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Abstract

While laser powder bed fusion enables rapid and resource-efficient production, challenges such as
microstructural defects, porosity, and unfavourable residual stresses compromise the durability of
components under dynamic loading. Thus, we investigated methods to enhance fatigue life of
AlISi10Mg produced by laser powder bed fusion. To do so, we explore the effects of manual polishing,
heat treatment, and deep rolling on the mechanical properties and fatigue performance of AlSi10Mg.

Specimens were fabricated and divided into five groups: as-built, as-built with manual polishing,
heat-treated and manually polished, as-built with deep rolling, and heat-treated with deep rolling.
These groups underwent surface roughness measurements, residual stress analysis, hardness testing,
and microscopy. The primary evaluation of fatigue performance was conducted using a rotating
bending test rig under a load ratio of R = -1, following the high-cycle fatigue string-of-pearl method.

The fatigue tests revealed significant differences among the treatment groups. The as-built speci-
mens exhibited the lowest fatigue life, with cracks initiating from surface defects. While polishing and
heat treatment provided moderate improvements, specimens treated with deep rolling exhibited the
highest bearable stress amplitudes and the flattest S-N curves, indicating a significant improvement
in fatigue resistance. The slope of the S-N curve in this condition is 7.8 times flatter compared to the
untreated as-built condition. At a defined number of load cycles of 1E+06, the bearable stress in the
“"as-built + deep rolling” condition reaches 251 MPa, which is ~8.5 times the stress amplitude toler-
ated in the untreated as-built condition. Interestingly, combining heat treatment with deep rolling
resulted in a decrease in performance compared to deep rolling alone.

Our results indicate that surface treatment is critical for improving the fatigue life of additively man-
ufactured AISiT0Mg components. It has turned out that deep rolling is an effective and economical
method, as it reduces surface roughness and induces beneficial compressive residual stresses that
counteract crack initiation. Furthermore, deep rolling eliminates the need for subsequent heat treat-
ment, which may even be counter-productive, thus saving both time and energy costs. Our results
help to exploit the potential of laser powder bed fusion of AlSi1T0Mg by combining near-net-shape
production with effective surface enhancement.
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1 Introduction

Laser powder bed fusion (LPBF) of aluminium alloys enables rapid and cost-efficient production of
complex geometries, thereby shortening development times and facilitating product variability [1,2].
Particularly in the area of chassis components, such as wheel suspensions or steering knuckles, LPBF
enables production of complex geometries without the need for conventional casting moulds. In this
context, AISiT0Mg is gaining increasing importance due to its good castability, mechanical proper-
ties, and corrosion resistance. Remarkably, the mechanical properties are reported to exceed even
those of die cast alloys of similar composition [3]. However, ensuring material durability and improv-
ing the mechanical properties of additively manufactured components remains a challenge, espe-
cially for components subjected to dynamic loading.

However, using AISiMg alloys faces several challenges. One major issue is the formation of micro-
structural defects, such as porosity and cracks, during the layer-by-layer fabrication process. These
defects arise from the rapid cooling rates and thermal gradients inherent in additive manufacturing
(AM) techniques [4,5]. Corrosion resistance is another concern, as the fine microstructure of LPBF-
produced AlSiMg alloys can lead to localised corrosion under certain environmental conditions. Con-
sequently, optimising alloy composition and surface treatments is essential to mitigate these issues
[5,6].

Surface strengthening techniques such as shot peening and deep rolling are employed to improve
the durability and mechanical properties of additively manufactured components [7-12]. These post-
processing steps are essential, as components produced by the powder bed process often exhibit
higher porosity and different microstructures compared to conventionally cast parts [13,14]. Further-
more, additively manufactured AISiMg alloys exhibit anisotropic mechanical properties due to direc-
tional solidification during printing. This anisotropy can compromise the structural integrity of com-
ponents under dynamic loading conditions [15,16]. Consequently, achieving consistent material
properties across different build orientations remains difficult, requiring targeted post-processing
steps like heat treatment, shot peening, or deep rolling [17,18] that takes build orientations into
account [19].

Functional prototypes from AISi10Mg using LPBF can be produced on a Concept Laser X Line system
with a build volume of 800 x 400 x 500 mm [20,21]. These prototypes enable real-world load testing
during early development phases without the need to manufacture elaborate casting moulds. To do
so, component geometries are typically designed with casting in mind to facilitate a transition to
series production using aluminium die casting later on.

Generally, LPBF promises cost-effective production of small quantities with large variation. Digitali-
sation of the manufacturing process allows minimization of waste, which in turn translates into re-
duced costs and enhanced resource conservation [22,23]. This, however, requires data close to the
intended use. In the automotive industry, dynamic loading scenarios and fatigue loading are essen-
tial. However, there appears to be a gap with regard to such properties in the context of LPBF-pro-
duced AISi10Mg.

Previous investigations have highlighted the effects of shot peening, polishing, heat treatments, and
deep rolling on durability and mechanical properties. Despite its advances, particular challenges re-
main in improving material durability and dynamic behaviour of LPBF-produced AISi10Mg. There-
fore, this study aims to explore pathways to enhance the fatigue lifetime of additively manufactured
AISi10Mg through surface treatment methods, contributing to resource-efficient manufacturing
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practices. Our specific objectives are to explore (i) deep rolling for surface treatment; (ii) polishing;
(iii) heat treatments; and (iv) conduct rotation-bending tests to assess lifetime improvements through
methods (i-iii).

2 Materials and Methods

In the following, the different specimen conditions, their preparation, and the testing methodology
are described. The specimen preparation is explained in Section 2.1, where the five different condi-
tions are introduced that we investigate in this work. The deep rolling process is covered in Section
2.2. Afterwards, the roughness testing (Section 2.3), the residual stress analysis (Section 2.4), and the
hardness testing and microscopy (Section 2.5) are described. The fatigue testing as core part of this
study is briefly explained in Section 2.6, followed by the setting for the quasi-static tensile experi-
ments (Section 2.7).

2.1 Specimen preparation

The chosen AlSi10Mg alloy is a heat-treatable and hardenable cast alloy (ASTM F3318), which is
primarily used in the automotive and aerospace industries [24]. It consists of up to 10% silicon and a
maximum of 0.5% magnesium as alloy elements. The magnesium content enhances corrosion re-
sistance and promotes precipitation hardening when subjected to appropriate heat treatment. Fur-
thermore, near eutectic Al-Si alloys such as AISiT0Mg exhibit a narrow solidification range, low ther-
mal expansion, and high melt pool flowability, which contribute to low shrinkage and a significantly
reduced susceptibility to hot cracking during processing. These excellent casting and machining
properties also make this alloy highly suitable for the Laser Powder Bed Fusion (L-PBF) process [19].

