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Dense and crack-free Al-6Zn-2Mg (wt%) alloys with 1 wt% (Sc + Zr) addition were additively manufactured by
laser powder bed fusion (LPBF) using gas atomized powders. As-built microstructure consisted of small equiaxed
grains near the melt pool boundary and columnar grains between adjacent melt pools. Alloying of Sc + Zr pro-
moted the formation of Al3(Sc,Zr) particles, which contributed to the grain refinement. The alloy exhibited out-
standing tensile properties (i.e., 418 ± 3 MPa yield strength, 436 ± 3 MPa tensile strength and 11 ± 1%
elongation) after heat treatment. The results demonstrate that high strength aluminum alloy can be fabricated
by LPBF through alloy design and microstructural control.
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Laser powder bed fusion (LPBF) is an innovative technology to man-
ufacture metallic components through a layer by layer process from a
powder bed [1]. LPBF has been demonstrated to be applicable to alumi-
num (Al) alloys, however, mostly limited to Al-Si based alloys that have
good castability [2–7]. On the other hand, conventional high strength Al
alloys, including 2xxx, 6xxx and 7xxx alloys, are currently difficult to be
processed by LPBF. Commonly identified challenges for LPBF of Al alloys
include high thermal conductivity, high laser reflectivity and oxide for-
mation. In addition, most high strength Al alloys are susceptible to hot
cracking due to high thermal gradient and rapid cooling associated
with LPBF [8–11]. As an example, AA7075 alloys have been fabricated
by LPBF, and exhibited severe intergranular cracks due to tearing of liq-
uid films between the grains during solidification. [10,12]. Therefore,
there is a strong motivation to develop high strength Al alloys that are
suitable for LPBF.

Recently, Spierings et al. [13,14], Shi et al. [15] andYang et al. [16] ex-
amined the Al-Mg based alloys with the alloying addition of Sc and Zr. A
duplex microstructure that consisted of both columnar and equiaxed
grains was obtained. Spierings et al. [13] and Yang et al. [16] suggested
that the formation of primary Al3(Sc,Zr) dispersoids during the solidifi-
cation facilitated the development of equiaxed grains. Similarly, Croteau
cessing and Analysis Center,

ier Ltd. All rights reserved.
et al. [17] reported the potential of Al-Mg-Zr alloys for LPBF applications
in which the Al3Zr formed in the melt during solidification and refined
the grains. Martin et al. [12] introduced ZrH2 nanoparticles to the sur-
face of the AA7075 powders and obtained crack-free LPBF AA7075 al-
loys. The columnar grain structure was transformed to nearly
equiaxed grain structure with the aid of heterogenous nucleation, and
thus the crack sensitivity was reduced [12].

In this study, Al-6Zn-2Mg (wt%) alloywasmodifiedwith an addition
of 1 wt% (Sc + Zr) and processed by LPBF. The addition of 1 wt% (Sc
+ Zr) was to promote the formation of nucleation particles, and by
this to reduce the crack sensitivity of the alloy. Results demonstrate
that dense and crack-free AlZnMgScZr alloy can be additively
manufactured by LPBF. The microstructure and the tensile properties
of this novel alloy are reported and discussed.

Pre-alloyed Al-6Zn-2Mg-1(Sc + Zr) powders were prepared by gas
atomization (GA) using a GA system (manufactured by Dong Yang In-
duction Melting Furnace Co Ltd., Republic of Korea). The nominal com-
position of the alloy is reported in Table 1. There is impurity element of
Fe and Si in the alloy, both of which are b0.1 wt%. The particle size was
measured by laser diffraction particle size analyzer (Beckman Coulter
LS™ 13 320). The average particle size is 48.8 μm, with a D10, D50
and D90 value of 19.0 μm, 48.1 μm and 77.7 μm, respectively.

A laser powder bed fusion system, SLM® 125HL (SLM solutions,
Germany), equipped with a single (400 W) IPG fiber laser with laser
beam focus diameter of approximately 100 μm, was employed to
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Table 1
Nominal composition of the charge alloys, and XEDS composition of the LPBF alloy in
weight percent.

