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Abstract: Additively manufactured (AM) aluminium alloys have attracted increasing
attention due to the great demand of prototyping, spare parts supply, short run
productions and further light-weighting of vehicles. However, most of the reported AM
aluminium alloys are usually modified version of commercial cast or wrought alloys.
In this work, we successfully developed a new high-strength and ductile A15SMg3Zn2Si
alloy, which is designed for laser powder bed fusion (LPBF) process. The optimised
relative density of 98.9% was obtained at a volumetric energy density (VED) of 129.1
J/mm?. The as-LPBFed A15Mg3Zn2S:i alloy features refined equiaxed a-Al grains and
Al-Mg>Si eutectic network. In addition, the sub-micrometre sized, coherent o-
Al(Fe,Mn)Si and MgZn, dispersoids in conjunction with high number density of
(Mg,Zn)-rich GP zones co-contribution to the excellent combination of mechanical
properties, i.e. the ultimate tensile strength of 548 MPa, the yield strength of 403 MPa,
and the elongation of 6.7%. The synergy of high strength and ductility results from the
unique strengthening mechanisms provided by the combination of high cooling rate

from LPBF and the typical composition in the aluminium alloy.
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1. Introduction

Aluminium (Al) alloys have been widely used as structural materials in transportation
sector due to their low density, high specific strength and low cost [1]. Currently, Al
alloys are commonly manufactured by conventional techniques such as casting,
welding, forging, extrusion, stamping and powder metallurgy, to satisfy the applications
in a variety of engineering sectors. However, these manufacturing processes feature
long lead time and limited flexibility of structural design. In contrast, laser powder bed
fusion (LPBF) is an emerging metal additive manufacturing (AM) technology, which
enables greater design flexibility for complex geometry and significantly reduces the
tooling cost, materials waste and shortens the lead time for low volume production [2,
3]. In addition, the rapid solidification induced by the high cooling rate during LPBF
process promotes the formation of refined microstructures with supersaturated solid
solution and uniformly dispersed secondary phases [4-6], which is usually beneficial to
improve the mechanical properties of alloys. However, due to the low laser absorptivity,
high oxygen affinity, it has been challenging to manufacture sound components made
of Al alloys by LPBF [7]. Metallurgical defects including hot cracking, inclusions and
porosity are major concerns the LPBF process of Al alloys, in particular those with a
large solidification range, like Al-Cu (2xxx), Al-Mg-Si (6xxx) and AI-Mg-Zn-Cu (7xxx)
alloys [8]. Therefore, the development of new Al alloys that are highly compatible with
the LPBF process and make the full use of LPBF’s characteristics to improve

mechanical properties has become a hot research topic in the last decade.

Generally, the development of new Al alloys for the LPBF process can be divided into
two categories. The first strategy is to modify the commercial alloys by adding special
trace elements or nanoparticles. For example, an Al-Mn (3xxx) alloy was modified
using Sc and Zr and reached a good yield strength (YS) (438 + 3 MPa) and a high
elongation (EI) (19 +3%) [9]. Similar studies for Zr/Sc-modified Al-Li [10], Al-Cu [11],
Al-Mg [12], Al-Mg-Si [13, 14] and Al-Zn-Mg-Cu [15] alloys processed by LPBF, also
showed a combination of high strength and elongation. Moreover, Martin et al. [§]
decorated AA7075 alloy powder by adding nano-ZrH» particles as grain refiner, to
minimize the tendency of hot tearing during the LPBF process, and the ultimate tensile
strength (UTS) reached 383~417 MPa with the El of 3.8~5.4%. Recently, Li et al. [16]
found that Ta nanoparticle enhanced LPBFed Al-Zn-Mg-Cu alloys to increase the UTS
to 401 £ 11 MPa with the El of 5.1 £ 0.6%. Also, Xiao et al. [17] founded that Nb
nanoparticle enabled grain refinement in an Al-Zn-Mg-Cu alloy, which obtained crack-

free LPBFed samples with the UTS of ~ 505 + 12 MPa. The second strategy is to design



new alloy system with short solidification range to reduce the hot-tearing susceptibility.
Yang et al. [18] processed a new Al-5Mg-2Si alloy by LPBF to offer the UTS of 452
+11 MPa and the El of 9.3 £2.5% under as-fabricated condition. Deng et al. [19]
processed a novel Al-5.7Ni alloy by LPBF, and the UTS and El were 407 MPa and
9.5%, respectively. Other alloys such as Al-Fe [20], Al-Ce-Mg [21] and Al-Ce-Mn [22]
were also fabricated successfully by using LPBF and showed the combination of high
strength and good processibility.

In our previous work, the LPBFed AI-5Mg-2Si alloy has demonstrated promising
mechanical properties and excellent processability. Based on this early success, further
alloy development was undertaken through zinc addition. It is well recognised that (Mg,
Zn)-rich precipitates (which might stay in multiple meta-stable phases) are the
prominent contributors of the high strength of Al-Zn-Mg-Cu (7xxx) alloys. Therefore,
it is expected that addition of Zn into this Al-5Mg-2Si alloy could further enhance the
mechanical properties through additional precipitation strengthening during the
intrinsic thermal cycles. To test this hypothesis, we modified Al-5Mg-2Si alloy with
3wt% Zn addition and fabricated a new Al-5Mg-3Zn-2Si alloy by LPBF in this work.
The processing window, phase constituents, microstructure at different length scales
and tensile properties of this new Al alloy were comprehensively characterized. The
low hot-tearing susceptibility and fine equiaxed grains in the as-fabricated Al-5Mg-
3Zn-28Si alloy were explained and the contribution of each strengthening mechanism in

to the overall yield strength was also discussed.
2. Experimental
2.1. Pre-alloyed powder preparation

Al5Mg37Zn2Si alloy powders were prepared by gas atomization, and argon (99.9%) was
used as protective atmosphere to prevent powder oxidation during process. The detailed
composition of the alloy powders was measured via inductively coupled plasma atomic
emission spectrometry (ICP-AES) and the results are presented in Table 1. The
morphology, size and microstructure of the atomized A15Mg3Zn2Si alloy powders are
shown in Fig. 1. It is seen that the particle size ranges from 12.2 to 82.7 um with the
mean size of 39.8 um(Fig. 1b), measured by a laser particle size analyser (Matersizer).
And the cross-section of particles in Figs. 1c and 1d exhibited the primary a-Al grains
and eutectic network. The dendritic arm spacing is at a level of 1 pm in the powder

particles in the as-received powder.
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Fig. 1. (a) SEM micrograph showing the morphology of A15SMg3Zn2Si alloy powder particles, (b)
distribution of particle size, (¢) and (d) SEM micrographs showing the microstructure of a particle
on the cross-section of AI5SMg3Zn2Si alloy.

Table 1 The composition of experimental alloy powder calibrated by ICP-AES (wt.%).

Alloy Mg Zn Si Mn Fe Al

Al5Mg3Zn2Si 5.39 3.08 1.96 0.75 0.17 Balance

2.2. LPBF fabrication process

The LPBF process was conducted using a FS271M system (Farsoon, Inc, China). In
detail, the system was powered by a 500 W fibre laser at a laser beam size of 90 pum.
During the LPBF process, the printing chamber was filled with high purity argon to
avoid oxygen contamination. The LPBFed samples were manufactured on a plate of
AA6061 Al alloy.
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Fig. 2. (a) Schematic of laser beam scanning during sample fabrication, (b) optical micrograph
showing the tensile samples and cubic samples obtained from optimized parameters, and (c) the

dimension of tensile test sample.

The scanning track of laser beam is schematically shown in Fig. 2a, in which laser
scanning was rotated by 67° between the adjacent layers. The cubic samples had a
dimension of 10 mm % 10 mm %10 mm (Fig. 2b). The tensile samples with the
dimension of 80 mm x 10 mm x 2 mm were machined from LPBFed block, as shown
in Fig. 2c. The optimized processing parameters included the hatch spacing (%) at 0.1
mm, layer thickness (¢) of 0.03 mm, laser power (P) of 270, 310, 350 W, scan speed (v)
of 600, 800, 1000, 1200, and 1400 mm/s. Those parameters were selected to process
Al5Mg3Zn2Si samples, which were based on our previous study about AISMg2Si alloy
[18]. The LPBFed samples were mechanically ground and polished to reach the same

surface condition for further characterizations.
2.3. Microstructure characterization

The Archimedes method was used to evaluate the relative density of LPBFed samples.
The surface defects of samples were characterized by Leica DM4000M optical
microscope. Phase constituent and crystal structure of the powder and LPBFed alloys
were examined by X-ray diffraction technique with Cu Ka radiation (XRD, Rigaku).
The microstructures were characterized by FEI nano230 field emission scanning
election microscope (FE-SEM), and the samples were etched using Keller’s solution
before SEM characterization. The grain size and orientation angle distribution were
observed in a FIB Helios NanoLab G3 UC system equipped with a Hikari camera and
the TSL OIM data analysis software for EBSD. Before EBSD characterization, the



samples were finished by electrochemical polishing for 12 s at 20 V in a corrosive
solution of CH30H and HNOs. Furthermore, the transmission electron microscope
(TEM:Tecnai G2 F20) was used microstructure characterization at a sub-micrometer
scale. And the TEM samples were prepared using the precision ion polishing system
(PIPS). And the average diameter and volume fraction of the particles are calculated by
Image-Pro Plus with high angle annular dark field (HAADF) TEM images.

