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ARTICLE INFO ABSTRACT

Keywords: In this work, significant strength and ductility variations are reported for AlSi10Mg parts fabricated at different
Laser powder bed fusion orientations using laser powder bed fusion (LPBF). Hardness and surface roughness of the specimens at different
Hardness ) orientations were measured. Tensile testing together with digital image correlation technique were conducted on
g:g::lcal properties the specimens. XY specimens showed the highest yield stress and ultimate tensile strength while XZ specimens
Microstructure showed the highest ductility. Hardness measurements for different specimens were in accordance with the tensile

test results, following the same order as the UTS values, XY specimens being the highest and XY-45° (out-of-
plane) specimens being the lowest. Fractography of the broken surfaces of the specimens under tensile testing
revealed the microstructural features and various defects in the tensile fracture. The anisotropy in mechanical
properties is attributed to the microstructural anisotropy as well as presence of various types of defects induced
by the AM process, which affects the deformation and failure mechanism of the parts. Linear relationships be-
tween experimental Vickers hardness versus yield stress and UTS measurements were developed. In case of
material selection for different applications, these relationships can be used as a simple tool for converting
hardness and yield stress (or UTS) values to each other. An equivalent strain-hardness relationship was also
proposed which can be used for health monitoring of parts subject to tensile loading.

technologies provide exceptional features such as design freedom, ma-
terial waste reduction, etc., presence of unfavourable features such as
internal defects, surface roughness, residual stress, etc. has affected the
microstructure and structural integrity of the AM parts. The influencing
parameters affecting these features in LPBF process are related to four
main controlling factors [12]: (a) laser such as laser power, pulse fre-
quency, (b) powder such as particle size, shape and distribution, (c) scan
such as scan speed and scan spacing and (d) temperature such as powder
bed temperature.

Numerous studies focused on the influence of the LPBF process pa-

1. Introduction

Additive manufacturing (AM) with favourable time- and cost-
effective benefits and great net-shape production capability has
claimed its position at the forefront of manufacturing technologies in
various industries such as space, aerospace, biomedical and armour [1].
With respect to the technical features, AM enables producing objects at
various sizes and shapes, e. g., in manufacturing dental implants [2]. It
should also be noted that new computational approaches should be

considered for the analysis of behaviour of AM materials under different
loading conditions, such as studying the fracture toughness of parts
under the conditions of geometrically defined cracks in a
three-dimensional solid body [3-5].

Among others, AM aluminium alloys with high strength to weight
ratio, large thermal conductivity and reflectivity have attracted specific
attention of aircraft and automotive industries [6,7]. AlSi10Mg is the
most extensively studied among AM aluminium alloys [8-11]. While AM
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rameters as well as improving methods such as heat treatment or surface
treatment such as machining on microstructure and mechanical prop-
erties of AlSi10Mg parts fabricated by LPBF process. Pola et al. [13]
showed that sand-blasting surface treatment improved the surface
roughness and fatigue strength of AlSi10Mg specimens produced by
direct metal laser sintering (DMLS). Thijs et al. [14] presented LPBF
production of very fine-microstructure AlSil0Mg parts with high hard-
ness value of 127 + 3 HVO0.5. They discussed that different scanning

Received 31 August 2022; Received in revised form 3 November 2022; Accepted 12 November 2022

Available online 14 November 2022

0921-5093/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:ahmad.serjouei@ntu.ac.uk
www.sciencedirect.com/science/journal/09215093
https://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2022.144345
https://doi.org/10.1016/j.msea.2022.144345
https://doi.org/10.1016/j.msea.2022.144345
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2022.144345&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Serjouei et al.

Materials Science & Engineering A 861 (2022) 144345

Nomenclature and abbreviations
AM Additive Manufacturing

BD Building Direction

DED Directed Energy Deposition
DIC Digital Image Correlation
DMLS Direct Metal Laser Sintering
E Young’s Modulus

FEA Finite Element Analysis
HAZ Heat Affected Zone

HF Hydrofluoric acid

Hy Vickers hardness

LPBF Laser Powder Bed Fusion
R, Mean roughness value

R, Maximum height of roughness profile
STDEV  Standard Deviation

S Mean spacing of picks

Sm Mean spacing of profiles irregularities
SEM Scanning Electron Microscopy

XY Parallel to build plat in 0°

XY-45° (in-plane) Parallel to build plat in 45°
XY-45° (out-of-plane) Angled out-of-plane with 45° to build plate