Wt% Al Zn Mg Sc Zr

Nominal Bal. 5.96 2.03 0.68 0.28
LPBF alloy Bal. 6.04 1.87 0.81 0.23
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manufacture the Al-6Zn-2Mg-1(Sc + Zr) alloys. The samples were
manufactured with a laser power of 350 W, layer thickness of 30 μm,
hatch spacing of 0.13mm, and scan speed of 900mm/s. A stripe pattern
with a width of 10 mm and a shift between layers was applied. The ro-
tation between adjacent layers was 67°. The temperature of the build
plate was kept constant at 100 °C. N2 was used as protective atmo-
sphere, keeping the O2 content b0.2% during LPBF build. Cubic samples
with a dimension of 12 × 12 × 12 mm were first fabricated for micro-
structural characterization. A total of 6 tensile bars with a gauge length
of 25 mmwere manufactured in a horizontal build orientation, follow-
ing ASTM standards (ASTM E8/E8M). T6 heat treatment with solution
heat treatment (SHT) at 480 °C for 1 h, followed by water quenching
and artificial aging (AA) at 120 °C for 24 h was carried out to the cubic
sample and three of the tensile bars.

Room temperature uniaxial tensile tests were conducted quasi-
statically using an MTS universal testing machine. A quasi-static strain
rate of 5 × 10−3mm/swas applied to all tests reported. All deformations
were recorded and measured by the Digital Image Correlation (DIC)
technique. The system consists of a Tokina AT-X Pro macro 100 mm
−f/2.8−d lens with a resolution of 2448 × 2048 and VIC-2D 2009 soft-
ware by Correlated Solutions, Inc. One DIC camera perpendicular to the
specimen plane was used for all tests. The capture frequency was 1 Hz.
Engineering stress-strain curveswere obtained fromMTSmachine force
with a virtual extensometer through DIC analysis.

The microstructure after polishing and etching was observed by
both an optical microscope (Olympus LEXT OLS 3000) and a field emis-
sion scanning electron microscope (FE-SEM, Zeiss Ultra-55). X-ray en-
ergy dispersive spectroscopy (XEDS) equipped on FE-SEM was
employed for compositional analyses. Detailed microstructure was fur-
ther characterized by a transmission electron microscope (TEM, FEI/
Tecnai™ F30 300 kV). In situ lift out (INLO) technique was employed
to obtain site-specific TEM thin foils by using a Focused Ion Beam (FIB,
FEI TEM200).

The optical microstructure from the XZ cross-section (parallel to
build-direction) is presented in Fig. 1(a). Overall, a very small amount
Fig. 1. (a) Optical micrograph of the XZ cross-section from the as-built LPBF AlZnMgScZr alloy. B
(b) and (c) as-built, (d) and (e) after T6 heat treatment.
of porosity was present, but no cracks were observed. The XZ
cross-section exhibited the typical fish-scale patterns along the build
direction, which is related to the bottom of the laser melt pool. The
area fraction of porosity of the as-built alloy through optical image
analysis prior to etching was determined to be b0.4%. Therefore, a
near-full density was achieved for the as-built alloy.

Fig. 1(b) and (c) present the backscatter electron (BSE)micrographs
from the XZ cross-section of the as-built alloy. Two different grain struc-
tures were observed: columnar grains within the melt pool and small
equiaxed grains around the melt pool boundary. The columnar grains
had widths of a few microns and lengths typically b50 μm, which
grew toward the center of the melt pool. On the other hand, the melt
pool boundary region exhibited fine equiaxed grains with grain sizes
typically in the range between 200 nm to 2 μm. The size of these grains
appeared to be slightly coarser than that observed by Spierings et al.
[13], which can be attributed to both different alloy composition and
LPBF parameters. The microstructure after T6 heat treatment is pre-
sented Fig. 1(e) and (f). The as-built microstructure remained after T6
heat treatment, but minor grain growth was observed. Some precipi-
tates were observed along the grain boundaries and were further ana-
lyzed by TEM.

