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Abstract

Additively manufactured heat exchanger cores offer enhanced compactness, thermomechanical robustness, and improved
integration within confined assembly spaces. However, their complex thin-walled lattice structures pose significant chal-
lenges for mechanical characterization and conventional finite element analysis, due to high computational costs. This
study investigates the tensile mechanical properties of grid-like structures produced by powder bed fusion with a laser
beam in aluminum alloy AlSi7Mg0.6 and nickel-chromium-based superalloy Inconel 718 (IN718). Samples with varying
wall thicknesses were fabricated, heat treated, and some were surface treated to reduce surface roughness. Tensile tests
combined with digital image correlation and non-linear finite element modeling were conducted to evaluate mechanical
behavior. Experimental results reveal that a minimum solid material proportion (P, = 0.09 for AISi7Mg0.6; P, = 0.06
for IN718) is required to achieve reliable elastoplastic deformation; below these thresholds, premature brittle failure
dominates. Equivalent Young’s moduli and yield strength scale linearly with solid material proportion, the latter reaching
approximately 59% and 52% of bulk material values for AlSi7Mg0.6 and IN718, respectively. Surface treatment con-
tributed mainly to wall thickness reduction without significantly altering mechanical performance. Homogenized porous
material models based on the Gibson—Ashby framework and a modified Hockett—Sherby constitutive law were developed,
enabling efficient and realistic simulation of these complex structures. These findings provide critical experimental data
and modeling tools essential for the design and optimization of next-generation additively manufactured heat exchangers
in both alloys.

Keywords Powder bed fusion of metal with a laser beam (PBF-LB/M) - Lattice structures - Thin walls - Mechanical
properties - Heat exchanger (HX) - Aluminum alloy AlSi7Mg0.6 - Nickel-chromium-based superalloy IN718 - Surface
treatment

1 Introduction recuperators, whose role is to transfer heat from exhaust gas

to compressed air, could significantly improve efficiency

Heat exchangers are essential components for aero gas tur-
bines. They are primarily used for thermal management,
functioning as air-cooled oil coolers or fuel-cooled oil
coolers for engine oil-cooling, operating at relatively low
temperatures [1]. For these applications, aluminum is com-
monly used, for its lightweight properties [2]. The incor-
poration of new types of high temperature heat exchangers
could enhance the performance of gas turbines, by modi-
fying the thermodynamic cycle [3, 4]. For example, novel
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[3-5]. Likewise, new intercoolers, positioned between the
low-pressure and high-pressure compressors, could reduce
the work, required to compress air [3, 6]. Additionally, an
innovative cooled-cooling air system for compressor bleed
could allow for a higher turbine entrance temperature [7, 8]
presenting considerable potential to reduce fuel consump-
tion and, therefore, CO, emissions. For these high tempera-
ture applications, nickel-chromium-based superalloys such
as Inconel 718 (IN718) are employed due to their superior
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thermomechanical properties. Nevertheless, several issues
remain with these heat exchangers, particularly their com-
pactness, integration within the engine, thermomechanical
resistance, and weight [2].

Moreover, the increased use of electrical systems on-
board and the implementation of geared turbofans will lead
to a significant rise in waste heat loads in future acronauti-
cal gas turbines generations [1]. Consequently, it is impera-
tive to develop much more efficient heat exchangers without
causing significant increase in fuel consumption.

The rise of Additive Manufacturing (AM) is promising
to overcome some of the aforementioned obstacles [9],
especially with Powder Bed Fusion of Metals using a Laser
Beam (PBF-LB/M) [10]. This technology allows for the
production of highly compact and relatively complex com-
ponents, such as heat exchangers, and facilitates improved
integration due to the degrees of freedom offered by the
process. Additionally, it could enable enhanced thermome-
chanical behavior of heat exchangers through a selective
material addition to locally reduce the thermomechanical
stress during operation. AM permits mechanical reinforce-
ment of critical areas by adding material while keeping the
overall material addition to a minimum.

Due to their compactness and lightweight properties,
Plate and Fin Heat Exchangers (PFHE) are commonly used
in aerospace industry applications such as those mentioned
above [11]. These are commonly not produced via AM but
manufactured conventionally using e.g. brazing [12]. Ther-
momechanical studies and creep fatigue life prediction are
critical for PFHE when operating at high temperatures and
pressures in addition to thermal cycling. However, these
heat exchangers often consist of more than a hundred thou-
sand fins, making stress analysis via the conventional Finite
Element Method (FEM) very demanding in terms of com-
putational resources. An effective analysis approach is to
consider PFHE structures as porous structures and then use
the homogenization method [13—18] to calculate the equiv-
alent material properties and the equivalent stresses. The
homogenization method is based on earlier works [19-24].
However, the aforementioned studies on PFHE focus on
conventionally manufactured heat exchanger cores and not
AM heat exchangers.

Although the use of AM comes with a great potential for
improvement of heat exchangers, certain aspects must be
considered regarding its use for this application. As stated
previously, next-generation heat exchangers must be highly
efficient, meaning their thermal and fluid flow performance
must be optimized. Furthermore, component weight must
be minimized while ensuring structural integrity under
operating conditions. To reduce the weight of a given heat
exchanger, a major lever is to minimize the heat exchang-
er’s wall thickness. However, achieving wall thicknesses
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at the limits of the state-of-the-art of PBF-LB/M implies
that internal defects, surface roughness, and microstruc-
ture could significantly impact the resulting macroscopic
mechanical properties. Defects such as pores and lack of
fusion are common issues in the PBF-LB/M process [25—
27]. Spatter ejection, keyholing, and lack of fusion can lead
to void formation during the PBF-LB/M process. Voids of
irregular shape, caused by lack of fusion, result in higher
stress concentrations than spherical voids or pores. They
thus exert more influence on the mechanical properties,
such as material failure, by promoting crack initiation and
crack propagation [28]. Nevertheless, these lack of fusion-
defects can often be prevented by optimizing the process-
ing parameters. Multiple studies on thin-walled additively
manufactured structures linked to the previously mentioned
aspects are introduced later in this chapter. Furthermore,
surface roughness was identified as a key parameter for the
thermal and fluid flow characteristics of additively manu-
factured metal heat exchangers [9] which must be consid-
ered in the design of these components.

In development of AM heat exchangers, informa-
tion about the macroscopic mechanical response of heat
exchanger cores is needed. Thin-walled grid like core struc-
tures are of interest for a new-generation of heat exchangers
that are based on a layered flow setup (more information
will be given in the subsection Sample design). Empirical
data and suitable material models are needed to allow for an
efficient design of these components. Additionally, surface
roughness of the manufactured thin-walled core structures
is of high relevance for the application.

Despite the clear need for detailed information on the
macroscopic mechanical properties of thin-walled, grid-
like structures manufactured via PBF-LB/M in aluminum
alloy AlSi7Mg0.6 and nickel-chromium-based superalloy
IN718, such targeted data remain scarce in the literature.
A thorough review reveals that existing studies addressing
thin-walled structures in these materials largely focus on
different geometries or emphasize microstructural, process
parameter, or compressive behavior aspects without directly
investigating tensile mechanical performance of grid-like
cores.

Starting with aluminum alloys, some studies have
addressed thin-walled or lattice structures produced by
PBF-LB/M. For instance, Yuan et al. [29] examined thin-
walled grid-like structures in AlSi10Mg, focusing mainly
on process parameters, melt pool temperatures, and micro-
and nano-hardness distribution. They observed enhanced
hardness in intersection areas due to finer microstructures.
Subsequently, the same group investigated larger grid struc-
tures with an emphasis on their optical focusing capabilities
[30], rather than mechanical properties. While these struc-
tures bear geometric similarity to those studied here, they
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pertain to AlSilOMg rather than AlSi7Mg0.6, and do not
provide macroscopic mechanical characterization.

Focusing on AlSi7Mg alloys, Wan et al. [31] produced
thin-walled components with wall thicknesses of 0.6 mm
and 1 mm, investigating their application as vibration isola-
tors rather than heat exchanger cores. Similarly, Mantovani
et al. [32] analyzed body centered cubic lattices with x-, y-,
and z-struts (BCCxyz) fabricated in AISi7Mg, concentrat-
ing on compressive stiffness, strength, and energy absorp-
tion, but such strut-based lattices cannot separate fluid flows
as required in heat exchanger cores. Recent work by Boga-
hawaththa et al. [33] evaluated fractal porous structures
in AlSi7Mg via PBF-LB/M, identifying superior energy
absorption compared to honeycomb or gyroid geometries
and validating Gibson—Ashby predictions for elastic stress;
nonetheless, their fractal topologies differ significantly from
grid-like applications. Likewise, Zhang et al. [34] explored
uniform and graded gyroid structures for energy absorption,
noting enhanced performance with grading, but their archi-
tecture and functional intent diverge from heat exchanger
cores.

Additional studies investigated single thin walls with
thicknesses between 0.1 mm and 0.8 mm manufactured
from AISi7Mg, assessing the effects of heat treatments on
density, microstructure, and low-cycle fatigue resilience
[35]. Furthermore, Liu et al. [36] studied Triply Periodic
Minimal Surface (TPMS) structures in AISi7Mg0.6 focus-
ing on heat dissipation rather than mechanical properties,
while Richter et al. [37] analyzed self-heating effects in
thermomechanical deformation of PBF-LB/M AlSi7Mg0.6
dog bone samples, correlating experiments and numerical
models. Collectively, despite advances in porous, lattice,
and thin wall investigations, there is a noticeable lack of
focused research on the macroscopic tensile mechanical
behavior of thin-walled grid-like A1Si7Mg0.6 structures rel-
evant to heat exchangers.

Turning to IN718, a range of studies evaluates thin-
walled or lattice structures fabricated by PBF-LB/M,
though most emphasize honeycomb, TPMS, or strut-based
lattice geometries rather than grid-like arrays. Pérez et al.
[38] and Voyiadjis et al. [39] investigated process influ-
ence on wall thickness, microhardness, and compressive
strength in honeycomb IN718 structures, concluding that
contour scanning enhances accuracy and reduces manufac-
turing time but without addressing grid-like tensile behav-
ior. Xu et al. [40], Pauzon et al. [41], and Majeed et al. [42]
explored gyroid lattices in IN718, analyzing compressive
and fatigue responses, microstructure, and heat treatment
effects, with Pauzon et al. [41], additionally linking process-
ing parameters and microstructural features to mechanical
performance. Srivathsan et al. [43] compared TPMS and
strut lattices, demonstrating superior ultimate compressive

strength in gyroid and diamond structures at equivalent rela-
tive densities.

