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Abstract. This numerical study investigates the effect of thermal cycling inherent to laser powder bed fusion on the type III residual
stresses and the deformation behavior of an AlSil0Mg alloy at the microscale. Microstructure-based finite element models
representing sub-grain cellular-dendritic structures with continuous and discontinuous Si-rich networks are developed from
experimental data. The eutectic network morphology strongly governs stress redistribution, strain localization, and the formation
of type Il residual stresses. A continuous Si-rich network promotes higher residual stresses, generating stress levels approximately
40% greater than those in a discontinuous network, and more distributed plastic strain. A discontinuous network leads to
pronounced plastic strain localization between silicon particles. Subsequent tensile simulations demonstrate that plastic strain
pre-accumulated during thermal cycling increases flow stress and reduces ductility. The results provide a mechanistic explanation
of anisotropic mechanical behavior of an LPBF AlSi10Mg alloy and highlight the critical role of sub-grain microstructural morphology
in material performance.
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1. Introduction

Laser powder bed fusion (LPBF) is an additive manufacturing technology used for producing geometrically complex components
for engineering applications [1-4]. The mechanical properties of as-built LPBF parts exhibit pronounced heterogeneity due to the
non-equilibrium nature of the process, which involves heating and cooling at rates exceeding 10° K/s, high thermal gradients, and
thermal cycling during layer-by-layer fabrication [5-7]. These conditions result in a hierarchical microstructure that differs from
that of conventionally processed alloys [5, 8].

LPBF materials exhibit structural hierarchy across multiple length scales [9, 10]. At the macroscale, overlapping laser tracks form
characteristic melt pool patterns referred to as a fish-scale pattern. At the mesoscale, epitaxial solidification under high thermal
gradients produces columnar grains with a pronounced crystallographic texture. At the micro- or sub-grain scales, rapid
solidification leads to the formation of a cellular-dendritic structure [11]. In additively produced Al-Si alloys, primary a-Al cells with
characteristic sizes of 200-500 nm are surrounded by a eutectic Si-rich network that restricts dislocation motion and thus
contributes to the high strength of the alloy [12-15].

Generally, the cellular-dendritic structure is spatially heterogeneous [5, 8, 9]. Variations in local thermal history within a single
melt pool result in three characteristic microstructural regions: a central region with fine columnar cells, a peripheral region with
coarser and more equiaxed cells, and a narrow heat-affected zone (HAZ) where the eutectic network is partially broken [8, 12, 16].
These microstructural characteristics lead to a specific local mechanical response [17, 18]. As a result, as-built LPBF AlSil0Mg
exhibits high tensile (350-450 MPa) and yield (200-350 MPa) strengths, while its ductility is limited and scattered (1-8%) [16, 19-24].

Another distinct feature of the LPBF process is residual stresses developing across multiple length scales. Of particular interest
are type III residual stresses generated from incompatible thermal contraction and plastic deformation between the a-Al matrix
and Si-rich network during thermal cycling [25-28]. However, the role of type III residual stress is under discussion due to
contradictory reports. While some studies suggested they contributed to strengthening [26], others indicated they may promote
crack initiation under loading [29, 30]. In contrast, compressive type III residual stresses have been reported to retard crack
propagation [31].

Despite the acknowledged significance, the relationship between cellular-dendritic morphology and the evolution of type III
residual stress during LPBF thermal cycling remains insufficiently quantified. Experimental characterization of type III residual
stresses is limited by spatial resolution, as the X-ray diffraction measurement inherently averages the stress over a gauge volume
much larger than the characteristic cell size [25-28]. Consequently, microstructure-based numerical modeling provides an effective
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approach for studying these phenomena. Finite-element models that explicitly represent cellular-dendritic structures and their
spatial variations allow simulation of thermo-mechanical loading at the microscale and enable direct evaluation of stress and strain
partitioning, plastic strain accumulation, and the resulting residual stress state [4, 20, 32-36].