2.4. Mechanical properties testing

Dog-bone-shaped tensile samples shown in Fig. 2¢ were cut by electrical discharge
machining. The surface of gauge length of each specimen was finished using a 2000
grit SiC paper. The tensile tests were conducted on MTS Alliance RT30 detecting
system with a strain rate of 1x107s'. The micro-hardness was measured by a micro-
Vickers hardness tester under a load of 200 g for 15 s (ASTME 384-08), and the micro-

hardness values were averaged of from 10 different areas on the same surface.
3. Results
3.1. Processing windows for LPBF

The relative density of as-fabricated samples is usually used to evaluate the
processability of a given alloy during LPBF [23, 24]. The process parameters, relative
density and mechanical properties of as-fabricated alloys are closely linked with the
volumetric energy density (VED), which can be described as [25]: VED=P/Nht. Fig.
3(a) shows the relation between VED and the relative density of LPBFed A15Mg3Zn2Si
alloy. The density increased initially at the VED range of 62-107 J/mm?, then formed a
parabolic plateau at the VED range of 107-129.1 J/mm? and followed by a decrease at
the VED range of 129.1-157.1 J/mm?®. The maximum density of 98.9% was obtained at
the VED of 129.1 J/mm?, suggesting the good processability of the A15Mg3Zn2Si alloy.
In contrast, lower or higher levels failed to make sound samples because of the high
level of defects. Meanwhile, the hardness of LPBFed alloys at different VEDs is
presented in Fig. 3(b). It is found that the harndess slightly incleased with the increasing
VEDs, then reached the peak at the VED of 129 J/mm? followed by a gradual decrease
at higher VED levels. Moreover, the higher hardness was observed perpendicular to
build direction than build direction at all VED levels. Correspondingly, optical
micrographs (OM) of the horizontal cross-sections are shown in Fig. 3(c). It could be
observed that an insufficient laser energy causes the lack of fusion and some unmelted

particles. With increasing VEDs, the powder are completely melted to liquid phase,



leading to a smooth flow and diffuse of the liquid in the molten pool. In this case, the
samples present only a few gas pores and achieve a high relative density. However,
when the VED exceeds 129.1 J/mm?®, the key-hole mode melting is formed, in which
the relative density of the sample is apparently reduced. Overall, the results of relative
density, hardness and optical micrographs of LPBFed alloy confirmed the optimized
processing parameters as v of 800 mm/s, P of 310 W, and VED of 129.1 J/mm?. Due to
the nearly full density and higher hardness, the typical microstructures are observed

using LPBFed A15Mg3Zn2Si sample made with optimal process parameters.
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Fig. 3. (a) The density of LPBFed Al15SMg3Zn2Si samples obtained at different volumetric energy
density, (b) the micro-hardness versus volumetric energy density, (c¢) optical micrographs (OM)
from the horizontal cross-sections of the as-built A1SMg3Zn2Si alloy.

3.2. Phase constituents analysis

Fig. 4 shows the XRD spectra of the AI5SMg3Zn2Si alloy in the powder and LPBFed
condition. a-Al phases and Mg>Si phases were clearly visible, but MgZn, phase was
weak in the powder and LPBFed samples. The disappearance of Mn-containing phase

and very weak MgZn, peak phase were probably related to the low Mn content and high



cooling rate to increase the solubility of element in the matrix respectively. From the
XRD results of LPBFed sample and powder in Fig. 4(b), the diffraction peaks of a-Al
at same grain orientation presented different intensity, which may mean that the
preferential grains orientations of LPBFed sample is changed compared to that of the
powder [26, 27]. Moreover, the diffraction peaks of a-Al showed a slight shift to high
angles, indicating a slight decrease of the lattice constant of a-Al (see Fig. 4b), On the
other hand, a large amount of thermal stress accumulated inside the LPBFed alloy due
to rapid solidification process at high cooling rate, which makes the crystal lattice of
the printed sample distorted [28, 29]. Also, the decomposition of the supersaturated
solid solution may further promote the lattice distortion during the LPBF process [30].
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Fig. 4. The XRD spectra for the phase analysis in the powder and LPBFed A15Mg3Zn2Si samples,
(a) overall spectra, the inset shows magnified XRD spectra of 40.5° to 43° in (a), and (b) detailed
from 38° to 39°.

3.3. Refinement in as-fabricated microstructure
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Fig. 5. OM micrographs showing the microstructure of the LPBFed A15Mg3Zn2Si alloy at VED of
129.1 J/mm?, on the (a, b) horizontal section and (¢, d) longitudinal section.

Fig. 5 shows the etched microstructure of the as-fabricated samples at the VED of 129.1
J/mm?. In the horizontal section, continuous laser tracks with an angel of 67° were
presented in Fig. 5a&b, and the melt pool boundaries were clearly observed on the
longitudinal section (Fig. 5c&d). Meanwhile, the gas porosities were formed in two
sides, which were consistent with the results obtained in Fig. 3¢. Further investigation
in SEM (Figs. 6a-f) exposed the typical microstructure in the as-LPBFed A15Mg3Zn2Si
alloy along different directions. The typical microstructure could be divided into coarse
grain zone (CQ), heat affected zone (HAZ) and fine grain zone (FG) in both directions.
Unlike the microstructure of as-cast AI-Mg-Si alloy where large rod-like or lamellar-
like Mg»Si particles precipitated in the Al matrix [31], cellular eutectic microstructures
with nanosized Mg>Si particles were formed in the as-LPBFed A15Mg3Zn2ZSi alloy.
Meanwhile, Similar eutectic structures were also founded in as-LPBFed Al-Si alloys
[32-35]. And the nanosized eutectic structures were characterized by a light a-Al matrix
decorated with dark Mg>Si network. It is founded that numerous equiaxed eutectic cells
were homogenously distributed in the horizontal direction (Figs. 6(a-c)). And the
equiaxed cells were typically presented on the average size of 0.84 pm in CG (Fig. 6a),
and 0.26 um in FG (Fig. 6b&c). Inside the HAZ, the cellular Mg>Si network was
presented as irregular particles. The microstructure on the longitudinal section is shown
in Figs. 6(d-f). In Fig. 6d, the primary grains composed of equiaxed and columnar

eutectic cell on the longitudinal section. And the equiaxed eutectic cell was observed in



the CG with an average size of 0.95 um (Fig. 6d). However, the equiaxed and columnar
eutectic cells appeared in the FG (Figs. 6e&f). The average size of equiaxed eutectic
cell was 0.38 um, and the size of columnar eutectic cell was a few microns long and at
a level of 0.4~0.5 pum wide. The typical feature in the different directions is that the
three grain zones existed in the whole direction, However, the difference reflected in
microstructure was that only equiaxed eutectic cells were appeared on the horizontal

direction, but equiaxed and columnar eutectic cell on the longitudinal section.
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Fig. 6. SEM micrographs showing the microstructure of the LPBFed AI5SMg3Zn2Si alloy, (a) the
overall microstructure, (b) equiaxed eutectic cells in fine grain zone 1, and (c) equiaxed eutectic
cells in fine grain zone 2 on horizontal section, (d) the overall microstructure, (e) equiaxed eutectic
cells in fine grain zone 1, (f) columnar eutectic cells in fine grain zone 2 on the longitudinal section.

The inverse pole figures (IPFs) in Figs. 7a and 7b showed the grain orientation and size
distribution detected from the horizontal and longitudinal cross-section, respectively.
From the IPFs map, it is obvious that the numerous equiaxed grains were observed on
the horizontal section. And the equiaxed-columnar bimodal grain structure clearly
distributed along the temperature gradient direction of melt pool on the longitudinal
cross-section. Correspondingly, the distribution of grain aspect ratio on two cross-
sections is presented in Figs. 7c and 7d, respectively. For clarity, the aspect ratio is
defined as the ratio of width to length. Accordingly, the grains with aspect ratio less
than 0.5 is classified as columnar grains while the ones with aspect ratio between 0.5
and 1 are regarded as equiaxed grains. It is founded that there were more equiaxed

grains in the horizontal cross-section compared to the longitudinal cross-section. The



grain sizes were mainly in the range of 7~25 um, as indicated in Figs. 7¢ and f. The
average grain sizes on the horizontal and longitudinal section were 13.1 um and 14.4
um, respectively. From the orientation angle distribution on the horizontal and
longitudinal section in Figs. 7g and 7h, it is found that the orientation angle distribution
of LPBFed samples was selective orientation, and the fraction of low-angle grain
boundary (LAGB, <15°) were 54.7% and 45.3% in the horizontal and longitudinal
section, respectively. Apparently, there was a higher proportion of LAGBs on as-
LPBFed samples, which could be beneficial to improve the strength of fabricated parts
[36].
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Fig. 7. The inversed pole figure (IPF) on (a) horizontal cross-section and (b) cross-section, the grain
shape aspect ratio on (c) horizontal cross-section and (d) longitudinal cross-section, the grain size
distribution on (e) horizontal cross-section and (f) longitudinal cross-section, and the grain boundary
orientation angle distribution on (g) horizontal cross-section and (h) longitudinal cross-section of
the LPBFed AI5Mg3Zn2Si alloy.