YX Parallel to build plat in 90°

zZX Angled out-of-plane with 90° to build plate
Yb Ytterbium

e Huber-von Mises-Hencky strain

&f Strain at fracture

&cStrain component in x directione, Strain component in x
directione,Strain component in y direction

vEffective Poisson’s ratiosy Effective Poisson’s ratiosyYield Stress

oy, UTS Ultimate Tensile Strength

strategies can be used to control the anisotropy of the parts. Read et al.
[15] showed superior strength, elongation and creep properties of LPBF
AlSi10Mg parts fabricated using a Concept Laser M2 system compared to
the cast counterpart alloy. Brandl et al. [10] showed that synergy of
300 °C powder-bed heating and a specific peak-hardening (combination
of solution heat treatment, water quenching and artificial aging)
improved the fatigue strength of LPBF-printed AlSilOMg parts and
reduced the difference between cyclic life of specimens printed at
different orientations. Li et al. [16] showed that solution heat treatment
and artificial aging have significant influence on the microstructure and
mechanical properties of AlSi10Mg specimens fabricated by LPBF. They
showed that solution treatment at 550 °C for 2 h decreases the ultimate
tensile strength (UTS) of as-built specimens from 434.25 + 10.7 MPa to
168.11 + 2.4 MPa and increases the fracture strain considerably from
5.3 + 0.22% to 23.7 £ 0.84%. Manfredi et al. [17,18] studied the effects
of annealing (T2), T4 (solution heat treated at the temperature of 530 °C
for 5 h, and then, quenched in water) and T6 (solution heat treated at the
temperature of 530 °C for 5 h, then quenched in water and artificially
aged at 160 °C for 12 h) heat treatments on the UTS, ductility and
hardness of AlSi10Mg specimens fabricated by DMLS. It was observed
that tensile properties of AlSi10Mg specimens were lowered by all the
heat treatment conditions as compared to the as-built condition.

It has been shown that building orientation is influential on the
microstructure, anisotropy and producing different defects in the LPBF
parts [19-21]. However, limited works have explored the effect of
building orientation on the hardness of AlSi10Mg specimens. Read et al.
[15] reported not major influence of building direction (BD) on tensile
properties, and only ~10% higher UTS for LPBF-printed AlSi10Mg
horizontal specimens was observed in comparison to that of vertical
ones. Mfusi et al. [22] studied the microstructure and mechanical
properties of AlSi10Mg printed using a Solutions M280 LPBF system in
the XY, 45° and Z orientations. They found that the specimens in Z and
45° orientations show the highest UTS and elongation, respectively,
while the XY specimens contain the lowest porosity, ductility and UTS.
Kempen et al. [23] observed that AlSi10Mg parts fabricated using a
Concept Laser M1 LPBF system exhibited comparable or higher Vickers
hardness compared to the high pressure die cast AlSilOMg parts
depending on the aged or as-cast condition of the cast parts, respec-
tively. They also showed that XY specimens have almost the same UTS,
and higher ductility compared to the Z specimens. It is necessary to find
out the effect of various building orientations both in XY and Z plane on
the mechanical properties of AM AlSi10Mg parts.

Resistance of a material against local plastic deformation is
measured by hardness. Attributes of material such as microstructure
[24] and strain-hardening [25] have direct influence on the hardness,
and this makes hardness a non-intrinsic material property. Empirical

relationships between hardness/microhardness of metals and a measure
of their strength such as UTS or YS have been developed. For example,
the following general relationship has been proposed between Vickers
hardness, Hy, and yield stress, oy, of metals exhibiting minimal strain
hardening [26]:

— HV
T 0.927C

Tabor [26] experimentally proved that the constant C for fully
work-hardened mild steel, annealed copper and tellurium lead is 2.8, 2.8
and 2.9, respectively. Based on this, Tabor [26] considered C ~ 3. As an
example using Eq. (1), if C = 2.9, the slope of Hy (in MPa) versus o, (in
MPa) will be 0.372 going through the origin. However, for materials
with strain-hardening behaviour corresponding to steels, magnesium,
aluminium and copper alloys the strength-hardness relationship can be
better described by Ref. [27]:

€8]

Oy
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where A and B are the fitting constants in this linear relationship.
Equations such as Eq. (2) have been used to provide insight on the nature
of relationship between strength and hardness over an examined range,
e. g., in Refs. [28-30]. It may be expected that the constant Bin Eq. (2) to
be zero since a material with zero hardness should also have zero
strength. However, a standard error is normally associated with the
constant B in such fitting equations which justifies the non-zero value of
B [31].

The relationship between hardness and strength for AM materials is
not widely recognized. Keist and Palmer [32] showed, that there is a
strong linear correlation, similar to Eq. (2), between the hardness and
yield stress or UTS of additively manufactured (directed energy depo-
sition (DED), laser-based DED, and laser-based powder bed fusion
(LPBF)) Ti-6A1-4V alloy which often experiences a strong strain hard-
ening. Cerri and Ghio [33] stated, that Eq. (2) is also suitable for
adequate description of the strength-hardness relationship for AlSi10Mg
alloy produced by LPBF and post-processed under different thermal
treatment conditions. Further research needs confirmation of validity of
strength-hardness relationships such as Eq. (2) for different AM mate-
rials fabricated using different process conditions including various
building orientations. The relationship between hardness and plastic
strain has been also studied for ductile metals. It was observed that a
stretching of metals make them harder up to the point of UTS after which
a further loading leads to the local necking and/or fracture [34]. Some
theoretical approaches or finite element analysis (FEA) results devoted
to Vickers hardness increase due to plastic deformation have been re-
ported by many research centres, e.g. Refs. [35-38].

