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In laser powder bed fusion (LPBF), the influence material properties are often determined as a function of the
inclination with respect to the build direction. In industrial production with variable component shapes and
dimensions, the part orientation will often be a matter of the available space in the build volume. Additionally,
build-to-build variability is an important factor that may impact the mechanical properties that are often not
quantified. Such sources of variability are of great importance for highly demanding sectors such as aviation and
aerospace, where lightweight Al-alloys are often used with the geometrical freedom given by the LPBF process.
Hence, this work systematically investigates the influence of production batch-related parameters together with
part inclination in the LPBF of AlSi7Mg0.6 alloy. Three builds were executed to quantify the impact of the batch,
part position, and inclination on the static and fatigue resistance of the alloy in a completely randomized
experimental design using an industrial LPBF machine. The results were analysed by the appropriate statistical
methods both for discrete and functional data. The results showed that while the part orientation only influenced
the static properties, the part position significantly affected the fatigue life demonstrated by the different low
cycle fatigue life coefficients.

1. Introduction

Laser Powder Bed Fusion (LPBF) is a metal additive manufacturing
technology that enables the manufacturing of complex parts. It promises
to improve the mechanical properties of the component while reducing
production costs and time [1]. Despite its potential, LPBF technology
still needs to demonstrate the capability to produce consistently high-
quality parts and provide a robust, stable, and repeatable process [2
3]. Achieving a consistent, high-quality production is challenging in
LPBF due to the high number of process parameters involved (up to 100
[4]) and the complex physics behind the process [5]. Extensive studies
focused on specific parameters, such as laser-related process parameters
[6], scanning strategies [7], post-processes [8] and powder properties
[9]. Consequently, certification and qualification of components pro-
duced via LPBF become critical, especially for sectors where reliability
and safety concerns are of interest, for example, aerospace [10]. Con-
trolling and reducing the variability of the part’s mechanical properties
is an essential step toward a full qualification and certification of the
LPBF process for the aerospace industry. For aerospace production, such
variability is often confronted via fresh powder supply at each build job.
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While such a solution may resolve issues related to powder contami-
nation and damage, it is not sustainable from an environmental
perspective. Moreover, the effects of the machine and build variability
are not resolved. Indeed, the problem of studying location-related effects
and batch-to-batch variability is very complex from an experimental
design perspective. The definition and the separation of the variability
sources and the number of specimens required require a good under-
standing of the statistical methods and the LPBF process. In addition, the
experimentation should be designed to estimate the effects of these
factors independently [11].

Al-alloys are often used in LPBF to produce components in the
aerospace industry. AlSi7Mg0.6 alloy is relatively easy to process by
LPBF (compared to other aluminium alloys) due to its good fluidity in
the molten state and the slight difference between its liquidus and sol-
idus temperatures. On the other hand, compared to steels and titanium
alloys, its production using this powder bed technique can be prob-
lematic due to its high reflectivity and high thermal conductivity and the
formation of oxide layers on the melt pools [12,13]. While the Al-Si-Mg
alloy family is widely used in LPBF, only a limited number of works
regarding the processing of AlSi7Mg0.6 are present in the literature.
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Commonly the effect of the process parameters and heat treatments on
the tensile and fatigue properties have been reported. Rao et al. [14]
showed that the fast-cooling rate of the process leads to a very fine
microstructure that influences the mechanical properties of the samples
along with the process parameters selected. Rao et al. [13] investigated
the effect of the heat treatments showing improved tensile ductility and
reduced tensile strength compared to the cast counterparts. Aversa et al.
[15] studied the impact of the build platform temperature on the me-
chanical properties showing that in-process ageing was possible through
the correct temperature setting. Trevisan et al. [16] investigated the
effects of stress-relieving treatment, followed by T6 treatment, showing
the necessity to combine the two stages for parts without deformations
and adequate mechanical properties. Saravana et al. [17]investigated
the effect of print orientation on mechanical properties, showing how
this parameter affects this alloy’s static and fracture response. In
contrast, Bassoli et al. [18]studied the fatigue response in as-built con-
ditions. Only recently, the influence of powder reuse has been investi-
gated where a general reduction of the mechanical properties was
observed with Al-alloys [19]. The results show that the Al-alloys are
highly sensitive to the process’s thermal fields and the post-processing
conditions. Such sensitivity underlines the need for a better under-
standing of the uncontrolled factors between batches.

Only a few works in literature attempted to investigate the batch-to-
batch variability issues in LPBF. Soltani-Tehrani et al. [20] studied the
effect of sample location on the static and dynamic properties of the 17-
4PH alloy. They found that location was negligible for tensile properties,
while the fatigue properties of the machined samples decreased as the
powder was re-used. Wang et al. [21] did not find a relationship between
part location and tensile properties of Hastelloy X. Zhang et al. [22]
investigated the effect of location, energy density, and orientation on the
tensile properties of Ti6-Al4-V alloy. They found that location was sig-
nificant and its interaction with the orientation. All the present works
tackle the batch-to-batch variability from a single perspective, whereas
the need for appropriate experimental designs and adequate statistical
tools is apparent. To the authors’ knowledge, a systematic investigation
that incorporates batch-to-batch variability, part orientation, and posi-
tion influences on the mechanical properties is still missing.