To better characterize the microstructure in sub-micrometre levels, TEM-EDS analysis
was undertaken and the results are shown in Fig. 8. The typical structures in as-LPBFed
sample (Figs. 8a and 8b) consisted of columnar and equiaxed eutectic cells. Meanwhile,
the dislocations were also observed in the side of eutectic cells and secondary phases
were uniformly distributed in the eutectic cells. HAADF-STEM image is shown in Fig.
8c for detailed eutectic cells and the corresponding elemental distribution is presented
in Fig. 8d. Firstly, both Mg and Si were enriched at the same local areas along the
cellular boundaries, which manifested that these (Mg, Si) enriched particles were
divorced Al-Mg>Si eutectics. Also, the distribution of Mn and Fe were also highly
correlated next to the eutectics, and such (Mn, Fe)-rich globular particles with a size of
20-30 nm were likely to be a-AlFeMnSi phase. Moreover, numerous rod-like (Mg,
Zn)-rich particles inside the a-Al grain were 30-60 nm long and 5 nm wide, indicating
that these particles were likely to be (Mg, Zn)-rich precipitates. The detailed
morphology and compositions of particles distributed inside a-Al grains and at the

cellular boundaries are shown in Fig. S1.
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Fig. 8. TEM micrographs showing the microstructure and elemental distributions of the LPBFed
Al5Mg3Zn2Si alloy, (a) columnar eutectic cell, (b) equiaxed eutectic cell, (¢c) HAADF-STEM
image showing the cellular structure, and (d) corresponding mapping of main elements of Al, Mg,
Si, Mn, Fe and Zn.



To further verify the identity of each secondary phase, the HRTEM images and SAED
patterns of each type of secondary phase are shown in Fig. 9. The indexed SAEDs
confirmed that the secondary phases were MgSi, a-Al(Fe,Mn)Si and MgZn»
respectively. The interface between a-Al and MgxSi phase was observed in Fig. 9a, and
the corresponding diffraction pattern images from two phases are shown in insert. By
indexing the diffraction patterns, two diffraction patterns were founded corresponding
to [011] zone axis of the a-Al and [112] zone axis of the Mg»Si phase respectively. It
is indicated that the (200) plane of a-Al is parallel to the (111) plane of Mg>Si from
the diffraction patterns. This suggests that the interface could be semi-coherent. And
the orientation relationships of the two phases could be expressed as (200 )ai //
(111)mgasi, [011]a1// [112]mg2si. In addition, Fig. 9b shows the HRTEM image of the
interface between a-Al and a-AlFeMnSi phase. From the corresponding FFT pattern
(Fig. 9b), it indicates that the a-AlFeMnSi has a body-centred cubic structure.
Meanwhile, the a-Al was viewed along the [011]a1 direction, while the a- Al(Fe,Mn)Si
was aligned along the [122]s-alFemnsi direction. The (111)a1 and (111)a; plane from a-
Al phase are almost parallel to the (110)g-aiFemnsi and (110)a-airemnsi plane respectively.
Therefore, the orientation relationships between a-Al(Fe,Mn)Si phase and a-Al were
described as (111)a1 // (022)a-arFemnsi, (111)ar// (420 )a-atremnsi and [011]a1//[122]
AlFeMnsi, indicating that the a-Al(Fe,Mn)Si phase was semi-coherent with the a-Al. The
interface between a-Al and MgZno phase is presented in Fig. 9c. It identified that the
beam direction was parallel to [011]ai and [1010]mezn2. Meanwhile, the diffraction
spots including (111)ai and (0002)mgzn2 Were aligned in a straight line, furthermore,
indicating a semi-coherent interface between two phases. And this orientation
relationship could be expressed as (111)a1 // (0002)mgzn2, [011]a1 // [1010]Mezn2.
Meanwhile, high-density plate-shaped particles were observed inside divorced Al-
Mg Si eutectics as shown in Fig. 9d, with 20-30 nm in length and about 3 nm in width.
the string-like diffraction patterns in Fig. 9f&g indicated that these particles were most
likely the (Mg, Zn)-rich G-P zones. Well-developed orientation relationships were
observed between individual precipitate and a-Al matrix based on the SAED patterns.
It is suspected that the fine precipitate might promote the formation of dislocation loop
due to the good interface relationship between the a-Al and the precipitate, leading to

Orowan strengthening mechanism and hence higher strength [37].
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Fig. 9. HRTEM micrographs and corresponding SAED patterns showing (a) Mg»Si, (b) a-
Al(Fe,Mn)Si and (c¢) MgZn, phases, (d) high number density plate-shaped GP zones inside Al-
Mg,Si eutectic, (¢) HRTEM image of GP zones and (f), (g) the SAED patters of GP zones.

3.4. Mechanical properties

The typical tensile stress-strain curves of LPBFed Al5Mg37Zn2Si alloys at different
VEDs are shown in Fig. 10a and the numerical data are presented in Table 2. The
selected reference values were obtained from the as-LPBFed Al alloy samples
processed perpendicular to building direction. It is noted that the UTS and YS showed
a positive correlation with the VED in the range of 107-129.1 J/mm?>. When the VED
was 129.1 J/mm?, both the UTS and the YS reached the peak values of 548 MPa and
403 MPa, respectively, with a moderate El of 6.7% under as-fabricated condition.
Further increasing the VED value beyond 129.1 J/mm?, the UTS and YS were
weakened. Fig. 10b summarized the UTS and El of a variety of Al alloys fabricated by
different techniques, including our previous study on as-LPBFed Al-5Mg-2Si alloy
[18], Al-Sialloy [32, 38-47], Al-Mg-Si-Sc/Zr alloy [13, 14], Al-Zn-Mg-Cu-Sc/Zr alloy
[8, 48, 49] under as-LPBFed condition, Al-Mg-Si alloy under as-cast condition [31, 50-
56] and the as-LPBFed AI5Mg3Zn2Si alloy in this work. The high UTS value of 548
MPa enabled the as-LPBFed AI5SMg3Zn2Si alloy a clear advantage over commonly



used Al-Si based alloys. The as-LPBFed A15Mg3Zn2Si alloy also demonstrated a great
potential to compete with Sc/Zr modified as-LPBFed Al-Zn-Mg-Cu-Sc-Zr alloys
because the same level of UTS could be achieved in the absence of costly alloying
elements, i.e Sc/Zr. The features on the fractured surface after tensile testing are shown
in Figs. 10c and 10d. A large portion of local areas with very fine dimples (< 1um)
were observed. Such a feature of ductile fractures was consistent with the moderate
elongation in the as-LPBFed A15Mg3Zn2Si alloy.
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Fig. 10. (a) Stress-strain curves of the as-LPBFed AI5Mg3Zn2Si samples at different VEDs, (b) the
UTS obtained by the as-LPBFed A15Mg3Zn2Si samples and the comparison of UTS between the
alloy in this study and other Al alloys reported in literatures. (c) the fractography of the as-LPBFed
Al5Mg3Zn2Si simple processed at VED of 129.1 J/mm?® and (d) the detailed dimples in the fractured
surface.

Table 2 The ultimate tensile strength (UTS), yield strength (YS) and elongation (El) of the as-
LPBFed AI5Mg3Zn2Si alloy processed at different VEDs.

VED (J/mm’) 107 114.8 120 129.1 138 147.6
UTS (MPa) 50042 52243 52745  548t6  473+8 46045
YS (MPa) 36043 37444 38244 403+4  337£7 31242
El (%) 75403  7.6£0.5 69404 67403  5.7+02  6.5+0.2

4. Discussion



4.1. The processability of AISMg3Zn2Si alloy

Our previous study on the as-LPBFed Al-5Mg-2Si alloy showed excellent
processability, which was attributed to the narrow solidification range [18]. In general,
the addition of Zn might increase the hot-cracking susceptibility of Al alloy [57, 58].
However, in this work, no hot cracks were observed in the as-LPBFed A15Mg3Zn2Si
alloy when the VED was set in the range of 107-129.1 J/mm? (see Fig. 3c). Generally,
the as-LPBFed Al alloy samples are prone to form cracking because of the high cooling
rate and sharp thermal gradient in LPBF process and the large solidification range [7].
On the one hand, a large amount of thermal stress is accumulated inside the as-LPBFed
alloy due to rapid solidification process at high cooling rates. Once stress concentration
exceeds the strength limit of the material, the cracking occurs. The specific thermal
stress value is difficult to accurately measure during the rapid solidification process.
But it has been proved that thermal stress can be eliminated to a certain extent using
suitable scanning strategy and pre-heating temperature [14, 24]. This method was also
adopted to mitigate the crack initiation in this study. The low hot-cracking susceptibility

of the as-LPBFed A15Mg3Zn2Si alloy can be mainly attributed to the following factors.

Firstly, the refined eutectics helps to reduce solidification cracking. For the as-LPBFed
Al5Mg37Zn2Si alloy, numerous Al-Mg>Si fine eutectic cells with the diameter of
300~400 nm were observed (Fig. 8). This is extremely beneficial for the mitigation of
hot-cracking. Due to the low melting point and the good flowability, the formation of
Al-Mg>Si eutectic helps to mitigate hot-cracking by eutectic feeding during
solidification. Similar cases can be seen in Al-Si alloys such as AlISi10Mg [32], AlSi7
[44] and AlSi12 [45].