This research is conducted to address the of above limitations in lack
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of experimental works on the effect of building orientation on the
hardness and validity of strength-hardness relationships for AM mate-
rials. In this work, the effect of various building orientations on the
mechanical properties of AM AlSi10Mg parts is studied. Microstructural
analysis was performed to observe different types of defects. Hardness
and surface roughness of the specimens were measured along different
orientations. Equations for Vickers hardness-strength dependency of
AlSi10Mg alloy fabricated along different orientations by LPBF are
proposed based on the experimental data. In addition, the relationship
between equivalent strain and post tensile hardness values were studied
for AM specimens. Tensile test supported by digital image correlation
(DIC) technique were conducted. Fractography of the broken specimens
under tensile loading enabled description of failure mechanism due to
presence of microstructural features such as defects.

2. Materials and testing methods
2.1. Details of specimens’ fabrication and procedure of their quality check

An EOS M280 DMLS system of a powder bed fusion, metal 3D printer
was used to manufacture specimens. The main unit was equipped with a
Ytterbium (Yb) fibre laser with a wavelength of 1060-1100 nm and a
maximum power of 400 W. The working volume of the machine was
250 mm x 250 mm x 320 mm, and the process was carried out in an
argon gas atmosphere, with oxygen content in the building chamber
below 1000 ppm (0.1 vol percentage). The aluminium base plate was
kept at a constant temperature of 35 °C. The general laser scanning
strategy in case of the selected 30 pm layer thickness consisted of two
subsequent steps: the exposition of the inner area (green area) and the
external contour (red line) of the part, Fig. 1(a). The inner area was filled
by the parallel laser lines (green lines) with a distance of 190 pm (Dy,),
creating hatched pattern. In order to avoid an excessive heat generation
in the long lines, the hatched area was divided into 7 mm wide stripes
(Dg) (blue lines in Fig. 1(a)) with 0.02 mm overlaps. The adopted
scanning velocity was equal to 1300 mm/s and the laser power was 370
W. The hatched pattern was rotated by 67° angle with respect to the
consecutive layers, providing a higher level of homogeneity. The general
view of patterns for selected cross-sections is depicted in Fig. 1(b). The
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exposure parameters, i.e., laser beam velocity and power for the last
three bottom and top surface layers (so-called up-skin and down-skin)
were reduced by approximately 20% and 10%, respectively. The outer
contour was double exposed to the laser radiation with 0.02 mm offset
distance, a scanning velocity of 900 mm/s and power of 85 W. The outer
contour exposition provided surface quality and a small number of de-
fects in the transition zone to inline hatching. In turn, Fig. 1(c) shows
dimensions of the plane specimen which are in agreement with ASTM
E8/E8M — 09 [39].

The AlSi10Mg powder with average particle size within the range of
15-45 pm was used for 3D printing. The chemical composition of the
AlSi10Mg powder applied for printing is listed in Table 1. Fig. 2 shows
the morphology of the powder captured by scanning electron micro-
scopy (SEM) using a Joel JSM-6480 series system. Although most of the
particles had a spherical shape, there were satellites attached to them or
porosities observed inside them. The specimens were printed in several
processes alongside other parts designed for different purposes. A layout
of the base plate for the selected printing process is presented in Fig. 3
(a).

Fig. 3(b) presents six orientations of the specimens: three parallel to
the build plate plane in 0°, 45° and 90°, representing directions denoted
as XY, XY-45° (in-plane) and YX, respectively, two representing out-of-
plane directions included by 45° and 90° with respect to the build plate
XY-45° (out-of-plane) and ZX, respectively, and one printed perpen-
dicularly with regard to specimens XY, denoted as XZ. The bottom part
of all specimens was supported by a regular, rectangular lattice with a
spacing of 0.6 mm x 0.6 mm. The inclined specimens (XY-45° (out-of-
plane)) were self-supported and did not require an additional support
structure along their main axis. All specimens were subjected to stress
relief annealing for 2 h at 300 °C.

3D printing precision of specimens was checked on a Form Talysurf
system using UltraContur version 30303 of 1 pm accuracy. Five speci-
mens were printed in each direction for the purpose of repeatability
check of the results. Five specimen dimensions that were crucial from
experimental point of view (see Fig. 4) were examined. Their average
values together with standard deviation are reported in Table 2. A
reasonably good agreement between required and obtained specimen
dimensions was achieved. The high surface roughness and high

~~lLayer n+2

™

Top view

Front view

(€) e ]
* 30.0 g

Fig. 1. Details of the process for specimen fabrication: (a) schematic of the exposure strategy; (b) exposure patterns for selected cross-sections of the specimen; (c)
engineering drawing of the specimen (in agreement with ASTM E8/E8M — 09 [39], dimensions are in mm); the nominal thickness of the specimens is 4 mm.
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Table 1

Chemical composition (mass %) of the AlSi10Mg powder.
Cu Si Mn Fe Mg Ni Zn Pb Sn Ti
<0.05 9-11 <0.45 <0.55 0.2-0.45 <0.05 <0.1 <0.05 <0.05 <0.15

Satelliates

IFFTAHPAN

Satelliates

<« Porosity

185m IPPT PAN

Fig. 2. SEM images of the AlSi10Mg powder used for 3D printing.

Fig. 3. Configuration of specimens showing their orientations considered: (a)
schematic visualization; (b) general view of the AM specimens.

concentration of unmelted powder particles led to the large scatter of the
results, especially in the case of radii. The highest accuracy was found

for the XZ specimen.