Fifty-three waisted dumbbell-shaped specimens were fabricated, featuring a waist radius of 30 mm,
a reduced central section of 9 mm diameter and shoulders of 12 mm diameter for clamping (Figure
1 and A1). We chose this specimen geometry as it has a stress concentration factor K > 1, leads to
locally confined stress states, and reduces time-dependent deformation effects. The resulting stress
gradient should minimise the influence of creep effects, which can be observed in cylindrical, un-
notched specimens under loads near the yield strength (DIN 50100). This strategy enables a reliable
analysis of the finite life fatigue regime across various material states in the fatigue test.

(a) Deep rolling specimen

Specimen for residual
stress analyses

Figure 1 — Specimens for deep rolling and residual stress analyses. (a) Exemplary specimens for fatigue and
hardness testing. See also Figure A1 for the dimensions of the deep rolling specimen. (b) Deep rolling setup in a
lathe. On the left, the tip of the deep rolling tool is visible and in contact with the process zone surface of the
fatigue testing specimen. (c) Deep rolling of the specimen for residual stress analyses.

We manufactured specimens on an industrial laser powder bed fusion system (X Line 2000R, Concept
Laser) with a dual-laser architecture (2 x 1 kW) operating under a protective gas atmosphere (argon



or nitrogen). We preheated the build platform to 100 °C to minimise thermal stresses. For the spec-
imens investigated here, we used the manufacturer’s productivity parameter (Parameter 395). This
parameter is characterised by a 50 um layer thickness, nitrogen as the process gas, and a typical build
rate of 50.9 cm?®/h. According to the material datasheet, the mechanical properties in the stress-re-
lieved annealed condition are: tensile strength up to 300 MPa, elongation up to 13.5%, and hardness
of approximately 89 HV5. The upskin surface roughness is about 10-13 um, which necessitates
post-processing. For comparison, the alternative surface parameter 396 uses a finer 40 um layer
thickness, argon gas, and a reduced build rate of 26.5 cm?/h, but provides markedly improved surface
quality (upskin roughness approximately 67 pm).

The manufactured specimens were separated into five groups (Table 1). The first group was not
modified after preparation and used as-built (AB). The second group consisted of AB samples that
received short, light-touch manual polishing on a lathe with silicone carbide paper (P320 grid size)
to reduce surface roughness (ABMP). In the third group, ABMP specimens were heat-treated in a
muffle furnace at 325°C for two hours and subsequently cooled in still air for stress relief (HTMP).
The fourth group comprises AB samples whose surfaces were modified by deep rolling (ABDR) (Fig-
ures 1 and A1, Section 2.2). The specimens of the fifth group were also subjected to stress-relief
annealing prior to deep rolling (HTDR). The latter group served only for comparison with the ABDR.

Table 1 - Conditions of AlSi10Mg specimens.

Condition Surface treatment Heat treatment
AB X X

ABMP v" (manual polishing) x

HTMP v" (manual polishing) v (2 h at 325 °C)
ABDR v’ (deep rolling) x

HTDR v (deep rolling) v (2 h at 325 °C)

2.2 Roughness and hardness testing

To quantify surface roughness, we used rectangular reference specimens of the same material sub-
jected to the same surface preparation protocols as the four groups and the cylindrical end sections
of the mechanical test specimens. We measured surface roughness using a stylus roughness tester
(Perthometer S8P, Mahr-Perthen) equipped with a diamond tip (RFHTB-250). Roughness was meas-
ured along a traverse length I = 5.6 mm with a cut-off length [, = 0.8 mm across the surface of the
samples. From these measurements, we derived average roughness depth R, in um as a surface
characteristic. R, allows us to additionally illustrate the effects of deep rolling and manual finishing
in comparison to the AB condition, enabling us to determine whether the surface roughness pro-
motes notch sensitivity. We tested one specimen per condition as production means were similar for
all other specimens.

For hardness testing, specimens were ground with a series of silicon carbide papers (P800, P1200,
P2400) (Knuth Rotor 2, Struers). This was followed by polishing for 4 minutes (RotoPol-35 with Roto-
Force-4, Struers) with a woven cloth and 1 pym alumina suspension at 15 N contact force. We con-
ducted Vickers hardness testing following DIN EN ISO 6507-1 using a hardness tester (Duramin,
Struers). Since the outer rim of the specimens is of interest due to the different surface modifications,
we conducted hardness testing with HV0.1 (Duramin-10, Struers). To determine a hardness profile
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across the cross-section, we measured hardness from the edge of the specimen cross-section to-
wards its centre with a distance of 1 mm (Figure 1).

2.3 Microscopy

To facilitate microscopy, specimens were prepared similar to hardness testing (Section 2.3). After
grinding, we etched specimens chemically using a slightly modified Kroll [25] agent with 100 ml
deionised water, 5ml nitric acid, and 2 ml hydrofluoric acid for 15 s. Etching was controlled visually
under a desktop microscope. We acquired microscopy images with a light microscope equipped with
a CCD camera (Axiolpan 2, Zeiss). The heat-treated samples could not be successfully etched with
Kroll's reagent because the precipitated silicon reacted too strongly with the etchant, resulting in no
useful contrast. To facilitate microscopy on these specimens, we employed a modified sodium hy-
droxide etching with 3% aqueous sodium hydroxide (ag. NaOH). We immersed specimens in ag.
NaOH for ~10 s with a visual check. Subsequently we immersed the specimens in 5% aqueous nitric
acid for 5 s. Thereafter, we rinsed the specimens with running water for 3 min and shortly with etha-
nol. Finally, we dried the specimens in a warm air stream.

2.4 Deep rolling

Because we used the productivity parameter 395, surface post-processing was required to prepare
the parts for dynamic loading tests. We employ deep rolling as a proven and widely available surface
finishing technique [26] with a deep rolling tool (Ecoroll AG) on a classic lathe (Matador, Weiler). The
aim was to enhance the fatigue life under realistic operating conditions by reducing surface rough-
ness and influencing residual stresses. The fundamental principle involves pressing a roller or ball
with a force F against the surface to be rolled while it rotates (Figure 1). Partial plastic deformation
induces compressive residual stresses, which should counteract crack growth under load. The rolling
action creates cold hardening in the surface layers, stabilising the compressive residual stresses and
increasing the resistance to crack initiation. Another benefit is the smoothing of the surface as rough-
ness is flattened. Additionally, deep rolling mitigates notch effects and, therefore, may contribute to
higher strengths. The samples were prepared with hand finishing and subsequently rolled on a lathe
under a pressure of 100 bar, which ultimately resulted in a contact force of 251 N.