Secondly, the equilibrium phase diagram of AISMg3Zn2Si-xZn alloys on the cross
section of Al-5.39Mg-1.96Si-0.75Mn was presented in Fig. 11. It is found that primary
a-Alis(Fe,Mn)3Siz phase should form as a prior phase during solidification. From the
microstructure shown in Fig. 8 and Fig. S1, the primary a-AlFeMnSinanoparticles are
distributed along the cellular boundaries, which may promote the formation of fine
equiaxed grains resulted from particle pinning effect [59, 60]. This explains why 48.3%
of the primary grains are equiaxed on the longitudinal cross-section. Compared with
the coarse columnar grains, the fine equiaxed grains are easier to accommodate thermal
strains, therefore suppressing the coherency between adjacent grains [8]. Also, more
interfaces in the fine equiaxed grains are capable of disrupting the thermal stress and

improving the liquid feeding during solidification process [61]. Additionally, in



contrast to the flat interfaces between coarse columnar grains, the crack paths become
more tortuous in the fine equiaxed grains, and hence the crack propagation is effectively
restrained [62]. As such, the enhanced formation of fine equiaxed grain structure can

greatly prevent the formation of hot cracking, resulting in a satisfied formability for the

Al5Mg3Zn2Si alloy.
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Fig. 11. The equilibrium phase diagram of AISMg3Zn2Si-xZn alloys on the cross section of the Al-
5.39Mg-1.968Si-0.75Mn calculated by Pandat software.

4.2. Microstructural formation and evolution

The unique microstructures are formed in the as-LPBFed Al5Mg3Zn2Si alloy, as
shown in Fig. 6. It is reasonable to expect that the unique microstructures are highly
related to the high cooling rates (as high as ~ 10° K/s) and thermal gradients during
solidification process in LPBF process. The AI-Mg>Si eutectic phases show columnar
and cellular morphology on longitudinal section with ultrafine sizes. The formation of
fine zones, coarse zones and HAZ at melt pool boundary can be roughly summarised
as two possible reasons. (1) The undercooling across the melt pool changes due to the
Gauss distribution of the laser energy. This can result in the variation of temperature
gradient (G) and solidification rate (R), which have synergistic effects on the growth of
grains [63]. The values of G xR determine the grain structure [4]. Therefore, the coarse
grain zones are formed at the melt boundary because the low values of G*xR produce

coarser grain structures. In reality, the variation of G xR is continuous across the melt



pool, the microstructure is refined gradually across the melt pool. (2) The size of coarse
grains grows continuously due to the remelting of solidified phase. There may exist a

secondary solidification or recrystallisation during processing.

It needs to emphasize that the formation of GP zones may be associated with natural
ageing in the experimental alloy because Zn content is high. This phenomenon can be
enhanced in the super saturation of solute solution induced by high cooling rates during
solidification in LPBF process. However, this is a complex process and may involve in
several sophisticate mechanisms, so it needs a special investigation in this topic and
corresponding systematically research will be presented in the near future. More
importantly, it is surprisingly found that GP zones are located inside a-Al grains,
together with the rod-shaped MgZn, precipitates. Meanwhile, all of them have excellent
coherent relationship with a-Al. The multiple scales of GP zones and MgZn, phases

may play an important role for precipitates strengthening.
4.3. Mechanisms for improving mechanical properties

In the as-LPBFed Al5Mg3Zn2Si alloy, the exceptional mechanical properties were
achieved with the UTS of 548 MPa, the YS of 403 MPa and the El of 6.7%. In general,
the improvement in strength results from the restriction of dislocation movement, in
which four sources of dislocation movement obstruction are available in the
experimental alloy processed by LPBF, including solid solution strengthening, grain

boundary strengthening, dispersoid strengthening and precipitates strengthening.

The solubility of Mg, Si and Zn solutes in Al is closely associated with the cooling rate.
Particularly, the maximum solubility of Zn in Al is 0.85% under ambient condition.
However, the high cooling rate can increase the solute concentration in Al matrix due
to the high solubility of Zn in Al alloy at high temperatures. For examples, the solubility
of Zn in Al is 67% at 381°C, which is the highest one among all the elements [64]. The
significant content of Zn in Al matrix result in supersaturated solid solutions. Thus, the
solutes induce lattice distortion due to the difference in atomic sizes, which strongly
hinder the dislocation movement and improve the strength. Meanwhile, the addition of
Zn to the Al-5Mg-2Si alloy promotes the formation of very fine fully coherent GP zones
and MgZn; phases during LPBF solidification, as shown in Figs. 8&9. Generally, the
GP zones and MgZn; phase can obviously improve strength properties, as coherent fine
precipitates are easily sheared by moving dislocations during deformation [65, 66].
Compared with previous Al-5Mg-2Si alloy, the LPBFed A15Mg3Zn2Si alloy showed



a higher yield strength about 108MPa. It is indicated that the improved YS from Zn
addition was mainly due to the Orowan strengthening of the GP zones, MgZn, phases.
The increment of YS caused by Orowan strengthening can be expressed as Eq.1 and
Eq.2 [67-69]:

0.4MGb In(d/b)

Oor = (1)
o oz A

A=>d\3n/2f, )

where b is Burger vector, v is the Poisson’s ratio, G is the shear modulus of the matrix,
and d is the average diameter of the particle, 4 is the inter-spacing between precipitates
in the glide plane, which is linked with the diameter d and volume fraction f, of the
precipitate M is Taylor factor. The values of parameters in Eq.1 and Eq.2 are listed in
Tab. S1. In this section, the Orowan strengthening from MgZn> and GP zones were
calculated for evaluating the strengthening effect of adding Zn in the as-LPBFed
Al5Mg3Zn2Si alloy. The Orowan strengthening for fine GP zones with an average
radius of 6.3 nm and volume fraction of 1.1% was calculated as 106 MPa. Moreover,
the mean radius (14.6 nm) and volume fraction (3.2%) of the MgZn; led to an estimated
precipitation strengthening of 95 MPa. Meanwhile, it is noted that formation of GP
zones and MgZn; precipitates will consume solute Mg (~1.5wt.%) in the eutectic Al
(since 2wt% Si will consume 3.5 wt.% Mg to form Mg>Si eutectics). The loss of solute
solution strengthening should be taken into account. And yield strength is related to the
solid solution effect by [70]:
ass = X kici?/3, (i=Mg) 3)

where c; is the concentration of / solute (in wt.%) and k; is a scaling factor for the i

solute: ky4=29.0 MPa (wt.%)™>? [71]. The strength from Mg (~1.5wt%) is calculated

to be 43 MPa. In fact, it is considered that the Orowan strengthening from MgZn; and
GP zones cannot linearly superposed, due to the loss of solute solution strengthening,
defects, shape difference and distribution heterogeneity of particles in LPBFed alloy.
Therefore, it is probably reasonable that the increased yield strength (~108 MPa) is in
the range of 63 ~ 158 MPa.

Moreover, the high cooling rate also restricts the growth of grains during solidification,
resulting in the formation of extremely fine grains in the as-fabricated aluminium alloys,
as shown in Fig.6. Numerous fine and equiaxed grains can be formed in LPBFed alloys.

Grain boundaries are excellent in capturing dislocations and therefore the existence of



grain boundaries is the main resources to hinder the movement of dislocations and to
induce strengthening. Similarly, nano-sized Mg,Si, a-Al(Fe,Mn)Si phases are
uniformly distributed in Al matrix, these nanophases have very low misfit to the matrix,
so it may contribute extraordinarily for strengthening in the as-fabricated alloys. It is
known that the precipitated particles can promote the dislocation bowing because of the
coherent interfaces between precipitates and a-Al, which also provide the enhancement
caused by Orowan mechanism. In a nutshell, multiple strengthening mechanisms work
synergically in the as-LPBFed Al5Mg3Zn2Si alloy, resulting in superb mechanical
properties. The current work also paves a new way in alloy design for additive
manufacturing to achieve remarkable precipitate strengthening without conventional
post-fabrication ageing at elevated temperatures because the intrinsic thermal cycles
during the LPBF process could deliver sufficient thermal activation for precipitation

from the super-saturated solid solution that forms at the initial high cooling rates.
5. Conclusions

In the present study, we investigated the AI5SMg3Zn2Si alloy using laser powder bed
fusion (LPBF) for process optimisation, microstructural characteristics and mechanical

properties under as-LPBFed condition. The main conclusions can be drawn as follows:

(1) The as-LPBFed AISMg3Zn2Si alloy can offer excellent mechanical properties, in
which the ultimate tensile strength is 548 MP a, the yield strength is 403 MPa, and
the elongation is 6.7%. The superior strength can be attributed to the enhancement
in strengthening mechanisms including solid solution strengthening, grain

boundary strengthening, dispersoid strengthening and precipitates strengthening.

(2) The highest relative density of 98.9% can be obtained at VED 129.1 J/mm? in the
as-LPBFed AlI5Mg3Zn2Si alloy. The excellent formability of the alloy can be
mainly attributed to the numerous fine AI-Mg>Si eutectics to mitigate hot-cracking.
Also, the fine equiaxed grain structure induced by the process parameters can avoid

the formation of cracking.

(3) The as-LPBFed microstructure in the AISMg3Zn2Si alloy is featured by fine and
equiaxed a-Al grains and relatively coarse columnar a-Al grains. The mean size of

grains is 13.1 pm in the horizontal section, and 14.4 pm in the longitudinal section.

