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ARTICLE INFO ABSTRACT
Keywords: In this study, cubic coupons of AlSi10Mg alloy were printed using the laser powder bed fusion (LPBF) technique.
Laser powder bed fusion (LPBF) The effect of heating/reheating cycles on solute trapping and partitioning of alloying elements was investigated

Rapid solidification
AISi10Mg

Solute partitioning
Finite element analysis
Stress triaxiality

using atom probe tomography and transmission electron microscopy. Nano-hardness analysis and uniaxial
tensile tests equipped with digital image correlation were employed to investigate the mechanical properties and
Poisson’s ratio. X-ray micro-computed tomography was utilized to detect strain localization sites along the
building direction. Also, the uniaxial tensile test was simulated using finite element analysis to verify the
experimental data and predict stress triaxiality. The results showed that the solute trapping and partitioning
during the LPBF process results in remarkable changes in phases, their size and morphology, Poisson’s ratio,
strengthening factor, and consequently mechanical properties. While the tensile sample from top part of the LPBF
coupon mostly shows porosity due to floating and entrapment of gases during layer-by-layer fusion/solidifica-
tion, the sample from bottom part is exposed to sub-surface microcracking induced by residual stresses. The
hardness, elastic, and shear moduli, Peierls stress, and cumulative strain energy of the top-part sample are higher
than those of the bottom-part sample even though electron backscatter diffraction analyses report similar grain
size and texture. Besides, by distancing from the build plate, the Poisson’s ratio decreases. Simulation results of
both samples indicate that the middle of the gauge is a high-potential area of failure initiation, where the bottom-
part sample shows higher stress localization.

within each melt pool, where the first one determines the degree of AM
component distortion and structural defects, while the second one
1. Introduction mostly controls the microstructure morphology [5-8].

During RSP, a synergy between high R values and inadequate
Rapid solidification refers to high solid/liquid interface velocity (R)

in a solidifying alloy that results in many practical potentials e.g., fine
microstructure, new metastable phases, segregation-less crystals, and

diffusion time of alloying elements due to extreme T leads to a steep
deviation of solidification from the equilibrium condition. Conse-
quently, the solute atoms are more prone to entrapment in the crystal

increased solubility in solid state [1]. The cooling rate (T) applied during lattice (i.e., solute trapping or banding effect), showing less tendency of
rapid solidification processing (RSP) is within 10°-10° K/s, which is micro-segregation [9]. However, laser scanning on fresh powder layers
achievable during laser powder bed fusion (LPBF) of some alloys [2-4]. leads to partial melting of the solidified layers underneath, resulting in
The LPBF as an additive manufacturing (AM) technique employs a high- repartitioning of solute atoms [10]. It can be postulated that a decrease
power laser to fuse the metal powder according to a 3-dimensional in G from the bottom to the top of the printed coupon is responsible for
design. The product experiences high temperature gradients (G) at both sample defects (i.e., distortion, and cracking) due to residual

both macro-scale, i.e., along the building direction, and micro-scale, i.e.,
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Nomenclature

00,0p,0ss,0pr,

opis,0Gge  Lattice, Peierls, solid solution, precipitation, dislocation,
and grain boundary strengthening

oys,6urs,S True yield stress, true ultimate tensile stress, and
engineering stress

€,.e True strain, and engineering strain

kq Locking parameter

D Mean grain size

P, Peclet number

Vp Diffusive speed

aog Constant on the order of interatomic spacing
D, Diffusion coefficient in liquid

R Solid/liquid interface velocity

G Temperature gradient

ko,k ,kr,kr Equilibrium, effective, R-dependent, and effective R-
dependent partitioning coefficients
k Strain coefficient

n Strain-hardening exponent

4 Poisson’s ratio

Ep Elastic and shear moduli

H,p,y  Constants

C; Concentration of element i

d, b The distance between slip planes, and the burgers vector

Y Peak residual stress

Qs Heat input per unit build volume

Hy Enthalpy of melting

a,ap Thermal diffusivity, and reference thermal diffusivity

p Thermal expansion coefficient

AT =Ty — Tp Difference between melting temperature and preheat
temperature

dr Track length

d; Laser spot diameter

Ta,Tp  Ambient temperature, and preheat temperature

P Laser power

v Scanning speed

t Layer thickness

thermal stresses and phase variation (i.e., composition, size, and
morphology) due to a difference in solute trapping/repartitioning
severity along the building direction [11,12]. Both can have consider-
able roles in the mechanical behavior of the alloy by determining the
structural integrity and strain hardenability.

Extensive research has been conducted on the influence of AM on the
mechanical properties of AlSi10Mg alloys [13-15]. These studies reveal
that the SLM process, characterized by rapid solidification and direc-
tional cooling, significantly alters the microstructure of AlSi10Mg
compared to conventional casting methods. The fine, lamellar micro-
structure typical of cast Al-Si alloys transforms into a unique, highly
refined structure in LPBF parts. This transformation results in mechan-
ical properties that often surpass those of traditionally cast counterparts
[15]. For instance, LPBF AlSi10Mg parts exhibit higher ultimate tensile
strength and Vickers hardness than high-pressure die-cast AlSi10Mg
[13,15]. Additionally, the elongation at break for LPBF parts can be
comparable or even superior, particularly in the horizontal build di-
rection [13,15]. These findings underscore the potential of LPBF to
enhance the performance of AlSi10Mg components in various applica-
tions, driven by the fine microstructure achieved through this advanced
manufacturing technique.

During LPBF, the solidifying material undergoes G =~ 10° — 107" C/m,
and R ~ 0.1 m/s [9]. While G/R ratio is mostly used to identify the grain
morphology (i.e., cellular, columnar-dendritic, and equiaxed), the factor
G x R or T determines the grain size in as-built structure [16]. High-
strength properties of an LPBF part are usually attributed to its fine
microstructure; however, according to the total theoretical strength-
ening equation (Eq. (1)), the impacts of the individual strengthening
mechanisms, ie., precipitation strengthening (op;), dislocation
strengthening (op;), and grain boundary strengthening (665), cannot be
overlooked [17,18].

Oys = 00 + Opr + Opis + 0 (@8]

The effect of the first term (lattice stress or o) is usually neglected,
while this can remarkably contribute to the mechanical properties of an
LPBF product. The term o, in Eq. (1) can be separated to that of the
Peierls stress (6p) and the solid solution strengthening (o), and can be
written as follows [19,20]:

Oys = Op + Oss + Opr + Opis + kaD > 2

in which kg and D respectively refer to the locking parameter and the
mean grain size. The variations in the chemical content of the AM hybrid

AA2618/A1Si10Mg have considerable impact on op and oss, which can
expand to a single alloying system based on the concept of solute trap-
ping [10]. In terms of opr, it has been reported that although the LPBF
AlSi10Mg shows various precipitates with both coherence and inco-
herence interfaces, precipitate strengthening interpreted by the Orowan
mechanism applies negligible difference in mechanical properties along
the building direction [21]; however, in this study, the role of op, in the
mechanical properties of the LPBF AlSi10Mg will be proven as the un-
deniable and remarkable factor. Apart from that, the dislocation density
in the as-built structure is reported to be high (=~ 10 — 10> 1/m?)
regardless of the distance from the build plate [12,22]. In addition, the
cell spacing does not change along the building direction; thus, the
variation of op;s through the building direction can also be insignificant
[23]. All corroborates the undeniable importance of 6y on the me-
chanical properties of LPBF AlSi10Mg, all while the role of 6p, should be
disclosed that will be interpreted in this study.