2.5 Residual stress analyses

The borehole method was utilised for residual stress analyses [27], employing a bespoke testing rig
with a pneumatic driller (MTU Aero Engines). To facilitate this, separate hexahedral specimens were
produced following the same preparation protocols. Our drilling cycle involved creating a circular
pocket, which was accomplished by implementing a systematic drilling procedure. We stopped at
each drilling stage to ensure temperature equalisation, to enhance the accuracy of our measure-
ments. For this process, we used a tungsten carbide drill with a diameter of 1.6 mm to produce a
pocket diameter of 1.8 mm. A drilling depth of 1.2 mm was achieved, with a specific determination
depth of 1.01 mm. The rig operated at a high rotational frequency of 160,000 rpm, enabling efficient
material removal and precise machining. We positioned the data acquisition system (Micro-Meas-
urements MMF003671), positioned on a flat sample measuring 40 x 40 x 10 mm, an example of the
test is shown in Appendix 7.2. In terms of orientation, we aligned the z- and y-directions with the
measured residual stresses. The z-direction corresponds to the build direction of the additive man-
ufacturing process. We performed one measurement per condition.



2.6 Fatigue testing

We conducted fatigue testing on a rotating bending test rig (Sincotec GmbH). This is a surface sen-
sitive method concentrating stresses into the periphery of the specimens where surface modifica-
tions due to post-processing directly impact fatigue life. The load application involves a 4-point
bending configuration at a temperature of 19 - 20 °C (laboratory conditions). We used a load ratio
of R = -1 with amplitude ranges g, in MPa (Table 2) and a rotational frequency of 44 Hz. Our testing
procedure follows the evaluation of the high-cycle fatigue (HCF) range according to the string-of-
pearls method outlined in DIN 50100. Amplitudes were identified iteratively in pre-liminary tests.

Table 2 - Nominal stress amplitudes g, in MPa tested in each group (see Table 1, Section 2.1, for the conditions).
Abbreviations denote as-built (AB), as-built + manual polishing (ABMP), as built + manual polishing + heat-
treated (HTMP), as-built deep rolling (ABDR), and heat-treated + deep rolling (HTDR).

Nominal stress amplitudes g, in MPa
AB 200.0 150.0 1250 11255 100.0 87.5 75.0 62.5 50.0 375 25.0 12.5
ABMP 150.0 1400 130.0 120.0 1100 100.0 90.0 80.0 70.0 60.0
HTMP 140.0 1300 120.0 110.0 100.0 90.0 80.0 70.0 60.0
ABDR 300.0 2800 270.0 260.0 250.0 240.0 2300 1600 120.0
HTDR 160.0 150.0 140.0 130.0 1200 110.0 100.0 90.0

2.7 Quasi-static tensile testing
2.7.1 Tensile experiments

Additionally, tensile tests were performed on specimens with a dumbbell shape as illustrated in Fig-
ure 1. Of course, we are aware that the specimen shape is not ideal for achieving a homogeneous
uniaxial tensile stress state, but we wanted to compare conditions quasi-statically using specimens
produced in the same fashion as for fatigue testing. Since the used shape inevitably introduces shear
stresses, we provide an analysis of this impact in Section 3.4.
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Figure 2 — Tensile testing: (a) displacement-time curve for the conducted tensile testes. (b) an exemplary sample

clamped in the tensile tester. The b/w speckle pattern for the digital image correlation is visible. (c) illustrates the

determination of damage (D) by measuring the change in stiffness (red dashed lines) during partial unloading

(see also Figure 9).

We utilised a Zwick/Roell Z100 with hydraulic clamping and cylindrical steel collets (clamping pres-
sure 100 bar). Tensile stress was calculated as axial force divided by the smallest cross-section of the
specimen. We observed the surface deformation using a stereo-correlation-based digital image cor-
relation system (ARAMIS 12M, Carl Zeiss GOM, Braunschweig) with two visible light cameras. A light
projector (blue light technology) was exploited to minimise reflections and distortions from other
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light sources. The image correlation was performed with ARAMIS Professional (Carl Zeiss GOM,
Braunschweig) with a facet size of 15 px and a point distance of 12 px. The axial strain was determined
by positioning a single facet at the top and bottom of the varnished measuring region, respectively.
Then, the axial strain was computed by dividing the difference in the axial displacements by the initial
distance between the two centre points of the facets.

2.7.2 Parameter identification

To identify the material parameters of an elasto-plastic constitutive model from the quasi-static ten-
sile tests, we used the nonlinear least-squares method as deterministic approach with the objective

2
function ¢ (k) = %||0(?(K)) — d|| — min. Therein, k € R™ are the material parameters, 0 is the

observation operator, y represents the model response (here, the axial stress), and d € R™ is the
experimental data stored as column vector. Note that O formally extracts the data from the model
response to compare with the experimental data at the same points in both space and time. The
solution is obtained as k* = arg min, ¢(x). ROmer et al. [28] denoted this as reduced approach, since
it could be considered necessary to solve the model equations F (here, a nonlinear mechanical finite
element simulation) to obtain §. This would lead to an equality constraint ¢ (i) =%||0(§1(1c)) —
d||2 — min. subject to F(J(x),x) = 0.

We employed a rate-independent small-strain von Mises-type plasticity model with nonlinear kine-
matic hardening as constitutive model. The numerical treatment of the model was originally devel-
oped in Hartmann and Haupt [29]. The required material parameters are bulk modulus K, shear
modulus G, yield stress k, as well as hardening parameters b and c.

For the parameter identification, we prescribe Poisson’s ratio v = 0.33 [30], leading to a reduced
parameter set for identification, k = {E, kb, c 1T, wherein bulk and shear modulus were converted
to Young's modulus E and Poisson'’s ratio v. We determined k* using our in-house code [28,29] and
gradient-based schemes for solving the minimization problem. A single 8-noded hexahedral element
with boundary conditions for uniaxial tension is sufficient since we assume a homogeneous uniaxial
stress state. This assumption may seem questionable in view of the dumbbell-shaped specimens and
is addressed in Section 3.4.