The deformation behavior of additively manufactured AlSi10Mg is strongly affected by both the cellular-dendritic morphology
and the type III residual stresses generated during thermal cycling. Because these features are highly heterogeneous at the
microscale, homogenized approaches cannot adequately capture the underlying deformation mechanisms. Thus, micromechanical
numerical modeling with an explicit representation of sub-grain microstructural features provides an effective framework for
linking local thermal history, microstructure, and mechanical response.

In the present work, representative microstructural models corresponding to different melt pool regions are subjected to LPBF-
relevant thermal cycling, followed by simulated uniaxial tensile loading. The study aims to quantify the evolution and final
distribution of type III residual stress and to clarify their role in the subsequent deformation behavior as a function of local
microstructural morphology. The grain structure is intentionally disregarded to study the individual influence of the intragranular
morphology on the stress-strain state and to isolate it from any potential grain-scale effects.

This paper is organized as follows. Section 2 describes the LPBF process, methods of microstructural characterization and
discusses the experimental results on the intragranular structure of additively produced AlSil0Mg. Section 3 details the
development of finite-element models and constitutive equations. Section 4 covers thermo-mechanical analysis of the stress-strain
evolution at the microscale. Section 4.1 focuses on the stress-strain state evolution under thermal cycling exploring the Si-rich
eutectic effects. Section 4.2 addresses the effect of predefined type III residual stresses on the stress-state state at the microscale.
The main findings are summarized in the Conclusion.

2. Microstructure Characterization

A comprehensive description of the LPBF processing and a detailed multiscale structure characterization have been reported in
our previous work [37]. In the present study, the discussion of experimental results is limited to aspects directly relevant to the
development of the microstructure-based model. The study focuses on the cellular-dendritic microstructure formed in LPBF-
manufactured AlSil0Mg components. Figure 1 schematically illustrates the relationship between the LPBF-fabricated part and the
resulting cellular microstructure.

Specimens were fabricated from gas-atomized AlSil0Mg powder (average size ~30 pm) using an ONSINT AM150 LPBF system.
Key process parameters included a laser power of 200 W, scan speed of 1200 mm/s, hatch spacing of 110 pm, and layer thickness of
30 pum. A bidirectional scanning strategy with a 90° rotation between layers was used, and the platform was preheated to 150 °C to
mitigate stresses. The resulting samples exhibited a high relative density of 99.5-99.7%. Microstructural characterization was carried
out using transmission electron microscopy (TEM), optical metallography, and energy-dispersive X-ray spectroscopy (EDS).

The cellular-dendritic structure was investigated using optical microscopy and TEM (Figs. 1(c) and 1(d), 2 and 3)). The analyses
revealed elongated a-Al cells separated by a continuous Si-rich eutectic walls with undissolved Si particles (Figs. 1(c)-(d) and Fig. 2).
EDS mapping showed that more than 80% of the silicon is concentrated within the eutectic phase in the form of particles with
characteristic sizes of several tens of nanometers (Fig. 2). Mg is distributed uniformly throughout the a-Al matrix (Fig. 2(d)).

2. Grain structure in a track 3. Cellular-dendritic microstructure

1. LPBF AISilOMg part 111

O O 100 110 r

( J

Fig. 1. (a) Multiscale representation of the LPBF AlSi10Mg alloy: schematic example of a complex engineering component, (b) EBSD inverse pole
figure map showing the grain structure of the LPBF AlSi10Mg alloy [37], (c) bright-field TEM images of the cellular dendritic structure in LPBF
AlSi10Mg alloy in cross-sections which are perpendicular, and (d) parallel to the plane of the build direction.
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Fig. 2. (a) TEM image of a dendritic cell in the track cross-section, (b) EDS maps of Si, (c) Al, (d) Mg distributions in an additively produced AlSi10Mg
alloy [37].
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Fig. 3. (a) Optical micrograph of the etched sample side surface with x20, (b) x100 magnification
(dashed lines indicate the boundaries of the laser tracks).