(4) Typical cellular microstructures consist of Mg>Si eutectic and a-Al phase formed

under high cooling rate during solidification. The coherent a-Al(Fe,Mn)Si and



MgZn; nanoparticles are formed around the cells. Moreover, the high density plate-
shaped GP zones are precipitated inside the cellular eutectic with the size of 20-30

nm long and about 3 nm wide.
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	Abstract: Additively manufactured (AM) aluminium alloys have attracted increasing attention due to the great demand of prototyping, spare parts supply, short run productions and further light-weighting of vehicles. However, most of the reported AM aluminium alloys are usually modified version of commercial cast or wrought alloys. In this work, we successfully developed a new high-strength and ductile Al5Mg3Zn2Si alloy, which is designed for laser powder bed fusion (LPBF) process. The optimised relative density of 98.9% was obtained at a volumetric energy density (VED) of 129.1 J/mm3. The as-LPBFed Al5Mg3Zn2Si alloy features refined equiaxed α-Al grains and Al-Mg2Si eutectic network. In addition, the sub-micrometre sized, coherent α-Al(Fe,Mn)Si and MgZn2 dispersoids in conjunction with high number density of (Mg,Zn)-rich GP zones co-contribution to the excellent combination of mechanical properties, i.e. the ultimate tensile strength of 548 MPa, the yield strength of 403 MPa, and the elongation of 6.7%. The synergy of high strength and ductility results from the unique strengthening mechanisms provided by the combination of high cooling rate from LPBF and the typical composition in the aluminium alloy.
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	1. Introduction
	Aluminium (Al) alloys have been widely used as structural materials in transportation sector due to their low density, high specific strength and low cost [1]. Currently, Al alloys are commonly manufactured by conventional techniques such as casting, welding, forging, extrusion, stamping and powder metallurgy, to satisfy the applications in a variety of engineering sectors. However, these manufacturing processes feature long lead time and limited flexibility of structural design. In contrast, laser powder bed fusion (LPBF) is an emerging metal additive manufacturing (AM) technology, which enables greater design flexibility for complex geometry and significantly reduces the tooling cost, materials waste and shortens the lead time for low volume production [2, 3]. In addition, the rapid solidification induced by the high cooling rate during LPBF process promotes the formation of refined microstructures with supersaturated solid solution and uniformly dispersed secondary phases [4-6], which is usually beneficial to improve the mechanical properties of alloys. However, due to the low laser absorptivity, high oxygen affinity, it has been challenging to manufacture sound components made of Al alloys by LPBF [7]. Metallurgical defects including hot cracking, inclusions and porosity are major concerns the LPBF process of Al alloys, in particular those with a large solidification range, like Al-Cu (2xxx), Al-Mg-Si (6xxx) and Al-Mg-Zn-Cu (7xxx) alloys [8]. Therefore, the development of new Al alloys that are highly compatible with the LPBF process and make the full use of LPBF’s characteristics to improve mechanical properties has become a hot research topic in the last decade.
	Generally, the development of new Al alloys for the LPBF process can be divided into two categories. The first strategy is to modify the commercial alloys by adding special trace elements or nanoparticles. For example, an Al-Mn (3xxx) alloy was modified using Sc and Zr and reached a good yield strength (YS) (438 ± 3 MPa) and a high elongation (El) (19 ± 3%) [9]. Similar studies for Zr/Sc-modified Al-Li [10], Al-Cu [11], Al-Mg [12], Al-Mg-Si [13, 14] and Al-Zn-Mg-Cu [15] alloys processed by LPBF, also showed a combination of high strength and elongation. Moreover, Martin et al. [8] decorated AA7075 alloy powder by adding nano-ZrH2 particles as grain refiner, to minimize the tendency of hot tearing during the LPBF process, and the ultimate tensile strength (UTS) reached 383~417 MPa with the El of 3.8~5.4%. Recently, Li et al. [16] found that Ta nanoparticle enhanced LPBFed Al-Zn-Mg-Cu alloys to increase the UTS to 401 ± 11 MPa with the El of 5.1 ± 0.6%. Also, Xiao et al. [17] founded that Nb nanoparticle enabled grain refinement in an Al-Zn-Mg-Cu alloy, which obtained crack-free LPBFed samples with the UTS of ~ 505 ± 12 MPa. The second strategy is to design new alloy system with short solidification range to reduce the hot-tearing susceptibility. Yang et al. [18] processed a new Al-5Mg-2Si alloy by LPBF to offer the UTS of 452 ±11 MPa and the El of 9.3 ±2.5% under as-fabricated condition. Deng et al. [19] processed a novel Al-5.7Ni alloy by LPBF, and the UTS and El were 407 MPa and 9.5%, respectively. Other alloys such as Al-Fe [20], Al-Ce-Mg [21] and Al-Ce-Mn [22] were also fabricated successfully by using LPBF and showed the combination of high strength and good processibility. 
	In our previous work, the LPBFed Al-5Mg-2Si alloy has demonstrated promising mechanical properties and excellent processability. Based on this early success, further alloy development was undertaken through zinc addition. It is well recognised that (Mg, Zn)-rich precipitates (which might stay in multiple meta-stable phases) are the prominent contributors of the high strength of Al-Zn-Mg-Cu (7xxx) alloys. Therefore, it is expected that addition of Zn into this Al-5Mg-2Si alloy could further enhance the mechanical properties through additional precipitation strengthening during the intrinsic thermal cycles. To test this hypothesis, we modified Al-5Mg-2Si alloy with 3wt% Zn addition and fabricated a new Al-5Mg-3Zn-2Si alloy by LPBF in this work. The processing window, phase constituents, microstructure at different length scales and tensile properties of this new Al alloy were comprehensively characterized. The low hot-tearing susceptibility and fine equiaxed grains in the as-fabricated Al-5Mg-3Zn-2Si alloy were explained and the contribution of each strengthening mechanism in to the overall yield strength was also discussed.
	2. Experimental
	2.1. Pre-alloyed powder preparation
	Al5Mg3Zn2Si alloy powders were prepared by gas atomization, and argon (99.9%) was used as protective atmosphere to prevent powder oxidation during process. The detailed composition of the alloy powders was measured via inductively coupled plasma atomic emission spectrometry (ICP-AES) and the results are presented in Table 1. The morphology, size and microstructure of the atomized Al5Mg3Zn2Si alloy powders are shown in Fig. 1. It is seen that the particle size ranges from 12.2 to 82.7 μm with the mean size of 39.8 μm(Fig. 1b), measured by a laser particle size analyser (Matersizer). And the cross-section of particles in Figs. 1c and 1d exhibited the primary α-Al grains and eutectic network. The dendritic arm spacing is at a level of 1 μm in the powder particles in the as-received powder.
	/
	Fig. 1. (a) SEM micrograph showing the morphology of Al5Mg3Zn2Si alloy powder particles, (b) distribution of particle size, (c) and (d) SEM micrographs showing the microstructure of a particle on the cross-section of Al5Mg3Zn2Si alloy.
	Table 1 The composition of experimental alloy powder calibrated by ICP-AES (wt.%).
	Alloy
	Mg
	Zn
	Si
	Mn
	Fe
	Al
	Al5Mg3Zn2Si
	5.39
	3.08
	1.96
	0.75
	0.17
	Balance
	2.2. LPBF fabrication process
	The LPBF process was conducted using a FS271M system (Farsoon, Inc, China). In detail, the system was powered by a 500 W fibre laser at a laser beam size of 90 μm. During the LPBF process, the printing chamber was filled with high purity argon to avoid oxygen contamination. The LPBFed samples were manufactured on a plate of AA6061 Al alloy.
	/
	Fig. 2. (a) Schematic of laser beam scanning during sample fabrication, (b) optical micrograph showing the tensile samples and cubic samples obtained from optimized parameters, and (c) the dimension of tensile test sample.
	The scanning track of laser beam is schematically shown in Fig. 2a, in which laser scanning was rotated by 67° between the adjacent layers. The cubic samples had a dimension of 10 mm × 10 mm ×10 mm (Fig. 2b). The tensile samples with the dimension of 80 mm × 10 mm × 2 mm were machined from LPBFed block, as shown in Fig. 2c. The optimized processing parameters included the hatch spacing (h) at 0.1 mm, layer thickness (t) of 0.03 mm, laser power (P) of 270, 310, 350 W, scan speed (v) of 600, 800, 1000, 1200, and 1400 mm/s. Those parameters were selected to process Al5Mg3Zn2Si samples, which were based on our previous study about Al5Mg2Si alloy [18]. The LPBFed samples were mechanically ground and polished to reach the same surface condition for further characterizations.
	2.3. Microstructure characterization
	The Archimedes method was used to evaluate the relative density of LPBFed samples. The surface defects of samples were characterized by Leica DM4000M optical microscope. Phase constituent and crystal structure of the powder and LPBFed alloys were examined by X-ray diffraction technique with Cu Ka radiation (XRD, Rigaku). The microstructures were characterized by FEI nano230 field emission scanning election microscope (FE-SEM), and the samples were etched using Keller’s solution before SEM characterization. The grain size and orientation angle distribution were observed in a FIB Helios NanoLab G3 UC system equipped with a Hikari camera and the TSL OIM data analysis software for EBSD. Before EBSD characterization, the samples were finished by electrochemical polishing for 12 s at 20 V in a corrosive solution of CH3OH and HNO3. Furthermore, the transmission electron microscope (TEM:Tecnai G2 F20) was used microstructure characterization at a sub-micrometer scale. And the TEM samples were prepared using the precision ion polishing system (PIPS). And the average diameter and volume fraction of the particles are calculated by Image-Pro Plus with high angle annular dark field (HAADF) TEM images.
