The vertical and horizontal loading directions are parallel and perpendicular to

the building direction, respectively.

Table 1. Dimensions of the Al cell and thickness of Si-network for the FMP and CMP models.

Dimensions FMP 35 CMP 35 FMP 200 CMP 200
Equivalent cell diameter (pum) 0.6 £0.15 0.83+0.2 1+0.3 1.21+£0.2
Cell length (um) 2+0.25 24+0.55 2+0.6 2+0.75
Si-network thickness (nm) 50 100 100 150

The parameters calibrated by Li et al. [34] were adopted for the 200 °C material
considering the similar macroscopic tensile properties with their printed alloy. As for the 35 °C

material, the parameters for the Si network were the same as that for the 200 °C material,

whereas larger 7,, 7, and h, values for the Al matrix were adopted given the higher

strength induced by finer nano Si particles compared to the 200 °C material [25]. More details
on the identification of the parameters can be found in our previous work [35]. All RVE models
present a geometrical periodicity, and periodic boundary conditions were imposed in all three

directions as:

u" (% Y, 2) -4 (x y,2)=¢/ (i,i=1273) (7)
where u represents the displacement, i or j the three directions, j+ or j— positive or negative

direction, cll, 022 and cg the average stretch or contraction of the RVE model due to the

normal traction components, and Cf =, Cf = C; and Cg’ = C§ the shear deformation due to

the shear traction components. These constraint equations were realized by a Python script. A
displacement load was then applied in either the horizontal or vertical direction to simulate the

uniaxial tension. When comparing the strengths in different zones, the crystal orientation was
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set to [110] along the two loading directions. When comparing the strengths along different
crystal orientations, [100], [110], [111] and [245] were assigned to the FMP35 and FMP200

models.

4. Results
4.1 Macroscopic tensile properties

The representative engineering stress-strain curves are shown in Fig. 4(a) and (d) for the
35 °C and 200 °C materials, respectively. Correspondingly, Fig. 4(b), (c), (e) and (f) presents
the macroscale strain fields with the last images before fracture. The average tensile strength
(determined from at least three samples) of the 35 °C material shows a similarity in the two
loading directions, with the values of 482+10 MPa and 476+6 MPa for the 35V and 35H
samples, respectively. The fracture strain (defined as the average local strain along the center
line of the sample before fracture, see dashed lines in Fig. 4(b), (¢), (¢) and (f)) also changes
moderately, measuring 0.099 + 0.005 and 0.084 + 0.01 for the 35H and 35V samples,
respectively. In contrast, the 200 °C material exhibits a pronounced difference of tensile
strength in the two loading directions, the values being 356+7 MPa and 320+5 MPa for the
200V and 200H samples, respectively. Moreover, the fracture strain is found to be higher in the

horizontal direction (0.096+0.003 vs. 0.074+0.004). The anisotropy in tensile strength and
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fracture strain can be evaluated by x100% . The

anisotropy values in tensile strength and fracture strain are respectively 1.3% and 15.1% for

the 35 °C material, while they are respectively 11.3% and 22.9% for the 200 °C counterpart.
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Fig. 4. Macro engineering stress-strain curves of LPBF AlSi10Mg for the 35 °C (a) and 200 °C (d)
materials, DIC strain maps calculated with the last images before fracture for the 35V (b), 35H (c), 200V
(e) and 200H (f) samples.

According to the above results, the 35 °C and 200 °C materials exhibit relatively weak
and strong anisotropies, respectively. As mentioned in the introduction of the state of the art,
the strength anisotropy has been demonstrated to result from the elongated Si-rich networks
[34, 35], and the ductility anisotropy is widely believed to be induced by strain localization at
the melt pool borders (MPBs) [40]. However, the interplay between the effects of the Al-Si
cellular structure and the heterogeneous MPB on the strength, ductility and their anisotropies
remains unclear. To further decipher the mechanisms of anisotropy and the reasons for the
difference between the 35 °C and 200 °C materials, it is necessary to assess the local strain

distribution with quantitative HR-DIC analysis and CPFEM simulations.
4.2 Strain distribution throughout melt pools