Fig. 2(a) presents a high angle annular dark field (HAADF) TEMmi-
crograph from the equiaxed grain region of the as-built alloy. A variety
of precipitates/dispersoids showing different contrasts was observed
both along the grain boundary and within the grains. Fig. 2(b) shows
the results from XEDS mapping from the marked area in Fig. 2(a).
Some MgO particles, typically b50 nm in size, were found within the
grains. These oxide particles could be from fragmentation of the
oxide layer from the powder surface or may form due to oxidation
of melt during the LPBF process. Many precipitates that are rich in
both Zn and Mg, were observed as white particles in Fig. 2(a). They
were determined to be MgZn2, based on the XEDS analysis. Mg2Si
and other Fe-containing dispersoids were also identified, which
were typically present adjacent to MgZn2. The Sc-rich precipitates
were present both within the grains and along the grain boundary,
with a particle size of several tens of nanometers. A selected area dif-
fraction pattern (SADP) from one of the Sc-rich particles within the
grains is presented in Fig. 2(c). Despite the strong intensity from
the Al grain along the [110] orientation, additional diffraction spots
corresponding to the Al3(Sc,Zr) (L12) were clearly observed. Based
on indexing of Fig. 2(c), the Al3Sc phase formed a following
orientation relationship with the Al matrix: (001)Al ∥ (001)Al3(Sc,Zr)
and [110]Al ∥ [110]Al3(Sc,Zr).
ackscatter electronmicrographs of the XZ cross-sections from the LPBF AlZnMgScZr alloy:
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According to the observation from TEM, the Al3(Sc,Zr) particles ap-
pear to be the primary phase formed during solidification [18,19].
These Al3(Sc,Zr) particles can serve as the heterogeneous nuclei for
the Al during solidification and facilitate the formation of equiaxed Al
grains. The Al3(Sc,Zr) particles are coherent with the Al matrix, and
thus provide a low energy barrier for the heterogeneous nucleation.
For other 7xxx alloys without the alloying of Sc/Zr, LPBF typically re-
sulted in the formation of long columnar grains that extended across
several melt pools and solidification cracks along the build direction
[12,20]. An epitaxial grain growth might occur where the nucleation is
established on previous solidified Al grains, leading to large columnar
grains across multiple melt pool boundaries. With the addition of Sc/
Zr and thus the formation of Al3(Sc,Zr) near the melt pool boundary,
the formation of new equiaxed grains via heterogeneous nucleation
can obstruct the grain growth of the existing grains. As a result, the co-
lumnar grains observed in this alloy were much smaller than those ob-
served in LPBF 7xxx alloys without Sc/Zr modification. The refined
microstructure with alternating equiaxed grains and columnar grains
greatly reduced the crack sensitivity of the alloy. Similar grain refining
effects have been observed by Spierings et al. [13,14] and Yang et al.
[16] recently in LPBF AlMgScZr alloys.

Since the grain size of the equiaxed grains is much smaller than that
of the columnar grains, it is expected that more Al3(Sc,Zr) nuclei have
formed near the melt pool boundary and contributed to the grain re-
finement. According to Spierings et al. [13], Al3(Sc, Zr) particles can
only survive to approximately 800 °C. Therefore, a large number of Al3
(Sc, Zr) nuclei remained in themushy zone near themelt pool boundary
Fig. 2. (a) High angle annular dark field micrograph of the equiaxed grain region of as-built LP
marked region in (a). (c) Selected area diffraction pattern of the Al3(Sc,Zr) particle within the
due to remelting of previous layers [16],where the temperature is lower
than 800 °C. On the other hand, the temperature is higher than 800 °C
toward the center of the melt pool, hence Al3(Sc, Zr) particles dissolve
into solution. The fast cooling rate associated with the LPBF process re-
sults in the formation of supersaturated solid solution by suppressing
the formation of Al3(Sc,Zr) [19,21].

Fig. 3 presents the engineering tensile stress-strain data for the LPBF
Al-6Zn-2Mg-1(Sc + Zr) alloy in the as-built state and after T6 heat
treatment. A good repeatability was observed for all samples. The corre-
sponding average values of yield stress (σ0.2), ultimate tensile stress
(UTS), elongation at fracture (EL%) and Young's modulus (E) are sum-
marized in Table 2. The stress-strain curves of the as-built samples ex-
hibited a clear strain hardening region after the initial elastic
deformation and until the failure occurred. The σ0.2 and UTS were in
the range of 282–285 MPa and 384–387 MPa, respectively, and the EL
% reached 18.4%.

The stress-strain data for the LPBFAl-6Zn-2Mg-1(Sc+Zr) alloy after
T6 heat treatment exhibited a small plateau region after the elastic de-
formation, and then strain hardened until the strain reached approxi-
mately 8–9%. The strain hardening region is flat compared to that of
the as-built alloys. The T6 heat treatment results in an increase of both
σ0.2 and UTS, but a reduction of EL%. After T6 heat treatment, the σ0.2

and UTS reached 415 to 422 MPa and 432 to 439 MPa, respectively,
while the EL% was 10.2 to 12.3%. Fine scale precipitates of ordered and
coherent metastable η′-MgZn2 provide strong precipitation hardening
to the AlZnMg alloys [22–24]. Apart from the formation of η′ precipi-
tates, precipitates of Al3(Sc,Zr) with L12 crystal structure will also form
BF AlZnMgScZr alloy. (b) XEDS elemental mapping of Al, Zn, Mg, O, Sc, Zr, Si and Fe from
Al grain.