Strut-based lattices in IN718 have been further charac-
terized by Ananda et al. [44] and Banait et al. [45], where
tensile testing revealed effective moduli while microstruc-
tural examination highlighted marked differences between
PBF-LB/M lattices and bulk materials due to rapid solidi-
fication. Other important work on thin-walled, non-lattice
IN718 components includes studies on stator vanes [46],
tubular components [47], and manufacturability challenges
of~0.2 mm walls [48]. Residual stress analyses in thin
walls, including their impact on elastic properties, were
conducted by Ahmed et al. [49] and Wu et al. [50]. These
studies showed that thinner walls exhibit more distortion
but lower residual stresses, which can be mitigated by stra-
tegic material addition.

Mechanical testing remains a focus in several works:
Wang et al. [51] demonstrated how parameter optimiza-
tion and heat treatment in 1 mm thick tensile specimens
strengthen IN718 PBF-LB/M parts, with strengths reaching
1570 MPa at 27.3% elongation. Investigations of fracture
behavior in~0.5 mm thin walls by Golinveaux et al. [52]
highlighted that heat treatment and hot isostatic pressing
generally reduce fatigue life compared to as-built samples,
while Varney et al. [53] compared mechanical proper-
ties between thin walls manufactured directly and those
extracted from bulk IN718, noting greater variability and
influences of microstructure and surface roughness in the
former.

Despite these extensive studies, thin-walled IN718 inves-
tigations predominantly emphasize honeycomb, TPMS, and
lattice architectures. Tensile mechanical characterization
of grid-like configurations akin to heat exchanger cores
remains underexplored. These existing works collectively
underscore the vital of process conditions, heat treat-
ments, microstructure, residual stress, and surface finish
on mechanical performance but also highlight the pressing
need for focused research on tensile response of thin-walled
grid-like structures in both A1Si7Mg0.6 and IN718.

Regardless of the growing body of research on thin-
walled structures manufactured from AlSi7Mg0.6 and
IN718 via PBF-LB/M, there remains a significant gap in
understanding the macroscopic mechanical behavior of
thin-walled, grid-like structures crucial for certain heat
exchanger applications.

This article aims to address this knowledge gap by pro-
viding comprehensive empirical data based on uniaxial ten-
sile tests and material modeling tailored to these specific
geometries and materials. Filling this gap is essential to
enable the efficient and reliable design of next-generation
additive manufactured heat exchanger cores.
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Fig. 1 Parametric sample geometry of the samples that were investi-
gated in this study

Building on the identified need for comprehensive
mechanical property data and suitable material models for
thin-walled, grid-like structures manufactured via PBF-
LB/M in AlSi7Mg0.6 and IN718, this study undertakes a
systematic experimental and numerical investigation. The
following section details the design, manufacturing, post-
processing, and characterization of tensile test samples
developed to emulate heat exchanger cores, along with
the experimental uniaxial tensile testing protocols and
finite element modeling approaches used to evaluate their
mechanical behavior. The subsequent section presents the
experimental results based on uniaxial tensile tests, com-
pares them with numerical predictions, and introduces
homogenized material models based on the Gibson—Ashby

framework and a modified Hockett—Sherby constitutive law
to enable efficient and accurate simulation of these complex
structures.

2 Methods and materials
In this section, the used methods and materials are presented.
2.1 Sample design

Figure 1 shows the parametric sample geometry used for this
study. The samples consist of clamping areas and the thin-
walled grid structures. The grid structure represents the heat
exchanger core in a counterflow configuration, featuring a
layered flow setup. In this design, the grid walls aligned in
one direction represent parting walls, which separate the hot
and cold fluid layers within the heat exchanger core, while
the grid walls oriented in the perpendicular direction repre-
sent fins.

Geometrical characteristics of experimental samples
and simulation samples can be found in Tables 1 and 2,
respectively.

For each of the two materials eight surface-treated sam-
ple types and four untreated sample types were considered
with three samples per sample type. Therefore, the design of
experiment consisted of a total number of 72 experimental

Table 1 Range of geometric parameters of experimental sample designs. For individual values per sample batch, the reader is kindly referred to

the appendix
Avg. channel size  Avg. wall thick-  Total cross-sectional ~Cross-sectional area of Proportion of solid
Cinean [1IM] ness #,,.,, [Mm] area (including thin walls (excluding material in majorities
voids) A [mm?] voids) A4, [mm?] of cross-sectional
areas P.=A,,/Ap
AlSi7Mg0.6
Non-surface-treated 1.816...2.023 0.206...0.353 322.04...366.52 34.61...59.19 0.1075...0.1618
Surface-treated 1.890...2.167 0.089...0.225 317.10...361.71 14.80...37.44 0.0467...0.1069
IN718
Non-surface-treated 1.906...1.993 0.110...0.303 312.79...350.18 18.18...48.87 0.0573...0.1396
Surface-treated 1.870...2.034 0.080...0.258 302.15...347.09 12.65...41.36 0.0417...0.1192

Table 2 Geometric parameters of finite element analysis sample designs

Channel size ¢

Cross-sectional area

Cross-sectional area of thin ~ Proportion of solid

[mm)] (including voids) 4y [mm?] walls (excluding voids) 4,,  material in majorities
[mm?] of cross-sectional
areas P, =4, /Ar

AlSi7Mg0.6

Wall thickness £=0.15 mm 2 324 24 0.0741

Wall thickness £=0.25 mm 2 340 40 0.1176

Wall thickness #=0.30 mm 2 348 48 0.1379

IN718

Wall thickness £=0.15 mm 2 324 24 0.0741

Wall thickness =0.25 mm 2 340 40 0.1176

Wall thickness /=0.30 mm 2 348 48 0.1379
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Table 3 Chemical composition (Wt%) of A1Si7Mg0.6 and IN718 powders used for the manufacturing of samples via PBF-LB/M

Powder Al Fe Ni Si Cu Mn Mg Zn Ti Cr Mo Nb Co Ta
AlSi7Mg0.6  Bal 012 - 6.6 0.001  0.003 0.63 0.002 0.041 - - - - -
IN718 0.58  Bal 544  0.032  0.007 0.022 — 0.92 188 3.09 517 0.035 <0.005

Fig.2 AlSi7Mg0.6 and IN718
powders characterization.
AlSi7Mg0.6 (top) and IN718
(bottom) powders micrographs
showing its (left) morphology and
(right) internal porosity pointed out
with red arrows

AISi7TMg0.6

EHT = 500KV
WD = 7.5 mm

IN718

samples. Additional geometrical data regarding the experi-
mental samples can be found in Appendix Table 10.

The target channel size for the designs was 2 mm. Data
from Table 2 aligns with the CAD-files of the samples. With
regard to Table 1, parameters L, b, m and 4} are according
to the CAD-files of the samples. Parameters a, d and 7.,
were measured by caliper on the manufactured samples.
Parameters c,,,, and 4,,, are based on #,,.,,,, @ and the CAD-
file. The solid material proportion (P;) is based on A4, and
Ap and values for the experimental samples can be found
in Appendix Table 10. Parameter P, refers to the relevant
cross-sectional area of the samples and its definition is given
in the following. The presented samples have two relevant
types of cross-sectional areas:

(1) Cross-sectional areas located at the nodes of the grid,
which are perpendicular to the tensile test direction.
These areas consist entirely of solid material (propor-
tion of solid material in cross-sectional area: 100%).

(2) Cross-sectional areas also perpendicular to the tensile
test direction but situated at locations other than the grid
nodes. The proportion of solid material in these areas is
detailed in Tables 1 and 2.

The parameter P, pertains to the second type of cross-sec-
tional area, as this type is considerably more important.

Most potential relevant cross-sectional areas in the grids
fall into this second category. This consideration assumes
that the thin walls orthogonal to the tensile testing direction
have a relatively low impact on the macroscopic mechanical
response of the structure in the tensile tests.

2.2 Metal powder

Two plasma atomized powders were employed: A1Si7Mg0.6
powder and IN718 powder with a particle size distribution
of 20-63 um and 15-45 pm, respectively. The chemical
composition of these powders was analyzed by Inductively
Coupled Plasma (ICP) spectroscopy and is given in Table 3.
Both powders showed very spherical morphology, with a
presence of a few satellites, low internal porosity, and a con-
tinuous flow (Fig. 2, top left and bottom left). The particle
size distribution showed a cumulative 50% in volume (D50)
of 49 pm and 34 um for AISi7Mg0.6 and IN718 powder,
respectively. Moreover, the internal porosity of the employed
powders was analyzed by preparing metallographic samples
and performing an optical analysis (Fig. 2, top right and
bottom right). The AISi7Mg0.6 and IN718 powders had an
internal porosity of 0.33+0.16% and 0.10+0.06%, respec-
tively, as measured by optical microscope (Olympus GX51)
and using analySIS docu image analysis software.
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Table 4 PBF-LB/M processing parameters used for A1Si7Mg0.6 and
IN718

Table 5 Heat treatments applied to samples manufactured from
AlSi7Mg0.6 and IN718

Material PBF-LB/M processing parameters Material Heat treatment Atmosphere

Layer thickness (um) Power (W)  Speed (mm/s) AlSi7Mg0.6 Ageing 160 °C, 6 h Air
AlSi7Mg0.6 30 150-325 500-1200 IN718 Solution annealing at 1037— Argon
IN718 60 150-200  700-1000 1065 °C+double ageing step

Fig. 3 Samples on their building platform after the fabrication via
PBF-LB/M in IN718 material

Fig. 4 Exemplary AlSi7Mg0.6 samples after removal from the build-
ing platform before and after chemical treatment

2.3 Sample manufacturing

Samples were built on a SLM Solutions machine model
SLM 280HL. It is equipped with a 400 W fiber laser (Yb
fiber, A: 1050 nm) which has a Gaussian shape and a spot
size in the range of 80—120 pum according to machine manu-
facturer and operates under a protective Argon atmosphere,
guaranteeing a maximum allowed oxygen content of 0.2%
during manufacturing. The processing parameters for each
material are summarized in Table 4. The parameters were
varied to achieve different wall thicknesses in the grid area.
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760 °C+650 °C

Samples were manufactured directly on a platform,
without using supports, with an additional extrusion of the
geometry of 1 mm at their base to allow for easy separation
of the samples from the platform using wire cutting. Dur-
ing the wire-cutting process the additional 1 mm of mate-
rial were removed. Figure 3 shows an exemplary building
platform with samples processed in IN718 material. This
manufacturing was carried out applying the above describe
processing parameters (see Table 4). A visual inspection was
performed after wire-cutting and prior to subject of samples
to a surface treatment (Fig. 4). No cracks were detected in
any sample.