Accordingly, this work provides extensive experimentation explicitly
designed to study the impact of sample location, sample orientation, and
build-to-build variability in the LPBF of AlSi7Mg0.6 alloy. A complete
factorial experimental design was executed in 3 batches with complete
randomization. Static and fatigue properties were measured and ana-
lysed via dedicated statistical tools. Analysis of variance (ANOVA) was
used to determine the impact of orientation, build-to-build variability,
and location on tensile properties. Multi-variate analysis of variance
(MANOVA) was instead used to investigate the effect of orientation and
location on the estimated S—N curves for fatigue life assessment.

2. Materials and methods
2.1. Experimental procedure

The material used in this study was gas atomized AlSi7Mg0.6 powder
(LPW Technology 1td). The particle size of the powder was in the range
of 26-66 pm in diameter, and the mean diameter was 41.2 pm.

The LPBF industrial system used in this work was Renishaw AM250.
The machine is equipped with a 200 W fiber laser working in pulsed
mode and a spot diameter of 75 pm. All builds were carried out under
constant Argon flow keeping the oxygen content < 1000 ppm, without
platform preheating. The process parameters selected for the sample
production were optimized in a previous experimental campaign [23].
The meander scanning strategy was employed, and all the parameters
for the fabrication are listed in Table 1. The same powder batch was used
throughout the process, where approximately 50 % of the powder used
in each build job was recovered from the previous build job. All speci-
mens were stress relived at 300 °C for 2 h.
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Table 1

Process parameters used for sample production.
Parameter Volume Border
Power, P 200 W 200 W
Exposure time, t 131 ps 140 ps
Point Distance, d, 80 pm 80 um
Hatch distance, dj, 139 pm n/a
Number of borders n/a 2
Border distance n/a 70 pm
Layer thickness, z 25 pm 25 ym
Volumetric Energy density, VED 94 J/mm?® 200 J/mm?®

2.2. Density and surface roughness

Apparent density and surface roughness were measured for all
samples before mechanical testing. Then, fatigue specimens were
sandblasted manually until the surface roughness was lower than 10 pm
to comply with the standard for fatigue testing.

The apparent density of the samples was measured using an elec-
tronic scale with a kit for density measurement (Sartorius YDK01) ac-
cording to Archimede’s principle. All measurements were replicated
three times, and during the measurement, the water temperature was
monitored continuously.

Average surface roughness (Ra) was measured using a tactile
roughness measurement instrument (Perthometer S6P). The acquisition
length was 12 mm, with a 0.8 mm cut-off length. Due to the presence of
supports, the surface roughness of the samples is not homogeneous in all
directions, and this is especially true for horizontal and 45° samples. For
this reason, Ra was measured in four directions obtained by rotating the
sample approximately 90°along its axis. The measurements along the
four reference directions were averaged and analysed. Specimens were
measured first as-built and after sandblasting. The sandblasting duration
was experimentally evaluated to obtain a final average surface rough-
ness lower than 10 pm on all the measured sides. The surface roughness
evolution was assessed by applying sandblasting with intervals of 30 s.
The final procedure involved a sandblasting duration of 210 s.

2.3. Mechanical testing

Tensile tests were carried out according to ASTME8/E8M-16a stan-
dard. Tensile tests were conducted using an MTS 810 Material Test
System machine with a constant strain rate of 0.45 mm/min. A 20 mm
extensometer (MTS Model 634.31F-24) was used to measure the axial
strain of the specimens. Axial force-controlled fatigue tests were per-
formed to obtain the fatigue strength of the materials selected in this
study. Fatigue tests were performed according to the ASTM E466 stan-
dard. The experiments were limited to testing axial unnotched speci-
mens subjected to constant amplitude periodic forcing function in air at
room temperature. Fig. 1 illustrates the geometry of tensile and fatigue
specimens.

The fatigue tests were performed at R = 0.1 using a 20 Hz sinusoidal
waveform under load control to a maximum of 10’ cycles. The R = 0.1
value corresponds to a tension-tension cycle in which the minimum
stress is equal to 0.1 times the maximum stress. The geometry of the
specimens was selected according to the ASTM E466 standard; the
diameter of the test section was set at 6 mm, and the test section length
was set at 18 mm. Fatigue tests were carried out in the low cycle fatigue
range (about 10* cycles) and high cycle fatigue range (>10° cycles).
Run-out is fixed to 107 cycles. Experiments were performed at fixed
stress levels in the low cycle fatigue range based on static tensile results
(e.g., 80 %, 60 %, and 40 % of the yield stress). The number of fatigue
specimens tested at each stress level for each condition was fixed to 4.
The total number of specimens for a single S—N curve required to
evaluate the material’s endurance in the low cycle range was 12.
Additional 8 specimens for high-cycle fatigue testing were added for
each experimental condition. The staircase method (ASTM E468) is
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a) 24.0mm  Gauge length ( four times D)
26.0 mm R6.0
6.0
I I 9.0
30.0 mm
90.0 mm
b)
24.1 mm R48.0
6.0
i I 29.0
18.0 mm
B —
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Fig. 1. a) Tensile specimen geometry (ASTM E8) b) Fatigue specimen geometry
(ASTM E466).

adopted to determine the statistical properties of the fatigue limit.