The results of the in situ SEM tensile tests coupled with the HR-DIC analysis are presented
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in Figs. 5 and 6 for the 35 °C and 200 °C materials, respectively. The subfigure (a) shows the
loading curves and the location of the region of interest, (b)-(d) and (e)-(g) correspond to the
strain (in the loading direction) maps at different deformation levels for the vertical and
horizontal loading directions, respectively. The MPBs are highlighted by the dashed lines in
the strain distribution maps, ¢&,, represents the averaged strain of the whole map. It is
noteworthy that the fractured specimens are presented to illustrate where the regions (field of
view) of the HR-DIC analysis are located with respect to the final fracture path. Moreover,

these images can also reflect the difference of fracture path between the vertical and horizontal

loading directions.
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6.54% and 8.94%) for the 35H (e)-(g) samples, respectively.



For the 35V and 200V samples, the deformation is highly concentrated at MPBs, where
the strain values are significantly larger compared to the local strains in the melt pool interiors,
as shown in Fig. 5(b)-(d) and Fig. 6(b)-(d). This behavior should be related to the lower strength
of the MPBs for both the 35 °C and 200 °C materials. Interestingly, the parts of the MPBs
experiencing strain localization do not show a clear geometrical relation with the loading
direction, in contrast to the observations by Otani et al. [40] where the strain tends to increase

when the angle between the MPB tangential and the loading direction increases.

— )
200V £4,e=3.96%
(a) —200V TR AR )

z v 200H \U A

gl()ﬂ - VoY e vx

é Za Py g

“ 200

20 b

=

£ |

3

LE 100

=

=

43}

0

0 0.1 02 03 04 05 @
Displacement (mm)

0.06 0.048 0.08

Fig. 6. In situ SEM tensile curves and observation regions for the 200 °C material (a), HR-DIC local strain
distributions at different deformation levels (3.96%, 6.31% and 8.84%) for the 200V (b)-(d) and (4.34%,
7.28% and 9.26%) for the 200H (e)-(h) samples, respectively.

Regarding the 35H and 200H samples, high strain regions are also observed, as shown in

Fig. 5(e)-(g) and Fig. 6(e)-(g). These regions are mostly located inside the MP interiors,
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exhibiting columnar shapes similar to that of the grains. On the other hand, only very few strain
concentration zones are seen at the MPBs, in contrast to the vertical samples. The
inhomogeneity of the strain distribution should be related to “hard” and “soft” orientations of
the columnar grains, as will be assessed in the following section by CPFEM simulations.

The strain localization at the MPBs has been considered as a severe issue degrading the
ductility of LPBF AlSi10Mg, especially in the vertical loading direction [29, 38, 39]. Fig. 7
reveals the distribution and evolution of the strain across the MPBs, with the strain probing
lines highlighted in Figs. 5(d) and 6(d). Interestingly, the strain localization bands appear to be
wider in the 35V sample (see Fig. 7(a) and (b)), albeit the 35 °C material exhibits a narrower
MPB compared to the 200 °C counterpart (7 um vs. 12 um, see Fig. 1). This is also clearly
shown in Fig. S3 in the supplementary material. For the 35V sample, the strain distribution
across the MPB exhibits one wide peak (eventually two with close amplitudes), and the
localization width (= 12 um) is nearly twofold the MPB width (= 7 um), see Fig. 7(a). For the
200V sample, the strain distribution across the MPB presents two peaks, and the distance
between them is close to the HAZ width (= 3 um), see Fig. 7(b). The localization width (= 6
um) is nearly half the MPB width (= 12 pm). The evolutions of the normalized strain profile
across the MPB are shown in Fig. 7(c) and (d) for the 35V and 200V samples, respectively.
The strain concentration level changes slightly with the external loading for the 35V case,
whereas it presents a sharp increase for the 200V case, implying a more severe strain

localization at a higher global deformation.
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Fig. 7. Strain distributions across the MPBs for the 35V (a) and 200V (b) samples, normalized strain
localization evolutions for the 35V (c) and 200V (d) samples. The distribution lines 1, 2, 3 are highlighted
in Figs. 5(d) and 6(d) for the 35V and 200V samples, respectively.