2.4 Heat treatments

Both materials were subjected to specific heat treatments
to improve their mechanical properties. Samples were heat
treated attached to the baseplate to reduce the thermal stress
and prevent distortions during removal from the platform.
The applied heat treatments promote the precipitation of
hardening particles, namely y'-Ni;(Ti, Al) and y'-Ni;Nb
precipitates in IN718 material and Mg,Si precipitates in
AlSi7Mg0.6 material. The fine and uniform distribution of
these precipitates throughout the matrix allows an increase
in the hardness and ductility of the samples. Table 5 shows
the applied heat treatment conditions for each material. The
microstructures of PBF-LB/M parts differ from those of
conventionally produced parts. The heat treatments applied
in this work are tailored to the parts manufactured by PBF-
LB/M. The heat treatments, therefore, can differ from
commonly used heat treatments for these materials conven-
tionally processed. IN718 samples were subjected firstly to
a homogenization treatment to homogenize the microstruc-
ture and dissolve the y’ and y"” phases on the matrix and
then an ageing heat treatment was applied to promote the
precipitation of the same phases but with very small size
and uniformly distributed throughout the matrix based on
a previous study [54]. In the case of AISi7Mg0.6 only an
aging heat treatment was applied since previous works [55]
demonstrated the effectiveness of eliminating the previous
steps (solution treatment followed by quenching) related to
conventional heat treatments such as T6 [56].
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2.5 Surface treatments

As surface roughness was found to be a key parameter to
consider regarding the thermal and hydraulic characteristics
of additively manufactured metal heat exchangers [6], sur-
face treatments were considered in this work. Chemical pol-
ishing was identified as the best surface treatment to reduce
the roughness of internal channels in the grid structures. The
selection of the electrolytes and process parameters, mainly
electrolyte temperature and movement, polishing time and
surface pre-treatment, were selected considering CIDE-
TEC’s experience.

Figure 5 shows the surface treatment for AISi7Mg0.6
samples and IN718 samples. AISi7Mg0.6 samples were
surface-treated using an electrolyte based on 85% of
H;PO, at 80 °C for 20 min. After polishing, the samples
were rinsed with water. IN718 samples were surface treated
using an acid mixture based on HCI+HNO; at 4045 °C
for 15 min. Before chemical polishing, IN718 samples were
pretreated in order to remove the oxide layer produced on
the surface of these samples during the heat treatment. The
pre-treatment process consisted of immersing the samples
in an electrolyte solution containing NH,HF, and HNO; at
room temperature for 7 min, followed by neutralization in
40% NaOH at 45 °C for 3 min. After the chemical polish-
ing step, the same NH,HF,—~HNOj; electrolyte was used to
remove the oxides formed during the process; this rinsing
step lasted 1 min. The image of samples before and after the
surface treatment can be seen in Fig. 4. Both, AISi7Mg0.6
and IN718 samples were surface treated by immersing the
parts in the electrolytes.

2.6 Surface roughness analysis

Surface roughness was measured inside the channels using
a Taylor-Hobson Talysurf-Intra-50 mm profilometer after
AlSi7Mg0.6 and IN718 samples were tested. In the case of
AlSi7Mg0.6 samples the roughness was also measured on
the bulk material part of the specimens. The roughness was
calculated using the average Ra values. The morphological
characterization of the surfaces was carried out with a JEOL
JSM-5500LV Scanning Electron Microscope (SEM).

2.7 Density analysis and microstructure analysis

Density analysis of the samples was performed analogously
to the case of the metal powder. Again, metallographic sam-
ples were prepared and an optical analysis was performed
by optical microscope (Olympus GX51) and using Analy-
SIS docu image analysis software.

Furthermore, samples to be characterized in terms of
microstructure were sectioned, mounted in epoxy material,
ground, polished, etched and subsequently examined using
a Zeiss Ultra Plus Field Emission Scanning Electron Micro-
scope (FE-SEM).

2.8 Fracture surface analysis

Fracture surfaces of the tensile specimens were also ana-
lyzed using a Zeiss Ultra Plus FE-SEM.

2.9 Tensile testing

In this section, information about the preparation of samples
for the Digital Image Correlation (DIC), the experimental

IN718

Pretreatment

Chemical Polishing

Neutralizing
HN,HF, + HNO, i\ %

7 min. at room temperature

15 min. at 40-45 °C

Polished IN718 sample

NaOH
T 3 min. at 45 °C T

Acid mixture based on HCI+HNO, T.

Rinsing with H,0O

Rinsing with H,O

Rinsing with HN HF, + HNO,

AISi7TMgO0.6

Chemical Polishing

85 % H,PO,

B

20 min. at 80 °C T

Polished AlISi7Mg0.6 sample

Rinsing with H,O

Fig.5 Surface treatment sequence applied to reduce the surface roughness of IN718 and AlSi7Mg0.6 samples
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setup, conduct of tests and data evaluation methods are
presented.

2.9.1 Sample preparation

Manufactured samples were painted with a speckle pattern
in the areas of interest to enable the evaluation of DIC data,
which includes automatic recognition of points on the sam-
ple surface at all time steps.

2.9.2 Experimental setup

Figure 6 shows the experimental setup with which the ten-
sile tests with simultaneous recording of DIC data were con-
ducted. A Zwick tensile testing machine with a maximum
force of 100 kN was used. Pre-tensioned wedge-clamping
jaws were used during the experiments. The tensile testing
machine was controlled using a computer. This computer
recorded force data as well as the crosshead displacement.

The DIC system consisted of two cameras, a lighting sys-
tem and an additional computer. A 100 mm Aramis 4 m sys-
tem with a measuring volume of 65 x 48 mm? was used. The
calibration object that was used was CQ/CP20 55 x 44 mm?.
The computer connected to the DIC system recorded force
data directly from the tensile testing machine as well as the
footage recorded by the cameras.

2.9.3 Testing

The strain rate was chosen conservatively to ensure high-
quality results. The chosen strain rate for all samples was
7x107° s7! with respect to the measuring lengths m of the
samples (see Fig. 1 and Appendix Table 10) based on DIN
EN ISO 6892 [57]. The temperature in the laboratory was

Fig.6 Photographs of experimen-
tal setup for tensile testing with
additional Digital Image Correla-
tion system (DIC) with overall
setup (left), detailed photograph
of camera location (top right) and
detailed photograph of a sample in
the test setup (bottom right)
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in a range between 20 and 23 °C for all tensile tests. The
distance between clamps was adjusted for each sample
type according to its measuring length. Both cameras of the
DIC system recorded at 1 Hz. This sampling frequency was
selected based on the expected strain rates and deformation
speeds, aiming to capture the strain evolution accurately
while avoiding excessive data volume.

2.9.4 Data collection

Data was collected by combining information from the DIC
system and the tensile testing machine. Equivalent tensile
stresses were calculated by dividing the occurring absolute
force by the 4; of the respective sample.

2.9.5 Strain measurement

Strains were evaluated from the DIC footage. The software
GOM Correlate 2020 was used for this task. Figure 7 shows
so called “facet points” that were used to measure strains in
the DIC footage. The facet points were placed in the same
columns of nodes of the grid structure in one of the two cen-
ter columns of the grid. The lower facet points were located
in the last row of the grid. For some samples, the top facet
points were located in the second row of the grid to ensure
that the points were always within the field of view of the
DIC system. For some samples facet points were located
in transition areas (close to radii at interface between grid
and bulk material), as this was necessary to obtain meaning-
ful strain measurements depending on the break location.
Automatic recognition of the points was used to identify the
points in all time steps. In the next step automatic recogni-
tion was reviewed and corrected if necessary.
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Fig.7 Screenshots illustrating the evaluation of strain values for a rep-
resentative sample based on DIC data. The change in distance between
the highlighted points, labeled as ‘epsL’ in the software, corresponds
to the strain calculated relative to its load-free state at the beginning of
the measurement

2.9.6 Data post-processing

A smoothing of the stress—strain curve was conducted to
account for noise in force measurement and strain mea-
surements by DIC. From the stress—strain curve, only the
information up to the first local rupture was considered to
determine the equivalent mechanical properties of thin-
walled grid type structures. First, the curve was divided into
its linear part (elastic deformation) and, if present, into its
nonlinear part (plastic deformation). From the linear part
the Equivalent Young’s Modulus (EYM) was identified by
means of a linear regression based on the standard DIN EN
ISO 6892-1 [57]. In the case that no plastic deformation was
present, the maximum elastic stress and strain were also
designated as the ultimate ones. On the contrary, in case
the plastic deformation indeed was present, the equivalent
elastic limit was defined following the 0.2% offset yield
strength method. The maximum load reached after the plas-
tic deformation was used to define the Equivalent Ultimate
Tensile Strength (EUTS).

In addition, the uncertainties related to the load measure-
ments of the tensile testing machine and to the deformation
measurement of the DIC system, together with the uncer-
tainties related to the caliper used for measuring the thick-
ness of the walls and the width and depth of the samples,
were considered to evaluate the overall uncertainty §, given

by,

i=N 8¢ 2
2 _
7= (axé) (M)

Table 6 Literature values of Young’s moduli and ultimate tensile
strength of AISi7Mg0.6 and IN718 manufactured via PBF-LB/M for
bulk materials, and chosen parameters of the FEA non-linear material
models

AlSi7Mg0.6 IN718
Literature values
Young’s modulus [GPa] 63 [55] 191 [58]
Ultimate tensile strength [MPa] 444 [55] 1406 [58]
FEA Material Model
Young’s modulus [GPa] 63 191
Initial yield stress og [MPa] 282 1211
Steady-state flow stress os [MPa] 453.7 1431
Saturation coefficient m 48.24 64.83
Saturation exponent n 0.9849 0.9738

where ¢ is the measured magnitude depending on N magni-
tudes represented by x, each of those x; owning a particular
uncertainty interval d,,. From the above, the wall thickness
measurement was the most influential one as it directly
affects the proportion evaluation. However, it is not such
a relevant parameter for calculating the equivalent proper-
ties, although it would be relevant for determining the local
stress supported by the walls.

