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Abstract

When the laser powder bed fusion (L-PBF) additive manufacturing method is employed to
build parts with increased heights, there is a possibility that defects are increased in part. This study
investigates the effect of build height on the micro-/defect-structure and, consequently, the
mechanical properties of L-PBF AIF357, an Al-Si-Mg alloy family. Tall vertical cylinders of 316
mm with 15 mm diameter were fabricated and cut into specimens at different heights. Although
not much difference is observed in the microstructure (grain size and morphology), the defects'
size and population slightly vary with height. Nonetheless, the tensile properties of the L-PBF
AIF357 are found to be independent of height. This is ascribed to the approximately identical
microstructure and marginal difference in the defect's size and distribution along the heights.

Keywords: Laser powder bed fusion (L-PBF), AIF357, Height dependency, Microstructure,
Porosity, Tensile properties

Introduction

Additive manufacturing (AM), a layer-by-layer process, bypasses geometric constraints
while constructing the desired parts based on computer-aided design (CAD) [1]. AM enables cost-
effective production; tailoring materials' properties often exhibit superior to the conventionally
manufactured (CM) counterparts [2,3]. Laser powder bed fusion (L-PBF) is one of the well-
established AM technologies in which a pre-alloyed powder is distributed over the bed. A high-
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power-density laser melts and fuses powder particles to create the parts [4,5]. The rapid
solidification in L-PBF could significantly refine the microstructure and sometimes improve the
material’s tensile and fatigue performance [6]. The parts are being designed and manufactured in
new ways because of different AM processes. Unlike conventionally manufactured materials, the
local geometries and microstructure of AM materials can change across short distances.

Aluminum (Al) alloys are the most widely used metal after steel, titanium alloys. The Al
alloys are classified into cast, wrought, etc. But the AM processes have many advantages, e.g.,
finer microstructure, short production cycle, low cost, good flexibility, geometrical accuracy
complexity etc. The current demand to produce geometrically complex, lightweight, corrosion-
resistant, high thermal conductive Al alloys have been investigated continuously by the different
AM processes for the applications in aerospace, defense, automotive, naval industries, and various
structural components [7].

The most common aluminum alloys, which have been studied extensively, are AISi10Mg
[8,9], AlSil12 [10,11] and AISi7Mg [12,13]. Among these, AISi7Mg is a widely used casting
aluminum alloy with a composition near the eutectic point and high Si content. Recently, the most
popular AlSi7Mg fabricated by the L-PBF method are A356, A357, and F357. A member of the
Al-Si-Mg casting alloy family (particularly alloy F357 [14], a beryllium-free variant of A357),
which possesses exceptional fluidity and castability [15], is especially appealing out of the
beryllium-related health concerns of its Axxx series counterpart.

Several investigations have revealed local property variation in several AM materials as a
function of build orientation and height. A variogram analysis is utilized by R.K. Everett et al. [16]
to demonstrate the auto-correlation of grain sizes and tensile properties with build height in the L-
PBF AISil0Mg parts. The results showed that the local geometries and build heights, even at
constant process parameters, affect the grain size and tensile properties of L-PBF AISi10Mg. The
investigation of the build height effect on L-PBF IN718 showed no significant changes in
mechanical properties along with the build height of the parts. However, there were some
differences in the grain structures [17]. G. Mohr et al. [18] investigated the effects of inter-layer
time (ILT) and build height on the grain size, melt pool, and hardness of 316L stainless steel. They
found a significant impact of ITL and build height on heat accumulation and, in turn, on
microstructure and hardness.

A few studies investigated the effect of build height variation with different alloys and the
change in process parameters, local geometries, etc. But there is no study on Al alloys' build height
dependency, specifically AIF357 on micro-/defect-structure and tensile properties. This study
investigates the effect of the build height on the microstructure, defect structure, and tensile
properties of tall L-PBF AIF357 aluminum parts.
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Experimental Procedure

Material and Fabrication

The AIF357 virgin pre-alloyed powder supplied by IMR Metal Powder Technologies
GmbH with the powder particle size in the range of 20-63 pm in compliance with SAE AMS 4289
standard [19] was used in this study. An SLM280 2.0 machine, an L-PBF platform, was used to
fabricate all the specimens. The chemical composition of the AIF357 powder is listed in Table 1.