Following this method, the first specimen is subjected to a stress
corresponding to the expected average fatigue strength. If the specimen
survives 107 cycles (run-out), it is discarded and the next specimen is
subjected to a stress that is one increment above the previous, the stress
increment was set at 25 MPa. When a specimen fails prior to reaching
107 cycles, the obtained number of cycles is noted, and the next spec-
imen is subjected to a stress that 25 MPa below the failed one. In that
way, each test depends on the previous test results and the experiment
continues in this manner in sequence with the stress level being
increased or decreased until all 8 specimens are tested. Therefore, the
total number of fatigue specimens was 20 (12 for low cycle fatigue and 8
for high cycle fatigue). Scanning Electron Microscope (Hitachi TM3000)
was used to investigate the causes of fatigue failure using a backscatter
diffraction detector and correlate them with the result of the statistical
analysis. For horizontal specimens, SEM images were used to measure
the size of the critical defects. The area of the defects was evaluated
using an image processing routine via MATLAB.

Table 2 summarizes the testing conditions for fatigue experiments.
Low cycle fatigue experiments were carried out in random order. A
linear regression equation based on the standard formulation was sought
using the results. The final number of cycles to failure (S—N) curves was
determined by the results of the design of experiments showing the
significance of the investigated factors. All specimens were tested after
stress-relieving and sandblasting.

Table 2
Details of the fatigue testing procedure.
General
Stress ratio R=0.1
Frequency 20 Hz (minimum)
Run-out 107 cycles reached by at least three
specimens
Low cycle fatigue (10* to 10° cycles):
Specimens for each stress level 4
Stress levels 3

Proportional to the static YS
e.g., 80%, 60% and 40% of YS

High cycle fatigue (>10° cycles)

Specimens to determine the fatigue 8
limit

Max stress increment 25 MPa

International Journal of Fatigue 165 (2022) 107227

3. Experimental design to investigate part position over
multiple build jobs

The influence of the location of the samples was assessed by defining
two distinct regions, defined as internal and external, as shown in Fig. 2.
For the LPBF machine, the internal region was expected to be more
favorable for the gas flow and the powder recoating homogeneity. In
contrast, external regions can suffer from the non-optimal gas flow and
powder layer variations. In addition, the specimens were built according
to three different directions concerning the build plate (horizontal, in-
clined, and vertical) to study the effect of orientation on the tensile and
fatigue properties. Inclined specimens refer to a building direction of 45°
with respect to the building platform.

A total of 6 different combinations existed for testing: two levels of
position (internal and external) and three different orientations (verti-
cal, inclined, and horizontal). For each combination, five tensile speci-
mens and 20 fatigue specimens were produced. The specimens were
produced in 3 different batches to evaluate the batch-to-batch vari-
ability. The specimens were fully randomized over the three builds to
avoid blocking effects on the analysis [11]. The presence of a non-
detected blocking impact could affect the investigation. For this
reason, it is essential to distribute the specimens randomly to avoid
systematic errors. Accordingly, 40 fatigue and 10 tensile specimens were
placed on each build plate. The distribution of the specimens over the
three builds is reported in Table 3 and Fig. 3. The specimens are built-in
net shape and sand-blasted, as described in Section 2.3.

Support structures were added to all the surface specimens with an
inclination angle of<45°. In particular, the vertical specimens had no
supports on the calibrated region of the test geometry. The supports of
inclined specimens were designed to be minimally invasive and reduce
their effect on surface roughness and, therefore, fatigue properties. The
horizontal specimens had to be supported along the downfacing sur-
faces, potentially leaving support marks on the calibrated region of the
specimens. Static tensile properties were analyzed via ANOVA (analysis
of variance) with a statistical significance level p-value of 5 %. S—N
curves resulting from the low-cycle fatigue testing were instead
analyzed using MANOVA to assess the influence of position and location
on the fatigue properties.

Wiper
direction

External region Internal region External region

250

250

Fig. 2. Definition of internal and external position on the building platform.
The arrows show the gas flow direction and the powder wiper direction.
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Table 3
Random distribution of the fatigue and tensile specimens over the three build
plates.

Buildno  Orientation  Position No fatigue No tensile
specimens specimens
1 Vertical External 6 1
Internal 6 1
Inclined External 8 3
Internal 7 2
Horizontal External 7 2
Internal 6 1
2 Vertical External 6 2
Internal 8 2
Inclined External 8 0
Internal 4 2
Horizontal External 6 2
Internal 8 2
3 Vertical External 8 2
Internal 6 2
Inclined External 4 2
Internal 9 1
Horizontal External 7 1
Internal 6 2
Total 120 30

Six S—N curves were estimated from the low cycle fatigue data (12
specimens), one for each combination of orientation and position. The
objective of the analysis is to evaluate the effect of these two factors on
the fatigue response. ANOVA could not be used as the output of the
fatigue experiment is a curve. MANOVA is a generalization of ANOVA
where multi-dimensional variables are considered a response [24],
which was used to assess the influence of position and location on the
coefficients of the S—N curves.