Little attention has been paid to the strain localization level in the melt pool interiors along
the horizontal loading direction. In order to have a clear comparison of strain localization
behavior between the two loading directions, Fig. 8 displays typical strain distributions across
grains exhibiting high strain levels (see the lines in Figs. 5(g) and 6(g)) and their evolutions
during deformation of the 35H and 200H samples. Interestingly, the strain localization levels
at the MPB in the vertical direction and across the grains in the horizontal direction are very
close for the 35 °C material (Figs. 7(c) and 8(c)). In contrast, the strain localization at the MPB

in the vertical sample is more severe than that across the grains in the horizontal sample (Figs.

7(d) and 8(d)) for the 200 °C material. Moreover, the strain localization behaviors are similar
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between the 35H and 200H samples (Fig. 8(c) and (d)).
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Fig. 8. Strain distributions in the MP interiors for the 35H (a) and 200H (b) samples, normalized strain
localization evolutions for the 35H (c¢) and 200H (d) samples. The distribution lines 1, 2, 3 are highlighted
in Figs. 5(g) and 6(g) for the 35H and 200H samples, respectively.

The distinct characteristics of the strain distribution between the vertical and horizontal
samples imply that the microstructure experiences different strain localization mechanisms in
the two loading directions. The strain localization at the MPBs should result from the lower
strengths of the CMP and HAZ [27], whereas the strain localization in the MP interiors is
expected to be related to the crystallographic orientations. Interestingly, the strain localization
does not fully correlate to the MPB characteristics, the 35V and 200V samples present a wider

and a narrower strain localization band compared to their MPB, respectively.
4.3 Microstructure related mechanical properties

The CPFEM simulations with the FMP, CMP and HAZ RVE:s allow to elucidate the effect
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of microstructure heterogeneity on the strain localization in the 35 °C and 200 °C samples. On
the one hand, the strength of the melt pool region (FMP, CMP or HAZ) is highly dependent on
the size and connectivity of the Si-rich network, on the other hand, the crystallographic

orientation determines the activation of slip systems, which in turn controls the strength.

700 500 =
(a) = (b) [110] T
= 600 = '
E £ 400
500 =
@ ]
& 400 & 300
(] 7]
cn =0
g 300 .E 200
e b
[ L
2 200 2 .
“En ——FMP35-Vertical ----FMP35-Horizontal B0 100 H| ——FMP200-Vertical ----FMP200-Horizontal
(§ 100l |——CMP35-Vertical -=-CMP35-Horizontal 5 —— CMP200-Vertical --~- CMP200-Horizontal
—_—— IIAZ?-ﬁfVcrlical -=~-HAZ35-Horizontal | —— HAZZ(}O-Ver{ical = === HAZ200-Horizontal
] L L L 0 1 1 1
0 0.02 0. 04 0.06 0.08 0.10 0 0.02 0. 04 0.06 0.08 0.10
Engineering strain Engineering strain
c)Loo d 1.00
( ) ( ) ——200-CMP/FMP-V -==-200-CMP/FMP-H
e 5 | —o—=200-HAZ/FMP-V - == -200-HAZ/FMP-H
0.96 =% oo 0.96
,.\\\ V= e G o e o P P P S WG = - '\‘,_‘
S e o el e e et 5
& ) W Y= ¥im i o1 i i i i i wip ={p ={p =1y =1y = . .\_‘K
[ == b P-o Vo tr i
2200 \H__W_H_m—___r__,_ﬁ_d_f, ot T LT R s e o g
- ~

(] 88 |

CMPHAZ

RVE
CMPIHAZ
=
o0
x

[
O,

RVE

S
\ ~

| O
0.84 ——35-CMP/FMP-V -=--35-CMP/FMP-H 0.84 e =]
—— 35-HAZ/FMP-V === 35-HAZ/FMP-H
0.80 " 1 1 1 1 . 0.80 1 1 1 1
0 0.02 004 0.06 0.08 0.10 0 0.02 0.04 0.06 0.08 0.10

Engineering strain Engineering strain

Fig. 9. Stress-strain curves of the three melt pool zones for the 35 °C (a) and 200 °C (b) models, global
flow stress ratios between the two loading directions for 35 °C (c) and 200 °C (d) models. The crystal
orientation is [110] for the simulation results presented in this figure.