2.2. Testing techniques for material characterisation

In this research several methods were applied to determine a range of
mechanical properties of AM materials in question. The experimental
program comprised techniques for either macroscopic or microscopic
characterisation of the material. Among macroscopic techniques one can
indicate: hardness measurements, surface roughness inspection and
tensile tests. In the case of microscopic investigations, an identification
of the material structure was captured in the as-received state and after
specimen fracture.

The Vickers hardness measurement (under force equal to 5 kgf) were
performed using a Duramin-500 universal hardness tester on the cross-
sections perpendicular to the longer axis of specimens. Hardness was
analysed either in the gauge length of specimens or in the gripping part.
Tests were carried out according to the ISO 6507-1 standard [40]. Five
imprints were made on each specimen.

Table 2
Nominal and measured dimensions (see Fig. 4) of the printed specimens.
Dimensions/ Ry Rz @1 () 92 () C; (mm)
Orientations (mm) (mm)
Nominal values 5.00 5.00 150.00 150.00 2.00
XY 5.31 + 5.12 + 149.48 + 150.07 + 1.98 +
0.07 0.17 0.87 0.05 0.00
XY-45° (in-plane) 4.87 + 4.87 + 148.85 + 152.16 + 2.14 +
0.02 0.01 2.50 0.34 0.00
YX 492 + 5.14 + 148.42 + 151.76 + 1.87 £
0.24 0.04 1.16 1.06 0.00
ZX 5.01 + 5.33 + 149.91 + 151.31 + 1.88 +
0.08 0.36 0.00 0.03 0.03
XY-45° (out-of- 4.60 + 512 + 150.35 + 149.65 + 2.07 £
plane) 0.01 0.30 0.40 0.40 0.05
XZ 4.90 + 5.05 + 149.83 + 149.04 + 2.005 +
0.03 0.01 0.03 0.83 0.00

—
o:“’/”
~I

Fig. 4. Specimen dimensions considered for the validation of the 3D printing precision.
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A stylus profilometer Form Talysurf system (Taylor Hobson Preci-
sion, UK, Series 2) of £0.5 mm measurement range, 40 mm maximum
gauge length, 0.6 nm resolution and 2 pm tip radius, was used for the
surface roughness measurement of all specimens. The surface roughness
was measured along the longer axis of each specimen at five positions in
order to check their repeatability. Four parameters were determined,
namely mean roughness R,, maximum height of roughness profile, Ry,
mean spacing of picks, S, and mean spacing of profiles irregularities Sy,.
In addition, the mean standard deviation (STDEV) was calculated for
each measurement. Tensile tests were performed on flat specimens,
Fig. 1(c), for each printing orientations taken into account. Specimens
were directly printed to the final-shape according to the ASTM Standard
E8-09 [39]. MTS 810 testing machine of a maximum force equal to
+250 kN and a maximum displacement range of +80 mm was applied in
all tensile tests. Each test was performed at room temperature in
accordance to the EN-ISO-6892-1 standard [41]. A displacement control
mode with strain rate of 0.001 s~* was applied in all tests. Three spec-
imens of each building direction were tested. The axial strain was
determined using an extensometer, MTS 634.31F-24, of the gauge
length equal to 35 mm, while the transverse strain was measured using
DIC.

The Aramis 12 M DIC system (Titanar B 75 lenses with a focal length
of 75 mm) enabled to capture images at the resolution of 4096 x 3000
pixels and measurement zone represented by a rectangular field of di-
mensions within the range from 25 mm x 15 mm up to 1500 mm x 700
mm. The device was calibrated for the volume range of 190 mm x 135
mm X 120 mm, using the CP40-170-42201 calibration plate. Recording
frequency for image capturing was constant and equal to 2 Hz. Strain
components along the length and width of the specimens were deter-
mined directly by the DIC system, based on measurement frames
covering area of 180 mm x 130 mm (4240 x 2824 pixels) as shown in
Fig. 5(a). Fig. 5(b) shows the measuring points X; to X5 and Y; to Y5 were
distinguished along the transverse direction on the specimen, in order to
define strain components, &, and ¢, within the area of interest shown in
Fig. 5(a).

Microstructures of the specimens were examined on the cross-section
perpendicular to the longer axis of each specimen using a VK-X100
confocal laser microscope. The process of metallographic specimens’
preparation contained the following steps: firstly, specimens were cut in
their gripping part; they were then subjected to the grinding and
consecutive polishing using a diamond suspension of 9, 3 and 1 pm
grades; and finally, specimens were etched using a 1% Hydrofluoric acid
(HF) in period of 5 s. Fractured regions were inspected under different
magnifications, using a Joel JSM-6480 series SEM system, in order to
identify some structural effects or possible defects.

Poisson’s ratio was calculated based on DIC measurements along
axial and transverse directions for all specimens. It was subsequently
used to calculate the values of equivalent strain according to Eq. (5).