The aim of this study is to investigate the uniaxial tensile behavior
and the Poisson’s ratio of an LPBF AlSi10Mg alloy, which are surpris-
ingly affected by moving upward through the building direction. To this,
the effect of heating/reheating cycles on solute trapping, phase forma-
tion, strengthening mechanisms, and structural defects is investigated in
the material. Subsequently, the uniaxial tensile behavior of the material
associated with analysis of strain hardenability and strain localization
contours is discussed. In the end, the interconnections between the
microstructural characteristics analyzed using advanced electron mi-
croscopy analyses and the mechanical response of the material experi-
mented and simulated are interpreted.

2. Material and methods
2.1. Material and manufacturing process

AlSi10Mg powder with a size distribution of 10-45 um was supplied
by EOS GmbH to be used as material feedstock for AM processing. To
process the AlSi10Mg coupons, an EOS M290 laser powder bed fusion
(LPBF) additive manufacturing machine equipped with a 400 W Yb-fiber
laser and spot size of 100 ym was employed. 67°-rotation stripe scanning
pattern between consecutive layers was used so that the build plate
temperature, laser power, scanning speed, hatching distance, and
powder layer thickness were set on 200°C, 370 W, 1300 mm/s, 190 um,
and 30 um, respectively. Cubic coupons with dimensions of 10 x 20 x
40 mm® were vertically printed at track length of 8 + 0.5 mm, and
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chemically analyzed using the inductively coupled plasma-optical
emission spectroscopy (ICP-OES) method. The chemistry of the prin-
ted samples randomly analyzed is presented in Table 1.

An electrical discharge machine (EDM) was used to produce two sets
of miniature dog-bone tensile samples with dimensions given in Fig. 1.
One set of samples was prepared from the top and one set from the
bottom part of the printed cube. In total, 3 uniaxial tensile samples were
manufactured for each set to ensure repeatability of the results. The
samples were cut in such a way that building direction was perpendic-
ular to load direction during the uniaxial tensile testing. This was to
assess the mechanical behavior of the material through an axis
perpendicular to the building direction, as they usually show elongated
coarse grains along the building direction that might cause mechanical
weakness through another directions [21]. To pull up the tensile sam-
ples, a machined plain-steel fixture was manufactured to fit the samples,
as shown in Fig. 1.

2.2. Characterization techniques

The LPBF sample with 2 mm thickness was ion milled using a Gatan
691 PIPS to prepare TEM samples. To observe the distribution of
alloying elements in the matrix, an FEI Tecnai Osiris transmission
electron microscope (TEM) with a 200 keV X-FEG gun was used. For EDS
elemental mapping, a sub-nanometer electron probe was employed.
Atom probe tomography (APT) was performed via a local electrode atom
probe (LEAP) 4000x HR equipped with a reflection. To prepare the
samples, an NVision 40 dual beam instrument to assist with lifting of the
samples was utilized. An ultra-high vacuum of 4 x 10~!! Torr and a low
temperature of ~ 60 K were applied during the test, where UV laser
pulses with 355 nm wavelength, 60 pJ pulse energy, and 125-250 kHz
pulse frequency were also used to facilitate field evaporation. The
detection rate of the target was set at 0.005 ions per pulse (0.5 %) and
controlled via changing the DC voltage passed through the APT samples.
Both the chosen base temperature and laser operation mode were
intended to maximize data acquisition from the fine microstructure of
the LPBF material. These parameters fall comfortably within standard
operational ranges for the APT analysis of such materials. Any potential
errors arising from surface diffusion induced by laser exposure for
substitutional solutes are generally negligible compared to the observed
precipitate sizes in the samples and the concentration thresholds (3 at.
%) used to identify these precipitates from the voxelized data. Besides,
electron backscatter diffraction (EBSD) technique was employed along
the building direction to study the grain structure of the AM coupons
through the unique grain maps, where the machine was equipped with a
field emission gun scanning electron microscope (FEGSEM) with a step
size of 0.3 um.

X-ray micro-computed tomography (Micro-CT) was conducted to
detect internal defects of the LPBF samples before tensile testing. Two
CT modes of maximum intensity projection (MIP) and attenuation were
employed to reveal inclusions and porosity/crack in the samples. A
Skyscan 1072 Micro-CT apparatus with an X-ray tube set on 90 kV/110
uA was used. Over a 360° rotation of the sample, 8 frames were acquired
with 9968 ms acquisition time and averaged at each 0.9° during image
collection process. The resolution of images was 10.9 ym/pixel. Skyscan
NRECON and Skyscan CTVox were used for reconstruction and visual-
ization, respectively.
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2.3. Mechanical testing

Six miniature tensile samples (three per part) were uniaxially tested
at strain rates of 6.9( & 0.5) x 10~* s~! using an INSTRON-5985 uni-
versal apparatus with a 25-mm extensometer. To plot the actual strain
contours of the necking area during the deformation, digital image
correlation (DIC) technique was employed using a VIC-2D system by
correlated solutions. To compare data between top and bottom parts, 8
instances on the stress-strain curve were selected.

To measure the elastic modulus and the hardness of LPBF AlSi10Mg
tensile samples, an iMicroTM Nanoindenter with a Diamond-Berkovich
indenter was used. A 2-by-5 rectangular pattern was set over two areas
on the gauge length of samples cut from each part. Also, 0.1( 4 0.01) s7!
and 50 mN were chosen as the strain rate and maximum load,
respectively.

3. Simulation

To model the stress and strain distribution in the samples along with
stress triaxiality close to the necking area, a 3D simulation was accom-
plished using the commercial finite element package ABAQUS/Standard
version 6.20 with an implicit integration scheme. The sample geometry
along with the prescribed boundary conditions and meshes are shown in
Fig. 2. The samples’ geometry and size were chosen for the modeling in a
way to replicate the uniaxial tensile samples.

A reference point was set on the top of tensile sample model to apply
the corresponding displacement, where the reference point was coupled
with the upper part of the model. The bottom of the tensile test model
was fully clamped, while its top was subjected to a degree of freedom to
be displaced only vertically. Some partitions were added to the model to
have finer meshes over the gauge area through which the stress was
concentrated, and coarse meshes on the areas far away from the center.
As mesh size can influence the output directly, a mesh convergence
study was accomplished. Finally, the model comprises 8178 brick ele-
ments including 6978 elements C3D8R and 1200 elements C3D20R. In
the pursuit of achieving the most accurate representation of a tensile test
simulation, a distinction was made in the type of elements employed
within the region under the grip zone. A standard boundary was
established between two dissimilar element types, effectively leading to
the segmentation of the tensile sample and the subsequent definition of
two distinct element categories.