Pronounced spatial variations in the cell size and morphology are observed within individual melt pools, in agreement with
previous studies (Fig. 3). As discussed by Liu et al. [38], this zonal microstructural distribution originated from non-stationary
solidification conditions inherent to the LPBF process. A narrow HAZ is present near melt pool boundaries, where the eutectic
network is partially dissolved or coarsened. Temperature fields between the liquidus and solidus promote partial remelting and
coarsening of the cellular-dendritic structure, whereas sub-solidus reheating of previously solidified layers leads to eutectic
breakdown in the HAZ. Further inward, a transition region is characterized by coarser and more equiaxed dendritic cells. The central
part of the track is dominated by fine, elongated cells aligned with the local thermal gradient with the lengths along the major and
minor axes reaching 1-2 um and 300-500 nm, respectively (Fig. 3(b)).

3. Model Description

Microstructural models of additively manufactured AlSi10Mg were developed based on TEM data. The initial digital geometry
was obtained by binarization of an experimental micrograph of the cellular-dendritic structure. This binarized image served as the
baseline model with a discontinuous eutectic network (Fig. 4(b)). A model with a continuous network (Fig. 4(a)) was generated by
filling and merging disconnected regions in the baseline model to isolate the effect of eutectic network morphology while excluding
geometric variability. This approach preserves the cellular geometry, ensuring that the two models differ only in the continuity of
the eutectic network. The Si-rich eutectic wall thickness in the continuous model was then adjusted to maintain a constant volume
fraction of Si across both configurations. The resulting geometries correspond to the central melt-pool region (continuous network)
and the HAZs (discontinuous network). Both models were discretized using uniform voxel-based finite-element meshes with a
resolution of 624 x 532 elements.

Each model was subjected to thermal cycling following the scheme of the temperature profile shown in Fig. 4(c). Owing to the
small size of the computational domain, heat conduction was neglected and the temperature was assumed to be spatially uniform.
The subsequent uniaxial tensile simulation then served to quantify the impact of the resulting residual thermal stresses.

Thermo-mechanical simulations were performed using a dynamic formulation. The constitutive responses of Al and Si-rich
eutectic phases were described using the Duhamel-Neumann relation:

G, =—Po, +S, = K(¢, —3aT)5, +2u(¢, —£,6, /3—£) (1)

where o,, S, are the components of the stress tensor and stress deviator, respectively; P is the pressure; g and e']’ are the total and
plastic strain tensors; §, is the Kronecker delta; K and p are the bulk and shear moduli; « is the coefficient of thermal expansion;
and T is the temperature. A superposed dot denotes differentiation with respect to time.

The Si-rich eutectic phase was assumed to behave as a linear isotropic elastic material. The deformation behavior of the
aluminum phase was modeled within an isotropic elasto-plastic framework with damage. The plastic flow rule & =\S  was
associative and based on the von Mises yield criterion o, — o, (e ) = 0, with the plastic multiplier A being identically zero in the
elastic stage. Isotropic strain hardening was described by an exponential function of the accumulated equivalent plastic strain ¢ :

Oyiga = 05 — (Us - O’o)eXp(—E; /Es) (2)

where ¢, and o, are the initial yield strength and ultimate strength, respectively, and ¢, is the saturation strain.
A local damage model was introduced based on a critical value of accumulated equivalent plastic strain:
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Fig. 4. (a) Microstructural models of LPBF AlSi10Mg with continuous, (b) discontinuous eutectic networks, (c) the scheme of thermal cycling.
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Table 1. Material constants and model parameters.

Young modulus (GPa)  Poisson coefficient o (MPa) o, (MPa) €, e, Coefficients of thermal expansion «, 10° K™
Si 160 0.225 - - - - 0.25
Al 70 0.32 122 221 0.035 1 24

The damage evolution is abrupt rather than gradual. No progressive stiffness degradation is considered. Once the criterion (3)
is satisfied, the corresponding finite element is considered damaged but is not removed from the mesh and retains its mass. Under
conditions of volumetric tension (g, > 0), both the pressure P and the stress deviator S, are set to zero in the damaged region. Under
volumetric compression (g, <0), the material retains its ability to resist compressive stresses, and only the deviatoric stress
component is set to zero. The model Egs. (1) - (3) was implemented in ABAQUS/Explicit via a user-defined VUMAT subroutine.

