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Abstract: Selective laser melting (SLM) offers obvious advantages in the production of complex
parts. However, the traditional 7xxx series aluminum alloy has a serious cracking tendency in the
SLM process. Therefore, in order to analyze the microstructure and cracking mechanism, and obtain
crack-free aluminum alloy fabricated by SLM, this paper studied the microstructure characteristics
of as-deposited Al-6.2Zn-2Mg-xSc-xZr alloy with different Sc, Zr content, as well as the influence
mechanism of Sc, Zr on cracking. The results show that with the increase of Sc and Zr content, the
crack tendency and grain size decrease. When Sc and Zr content reach 0.6% and 0.36% respectively,
cracks can no longer be observed in the as deposited alloy. The microstructure of the as deposited
Al-6.27n-2Mg-0.65c-0.36Zr alloy consists of fine equiaxed and columnar crystals, in which Sc and Zr
mainly exist in the aluminum matrix as solid solutions, and some exist in the form of Al3(Sc, Zr). The
immediate reason for the absence of cracks is that the microstructure changes from coarse columnar
grains to fine equiaxed-columnar grains when the content of Sc and Zr increases. The refined grain
size may have the following beneficial effects: It helps with reducing the thickness of the liquid
films. This will increase the tear sensitivity of the liquid film and the cracking tendency and therefore
lowers the hot cracking tendency; And a refined grain size improves fracture roughness, leading to
an enhanced cracking resistance. At the same time, the refinement of the grains will make the feeding
channel of the grain boundary shorter and easy to feed, and the fine equiaxed grains can coordinate
stress-strain during solidification more effectively than coarse columnar grains, which will decrease
the cracking tendency.

Keywords: selective laser melting; Al-Zn-Mg alloy; microstructure; cracking behavior

1. Introduction

Selective laser melting (SLM) is one of the most promising technologies in the field
of metal additive manufacturing [1,2]. This technology uses a high-energy laser to melt
metal powder directly, which can manufacture dense and high-performance parts [3]. SLM
can fabricate complex structures that can’t be processed by traditional processing methods,
such as casting, forging, and mechanical machining. And it has broad application prospects
in aerospace, personalized biological manufacturing, and complex molds [4,5]. Compared
with traditional manufacturing processes, SLM has significant advantages in improving
material utilization, manufacturing complex structural parts, shortening manufacturing
cycles, and reducing manufacturing costs [6-9].

Lightweight, high-strength structural materials are pursued by modern industry [10-12].
Aluminum alloy has become the preferred material for various advanced industrial man-
ufacturing due to the advantages of low density, high strength, and good processing
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performance [13-15]. Among many aluminum alloys, 7xxx aluminum alloys are widely
used in the aerospace and automobile field [16-18]. Compared with the widely used
iron-based [19,20], nickel-based [21,22] and titanium-based [23,24] alloys, aluminum alloys
fabricated by SLM is facing many difficulties due to the high laser reflectivity, high thermal
conductivity and poor powder fluidity [25-28]. Due to the poor fluidity of the liquid
7xxx aluminum alloy, the large solidification temperature range and the rapid cooling
of SLM, the serious cracking will be produced during SLM processing [29]. Kaufmann
et al. [30] studied 7075 aluminum alloys manufactured by SLM with different process
parameters. The results shown that all the specimens have cracks in the vertical orientation.
The substrate preheating temperature of 200 °C presented no significant positive effect
on reducing cracks. The high cooling rate of SLM promotes the generation of cracks. The
research from Qi et al. [31] shown that when 7075 aluminum alloy was manufactured by
SLM, the cracking tendency would be effectively reduced by changing the scanning speed
and defocusing amount, but the cracks cannot be completely eliminated.