Results of modeling, force-displacement, were verified with experi-
ments to make the prediction of responses accurate. Outputs such as
force and displacements were extracted from the reference point. The
results were compared with the stress-strain curves obtained numeri-
cally for calibration purposes. In addition, the contours of equivalent
plastic strain and von Mises stress were extracted from the simulation for
both the top and bottom samples. The DIC images mainly close to the
necking area were used to validate the simulation framework. Finally,
the stress triaxiality was measured for the whole gauging area and
further discussed and compared for the necking areas of the top and
bottom samples.

4. Theory
4.1. Solute partitioning during rapid solidification

The ease of solute rejection during solidification depends on many
thermophysical factors such as diffusion coefficient of solute atoms in

Table 1

Chemical composition of the AlSi10Mg samples.
Element (Wt%) Si Mg Fe Mn Cu Ni Zn Ti Al
AlSi10Mg 10.0 0.33 0.55 <0.45 < 0.05 < 0.05 <0.1 <0.15 Bal.
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Fig. 1. Layout of printed coupons, tensile samples, fixture, and corresponding dimensions.

Fig. 2. Schematic of the modeling framework including boundary conditions,
partitions, and meshes.

liquid, solidification front velocity, the interatomic spacing, and natural
convection within the solidifying melt. While the term “equilibrium
partitioning coefficient” or (ko = Cs/Cr,0 < ko < 1), is simply used to
determine the solute rejection tendency (Cs and Cj refers to the
composition in solid and liquid phases), considering the impact of
various factors under non-equilibrium condition needs more formula-
tions. In hypoeutectic aluminum alloys, the alloying elements with
lower kg basically tends to be rejected more ahead of solidification front
[16]. During the LPBF, the fused powder layers experience rapid solid-
ification usually introduced by no diffusion in solid and partial diffusion
in liquid phase [9]. At high solid/liquid interface velocity (R) during the
rapid solidification, partitioning coefficient drifts away from kq and even
approaches unity at severe R values [24]. The R-dependent partitioning,
also called (kr), can be written as:

7k0+Pe R 7DL

kg 11pe e:V—D and Vo

3

ao

where (Pe) and (Vp) are the Peclet number and the diffusive speed, while
(ap) and (Dy) refer to a constant on the order of interatomic spacing and
the diffusion coefficient in liquid phase. ay and R are reported as 10~° m
and 1072 m/s, respectively [25].

Natural convection applied by the thermocapillary forces or the
Marangoni effect through a melt pool considerably plays a role in dis-
tribution of solute during solidification [10,16]. In presence of natural
convection, e.g., LPBF process, the partitioning coefficient further de-
viates from ko by applying a correction factor given in Eq. (*). The term
“effective partitioning coefficient” or (k) refers to this condition as fol-
lows [9]:

, ko

:m,ogkogk <1 and

here (6, = D;/R) is the diffusion length ahead of solidification front that
is subjected to constitutional undercooling due to solute rejection. In the
LPBF, inadequate time for solute rejection due to high R values lead to
shorten the diffusion length such that §; limits to § [9]. An interplay
between rapid solidification and natural convection during this process
introduces the following:

koD, R 1 -k
_ KoDp +-ao Z,)(:koJr 0

® x(Dy + aoR) e ®

which is derived by substituting Eq. (4) in Eq. (3). This derivation has
been discussed with more details elsewhere, see [9,10].

4.2. Mechanical response and strengthening factors

The tensile data achieved by the uniaxial tensile test was an engi-
neering stress-strain type, which does not provide a true indication of
the material flow under uniaxial tensile loading. Since the specimen
dimensions continuously change during the test, the true stress-strain, or
flow curve, is a better approach to present the deformation manner of
the alloy; however, some considerations are required to correlate the
engineering stress-strain and the flow curve data. Within the homoge-
nous plastic deformation (i.e., between the onset of yielding and the
maximum load), the Hollomon parabolic relation can be generally
written as follows [26]:

oc=ke",oc=s(1l+e) and e=In(l+e) 6)
in which () and (s) are true and engineering stresses, respectively, and
(¢) and (e) are their corresponding strains. (k) and (n) are also named as
the strain coefficient and the strain-hardening exponent, respectively.
While n is the slope of the Ino — Ine plot, its dependency on the solute
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distribution through the matrix is of interest, as is discussed in this study.

Regarding different strengthening factors which impact on the ten-
sile strength of the material, the lattice friction, which acts as an obstacle
against the planar dislocation’s movement can be roughly determined
by a continuum model first presented by Peierls [27] and it is written as

2u 2z d
R P (1 5 E> @
As shown in Eq. (7), the magnitude of the Peierls stress (op) for the
planar dislocations is dependent on the shear modulus (u), the distance

between slip planes (d), and the Burgers vector (b). In this regard, y can
be directly calculated as follows [27].

E
) ®

where (E) is the elastic modulus and () is the Poisson’s ratio in a
random texture. These two values can be calculated from the nano-
indentation tests and information from the available literature.

The solid solution strengthening increment (oss) is defined by Eq. (9)
in which (H) and (¢) are constants, while (C;) is the concentration of
element i in the matrix. The constant ¢ is reported as 2/3 [28,29]. As will
be explained, Si mostly prefers to either precipitate individually with
negligible contribution to solid solution strengthening, or react with Mg
to form (Mg,Si)-bearing phase that is impactful for this strengthening
mechanism. Si atoms that do not form the individual Si phase are
assumed to only react with Mg to form (Mg,Si)-bearing phase. Under this
circumstance, Eq. (9) can be rewritten as Eq. (10) in which H(Mg_si)eq is

39.7 MPa/(Wt.%Mg) [28,29].

0ss = HygCy + HsiCg; ()]
oss = Homgsi),, Cirg 10)

4.3. Residual stresses

To measure the part-scale peak residual stresses through the thick-
ness of a vertically printed metallic component, an analytical model was
recently developed [30]. According to Buckingham zn-theorem, process
parameters, thermophysical and mechanical properties of the AM ma-
terial are reported as influential factors on the peak residual stresses
through the building direction, as given below [30]:

w1 = f(ma,n3,1/m47ms,1/76); (€8 D)
n = Y/Gys; Ty = QB/HM, n3 = ﬂAT, T4 = Tp/TA; 5 =
dr/dy; e = ajao

Subsequently, the peak residual stress (Y) can be written as below in
which the thermophysical properties of the AM AlSi10Mg are given in
Table 2. Also, the parameters (P), (v), (h), (t), (dr), (d.), and (Tp) used in
this study were previously reported in the section 2.1, while (ap) is
considered as the thermal diffusivity of pure aluminum.