In simulations of thermal cycling, boundary conditions reflected the physical scenario where the computational domain is
surrounded by solidified material on its sides and by molten material on its top surface. Accordingly, symmetry conditions were
prescribed on the BA, AD, and DC boundaries (see Fig. 4(a)), while the top surface was traction-free. The temperature was assumed
to change uniformly throughout the domain, varying linearly from 350°C to room temperature during cooling and increasing
linearly during heating according to the scheme in Fig. 4(c). After final cooling, uniaxial tensile loading was applied along the
horizontal direction by imposing kinematic boundary conditions on the lateral boundaries, while the top and bottom boundaries
remained free. The model parameters of the aluminum and Si-rich eutectic phases are presented in Table 1.

4. Results and Discussion

4.1. Microscale stress-strain evolution under thermal cycling

Microscale distributions of thermal-induced stresses formed in the beginning of the first cooling stage (Cooling I, Fig. 4(c)) are
shown in Fig. 5. In both microstructural models, heterogeneous stresses arise at the early stage of cooling due to the mismatch in
the coefficients of thermal expansion between the aluminum matrix and the Si-rich phase. In all cases, the stresses are higher in
the eutectic phase and lower in the aluminum matrix, while the local stress magnitudes and spatial heterogeneity strongly depend
on the eutectic network morphology.

A comparison of the equivalent stress fields within the Si-rich regions at the onset of CoolingI (Figs. 5(a) and 5(b)) indicates that
local stresses in the continuous, vertically oriented Si-rich network walls (Fig. 5(b)) are approximately twice as high as those
developing in the discontinuous eutectic network (Fig. 5(a)). In contrast, horizontally oriented continuous walls exhibit stress
magnitudes comparable to, or lower than, those observed in the discontinuous network. In the aluminum matrix, a larger scatter
of stress values is evident in the model with a discontinuous network (cf. Figs. 5(c) and (d)). The highest stress concentrations arise
in the regions confined between vertically aligned Si-rich walls.

As the temperature decreases below approximately 320 °C, local stresses in the aluminum phase reach the yield strength,
triggering the onset of plastic deformation. In the model featuring a discontinuous network, plastic strain localizes predominantly
in the regions between vertically aligned Si-rich walls, where the aluminum experiences combined horizontal tension and vertical
compression (Fig. 6(a)). By contrast, in the model with a continuous network, plastic deformation initiates at a later stage and
concentrates mainly along the aluminum-eutectic interfaces, while the majority of aluminum cells remain under biaxial tension
(Fig. 6(b)).

Figure 7 shows equivalent stress fields in the end of CoolingI (a, d), Heating I (b, ) and Cooling II (c, f) stages. Note that the type
III residual stresses are considered to be those remaining after total cooling to room temperature. The Si-rich phase undergoes
compression in vertical eutectic walls and tension in their horizontal segments (Figs. 7(a) to (d)). Plastic strains accumulated during
cooling to room temperature led to the formation of type III residual stresses. The highest stresses develop in the vertical eutectic
walls of the continuous network (Figs. 7(d)), while horizontal walls exhibit stress levels comparable to those in discontinuous
network (Figs. 7(a) and (d)).
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Fig. 5. Equivalent stress fields in microstructural models of LPBF AlSi10Mg with discontinuous (g, c) and continuous Si-rich networks (b, d) in Si-rich
eutectic (a, b) and Al (c, d) phases in the beginning of first cooling cycle from 350 °C to 325 °C (elasticity).
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Fig. 6. Equivalent plastic strain fields of LPBF AlSi10Mg with discontinuous (a, ¢) and continuous Si-rich networks (b, d) after cooling from 350°C
to 280°C (a, c) and from 280°C (c, d) to ambient temperature.

While the evolution of average plastic strain during thermal cycling is similar in both models, the localization patterns differ
markedly (Figs. 7 and 8(c)). The first cooling cycle produces the largest increment of equivalent plastic strain (~0.6%), while
subsequent cycles produce smaller strain increments (~0.4%), primarily during the second half of each cycle. The reduction in plastic
strain increments during subsequent cycles is associated with strain hardening of the aluminum matrix caused by the plastic
deformation accumulated during the preceding cycles. Local plastic strain magnitudes scale proportionally with the average value.
At the end of cycling, the highest strains are localized within aluminum cells in the continuous network and between vertically
aligned silicon particles in the discontinuous network.