The stress-strain curves and flow stress ratios between the FMP, CMP and HAZ (i.e.
Ocvp | Opyp and oy, / 05y ) are shown in Fig. 9. From Fig. 9(a) and (b), it can be seen that
the 35 °C Al-Si cellular structure of all three zones exhibits a weaker strength anisotropy
compared with the 200 °C counterpart, confirming the notable influence of the Al matrix

strength on the anisotropy [35]. Concerning the strength variation in relation to the Si-network
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structure, the HAZ is revealed to be the weakest zone in a given loading direction (see Fig. 9(a)
and (b)), due to the highly degraded network interconnectivity. Moreover, the strength
difference between the MPB and the FMP is enhanced in the vertical sample, as can be seen in
Fig. 9(c) and (d). The 35 °C and 200 °C materials exhibit the same aforementioned trends, but
quantitatively, the strength difference between the MPB and the MP interior is larger for the
200 °C material, especially for the HAZ in the vertical direction (see Fig. 9(c) and (d)). This is
consistent with the narrower strain localization band (involving solely the HAZ) for the 200V
sample (Fig. 7(b)).

Crystallographic orientation might also render strain inhomogeneity, especially for the
horizontal loading (Figs. 5(e)-(g) and 6(e)-(g)). In this work, four typical crystallographic
orientations, i.e. [110], [100], [111] and [245] were assigned to the FMP RVEs. As presented
in Table S2 of the supplementary material, the [111] direction exhibits the smallest Schmid
factor (0.272, with 6 active slip systems), the [245] presents a relatively high Schmid factor
(0.445) but only one active slip system, the [100] and [110] crystallographic orientations have
the same Schmid factor (0.408) but different numbers of active slip systems (8 vs. 4). The
evolutions of the global flow stresses are presented in Fig. 10, revealing a steep influence of
the crystallographic orientation on the strength. For a given loading direction, the strength
along the [111] is the highest, followed by those along the [245], [110] and [100] orientations
(Fig. 10(a) and (b)). From Fig. 10(c) and (d), it is found that the horizontal and vertical samples
have nearly the same orientation dependence (see the solid and dashed lines for each color).

Moreover, the influence of the orientation on the strength is quite similar between the 35 °C
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and 200 °C materials, as can be seen in Fig. 10(c) and (d). This may explain the close strain

localization behaviors observed in Fig. 8(c) and (d).
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The present section has clearly revealed the influence of the microstructure heterogeneity
on the mechanical strength of LPBF AlSilOMg. On the one hand, the coarsening and
connectivity degradation of the Si-rich network (i.e. the CMP and HAZ) leads to strength
decrease, and such decrease is more significant for the 200 °C material presenting a lower
strength of the Al phase, especially in the vertical direction. On the other hand, the
crystallographic orientation also plays an important role in strength of the AI-Si cellular

structure. Nevertheless, the FMP35 and FMP200 models show a similar sensibility to grain
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orientation.

5. Discussion

5.1 Anisotropy in strength

The tensile test results with macro DIC have shown a weak and a strong strength
anisotropy for the 35 °C and 200 °C materials (Fig. 4), respectively. Whilst it has been
demonstrated in several works that the elongated Al-Si structure (i.e. FMP) intrinsically leads
to a higher strength in the vertical direction [34, 35], it remains unknown how the deformation
compatibility between different melt pool zones affects the anisotropy.

In the present work, the high-resolution DIC analysis allows to quantify the strain
distribution at the melt pool level and hence discern the role of the MPB in the strength
anisotropy. To further reveal the deformation behavior of different zones, the strain fields are
divided into the MP interiors and MPBs via separating the MPB regions from the MP interiors
manually with the Image] software. This allows to calculate the average strains of the two
regions individually. Then, the regional stress-strain curves are drawn under the assumption
that the flow stress is identical throughout the melt pools, as shown in Fig. 11. This assumption
might be too strong for the MPB in the vertical loading direction. Nevertheless, the regional
stress of the MP interiors can well be considered equal to the global flow stress given their
predominant volume compared to the MPBs (O g0y = TupiOwer + fupsCuwes » with  fypg = 0.9).
Indeed, supposing that the stress of the MPB is 20% lower than the global stress, the stress of
the MP interior is only 2% higher than the global stress. Note that the assessment of MPB

weakening effect mainly involves the comparison between the global curve and the MP interior
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regional curve (see the discussion below), the assumption can therefore be considered

acceptable.
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Fig. 11. Regional stress-strain curves for the 35 °C (a) and 200 °C (b) materials along the horizontal and
vertical loading directions, approach for estimating the MP weakening for the vertical sample (c).