These uncertainties are reflected in the figures in the
results section. The horizontal error bars are related to the
uncertainty of the thickness measurement. The vertical error
bars, on the other hand, reflect the maximum positive and
negative deviation from the mean value shown by the three
samples of the same reference. These values in turn include
the overall uncertainty 4.

2.10 Reference models based on bulk materials

For comparison of results from experiments and Finite Ele-
ment Analysis (FEA) to information from literature, litera-
ture data on tensile tests using dog bone test samples was
used. For relevant data on material properties of A1Si7Mg0.6
and IN718 processed by PBF-LB/M data from [55] and [58]
were used, respectively (see Table 6). In both studies the
data is based on tensile tests with dog bone samples.

The Young’s modulus greatly depends on the cross-
sectional area and is often identified using dog bone test
samples that consist of bulk material. Solid material (with-
out voids) is assumed for the respective cross-sectional area
of interest. EYM is approximated by multiplication of the
Young’s modulus with the proportion of solid material in
majorities of cross-sectional areas (P,) of the respective
sample (see “Reference” in Fig. 17).

2.11 Finite element analysis

In this section, set-up of the FEA, evaluation methods of
equivalent stresses and equivalent strains in the FEAs and
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the meshing are presented. FEA was performed in COM-
SOL Multiphysics 5.2a [59].

2.11.1 Non-linear material models

In order to accurately simulate the mechanical behavior of
AlSi7Mg0.6 and IN718 under various conditions, non-linear
material models were developed for the FEA. The non-linear
material models were developed based on experimental data
on bulk material tensile test samples in the articles [55] and
[58] for AISi7Mg0.6 and IN718, respectively. Heat treat-
ments in these studies were sufficiently similar to those that
were used in the work at hand. The derived Young’s moduli
were used for simulation of the elastic deformation of the
materials. For simulation of plastic deformations, Hockett—
Sherby strain hardening [60] as implemented in COMSOL
Multiphysics 5.2a [61] was utilized. The governing equa-
tion for the stress o at a given effective plastic strain ¢ is

n

0=0¢+ (05— 0p)(1—e"™) 2)

with the initial yield stress o0g, the steady-state flow stress
05, the effective plastic strain ¢, the saturation coefficient
m, and the saturation exponent n. The respective material
parameters used for both material models can be found in
Table 6.

2.11.2 Boundary conditions and study type

Figure 8 shows an exemplary model of the FEA. Two
planes of symmetry (parallel to x—y-plane and parallel to
x—z-plane) were used for all models reducing the number
of finite elements, thereby decreasing computing costs. Fur-
thermore, mechanical boundary conditions were introduced
in the clamping areas of the samples. A domain of 15 mm
length was mechanically fixed at one end of the sample
and another domain of 15 mm length was subjected to a
prescribed displacement at the other end of the sample (see
Fig. 8). The prescribed displacement was defined as parallel
to the x-axis, such that the structure was put under tension.

stress evaluation

T >

prescribed

displacement S e

strain evaluation

fixed

z
Ao
Fig. 8 Screenshot of a representative finite element analysis model of
a sample showing areas of interest: the mechanically fixed volume,

the volume subjected to a prescribed displacement, the plane where
stresses are evaluated, and the two planes where strains are evaluated

X
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A series of stationary studies with prescribed displace-
ments was run for each sample to numerically investigate
the tensile tests. Besides using non-linear material models as
presented previously, geometric non-linearity was consid-
ered in the simulations. No failure model was implemented.

2.11.3 Evaluation of equivalent stresses and equivalent
strains

Due to Newton’s first law of motion (equivalent) stresses of
cross sections along the x-axis could be expected to be equal
for the model. As stress peaks in the thin-walled structure
were expected to be unfavorable in terms of numerical inac-
curacies in evaluation of the equivalent stresses, the equiva-
lent stress was measured in one cross-sectional boundary
between the fixed domain and the thin-walled structure as
shown in Fig. 8. The average von Mises stress was evalu-
ated for all FEA sample types at this boundary.

The strains were measured based on the average dis-
placements in x-direction of two boundaries for each sam-
ple type according to Eq. (3). The respective boundaries are
highlighted in Fig. 8.

The average strains ¢,, were calculated based on the ini-
tial average x-coordinates &1 init,qv, T2,init,av Of boundar-
ies 1 and 2, respectively. Furthermore, the average strains
€40 Were calculated based on the stationary results for the
average x-coordinates 1, fin,qv and 1, fin,qv of boundaries
1 and 2, respectively, according to

A:[72,111) - A-Tl,av

Eav =
Aminit,av

3
(x2,fin,av - mlinit,av) - (-Tl,fin,av - xl,init,av) ( )

(I'Q,init,av - wl,init,av)

2.11.4 Evaluation of EYM, EYS and EUTS from FEA

EYM of the FEA was evaluated using the same criterions
as were described in the previous section on experimental
tensile testing. The evaluation of the EYS was conducted by
determining the moment at which the von Mises stress first
exceeded the yield strength of the material within one of
the critical cross sections of the specimen. Analogously, the
EUTS was evaluated by identifying the instant at which the
von Mises stress exceeded the value of the Ultimate Tensile
Strength (UTS) of the material for the first time in one of the
critical cross-sections of the sample.

2.11.5 Discretization of geometry
The meshes of all numerically investigated sample types

were set up similarly to ensure comparability. For all sample
types, the grid was discretized using brick elements, which
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are three-dimensional hexahedral finite elements. The size
of the brick elements was chosen to be approximately half
of the wall thickness of the corresponding samples, ensur-
ing adequate resolution of results. Therefore, the thin walls
were discretized by two layers of finite elements. Outside
the grid area, a transition from brick to tetrahedral elements
was applied, enabling an automatic meshing algorithm for
the remaining areas. In these areas, larger elements were
used because high deformations and stresses were not
anticipated, allowing these larger elements to still yield
high-quality results. Each element’s displacement field was
modeled using quadratic serendipity to maintain high-qual-
ity outcomes.

A mesh convergence analysis was conducted to ensure
that discretization by two layers of finite elements gives
results of high quality. Representative samples with a wall
thickness of 0.3 mm were chosen for this part of the study.
Three FEAs were set up and evaluated. Within the three FEA
models, thin walls were discretized by one, two, and three
finite-element layers, respectively. Equivalent stress—strain
curves were derived from the data. Curves for two and three
finite element layers demonstrated good agreement, while
the curve for one finite element layer did not accurately
represent the high strain region. Root Mean Squared Errors
(RMSE) for the models with one and two finite element lay-
ers were calculated. The stress—strain curve of the model
with three finite element layers was considered a reference.
High strains, for which the model with one finite element
layer performed poorly, were excluded. The model with
two finite element layers had a RMSE of 0.080 MPa, while
the model with one finite element layer had a RMSE of
0.246 MPa with the maximum occurring equivalent stresses
in all three models being close to 60 MPa. It is noted that
the model with two finite element layers had a better RMSE
value even though high strains, in which the model with one
finite element layer gave poor results, were excluded from
RMSE evaluation. Consequently, it was concluded that
using two element layers for discretization along the thick-
ness of the thin walls provides accurate results also for the
other sample types investigated in this work.

3 Results and discussions

This section presents and discusses the results of density
analysis, microstructure analysis, surface roughness analy-
sis, FEA and tensile testing experiments.

3.1 Density analysis and microstructure analysis

The relative density varied from 97.75 to 99.38% for
AlSi7Mg0.6 and from 99.73 to 99.97% for IN718. These

density variations are due to the different process param-
eters applied during additive manufacturing. The processing
parameters were varied and optimized to achieve different
wall thicknesses. As an example, the optical micrographs
of grid-like structures are shown for both materials (Fig. 9).
Samples made of AlSi7Mg0.6 material showed more and
larger pores than those of IN718 regardless of their process-
ing parameters due to the material properties. Al1Si7Mg0.6
grid-like structure showed pores on the thin wall areas and
on the intersection areas. The melt pools and heat manage-
ment are different on those areas and, consequently, the
observed pores differ in their size and origin. Pores at inter-
section areas are larger than those of thin walls and they are
called open pores. Some studies [29, 62] conclude that these
pores on grid-like structures are formed since the molten
liquid cannot fill the voids between powders while the small
pores, namely, the metallurgical pores arose from the gas
entrapped in the molten pool. On AlSi7Mg0.6 sample the
open pores have a size from 40 to 60 pm, while the pores of
thin walls vary from less than 2-30 um. In the case of IN718
sample, there is no open pores and the metallurgical pores
varies from less than 1-20 um.

A heat-treated AISi7Mg0.6 tensile sample was ana-
lyzed by FE-SEM microscope on the XY plane to study its
microstructure. The micrographs show a cellular-dendritic
solidification structure with a-Al matrix (grey) and eutec-
tic Si-rich phase (white) located mainly along cells but also
inside these cells (Fig. 10). The Si-rich particles detected
inside cells present sizes around 30-230 nm. (Fig. 10c,
d). Some pores are detected (Fig. 10a) since the process-
ing parameters were optimized for achieving lower wall
thicknesses and not for achieving the highest densities. The
Mg,Si precipitated during ageing were not detected by FE-
SEM due to their low size. TEM analysis will be required to
detect them. These observations are in line with the findings
of other authors [55, 63].

The microstructure of a heat-treated IN718 tensile sam-
ple without surface treatment was studied on XY plane
by FE-SEM. The microstructure showed an FCC y-nickel
matrix with columnar grains (Fig. 11a, b). 8- phases with
a rod-short shape together with metal carbide precipitates
(metal probably Ti or Nb) were detected located mainly on
the grain boundaries and some of them also inside grains
(Fig. 10c—f). These phases, which are detrimental for the
mechanical properties, are also observed in other IN718
samples processed by PBF-LB/M after homogenization,
solution and double ageing heat treatments [64] and after
solution heat treatment at 980 °C followed by double ageing
steps at 720 and 650 °C [65]. Laves phases are not identified
after performing compositional analysis of the precipitates
since there was a lack of Mo on them.
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Fig.9 Optical micrographs
showing pore size and location
of AISi7Mg0.6 (left) and IN718
(right) grid-like structures

A7 nST sample; density: 98.42 %; Average wall thickness:

0.353 mm

Fig. 10 Microstructure of
AlSi7Mg0.6 tensile sample after
direct ageing heat treatment

i -
Si-rich particles S~ ti

Wtk o Witk o %
- Py

EMT=10.00 kV
WD= 8.5mm

Signal A= SE2
Mag= 7500KX

0.171 mm

EMT= 1000 kV

Signal A= SE2
Mag= 50.00K X

WD= 8.5mm

EMT=1500kV  Signal A= SE2

WD = 9.4mm Mag= 7500K X

3.2 Surface roughness analysis

Surface roughness was measured inside channels for sur-
face-treated samples and, additionally, for some non-sur-
face-treated samples after tensile testing. Table 7 details the
Ra values before and after surface treatment for A1Si7Mg0.6
and IN718 samples. The chemical treatment reduced the
roughness of all types of the measured samples. Compar-
ing AlSi7Mg0.6 samples, A7 samples showed the smallest
reduction of the Ra of 5.32% while A4 showed the greatest
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reduction of the Ra of 27.88%. In the case of IN718 sam-
ples, 16 samples showed the smallest reduction of the Ra of
20.88% while I8 samples showed the greatest reduction of
the Ra of 41.08%.