Area of interest

~
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3. Results and discussion
3.1. Microstructural analysis

Fig. 6 shows optical microscopy images of three specimens, XZ, XY
and XY-45° (out-of-plane). Fig. 6(a) and (b) shows microstructure near
the one of corners of one of the XZ specimens. It can be observed, in
Fig. 6(b) and (f) that melt pools share two boundaries with surround-
ings: one with the adjacent melt pools, track-track boundary, and the
other with the bottom layer, layer-layer boundary. Distance between
tracks is about 200 pm, which corresponds to the distance between each
scan line (190 pm). The size of melt pools are different and the biggest is
for the track on the specimen’s corner. Single small pores are present
located mainly on the boundaries of layers. A fine microstructure with
cellular-dendritic structure is observed inside of the tracks (see Fig. 6
(b)). Toward the melt pool boundaries and overlap of adjacent melt
pools, the grains become coarser due to long exposure to high
temperature.

The layer-by-layer AM process entails a unique thermal history with
rapid heat conduction from the melt pools towards dispersed cool sur-
roundings which results in rapid solidifications. The microstructural
anisotropy including different grain size and crystallographic orienta-
tions is mainly generated during this thermal process applied at different
locations of the material. The microstructural anisotropy together with
the presence of various types of defects generated during AM process are
the sources of anisotropy in mechanical behaviour of the parts which
affect their deformation and failure mechanisms.

As remelting and solidification occur, pores such as those observed in
Fig. 6(c) and (e) are generated on the edges of the melt pools, and
therefore, these sites become the preferential places of fracture due to
pores opening and crack initiation. On the boundary of the track-track, a
very fine dendritic microstructure and heat affected zone (HAZ) can be
observed. Layer-layer boundary is narrow with fine grains. The micro-
structure of XY specimen is similar to that of XZ one. Cracks are located
near the surface between near-to-edge track boundary (see Fig. 6(c)) and
on the track-track boundaries. They initiate from the surface where
oxide inclusions are observed. For XY-45° (out-of-plane) specimen, more
and bigger pores were detected in comparison to those for XY specimens
obtained, as shown in Fig. 6(e). These pores are located inside the melt
pool tracks. Single cracks can be indicated near the surface of track-track
border on the top layer and on the side surface as well.

3.2. Results of mechanical tests

Before execution of the main part of experimental program all
specimens were subjected to the surface roughness measurement. The
results are summarized in Table 3.

The amplitude parameters R,, and R, show that specimens repre-
senting XY-45° (in-plane) and XY directions exhibited the largest surface

(b) Distance between X points: 1 mm

Fig. 5. (a) DIC setup used to observe gauge zone during tensile test; (b) a digital profile of the middle section of gauge zone with the points representing places of

strain analysis.
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Fig. 6. Optical microscopy images of the specimens: (a) XZ, (c) XY and (e) XY-45° (out-of-plane); (b), (d) and (f) are the magnified views of specific sections in (a), (c)

and (e), respectively. BD (building direction) is shown in each image.

Table 3
Results of the surface roughness measurements for the specimens printed in different orientations.
Building direction R, (pm) R, (pm) S (pm) S (pm)
Value STDEV Value STDEV Value STDEV Value STDEV
XY 22.55 0.48 149.19 2.97 258 10 542 29
XY-45° (in-plane) 23.87 0.63 157.78 3.80 262 6 527 42
YX 19.29 0.56 132.43 6.72 246 10 585 50
X7 16.78 0.96 123.44 7.31 246 7 521 77
XY-45° (out-of-plane) 22.25 1.41 151.81 7.60 267 26 552 40
zX 21.97 0.65 137.53 6.51 239 11 519 36

roughness. Contrary to that, the specimens oriented as XZ and YX
demonstrated the lowest surface roughness heights. In case of the mean
spacing of picks, S, and mean spacing of profiles irregularities Sy, the
lowest values for the ZX and XZ specimens were observed. The varia-
tions of the values of S or Sy, parameters for the specimens printed in
different directions are small and does not exceed over a dozen percent.
The S, parameters can be correlated with size of the melt pool on the
edges of the specimens, that is more than two times larger than inside
the specimen. This effect is shown in Fig. 6(a). To check whether the
order of the roughness results correspond somehow to the selected
mechanical parameters determined from the standard tensile tests a
range of such experiments were carried out at room temperature. Tensile
stress-strain curves for the flat specimens are shown in Fig. 7, while the

selected parameters determined on their basis are presented in Fig. 8.
Values of the yield stress (oy), ultimate tensile strength (UTS) and strain
at fracture, ¢, are summarized in Table 4. Significant anisotropy is
observed for this material which should be taken into account in
computational modelling where constitutive equations are developed
for AlSi10Mg manufactured using LPBF process. The experimental re-
sults reported here agree well with data presented in the literature for
LPBF AlSil0Mg alloy parts, e. g., in Refs. [42,43]. The mechanical
properties presented here along with dynamic [44,45], compressive [46,
471, fatigue [48,49], fracture toughness [50,51], creep resistance [15],
impact [46,52], wear [53,54] and flexural bending [55,56] studied
behaviour of AlSi10Mg show great potential of this alloy for applications
in aerospace, automotive, and biomedical industry.



A. Serjouei et al.

400 -

300

tress (MPa)

200+

meering s

Eng
S
=]

0
0.00

0.03 0.06
Engineering strain (mm/mm)

0.09

Fig. 7. Stress-strain tensile characteristics at room temperature for specimens
printed along different directions.