(Qs/Hu)(PAT) /@r/d; |
(Te/Ta) /)0

6403

Y /oys=0.5124 ;Qz=P/vht, AT=Ty—Tp

(12)
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5. Results
5.1. Solute partitioning and formation of precipitates

Fig. 3 shows the top-view (x-y plane) STEM-BF images, i.e., the TEM
images obtained in the scanning mode (STEM) using a bright field de-
tector (BF), and the corresponding EDS elemental maps of the LPBF
AlSi10Mg from foil samples extracted from both top and bottom parts.
The analyses were collected far away from the cell boundaries to
investigate the phases embedded in the matrix. In the micrograph rep-
resenting the top-part microstructure, there are some features such as
individually grown Si precipitates (point i), very fine spherical (Mg,Si)-
bearing phase (point ii), and Mg solute clusters trapped in the matrix
(point iii). On the other side, the sample representing the microstructure
of the bottom part presents no individual Si precipitates, low fraction of
Mg solute clusters trapped in the matrix (point iii), and some elongated
lamellae containing Si and Mg solutes formed in various directions
called as (Mg,Si)-bearing phase (points iv and v). Diffusivity and equi-
librium partitioning of Si and Mg in the liquid Al are tabulated in Table 3
[31-34]. Inserting these data in Eq. (°) gives the solute partitioning in
the presence of rapid solidification and natural convection presented
here as well. Comparing ko and ki reveals that the aforementioned
factors result in an increase in reluctance of solute segregation as the
partitioning coefficients receive higher values.

Looking at the bright-field STEM micrographs in Fig. 4, both the
average cell size and the morphology of them are quite comparable
between the top and bottom parts. To measure the cell size in the
structure of L-PBF-AlSilOMg material, the cells’ diameters were
measured using the line intercept method and image processing tech-
nique. The consistent cell size along the build direction suggests that the
cooling conditions throughout the building process were fairly uniform.
The negligible variations in cell size by distancing from the build plate,
coupled with the unchanged cell structure and morphology that both
show a “fish scale” pattern in the L-PBF-AlSi10Mg material indicate that
the repeated thermal cycles did not significantly alter the dendritic/cell
structure of the material. Apart from that, the STEM-Bright field at
higher magnifications are also shown in Fig. 4, where both samples show
an interconnected eutectic Si phase nucleated at intercellular regions
and formed the eutectic walls.

5.2. Phase evolution and grain structure through the building direction

3D APT maps of a narrow area collected far away from the cell
boundaries and the associated concentration variation profiles are pre-
sented in Fig. 5. The APT map from a specimen extracted from the top
part of the sample shows several coarse precipitates defined by Si iso-
concentration surfaces (green color) with sharp edges, and a higher
number of spherical precipitates defined by Mg isoconcentration sur-
faces (purple color). Proximity histograms from select isoconcentration
surfaces reveal concentration profiles showing that the blocky pre-
cipitates are solely formed by Si atoms, while the spherical ones contain
Mg and Si atoms with the atomic ratio of Mg:Si (~1:1). On the other
side, the APT map from a specimen extracted from the bottom part of the
sample illustrates very low fraction of Si precipitates, and (Mg,Si)-
bearing phases with both spherical and rod-shape morphologies that are
coarser than the ones in the top-part sample. The concentration profiles
present the same ratio between Mg and Si contents. The solute content in

Table 2
Thermophysical properties of the LPBF AlSi10Mg [30], and the process parameters used in this study.
Parameter Qg ( x 107) Hy( x 10°) B(x107°) a(x107°) ao( x107°) Tp (K)  Tm Ta dr( x 10%) dy
J/m3) J/m3) &Y (m?/s) m?/s (9] x) (um) (um)
. 473 +
Magnitude 4990 2776 23.0 43.95 83.0 868 298 8.0 £ 0.5 100
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Fig. 3. The STEM-BF micrographs and the corresponding elemental distribution maps of (a) top part, and (b) bottom part of the LBPF AlSi10Mg coupon (BD:

building direction).

Table 3
Physical properties of the solute rejected during solidification of Al1Si10Mg alloy.

Element ap (mm) Dy (m?/s) ko in liquid Al kg in liquid Al
Mg 10°° 5.8x107° 0.3 0.54
Si 107° 9.2%107° 0.13 0.29

the APT maps is reported in Table 4.

According to Fig. 6, the unique grain color maps of undeformed
samples indicate that the AM AlISi10Mg coupon shows similar grain
structure in both parts containing elongated columnar grains among
which some epitaxially grew along the building direction and equiaxed
grains mostly formed within top middle parts of each melt pool. The
corresponding pole figures also reveal a quite similar grains orientation
in both samples. Considering an individual melt pool, the formation of
columnar grains at melt pools’ boundary is due to the dominance of G in
G/R. The nucleation of equiaxed grains, on the other side, is attributed
to solute rejection ahead of the growing columnar grains that subse-
quently increases the solute concentration in the liquid and provides a
sufficient level of constitutional undercooling, i.e., solute enrichment in
the liquid ahead of an advancing solid front can trigger nucleation on
available substrate particle, to nucleate the equiaxed grains. This is due
to a decrease in the term G/R, as R value increases. Apart from that, the
Marangoni effect also plays the other important role in the formation of
equiaxed grains by applying shear forces to the grown columnar grains.
The shear force can break the tip of columnar grains, letting them float
into the liquid. These small particles can act as heterogenous nucleation
sites so that the high frequency of these potential sites accompanied by
the constitutional undercooling led to the formation of the equiaxed
grains. The average grain size (i.e., grain area) in the top-, and bottom-
part samples are reported as 803 + 6 and 841 + 11 um?, (respectively)

5.3. Peierls stress and other strengthening factors

The nanoindentation analysis was used to measure the elastic
modulus and the hardness, where the mean values were achieved from
10 measurements on each part. As mentioned in Eq. (8), the elastic
modulus of the printed alloy can be used to measure the shear modulus.
u values presented in Table 5 are obtained considering 0.319 + 0.007
and 0.374 + 0.004 as the Poisson’s ratio of the top and bottom parts,
respectively. These values were calculated via the DIC-assisted tensile

tests presented in Section 5.5. According to the literature, the Burgers
vector, b, and the distance between slip planes, d, in the aluminum alloys
are approximately 2.86 A, and 4.05 A, respectively, where d/b ap-
proaches its maximum magnitude of V2 [35,36]. Subsequently, the
magnitude of the Peierls stress can be calculated based on the continuum
model presented in Eq. () and is reported in Table 6. The top-part
sample shows higher hardness, elastic, and shear moduli, as well as
the Peierls stress, which indicates that the friction force against the
planar dislocations’ mobility through the top part is higher [37].

As shown in the microstructural analyses, while the bottom part
solely shows elongated (Mg,Si)-bearing phase, the top part shows both
well-dispersed fine (Mg,Si)-bearing phase and Si-bearing precipitate.
Regardless of those Si atoms that participate in Si-bearing precipitate
formation, the rest reacts with Mg to form (Mg,Si)-bearing phase
through both top and bottom parts. Hence, oss can be measured via Eq.
(1%) in which Cyg is obtained from Table 4 (note that the concentration
should be in weight percent). The role of the strengthening increments
in total strength of each part is presented in Table 6, where the contri-
bution of (6pr + opis + 06g) can be measured using Eq. (®) and oys values
reported in the section 5.5.