The SEM analysis of the surface morphology before and
after surface treatment revealed that the chemical treatment
was able to successfully remove all the partially melted
metallic particles as can be seen in Fig. 12. Reduction of
the Ra value in combination with the removal of the par-
tially melted particles is important for the application of
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Fig. 11 Microstructure of heat-
treated IN718 tensile sample
showing precipitates. Energy Dis-
persive X-Ray Spectroscopy (EDS)
spectrum analysis diagram of the
precipitates is shown

EMT=1500kV  Signal A= SE2
wo= 9.1 mm Mag= 200KX

EMT=1000kV  SignalA=AsB
WwD= 8.9 mm Mag= 10.00K X

EHT=1000kV  Signal A= AsB
Wo= 89 mm Mag= 30.00KX

EHT=1000KV  Signal A= AsB
Wo= 89mm Mag= 500K X

N

EHT=1500kV  Signal A= SE2
WD= 9.1mm Mag= 2000KX

Table 7 Surface roughness (Ra) of non-surface-treated and surface-

treated AISi7Mg0.6 and IN718 samples

Roughness, Ra (um)

Non-surface-treated

Surface-treated

AlSi7Mg0.6 samples

Al 8.53+1.54
A2 11.98+2.87
A3 -

A4 8.86+1.10
A5 -

A6 -

A7 8.46+1.19
A8 -

IN718 samples

1 10.31+1.01
12 -

13 -

14 9.27+0.89
15 -

16 8.19+0.55
17 -

18 10.32+1.87

6.92+0.41
9.14+0.36
10.79+3.12
6.39+0.77
11.76+2.45
9.84+1.79
8.01+1.14
10.23+1.13

7.04+1.03
9.14+0.79
6.83+0.33
7.02+1.59
7.93+0.91
6.48+1.41
7.23+1.16
6.08+0.74

thin-walled structures in heat exchangers to achieve small
pressure losses. This is connected to the fact that one impor-
tant design constraint of heat exchangers in aviation appli-
cations is a low drag especially on the air side.

3.3 Finite element analysis

FEA showed that highest stresses occurred in the grid
structure for all sample types, whereas rather low stresses
occurred at the clamping areas, as anticipated. Therefore,
the simulations suggest rupture of the samples in the grid
structure.

Relationships between equivalent stress and strain for the
six different simulated grid structures could be derived from
the FEA. Furthermore, for all samples an EYM, EYS and
an EUTS could be deduced from the simulation results. The
results of the numerical analysis are presented alongside the
results of the experimental analysis in the following sub-
section. A limitation of the FEA is that perfect geometric
accuracy based on the CAD-files is considered, while the
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Fig. 12 Surface micrographs obtained by SEM in internal channels of
AlSi7Mg0.6 and IN718 samples before and after the surface treatment

additively manufactured samples have geometric irregulari-
ties such as a certain variation in the actual wall thicknesses
in each sample. Furthermore, the used material models are
based on bulk material experiments. As a result, the effect of
internal defects, surface roughness, and the microstructure,
which is considered indirectly by the material model, could
be over- or underestimated in the FEA. This is because the
effects of these aspects may differ in thin-walled structures
compared to bulk materials. Another natural limitation of
the FEA is given by the mesh refinement and the result-
ing accuracy of the computed solution. However, the mesh
convergence analysis showed that mesh convergence was
achieved meaning that the errors induced by this aspect
could be reduced sufficiently.

3.4 Tensile testing

In this section, results of experimental tensile tests are pre-
sented and compared to results from simulations based on
properties reported in the literature. First, the influence of
wall thickness on the morphology of stress—strain curves
and the failure mode are discussed. Finally, the results
regarding EYM, EYS and EUTS of the different samples
are presented. During the evaluation phase, a representative
subset of 60 experimental samples were considered. A total
of 12 samples were not included in the final evaluation for
the following reasons: Five samples were damaged during
machining. One sample was tested at an incorrect traverse
speed. Five evaluation files were corrupted and could not be
recovered. One sample’s file was considered an outlier and
was removed from the data.

3.4.1 Morphology of stress—strain curves and failure mode

It is important to show the differences in the tensile behav-
ior exhibited by samples of different thicknesses. As an
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example, Fig. 13 shows three characteristic stress—strain
curves measured on AlSi7Mg0.6 samples whose wall thick-
nesses (¢) and proportions (P,) are in the low, medium, and
high range of the wall thicknesses analyzed in this study.

The criterion established to determine the mechanical
properties was to consider the stress—strain data up to the
first breakage. Thus, in Fig. 13a—c, the thicker gray curve
represents the entire test history up to the total failure of
the sample, whereas the thin black line represents the curve
measured up to the first breakage, that was used for the data
evaluation that is presented in the upcoming sub-sections. As
can be seen in Fig. 13a, the thinner specimens showed poor
mechanical behavior, with only elastic deformation before
the first local rupture of one of the vertical walls which was
manifested by a sudden drop in the force signal. Continuing
the test, the value of the force increased again until another
sharp drop was measured, indicating another local break-
age of some other vertical wall. The process continued even
exceeding the maximum stress acquired at the initial break-
age. Similarly, the regions of load restitution became less
pronounced, indicating that the structural deformation was
no longer due to elongation of the vertical walls but rather
the bending deformation of the horizontal walls, which
continued to hold the already damaged parts together (see
sequence shown in Fig. 13a). The breakage pattern was ran-
dom between specimens of the same thickness and may be
caused by an arbitrary distribution of defects. It is noted that
defects are a common problem in PBF-LB/M including the
processing of A1Si7Mg0.6 [25] and IN718 [26]. Due to the
low thickness of the walls, the relative influence of defects
that produce a reduction of the effective cross-sectional area
is larger as the thickness is reduced. This, combined with
the associated stress concentration, leads to rupture before
a noticeable plastic deformation of the structure becomes
apparent. As the thickness increased, this arbitrary fracture
pattern was reduced achieving expected stress—strain curves
with elastic and plastic regions as can be seen in Fig. 13b,
c. In these cases, defects did not appear to have such a deci-
sive effect in terms of causing the initiation of breakage in
several arbitrarily distributed regions. However, they were
certainly contributing to the reduction of the load-bearing
section and increasing stress concentration, causing the
structure to show evident plastic deformations, even before
reaching the expected elastic limit that the numerical results
suggested shown by a vertical dashed line in Fig. 13.

The surface of tensile fracture of a A7 ST AISi7Mg0.6
(¢=0.225; P,=0.1035) sample, which is in the upper range
of the thickness, was analyzed by FE-SEM to correlate the
failure mode with presented defects on the microstructure.
The structural deformation on this specimen was due to the
bending deformation of the horizontal walls (Fig. 14a). The
first grid broken (Fig. 14a, blue square) was analyzed but
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Fig. 13 Tensile stress—strain curves
of AISi7Mg0.6 samples with dif-
ferent wall thicknesses (¢) and solid
material proportions (P,). Black
lines indicate data up to the first
local rupture; gray lines show full
test duration. Panels correspond

to: ar=0.089 mm, P,=0.0468

(low thickness); br=0.136 mm,
P,=0.0625 (medium thickness);
and ¢7=0.225 mm, P;=0.1034 -
(high thickness). Selected Digital strain, & (%
Image Correlation (DIC) frames -
visualize deformation stages

maximum stress before first rupture

(MPa)

b)

@ Frame 2

1 2
strain, £ (%)

o (MPa

c)

stress,

0 1

strain, = (%)

the crack initiation cannot be detected since the fracture
surface was very complex. This surface combined areas
with a brittle and ductile fracture (Fig. 14b). Some specific
cracking propagation paths were observed which are per-
pendicular to the applied load (Fig. 14c). The metallurgical
pores were also detected on the fracture surface (Fig. 14c),
but they were not responsible for the crack beginning and
propagation. Microvoids are observed on the ductile frac-
ture surface (Fig. 14d). A dimple-like feature was observed
which could correspond to a debonding of a Si-rich cell or
Si precipitates (Fig. 14e) since the size of the dimple did
not correspond with the Si-rich particles located inside cells
(Fig. 10c, d). This is coherent with some authors [66] who
detected Si precipitates on AISil0Mg fracture surface cavi-
ties, of a sample processed by PBF-LB/M, which were a
preferred path for crack propagation. Other authors [67],
who analyzed the fracture surface of a PBF-LB/M processed
AlSi10Mg alloy, conclude that the plastic deformation led
to a debonding of Si-rich cell interface of the a-Al matrix
provoking dimples on the fracture surface. Micrographs at
higher magnifications show pores and microvoids typical of
a ductile fracture surface.

Figure 15 shows representative stress—strain curves
of IN718 samples, generated analogously to those of the

Frame 3: failure

4 Frame 1: 6= 1.67 %

AlSi7Mg0.6 specimens. Again, the stress—strain curve
together with the test sequence is shown for the lower, mid-
dle and upper range wall thickness values.

As with AISi7Mg0.6 samples, similar fracture modes
were identified as the thickness increased. The thinnest
specimens showed random failure initiation with consecu-
tive ruptures of the vertical walls (vertical stress drops),
followed by the progressive restitution of the load value
indicating the bending deformation of the horizontal walls.
Once again, no clear breakage pattern was observed in the
specimens with lower wall thickness. Conversely, as the
thickness increased, the rupture pattern became more local-
ized, with rupture manifesting itself in vertical walls located
at the same height, or at several neighboring heights. Finally,
the thicker samples showed a remarkable plastic deforma-
tion up to the almost simultaneous rupture of all the walls
in both materials.

