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Abstract

Additively manufactured aluminum (Al) alloys have recently received growing interest
from different industrial sectors. This study compares the microstructure and tensile properties of
two laser powder bed fused Al alloys, namely AlSi10Mg and Scalmalloy, in different heat-treated
(HT) conditions i.e., stress-relief, T6, and hot isostatic pressing (HIP), as well as the non-heat-
treated condition. The microstructures were examined using scanning electron microscope, and
the mechanical properties were evaluated using uniaxial tensile testing. For AISilOMg, Si-
networks were observed to break down, and Si- and Fe-rich particles precipitates form during HIP
followed by T6. For Scalmalloy, the density of nanometer-sized intergranular Alz(ScxZri-x)
precipitates increased after only HIP. Furthermore, it was observed that the addition of HIP
improved the tensile strengths of both alloys as compared to their AM as well as wrought
counterparts in similar HT conditions.

Keywords: Laser powder bed fusion (L-PBF), AlSilOMg, Scalmalloy, Hot isostatic pressing
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Introduction

Additive manufacturing (AM) allows the fabrication of complex shapes by layer-by-layer
process [1]. The laser powder bed fusion (L-PBF) is a widely used AM technology for various Al
alloys such as AlSi10Mg. Al alloys are well known in different industries, including automotive,
aerospace, construction, and packaging, due to their superior material properties such as light-
weight, good corrosion resistance, high thermal conductivity, excellent machinability, etc. [2—4].
AM of Al alloys could be more challenging than other metals because Al powder particles are
naturally light and have high moisture absorption, high thermal conductivity, and high oxidation
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tendency, all of which may affect the fabrication process and therefore, resulting in detrimental
process-induced defects on the mechanical properties of the AM Al components [5].

AISi10Mg is one of the most popular and widely used Al alloys in AM industry.
Characterized by low coefficient of thermal expansion (CTE), AISi10Mg components can be
manufactured by AM with great dimensional precision and low thermal stresses. Post-processing
heat treatments (HT) are frequently used for AM metals to partly alleviate the detrimental effect
of some characteristics. These include the dendritic microstructure that improves the mechanical
properties of alloys [6].

There are several research in the literature studying the effect of different thermal post-
processes on microstructure and mechanical properties of L-PBF AISilOMg [7-13]. The
conventional HT for the AM AISi10Mg alloy consists of two steps: (1) T4: solid solution (at 540°C
for 6 hr, then water quench) followed by (2) T6: artificial ageing (at 160°C for 4 hr, then air cool)
[7-9]. The T4 HT could have complete homogenization effect on microstructure while T6 could
improve the strength of the L-PBF AlISi10Mg alloy. Nonetheless, EOS merely recommends a low
temperature stress relieving (SR) at 300°C for 2 hr [12]. It should be noted that the hot isostatic
pressing (HIP), as common HT for certain AM metals, could also be used for L-PBF AlSi1l0Mg.
But having HIP along may cause a significant strength reduction with remarkably increased
ductility for L-PBF AlSi10Mg [13].

Scalmalloy is a Sc- and Zr- modified high strength Al alloy, which has received a lot of
attention by AM industries [14-18]. The L-PBF Scalmalloy have shown a bimodal grain structure
consisting of nano-size equiaxed grains as well as fine columnar grains [15]. The conventional
annealing HT for Scalmalloy is a low temperature HT at 325°C for 4 hr. [17, 18], resulting in
nanometer-sized Als(Sc, Zr) precipitation along the grain boundaries which prevents grain growth
[16].

HIP is widely recognized for its ability to reduce volumetric defects in the material or even
removing them. HIP alone or followed by appropriate HT schedule could modify the tensile
properties and which in turn, improves the fatigue resistance of the materials. In this article, the
effect of HIP treatment for both L-PBF AISi1lOMg and L-PBF Scalmalloy were investigated and
compared with the typical conventional HT on microstructure and tensile properties of the alloys.