According to Fig. 7, it is apparent that the top part of the LPBF
AlSi10Mg coupon exhibits a somewhat unremarkable increase in the
steepness of its load-depth curve. This minor variation confirms a nearly
identical trend in the rate of strain hardening for both samples. More-
over, at every level of loading, the indented region in the sample taken
from the top part of LPBF AlSi10Mg displays shallower depths, attrib-
uted to higher hardness than in the bottom part. The nanoindentation
test was conducted over a 2 x 5 rectangular pattern (30 ym spacing) on
each part to make sure that the reported value can represent the average
of hardness measurements at different places of the LPBF matrix.

5.4. X-ray micro-computed tomography (micro-CT)

Fig. 8 shows the micro-CT images of the undeformed tensile samples
taken from both parts of the LPBF AlSi10Mg coupons at different time
frames and two modes of MIP and attenuation. Three different samples
taken from each part underwent micro-CT analysis to ensure the
reproducibility and accuracy of the data. While both samples contain
some inclusions that emerged as bright spots in the MIP mode (red
circles), other structural defects seem to be different in nature from one
side to another shown in the attenuation mode. Herein, the bottom part
with relative density of 97.3 + 0.4 % shows four micro-cracks nucleated
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Fig. 4. The cellular structure and the intercellular regions as the nucleation sites of the eutectic Si phase in (a, b) top-part, and (c, d) bottom-part samples (note that

the magnifications are not the same).

and propagated from the surface, but the top part with relative density of
98.6 + 0.2 % only displays three pores and one micro-crack over the
entire sample. While the presence of inclusions can be attributed to the
entrance of contaminations during the powder fusion process, oxide
formation and engulfment into a highly dynamic melt, the sources of
micro-cracks and porosity formation can be due to many factors such as
the melt viscosity, thermocapillary forces, residual stresses, gas
entrapment, and alloying elements with different thermal expansion
coefficients; this will be discussed in fair details ahead. Considering the
residual stresses, Eq. ('?) shows that this factor corresponds to the yield
stress, i.e., Yaisiomg ~ 0.590ys, which means that Y as a representative
factor of the residual stresses is approximately equal to 131.8 and 149.6
MPa for the bottom-, and top parts based on the data presented in next
section (Table 7). The magnitudes of standard deviation are 1.3 MPa and
2.1 MPa, respectively. However, Tp in the top part can be different from
the one in the bottom part due to consecutive heating/reheating cycles,
and subsequently, the heat kept through the printed layers underneath,
which applies a deviation in Y value of the top part. To avoid
complexity, Tp is assumed constant through the LPBF component
regardless of the distance from the build plate.

5.5. Tensile properties and solute-induced strain hardening

Fig. 9(a) shows the engineering stress-strain (s — e) curves accom-
panied by the DIC contours. Both top-part and bottom-part samples
show an elastic-plastic tensile behavior in which the plastic zone mostly
contains uniform plastic deformation, i.e., negligible post-necking non-
uniform deformation. Surprisingly, the sample from the top part pre-
sents better cumulative strain energy, where both tensile strength and
total elongation have increased. Eq. (°) can be used to plot true stress-
strain (6 — ¢€) curves thanks to a negligible post-necking plastic defor-
mation, cf. Fig. 9(b). Dash lines in Poisson’s ratio curves at very early
stages of the tensile testing were drawn because of slight movements of
specimens seating into the testing apparatus (fixtures and grips) with the
application of load; however, this issue was resolved at further loading.
Poisson’s data was plotted by placing a virtual extensometer at
approximately the mid height of the AM miniature tensile samples
extending across nearly the full width and extracted transverse strain.
This is divided by longitudinal strain to calculate the Poisson’s ratio. As
elucidated in Fig. 9(b), The Poisson’s ratio for the bottom and top parts
are reported as 0.374 + 0.004 and 0.319 + 0.007, respectively. Other
advanced manufacturing techniques involving high cooling rates such as
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Fig. 5. (a,d) APT maps with precipitates identified using isoconcentration surfaces of 3 at.% Si (green) and 3 at.% Mg (purple), and (b,c,e,f) the proximity histograms
showing the concentration-distance profiles of select precipitates (indicated i-iv) and absolute error of the concentration at each distance. APT datasets are obtained
from (a-c) the top part, and (d-f) the bottom part of the LPBF AlSi10Mg coupon (BD: building direction).

Table 4
The concentration of alloying elements in the APT maps of LPBF AlSi10Mg.

Sample Element (atom %)

Si Mg Al (+ trace)
Top part 0.635 + 0.002 0.031 + 0.001 Bal.
Bottom part 0.128 + 0.003 0.038 + 0.002 Bal.

laser cladding, laser surface modification, and laser material deposition
can produce functionally graded microstructures that the change in
Poisson’s ratio cannot be negligible [38-40]. According to Fig. 9(c),
Through the plastic deformation, both samples show very similar trends
in flow behavior and Ins — Ine; however, the reason behind differences in
samples’ mechanical properties is still of particular interest. Table 7
presents the mechanical properties of the samples’ tensile testing.

5.6. Simulation results

Experimental force-displacement data were used to verify the
simulation results. As can be seen in Fig. 10, the simulation results of
both bottom-part and top-part samples show great accordance with the
experimental results reporting less than 5 % error. Right after the onset
of necking, the samples experience failure; thus, the simulation is only
focused on the areas prior to the ultimate stress point, ie., the post
necking is neglected. There can be other mechanisms being active in that
region, which is outside the scope of this study [41,42]. The material’s
constitutive models, regardless of being BP or TP, have two components
relying on the plastic strains range which are presented in Table 8.

It is important to highlight that the material does not exhibit con-
ventional mechanical behaviors, thus failing to satisfy Considere’s the-
orem. According to Considere’s theorem, the hardening exponent n
value should correspond to the necking strain. However, if this term in
LPBF AlSi10Mg is set to match a necking strain, the R-square value,
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RD

Fig. 6. Unique grain color maps and corresponding pole figures of the as-built structure through (a) the top part, and (b) the bottom part of printed material (white

dash lines: melt pool boundaries).

Table 5

Physico-mechanical characteristics of the LPBF AlSi10Mg.
Sample Hardness (HV) / SD* E (GPa) / SD p (GPa) / SD
Top part 154/5 80.90 / 0.85 30.88 / 0.32
Bottom part 144/ 4 79.11 / 0.85 28.87 / 0.32

SD: Standard deviation.

Table 6
The contribution of different strengthening mechanisms in the LPBF AlSi10Mg.