The tensile properties of AlSi10Mg from EOS [57] are also included
as a reference to the experimental data of this research. The XY speci-
mens exhibited slightly higher Young’s modulus, E, than that deter-
mined for ZX specimens. The XY specimens showed considerably higher
yield stress, oy, and UTS (oy) in comparison to ZX ones. The strain at
fracture (ductility) can be ordered from the highest to lowest corre-
sponding to the specimen orientations as: XZ > ZX > XY ~ XY-45°
(out-of-plane) > YX > XY-45° (in-plane). Similarly, the UTS values gave
the following order: XY > YX > XY-45° (in-plane) > XZ > ZX > XY-45°
(out-of-plane).

Applying DIC system, allowed determining the value of the strain
components: & and ¢, in the area of interest, just before fracture. Fig. 9
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shows their values measured just before the fracture, in transverse and
axial directions, e and ¢, respectively, at different X and Y points
presented in Fig. 5(b)). It can be seen in Fig. 9(b) that the values of
transverse strain, ¢y, are not uniform. They are most similar in points Xy
for all analysed specimens Therefore, all post tensile test hardness
measurements were carried out in the location indicated by a vertical
dashed line at points X3 and Yo.

The strain fields registered by DIC system, just before and after the
fracture, for specimens printed in different directions are illustrated in
Fig. 10. The fracture locations are marked with red arrows. It is clearly
visible that the largest amount of strain can be observed in fracture area
before and after the fracture. Then, the strain is released in the areas

Table 4
Mechanical properties of the printed and stress-relieved AlSi10Mg specimens
determined from the standard tensile tests.

Specimen type/ E (GPa) oy (MPa) oy (UTS) & (%)

direction (MPa)

XY 67.9 + 243.6 + 366.6 + 4.6 4.7 +
4.5 7.2 0.3

XY-45° (in-plane) 68.8 + 238.3 = 332.6 + 4.9 28 +
3.4 7.0 0.0

YX 68.8 + 2445 + 349+ 7.0 3+0.2
3.7 2.1

XZ 67.9 = 209.3 = 327.8 £ 8.6 7.2+
0.9 2.9 1.1

XY-45° (out-of-plane) 66.1 + 198.3 + 295.8 +£7.1 4.6 +
1.2 3.6 0.5

ZX 65.8 + 197.7 + 306.1 £+1.4 59+
1.1 3.5 1.5

EOS 0°, as-built 75+ 10 270 £ 10 460 + 20 9+2

EOS 0°, stress-relieved” 70 + 10 230 + 15 345 + 10 12+2

EOS 90°, as-built 70 £10 240 +£ 10 460 + 20 6+2

EOS 90°, stress- 60 + 10 230 £ 15 350 £ 10 11+2

relieved”

# Annealed for 2 h at 300 °C according to EOS data extracted from Ref. [57].
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Fig. 8. Comparison of mechanical properties for the printed and stress-relieved AlSi10Mg specimens.
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Fig. 9. Variations of &, and &, strain components at (a) Y points and (b) X points shown in Fig. 5(b).

located far from the fracture point. Most of analysed fractured surfaces
are not perpendicular to the loading direction which is typical for the 3D
printed specimens. Fractured surfaces are not normally flat and not
vertical to the loading direction and even for the specimens in the same
batch printed in the same direction, the orientation of the fracture sur-
face might be different. This is due to stochastic nature of the defects’
size and spatial distribution existing in the AM materials which makes
the specimens’ fracture surface and orientation unpredictable [58,59].
The Poisson’s ratios based on the DIC system observation for all

specimens concerned are listed in Table 5. Their values are in the range
0.305-0.345 and the average value is 0.321.

The hardness measurements were carried out on two different sets of
specimens: To find the hardness values of the as-built specimens, some
of the printed specimens were cut in their gauge area and their hardness
was measured in that area; no tensile tests were performed on these
specimens. After performing tensile tests on another set of specimens,
we first performed fractography on their fractured surfaces and then
carried out post tensile test hardness measurement in the gauge area

Fig. 10. DIC strain fields from uniaxial tensile tests just before and after the fracture, respectively, for different specimens: (a) and (b) XY, (c) and (d) XY-45° (in-
plane), (e) and (f) YX, (g) and (h) XZ, (i) and (j) XY-45° (out-of-plane) and (k) and (1) ZX; The fracture locations are marked with red arrows. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 5
Values of Poisson’s ratio for specimens printed at different
orientations.

Specimen orientation Poisson’s ratio

XY 0.311 + 0.005
XY-45° (in plane) 0.305 + 0.007
YX 0.310 + 0.004
XZ 0.319 + 0.002
XY-45° (out of plane) 0.333 £+ 0.005
ZX 0.345 + 0.004

close to the fractured cross section - points X5 and Yo. The mean values of
the Vickers hardness, Hy, together with the standard deviation (STDEV)
for each measurement are presented in Table 6. One can order the
hardness data, measured before tensile test, from the highest to lowest
with respect to the orientation during production, i.e.: XY, YX, XY-45°
(in-plane), XZ, ZX and XY-45° (out-of-plane). This order is exactly the
same as the one observed for UTS values reported earlier.