	2.4. Mechanical properties testing
	Dog-bone-shaped tensile samples shown in Fig. 2c were cut by electrical discharge machining. The surface of gauge length of each specimen was finished using a 2000 grit SiC paper. The tensile tests were conducted on MTS Alliance RT30 detecting system with a strain rate of 1×10-3 s-1. The micro-hardness was measured by a micro-Vickers hardness tester under a load of 200 g for 15 s (ASTME 384-08), and the micro-hardness values were averaged of from 10 different areas on the same surface.
	3. Results
	3.1. Processing windows for LPBF
	The relative density of as-fabricated samples is usually used to evaluate the processability of a given alloy during LPBF [23, 24]. The process parameters, relative density and mechanical properties of as-fabricated alloys are closely linked with the volumetric energy density (VED), which can be described as [25]: VED=P/vht. Fig. 3(a) shows the relation between VED and the relative density of LPBFed Al5Mg3Zn2Si alloy. The density increased initially at the VED range of 62-107 J/mm3, then formed a parabolic plateau at the VED range of 107-129.1 J/mm3 and followed by a decrease at the VED range of 129.1-157.1 J/mm3. The maximum density of 98.9% was obtained at the VED of 129.1 J/mm3, suggesting the good processability of the Al5Mg3Zn2Si alloy. In contrast, lower or higher levels failed to make sound samples because of the high level of defects. Meanwhile, the hardness of LPBFed alloys at different VEDs is presented in Fig. 3(b). It is found that the harndess slightly incleased with the increasing VEDs, then reached the peak at the VED of 129 J/mm3 followed by a gradual decrease at higher VED levels. Moreover, the higher hardness was observed perpendicular to build direction than build direction at all VED levels. Correspondingly, optical micrographs (OM) of the horizontal cross-sections are shown in Fig. 3(c). It could be observed that an insufficient laser energy causes the lack of fusion and some unmelted particles. With increasing VEDs, the powder are completely melted to liquid phase, leading to a smooth flow and diffuse of the liquid in the molten pool. In this case, the samples present only a few gas pores and achieve a high relative density. However, when the VED exceeds 129.1 J/mm3, the key-hole mode melting is formed, in which the relative density of the sample is apparently reduced. Overall, the results of relative density, hardness and optical micrographs of LPBFed alloy confirmed the optimized processing parameters as v of 800 mm/s, P of 310 W, and VED of 129.1 J/mm3. Due to the nearly full density and higher hardness, the typical microstructures are observed using LPBFed Al5Mg3Zn2Si sample made with optimal process parameters.
	/
	Fig. 3. (a) The density of LPBFed Al5Mg3Zn2Si samples obtained at different volumetric energy density, (b) the micro-hardness versus volumetric energy density, (c) optical micrographs (OM) from the horizontal cross-sections of the as-built Al5Mg3Zn2Si alloy.
	3.2. Phase constituents analysis
	Fig. 4 shows the XRD spectra of the Al5Mg3Zn2Si alloy in the powder and LPBFed condition. α-Al phases and Mg2Si phases were clearly visible, but MgZn2 phase was weak in the powder and LPBFed samples. The disappearance of Mn-containing phase and very weak MgZn2 peak phase were probably related to the low Mn content and high cooling rate to increase the solubility of element in the matrix respectively. From the XRD results of LPBFed sample and powder in Fig. 4(b), the diffraction peaks of α-Al at same grain orientation presented different intensity, which may mean that the preferential grains orientations of LPBFed sample is changed compared to that of the powder [26, 27]. Moreover, the diffraction peaks of α-Al showed a slight shift to high angles, indicating a slight decrease of the lattice constant of α-Al (see Fig. 4b), On the other hand, a large amount of thermal stress accumulated inside the LPBFed alloy due to rapid solidification process at high cooling rate, which makes the crystal lattice of the printed sample distorted [28, 29]. Also, the decomposition of the supersaturated solid solution may further promote the lattice distortion during the LPBF process [30]. 
	/
	Fig. 4. The XRD spectra for the phase analysis in the powder and LPBFed Al5Mg3Zn2Si samples, (a) overall spectra, the inset shows magnified XRD spectra of 40.5° to 43° in (a), and (b) detailed from 38° to 39°.
	3.3. Refinement in as-fabricated microstructure
	/
	Fig. 5. OM micrographs showing the microstructure of the LPBFed Al5Mg3Zn2Si alloy at VED of 129.1 J/mm3, on the (a, b) horizontal section and (c, d) longitudinal section.
	Fig. 5 shows the etched microstructure of the as-fabricated samples at the VED of 129.1 J/mm3. In the horizontal section, continuous laser tracks with an angel of 67° were presented in Fig. 5a&b, and the melt pool boundaries were clearly observed on the longitudinal section (Fig. 5c&d). Meanwhile, the gas porosities were formed in two sides, which were  consistent with the results obtained in Fig. 3c. Further investigation in SEM (Figs. 6a-f) exposed the typical microstructure in the as-LPBFed Al5Mg3Zn2Si alloy along different directions. The typical microstructure could be divided into coarse grain zone (CG), heat affected zone (HAZ) and fine grain zone (FG) in both directions. Unlike the microstructure of as-cast Al-Mg-Si alloy where large rod-like or lamellar-like Mg2Si particles precipitated in the Al matrix [31], cellular eutectic microstructures with nanosized Mg2Si particles were formed in the as-LPBFed Al5Mg3Zn2ZSi alloy. Meanwhile, Similar eutectic structures were also founded in as-LPBFed Al-Si alloys [32-35]. And the nanosized eutectic structures were characterized by a light α-Al matrix decorated with dark Mg2Si network. It is founded that numerous equiaxed eutectic cells were homogenously distributed in the horizontal direction (Figs. 6(a-c)). And the equiaxed cells were typically presented on the average size of 0.84 μm in CG (Fig. 6a), and 0.26 μm in FG (Fig. 6b&c). Inside the HAZ, the cellular Mg2Si network was presented as irregular particles. The microstructure on the longitudinal section is shown in Figs. 6(d-f). In Fig. 6d, the primary grains composed of equiaxed and columnar eutectic cell on the longitudinal section. And the equiaxed eutectic cell was observed in the CG with an average size of 0.95 µm (Fig. 6d). However, the equiaxed and columnar eutectic cells appeared in the FG (Figs. 6e&f). The average size of equiaxed eutectic cell was 0.38 μm, and the size of columnar eutectic cell was a few microns long and at a level of 0.4～0.5 μm wide. The typical feature in the different directions is that the three grain zones existed in the whole direction, However, the difference reflected in microstructure was that only equiaxed eutectic cells were appeared on the horizontal direction, but equiaxed and columnar eutectic cell on the longitudinal section. 
	/Fig. 6. SEM micrographs showing the microstructure of the LPBFed Al5Mg3Zn2Si alloy, (a) the overall microstructure, (b) equiaxed eutectic cells in fine grain zone 1, and (c) equiaxed eutectic cells in fine grain zone 2 on horizontal section, (d) the overall microstructure, (e) equiaxed eutectic cells in fine grain zone 1, (f) columnar eutectic cells in fine grain zone 2 on the longitudinal section. 
	The inverse pole figures (IPFs) in Figs. 7a and 7b showed the grain orientation and size distribution detected from the horizontal and longitudinal cross-section, respectively. From the IPFs map, it is obvious that the numerous equiaxed grains were observed on the horizontal section. And the equiaxed-columnar bimodal grain structure clearly distributed along the temperature gradient direction of melt pool on the longitudinal cross-section. Correspondingly, the distribution of grain aspect ratio on two cross-sections is presented in Figs. 7c and 7d, respectively. For clarity, the aspect ratio is defined as the ratio of width to length. Accordingly, the grains with aspect ratio less than 0.5 is classified as columnar grains while the ones with aspect ratio between 0.5 and 1 are regarded as equiaxed grains. It is founded that there were more equiaxed grains in the horizontal cross-section compared to the longitudinal cross-section. The grain sizes were mainly in the range of 7~25 μm, as indicated in Figs. 7e and f. The average grain sizes on the horizontal and longitudinal section were 13.1 μm and 14.4 μm, respectively. From the orientation angle distribution on the horizontal and longitudinal section in Figs. 7g and 7h, it is found that the orientation angle distribution of LPBFed samples was selective orientation, and the fraction of low-angle grain boundary (LAGB, <15º) were 54.7% and 45.3% in the horizontal and longitudinal section, respectively. Apparently, there was a higher proportion of LAGBs on as-LPBFed samples, which could be beneficial to improve the strength of fabricated parts [36]. 
	/