Table 1. Chemical composition of AIF357 powder, provided by IMR Metal Technologies.

Si Mg Fe Cu Mn Ti Zn Pb Ni \
(wt.%) 7.10 056 0.078 0.001 0.001 0.07 0.002 0.001 0.003 0.008
Zr 0] H N Al

(Wt.%) 0.001 0019 0.002 <0.002 Bal

Argon gas was used as the shielding gas during fabrication to protect the melt pool from oxidation
and mitigate spatter. The process parameters used to fabricate the specimens are listed in Table 2.

Table 2. Process parameters used for fabricating the L-PBF AIF357, provided by SLM
Solutions.

Scan Hatch
Laser power (W) speed distance Layer thickness (um)
(mm/s)  (mm)
370 1225 0.10 30

Tall cylindrical rods with a diameter of 15 mm and a length of 316 mm were fabricated
(see Figure 1 (a)). A tall cylindrical bar was then cut into four specimens with equal length (79
mm) for micro-/defect-structure characterization; they were designated as Bottom, Middle 1,
Middle 2, and Top specimens along the build direction. For tensile tests, the cylindrical bars were
cut into three specimens: Bottom, Middle, and Top. Finally, the cut specimens were further
machined to the final geometry of the tensile specimens with uniform gage sections following
ASTM EO08 [20]. The geometry of the tensile specimen is presented in Figure 1 (b). All the
specimens in this study are non-heat treated (NHT).

Micro-/defect-structure characterization

The microstructure characterizations were conducted in both the transverse direction (TD)
plane, i.e., parallel to the build direction, and the normal direction (ND) plane, i.e., perpendicular
to the build direction. The specimens were cut accordingly, cold-mounted, ground with sandpapers
with grits ranging from 320 (grain size of 46.3 um) to 4000 (grain size of 5 um), and polished to
a mirror-finished surface. Electron backscatter diffraction (EBSD) and electron channeling
contrast imaging (ECCI) were conducted for microstructure characterization using a Zeiss
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Crossbeam 550 scanning electron microscope (SEM). The chemical analysis was carried out via
the electron dispersive spectroscopy (EDS) method by an Oxford detector attached to the SEM.
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Figure 1. (a) The build layout, showing different types of parts fabricated (Note that only
cylindrical bars are being investigated in this study), (b) the geometry of the tensile specimens
following ASTM EO08 [20].

To characterize the defect structure of the specimens, an X-ray CT scan was conducted on
the specimens using a Zeiss Xradia 620 Versa system. The voltage and power were 80 kV and 7
W, respectively, for each scan with a voxel size of 5.0 um. The raw X-CT files were reconstructed
using a Zeiss proprietary software. The 3D visualization and statistical results of the scans were
extracted to compare the defect levels at different heights.

Mechanical testing

The tensile tests were performed using an MTS landmark servo-hydraulic load frame with
a load cell of 100 kN. The quasi-static tensile tests were conducted in two steps: a strain-controlled
step up to ~0.035 mm/mm strain followed by a displacement-controlled step. An MTS mechanical
extensometer was attached to the specimen in the gage section to record the strain. The tensile tests
were repeated three times for each of the heights to check the repeatability of the results.
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Results and Discussion

Microstructure analysis

The microstructures of the L-PBF AIF357 specimens at four different heights, Bottom,
Middle 1, Middle 2, and Top, in non-heat treated (NHT) condition are presented in Figure 2. The
inverse pole figure (IPF) maps obtained from EBSD analysis on the TD and ND planes. The grain
morphology is found almost similar at different heights, columnar grains on the TD plane and
equiaxed on the ND plane. The mean grain size on the TD plane along the different heights are
found similar; from bottom to top, the mean grain size is 7.8 + 5.6 um, 8.6 £5.8 um, 8,1 + 5.7 um,
and 8.2 £ 5.6 um, respectively (see Figures 2 (a) (c) (e) (g)). The texture is also remained identical
along the build heights without much variation. On the ND plane, the mean grain size is also very
similar along the heights, and from bottom to top, are found to be 6.5+ 3.2 um, 7.1 £ 3.8 um, 6.9
+ 3.8 um, and 6.5 + 3.2 um, respectively. The texture is almost constant on the ND planes along
the build height.