Although the nonlinear least-squares method is deterministic, the certainty of the estimate, here the
as it allows to approximate the Hessian in the vicinity of the solution k*, so that H(x*) ~ JT]. Based
one the approximated Hessian, uncertainty estimates are calculated for the individual material pa-
rameters with the asymptotic covariance matrix C ~ s2H~1, employing the asymptotic properties of
the nonlinear least-squares estimator [31]. Here, s? is an estimate for the variance of the residuals.

material parameters k*, can be quantified as uncertainty. For that, we exploit the Jacobian J =

The material parameter uncertainties Ax; = ,/C;;, i = 1, ..., n,, are used to state confidence intervals
K* + Ak.

An important aspect during parameter identification is the uniqueness of the obtained solution. This
is related to the concept of local identifiability [28]. If neither the determinant nor any sub-determi-
nant of the approximated Hessian vanishes, the parameters are locally unique in the vicinity of the
solution k.

To obtain the experimental data vector d, we interpolate the experimental stress-strain data to an
equidistant grid of n; = 100 strain values for each specimen. The data from unloading and loading
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is neglected until the previous traverse displacement was reached again, i.e. data is like a simple
monotonic tensile test. For each condition, the maximum strain during parameter identification is
prescribed to the axial strain value, where the earliest fracture occurs during tensile testing within
the group with the same condition.

3 Results

The results are described following the same structure as in Section 2. Accordingly, the results of
roughness and hardness testing are presented first in Section 3.1. Then, we proceed with the residual
stress results in Section 3.2. Afterwards, the results of the fatigue testing are reported in Section 3.3.
Finally, the quasi-static tensile testing and the associated parameter identification are provided in
Section 3.4.

3.1 Roughness and hardness testing

The average roughness R in um was highest in the case of AB specimens (R; = 21.21 ym) and lowest
in the deep rolled specimens (R, = 0.57 um). Manual polishing reduced surface roughness but pro-
duced slightly different values, e.g. R; = 6.24 um and R; = 8.07 ym for two runs.

We observed the lowest hardness in heat-treated specimens. In contrast, the hardness was increased
in the periphery only for deep rolled specimens (p < 1078, 2 = 0.68) (Figure 3). The other conditions
did not show such a dependence. Deep rolling influenced the surface up to a depth of 0.8 mm.

Hardness testing
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Distance form periphery in mm
Figure 3 — Hardness testing results for exemplary specimens. Tested groups were as-built (AB), as-built + man-
ual polishing (ABMP), heat-treated + manual polishing (HTMP), and as-built deep rolling (ABDR). The correlation
between hardness and position from periphery in case of ABDR is significant (p < 1078, r? = 0.68). Regression
lines are only shown for significant linear regressions.

3.2 Microscopy

Metallographic preparation reveals clear differences between the powder-bed additively manufac-
tured as-built (AB) condition and specimens heat-treated by stress-relief annealing at 325 °C (HTMP).
In the AB condition, print paths are clearly recognisable across the periphery and the centre (Figure
4) and appear as lamellar features with alternating orientation, reflecting the typical LPBF scanning
strategy: the system first exposes the component contour to form an edge region, then fills the in-
terior with parallel hatch lines. Individual print paths measure about 100-150 um in width, consistent
with the laser spot diameter and hatch spacing, while the bright contour-produced edge region is
approximately 0.4 mm wide.
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Figure 4 — Metallographic images. The figure shows microscopy mosaics and magnifications of exemplary sam-
ples from (a) as built (AB), (b) as built and manual polishing (ABMP), (c) as built and heat treatment (HTMP), as
well as (d) as built and deep rolling (ABDR). Higher magnification images of the inlay zones are shown in Appendix
7.3 (Figures A4-A6). Within the print paths (a, b, d), dark regions dominate and indicate a silicon-rich eutectic
network, whereas bright rims at the print path boundaries and at the outer specimen edge point to primary
a-aluminium. This microstructural distribution arises from differing cooling conditions. The periphery and the
boundary zones of the print paths cool particularly rapidly, which promotes the formation of globular a-alumin-
ium and retains part of the silicon in solution. By contrast, slower cooling in the print paths centres favours the
development of a pronounced eutectic network. The difference of the HTMP specimens (c), which was etched with
NaOH (Section 2.4) is striking. The fine cellular structure of a-Al with eutectic silicon breaks down due heat
treatment, leading to coarsened Si particles precipitated as well as Mg»Si [32,33].

The periphery shows a fine-grained ring comprising globular and dendritic grains (Figure 4; Figures
A4-A6 in Appendix 7.3). The boundaries of the melt tracks consist of a fine cellular a-Al structure,
with eutectic silicon forming a very narrow network around the a-Al. During etching, the a-Al phase
is attacked less aggressively, so these areas appear bright due to the lower contrast. Print-path
boundaries consist of a fine cellular a-Al structure, with eutectic Si forming a network-like bright
boundary. The interiors of the paths contain grains with fine lamellar features indicative of an eutectic
condition. There is no discernible difference between AB, ABMP and ABDR (Figure 4a—c). By contrast,
heat treatment (HTMP) modifies the eutectic morphology: the Si network at the print-path bounda-
ries spheroidises, and the lamellar features within the path interiors become more finely dispersed
(Figure 4; Figures A4-A6).

3.3 Residual stresses

Hole-drilling measurements in as-built AISiT0Mg show tensile residual stresses that are strongest in
the build direction (z) (Figure A2). At the surface, values exceed 200 MPa (up to 230 MPa) and persist
to a depth of about 0.4 mm, which corresponds to the a-Al-rich surface layer. Even at 1.0 mm depth,
the maximum evaluated, stresses remain above 100 MPa. In the scan direction (y), tensile residual

stresses are lower, reaching about 50 MPa down to 0.4 mm before approaching a neutral level.
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Stress-relief annealing (HTMP) reduced the previously detected high tensile residual stresses in
ABMP to nearly fully relieved. The as-built surface forms a complex edge zone with local inhomoge-
neities. Figure A2 shows a narrow tensile-stress peak at a depth of about 0.1 mm in the immediate
edge region. Deep rolling (ABDR) converted the initial tensile residual stresses into compressive re-
sidual stresses. The resulting stress field is anisotropic: in the build direction (z) the compressive stress
reaches about —350 MPa, while in the y-direction it is about —240 MPa. Even after stress-relief an-
nealing, subsequent deep rolling (HTDR) can induce a pronounced compressive residual stress pro-
file. However, the achievable compressive stresses, particularly in the immediate surface region, are
lower because the heat treatment reduces the base strength of the material (Figure A2).