Figure 8 shows the evolution of the equivalent stresses (Figs. 8(a) and (b)) and equivalent plastic strains (Fig. 8(c)) for both
microstructural models during thermal cycling. The notation <-> denotes volume- averaged values over the computational domain.
All variables are plotted as a function of the normalized time T*=T-T,,, where T is the total time of thermal cycling. In the
end of the first cooling cycle, the average equivalent stress reaches ~210 MPa in the model with a continuous network and 150 MPa
in the model with a discontinuous network (Figs. 8(a) and (b)). During subsequent thermal cycles, the average stress decreases to a
minimum in the middle of each cycle and then increases again, approaching the yield strength of the aluminum phase. In the
model with a discontinuous network, the stress pattern during cooling and heating is nearly symmetric (Fig. 8(b)). In contrast, the
model with a continuous network exhibits markedly asymmetric stress pattern between the cooling and heating stages (Fig. 8(a)).

Oy MPa 50

Fig. 7. Equivalent stress fields in microstructural models with discontinuous (a-c) and continuous Si-rich networks (d-f) in the end of Cooling]I (a, d),
HeatingI (b, e) and Cooling II (c, f) stages.
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Fig. 8. Evolution of equivalent stresses (a, b) and plastic strain (c) in microstructural models with continuous (a) and discontinuous (b) Si-rich
networks while thermocycling.

Analysis of the stress tensor components, ¢, and o, , acting parallel and perpendicular to the free surface reveals the origin of
this asymmetry. Distributions of these stress tensor components at the end of the first cooling and subsequent heating are shown
in Figs. 9 and 10. Negative (compressive) and positive (tensile) stress values are represented by blue and red colors, respectively, and
green color corresponds to the zero stress.

In the aluminum phase of both models the stress o is tensile after cooling and compressive after heating (Fig. 9). Because the
eutectic network is discontinuous, the aluminum cells are not mechanically constrained in the vertical direction and can
accommodate thermal strains through local deformation, preventing the development of significant o stresses. The evolution of
the normal stress component o, oriented perpendicular to the free surface differs markedly between the two models and is central
to understanding the asymmetric average stress development. In the model with a discontinuous Si-rich network (Figs. 10(a) to (c)),
o, remains close to zero within the interiors of the aluminum cells during both cooling and heating, as indicated by the
predominance of green regions. Local tensile and compressive stresses arise only in the vicinity of silicon particles, where the
thermal expansion mismatch generates stress concentrations (red and blue regions). However, these localized fluctuations largely
self-equilibrate, leading to a negligible contribution to the macroscopic o component.

In contrast, the model containing a continuous Si-rich network (Figs. 10(b) and (d)) demonstrates a fundamentally different
stress evolution. At the end of cooling, pronounced tensile o stresses develop within the aluminum cells. Simultaneously,
compressive o, stresses are concentrated in the vertically aligned Si-rich walls (Fig. 10(b)). This stress partitioningreflects the strong
mechanical constraint imposed by the continuous network, which restricts out-of-plane contraction of the aluminum matrix.
During the subsequent heating stage, a stress reversal occurs in the Si-rich walls, accompanied by significant stress relaxation
within the aluminum cells (Fig. 10(d)).

A more rigorous quantitative analysis includes statistical evaluation of the simulated fields. The statistical analysis of the stress
and strain fields is provided in terms of frequency counts constructed separately for Al and Si-rich phases. Calculating frequency
count for a certain quantity involves the following procedure. The range of the value variation in the computational domain is
divided into a set of equal-width intervals (bins) specific for each phase. Then, the number of finite elements experiencing the
values falling within each interval is counted. The resulting frequency count distributions characterize how widely the quantity is
spread across the microstructure.

In our study, the frequency curves provide statistical descriptions of the spatial heterogeneity of the stress-strain state.
Specifically for Gaussian distributions, the peaks in the frequency curves typically correspond to the mean. The narrower the peaks,
the larger the number of elements experiencing values close to the mean, whereas the broader peaks reflect wider scatter of the
values about the mean.