For the 35H and 200H samples, the stress-strain curves of the MP interiors and the MPBs
are almost superimposed (red solid curves and black dotted curves in Fig. 11(a) and (b)), since
the average strains in these two regions are nearly identical under the same stress levels. This
indicates that the MPBs do not induce any weakening effects in the horizontal loading direction.

In contrast, for the 35V and 200V samples, the significant strain localization at the MPBs leads
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to a higher average strain of the MPBs while a lower average strain of the MP interiors
compared to the global strain (see Fig. 11(a) and (b)). The weakening effect of the MPB can be
estimated by the approach shown in Fig. 11(c). At a certain global strain ¢, the stress of the MP
interiors could be identified with the blue dotted circle if there were no MPBs (assuming that
the material is composed of only FMP). Nevertheless, the presence of MPBs reduces the actual

strain of the MP interiors, so that the stress of the latter should be identified with the blue solid

circle. Correspondingly, Ac characterizes the weakening of the flow stress. As the

weakening

stress-strain curve of the MP interiors is close to that of the whole MP region (see Fig. 11(a)
and (b)), the weakened flow stress of the MP interiors due to the presence of the MPB should
be very low. In this sense, the MPB does not tend to significantly affect the strength of vertical
samples for both the 35 °C and 200 °C materials.

There are two reasons for the low weakening effect of the MPBs in the vertical loading
direction. First, the MPBs occupy a very low volume, the strain localization would not lead the
strain of the MP interiors to be far blow the global strain. Second, the strength of the MPB is
not dramatically smaller than that of the MP interior, according to the CPFEM simulations (see
Fig. 9). Our previous nanoindentation tests provide similar results [27]. It is noteworthy that
the simulations address individually the strength of each zone, while the strain gradient
developed at the MPB [20, 27] would additionally alleviate the strength difference between the
MPB and the MP interior in the vertical direction.

In a nutshell, the anisotropy of LPBF AISi10Mg, at least for the two materials presented

in the present work, is still controlled by the direction dependent strength of the MP interior
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(i.e. FMP), which is in turn related to the elongated Si-rich network in the building direction.
5.2 Anisotropy in ductility

The 35 °C material is found to present a moderate anisotropy in ductility, whereas the
anisotropy of the 200 °C counterpart is relatively stronger (Fig. 4). Nevertheless, the difference
in ductility between the two loading directions is not dramatic for both materials (around 20%).
In many previous investigations, the MPB has been proposed to render severe strain
localization and hence lead to a much lower ductility in the vertical loading direction [32, 38,
40]. The present work has confirmed the strain localization at the MPBs of the vertical sample
(Figs. 5(b)-(d), 6(b)-(d) and 7). Nevertheless, the strain localization phenomenon is also found
across the columnar grains in the horizontal loading direction (Figs. 5(e)-(g), 6(e)-(g) and 8).

In fact, the strain localization cannot determine the global ductility alone, the sensibility
to damage of the microstructure also plays a vital role [50]. Several previous works have
demonstrated that damage initiates from the cracking of interconnected Si network in LPBF
AlISi110Mg [19, 25, 51]. Considering its brittle nature, the Si phase is assumed to break (damage
initiation) when its maximum principal stress (MPS) exceeds a critical value. To further reveal
the damage sensibility of different MP zones under the two loading directions, the volume
fraction of the Si phase presenting a MPS larger than a critical value is assessed with the
CPFEM results. Herein, the critical MPS for damage initiation is set to 2.5 GPa, according to
average failure stress (2 GPa) of the Si phase experimentally measured by Zhang et al. [52].
Fig. 12 shows the evolution of the volume fraction of critical Si phase as a function of the
global deformation of the RVE model, bringing to light two interesting observations:

* For a given loading direction, the FMP is the most prone to damage due to the highly
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interconnected Si-rich network, while the HAZ presents the lowest propensity to damage

due to the network collapse. The difference between the three zones is more significant for

the 200 °C RVE models.