3.4 Fatigue testing

The AB specimens featured the steepest negative slope of the S-N curve of k = 3.06 along with a
high variability as indicated by a scatter range Ty = 5.29 and the adjusted standard deviation for
small samples slogN,,, = 0.28 (DIN 50100) and, thus, the steepest reduction in bearable stress am-
plitudes (Figure 5a). This results in a restricted time-to-failure range in which the stress amplitude
must be reduced considerably to achieve a required number of load cycles. At a reference cycle count
of 1.E+06 load cycles, only about 30 MPa of applied stress can be sustained at a median probability
of failure (P4 = 50%).

(a) As-built (b) As-built + manual polishing
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Figure 5 — Fatigue testing results shown as S—-N curves including 10%, 50%, and 90% failure probabilities: (a)
illustrates the performance for the condition as-built. (b) illustrates the impact of manual polishing on the bear-
able stress amplitude. (c) shows that heat treatment and manual polishing lead to a further increase in stress
amplitude in comparison to (a) and (b). (d) shows that combining as-built and deep rolling enables the highest
bearable stress amplitudes across the finite-life range.
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ABMP specimens feature only a slightly improved slope of the S-N curve with k = 3.73 but much less
variability with a scatter band of Ty = 2.64 (slogN,, = 0.16) (Figure 5b). Due to the apparent par-
allel shift of the curve, a higher level of sustainable stress can be achieved. The determined run-out
stress of 60 MPa, combined with the low scatter, indicates an increase in the fatigue strength due to
mechanical polishing.

Compared to the ABMP condition, stress relief annealing in the HTMP condition flattens the S-N
curve approximately by a factor of 2 featuring a slope of k = 6.27 (Figure 5c). This flattening is ac-
companied by an increase in variability with a scatter range Ty = 3.30 (slogN, . = 0.20), since it is
evaluated in the direction of cycle count rather than stress amplitude. The increased variability can
be expected as we evaluate variability in the direction of cycle count rather than stress amplitude.

In the ABDR specimens, the inclination of the S-N curves is very flat (Figure 5d) with a slope of k =
23.94. We observe highest variability (T = 8.60, slogN,,+ = 0.36) due to determining scatter in the
finite life fatigue regime in the direction of the cycle number and not in the stress amplitude. How-
ever, the S-N curve spans the entire time-to-failure range within a nominal stress interval from 300
MPa to approximately 220 MPa. While this leads to a wide variation in the number of cycles to failure
at a given nominal stress, it significantly expands the range of sustainable stress amplitudes. At
1.E+06 load cycles, a nominal stress of 251 MPa can be sustained (based on the median S-N curve,
PA = 50%), representing an increase of approximately 7.8 times compared to the untreated AB con-
dition. This pronounced flattening of the S-N curve also affects the lifetime range at lower cycle
counts. At 2.E+04 load cycles, the sustainable stress amplitude increases from 106 MPa to 296 MPa,
which is 2.8 times higher (P, = 50%). We observe similar results when combining heat treatment
with deep rolling (HTDR), although with a less flat slope of the S-N curve is less flat featuring a slope
of k = 11.63 (Figure A3). This change illustrates the reduction of basic strength caused by stress relief
annealing.

Investigating fracture surfaces of ABMP samples, we observe that at lower amplitudes cracks origi-
nate at a single defect in the surface area (Figure 6a-d). Cracks grow in one plane until catastrophic
fracture when the remaining load-bearing cross-section no longer withstands circumferential bend-
ing stress. At higher loads, cracks originate at various locations distributed around the circumference.
However, starting again from small surface discontinuities, cracks begin to grow into the interior of
the specimen across various planes. When catastrophic fracture occurs, specimens tear open across
these various planes, resulting in a characteristic stepped fracture surface (Figure 6e-h). This behav-
iour is not visible for specimens where the surface was modified by deep rolling (Figure 6i-p).

3.5 Tensile testing and parameter identification

Specimens showed strain hardening and no distinct yield point (Figure 7). Additionally, it becomes
evident that the heat-treated specimens exhibit larger elongation at fracture at significantly lower
stress levels. Furthermore, the heat treatment appears to reduce the yield stress.

We identified the material parameters for the different specimen conditions using the nonlinear
least-squares method. The fit between experiment and model response is illustrated in Figure 7e-f.
The model response with the identified parameters agrees very well with the experimental data. The
identified parameters are reported in Table 3. For all the identifications, we verified local uniqueness
of the solution, as the smallest sub-determinant of the approximated Hessian was non-vanishing.
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Figure 6 - Fracture surfaces of four exemplary rotational bending specimens: (a-d) exemplary specimen of
condition as-built + manual polishing tested at o, = 75 MPa shows a fracture surface under low stress ampli-
tudes. The crack initiation occurs at a single imperfection in the surface region. The crack growth takes place in a
plane until a catastrophic failure (final fracture) occurs when the remaining load-bearing cross-section can no
longer withstand the surrounding bending stresses. The red ellipse illustrates the residual fracture surface. (e-h)
exemplary specimen of condition as-built + manual polishing tested at o, = 137.5 MPa, exemplifying the fracture
behaviour under high stress amplitudes. Crack initiation occurs at various locations distributed around the cir-
cumference. Originating from smaller superficial imperfections, cracks begin to grow inward through different
planes within the sample. Upon the occurrence of final fracture, the sample tears along these various planes,
resulting in a characteristic stair-step fracture surface. (i-p) two exemplary specimens if condition as built + deep
rolling show that deep rolling alters the fracture surface and the aforementioned behaviour cannot be observed.
Red ellipses illustrate again the “residual fracture surface”.

The identified parameters clearly quantify the lower yield stress for the HTMP-specimens, which is
observed during tensile testing. Additionally, the ABDR-specimens exhibit higher stiffness and larger
nonlinear hardening parameters. While the latter are difficult to interpret, they indicate a more pro-
nounced hardening behaviour during tensile testing.

Because of the specimen geometry, a homogeneous uniaxial tensile stress state is not achievable
during tensile testing. The curved testing region inevitably introduces shear stresses. The shear stress
impact is investigated by numerical finite element analysis. We discretised the nominal specimen
geometry with 20-noded hexahedral elements. The boundary conditions and spatial discretisation
are illustrated in Figure 8a. The prescribed axial displacement leads to an axial strain of approximately
3.5 % when using the same strain computation procedure as in the experiment. This is done to pre-
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vent extrapolation since the material parameters for the as-built material were determined at a max-
imum axial strain of 3.5 %. The axial stress is computed as in the experiment using the axial reaction
force in the nonlinear finite element analysis. Consequently, because of the three-dimensional stress
state, the axial stress-axial strain curve for the specimen differs from the one in the parameter iden-
tification above, although the same parameters were used.