The model for the estimation of the S—N curves was the following:

International Journal of Fatigue 165 (2022) 107227

log,(N = B, + p,log,,S+¢ (€8]

where f, and g, are the regression equation coefficients, and ¢ is the
error term with € ~ N(0, 0%). The objective of the analysis was to
determine if these two factors influenced the fatigue life of AlSi7Mg0.6
samples estimated as in Eq (1). In this work, the response of the analysis
was the vector of the coefficients of the S—N curves. The model used for
the study is the following:

Yj=p+ai+y,+¢; (2

where Yj; is the vector of the coefficients for the six curves, p is the
overall level, o; is the effect of the orientation on the response, yj is the
effect of the position on the response, and g; is the error term. To
determine if the two factors (orientation and position) are significant, i.
e., they affect the coefficients of the regression equation, Wilks statistics
were used.

. IE
|[E + H|

3

where E is the matrix sum of squares of the error and H is the matrix
sum of squares of the model. The significance of the effects of the factor
is evaluated based on an approximation of the Fisher Distribution [24].
The p-value associated with the Wilks statistics was compared with a
reference value (type I error) equal to 0.05. Hence, if the p-value is lower
than 0.05, the factor statistically impacts the response.

4. Results
4.1. Density and surface roughness
The results of the density measurements are shown in Fig. 4. The

apparent density varies from 98.8 % to 99.1 %, using a reference density
for AlSi7MgO0.6 alloy equal to 2.68 g/cm®. The mean apparent density of

~
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®
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®
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[r— e EOICIOKD]
L.
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Fig. 3. Distribution of the specimens on the build plate. The specimens follow a specific color code. Gray: Internal fatigue. Red: Internal, tensile. Orange: External
fatigue. Green: External, tensile. Build platform size is 250 mm x 250 mm. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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1 2 3
Internal

1 2 3
External

1 2 3
Internal

Inclined Horizontal

Fig. 4. Density results of tensile and fatigue specimens at different orientations and positions.

samples produced in the internal position is 2.656 + 0.001 g/cm?, for
the external is 2.653 & 0.003 g/cm?, while the apparent densities for the
three batches are 2.651 + 0.002, 2.652 + 0.003, and 2.653 + 0.002 g/
em® respectively. The samples with horizontal orientation show a
slightly lower density, which could be attributed to their higher surface
roughness, affecting the measurement accuracy. These results imply no
influence of part position or batch on the part density.

Fig. 5 shows the surface roughness measurements. The as-built sur-
face roughness was at Ra < 10 pum for vertical and inclined (45°) sam-
ples. However, horizontal samples showed higher surface irregularities,
mainly due to the presence of the supports. Therefore, it was necessary
to perform sandblasting on all samples to obtain the surface quality
required for the fatigue tests. Fig. 5 a) shows that 210 s of manual
sandblasting allowed all parts to reach the desired surface roughness
value with a wide margin.

Fig. 5 b) illustrates the overall mean surface roughness data after
sandblasting. The general surface average roughness is 5.70 + 0.46 pm.
The slight absolute variation of surface roughness among the samples
indicates that orientation, build, and location did not influence the
surface quality of the samples.

a)

10| 1t 10

Ra (um)

:Q%$é$$g *'?#i‘. $¢

2

0 : — i . l ! —
Sandblasting [s] 30 60 90 120150180210 30 60 90 120150180210 30 60 90 120150180210
Orientation Vertical Inclined Horizontal

4.2. Tensile properties

The results of the tensile properties are summarized Table 4 and
illustrated in Fig. 6. As-built mechanical properties were analyzed in
previous work [25]. A horizontal reference line was added to compare
the results with the literature ([13;26]). The variations for ultimate
tensile strength (UTS), yield strength (YS), and Young’s modulus (E)
were negligible, considering part orientation, part position, and batch.
Instead, elongation at break was characterized by considerable
variability.

UTS, YS, and E values of as-built and stress-relieved specimens were
coherent with the literature results [13,26]. In general, for these re-
sponses, the influence of orientation and position on the building

Table 4
Summarized tensile properties of AlSi7Mg0.6 samples.
Condition UTS (MPa) YS(MPa) E (GPa) e (%)
As-built 413+1.0 222+1.9 64+1.6 11.0+1.4
Stress relieved 254+5.1 170+4.0 66.94+2.6 13.2+2.3
b)
10 10
8
! g
c o sal 00 20y
Déﬂ pes 9e® sgl o
©
© g

[ :
Build 1 2 3 1 2 3 12 3

1.2 3 1.2 3 1.2 3
Position External Internal External Internal External Internal
Orientation Vertical Inclined Horizontal

Fig. 5. a) Variation of surface roughness with increasing sandblasting times. b) Average surface roughness as a function of the investigated parameters at the end of

the sandblasting process (* indicates potential outlier concerning the group).
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Fig. 6. Tensile properties of AlSi7Mg0.6 alloy after stress-relieving treatment. Reference values are shown as a horizontal line and were based on values found in the
literature ([13,26]) a) Ultimate tensile strength, UTS b) Yield strength, YS, ¢) Young’s modulus, E d) Elongation, e.

platform is not visible in Fig. 6. UTS, YS, and Young’s modulus values
are 254 + 5.1 MPa, 170 + 4.0 MPa, and 66.9 + 2.6 GPa, respectively.
Samples built in the horizontal position and at 45° show, a slightly
decreased elongation compared to vertical ones. On the other hand, the
part position did affect the elongation.