Otani et al. [32,33] studied the mixing 5% Si particles into 7075 alloy manufactured by
SLM. The results confirmed that the Si can eliminate cracks and form fine primary grains.
Zhou et al. [34] mixed Si (99.0% purity, 0.5-2 pm) and TiB2 (99.6% purity, 0.1—11 um)
particles into Al-Zn-Mg-Cu to eliminate the hot cracks. Addition of the Si alone to the
Al-Zn-Mg-Cu alloy has largely reduced the macroscopic cracks, but the microcracks were
still existence. But mixing two or more kinds of powders may cause uneven element
distribution, which may lead to non-uniform of the mechanical properties. Aboulkhair
et al. [35] believed that high-strength aluminum alloys fabricated by SLM was challenge,
because aluminum alloys wound have large area cracks due to material shrinkage. Cracks
wound be appeared in the final stage of solidification. And the most effective way to
avoid the cracking is to change the alloy composition through pre-alloying. Zhou et al. [36]
researched the Al-6Zn-2Mg alloys with 1% (Sc + Zr) addition manufactured by SLM, and
a dense and crack-free microstructure was obtained. Bi et al. [37,38] designed a Sc- and
Zr- modified 7075 alloy. It was analyzed that the effect of energy density on formability,
microstructure and micro-hardness of Sc- and Zr- modified 7075 alloy fabricated by SLM,
and the effect of energy density on spreading and solute redistribution of melt pool was
investigated. Martin et al. [29] considered that the hydrogen-stabilized Zr nanoparticles in
7075 alloy resulted in the formation of Al3Zr. Then, AlsZr wound be used as nucleation
sites for primary aluminum during solidification, which wound produce fine equiaxed
grains that inhibit the formation of microcracks.

As shown above, there are still many challenges for 7xxx series aluminum alloys
fabricated by SLM [29,39], and the existing studies lacks systematic research on the mi-
crostructure and cracking mechanism. In this study, in view of the problem that Al-Zn-Mg
aluminum alloy is difficult to fabricate by SLM due to crack. Sc and Zr elements were
added by microalloying to reduce the cracking tendency and improve the formability and
mechanical properties. The alloy composition was optimized, and the cracking mechanism
of Al-Zn-Mg alloy was analyzed. The influence mechanism and law of Sc and Zr on the
Al-Zn-Mg alloy were studied. This will provide theoretical support and technical solutions
for Al-Zn-Mg alloys fabricated by SLM.

2. Materials and Methods
2.1. Materials Composition

For the traditional Al-Zn-Mg aluminum alloy, the Sc and Zr are mainly to form
the primary Al3(Sc, Zr) phase as heterogeneous nucleation sites to achieve the effect of
grain refinement [40-43]. Due to the low cooling rate of casting aluminum alloy during
solidification, the solid solubility of Sc and Zr was limited [44,45]. So, the addition amount
of Sc and Zr in the aluminum alloy fabricated by traditional process is usually no more than
0.2%, and the ratio of Sc and Zr is often between 1:1 and 2:1 [46-48]. However, the cooling
rate of SLM during the solidification was often above 10% K/s, which is much faster than
the traditional process [49,50]. Therefore, the supersaturated solid solubility of Sc and Zr in
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the aluminum alloy fabricated by SLM will be much larger than the traditional casting or
other process. In order to study the cracking mechanism of Al-Zn-Mg alloy fabricated by
SLM and the influence of Sc and Zr content on cracking, 4 groups of Al-Zn-Mg alloys with
different contents of Sc and Zr were designed in this experiment, and the compositions are
shown in Table 1. Elements other than Zn, Mg, Sc, Zr and Al are regarded as impurities.

Table 1. Designed alloys composition.

Zn (wt.%) Mg (wt.%) Sc (wt.%) Zr (wt.%) Al (wt.%)
sample 1 6.2 2 0 0 Bal.
sample 2 6.2 2 0.2 0.12 Bal.
sample 3 6.2 2 0.4 0.24 Bal.
sample 4 6.2 2 0.6 0.36 Bal.

2.2. Al-6.2Zn-2Mg-xSc-xZr Alloys Powder

Four groups of Al-6.2Zn-2Mg-xSc-xZr alloy powders were prepared by N, gas at-
omization. The morphology of the powders is shown in Figure 1. It can be seen that the
Al-6.2Zn-2Mg-xSc-xZr powders are spherical with small amount of satellite powder. This
can ensure stability and uniformity of the powder bed during SLM process. The particle
size distribution of different component powders is similar, mainly within 20-63 pm, as
shown in Figure 2. Suitable particle size distribution is also beneficial to improve the
stability and uniformity of powder spreading during the SLM process.