Experimental Procedure

Material and Fabrication

Cylindrical bars (15 mm in diameter by 90 mm in height) of AlSi1l0Mg and Scalmalloy were
fabricated using L-PBF techniques, by Valimet [19] and Heraus Additive Manufacturing [20],
respectively. The chemical compositions of AISi10Mg and Scalmalloy powders are presented in
Table 1. Furthermore, Table 2 presents the process parameters used in this study for the
fabrication of cylindrical bars, provided by the manufacturer. Small coupons (5 mm thickness)
were cut from cylindrical bars for further microstructural analysis.
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Table 1. Chemical composition of AlSi10Mg powder, provided by Valimet [19] and Scalmalloy
powder, provided by Heraeus Additive Manufacturing [20].

Si Mg Fe Cu Mn Ti Zn Ni  Others Al
10.2 0.3 0.09 0.002 0.002 0.011 0.004 0.006 <0.10 Bal

AlISi1IOMg ~wt.
%

Mg Sc Zr Mn Si Fe Zn Cu Ti \/

V(Yt' 429 0.7 032 059 0.053 0.099 0.004 0.002 0.018 0.01
Scalmalloy o Al
WL 005 Bal

%

Table 2. Process parameters used for fabricating the L-PBF AlISi10Mg and L-PBF Scalmalloy.

Material Laser power Scan speed Hatch distance  Layer thickness
(W) (mm/s) (Hm) (Hm)

AlSil0Mg 370 1480 120 60

Scalmalloy 380 1425 145 30

The multi-steps heat treatment schedules used in this study for the both alloys are listed in
Table 3, which are also schematically shown in Figure 1. Following the ASTM F3301-18a [21]
and AMS 2771F [22] standards, the heat treatment schedules were selected. The heat treatment
was performed under an argon-atmosphere in an electric furnace.

Table 3. Different post-process HTs used in this study.

T6 (Solution +

Material HT SR HIP :
Aging)
. 520°C/100 MPa/2 | 540°C/6 hr./WQ +
| SR+HIP+T6 | 270°C/1.5 hr/FC G 160°C/4 hrlAC
AlSi10Mg 540°C/6 hr./WQ +
SR+T6 270°C/1.5 hr/FC 160°C/4 hrlAC
SR 325°C/4 hr/FC
Scalmallay P 325°C/100 MPa/4

hr/FC

Notes: FC: Furnace Cool, WQ: Water Quench, AC: Air Cool
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Figure 1. Schematic diagrams of HT schedules conducted on (a) L-PBF AlISi10Mg and (b) L-
PBF Scalmalloy.

Microstructure characterization

Microstructural characterization was conducted in the transverse direction (TD) plane, i.e.,
parallel to the build direction. The metallography procedures were performed according to the
ASTM-E3 [23] including cold-mounting, grinding with SiC sandpapers with grits sizes ranging
from 320 to 4000, and polishing to a mirror-finished surface using polishing cloths and colloidal
silica suspensions size of 0.05 pum. Electron backscatter diffraction (EBSD) analysis and electron
channeling contrast imaging (ECCI) were conducted for microstructure characterization using a
Zeiss Cross Beam 550 scanning electron microscope (SEM).

Mechanical testing

The cylindrical bars were machined upon HTs to the final geometry of uniaxial tensile tests
(see Figure 2) according to the ASTM ES8 [24]. The room temperature 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: strain-controlled followed by displacement-controlled
step. An MTS mechanical extensometer was attached to the specimen in the gage section to record
the strain. However, due to the limited travel range of the extensometer, it was removed at ~0.035
mm/mm strain by pausing the test, after which the test was resumed in the displacement-controlled
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mode up to fracture. At least three tests for each HT condition were conducted to ensure the
repeatability of the results.
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Figure 2. The geometry of the tensile specimens following ASTM ES8 [24]