Table 3 — Identified elasto-plastic material parameters using quasi-static tensile tests

Condition E in MPa k in MPa b cin MPa

AB 63085 + 488 22643 + 1.56 61.08 £ 2.01 10470 + 246
ABMP 65686 + 357 22317 £ 144 102.70 + 444 14111 £ 405
HTMP 61337 + 2310 125.22 + 3.98 131.13 £ 5.59 11799 + 753
ABDR 72080 + 332 211.75 £ 1.37 181.36 + 4.98 23655 + 544

We evaluated stress coefficients s,,; = 0,,/0,, and sy, ; = 0y, /0, for all integration points i adja-
cent to the smallest cross section of the specimen. Figure 8d shows the maximum stress ratios
max |s,, ;| and max |sxy_i|.

The shear impact due to non-optimal specimen shape was noticeable (Figure 8). After 3% axial strain,
the stress coefficients s,,; = 0,/0,, and sy, ; = 0y, /0,, deviate by 2% and 6%, respectively. Thus,
no perfectly uniaxial tensile stress state is present during quasi-static tensile testing. However, be-
cause of the comparably small ratio between axial tensile stress and shear stress, we assume that this
influence can be neglected during the material parameter identification and the procedure described
in Section 2.7.2 remains valid. Moreover, since we perform the same procedure for all specimen
conditions, the results are comparable between the different groups.

During the quasi-static tensile testing, partial unloading was performed multiple times as illustrated
in Figure 2. The unloading enables quantification of a structural modulus M from the slope of the
force-displacement curve during unloading and subsequent reloading (Figure 9a). Damage is defined
asD =1 — M;/My, i = 0,...,n, where n denotes the number of partial unloading. Significant re-
ductions in the structural modulus were detectable at the beginning of the plastic deformation (Fig-
ure 9). All specimens showed a rapid increase in continuum damage after passing the yield point.
Thereafter, damage accumulation slowed down but never stopped entirely until failure.

4 Discussion

We explored pathways to enhance the lifespan of additively manufactured AlSi10Mg through surface
treatment. Our post-treatment process aims to enhance the surface without employing subtractive
processes involving geometrically defined cutting tools, such as turning or milling. This approach
optimally utilises the potential of additive manufacturing to directly generate the final contour and
the capability of surface enhancements to improve material lifespan.

We measured and compared the residual stresses in the different conditions (Figure A2). The aniso-
tropic residual stress distribution observed in the AB state is characteristic of PBFLB and arises from
the layer-wise scan strategy and steep thermal gradients [34]. The substantial tensile residual stresses
of about 200MPa in the z-direction of the ABMP condition extend over a depth of approximately
0.4 mm from the surface, which corresponds to the thickness of the a-Al-rich surface layer. Even when
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stress-relief annealing reduces the bulk tensile stresses, the as-built surface does not form a homo-
geneous plane; local inhomogeneities such as roughness, partially melted particles and surface oxi-
dation can generate a narrow tensile peak around 0.1 mm (Figure A2) [8,35]. Roller burnishing (ABDR)
converts the initial tensile residual stresses into beneficial compressive stresses but introduces an
unexpected anisotropy: the compressive stress is stronger in the build direction (z, -350 MPa), than
in the scan direction (y, -240 MPa). This behaviour cannot be explained by a simple superposition of
initial and induced stresses. Instead, it reflects the anisotropic microstructure and the direction-de-
pendent mechanical properties of PBF-LB materials, which cause different accommodation of the
imposed plastic deformation in z and y and thereby overcompensate the higher initial tensile stress
in the build direction [36,37].
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Figure 7 — Tensile test results. Stress and strain curves feature an initial linear-elastic region, a smooth transition
into the plastic region (i.e. no distinct yield point), followed by monotonic hardening. Clearly visible are the partial
unloading curves that allowed us to evaluate continuum damage evolution. Conditions shown are (a) AB, (b)
ABMP, (c) HTMP, and (d) ABDR. (e) illustrates the fit of the parameter identification on the experimental data as
mean (red) with standard deviation (turquoise) for AB and (f) for condition ABDR.

Overall, the S-N curve in the AB condition begins with high inherent strength and shows a sharp
drop in fatigue life as the stress amplitude decreases (Figure 6a), as highlighted by the steep slope
(k = 3.06) of the S-N curve (Figure 5). The AB condition exhibits relatively high strength post-man-
ufacturing (Figures 4 and 6). However, the permissible number of load cycles at low stress amplitudes
was observed to be low, which may have been caused by the low ductility of the material (Figure 5).
Once damage initiates, rapid failure typically occurs.

We can also attribute the increased scatter of the AB samples to the chosen specimen geometry. If
the gauge length —where the waist of the specimen concentrates stresses — contains less pronounced
surface irregularities, the specimens tend to last longer. In contrast, a cylindrical test cross-section
subjected to a trapezoidal bending moment (four-point bending) would increase the probability of
critical irregularities occurring, which ultimately positively influences the scatter. Conversely, this
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means that the chosen specimen geometry tends to yield slightly higher lives, a factor we should
consider when interpreting the results. Nevertheless, surface defects and manufacturing-related ir-
regularities may be starting points for mesoscopic cracks as shown in Figure 6.
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Figure 8: (a) shows the FE mesh for the fatigue testing geometry with boundary conditions for quasi-static tensile
testing. (b) shows an exemplary stress-strain curve normalised to maximum stress. (c) illustrates stress compo-
nents 0,,, 0, and o,,. Here, a,, (s not visualised as it is equal to by but rotated with 90° with respect to the
specimen’s axis. (d) stress coefficients s, ; = 0,,/0,, and sy, ; = 0y, /0,, are evaluated for all integration points i
adjacent to the smallest cross section. The figure shows the maximum stress ratios max |s,, ;| and max |Sxy,i| and,
thus, illustrates the amount of shear triggered by uniaxial loading.

Manual polishing effectively removes coarse irregularities from the surface (Figure 3). Mechanical
surface levelling causes a parallel shift of the S-N curve higher fatigue lives. Smoothing the surface
minimises the micro-notch effect caused by the rough and less ductile surface, so crack initiation
only commences at higher stress amplitudes. However, the damage mechanisms in the base material
remain unchanged. The slope of the S-N curve (k = 3.73) is only slightly different from the AB state.
However, the considerably reduced variability points to a much more stable behaviour under load.