Further on in the analysis, the fracture mode is related to
the proportion showing that each material presents a differ-
ent threshold which must be exceeded to guarantee a plas-
tic deformation before rupture occurs. The applied surface
treatment did not have any additional noticeable effect on
the fracture mode apart from its direct influence on wall
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Fig. 14 Fracture surface analysis
of an A1Si7Mg0.6 tensile specimen
with wall thickness =0.225 mm
and solid material proportion
P,=0.1035 after tensile failure. a
Image of highlighting the grid of
the fracture initiation (red arrow)
and the area of the bending defor-
mation of the horizontal wall. The
blue square highlights the fracture
surface analyzed by a Field Emis-
sion Scanning Electron Microscope
(FE-SEM). b Micrographs showing
an area with a ductile and brittle
fracture surfaces; ¢ crack propaga-
tion paths and pores; d magnifica-
tion of the site 1, of micrographs
from c), showing microvoids; e
magnification of site 2, of micro-
graphs from c), showing dimple-
like feature. Micrographs at higher
magnification showing pores in f
and microvoids in g on a ductile
surface fracture area
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thicknesses and P, values, which directly affect the macro-
scopic mechanical responses of the structures.

The surface of tensile fracture of a 16 nST IN718 sam-
ple (#=0.170; P,=0.0869), which is in the upper range of
the thickness for this material (Fig. 15c), was analyzed by
FE-SEM microscopy. All the walls were broken almost
simultaneously. The first grid of the horizontal wall was
analyzed (Fig. 15c, red arrow). An irregular fracture surface
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with different height levels was observed through the grid
(Fig. 16a, b). Powder particles attached to the surface of
the vertical wall of the grid were observed as this sample
was not surface treated. Fracture surface combined ductile
and brittle fracture areas. Ductile fracture surfaces showed
microvoids and dimples while brittle fracture surfaces pre-
sented a smooth zone (Fig. 16¢). This behavior is coher-
ent with the findings of other authors who characterized



Progress in Additive Manufacturing

Fig. 15 Tensile stress—strain curves

of IN718 samples with differ-

ent wall thicknesses (t) and solid
material proportions (P,). Black

lines indicate data up to the first

local rupture; gray lines show full a)
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IN625 alloy processed by PBF-LB/M [68]. Some areas
showed dimples-like features (Fig. 16g), which probably
are provoked by &-phase and/or metal carbides (Fig. 16g),
previously detected on grain boundaries, debonded due to
the plastic deformation. The crack initiation could not be
detected due to the complex fracture behavior of a grid-like
structure even if various crack propagation paths are clearly
visible (Fig. 16d, e). The majority of the crack growth direc-
tions were perpendicular to the load direction (Fig. 16e) but
some of them are parallel to it Fig. 16d (left). Figure 16f, g,
h show the dimples and microvoids typical of a ductile frac-
ture surface. The dimple seems to be a preferred path for the
crack propagation (Fig. 16d, right). Microstructural defects
like pores do not seem to be responsible for the crack initia-
tion. The crack initiation seems to be related to different wall
thicknesses, P, values, and the associated subjected stress.

3.4.2 Equivalent Young’s modulus

Figure 17 shows the final evaluation regarding EYM of
AlSi7Mg0.6 and IN718 samples. Dashed black lines rep-
resent the approximated EYM values that were expected
for the grid structures by applying the proportion of areas
between the region of the grid and the solid region based
on literature EYM values for bulk materials. In addition, a

" g & RO =ty & -
4 Frame 1: £=1.98 % Frame 2: £=2.28 % Frame 3: failure

more precise approach is represented by solid black lines
(simulation reference) corresponding to the numerical EYM
results obtained by means of FEA, which consider the stiff-
ening effect of the transverse walls.

In general, samples showed an elastic modulus close
to that predicted by the simulations for both, non-surface-
treated and surface-treated samples. With regard to this
aspect, the mean values of the different AISi7Mg0.6 sample
types showed a higher scatter than in the case of the IN718
samples. The thinnest samples, and especially AISi7Mg0.6
samples, showed a noticeably lower EYM value, which may
be associated with the larger relative influence of the defects
as thickness decreases. However, IN718 samples with the
same proportion showed EYM values close to those of the
bulk material, which may indicate less defects present in the
latter material. The applied surface treatment did not have
any additional noticeable effect on the EYM apart from its
direct influence on wall thickness and P, which directly
affect the macroscopic mechanical response of the structure.

The results of the present study confirm that overall, the
values of the elastic moduli of bulk AlSi7Mg0.6 and IN718
reported in the literature are appropriate to approximate the
elastic moduli of non-surface-treated and surface-treated
AlSi7Mg0.6 and IN718 heat exchanger cores, respectively.
Furthermore, approximation of the EYM for the thin-walled
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Fig. 16 Fracture surface analysis of an
IN718 tensile specimen with wall thick-
ness £=0.170 mm and solid material pro-
portion P,=0.0869 after tensile failure.

a and b Fracture surface micrographs at
low magnification showing an irregular
surface; ¢ Fracture surface, in a different
location of the sample, showing ductile
and brittle fracture surfaces areas. The
right micrograph is a magnification of
the left one; d Micrographs of the frac-
ture surfaces showing a crack propaga-
tion path (left) as well as microvoids and
dimples at high magnifications (right); e
Micrograph showing crack propagation
paths perpendicular to the load direc-
tion; f, g and h Micrographs showing
microvoids at high magnification in
ductile fracture surfaces; specifically g
highlights a dimple-like feature
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structures by combination of bulk material values and the
proportion of the thin-walled structure is reliable for the
analyzed range. However, simulations should be consid-
ered in case wall thicknesses or proportions are used in heat
exchanger design that exceed the values investigated in this
study.

3.4.3 Equivalent yield strength

After analyzing the EYM, it is convenient to complement the
information in Fig. 17 by showing the deformation capacity
of'the structures. For this purpose, the equivalent yield stress
and equivalent yield strain achieved in the experiments are
compared to the corresponding values obtained from the
simulations. Simulated values are referred to as ‘Reference’
hereafter. The results are expressed as percentages relative
to these reference values. The values are depicted over the
proportion in Figs. 18 and 19 for AlSi7Mg0.6 and IN718
samples, respectively. Before continuing, it is important to
emphasize that only the results of the samples that did show

Proportion (-)

minimal plastic deformation before breaking have been
plotted. Some of the thinner specimens broke within the
elastic range, e.g., the samples shown in Figs. 13a and 15a,
but the maximum stress at break cannot be considered as
the yield stress, hence they have been omitted. Specifically,
this happened in four references in the case of AISi7Mg0.6
and in three in the case of IN718, as will be discussed more
extensively later on.

As can be seen in Figs. 18 and 19, the ability to deform
elastically differed significantly from expectations. In the
case of AlSi7Mg0.6 alloy the ability to deform elastically
was slightly greater as the thickness increased, but a per-
centage of about 60% of the expected deformation capacity
was achieved in the best scenario (Fig. 18d). In IN718 sam-
ples (Fig. 19d), similar or slightly lower percentage values
were achieved than in AISi7Mg0.6. In both materials, larger
dispersion was also noticed in the lowest proportion range.
This is especially noticeable in the case of IN718 for which,
unlike AISi7Mg0.6, thinner samples also became plastically
deformed. Furthermore, the surface treatment did not have
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Fig. 19 Equivalent yield stress (a)
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any additional noticeable effect on the capacity to deform
elastically apart from its direct influence on wall thickness
and P, which in turn have an influence on the EYS. Finally,
the greater repeatability of the results for the AlSi7Mg0.6
specimens is worth mentioning, showing a smaller disper-
sion (vertical error bars) than that shown by the results for
the IN718 samples.

Plastic deformation occurred before reaching the equiva-
lent elastic limit found in simulations. This was previously
shown when discussing the failure mode in Figs. 13 and 15,
and is also represented in Figs. 18 and 19. Moreover, some
of the thinnest samples broke even before showing any
macroscopic plastic deformation. A complementary indica-
tor to discern between samples that showed macroscopic
plastic deformation before breakage and those that rup-
tured without doing so, is presented next. In Fig. 20, the
ratio between the strain at failure and yield strain is repre-
sented as a function of the proportion. Values close to one
indicate no macroscopic plastic deformation before rupture,
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while increasing values indicate greater macroscopic plastic
deformation before breakage.

As concluded from Fig. 20, the thinnest samples were
more likely to break before undergoing plastic deformation
due to the larger relative influence of defects. It can be seen
that from proportion values around 0.06 onwards, IN718
always shows a minimum capacity to deform plastically,
whereas in the case of AlSi7Mg0.6 the tendency is not so
evident, requiring values above 0.09 for guarantying plastic
deformation prior to failure.

These results, together with the EYM values, completely
describe the elastic behavior of the samples. Next, the EUTS
is discussed.

3.4.4 Equivalent ultimate tensile strength

To conclude characterizing the equivalent mechanical
properties of thin-walled lattice structures, Figs. 21 and 22
show the EUTS of AISi7Mg0.6 and IN718 samples, respec-
tively. Specifically, the EUTS and strain at failure, and the
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Fig. 21 Equivalent ultimate
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percentage they represent relative to the simulation values,
are depicted.

As it is shown, samples showed lower EUTS values
than the expected ones, especially for AlSi7Mg0.6, which
showed lower percentage values with respect to the simu-
lation reference than IN718. In the case of AlSi7Mg0.6,
only for proportions above 0.09 did all investigated sample
types consistently exceed 50% of the reference EUTS value
(Fig. 21b). In contrast, for IN718, this occurred at propor-
tion values above 0.06 (Fig. 22b). Above this proportion
threshold, the IN718 exhibited higher EUTS, four specimen
types reaching values between 80 and 90% of the reference
value (Fig. 22b). In the case of AISi7Mg0.6, however, only
one specimen type reached above 80% of the simulation
reference (Fig. 21b). Although stress levels near the refer-
ence were achieved in the best cases (Figs. 21b and 22b), the
deformation capacity was significantly lower than predicted
by simulations (Figs. 21d and 22d).