Figure 1. The morphology of Al-6.2Zn-2Mg-xSc-xZr alloys powder, (a) sample 1, (b) sample 2,
(c) sample 3, (d) sample 4.
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Figure 2. Particle size of Al-6.2Zn-2Mg-xSc-xZr alloys powder, (a) sample 1, (b) sample 2, (c) sample 3,
(d) sample 4.

2.3. Experimental Details

In this experiment, the EP-M250 metal 3D printer (Beijing Eplus3D Technology Co.,
Ltd., Beijing, China) was used, and it’s equipped with a 500W fiber laser. Before SLM
processing. The 3D data model of the sample was firstly designed and sliced with the
software, and then the process parameters were set up by the software of Ephath (Beijing
Eplus3D Technology Co., Ltd.). Finally, it was imported into the EP-M250 metal 3D printer
for the SLM processing. According to previous experiments, the process parameters was
that the hatch spacing was 0.1 mm, the scanning speed was 841-921 mm/s, the laser power
was 290 W and the layer thickness was 0.03 mm. Before processing, the powder needs
to be vacuum-dried at 100 °C for at least 6 h. The oxygen content in the chamber of 3D
printer is strictly controlled below 100 ppm by filling with Ar gas to prevent oxidation.
After SLM processing, wire cutting was used to cut the sample. The samples analyzed
by OM and SEM were polished with metallographic sandpaper, until the surface has no
obvious scratches. Then the mechanical or electrolytic polishing was carried out, and
the metallographic samples was corroded with Keller’s etchant (2.5% HNO3, 1.5% HCI,
1.0% HE 95% H;0) for 20s. The samples were rinsed with distilled water, and the samples
were observed by Axiovert 200 MAT optical microscope, JSM-7900F field emission scanning
electron microscope and FEI Tecnai F20 transmission electron microscope. According to
the results of the microstructure analysis, the tensile rod of sample 3 and sample 4 was
fabricated, and the room temperature tensile test was carried out by the Quasar10 tensile
testing machine. The test standard was GB/T 228.1-2010. The surface of tension fracture
was observed by SEM.

It can be seen from Figure 3, the surface of the Al-Zn-Mg sample fabricated by SLM was
relatively flat, and no obvious macro cracks were observed on the surface. This shows that
the Al-Zn-Mg alloy powder has good processability with suitable processing parameters.
Figure 4 shows the schematic diagram of horizontal section and vertical section, blanks of
tensile rods, tensile rod and its schematic diagram.
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Figure 3. Al-6.2Zn-2Mg-xSc-xZr alloy sample fabricated by SLM, (a) sample 1, (b) sample 2, (c) sample 3,
(d) sample 4.

Horizontal section ) )
(a) Vertical section

Building direction

30
55

Figure 4. (a) schematic diagram of horizontal section and vertical section, (b) the blanks of tensile rods,
(c) schematic diagram of dog-bone rod-shaped standard tensile specimen, (d) dog-bone rod-shaped
standard tensile specimen.

3. Results
3.1. Microstructure of Al-6.2Zn-2Mg-0.65c-0.36Zr Alloy

Figures 5 and 6 show the metallographic microstructure and EBSD analysis of the
horizontal section and the vertical section of sample 4 in the as-printed status, respectively.
According to Figures 5 and 6, the microstructure is mainly composed of micron-scale
grains, and a certain amount of nanograins. The microstructure is alternating columnar
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and equiaxed crystals. The grain size distribution is obvious uneven, and the equiaxed
crystals at the bottom of the molten pool are much smaller than the columnar crystals in the
middle region of the molten pool. Figure 7 is the ECC photo of sample 4 in the as-printed
status. Figure 8 shows the TEM analysis of sample 4. It can be seen from Figures 7-9 that
there is a large amount of ’ phase and a small amount of Als(Sc, Zr) phase in the sample 4.

Figure 5. The metallographic structure and EBSD analysis of the horizontal section of sample 4 in the
as-printed status, (a) grain reconstruction map, x400, (b) grain reconstruction map, x5000, (c) grain
boundary reconstruction map, (d) metallographic photograph.