Sample op (MPa) / SD* oss (MPa) / (6pr + 6pis + 668) (MPa)
SD
Top part 2.25 x 1071 / 1.6 x 32.87 / 0.70 218.10
1073
Bottom 0.67 x 1071 /1.6 x 37.65/1.32 183.58
part 1073

SD: Standard deviation.

which reflects the accuracy of the fit, decreases remarkably, a level that
is insufficiently accurate and therefore unacceptable. A similar trend,
not adhering to Considere’s theorem, was reported by other researchers,
as discussed in the final section of this study for comparison.

Applying the Von Mises yield criterion, Fig. 11 shows the Mises stress
and the equivalent plastic strain through the tensile samples obtained
from the finite element analysis in which the modeling was properly
calibrated with the experimental results. Similar to the experiments, the
areas under the screws did not experience any stress as no deformation
was assumed at these locations. The most plastic strains are observed on
the middle of the sample at which failure potentially happens. Regard-
less of the stress and strain magnitudes, both samples show very similar
stress and strain distributions. The equivalent plastic strain of the
bottom-part sample resulted from the simulation is about 0.0548, which
is comparable to the experimental result of 0.059 and presents an

60
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Fig. 7. The load-depth graphs of both samples obtained by the nano-
indentation technique.

acceptable error of 6.7 %. Also, a difference between the simulation and
the experimental equivalent plastic strains in the top-part sample in-
dicates an error of 4.4 %.

Comparing different sections of the tensile test samples, the middle
area reveals the highest strain magnitude. According to Fig. 12, it is
apparently seen that by moving to the sample edges, the equivalent
strains decrease. Consequently, it can be assumed that the cracks initiate
and propagate from the middle, which subsequently results in failure.
The equivalent plastic strain distribution along with the sample length
confirms that the top-part sample resists elongation more compared
with the bottom-part one. That is the reason behind more strain
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Fig. 8. X-ray micro-CT images of the tensile test samples cut from the bottom-, and the top parts of the LPBF AlSi10Mg (circles in red, yellow, and blue colors point

out inclusions, micro-cracks, and porosity, respectively).

Table 7
Mechanical properties of the AM AlSi10Mg samples.
Sample Property
oys (MPa) /SD* oyrs (MPa) /SD &
Top part 251.2 /3.6 4739/ 4.3 0.071 + 0.005
Bottom part 221.3/2.2 436.3 /2.7 0.059 + 0.002

SD: Standard deviation.

accumulation in the middle of the top-part sample than that in similar
area of the bottom-part sample.

Stress triaxiality represents the ratio of the mean stress to the
equivalent stress [43]. Localization after onset of necking causes an in-
crease in the stress triaxiality. Fig. 13 illustrates the triaxiality magni-
tudes for both bottom-part and the top-part samples. As shown, the
triaxiality of an element in the most critical spot located in the middle of
the tensile test samples changes with displacement. Due to a very limited
post-necking length observed in Fig. 9, the simulation did not incorpo-
rate damage effects, and the results were extrapolated solely from the
necking stage until failure. The comparison of material ductility was
primarily based on triaxiality and its correlation with the cross-sectional
area reduction of the gauge section, albeit acknowledging that other
influential factors such as void nucleation and potential void

10

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

coalescence were not considered. Comparing the stress triaxiality in-
dicates more stress localization in the bottom-part sample. Hence, from
the triaxiality and equivalent plastic strain depicted in Fig. 11, it can be
concluded that the bottom-part sample is more brittle than the top-part
one, which is in good agreement with the uniaxial tensile test results.

6. Discussion

Referring to the aim of this study, which is the effect of distancing
from the build plate on the mechanical properties of the AM AlSi10Mg
alloy, determining influential factors on the microstructural and phys-
ical properties of the component is necessary. According to Figs. 4 and 6,
the average cell size and grain size through both parts are reported
similar, which indicates that the process parameters e.g., beam power,
laser speed, scanning strategy, etc. were chosen properly so that the
heating/reheating cycles did not affect these features through the
building direction. Additionally, the build plate temperature as another
important factor affecting the solute concentration and partitioning
through the lattice, grain size, and consequently the mechanical prop-
erties [44-46], was maintained at a constant level of 200°C for all ex-
periments. Therefore, the grain-size term in the theoretical
strengthening equation, Eq. (), is ineffectual on variations in tensile
properties of the material.

A difference in hardness values in Table 5 implies that the top-part
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Fig. 9. (a) Engineering stress-strain curves of the top-part and the bottom-part samples, (b) the true stress-strain curves, and the corresponding Poisson’s ratio-strain
curves, and (c) the strain hardening exponent for both cases (grey: bottom part, black: top part).

sample should show higher strength; however, to confirm that the
readings correspond to the matrix, not the precipitates, tensile testing is
also needed to be done. Regarding the tensile results, while the stress-
strain curves of both samples show almost 35-40 MPa and 1.15 % dif-
ferences in tensile strength and total elongation (cf. Fig. 9), the trend of
flow curves and Ino — Ine curves are comparable. Apart from that, the
top part shows a remarkable decrease in the Poisson’s ratio when
comparing with the bottom part, indicating that the ratio of longitudinal
to lateral strains becomes less pronounced as the distance from the build
plate increases. While adding silicon into pure aluminum and heat
treating the aluminum alloys has been previously shown to reduce

11

Poisson’s ratio [47], the presence of a gradient in Poisson’s ratio within
a single AM component in its as-built state is quite a new phenomenon
influenced by multiple factors that require further assessment. Here, the
partitioning of Si through the top part, based on the APT results, can be
reported as one of the reasons reducing the Poisson’s ratio in LPBF
AlSi10Mg alloy. However, the intricate nature of the AM process,
combined with temperature gradients that result in the formation of
various precipitates with varying sizes and morphologies, also need to
be considered. All means there should be some factors affecting the
tensile properties, not the strain hardenability. This can be attributed to
either structural defects e.g, cracks, voids, etc., or solute-induced
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Table 8

Constitutive models representing the tensile behavior.

Sample Plastic straine < 0.06 Plastic straine > 0.06

K =59.28 x 10%,n = 1.05
K =50.77 x 10%,n = 1.01

Top part
Bottom part

K = 808.14,n = 0.20
K =778.68,n = 0.22

strengthening taken place during the solidification process, or both.
Similar trends between the strain hardening rate of both samples in the
nanoindentation load-depth curves might recall the fact that the pre-
cipitate strengthening should be a determining mechanism causing

d

S, Mises

(Avg: 75%)
+4.443e+08
+4.073e+08
+3.703e+08
+3.332e+08
+2.962e+08
+2.592e+08
+2.222e+08
+1.851e+08
+1.481e+08
+1.111e+08
+7.405e+07
+3.703e+07
+2.780e+03

b

S, Mises

(Avg: 75%)
+5.032e+08
+4.613e+08
+4.194e+08
+3.774e+08
+3.355e+08
+2.935e+08
+2.516e+08
+2.097e+08
+1.677e+08
+1.258e+08
+8.387e+07
+4.194e+07
+2.941e+03

variations in strength and ductility along the building direction.
Regarding that, the term (opr + 6pw + 0gg) shows almost 35 MPa dif-
ference in its value when we compare both parts. In similar fashion of
the grain size which is reported comparable, another research presented
similar dislocations’ density and dislocation strengthening through the
building direction [23,48,49]. Therefore, this difference is probably
caused by the difference in precipitation strengthening factor.
According to X-ray micro-CT images (cf. Fig. 8), while the bottom-
part shows sub-surface microcracking in some areas, the top-part con-
tains microporosity shown within a few cross sections. Besides, both
samples present a low volume fraction of inclusions through the bulk.
During the AM process, the build plate acts as a heat sink subjecting the