Among the microstructures presented in Figure 2, there is no significant change in grain
structure, texture, and mean grain size along with the height of the specimens. Figure 3 shows the
BSE micrographs of L-PBF AIF357 on the TD plane along the different build heights. The Si-
element maps obtained by EDS analysis are also presented in Figure 3. There are some changes
in Si-networks in Figure 3 along the different heights, mainly because of thermal gradients. In the
bottom, the cellular structures are more dendritic but moving along the heights, the dendritic
microstructure becomes finer. But in the top, the cellular structure is growing. These dendritic
structures at the bottom may be because of its closeness to the built plate, and heat dissipation is
faster at that part, but in the higher part, the specimens are already in the powder, and the thermal
gradient is also lower, so it remains hot for a period of time. Therefore, the dendritic structures try
to reform and become finer. However, on the top these dendritic structures are growing.
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Figure 2. Inverse pole figure (IPF) maps obtained by EBSD along the TD plane, parallel to the
build direction and the ND plane, perpendicular to the build direction, for the L-PBF AIF357 at
four different heights in NHT conditions; (a-b) bottom, (c-d) middle 1, (e-f) middle 2, and (g-h)
top.
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Figure 3. BSE micrographs of L-PBF AIF357 along the transverse direction (TD) parallel to the
build direction at four different heights in NHT conditions showing the dendritic microstructure;
(@) bottom, (b) middle 1, (c) middle 3, and (d) top along with the Si element maps by EDS.

Defect-structure analysis

The X-CT results from the gage section of the tensile specimens in the NHT condition are
presented in Figure 4(a-c), along with the build height. Also, the defect size distributions are
shown in Figure 4(d), comparing the porosity count per unit volume (mm®) for different heights.
There are variations in the size and distribution of porosity along the build heights, and the overall
porosity density is also changing significantly (see Figure 4(e)). Because of optimized process
parameters that have been used for the fabrication of L-PBF AIF357, a moderate defect density is
observed in as-built specimens. However, the defect density gradually increased, moving along
the built direction to the middle and top. The thermal gradient, high thermal conductivity, and
relative position from the built plate might be contributed to this. In contrast, the heated built plate
acts as heat treatment for the bottom specimen, increasing the porosity [21]. And along the build
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direction, going further away from the built plate decreased the number of total porosity counts
per volume. Still, larger pore formation increased because of the high thermal conductivity of this
alloy [15].
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Figure 4. X-ray CT scan results for the (a) bottom, (b) middle, and (c) top of the L-PBF AIF357
specimen in NHT condition. (d) Porosity size distributions of L-PBF AIF357 specimens from
different heights. The statistical results are shown in (e).

Tensile properties

The quasi-static tensile properties, i.e., yield strength (YS), ultimate tensile strength (UTS),
and percent elongation (%EL), of NHT L-PBF AIF357 specimens along the build height are
presented in Figure 5. As seen, the tensile properties are almost similar along the build height
showing static properties height independency of L-PBF AIF357. This may be attributed to
specimens' similar microstructure (grain morphology, size) at different heights. Guo et al. [22]
showed the change in tensile properties is attributed to the change in microstructures.

The porosity level influences tensile properties especially ductility; it has been shown that
the ductility can be increased by decreasing the volumetric defects. Although the size and the
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defect density increase along the heights (see Figure 4), these are not too influential on the tensile
properties of L-PBF AIF357 specimens resulting in almost comparable %EL along with the build
height [23].
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Figure 5. Bar chart representation of the tensile properties of L-PBF AIF357 alloy with different
heights.

Conclusions

This study compared the microstructures, defects, and tensile properties of tall L-PBF
AIF357 alloys along the different build heights in the non-heat-treated condition. The effects of
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microstructure and defects on the tensile properties were investigated along the build heights, and
the findings are concluded as follows:

1. There was no height dependency of microstructure seen for the L-PBF AIF357; the

microstructure was similar along the build heights in both transverse direction (TD) and
normal direction (ND) planes. The grains were columnar in the TD plane and were
equiaxed in the ND plane. There were no significant changes in average grain size at the
different heights of the L-PBF AIF357.

. There was a change in defect content observed along the build heights for the L-PBF

AIF357. The population of the defects per unit volume is decreasing, and the size of the
defects is increasing along the heights.

. Since there are no significant changes in microstructure along the different build heights,

the tensile properties (strength and ductility) are also similar. However, some defect size
and population changes did not influence the tensile properties.
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