Data displayed in Fig. 6 d) show that vertical samples have the
largest elongation, followed by 45° samples, and the least elongation is
obtained for horizontal samples; the respective values are 15.0 %
+1.4 %, 12.4 %+2.9 %, and 12.0 + 1.4 %. Inclined samples in the
external position show a much larger variability due to two outliers,
resulting in reduced elongation values (1.28 % and 2.69 %). However,
considering the overall elongation, the experimentation results are
comparable with the reference value (13.6 %).

An ANOVA analysis is conducted to assess the influence of orienta-
tion, position, and build and their interactions on the tensile properties,
while the results are reported in Table 5. The p-values indicate that
orientation is significant for all responses. However, the effects of the
overall variability already discussed suggest that these differences are
not significant from a practical point of view. Furthermore, the ANOVA

Table 5
The p-value of position, build-to-build variability, and orientation on the tensile
properties based on ANOVA results.

Factors UTS YS E e

Position 0.784 0.413 0.208 0.124
Build 0.381 0.019 0.544 0.572
Orientation 0.000 0.000 0.000 0.016
Build*Orientation 0.518 0.197 0.257 0.690
Build*Position 0.354 0.073 0.525 0.885
Orientation*Position 0.534 0.332 0.894 0.105

results show that the build number and part position and their in-
teractions do not influence the tensile properties.

4.3. Fatigue behaviour

Fatigue data for high-cycle and low-cycle analysis are shown in
Fig. 7. The plot shows the maximum applied stress versus the cycles to
failure for all six combinations of orientation and position. S—N curves
were fitted to low-cycle fatigue data points according to Eq. (1), while
high-cycle fatigue run-out experiments indicated filled squares or cir-
cles. The experimental data follow a well-behaved typical S—N curve
shape on a logarithmic scale. In general, shorter fatigue lives were
observed for horizontal specimens, while vertical and inclined ones
exhibited longer fatigue lives.

The coefficients of the six S—N curves are shown in Table 6, along
with the resulting Mean Square Error (MSE). The coefficients are shown
in coded units to allow easier comparison between the curves. In addi-
tion, for each regression curve, the hypotheses on the residuals
(normality and homogeneous variance) were verified. In the last column
of Table 6, the run-out results of high-cycle fatigue are reported as mean
stress & 1 standard deviation, o.

The standard deviation for High Cycle Fatigue is based on only 8
specimens, that is a small sample. These 8 samples were spread uni-
formly on the three builds and the resulting value of standard deviation
can be therefore considered as a worse-case scenario. The values of
standard deviations derived from the present experiment are coherent
with the ones obtained by other authors for Al-alloys [27,28].

The results show that both position and orientation influence low
cycle fatigue. However, the effect of position is negligible. An important
aspect is the MSE of the regressions, where the higher the MSE
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Fig. 7. S—N diagram for low cycle fatigue tests. S—N curves are reported for internal and external samples for each orientation a) vertical, b) inclined, ¢) horizontal,

and d) comparisons of the estimated curves.

Table 6
Fatigue properties of AlSi7Mg0.6 as a function of orientation and position.

Orientation  Position = EquationLow cycle MSE Run-out (+10)
fatigue High cycle
fatigue
Vertical Internal log1o N=5.60 - 0.77 0.07500 122+8.4 MPa
logio S
External  logio N= 5.47 - 0.84 0.16390  132+8.4 MPa
logio S
Inclined Internal log10 N=5.56 - 0.73 0.25090 132.54+9.6 MPa
logio S
External  logio N= 5.44 - 0.59 0.19230  127.545.0 MPa
logio S
Horizontal Internal log10 N=5.04 - 0.49 0.05396 125+5.8 MPa
logio S
External  logio N=4.92 - 0.48 0.02757  120+10.0 MPa
logio S

corresponds to the higher variability. The 45° samples showed a larger
variability of the results, especially for the internal position. For vertical
samples, the lowest MSE is obtained for internal samples, while the
lowest variability is obtained in the external condition for the horizontal
orientation. The effect of orientation and position on the variability of
the fatigue life data is not clear.

The MANOVA table for the two coefficients (fo and f1) is reported in
Table 7. The Ridj of the two models is 99.9 % and 95.6 %, respectively. A
weighted analysis was carried out using weights 1/MSE of the individual
models to account for the different variability in the estimates of the

Table 7
Influence of orientation and position on the coefficients of the SN curves using p-
values from MANOVA analysis.

Po P1

Source F-value p-value F-value p-value

7335.71 0.000 21.03 0.045
0.01 0.928

Orientation
Position 762.12 0.001
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regression equations (MSE in Table 6). The hypotheses of MANOVA
(normality and homogeneous variance of the residuals) were checked.
The result shows that the intercept By is influenced by both position and
orientation (p-values lower than 0.05), while the coefficient f; is
affected only by the orientation (p-value equal to 0.045 < 0.05). The
mean value of the coefficients and for each level of orientation and
position, shown in Table 8, were used to assess the differences between
the mean groups at the different levels of Orientation and Position.
Orientation largely influences the intercept py by reducing its value from
5.54 for the vertical samples to 4.98 for the horizontal samples. On the
other hand, position affects By but to a smaller extent. A low intercept
value indicates that horizontal samples sustain less stress than vertical
and inclined ones. However, most of the literature is based on machined
samples, where the influence of the surface quality with different in-
clinations may not be evaluated.