	Fig. 7. The inversed pole figure (IPF) on (a) horizontal cross-section and (b) cross-section, the grain shape aspect ratio on (c) horizontal cross-section and (d) longitudinal cross-section, the grain size distribution on (e) horizontal cross-section and (f) longitudinal cross-section, and the grain boundary orientation angle distribution on (g) horizontal cross-section and (h) longitudinal cross-section of the LPBFed Al5Mg3Zn2Si alloy.
	To better characterize the microstructure in sub-micrometre levels, TEM-EDS analysis was undertaken and the results are shown in Fig. 8. The typical structures in as-LPBFed sample (Figs. 8a and 8b) consisted of columnar and equiaxed eutectic cells. Meanwhile, the dislocations were also observed in the side of eutectic cells and secondary phases were uniformly distributed in the eutectic cells. HAADF-STEM image is shown in Fig. 8c for detailed eutectic cells and the corresponding elemental distribution is presented in Fig. 8d. Firstly, both Mg and Si were enriched at the same local areas along the cellular boundaries, which manifested that these (Mg, Si) enriched particles were divorced Al-Mg2Si eutectics. Also, the distribution of Mn and Fe were also highly correlated next to the eutectics, and such (Mn, Fe)-rich globular particles with a size of 20-30 nm  were likely to be α-AlFeMnSi phase. Moreover, numerous rod-like (Mg, Zn)-rich particles inside the α-Al grain were 30-60 nm long and 5 nm wide, indicating that these particles were likely to be (Mg, Zn)-rich precipitates. The detailed morphology and compositions of particles distributed inside α-Al grains and at the cellular boundaries are shown in Fig. S1.
	/
	Fig. 8. TEM micrographs showing the microstructure and elemental distributions of the LPBFed Al5Mg3Zn2Si alloy, (a) columnar eutectic cell, (b) equiaxed eutectic cell, (c) HAADF-STEM image showing the cellular structure, and (d) corresponding mapping of main elements of Al, Mg, Si, Mn, Fe and Zn.
	To further verify the identity of each secondary phase, the HRTEM images and SAED patterns of each type of secondary phase are shown in Fig. 9. The indexed SAEDs confirmed that the secondary phases were Mg2Si, α-Al(Fe,Mn)Si and MgZn2 respectively. The interface between α-Al and Mg2Si phase was observed in Fig. 9a, and the corresponding diffraction pattern images from two phases are shown in insert. By indexing the diffraction patterns, two diffraction patterns were founded corresponding to [011] zone axis of the α-Al and [112] zone axis of the Mg2Si phase respectively. It is indicated that the (200) plane of α-Al is parallel to the (111) plane of Mg2Si from the diffraction patterns. This suggests that the interface could be semi-coherent. And the orientation relationships of the two phases could be expressed as (200)Al // (111)Mg2Si, [011]Al // [112]Mg2Si. In addition, Fig. 9b shows the HRTEM image of the interface between α-Al and α-AlFeMnSi phase. From the corresponding FFT pattern (Fig. 9b), it indicates that the α-AlFeMnSi has a body-centred cubic structure. Meanwhile, the α-Al was viewed along the [011]Al direction, while the α- Al(Fe,Mn)Si was aligned along the [122]α-AlFeMnSi direction. The (111)Al and (111)Al plane from α-Al phase are almost parallel to the (110)α-AlFeMnSi and (110)α-AlFeMnSi plane respectively. Therefore, the orientation relationships between α-Al(Fe,Mn)Si phase and α-Al were described as (111)Al // (022)α-AlFeMnSi, (111)Al//(420)α-AlFeMnSi and [011]Al//[122] α-AlFeMnSi, indicating that the α-Al(Fe,Mn)Si phase was semi-coherent with the α-Al. The interface between α-Al and MgZn2 phase is presented in Fig. 9c. It identified that the beam direction was parallel to [011]Al and [1010]MgZn2. Meanwhile, the diffraction spots including (111)Al and (0002)MgZn2 were aligned in a straight line, furthermore, indicating a semi-coherent interface between two phases. And this orientation relationship could be expressed as (111)Al // (0002)MgZn2, [011]Al // [1010]MgZn2. Meanwhile, high-density plate-shaped particles were observed inside divorced Al-Mg2Si eutectics as shown in Fig. 9d, with 20-30 nm in length and about 3 nm in width. the string-like diffraction patterns in Fig. 9f&g indicated that these particles were most likely the (Mg, Zn)-rich G-P zones. Well-developed orientation relationships were observed between individual precipitate and α-Al matrix based on the SAED patterns. It is suspected that the fine precipitate might promote the formation of dislocation loop due to the good interface relationship between the α-Al and the precipitate, leading to Orowan strengthening mechanism and hence higher strength [37].
	/Fig. 9. HRTEM micrographs and corresponding SAED patterns showing (a) Mg2Si, (b) α-Al(Fe,Mn)Si and (c) MgZn2 phases, (d) high number density plate-shaped GP zones inside Al-Mg2Si eutectic, (e) HRTEM image of GP zones and (f), (g) the SAED patters of GP zones.
	3.4. Mechanical properties
	The typical tensile stress-strain curves of LPBFed Al5Mg3Zn2Si alloys at different VEDs are shown in Fig. 10a and the numerical data are presented in Table 2. The selected reference values were obtained from the as-LPBFed Al alloy samples processed perpendicular to building direction. It is noted that the UTS and YS showed a positive correlation with the VED in the range of 107-129.1 J/mm3. When the VED was 129.1 J/mm3, both the UTS and the YS reached the peak values of 548 MPa and 403 MPa, respectively, with a moderate El of 6.7% under as-fabricated condition. Further increasing the VED value beyond 129.1 J/mm3, the UTS and YS were weakened. Fig. 10b summarized the UTS and El of a variety of Al alloys fabricated by different techniques, including our previous study on as-LPBFed Al-5Mg-2Si alloy [18], Al-Si alloy [32, 38-47], Al-Mg-Si-Sc/Zr alloy [13, 14], Al-Zn-Mg-Cu-Sc/Zr alloy [8, 48, 49] under as-LPBFed condition, Al-Mg-Si alloy under as-cast condition [31, 50-56] and the as-LPBFed Al5Mg3Zn2Si alloy in this work. The high UTS value of 548 MPa enabled the as-LPBFed Al5Mg3Zn2Si alloy a clear advantage over commonly used Al-Si based alloys. The as-LPBFed Al5Mg3Zn2Si alloy also demonstrated a great potential to compete with Sc/Zr modified as-LPBFed Al-Zn-Mg-Cu-Sc-Zr alloys because the same level of UTS could be achieved in the absence of costly alloying elements, i.e Sc/Zr. The features on the fractured surface after tensile testing are shown in Figs. 10c and 10d. A large portion of local areas with very fine dimples (< 1µm) were observed. Such a feature of ductile fractures was consistent with the moderate elongation in the as-LPBFed Al5Mg3Zn2Si alloy.
	/
	Fig. 10. (a) Stress-strain curves of the as-LPBFed Al5Mg3Zn2Si samples at different VEDs, (b) the UTS obtained by the as-LPBFed Al5Mg3Zn2Si samples and the comparison of UTS between the alloy in this study and other Al alloys reported in literatures. (c) the fractography of the as-LPBFed Al5Mg3Zn2Si simple processed at VED of 129.1 J/mm3 and (d) the detailed dimples in the fractured surface.
	Table 2 The ultimate tensile strength (UTS), yield strength (YS) and elongation (El) of the as-LPBFed Al5Mg3Zn2Si alloy processed at different VEDs.
	4. Discussion
	4.1. The processability of Al5Mg3Zn2Si alloy
	Our previous study on the as-LPBFed Al-5Mg-2Si alloy showed excellent processability, which was attributed to the narrow solidification range [18]. In general, the addition of Zn might increase the hot-cracking susceptibility of Al alloy [57, 58]. However, in this work, no hot cracks were observed in the as-LPBFed Al5Mg3Zn2Si alloy when the VED was set in the range of 107-129.1 J/mm3 (see Fig. 3c). Generally, the as-LPBFed Al alloy samples are prone to form cracking because of the high cooling rate and sharp thermal gradient in LPBF process and the large solidification range [7]. On the one hand, a large amount of thermal stress is accumulated inside the as-LPBFed alloy due to rapid solidification process at high cooling rates. Once stress concentration exceeds the strength limit of the material, the cracking occurs. The specific thermal stress value is difficult to accurately measure during the rapid solidification process. But it has been proved that thermal stress can be eliminated to a certain extent using suitable scanning strategy and pre-heating temperature [14, 24]. This method was also adopted to mitigate the crack initiation in this study. The low hot-cracking susceptibility of the as-LPBFed Al5Mg3Zn2Si alloy can be mainly attributed to the following factors. 
	Firstly, the refined eutectics helps to reduce solidification cracking. For the as-LPBFed Al5Mg3Zn2Si alloy, numerous Al-Mg2Si fine eutectic cells with the diameter of 300~400 nm were observed (Fig. 8). This is extremely beneficial for the mitigation of hot-cracking. Due to the low melting point and the good flowability, the formation of Al-Mg2Si eutectic helps to mitigate hot-cracking by eutectic feeding during solidification. Similar cases can be seen in Al-Si alloys such as AlSi10Mg [32], AlSi7 [44] and AlSi12 [45]. 
	Secondly, the equilibrium phase diagram of Al5Mg3Zn2Si-xZn alloys on the cross section of Al-5.39Mg-1.96Si-0.75Mn was presented in Fig. 11. It is found that primary α-Al15(Fe,Mn)3Si2 phase should form as a prior phase during solidification. From the microstructure shown in Fig. 8 and Fig. S1, the primary α-AlFeMnSi nanoparticles are distributed along the cellular boundaries, which may promote the formation of fine equiaxed grains resulted from particle pinning effect [59, 60]. This explains why 48.3% of the primary grains are equiaxed on the longitudinal cross-section. Compared with the coarse columnar grains, the fine equiaxed grains are easier to accommodate thermal strains, therefore suppressing the coherency between adjacent grains [8]. Also, more interfaces in the fine equiaxed grains are capable of disrupting the thermal stress and improving the liquid feeding during solidification process [61]. Additionally, in contrast to the flat interfaces between coarse columnar grains, the crack paths become more tortuous in the fine equiaxed grains, and hence the crack propagation is effectively restrained [62]. As such, the enhanced formation of fine equiaxed grain structure can greatly prevent the formation of hot cracking, resulting in a satisfied formability for the Al5Mg3Zn2Si alloy.