PEEQ

(Avg: 75%)
+5.485e-02
+5.027e-02
+4.570e-02
+4.113e-02
+3.656e-02
+3.199e-02
+2.742e-02
+2.285e-02
+1.828e-02
+1.371e-02
+9.141e-03
+4.570e-03
+0.000e+00

PEEQ

(Avg: 75%)
+6.690e-02
+6.132e-02
+5.575e-02
+5.017e-02
+4.460e-02
+3.902e-02
+3.345e-02
+2.787e-02
+2.230e-02
+1.672e-02
+1.115e-02
+5.575e-03
+0.000e+00

Fig. 11. The Mises stress and the equivalent plastic strain in (a) bottom-part, and (b) top-part samples.
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building product to significant temperature gradients. By distancing
from the build plate and due to consecutive heating cycles, the layers
already printed keep the heat for longer time that leads to a gentler
temperature gradient. On the other side, the heating cycles result in the
fusion of the fresh powder layer and partial fusion of a few layers un-
derneath. Gas entrapment and folded oxide films due to interactions
between the melt pools and the chamber gas, as well as the melt agita-
tion are usually called porosity resources in AM processing. The dynamic
nature of the melt pool from one side, and the partial melting of the last
few layers on the other side ease the floatation of trapped low-density
gas. While a huge temperature gradient at the beginning which ap-
plies thermal-induced residual stresses is mostly responsible for crack
formation in the bottom part, upward movement of entrapped gas along
the building direction contributes to gas porosity formation through the
top part.

Even though the structural defects and their resources are completely
different between top and bottom parts, there are no remarkable dif-
ferences in either the trends of flow curves or the DIC strain contours.
Some researchers modeled the brittle and ductile fracture in various
crystalline structures and reported that the presence of porosity and
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micro-void impacts stress triaxiality and failure mode in ductile fracture
where void coalescence develops during the post-necking unstable
deformation [43,50]. However, pre-cracked samples often show flat to
slant fracture transition or a competition between these two modes also
called “flip-flap” mechanism, i.e., changing the slant plane orientation
during the crack propagation [51,52]. Despite the theoretical differ-
ences in failure mechanisms from bottom to top, the flow curves’ elas-
toplastic manner present fair enough similarities, which implicitly notes
that the differences in tensile values can be related to the physical
properties of the AM material.

According to the TEM analysis in Fig. 3 and the data presented in
Table 3, the phases formed during the rapid solidification can be
interpreted by considering the partitioning of the alloying elements,
faceted/non-faceted growth, and cyclic reheating that facilitates the
diffusion. Unlike Mg, Si has proper diffusivity in liquid Al, and conse-
quently low partitioning coefficient, but a huge tendency to grow
faceted in liquid Al [53]. While lower k' offers higher potential of par-
titioning during the solidification, the faceted growth mode is not as
frequent as the non-faceted one since it requires potential nucleation
sites such as interstitial vacancy, twinning, and screw dislocations [54].
The need for a covalent bond between Si and other elements to form
phases also acts as a barrier, which defines it as a time-dependent re-
action [55,56]. While the bottom part in contact with the build direction
is exposed to a steep temperature gradient, heating/reheating cycles
moderate G value that broadens the solidification time.

Through the bottom part but faraway the build plate where fusion/
partial fusion of powder layers takes place, Mg and Si atoms have a
chance to diffuse within short-range paths to form elongated (Mg,Si)-
bearing lamella shown as purple rod-shape precipitates in Fig. 5(b).
Although the heat generated by the scanning laser affects a few layers
beneath the surface, a steep temperature gradient remains between
these layers and those deposited at the very bottom. As a result, the
diffusion kinetic is reduced, leading to a lower volume fraction of pre-
cipitates in the bottom part compared to the top part. Moreover, there is
still a fraction of Mg atoms trapped in the Al matrix since the parti-
tioning coefficient of Mg is high. These atoms are shown as scattered
purple dots in TEM Mg-profile of the bottom part. It is worth noting that
some of these colonies can be representative of those elongated (Mg,Si)-
bearing lamella, which are oriented along with the building direction.
Besides, Si with low partitioning coefficient and lower density than Al
element can be partitioned through the top layers. On the other side, the
top part experiences gentler temperature gradient associated with suf-
ficient diffusion time of solute. As a result, Mg and Si can diffuse and
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Fig. 13. Variation of the stress triaxiality in the bottom-part (BP) and top-part (TP) samples.
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react properly to form high volume fraction of fine (Mg,Si)-bearing
precipitates, shown as purple spherical precipitates in Fig. 5(a). Based
upon the TEM profiles, the intercellular regions are high-potential sites
for nucleation of the eutectic Mg and Si phases. High Si concentration
due to its partitioning from the bottom part, as well as sufficient diffu-
sion time facilitates faceted growth of Si-rich blocky phase illustrated in
both TEM Si-profile of the top part and APT analysis. The same reason
previously mentioned for Mg trapping can be valid through the top part
as well. To sum up, while the bottom part suffers from Si depletion, the
top part finds a chance to have both faceted Si phase and high fraction of
(Mg,Si)-bearing phase due to a gentle temperature gradient and solute
enrichment, which is presented in Table 4.

Simulation and experimental force-displacement data show compa-
rable results in which the middle of the samples present the highest
equivalent plastic strain magnitudes associated with the high-potential
failure area in both samples. Moreover, the distribution of the equiva-
lent strain through the top-part sample shows a higher strain concen-
tration in the middle area compared to the other sample. In addition, the
variation of the stress triaxiality in both samples indicates more locali-
zation in the bottom-part sample.