According to Sanaei and Fatemi [29], rough surfaces are the primary
source of fatigue failure, while microstructure and internal defects have
a secondary effect, stronger after longer fatigue life [37]. A reduced
fatigue life characterizes horizontal samples because of the massive
presence of supports which increase the surface roughness of the sam-
ples and could result in stress concentrations on the surface [38]. This
conclusion is supported by the fracture analysis carried out in the
following. Orientation was also found to influence the coefficient ;. The
coefficient f; was smaller for horizontal samples and larger for vertical
ones. Vertical samples sustained higher stresses than the horizontal
samples (large Bo), but they possessed a faster reduction in fatigue life as
the applied stress is increased (large B1). This result indicates that as
stress is increased, the effect of orientation on fatigue life is reduced due
to the greater sensitivity to defect size and position rather than surface
quality.

The position of the samples influenced only the intercept as internal
samples sustain higher stresses than external ones (fo is 5.4 for internal
samples and 5.28 for external ones). The higher mechanical properties
of internal samples over external ones were expected due to the influ-
ence of the gas flow [39]. The fatigue life was reduced by the same
amount as stress is increased independently of the location (the coeffi-
cient f; is the same). However, the differences seem to be relatively
small compared to the effect of the orientation and might be due to the
inevitable other uncontrolled variability sources.

In conclusion, the statistical analysis revealed that horizontal sam-
ples tend to have low fatigue properties compared to inclined and ver-
tical samples. However, the coefficient f; is larger for vertical and
inclined samples, indicating that fatigue decreases more sharply in these
orientations than in the horizontal samples. The position on the platform
had a mild influence on the intercept (p-value 0.045), with internal
samples characterized by improved fatigue properties.

The lowest average fatigue limit was obtained for the horizontal
samples built in the external position. Also, horizontal specimens tended
to show the worst behavior in the region of high-cycle fatigue. There is
only one exception to this trend. In the vertical samples, the external
position resulted in a low fatigue limit (122 MPa), close to horizontal
samples in both positions (125 MPa for internal and 120 MPa for
external). In general, the average fatigue limit resulting from the stair-
case method shows a slight variation among the three orientations and

Table 8
Differences in the coefficients of the SN curves at each level for orientation
and position.

Orientation Bo B1

Vertical 5.54 -0.79
Inclined 5.50 -0.65
Horizontal 4.98 -0.48
Position Bo 1

Internal 5.40 -0.64
External 5.28 -0.64
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the two positions. Still, it appears that vertical and inclined specimens
present slightly higher properties.

We can draw the following practical conclusions for Low Cycle Fa-
tigue data:

- The position of the sample on the platform has minor effect on the
cycles to failure for a given stress level, as visible in Fig. 6 d). For a given
orientation, the internal and external curve are almost parallel for ver-
tical and horizontal specimens, and for these orientations external
specimens show reduced fatigue properties. On the contrary inclined
specimens show conflicting results, with internal specimens resulting in
higher fatigue life at high stress levels; however, the external position
sees a faster reduction of fatigue properties as the stress level is reduced.

- The effect of the orientation on the cycles to failure increases as the
stress level is increased. At low stress levels, the difference between
vertical and horizontal specimens is large, the mean cycle to failure is
4.02x10° for vertical specimens and 9.6x10° for horizontal ones. At high
stress levels this difference is highly reduced, with vertical specimens
resulting in 7.8x10% mean cycle to failure while for horizontal ones the
result was 3.7x10%.

These differences should be considered by the designer especially
when dealing with aerospace applications where complex geometry are
required and all sources of variability need to be accounted for design
and qualification purposes. The fracture analysis presented supports the
statistical analysis explaining the fatigue behavior of AlISi7Mg0.6
specimens.

4.4. Fracture analysis

The features responsible for the crack initiation were investigated
using backscatter SEM images. Examples of the primary defect types:
lack of fusion (irregular shape) and spatter (characterized by round
shape) induced pores are illustrated in Fig. 8.

Fig. 9 shows representative fractography images of post-mortem fa-
tigue specimens. All fracture surfaces exhibited an initiation site from
defects, a stable crack propagation region, and a fast fracture region. In
Fig. 9, the critical flaws that caused failure are indicated with a red
circle. Vertical and inclined specimens failed due to surface or sub-
surface defects, while most of these flaws were characterized by un-
melted particles. The position of the initiation site for vertical and in-
clined specimens could neither be correlated with the presence of the
supports (for inclined specimens) nor with the position of the sample on
the platform. The crack initiation defect for vertical and inclined spec-
imens was located on the surface. Un-melted particles were frequently
observed, which may be caused both due to lack of fusion and spatter-
induced lack of adherence. Such sub-surface defects may be related to
the chosen border parameters [40], which were not varied throughout
this work. Lack of fusion around the border region can also be induced
due to an incomplete overlap between volume and border scan lines.
Such conditions may also arise from the discrete number of scan lines
applied to the complex shapes [41]. Essentially around the border, the
volume scan lines may be missed due to the skipping of a very short scan
vector. Multiple border scan lines may help reduce such issues by
increasing the production time. Indeed, finishing methods may improve
the fatigue life of Al-alloys [42]. If machining is used on the parts, the
machining allowance should be larger than the border thickness to avoid
sub-surface defects.