For a given MP zone, loading in the vertical direction renders a higher propensity to

damage, due to the elongated Si-rich networks in the building direction. Moreover, the

loading direction dependence is more significant for the FMP200 and CMP200.
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Fig. 12. Evolution of volume fraction of Si phase exhibiting a maximum principle stress (MPS) larger than

2.5 GPa for the 35 °C (a) and 200 °C (b) RVE models. The crystallographic orientation is [110].

According to our previous works [12, 27], the vertical samples generally fail along the

MPBs while the horizontal ones across the MP interiors (see also Fig. S4 of the supplementary

material). Combining the strain localization behavior and the sensibility to damage of the FMP-

H and CMP-V/HAZ-V (see side of Fig. 12(a) and (b)), it can be inferred that the 35V sample

is more prone to damage at the CMP compared to the 35H counterpart at the FMP, considering

the similar strain localization level (Figs. 7(c) and 8(a)). In contrast, the HAZ-V is expected to

be more sensible to damage than the FMP-H for the 200 °C material, given its much more

significant strain localization (Figs. 7(d) and 8(b)).

Apart from the damage initiation, crack formation and propagation also influence the
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material ductility, as clearly shown by Hannard et al. [53]. Although the CMP-35V and HAZ-
200V are more prone to damage than the FMP-35H and FMP-200H, respectively, the
geometrical constraints to crack formation and propagation are however expected to be more
severe along the MPBs. As illustrated in Fig. 13 (inspired from the strain localization regions
in Figs. 5 and 6), the damage tends to initiate at the corners of the MPBs (i.e. strain localization
zones) in the vertical samples, the connection of the damages is therefore geometrically
unfavorable and the crack needs to deviate incessantly, delaying the failure. In contrast, in the
horizontal samples, the geometrical constraint to damage coalescence and crack propagation is
less significant. The representative crack paths for the two loading directions are also illustrated
in Fig. S4 of the supplementary material. The combined effects of the propensity to damage
and the constraint to damage evolution/crack propagation finally render a trivial difference in

ductility between the horizontal and vertical samples.
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(b) samples. LD demotes the loading direction.

It is noteworthy that the 35 °C and 200 °C materials used in the present work exhibit a
very low porosity (<0.05%) (see our previous work [54]), and such porosity level has been
demonstrated to barely affect the ductility [55]. Therefore, the mechanical properties are mainly
related to the complex microstructure. This is different from the cases with large sharp pores,
where the defects are revealed to render premature failure of vertical samples and thus an

important ductility anisotropy [56].

6. Conclusions

The present work investigates the mechanical behavior of two LPBF AlSi10Mg samples
presenting 35 °C and 200 °C build platforms. Macro-tensile tests, in situ tensile tests/HR-DIC
and crystal plasticity finite element simulations have been conducted to reveal the anisotropy
in strength and ductility, the underlying mechanisms and their correlations to the hierarchical
and heterogeneous microstructure. The main findings are summarized as follows:

(1) Strain localization behavior is dependent on microstructure and loading direction, it arises
at melt pool border of vertical samples and across columnar grains of horizontal samples.
Moreover, the localization band might be wider (35 °C material) or narrower than the melt
pool border (200°C material), depending on the difference in strength between the FMP,
CMP and HAZ.

(2) Strength anisotropy is intrinsically induced by the elongated Al-Si cellular structure. The
melt pool borders do not significantly reduce the global strength in the vertical loading

direction given their low volume and strain localization effect increasing the internal flow
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stress.

(3) Ductility and its anisotropy are influenced by strain localization, propensity to damage and
constraints to crack formation. The vertical samples are expected to experience earlier
damage initiation but delayed crack propagation along melt pool borders, therefore
rendering a comparable ductility with the horizontal samples.
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