The hardness of all specimens after the tensile test, regardless of the
printing strategy, are close the values within the range 113-118 kg/
mm?. A decrease in hardness of about 5-10 kg/mm? is observed for
specimens XY, XY-45° (in-plane) and YX when compared to the hardness
values measured before the tensile test. No considerable changes in
hardness were found for the remaining specimens.

The relationship between hardness and strength of the material is
explained in the next section.

3.2.1. Hardness-strength relationship

Table 7 shows a summary of linear strength-hardness relationship
from literature for some metallic alloys with strain-hardening behaviour
the same as Eq. (2).

Linear relationships between Vickers hardness Hys (measured before
tensile tests with a load of 5 kgf, presented in Table 6) versus yield stress
and UTS (presented in Table 4) are observed as shown in Fig. 11(a) and
(b), respectively. These linear correlations are as follows:

o, =0.355Hys — 193.35 3)

UTS =0.396Hys — 133.32 @

The coefficients of determination, RZ, for Egs. (3) and (4) are 0.97
and 0.90, respectively. It should be noted that the unit for ¢,, Hy and
UTS is MPa. For material selection purposes for different applications,
these linear relationships can be used as simple tool for converting
hardness and UTS values to each other.

3.2.2. Hardness-equivalent strain relationship
Values of equivalent strain were calculated using Huber-von Mises-
Hencky formula as follows [63-65]:

12

! [(ex — sy)z + (gy — ez)z + (e, — ex)z] 5)

\/§(I+v)

E =

where &y, €, €; are the principal strain components which are considered

Table 6
Vickers hardness of the specimens printed along different orientations.

Before tensile test After tensile test

Building Hy (kgf/ STDEV (kg/ Hy (kgf/ STDEV (kg/
direction mm?) mm?) mm?) mm?)

XY 125.6 2.03 115.7 3.3

XY-45° (in-plane) ~ 123.1 2.36 118.7 1.7

YX 125.2 3.65 114.5 0.5

XZ 116.9 1.20 113.8 2.4

XY-45° (out-of- 110.9 1.25 112.1 3.0
plane)

zX 113.0 4.50 112.8 0.5

Materials Science & Engineering A 861 (2022) 144345

Table 7
Details of linear strength-hardness equation for some metallic alloys with strain-
hardening behaviour.

Material Manufacturing Strength- R% Vickers Refs.
method hardness hardness
equation” load (kgf)
Aluminium Traditional oy = 0.957 5 [27,
alloy 0.383Hys — 30
7010 182.3 ’
60,
61]
Al-0.4Si- LPBF oy = 0.927 2 [62]
0.50 Mg 0.383Hy, —
101
AlSi10Mg LPBF oy = 0.86 0.5 [33]
alloy 0.259Hyo5 —
49.62
AlSi10Mg LPBF UTS = - 0.5 [33]
alloy 0.326Hyq 5 +
858

 The unit for oy, Hy and UTS is MPa.
b Coefficients of determination.

here in the main axes x, y and z direction, respectively, and v is effective
Poisson’s ratio. For the uniaxial tensile loading, the strain along the z
direction (perpendicular to the tensile loading direction, y) are the same
as in direction x. Therefore, in this study, the strain component ¢, is
assumed to be equal to & measured in transvers direction using DIC
system. So, Eq. (5) can be expressed in the following form:

1
VA

A relationship between hardness and equivalent strain in fracture
regions can be another useful criterion to assess the mechanical
behaviour of 3D printed aluminium alloys subjected to the tensile
loading. In order to define the complex strain state in the fracture area,
the DIC method is used which allows to capture the values of the strain
components just before and after fracture. Applying the values of axial
and transverse strain components and Poisson’s ratio determined by DIC
system to Eq. (6), one can calculate the equivalent strain, ¢,, for all
specimens concerned. The values of both post tensile hardness and the
equivalent strain strongly depend on the printing orientation of the AM
specimens. A linear relationship between equivalent strain and post
tensile Vickers hardness Hys (presented in Table 6) is observed, as
shown in Fig. 12, which is as follows:

e~ ) +4e2]” ©)

e, =0.00062Hy5 — 0.62 7

The coefficients of determination, RZ, for Eq. (7) is 0.88. As it shows
in Fig. 12, the values of both, the post tensile hardness and the equiv-
alent strain strongly depend on the orientation of the specimens during
AM process. The lowest value of equivalent strain and the corresponding
post tensile hardness was observed for ZX specimen, while the highest
for XY-45° (in-plane). The lowest and highest values of equivalent strain
were 5% and 9%, for the ZX and XY, respectively. The highest changes in
post tensile hardness were observed for the specimens printed in hori-
zontal position (parallel to the build plate plane), namely XY, XY-45° (in-
plane), YX. Their magnitudes are in the range 114-118 MPa, which is
around 10 MPa less than that measured on the as-built material (before
tensile test). This can be due to the higher sensitivity of hardness of these
specimens to the axial strain under uniaxial tensile loading because as
can be seen in Fig. 9(a), the axial strains before the fracture for the XY,
XY-45° (in-plane) and YX specimens are higher than the other speci-
mens. There were not significant difference between the values of
hardness measured before and after the tensile test for the other three
specimens, namely XZ, ZX and XY-45° (out-of-plane).