Differently, the initiation site of all horizontal specimens corresponds
with the support area. All the samples were previously sandblasted and
stress-relieved. It is known that during the LPBF of Al-alloys, thermal
gradients may be sufficiently large to cause part deformations or internal
stresses [43]. Horizontal specimens are more prone to such issues, where
stress-relieving processes may not always be sufficient.

The magnified SEM images in Fig. 9 clearly show the rough surface of
the horizontal specimens where the fatigue crack started, suggesting
that the surface quality had a major impact on the fatigue failure for this
orientation. In addition, the size of the initiation site was much larger for
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Fig. 8. SEM backscatter image of typical defects. a) lack of fusion b) spatter.

Internal

Vertical

Inclined

Horizontal

External

Fig. 9. Representative fracture surfaces of fatigue specimens for each combination of orientation and location. The initiation site is indicated with a red circle. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the horizontal specimens. The fractographic analysis confirmed the
MANOVA results as the failure of horizontal specimens was due to
surface irregularities caused by supports. The surface quality has more
influence on the fatigue properties than the expected anisotropies
induced in the material by the LPBF process.

The size of the crack initiation discontinuity was determined by the
square root of the defect projected area, (v/Area). Fig. 10 a) shows the
relationship between v/Area and the number of cycles to failure. The
defect size for external specimens is slightly larger than internal speci-
mens, 200 ym, and 165 um. The two largest defects (500 ym and
350 um) were found in the external position, and as expected, the cor-
responding cycles to failure are the lowest (497 cycles and 34,642 cy-
cles, respectively). As the defect size decreased, the results in terms of

fatigue life became homogeneous, and it was not possible to distinguish
the effect of the position. This result is in accordance with the MANOVA
analysis, where the coefficient f is influenced by the location, meaning
that external samples show lower fatigue properties because they are
characterized by larger porosity.

The effect of discontinuities on fatigue can be modeled calculating
the maximum stress intensity factor Kiyax according to the well-known
model proposed by Murakami [36]:

Kipr = Y0 (ﬂM) 4)

where Y is a geometrical factor, equal to 0.65 for surface defects, and
¢ is the maximum stress. As shown before, horizontal specimens all
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Fig. 10. Relationship between a) defect size, b) Maximum stress intensity Kinax factor and cycles to failure for horizontal specimen.

failed at surface, so Y is set at 0.65 for all calculations and Ky, is plotted
in Fig. 10. The stress intensity factor values for internal and external
specimens confirms that higher Kyyax are observed for external speci-
mens in correspondence with larger defects, the mean value for the
external position is 2.5 MPa \/m while for the internal is 2.2 MPa /m. At
higher cycles, the differences between internal and external specimens
were negligible and the values of Kj,x were in the range of 1-3 MPa
y/m, coherently with literature [44]. Kimax lower bound represents the
crack threshold of the material, and based on the results in Fig. 10 b), it
is close to 1 coherent with literature [44].

5. Discussion

Prior to a detailed discussion regarding the effects of the batch
related parameters, the results of the present work were compared to the
literature data on conventionally machined specimens and other works
using LPBF (Table 9). The few works available on AlSi7Mg0.6 alloy
show a large variability of the fatigue properties. Rao et al. [31]obtained
a fatigue limit of 200 MPa using optimized process parameters with
machined specimens. The fatigue data from [30] and [27] are similar
and comparable with the ones presented in this paper. The as-built re-
sults from the literature are slightly lower than the ones of the present
study, this performance could be ascribed to the sand-blasting operation
that is known to induce beneficial compressive stresses that resulted in
improvement in the fatigue life for Al-alloys ([28,33]). LPBF fatigue data
outperform the casting result for the same alloy [32].

The overall results show that a systematic influence of production
batch related parameters exist on the mechanical properties of LPBF
produced Al-alloy. Such influences were revealed through fatigue
testing, while the conventionally used tensile testing did not reveal any

Table 9
Literature results of fatigue life for AlSi7Mg0.6 alloy.
Reference Fatigue test Specimens type and Build Fatigue
procedure HT direction life
[30] R=0.1 Machined and HT Vertical 175 MPa
Frequency 100 (solution treatment) 100 MPa
Hz As-built
[18] R=0 As-built Vertical 65 MPa
Frequency 5
Hz
[31] R=0.1 Machined and HT Vertical 200 MPa
Frequency 20 (T6) 100 MPa
Hz As-built and HT
[27] R=0.1 Machined and HT Vertical 152+ 8
Frequency 80 (T6) MPa
Hz
[32] R=0.1 Machined and HT 103 +5
(Casting) Frequency 110 (T6) MPa
Hz
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significant influence of the build number or part position, while it
confirmed the well-known influence of the part orientation. Hence, it
can be underlined that while tensile testing can be used to confirm LPBF
system capability and stability, it may not always be able to indicate the
systematic influence of position and build number. It should also be
emphasized that the use of correct statistical tools both in the experi-
mental design and analysis is essential to reveal such nuances. Accord-
ingly, the present work provides a framework beyond the results
demonstrated.