Fig. 9. o stress fields in microstructural models with discontinuous (a, ) and continuous (b, d) Si-rich networks in the end of the first cooling (a, b)
and heating (c, d) cycles.
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Fig. 10. o, stress fields in microstructural models with discontinuous (a, ¢) and continuous (b, d) Si-rich networks in the end of first cooling (a, b)
and heating (c, d) cycles.

The frequency curves for both equivalent plastic strain (Figs. 11(c) to (f)) and equivalent stress (Figs. 11(a) and (d)) in the
aluminum phase display a similar behavior for the two microstructural models. During thermal cycling, the distributions remain
unimodal and close to normal (Gaussian-like). With each successive cycle, the peaks systematically shift toward higher values,
reflecting progressive accumulation of plastic deformation and increasing stress levels in the aluminum matrix. At the same time,
peaks in the distribution curves broaden, indicating an increasing scatter of local values around the mean. Although this general
trend is common to both morphologies, the model with a discontinuous eutectic network demonstrates peaks that are nearly twice
as high and somewhat narrower compared to the continuous network. This behavior signifies a more concentrated distribution of
stress and strain values and a lower degree of spatial scatter within the aluminum phase in the discontinuous network.

The stress distributions for the Si-rich phases in the two models differ markedly (cf. curves Figs. 11(b) and (e)). For the
discontinuous network model, the frequency curves show unimodal, near-normal distributions; notably, while the peak amplitudes
and widths vary between the cooling and heating cycles, their locations on the stress axis remain unchanged (Fig. 11(b)). In contrast,
for the model with a continuous network (Fig. 11(e)), the frequency distributions corresponding is noticeably narrower for the
heating stages, indicating partial stress relaxation in a portion of elements. After cooling, the peaks in the curves broaden, acquiring
a distinctly bimodal form. Comparison with the corresponding stress fields (Fig. 5) suggests that this bimodality arises from a
pronounced stress partitioning between vertically and horizontally oriented eutectic walls. The high-stress mode corresponds to
the vertically aligned walls, whereas the low-stress mode is associated with the horizontal segments of the network. Vertically

oriented eutectic walls experience strong constraint and carry higher stresses, whereas horizontal segments remain less
constrained and sustain lower stresses.

76 Al " Si-rich eutectic .
4 Discontinuous network | Discontinuous network |
Cooling1 A Cooling1 - A
< 81 Heating1 8 Heating1 2520
P Cooling2 £, Cooling2 5
€ 6 Heating2 - Heating2 3 154
3 Cooling3 o Cooling3 oy
b €
e [ I o
8 5] R 510
2 & 2 g
y [
3 o
: SN
0- S o _
250 0 200 400 600 800 1000 1200 O 0,02 004 02
Equivalent stress, MPa Equivalent stress, MPa Plastic Strain
104 Al 6 Si-rich eutectic 12,
Continuous network Continuous network
8 ——Cooling1 ——Cooling1 104
=X ——Heating1 = ———Heating1 .
€ —— Cooling2 44 ——Cooling2 5 8.
3 64 ——Heating2 3 ——Heating2 €
g ——Cooling3 = ——Cooling3 3
3 3 ° 6
g 49 5 )
2 c
c : g
o 2 24
w24 w g
o
04- 01
100 150 200 250 0 500 1000 1500 2000 2500 - ~ —
0,02 004 035 04
Equivalent stress, MPa Equivalent stress, MPa Plastic strain

Fig. 11. Frequency count curves of equivalent stresses (a, b, d, e) and plastic strains (c, f) at the end of each stage in Al (g, d, ¢, f) and Si-rich (b, e)
phases in microstructural models with discontinuous (a-c) and continuous (d-f) Si-rich networks.
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Overall, the numerical results demonstrate that the morphology of the Si-rich eutectic network plays a significant role in the
formation and evolution of intragranular thermal residual stresses. A continuous network acts as a rigid skeleton that constrains
matrix deformation, promotes stress concentration, and leads to anisotropic and strongly heterogeneous type III residual stress
fields. In contrast, a discontinuous network allows local accommodation through matrix plasticity. Consequently, Si-rich
morphology governs not only the magnitude but also the spatial distribution and statistical characteristics of type III residual
stresses, which are expected to influence subsequent mechanical response.