Table 2
Room temperature tensile properties with standard deviations in parenthesis of the LPBF
AlZnMgScZr alloys in the as-built state and after T6 heat treatment.

σ0.2 (MPa) UTS (MPa) EL (%) E (GPa)

As-built 283.5 (1.5) 386.0 (1.1) 18.4 (0.1) 69.9 (1.7)
T6 418.3 (2.7) 435.7 (2.5) 11.1 (0.9) 65.4 (1.2)

Fig. 3. Engineering stress-strain curves of the LPBF AlZnMgScZr alloys in the as-built state
and after T6 heat treatment.
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[25,26] in the AlZnMgScZr alloy investigated in this study. Therefore,
both η′ and Al3(Sc,Zr) precipitates are expected to contribute to the
strength increase after T6 heat treatment.
Fig. 4. Secondary electron micrographs of the fracture surfaces of the LPBF AlZ
The stress-strain curve of the as-built alloys exhibited serrations
starting at approximately 2% strain, which can be explained by the
Portevin–Le Chatelier (PLC) effect [27]. The PLC effect can be caused
by interactions between solute atoms and moving dislocations, which
leads to unstable dislocation motion during plastic flow [28]. For the
as-built alloy, there is a high concentration of Zn and Mg solutes and a
supersaturation of Sc and Zr solutes. When the pinned dislocation by
solute atoms moved, a burst in the stress-strain curve is observed. The
alloy after T6 exhibited continuous yielding without serrations, due to
the formation of precipitates and thus a reduction of solute atoms.

The as-built LPBF AlSi10Mg exhibits a σ0.2 of 200 to 280 MPa, a UTS
of 270 to 470MPa, and an EL% of 1 to 8% [2–6,29]. After T6 or other heat
treatments, the strength of AlSi10Mg alloy can decrease significantly
[2–5]. Martin et al. [12]. reported a σ0.2 of 325 to 373 MPa, a UTS of
383 to 417 MPa, and an EL% of 3.8 to 5.4% for modified (i.e., ZrH2 coated
AA7075 powders) LPBF AA7075 alloys after T6 heat treatment. The
alloy, Al-6Zn-2Mg-1(Sc+Zr), examined in thiswork through gas atom-
ization and LPBF, exhibited higher yield strength and ductility after T6
heat treatment.

The fracture morphologies of the LPBF Al-6Zn-2Mg-1(Sc + Zr) alloy
from the as-built and T6 heat-treated samples are presented in Fig. 4.
The as-built alloys exhibited non-uniform dimples and some cleavage
planes across the fracture surface, as shown in Fig. 4(a) and (b). Occa-
sionally, columnar grains exposed to the fracture surfacewere observed.
This indicates that the fracture mechanism consists of a mix mode of
ductile, brittle and intergranular fracture. No apparent necking has
been observed for the as-built alloys. The fracture surfaces of the alloys
after T6 heat treatment exhibitedmostly columnar grain features across
the fracture surface and dimples near the regions of equiaxed grain re-
gion, as shown in Fig. 4(c) and (d). Therefore, intergranular and ductile
fracture are the primary fracture mechanism for the alloys after T6 heat
treatment. The intergranular fracturemay be related to the formation of
precipitates along the grain boundary as shown in Fig. 1(c). All speci-
mens after T6 heat treatment showed clear necking, corresponding to
the stress softening in the stress-strain curves in Fig. 3.

Al-6Zn-2Mg-1(Sc+ Zr) alloy was additivelymanufactured by selec-
tive lasermelting from gas atomized powderswith near full density and
without cracks. Microstructure consisted of equiaxed grains near the
nMgScZr alloys: (a) and (b) as-built, (c) and (d) after T6 heat treatment.
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melt pool boundary and small columnar grains within the melt pool.
TEM demonstrated that coherent Al3(Sc,Zr) dispersoids formed within
the Al grains, and they are expected to serve as heterogeneous nucle-
ation sites for the formation of equiaxed Al grains during solidification.
The as-built alloy exhibited engineering yield stress of 284 MPa, ulti-
mate tensile stress of 386 MPa, and elongation of 18.4%. After T6 heat
treatment, the LPBF Al-6Zn-2Mg-1(Sc+Zr) alloy exhibited engineering
yield stress of 418 MPa, ultimate tensile stress of 436 MPa, and elonga-
tion of 11.1%. Microstructural control and alloy design are crucial to the
LPBF processing of high strength aluminum alloys.
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