The results shown in this work indicate that the external specimens
indeed suffer from a more critical level of defectiveness reducing their
fatigue life independently from the orientation. Such issue may be
related to the specific gas flow of the LPBF system as well as the pro-
cessed material type. Indeed, a large fraction of the bigger defects was
found to indicate spatter induced lack-of-adherence [45]. The spatter
generation and its evacuation are related to the employed process pa-
rameters as well as the design of the gas flow system [39]. With lighter
alloys such as the Al-alloy powder used in this work, the gas flow can be
more difficult to manage. While with heavier steel or Ni-alloy powders
the increase of the gas flow rate may be a solution, in the case of Al-
alloys this can result in powder blow and an irregular powder bed
[46]. The use of higher powder dosage or multiple wiper passages may
provide a solution to improve the powder bed homogeneity. However,
the powder blow may occur during the laser scanning stage [47] and an
overall decay in productivity is expected due to the increased recoating
time. Another remedy can be through the post-processing stage where
hot isostatic pressing (HIP) can be an envisaged solution. The use of HIP
with LPBF produced Al-alloys can allow to close the internal porosity,
while the entrapped gases in the pores may remain an issue. Moreover,
an overall reduction of the mechanical properties can be expected due to
the grain coarsening [48].

The different mechanical properties with respect to the part orien-
tation indeed indicates direction dependant material properties. In the
present study, horizontal specimens resulted in lower mechanical
properties contrary to the literature results, where horizontally built
samples show an increased fatigue life compared to vertical ones [34]
due to the anisotropy induced in the microstructure during the building
process. The sandblasting process resulted in similar mean surface
roughness values as displayed in Fig. 5 b), and therefore no differences
in fatigue life should be expected. However, the fatigue life is supposed
to be more influenced by the depth of lowest surface valley (R,) rather
than R, [35,36] and this could explain the different mechanical per-
formances even when the measurements of surface quality are similar
among the different orientations.

It is further highlighted that direction dependant material properties
should be implemented at a design stage during the topological opti-
mization of the designed part [49]. The results of this work imply that at
the topological optimization stage the part orientation in the machine
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should also consider the variability of mechanical properties within the
part as a function of its placement on the build platform. For multiple
parts built together the solution may be straight forward possibly
varying the part geometry depending on the part position. For single and
large parts extending over the entire build platform the topological
optimization tool may also consider location dependant properties
varying the geometry accordingly.

While the work shows that systematic differences may occur within
and between the LPBF build jobs, the restriction of their influence also
relies on in-process defect prevention and correction strategies. In-situ
monitoring approaches may be incorporated to the identification of
spatter, gas [50], and powder bed irregularity issues [51], which will be
essentially important when the geometrical variety of the parts pro-
duced with LPBF is concerned. The use of laser remelting [52] or layer
removal and re-deposition [53] techniques have been demonstrated in
literature, which may find their use from this perspective.

6. Conclusions

This work studied the influence of batch-to-batch variability as well
as influence of the part orientation and position on the mechanical
properties of the LPBF processed AlSi7Mg0.6 alloy. The work showed
the detailed experimental with complete randomization of the static and
tensile test specimens over 3 build jobs. The overall results can be
summarized as follows.

e No relevant influence of the production batch related parameters on
the static mechanical properties could be observed. This implies that
the nuances created by the uncontrolled factors are small to have an
influence of the tensile properties, or inversely tensile testing is not
able to reveal such differences.

The fatigue tests confirmed the influence of the part orientation on
the stress-relieved and sandblasted AlSi7Mg0.6 specimens. The
horizontal specimens were found to have the lowest fatigue life,
which may be related to defects size around the support zones.

The influence of the part position was confirmed via the fatigue data,
where the external samples were characterized by a reduced fatigue
life. This was attributed to the specific gas management and powder
recoating system of the employed machine, possibly influencing the
spatter generation and deposition during the process.

The fractographs showed that the defects were commonly initiated
around the sample edges. For vertical and inclined specimens these
regions corresponded to the sub-surface lack of fusion and spatter
induced adherence defects. For horizontal specimens the defects
were always found around the supporting regions with typical defect
sizes larger than the layer thickness which resulted in a reduced fa-
tigue life compared to vertical and inclined orientations. As sug-
gested by the literature, the mean surface roughness indicator might
not be suitable for the prediction of the fatigue life of the specimens.
The extensive presence of support structure results in the formation
of sub-surface defects which must be removed with additional
postprocessing, such as milling.

The present work shows a systematic investigation resolving the
tackled systematic batch related factors as well as providing insights to
how they may be possibly resolved. An open research question regards
the variability between different feedstocks, machines of the same and
different manufacturers, which is beyond the current scope. Standardi-
zation efforts and inter-laboratory collaborations are expected to facil-
itate such activities, which are expected to be crucial for the aerospace
industry.
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