Based on all discussed above and the data reported in Table 6, the
differences in the tensile strength and the Poisson’s ratio of the samples
can be attributed to Si partitioning associated with changes in phases
chemistry, shape, and geometry, as well as shear modulus and
strengthening factors. This factor has a remarkable impact on 6, 055 and
opr, While its influence on the strain hardening rate seems to be negli-
gible. Although there are some techniques that can simultaneously in-
crease both strength and elongation such as grain refining, alloy design,
microstructure architecting, and heat treatment, the phenomenon re-
ported in this study is quite unexplored. The presence of fine precipitates
and better distribution of particles shown in the APT profiles can be
other key factors changing the strengthening through the top part. While
the laser powder bed fusion can be considered as a self-heat-treating
manufacturing process due to consecutive heating-reheating cycles,
the complex dynamic nature of this manufacturing process can induce
nucleation of further precipitates within the short-range paths due to
partial mixing in liquid and no diffusion in solid [9]. Solute trapping/
repartitioning during these thermal cycles are reported as an important
factor concurrently causing superior strength and ductility. However, to
approve this phenomenon as the dominant mechanism, further explo-
ration is required. To the best of knowledge of the authors, there is no
other study presenting differences in mechanical behavior of a single AM
component, while the grain size is constant through the building di-
rection. This study was trying to recall the importance of other
strengthening factors in the total theoretical strengthening equation,
particularly at rapid solidification taking place during the laser additive
manufacturing. Nonetheless, additional insights can be derived from
exploring constitutive models like crystal plasticity, offering potential
inspiration for future research studies. To compare, this research pro-
vides tensile strength values alongside those from other studies for
different AlSiMg alloys, as shown in Table 9.

7. Summary and conclusions

This study showed that by distancing from the build plate, the tensile
strength and the total elongation increase in the LPBF AlSil10Mg
component vertically printed. To find the reason, the structural integ-
rity, the microstructural features, and the thermophysical properties
during rapid solidification were investigated. The results can be sum-
marized as follows:

e While the microstructural analysis showed similar average grain
size, the micro-CT analysis revealed lack of structural integrity in a
few cross sections containing microcracks and porosity through the
bottom part and the top part, respectively.
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Table 9
A comparison between mechanical properties of the AlSiMg alloys produced
using various manufacturing techniques and heat treatment processes.

Study Material/ Oys 6uTs & n 9
condition (MPa) (MPa)
/SD* /SD
ASDuilt LPBE o0y o ) 4739, 0071+ 0-319
AlSi10Mg (top 025 £
3.6 4.3 0.005
part) 0.007
Current s built LPBF 0.374
K 221.3/ 436.3 / 0.059 +
AlSi10Mg 2.2 2.7 0.002 0.26 £
(bottom part) 0.004
if:i’fél;/épm 238/ 420/ 0051 B
. 4.2 12.6 0.009
(vertical)
Annealed LPBF
(360°C/60 127 / 228 / 0.204 +
min) AlSilOMg 2.3 2.0 0.012 B -
(vertical)
Annealed LPBF
(360°C/60 136 / 229/ 0.241 +
min) AISilOMg 2.9 0.8 0.01 - B
(horizontal)
Lutz and .
Huber 2:;’;‘:1\1;12}:5 271/ 407/ 0081 )
[57] 5 ’ 3.4 2.4 0.007
(vertical)
Annealed LPBF
51?1613 121/561(; 5 111/ 190 / 0.267 +
Mg2.5 1.0 0.8 0.013
(vertical)
Annealed LPBF
i::g ;1/5612.5 12/ 184/  0247% )
0.9 1.4 0.013
Mg2.5
(horizontal)
As-built LPBF 322.2/ 434.2 / 0.053 +
AlSi10Mg 8.1 10.7 0.002 a -
Heat-treated
I{ganf:;S)O ¢/ 196.6 / 282.4 / 0.134 +
Lietal.  AISil0Mg 36 6.1 0.005
[58] (vertical)
Heat-treated
Ii,l;gFm(ISISO ¢ 90.5 / 168.1 / 0.237 £ B B
. 1.6 2.4 0.008
AlSi10Mg
(vertical)
As-built LPBF 379/ 0.179 +
AlSi7Mg 31, 0.008 023 -
Direct-aged
LPBF (160°C/
10 h/air 236 /1 383/1 0.138 & 0.20 -
0.012
cooled)
AISi7Mg
Ming Annealed LPBF
(300°C/1.5h/ 269 / 0.17 +
?;;]L air cooled) 17172 1.5 0.02 017 -
: AISi7Mg
Solution-aged
LPBF (525'C/
OB 37, ms/ 0219+ o6
. 2.6 2.3 0.024
>160"C/10 h/
air cooled)
AlSi7Mg
As-built LPBF 0.078 +
AISi10Mg 264/ 4 454 /5 0.007 0.26 -
Lietal ~ ASCSULPBE g4 170 0.04 020 -
[60] AlSi10Mg
Heat-treated
(T6) cast 250 320 0.057 0.1 -
AlISi10Mg
Sert ASDultLPBE 001, 3521/ 0052+ 0.371
et al. AlSi7Mg (BD: 0 81 8.9 0.005 - +
[61] - horizontal) 0.011

(continued on next page)
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Table 9 (continued)

Study Material/ Oys ouTs & n 9
condition (MPa) (MPa)
/SD* /SD
AsulltLPBE g1 3506, 0.044 + 0.332
AlSi7Mg (BD*: 40 36 0.003 - +
45) . . : 0.048
AsbulltLPBE o0 3484, 0.043 + 0.385
AlSi7Mg (BD: 54 6.4 0.003 - +
60) : : : 0.030
AsbulltLPBF o, 0 3566,  0.042 + 0.309
AlSi7Mg (BD: 71 10.2 0.002 - +
70) : : : 0.043
AsbulltLPBE o0y 3443,  0.045 + 0.341
AlSi7Mg (BD: 5.1 6.6 0.002 - +
80) ’ ’ ' 0.019
AsbulltLPBE o0 g 3448,  0.048 + 0.389
AlSi7Mg (BD: 39 5.9 0.002 - +
90 - vertical) . : ’ 0.008
LPBF AISi7Mg 227/ 397/  0.06 + ) B
powder 11 11 0.01
Caceres Heat-treated ~0.10 +
and 0.01 (@
Selling (1) cast - - 0.2 % oL -
» o 0
[62] AlSi7Mg0.4 porosity)

BD: Building direction.

e The top part presented higher hardness and cumulative strain energy
that was not grain-size dependent; however, trend of the strain
hardening rate in both samples, obtained by the nanoindentation,
followed a similar trend indicating that the nature of structural de-
fects, i.e., stress-induced cracking or porosity due to gas entrapment,
was not a dominant factor applying variations in the tensile prop-
erties. The Poisson’s ratio also showed a meaningful difference be-
tween the top and bottom parts, emphasizing the importance of
phases formation and distribution on the relationship between lon-
gitudinal and lateral strains.

The TEM and the APT results indicated that both top and bottom
parts show (Mg,Si)-bearing phases but with different size and
morphology. The top part contains blocky Si-rich phase thanks to Si
partitioning during the heating/reheating cycles. The rest of the Mg
atoms experienced either participation in Mg-Si reaction to form the
(Mg,Si)-bearing phase or trapping phenomenon through the entire
matrix. The differences in solute partitioning and phase formation
were reported as dominant factors changing the hardness, elastic,
and shear moduli, strengthening mechanism, and subsequently ten-
sile properties.

According to the simulation results, it was found that in both sam-
ples, the plastic strains were accumulated in the middle of the gauge
introducing potential zones of fracture initiation. Moreover, since
the top part showed higher magnitude of stress triaxiality all while
an equivalent plastic strain, this sample presented more localization
during the tensile testing.
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