Results and Discussion

Microstructure analysis

The Inverse Pole Figure (IPF) maps for the non-heat treated (NHT) and HT of the both L-
PBF AISi10Mg and Scalmalloy obtained from EBSD analysis are presented in Figure 3 (a) to (c)
and (d) to (f), respectively. The IPF maps were obtained in the transverse direction (TD) plane
(i.e., parallel to the build direction. On one hand, for L-PBF AISi10Mg, the grain structure was
mostly columnar which is typical for AM metal alloys [25]. As shown in Figure 3(a)-(c), the
average grain sizes were affected by the HTs, i.e., ~ 2.9 um for the NHT condition, ~ 5.3 um for
SR+T6, and for ~ 10.6 um SR+HIP+T6.

On the other hand, the L-PBF Scalmalloy showed much finer grain structure with bi-modal
morphology consisting of (1) nano-sized equiaxed fine grains (FG) along melt pool boundaries
and (2) coarser grain (CG) away from melt pool (see Figure 3(d)-(f)). The average grain sizes of
the L-PBF Scalmalloy in different HT conditions did not show significant changes, ranging from
3.8, 2.8 and 5.6 um for NHT, SR, and HIP conditions, respectively. The presence of such fine
grain structure in NHT condition could be attributed to the rapid solidification rate during the L-
PBF process [26]. Upon HTs, similar fine grain structure is maintained which is attributed to the
precipitation of nano-size AlsSc and AlsZr particles, which can act as grain growth inhibitors [27].
It is worth noting that the actual value of the average grain sizes for the L-PBF Scalmalloy may be
significantly smaller than what was reported using EBSD analysis due to step size limit (0.43 um).

The BSE micrographs obtained by ECCI technique for both the alloys are presented in
Figure 4 in all the different HT conditions investigated in this study. As shown in Figure 4(a),
NHT condition of L-PBF AISilOMg consisted of the cellular Si network. Upon HTs, these
networks break down and form bulky Si-rich and needle shaped Fe-rich particles at grain
boundaries (GB) and grain interiors (see Figure 4(b)-(d)) [7,28]. Furthermore, due
homogenization of high temperature solutionizing (T4) or HIP stages, the micro-segregation of Si
and Mg elements that were observed in the NHT specimens (see Figure 4(a)) are completely
dissolved back into the a-Al matrix, resulting in supersaturated solid solution (SSSS). It should be
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noted that during the subsequent age hardening T6 step, the nanometer-sized Mg.Si particles could
precipitate from the SSSS matrix, which are only detectable by transmission electron microscopy
(TEM) therefore are not shown over here [29].

NHT SR +T6 SR + HIP + T6

NHT SR HIP

Scalmalloy

Mean Grain Size =3.8 + 1.8 um Mean Grain Size =2.3 +1 um Mean Grain Size =5.6 £2.3 um

Figure 3. Inverse pole figure (IPF) maps obtained by EBSD analysis in the TD plane in (a) to
(c) for the L-PBF AISi10Mg and in (d) to (f) for the L-PBF Scalmalloy in different heat treatment
conditions investigated in this study.
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Figure 4. BSE micrographs obtained in TD for (a)-(d) L-PBF AISi1lOMg and (e)-(g) L-PBF
Scalmalloy in different heat treatment conditions.

For L-PBF Scalmalloy, upon SR and HIP, the fine inter dendritic regions are partially
dissolved back into the a-Al matrix (see Figure 4(e)-(f)). However, as discussed earlier, the
formation of small Als(Sc, Zr) phases at GBs during the low temperature SR and HIP as GB
boundary strengthening particles help the alloy maintain the prior fine grain structure observed in
NHT condition.

Tensile properties

The uniaxial tensile properties including yield strength (YS), ultimate tensile strength
(UTS) and percent elongation to failure (%EL) are presented as a column chart in Figure 5 (a) and
(b) for L-PBF AISi10Mg alloy and L-PBF Scalmalloy, respectively. In addition, the tensile
properties of cast AlSi10Mg [30] and wrought Scalmalloy [31] are also included for comparison
purposes.