	/
	Fig. 11. The equilibrium phase diagram of Al5Mg3Zn2Si-xZn alloys on the cross section of the Al-5.39Mg-1.96Si-0.75Mn calculated by Pandat software.
	4.2. Microstructural formation and evolution
	The unique microstructures are formed in the as-LPBFed Al5Mg3Zn2Si alloy, as shown in Fig. 6. It is reasonable to expect that the unique microstructures are highly related to the high cooling rates (as high as ~ 106 K/s) and thermal gradients during solidification process in LPBF process. The Al-Mg2Si eutectic phases show columnar and cellular morphology on longitudinal section with ultrafine sizes. The formation of fine zones, coarse zones and HAZ at melt pool boundary can be roughly summarised as two possible reasons. (1) The undercooling across the melt pool changes due to the Gauss distribution of the laser energy. This can result in the variation of temperature gradient (G) and solidification rate (R), which have synergistic effects on the growth of grains [63]. The values of G×R determine the grain structure [4]. Therefore, the coarse grain zones are formed at the melt boundary because the low values of G×R produce coarser grain structures. In reality, the variation of G×R is continuous across the melt pool, the microstructure is refined gradually across the melt pool. (2) The size of coarse grains grows continuously due to the remelting of solidified phase. There may exist a secondary solidification or recrystallisation during processing. 
	It needs to emphasize that the formation of GP zones may be associated with natural ageing in the experimental alloy because Zn content is high. This phenomenon can be enhanced in the super saturation of solute solution induced by high cooling rates during solidification in LPBF process. However, this is a complex process and may involve in several sophisticate mechanisms, so it needs a special investigation in this topic and corresponding systematically research will be presented in the near future. More importantly, it is surprisingly found that GP zones are located inside α-Al grains, together with the rod-shaped MgZn2 precipitates. Meanwhile, all of them have excellent coherent relationship with α-Al. The multiple scales of GP zones and MgZn2 phases may play an important role for precipitates strengthening. 
	4.3. Mechanisms for improving mechanical properties
	In the as-LPBFed Al5Mg3Zn2Si alloy, the exceptional mechanical properties were achieved with the UTS of 548 MPa, the YS of 403 MPa and the El of 6.7%. In general, the improvement in strength results from the restriction of dislocation movement, in which four sources of dislocation movement obstruction are available in the experimental alloy processed by LPBF, including solid solution strengthening, grain boundary strengthening, dispersoid strengthening and precipitates strengthening. 
	The solubility of Mg, Si and Zn solutes in Al is closely associated with the cooling rate. Particularly, the maximum solubility of Zn in Al is 0.85% under ambient condition. However, the high cooling rate can increase the solute concentration in Al matrix due to the high solubility of Zn in Al alloy at high temperatures. For examples, the solubility of Zn in Al is 67% at 381℃, which is the highest one among all the elements [64]. The significant content of Zn in Al matrix  result in supersaturated solid solutions. Thus, the solutes induce lattice distortion due to the difference in atomic sizes, which strongly hinder the dislocation movement and improve the strength. Meanwhile, the addition of Zn to the Al-5Mg-2Si alloy promotes the formation of very fine fully coherent GP zones and MgZn2 phases during LPBF solidification, as shown in Figs. 8&9. Generally, the GP zones and MgZn2 phase can obviously improve strength properties, as coherent fine precipitates are easily sheared by moving dislocations during deformation [65, 66]. Compared with previous Al-5Mg-2Si alloy, the LPBFed Al5Mg3Zn2Si alloy showed a higher yield strength about 108MPa. It is indicated that the improved YS from Zn addition was mainly due to the Orowan strengthening of the GP zones, MgZn2 phases. The increment of YS caused by Orowan strengthening can be expressed as Eq.1 and Eq.2 [67-69]:
	𝜎𝑂𝑟=0.4𝑀𝐺𝑏𝜋(1−𝑣)12𝐼𝑛(𝑑/𝑏)𝜆       (1)
	 𝜆=12𝑑3𝜋/2𝑓𝑣       (2)
	where b is Burger vector, v is the Poisson’s ratio, G is the shear modulus of the matrix, and d is the average diameter of the particle, λ is the inter-spacing between precipitates in the glide plane, which is linked with the diameter d and volume fraction 𝑓𝑣 of the precipitate M is Taylor factor. The values of parameters in Eq.1 and Eq.2 are listed in Tab. S1. In this section, the Orowan strengthening from MgZn2 and GP zones were calculated for evaluating the strengthening effect of adding Zn in the as-LPBFed Al5Mg3Zn2Si alloy. The Orowan strengthening for fine GP zones with an average radius of 6.3 nm and volume fraction of 1.1% was calculated as 106 MPa. Moreover, the mean radius (14.6 nm) and volume fraction (3.2%) of the MgZn2 led to an estimated precipitation strengthening of 95 MPa. Meanwhile, it is noted that formation of GP zones and MgZn2 precipitates will consume solute Mg (~1.5wt.%) in the eutectic Al (since 2wt% Si will consume 3.5 wt.% Mg to form Mg2Si eutectics). The loss of solute solution strengthening should be taken into account. And yield strength is related to the solid solution effect by [70]:
	𝜎𝑆𝑆=𝑖𝑘𝑖𝑐𝑖2/3, (i = Mg)      (3)
	where 𝑐𝑖 is the concentration of I solute (in wt.%) and 𝑘𝑖 is a scaling factor for the i solute: 𝑘𝑀𝑔≈29.0 MPa (wt.%)-2/3 [71]. The strength from Mg (~1.5wt%) is calculated to be 43 MPa. In fact, it is considered that the Orowan strengthening from MgZn2 and GP zones cannot linearly superposed, due to the loss of solute solution strengthening, defects, shape difference and distribution heterogeneity of particles in LPBFed alloy. Therefore, it is probably reasonable that the increased yield strength (~108 MPa) is in the range of 63 ~ 158 MPa.
	Moreover, the high cooling rate also restricts the growth of grains during solidification, resulting in the formation of extremely fine grains in the as-fabricated aluminium alloys, as shown in Fig.6. Numerous fine and equiaxed grains can be formed in LPBFed alloys. Grain boundaries are excellent in capturing dislocations and therefore the existence of grain boundaries is the main resources to hinder the movement of dislocations and to induce strengthening. Similarly, nano-sized Mg2Si, α-Al(Fe,Mn)Si phases are uniformly distributed in Al matrix, these nanophases have very low misfit to the matrix, so it may contribute extraordinarily for strengthening in the as-fabricated alloys. It is known that the precipitated particles can promote the dislocation bowing because of the coherent interfaces between precipitates and α-Al, which also provide the enhancement caused by Orowan mechanism. In a nutshell, multiple strengthening mechanisms work synergically in the as-LPBFed Al5Mg3Zn2Si alloy, resulting in superb mechanical properties. The current work also paves a new way in alloy design for additive manufacturing to achieve remarkable precipitate strengthening without conventional post-fabrication ageing at elevated temperatures because the intrinsic thermal cycles during the LPBF process could deliver sufficient thermal activation for precipitation from the super-saturated solid solution that forms at the initial high cooling rates. 
	5. Conclusions
	In the present study, we investigated the Al5Mg3Zn2Si alloy using laser powder bed fusion (LPBF) for process optimisation, microstructural characteristics and mechanical properties under as-LPBFed condition. The main conclusions can be drawn as follows:
	(1) The as-LPBFed Al5Mg3Zn2Si alloy can offer excellent mechanical properties, in which the ultimate tensile strength is 548 MP a, the yield strength is 403 MPa, and the elongation is 6.7%. The superior strength can be attributed to the enhancement in strengthening mechanisms including solid solution strengthening, grain boundary strengthening, dispersoid strengthening and precipitates strengthening.
	(2) The highest relative density of 98.9% can be obtained at VED 129.1 J/mm3 in the as-LPBFed Al5Mg3Zn2Si alloy. The excellent formability of the alloy can be mainly attributed to the numerous fine Al-Mg2Si eutectics to mitigate hot-cracking. Also, the fine equiaxed grain structure induced by the process parameters can avoid the formation of cracking.
	(3) The as-LPBFed microstructure in the Al5Mg3Zn2Si alloy is featured by fine and equiaxed α-Al grains and relatively coarse columnar α-Al grains. The mean size of grains is 13.1 μm in the horizontal section, and 14.4 μm in the longitudinal section.
	(4) Typical cellular microstructures consist of Mg2Si eutectic and α-Al phase formed under high cooling rate during solidification. The coherent α-Al(Fe,Mn)Si and MgZn2 nanoparticles are formed around the cells. Moreover, the high density plate-shaped GP zones are precipitated inside the cellular eutectic with the size of 20-30 nm long and about 3 nm wide.
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