Proportion (-)

In the lower proportion range, rupture occurred with-
out appreciable plastic deformation, as it is also shown in
Fig. 20. Likewise, in the case of A1Si7Mg0.6, only the thick-
est specimen type exceeded 50% of the expected deforma-
tion capacity, but remained below 60% (Fig. 21d). In the
case of IN718, larger deformation capacities were observed,
reaching 90% and 106% for the two specimens with highest
P values (Fig. 22d). Once again, no remarkable differences
in EUTS values were observed between the non-surface-
treated and surface-treated specimens.

3.5 Development of homogenized material models

Finally, homogenized material models are developed to pre-
dict the tensile mechanical response of the grid structures
manufactured in AISi7Mg0.6 and IN718. One possible
approach was to develop models analogous to the stud-
ies on conventionally manufactured PFHE based on the
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homogenization method as presented in the introduction
of this article. However, the development of such models
requires extensive efforts beyond the scope of the present
study. Another approach for modelling geometrically com-
plex structures is given by the Gibson—Ashby model [69],
which is the predominant model used to predict the proper-
ties of cellular structures, including lattices [70]. Therefore,
in this section, first the applicability of the Gibson—Ashby
model is examined to assess its ability to capture the effec-
tive mechanical properties of the structures under investiga-
tion. While the derived models prove suitable for estimating
the EYM and EYS based on relative density or wall thick-
ness ratios, they fall short in reproducing the strain-hard-
ening behavior and ultimate failure in the plastic regime.
To address these limitations, a novel homogenized mate-
rial model based on the Hockett—Sherby law is proposed,
in which the constitutive parameters are systematically
defined as functions of the geometric wall thickness ratio.
This approach enables an accurate and continuous represen-
tation of the stress—strain response across the full deforma-
tion range, including plastic flow and failure.

3.5.1 Gibson-Ashby model

The Gibson—Ashby model is a well-established model origi-
nally developed to describe the effective mechanical proper-
ties of cellular solids and foams as a function of their relative
density. The Gibson—Ashby model is especially useful in
the early stages of design of lattice structures manufactured
via PBF-LB/M [70]. It is widely used to predict the homog-
enized elastic modulus, yield strength, and sometimes the
collapse stress of structures exhibiting regular or stochastic
porosity. The model assumes that each strut of the lattice is
slender beam [71]. However, the model was also success-
fully used in the past for modelling of TPMS lattice struc-
tures that are not strut-based [70]. The model assumes that
the mechanical response of the cellular solid can be cap-
tured through power-law relationships with respect to the
relative density, with exponents that depend on whether the
structure is bending- or stretching-dominated [71].

The model is classically derived for periodic archi-
tectures in three dimensions, such as open- or closed-cell
foams, where the load-bearing elements are arranged in
repeating units along all three spatial directions. Its formu-
lation relies on the assumption of uniform load distribution
across the periodic cells, and it may lose accuracy when the
geometry or the dominant deformation mechanisms devi-
ate from this periodic idealization. The lattice structures
investigated in the present work exhibit periodicity in only
two directions (corresponding to the in-plane arrangement
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of vertical and horizontal walls) while the third direction
remains unstructured, allowing through-thickness transpar-
ency and airflow. This 2D or quasi-2.5D periodicity deviates
from the assumptions of full 3D periodicity inherent in the
Gibson—Ashby model, and may result in different load dis-
tribution mechanisms, particularly under uniaxial tension.

In order to apply the Gibson—Ashby formulation to the
tested thin-walled structures, we introduce a geometric
parameter that is more directly correlated with the struc-
tural stiffness and strength: the cross-sectional areas ratio or
proportion (P,). While the original model uses relative den-
sity as the independent variable, in this particular architec-
ture the relative density scales linearly with wall thickness
due to the constant number and spacing of the walls. As a
result, the wall thickness ratio serves as a physically equiva-
lent and more convenient parameter that directly controls
the mechanical response. This substitution preserves the
conceptual framework of the Gibson—Ashby model while
enabling its application to structures where porosity is intro-
duced through variations in wall thickness rather than cell
size or spacing.

Despite the geometric limitations, we apply the Gibson—
Ashby relations using this wall thickness-based formulation
to determine the EYM and EYS, fitting them to power-law
expressions. Experimental results are used to identify the
corresponding exponents, allowing us to assess the validity
and accuracy of the model in describing our anisotropic and
partially periodic lattice geometry.

The Gibson—Ashby model, establishes power-law rela-
tionships between the effective properties of the porous
structure and those of the fully dense base material. In its
classical form, the model predicts the EYM, E, of the lat-
tice structure as functions of the proportion:

Eeoq = CeBpu Py “4)

After fitting the model to the experimental EYM values, the
coefficient was found to be C=1, the exponent n=1 reflect-
ing the already observed linear relationship in Fig. 17. This
outcome highlights the convenience of expressing the scal-
ing law in terms of the cross-sectional area ratio or propor-
tion P, since using relative density as the scaling parameter
would lead to a value of Cp#1, thereby reducing the sim-
plicity and direct applicability of the formulation.
Similarly, the equivalent yield strength o, ., of the lattice

v.eq
structure as functions of proportion is given by

Oy,eq = Cooypuc ;" (5)
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For the yield stress model, the fitting procedure resulted in
a coefficient C,=0.59 for AlSi7Mg0.6 and C,=0.52 for the
IN718. The exponent for both materials was m=1, as was
the exponent #, so the yield strain predicted by the Gibson—
Ashby model is constant, the equivalent yield strain being
defined as

S (6)

In Fig. 23 the fitting of the Gibson—Ashby model to the
experimental data is depicted. The figure also delimits the
brittle and ductile failure regions, the latter being the region
where it could only be applied according to the results
obtained in the present work.

The Gibson—Ashby model proved useful for predicting
two key parameters that characterize the elastic behavior of
the tested samples: the EYM and the yield strength. Both
properties exhibited a linear relationship (n=m=1) with
respect to the proportion P, and the coefficient C, was
determined for each material.

However, this applies only to the elastic range and is not
valid for describing the plastic behavior, such as the ulti-
mate tensile strength and material hardening. For this rea-
son, in this work, a modified version of the Hockett—Sherby
constitutive material model previously used is proposed,
in which the coefficients are expressed as a function of the
proportion.

3.5.2 Modified Hockett-Sherby model

To accurately capture the plastic region of the stress—
strain curves of the thin-walled structures considered in
this study, the Hockett—Sherby model already presented in
Eq. (2) is proposed with a modified formulation in which its

Fig. 23 Equivalent yield stress and

coefficients are expressed as functions of the cross-sectional
area proportion, P,. The modified Hockett—Sherby model is
therefore defined as follows:
0= 00 (P.) + (04 () — 09 (P)) (1= ™™ (7
Among the four coefficients, the initial yield stress og is
already defined by the Gibson—Ashby model discussed
in the previous section; therefore, only three coefficients
needed to be identified. The three parameters were identi-
fied by minimizing the error between the experimental and
predicted stress—strain curves by the Nelder—Mead simplex
algorithm implemented in Matlab [72]. The fitting pro-
cedure was conducted in two distinct phases. In the first
phase, the error between the experimental and predicted
stress—strain curves was minimized simultaneously across
all specimens with the same proportion Py, in order to obtain
averaged parameter values representative of their collective
mechanical response. Following this, the dependence of the
fitted parameters on the proportion was examined. A clear
linear trend was observed for all three parameters, motivat-
ing a second phase of minimization. In this second phase,
the error was minimized across all specimens that exhibited
measurable plastic deformation, while enforcing a linear
dependence of the three parameters on the proportion. This
allowed for the direct identification of parametric equations
valid within the studied range of proportions.

The resulting expressions for the four parameters of the
modified Hockett—Sherby model are summarized in Table 8.

Another characteristic observed in the tensile behavior
of the tested thin-walled specimens was their limited ductil-
ity prior to failure, which was significantly lower than that
predicted by the FEM models. To incorporate this observa-
tion into the model, a linear function was fitted to the strain
at failure values plotted as a function of the proportion, as
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Table 8 Modified Hockett—Sherby parameters identified for

AlSi7Mg0.6 and IN718 manufactured via PBF-LB/M

AlSi7Mg0.6 IN718
Initial yield stress oo 0.59P; 0.52P;
[MPa]*
Steady-state flow stress 05~ 598.15P,—30.63  918.46P,+45.51
[MPa]

Saturation coefficient m —50.14P,+17.43
Saturation exponent n —2.95P,+0.964

*Characterized by the Gibson—Ashby model

8769.1P,~297.6
0.1737P+1.18

Table 9 Equations describing the strain at failure in function of propor-
tion for A1Si7Mg0.6 and IN718 manufactured via PBF-LB/M

AlSi7Mg0.6 IN718
0.1694P,—0.0086 0.2124P,—0.0073

Strain at failure

shown in Figs. 21 and 22. The resulting equations describ-
ing the expected strain at failure as a function of the propor-
tion are presented in Table 9.

Finally, the validity of the fitted coefficients was assessed
by comparing the stress—strain curves predicted by the
modified Hockett—Sherby model with the corresponding
experimental data. These comparisons are shown in Fig. 24
for three representative proportions spanning the full range
investigated in this study.

Fig. 24 Experimental stress—strain
curves, yield point (e) and fracture

” AlSiTMg0.6 Non-surface-treated - A1.nST (P, = 0.1075)
5 — T T T )

As can be seen in Fig. 24, the modified Hockett—Sherby
model together with the Gibson—Ashby model for determin-
ing the yield stress, and the third correlation for estimating
the strain at failure, provide reliable predictions offering the
following key points when designing thin-walled structures
such as those analyzed in this paper.

One of the key findings is that the proposed model pro-
vides a realistic estimate of the yield strength, which is
approximately 59% of the nominal value for AlSi7Mg0.6
and 52% for IN718. This information is crucial for the
design of these structures, as it allows engineers to define
safe loading limits that ensure the structure remains in the
elastic regime during operation. In the event that the struc-
ture undergoes plastic deformation, the proposed model
provides a more accurate prediction of both the strain at
failure and the maximum load the structure can withstand.
Additionally, it offers an improved representation of strain
hardening throughout the plastic regime.

For both materials analyzed, the experimental stress—
strain curves show significant deviations from those
obtained through FEM simulations using the nominal bulk
material properties reported in the literature. However, as
the wall thickness increases, thereby increasing the propor-
tion of load-bearing cross-sectional area, the experimental
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and predicted curves converge towards those obtained via
FEM. This behavior is attributed to the greater influence of
typical additive manufacturing defects (see Fig. 9) in thin-
ner walls or lower proportions, an effect that the proposed
material model accounts for to provide realistic predictions
even for very thin-walled structures.