Solution annealing at 325 °C for 2 hours, followed by air cooling (HTMP), helps to improve the per-
formance, as indicated by the flatter inclination of the S-N curve (k = 6.27). Annealing helps to re-
duce residual stresses and is known to enhance material lifespan under low stress amplitudes [19,38—
40]. The fast cooling rates during the LPBF process strongly influence the mechanical properties of
AlISi10Mg [1, 2]. In the untreated AB state, the material exhibits high strength, which is due to a fine
microstructure (Figure 4, Figure A4). This microstructure consists of cellular a-Al structures that are
surrounded by a network of eutectic Si. The fine Si particles and cell boundaries act as strengthening
mechanisms, resulting in significantly higher yield strength, tensile strength, and microhardness com-
pared to conventionally cast AISi1T0Mg. Simultaneously, this microstructure limits ductility because
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the brittle Si network provides locations for crack formation and promotes ductile-brittle failure be-
haviour [19,40,41]. To improve ductility, heat treatment is frequently utilised. During this process, the
eutectic silicon cell walls collapse, and a needle-shaped Mg,Si precipitation phase forms within the
a-Al (Figure 4, Figure A5). Although this microstructural change reduces strength, it significantly
increases the material's ductility [19] as can be seen in Figure 7. In an effort to exploit this, we used
a heat treatment protocol for stress-relief annealing. However, the impact on the lifespan perfor-
mance observed here is limited as the improvement of the slope of the S-N curve is only a factor of
~2. This suggests that the detrimental effect of surface irregularities, which cannot be fully removed
by polishing (Section 3.1), is more dominant than manufacturing-induced residual stresses.
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Figure 9 — Damage evolution during quasi-static overloading: (a) damage evolution for the as-built (AB) con-
dition. (b) damage evolution for condition as-built + manual polishing (ABMP). (c) damage evolution for heat-
treated as-built specimens (HTMP). (d) damage evolution for as-built + deep rolling (ABDR).

Changing the modification of the surface topography helps to reduce the detrimental notch effect
of defects and manufacturing-related irregularities. Deep rolling removes notches and irregularities
at the surface that could not be removed by mechanical polishing. Deep rolling significantly alters
the mechanical properties of the treated material. Its influence on the surface hardening profile is
illustrated in Figure 3, showing an affected depth of 0.8 mm. Furthermore, this process induces com-
pressive residual stresses that counteract crack initiation and propagation (Figure 6), positively influ-
encing lifespan [42,43]. Consequently, damage only initiates at significantly higher stress amplitudes,
which allows the material to permanently endure stresses exceeding 200 MPa (Figure 5) across the
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entire finite life fatigue regime. This means the material can permanently endure stresses in the range
of the yield strength of the AB state. The pronounced flattening of the S-N curve at lower cycle
counts, however, is beneficial as components treated by deep rolling could be used at comparatively
high nominal stress amplitudes, especially when long lifetimes are required. It appears plausible that
the local plastic deformation of the material due to the process reduces the damaging effect of the
eutectic silicon network at the grain boundaries by destroying or reforming it. We can achieve a
similar effect through thermomechanical deformation, such as in the friction stir process [44].

While we concentrated on deep rolling, other methods such as shot peening allow for flexibility with
specimen surfaces and used media, which, in turn, allow it to achieve similar results on surfaces that
are not rotational symmetric. Applying deep rolling to the as-built condition changed the surface
topography without sacrificing tensile strength (Figure 7). Removing surface irregularities and induc-
ing residual stresses in the surface has a positive effect on lifespan performance as evidenced by the
much flatter slope of the S-N curve (k = 23.94) and the much higher bearable stress amplitudes
(Table 2).

We measured surface roughness to enable a quantitative comparison of surface condition (Figure 3).
We determined the mean roughness R;. The as-built specimens showed the highest roughness, at-
tributable to the layer-by-layer nature of additive manufacturing. This high roughness is expected to
amplify the notch effect in the already notched specimens, leading to reduced fatigue life. Manual
grinding of the surface markedly lowered roughness and therefore improved fatigue performance.
However, two measurements of the manually ground condition indicate that reproducing an identi-
cal finish by hand is difficult. Deep rolling delivered the best surface condition, with R; = 0.57 um,
producing an almost smooth surface while being reproducible. Consequently, the notch effect is
largely mitigated, enabling good fatigue performance at high stress levels in specimens conditioned
ABDR and HTDR.

Heat treatment counteracted this development in comparison to the ABDR condition as shown by a
steeper slope of the S-N curve (k = 11.63) and lower levels of bearable stress amplitudes. Solution
annealing may have resolved residual stresses that are beneficial for lifespan enhancement and while
the S-N curve of the condition heat treatment + deep rolling may be lower (~factor 2), it is still
superior to those of the as-built and heat treatment conditions. Results clearly indicate the positive
effect of removing surface irregularities, enhancing the surface topography, and its properties.

This is supported by our hardness testing, which shows that deep rolling has a beneficial effect on
the surface properties (Figure 3). Overall, the deep rolling condition delivers the best results and
represents an economical method of achieving desirable service life properties. This condition only
requires mechanical surface treatment, which can also be performed manually. Due to the resulting
excellent properties, heat treatment becomes unnecessary, as it does not provide any additional
beneficial effects. Eliminating heat treatment also saves time and energy costs. In addition to all the
positive effects, deep rolling offers the advantage of being reproducible and automatable. This is
particularly true for rotationally symmetrical components, so that a mechanical surface treatment
such as deep rolling appears to be a good choice.

Overall, the run-out specimens included in the S-N curves form part of the string-of-pearl procedure,
but we excluded them from the evaluation according to DIN 50100. Since we did not explicitly ana-
lyse the transition to the endurance limit in this investigation, we can only utilise these run-out spec-
imens as a rough guide. Due to the limited sample size, we adjusted the standard deviation using a
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correction factor for small samples (slogN,,) in order to determine the scatter band (Ty) more
accurately. The fatigue tests show clear trends regarding the individual material states. However,
because of the limited data basis, we should also interpret the determined characteristic parameters
(slope k and scatter band Ty) with care.