Equation (7) can be used for the purpose of health monitoring of AM
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Fig. 12. Equivalent strain versus Vickers hardness (HV) measured after ten-
sile test.

specimens under tensile loading. One can find equivalent strain of
specimen using DIC, and then, use Eq. (7) to estimate post tensile
hardness value (after fracture). After knowing post failure tensile value
of the specimen/component and comparing it with the hardness before
loading (as-built material), depending on the manufacturing orientation
of the specimen/component, one can prevent failure of the specimen if
the pre- and post tensile hardness values are close to each other.

3.3. Tensile fracture

Figs. 13-16 show selected SEM images of fractured surfaces of the
specimens subjected to the tensile loading. Fig. 13(a) shows general
view of cross-section of fractured surface of a XY specimen. Lack of
fusion and pores are shown in Fig. 13(b)-(c), while the combination of
even and uneven regions and slit-shape defects in Fig. 13(d). Fig. 14(a)
shows cross-section view of fractured surface of a XZ specimen. Fig. 14
(b)—(d) depicts lack of fusion defect, cleavage surface and comparatively
flat smooth surface after fracture, respectively. However, a magnified
view of the flat cleavage surface indicates the presence of the individual
protrusions on the fractured surface of the specimens analysed.

Fig. 15(a) shows networks of melt pool boundaries (distinguished by
white arrows) along which fracture occurs for XY-45° (out-of-plane)
specimens as it is evident in the magnified fracture surfaces in Fig. 15(c).
Gas porosities and unmelted powders are shown in Fig. 15(b) and (d).
The size of the unmelted powders matches those shown in Fig. 2. Fig. 16

10

(a) and (b) show full view of fractured surface and high magnification
micrograph for dimple fracture for a ZX specimen, respectively. The
dimples with the size of several micrometres, are indicative of coales-
cence of micro-voids.

4. Summary and conclusions

This research provided more insight on the effect of building orien-
tation on the hardness and validity of strength-hardness relationships for
AM materials. In this work, LPBF AlSi10Mg specimens were fabricated
in six different orientations. XZ and YX showed lowest surface heights
(R, and R;) while the other specimens showed similar surface roughness
values. Significant strength and ductility variations were observed in the
specimens. XY specimens showed the highest yield stress and ultimate
tensile strength while XZ specimens exhibited the highest ductility.
Hardness measurements before tensile tests for different specimens are
in accordance with the tensile test results, following the same order as
the UTS values: XY being the highest and XY-45° (out-of-plane) being
the lowest. Linear relationships between experimental Vickers hardness
(before tensile test) versus yield stress and UTS measurements are
observed which can be used for converting hardness and yiled stress (or
UTS) values to each other for material selection purposes and finding
material properties for different applications. In turn, the values of
hardness after the tensile test (post tensile hardness) measured in the
fracture area of the specimens subjected to tensile loading were in the
range 114-118 MPa for the specimens printed horizontally. Their
hardness values for the specimens printed parallel to the build plate
plane, namely XY, XY-45° (in-plane) and YX, decreased by amount of
around 10 MPa. The change in hardness may be caused by different
factors such as increase of microcracks developed around unmelted
powders (fusion defects) and pores, during monotonic loading. Not a big
difference between the values of hardness measured before and after the
tensile test for the other three specimens, namely ZX and XY-45° (out-of-
plane), were observed. The Huber-von Mises-Hencky equivalent strain
values determined based on DIC observation in the fracture regions, as
well yield stress and UTS measurement confirmed that the lowest values
of hardness and post tensile hardness were obtained for the specimens
printed in the vertical orientation, while the highest ones for the spec-
imens printed in the horizontal orientation. The equivalent strain-
hardness relationship can be used for health monitoring of AM speci-
mens subject to tensile loading.

CRediT authorship contribution statement

A. Serjouei: Conceptualization, Methodology, Validation, Formal
analysis, Visualization, Supervision, Writing — original draft. T. Libura:
Investigation, Resources, Project administration, Writing — review &
editing. A. Brodecki: Investigation, Resources, Data curation. J. Rad-
ziejewska: Investigation, Resources, Writing — review & editing. P.



A. Serjouei et al. Materials Science & Engineering A 861 (2022) 144345

ie——pore . /
: uneyen region

\
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Fig. 14. SEM micrograph of fractured surface of XZ specimen: (a) cross-section view and (b) lack of fusion defect; (c) cleavage surface and (d) flat smooth surface
after fracture.
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Fig. 15. SEM micrograph of fractured surface of XY-45° (out-of-plane) specimen: (a) cross-section view; (b) magnified view of gas porosities; (c) magnified melt pool
tracks and (d) magnified view of section with unmelted powder and pores. White arrows in (a) and (c) show the parallel line scans or melt pools.

Fig. 16. SEM micrograph of fractured surface of a ZX specimen: (a) cross-section view and (b) dimple fracture; arrows show the dimples, and the dashed line shows
coalescence of fine micro-size dimples.
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