4.2. Influence of microscale residual stresses on deformation response of LPBF-fabricated AlSi10Mg

The most important consequence of thermal-induced residual stresses is that they introduce a pre-strained state before the
onset of external loading. To isolate and clearly demonstrate the potential contribution of type III residual stresses to the
deformation behavior, two tensile loading scenarios were considered for each Si-rich eutectic morphology: (i) loading with
predefined residual stress fields inherited from thermal cycling, and (ii) loading from a residual stress-free initial state under
otherwise identical boundary conditions and material parameters.

Figure 12(a) shows the calculated tensile curves plotted in terms of volume-averaged equivalent stress < o, > versus tensile
strain. The stress values < ¢, > were obtained using equation:

Dolo v
<o, >=— ,n=1...N (4)

2.V

where V is the volume of the n-th element and N is the number of elements in the computational domain, n = 1 ... N. The tensile
strain was calculated as a ratio between displacement and initial length of the model in tensile direction.

The tensile curves calculated with and without predefined residual stress fields are nearly similar in shape but shifted relative
to each other by a value of plastic strain accumulated during thermal cycling (~ 2.2%, Fig. 12(a)). This means that the effect of
residual stresses can be interpreted primarily as a pre-straining of the material prior to tensile loading. In other words, the
microstructure containing residual stresses behaves as if it has already undergone about 2.2% plastic deformation before the
external load is applied. As a consequence, the remaining tensile ductility is reduced by approximately 2.2%. Considering that the
experimentally reported ductility of LPBF AlSi10Mg typically varies between 1 and 8%, this reduction represents a substantial
fraction of the observed scatter. The yield strength respectively increases due to the strain hardening in the aluminum matrix (Fig.
12(b)). A comparison of the mechanical responses associated with different Si-rich network morphologies reveals that the
microstructure with a continuous network exhibits a higher strain hardening rate and a lower ultimate strain than that with a
discontinuous network. These results are consistent with the experimental observations reported in the literature [29-31].

The fracture behavior of the models containing predefined residual stresses is examined below. Illustrative snapshots of plastic
strain fields and crack evolution corresponding to the drop portion in the stress-strain curves are compared in Fig. 13 for the models
with different morphology of the Si-rich network. The a-c and d-f labels in the curves (Fig. 12(b)) indicate the strain levels for which
the snapshots are presented in subfigures Figs. 13(a) to (c) and Figs. 13(d) to (f), respectively. In both models, fracture is initiated in
the aluminum phase in the interfacial regions and proceeds through several stages (Fig. 13). In the model with a discontinuous
network, a set of isolated microcracks (marked by ellipses in Fig. 13(a)) is formed between Si-rich segments within bands of localized
plastic deformation, particularly at intersections of these bands with the Si-rich eutectic walls (Fig. 14(a)) as observed
experimentally in [39]. The cracks nucleating within the most intense deformation bands start to propagate toward each other and
eventually coalesce, forming a dominant through-thickness crack (Figs. 12(b) and (c)).

In the model with a continuous eutectic network, microcracks nucleate along Si-rich walls (marked by ellipses in Fig. 13(d)) but
propagate preferentially along aluminum-silicon interfaces. At an advanced loading stage, crack is governed primarily by fracture
in interfacial regions of intense plastic strain. The resulting crack paths are more branched (cf. crack propagations on Figs. 13(d) and
(e)), reflecting the stronger mechanical constraint imposed by the continuous eutectic network and the associated
nonhomogeneous stress distribution.

A qualitatively similar fracture scenario develops in the models with a stress-free initial state (compare pairwise equivalent
plastic strain fields in Figs. 13(c) and 14(a), and Figs. 13(f) and 14(b)). However, in this case crack initiation is postponed. The present
simulations demonstrate that residual stresses influence the mechanical response of LPBF-fabricated metals, amplifying the effects
of microstructural morphology. Specifically, the regions with continuous Si-rich eutectic network are characterized by higher yield
strength and lower ductility than those with a discontinuous network.