Tensile properties as measured here should be taken with a pinch of salt. The specimens we used
resemble the same dumbbell shape as those subjected to fatigue testing. This has two reasons: (i)
we wanted to compare the tested conditions as is and (ii) we had to address a shortage in samples
and materials. Since these tests are not using ISO norm specimens, we resorted to a computational
parameter identification (Section 2.7) building on established protocols for parameter estimation
[28]. The good agreement between model response and experiments (Section 3.3) indicate that the
estimates are usable. To assess the shear impact resulting from the dumbbell-shaped specimen, we
have analysed a tensile test computationally (Figure 8). Maximum stress coefficients s,y max =
Ozx/ 02z aNd Sy max = Oxy /02, range between 0.02 and 0.06 between 0% and 3% tensile strain (g,;).
While not negligible, we consider this impact as small enough to allow comparison of the conditions.
Overall, tensile strength (or maximum stresses) as determined here agrees with known strengths for
this material (450 - 598 MPa) [45-48]. Stiffness as identified by our inverse computational approach
fits to the literature (~61 - 72 GPa) [49,50]. The overall stress-strain response of the specimens is
comparable to the data reported by [51,52]. Therefore, we conclude that while not ideal, our proce-
dure of computing stress and strain and the results of these quasi-static tests are usable for the
comparisons made in this study. Compared to [51], the agreement between experiments and nu-
merical model response is even improved in this work. Heat treatment significantly reduces ultimate
strength and changes the characteristics of the post-yield behaviour, which agrees well with the
findings reported by [51,52]. Gebhardt et al. [51] attributed this behaviour to microstructural coarse-
ning that dominates the formation of precipitates. Similar behaviour has been observed previously
for additively manufactured AlISi10Mg [52,53].

We attribute damage accumulation (Figure 9) to the manufacturing process. Additive manufacturing
is known to deliver production-induced heterogeneous microstructures as well as pores [48,53]. This
effect is similar to the surface heterogeneities, but unlike them, cannot be removed by improving the
surface topography. All curves show a noticeable settling between 0 mm and 0.1 mm plastic dis-
placement. Thereafter, damage accumulation slows down. Our results indicate that adapting the sur-
face removes the variability when comparing AB specimens with those from other conditions. Chang-
ing the surface topography may not be detectable in quasi-static tensile strength and stiffness (Fig-
ure 7) as the affected cross-sectional area is only a thin peripheral annulus (Figure 3) and, thus, small
in comparison to the sample diameter. The removal of detrimental irregularities and the enhance-
ment of mechanical properties where bending stresses are highest (Figure 3) changes the character-
istic how cracks move across the specimen cross section (Figure 6). Therefore, these widely available
techniques seem to be beneficial.

5 Conclusion

Additively manufactured AISi10Mg components impress with their versatility and widespread use
across various industries. However, the fatigue properties of such components remain a critical weak-
ness. To address this, we investigated ways to improve fatigue life through deep rolling. Our results
demonstrate that fatigue performance can be significantly enhanced using simple post-processing
techniques that modify the surface without relying on subtractive methods involving geometrically
defined cutting tools, such as turning or milling. At the same time, the surface generated during the
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manufacturing process is positively influenced. Heat treatment is not required and may even have
adverse effects.

With the proposed approach of mechanical post-processing via deep rolling, prototype components
for pre-series models can be safely deployed without the risk of failures of additively manufactured
parts during early testing phases. This method optimally combines the potential of additive manu-
facturing—such as the ability to produce near-net-shape components—uwith directly applicable sur-
face enhancement techniques to reliably improve material lifespan.
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7  Appendix

7.1  Fatigue testing specimen
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Figure A1 - Fatigue testing specimen. Specimens featured a process “notch” with a large radius to concentrate
highest stress during rotational bending into its the middle section. We chose this specimen geometry as it has
a stress concentration factor K; > 1. The shape should lead to locally confined stress states and reduces time-
dependent deformation effects. Furthermore, the resulting stress gradient should minimise creep creep effects,
which can be observed in cylindrical, unnotched specimens under loads near the yield strength (DIN 50100).
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7.2 Residual stress analyses

Residual stresses
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Figure A2 — Residual stresses in the as-built condition. Residual stresses are shown for exemplary samples from
the as built and manual polishing (ABMP), as built and heat treatment (HTMP), as built and deep rolling (ABDR),
and heat treatment and deep rolling (HTDR) conditions. Residual stresses are higher in the built direction (o,)
than in the direction perpendicular (a,) to it apart from the HTMP condition. ABMP is as close as possible to the
as built (AB) condition and illustrates considerable tensile residual stresses. Heat treatment resolves stresses which
explains the drop in the HTDR specimens. Plotting AB was not possible as the rough surface did not allow proper
application of strain gauges. The inlay (top right) illustrates a test setup.
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7.3 Heat treatment and deep rolling.

Heat-treatment + deep rolling
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Figure A3 — Heat treatment and deep rolling: (a) shows fatigue testing results as S-N curves including 10%,
50%, and 90% failure probabilities. the S—N curves are very flat while the run-out specimens are well below the
level of the average. We observe that heat treatment counteracts the positive results of deep rolling as the slope
of the compensation straight in this case is k = —11.63 in comparison to k = —23.94 when no heat treatment
was involved. Nevertheless, the stress levels are higher than in the specimens without deep rolling.
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7.4 Magnified microscopy inlays

AB centre region inlay detail AB perlpheral reglon |nIay detail magnlfled

ABMP peripheral region inlay detail magnified
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Flgure A4 - Magnlfled metallography mIays for as- bwlt (AB) condltlon (a) shows a centre region
and (b) a peripheral region in the AB condition. (c) and (d) show similar regions for AB with manual
polishing (ABMP) samples. These specimens appear largely similar since the only difference in
treatment is the polishing step. Within the print paths (Figure 4) in the centre region, dark regions
dominate and indicate a silicon-rich eutectic network. The bright rims at the print path boundaries
and at the outer specimen edge point to primary a-aluminium. This microstructural distribution
arises from differing cooling conditions. The periphery and the boundary zones of the melt tracks
cool particularly rapidly, which promotes the formation of globular a-aluminium and retains part of
the silicon in solution. By contrast, slower cooling in the print path centres favours the development
of a pronounced eutectic network.
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Figure A5 — Magnified metallography inlays for heat-treated samples with manual polishing
(HTMP): (a) shows a centre region and (b) a peripheral region in the HTMP condition. These samples
were etched with NaOH (Section 2.4) as Kroll was not working. After stress-relief annealing, the
appearance changes markedly. The print path contours are faint, and phase contrast is reduced.
Thermal relaxation causes silicon, previously supersaturated in the a-Al matrix, to precipitate finely
during annealing, which modifies the original microstructure and leads to the formation of coarsened
Si particles as well as Mg,Si [32,33]. In the periphery (b) finer and more globular grains are visible
and dendritic grains (Figure A4) disappear.
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a centre region and (b) a peripheral region in the ABDR condition. Appearance of ABDR samples
from a metallographic perspective is largely similar to the as-built samples (Figure A4).
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