3.6 Additional considerations and limitations

The previously presented results give comprehensive
insights into the mechanical properties of thin-walled grid-
like structures in non-surface-treated and surface-treated
condition manufactured in AISi7Mg0.6 and IN718. Experi-
mental data was compared to FEA and material models
based on the Gibson—Ashby model as well as models based
on the Hockett—Sherby constitutive model were developed
for the investigated structures. While the results represent
a valuable contribution to the field, it must be considered
that uniaxial tensile tests in a single orientation of the thin-
walled grid were performed in this study. This is associated
with certain limitations concerning the applicability of the
data. Furthermore, the reliability of the experimental results
depends on the number of samples per sample type. The
present data provide a basis for future studies with larger
data sets. Additionally, no failure models were implemented
in the FEA simulations when using the nominal bulk prop-
erties, which limited the reliability of the numerical results,
particularly in the evaluation of EUTS. To address this, a
new homogenized material model was proposed, demon-
strating its ability to reliably predict both the hardening
behavior and the equivalent ultimate tensile stress.

For more comprehensive insights into the mechanical
response of the structure, a larger number of samples might
be investigated as well as additional loads such as compres-
sion, shear, and torsion. Furthermore, the influence of the
orientation of the grid structures under different loads could
be studied. The results of this work represent a starting point
for the efficient modelling of additively manufactured heat
exchanger cores that consist of grid-like structures. The pre-
sented results do not allow for complex thermomechanical
studies or creep fatigue life prediction that must be expected
in many applications due to high temperatures and high
pressures that are also necessary in heat exchanger design.

4 Conclusion and outlook

This study has explored the limits of additive manufactur-
ing for the production of very thin-walled structures and
has characterized their mechanical behavior in a previously

unexplored range. The corresponding tensile test samples
represent additively manufactured heat exchanger core
structures, and their macroscopic mechanical properties,
namely EYM, EYS and EUTS, were investigated. Sam-
ples were manufactured by PBF-LB/M in AlSi7Mg0.6 and
IN718 and then heat-treated. Additionally, some of the sam-
ples underwent a surface treatment via chemical polishing.
Tensile tests were performed using a DIC system to inves-
tigate stresses and strains in the thin-walled structures. Ten-
sile tests of the designed samples were also simulated using
finite element analyses. For data evaluation, the proportion
of solid material in the predominant cross-sectional areas
(P,) was introduced as a comparative metric for the different
thin-walled structures.

Regarding the failure mode, the A1Si7Mg0.6 and IN718
samples exhibited the expected elastoplastic deformation
and breakage patterns only at proportion values above 0.09
and 0.06, respectively. For P values below these thresh-
olds, mechanical properties were below expectations, with
unpredictable fracture patterns and no noticeable plastic
deformation occurring. It is probable that this phenomenon
is attributable to the presence of common defects in the AM
samples, which may exert a considerable influence on the
macroscopic mechanical properties of the samples, particu-
larly at low P values. The fractography analysis conducted
in samples with wall thicknesses in the upper range, sub-
scribes to a fracture mechanism involving both ductile and
brittle behavior. It also reveals that defects of the micro-
structure do not lead to the crack initiation. Yet wall thick-
ness seems to be more critical for fracture initiation.

For EYM, the experimental results for A1Si7Mg0.6 sam-
ples showed a greater deviation from the simulation refer-
ence values than those for IN718 samples. However, it was
shown that both literature values for bulk materials as well
as FEA are sufficient to predict the EYM of thin-walled
structures within the analyzed ranges for both of the inves-
tigated materials.

Experimental results for EYS revealed that the samples
began to undergo plastic deformation earlier than predicted
by the simulations, likely due to defects acting as stress
concentrators and reducing the effective load-bearing area.
Overall, all samples of both materials exhibited EYS and
strain values of approximately 59% of those predicted by
the simulations for AlSi7Mg0.6, whereas for IN718 this
value was slightly lower, around 52%.

For EUTS, experimental data was below simulation
results for AISi7Mg0.6 samples as well as IN718 samples.
For AlISi7Mg0.6 with proportion values (P,) above 0.09,
while it is possible to achieve ultimate stress values at around
60-80% of those predicted by simulations, the structures’
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deformation capacity before fracture is significantly dimin-
ished. Only one AISi7Mg0.6 sample type demonstrated a
deformation capacity above 50%, with the remaining sam-
ple types achieving values below 40%. A similar conclu-
sion is drawn for IN718. For IN718, it was observed that
it is possible to achieve values of ultimate stress and strain
at failure equivalent to those provided by simulations with
lower proportions. Thus, above proportions of 0.14 the
properties reported in the literature can be reliable to predict
their mechanical behavior. Between 0.06 and 0.14, ultimate
stress values of around 60-80% of those predicted by FEA
may be achieved with a deformation capacity between 30
and 100%. Finally, reducing the proportion below 0.06,
results in a significant deterioration of the properties. It is
noteworthy that the chemical treatment designed to reduce
roughness did not affect the mechanical properties of the
material. Instead, the structure’s properties were influenced
only by the wall thickness. However, if a subsequent chemi-
cal treatment is anticipated, the reduction in thickness that
the part will undergo must be considered during the design
phase to ensure the expected mechanical performance. Fur-
thermore, surface roughness is of great importance for the
thermal and hydraulic characteristics of a heat exchanger
and should be considered in its design.

Finally, homogenized material models have been pro-
posed to characterize the tensile mechanical properties of
the thin-walled structures, accounting for their deteriora-
tion as the wall thickness or proportion decreases. The Gib-
son—Ashby model is shown to be adequate for predicting
the Equivalent Young’s Modulus (EYM) and Equivalent
Yield Stress (EYS) within the elastic range. To character-
ize the fracture load and strain hardening, a modified Hock-
ett—Sherby model is proposed, and an additional correlation
is presented to predict the fracture strain. The combina-
tion of these models proves effective in representing ten-
sile mechanical behavior within the considered range of
proportions.

Key findings:

e Reliable elastoplastic behavior occurs only above P,
values of~0.09 (AlSi7Mg0.6) and~0.06 (IN718);

@ Springer

below these, brittle failure with no plastic deformation
dominates.

e Experimental yield strength is about 59% (AlSi7Mg0.6)
and 52% (IN718) of simulation predictions, due to the
reduction of the effective load-bearing area and the
stress concentration induced by the defects.

e Ultimate tensile strength and deformation capacity in-
crease with solid proportion (P,), but deformation ca-
pacity before fracture remains limited, especially for
AlSi7Mg0.6.

e Surface polishing reduces roughness significantly but
does not affect mechanical properties; wall thickness
reduction due to polishing should be accounted for in
design.

e Gibson—Ashby and modified Hockett—Sherby models
accurately predict elastic and plastic tensile behavior as
functions of P, enabling efficient and realistic mechani-
cal property predictions for thin-walled AM structures.

The findings of this study enable more realistic predictions
of the mechanical properties of thin-walled structures man-
ufactured by PBF-LB/M in both AISi7Mg0.6 and IN718. A
methodology has been proposed to characterize the homog-
enized mechanical properties of very thin walls as a func-
tion of the proportion, which can be significantly affected
by common defects inherent to additive manufacturing pro-
cesses. This, in turn, allows for more accurate simulations
of these structures, which is expected to be highly beneficial
in the design of additively manufactured heat exchangers.

Appendix

See Table 10.
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Table 10 Geometric parameters of experimental sample designs. “nST” and “ST” end of sample names stand for “non-surface-treated” and
“surface-treated”, respectively. Parameters L, b, m and Ay (Cross-sectional area, including voids) are according to the CAD files of the samples.

Parameters a, d and ¢
and the CAD-file. Parameter P, is based on 4, and 4;

‘mean Were measured by caliper. Parameters ¢ and 4,,, (Cross-sectional area of thin wall, excluding voids) are based on ¢,

mean

Length of Length of Height of Width of Measuring ~ Avg. wall Avg. channel Proportion of solid
sample L clamping area sample a sample d length m thickness size c [mm] material in majorities
[mm)] b [mm] [mm)] [mm] [mm)] tean LMIM] of cross-sectional
areas P,=A/Ar

AlSi7Mg0.6

Al _nST 100.48 30 30.67 10.50 36.45 0.206 1.825 0.1075

Al ST 100.48 30 30.52 10.39 36.45 0.089 1.940 0.0467

A2 nST 100.95 30 31.05 10.52 36.90 0.238 1.816 0.1226

A2 ST 100.95 30 30.91 10.39 36.90 0.112 1.941 0.0580

A3_ST 100.95 30 31.32 10.39 36.90 0.132 1.947 0.0674

A4 _nST 105.70 30 34.84 10.52 41.40 0.281 2.023 0.1290

A4 ST 105.70 30 34.68 10.40 41.40 0.136 2.167 0.0627

AS5_ST 101.43 30 31.77 10.41 37.35 0.172 1.935 0.0866

A6_ST 101.90 30 31.77 10.48 37.80 0.177 1.929 0.0891

A7 nST 105.70 30 34.90 10.48 41.40 0.353 1.950 0.1618

A7_ST 105.70 30 34.78 10.40 41.40 0.225 2.079 0.1035

A8_ST 101.90 30 31.74 10.38 37.80 0.212 1.890 0.1069

IN718

I1_nST 100.76 30 30.70 10.33 36.72 0.110 1.929 0.0573

I1_ST 100.76 30 30.66 9.88 36.72 0.080 1.959 0.0417

12_ST 100.76 30 30.66 10.45 36.72 0.092 1.946 0.0480

I3_ST 101.14 30 30.98 10.49 37.08 0.096 1.963 0.0496

14_nST 101.14 30 31.01 10.45 37.08 0.142 1.916 0.0733

14_ST 101.14 30 31.01 10.33 37.08 0.108 1.952 0.0557

I5_ST 101.14 30 30.99 9.75 37.08 0.110 1.949 0.0568

16_nST 101.52 30 31.31 9.99 37.44 0.170 1.906 0.0869

I6_ST 101.52 30 31.29 9.75 37.44 0.130 1.947 0.0665

17_ST 100.57 30 31.66 10.23 36.54 0.226 1.870 0.1142

I8_nST 100.57 30 34.74 10.08 36.54 0.303 1.993 0.1396

I8 ST 100.57 30 34.64 10.02 36.54 0.258 2.034 0.1192
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