It can be seen in Figure 5 (a) that tensile strengths (e.g., YS and UTS) and %EL of L-PBF
AISi10Mg in SR condition was significantly higher than those of cast counterpart by ~87%, 44%
and 170%, respectively, which could be attributed to the typical columnar fine grain structure
observed for the former (see Figure 4(b)) [32-33]. As discussed earlier, upon T6, due to formation
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of Si-rich and Fe-rich particles precipitate at GBs and grain interiors as well as small Mg.Si
precipitates [7, 28], the tensile YS of the alloy is increased by ~12% which is compromised with
a decrease in EL [10, 34]. Moreover, as it can be seen the intermediate HIP prior to T6 heat
treatment showed relatively small impacts on tensile strengths of the alloy while it resulted in
significant improvement on %EL of the alloy which could be attributed to the effect of HIP on

closing the process induced pores [13,35].

It can also be observed that tensile strength of L-PBF Scalmalloy in SR condition is
significantly higher as compared to the wrought counterpart (see Figure 5(b)). The YS and UTS
are increased by ~60% and ~31%, respectively, which could be attributed to the nano-sized grain
structure as well as Alz(Sc, Zr) precipitates [33,36]. However, the EL was compromised and
significantly decreased from 20% to 1.4%. Upon further HT, the tensile properties were affected

insignificantly.

350
BYS @BUTS ®B%EL
300
250
£
= 200
§ 150
P
100
50
0 As-Ca SR SR+T6 S+HIP+6
BYS 112 210 234
BaUTS 210 302 279
B %EL 3.9 10.7 5

348

16

Elongation (%)



=
=
(—]
N
W

EYS ®UTS ®%EL

500 1 20
;“\400 - s °3
= s
=300 | £
7]
£ {102
%200 &

100 | 13

0 Wrought SR mpomy

®BYS 280 450.01 466.10

®BUTS 360 472.31 488.86

8 %EL 20 1.40 2.37

Figure 5. Bar chart representation of the tensile properties of (a) AlISi1l0Mg and (b) Scalmalloy
under different heat treatment conditions investigated in this study.

Conclusions

In this study, the effect of different heat treatments on microstructure and tensile properties
of AISi10Mg and Scalmalloy fabricated by L-PBF are investigated. The test specimens underwent
different post thermal processing including stress-relief (SR), followed by hot isostatic pressing
(HIP) and T6 for L-PBF AlSi1l0Mg. For L-PBF Scalmalloy, the heat treatments were SR and HIP.
The microstructure was characterized between each two steps of the multi-step heat treatments.
Furthermore, the tensile properties were evaluated through the quasi-static tensile testing. The
experimental observations from this study can be concluded as follows:

1. Grain growth was seen for both L-PBF AISilOMg after the different post process heat
treatment. For L-PBF AISi10Mg, the grains are typically columnar and after SR+HIP+T6,
the grain size increased even further than the SR+T6 condition. A bi-modal grain structure
is observed consisting of nano-sized equiaxed grains along the melt pool boundaries for L-
PBF Scalmalloy, which become more finer with partially elongated grains after HIP
process.

2. A cellular network of Si phase was seen for non-heat-treated (NHT) L-PBF AlSi1l0Mg.
The Si-networks dissolved after SR+T6 heat treatment and even after SR+HIP+T6, Si-
particles and Fe-rich particles precipitates. For L-PBF Scalmalloy, the Sc and Zr elements
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are accumulated and distributed in the matrix after SR, and even after HIP process the
strong Alz(Sc, Zr) phase precipitates.

. The tensile strength and ductility increased after SR+HIP+T6 for L-PBF AlSil0Mg

compared to SR+T6 condition because of fine Si- and Fe-rich particles precipitates. The
L-PBF Scalmalloy showed higher strength and ductility after HIP.
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