Continuous network 0,08 -
with RS without RS continuous network
300 4 Discontinuous network = V7] discontinuous network
------ with RS ------ without RS '§ 0,06 1 0,057
g °
= Z
= | 0,04
A & 0,04 0,035
3 @
;
£ 0,021 0,02
-
b
. — — — . 0,00 . :
0,00 002 004 006 0,08 with RS without RS

€

Fig. 12. Simulated stress-strain curves, (a) and ultimate strain histograms (b) for the microstructural models with and without predefined residual
stress fields.
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Fig. 13. Equivalent plastic strain distributions in microstructural models with discontinuous (a-c) and continuous Si-rich networks (d-f) under
uniaxial tension with predefined residual stress fields.

Fig. 14. Equivalent plastic strain fields in microstructural models with discontinuous (a-c) and continuous Si-rich eutectic networks (d-f) under
uniaxial tension with a stress-free initial state.

Experimental studies have demonstrated that crack propagation in LPBF-fabricated materials depends on the loading direction
relative to the build direction (BD). This anisotropy has frequently been attributed to microstructure morphology and high residual
stresses at melt pool boundaries [40]. In particular, melt pool boundaries were suggested to exhibit lower cohesive strength than
grain boundaries, thereby facilitating crack propagation [41]. An alternative interpretation proposed that the anisotropy originates
primarily from the cellular-dendritic substructure itself, as loading along BD involves a higher fraction of eutectic framework
boundaries aligned with the tensile axis [42], a view supported by numerical studies emphasizing the role of cellular morphology
in strain localization and fracture [37, 43].

5. Conclusion

In the present study, the formation of intragranular type III residual stresses during LPBF-relevant thermal cycling and their
influence on the subsequent tensile response of AlSilOMg have been investigated. Two representative cellular-dendritic
morphologies were considered, corresponding to continuous and discontinuous Si-rich eutectic networks.

Thermal cycling was shown to lead to the development of pronounced microscale residual stresses caused by the mismatch in
thermal expansion and elastoplastic response between the aluminum matrix and the Si-rich phase. The magnitude, spatial
distribution, and statistical characteristics of these stresses are strongly governed by eutectic network morphology. A continuous
Si-rich network imposes stronger mechanical constraint on the aluminum cells, resulting in higher average equivalent stresses,
marked stress partitioning between vertical and horizontal network segments, and bimodal stress distributions after cooling. In
contrast, a discontinuous network promotes partial stress relaxation due to plastic deformation in the Al phase.

Plastic strain accumulation during thermal cycling is comparable in terms of average values for both morphologies; however,
localization patterns differ significantly. In the continuous network, plastic strain localizes along aluminum-eutectic interfaces and
within constrained cells, whereas in the discontinuous network it localizes preferentially between Si-rich segments. The first
cooling cycle produces the largest increment of plastic strain, while subsequent cycles contribute progressively smaller increments.

Incorporation of the thermally induced residual stresses into tensile simulations demonstrates that their primary mechanical
effect is equivalent to pre-straining of the material by approximately 2.2%. The tensile curves obtained with and without residual
stresses coincide after shifting by this pre-accumulated strain. Accordingly, residual stresses reduce the available ductility while
increasing the initial yield strength. Also, residual stresses accelerate crack initiation due to the superposition of internal and
externally applied stress fields.

The fracture mechanisms are shown to depend significantly on the eutectic morphology. The discontinuous eutectic network
promotes crack nucleation within localized deformation bands and subsequent coalescence into a dominant through-thickness
crack. The continuous network, characterized by stronger constraint and higher residual stress concentrations, leads to more
branched and tortuous crack paths along aluminum-silicon interfaces.

Overall, the results demonstrate that cellular-dendritic morphology and intragranular residual stresses are key, interrelated
factors governing deformation and fracture in LPBF-fabricated AlSi10Mg. While melt pool boundaries are often considered the
principal source of anisotropy and crack susceptibility, the present findings indicate that sub-grain architecture and microscale
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residual stress fields play an equally critical role in controlling strain localization and failure. Explicit consideration of these factors
is therefore essential for predictive modeling and microstructure-informed optimization of additively manufactured aluminum
alloys.
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