Nanocrystals

Building direction

Figure 6. The metallographic structure and EBSD analysis of the vertical section of sample 4 in the
as-printed status, (a) grain reconstruction map, x400, (b) grain reconstruction map, x5000, (c) grain
boundary reconstruction map, (d) metallographic photograph.
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O RERE

Al 49.82 76.80 89.30
Zn 39.15 1823 8.05
Mg 10.59 4.55 2.00
Sc 032 038 043
Zr 0.12 0.01 0.22

Figure 7. (a) the ECC photo of sample 4 in the as-printed status, %2000, (b) the ECC photo of sample 4 in
the as-printed status, x 10,000, (c) TEM photo of sample 4 in as-printed status, (d) the EDS analysis of (c).

Figure 8. The TEM-EDS analysis of sample 4 in the as-printed status.
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0.4103nm

Figure 9. The TEM analysis of sample 4 in the as-printed status, (a) BT-TEM, (b) FFT of (c), (c) HRTEM,
(d) interatomic distance measurement results, (e) schematic diagram of the lattice of Al3Sc [51].

3.2. Microstructure and Mechanical Property of Al-6.2Zn-2Mg-xSc-xZr Alloys

Figure 10 shows the metallographic photos of the Al-6.2Zn-2Mg-xSc-xZr alloy samples
fabricated by SLM in the horizontal directions. It can be seen that there are obvious cracks
and pores in the microstructure of the sample 1 and sample 2. With the increase of Sc
and Zr content, the number of cracks in the sample 3 are decreased significantly. When
the content of Sc and Zr are 0.6% and 0.36% respectively, there is no cracks appeared. It
indicates that the generation of cracks can be completely and effectively inhibited when
the content of Sc and Zr are 0.6% and 0.36% respectively. And the microstructure with no
cracks and less pores can be obtained.

Figures 11 and 12 shows the EBSD analysis of the vertical directions of Al-6.2Zn-2Mg-
xSc-xZr alloy samples. When the content of Sc and Zr are equal or lower than 0.2% and
0.12% respectively, a large number of cracks that grow along the grain boundary will appear
in the microstructure. And the microstructure is entirely composed of coarse columnar
crystal. As the content of Sc and Zr increases, the grain size and pores decreased. When
the content of Sc and Zr were 0.6% and 0.36% respectively, the microstructure shows an
alternating distribution of equiaxed and columnar crystals, and the grain size is significantly
smaller than that of the sample 1 and sample 2. And there were no cracks and only a small
amount of pore.
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Figure 10. Horizontal microstructure morphology of Al-6.2Zn-2Mg-xSc-xZr alloy samples, (a) sample 1,
(b) sample 2, (c) sample 3, (d) sample 4.

Building direction

Figure 11. EBSD analysis of Al-6.2Zn-2Mg-xSc-xZr alloy samples, (a) sample 1, (b) sample 2, (c) sam-
ple 3, (d) sample 4.
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Building direction

Figure 12. Grain boundary reconstruction corresponding to the Figure 11, (a) sample 1, (b) sample 2,
(c) sample 3, (d) sample 4.

3.3. Mechanical Properties of Al-6.2Zn-2Mg-xSc-xZr Alloys

Due to the serious cracking of sample 1 and sample 2, only sample 3 and sample 4 were
tensile tested. Table 2 shows the as-printed status mechanical properties of sample 3 and
sample 4, and Figure 13 shows the corresponding histogram. Compared with sample 4, the
sample 3 has lower mechanical properties due to the lower content of Sc and Zr, cracks and
more pores. Figure 14 shows the tensile fracture surface of Al-6.2Zn-2Mg-xSc-xZr alloys.

350 tensile strength
yield strength - - 120
300 F =3 elongation /
=2 / \ 17 ;\j
= I =
b 1l 3
S 200 | -
E: 2
5 \ '[ 110 3
£ 150 =
2}
100
15
50 |
. \ . \ )
3# 4#
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Figure 13. Mechanical properties of the as-printed Al-6.2Zn-2Mg-xSc-xZr alloys.
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Figure 14. SEM morphology of tensile fracture surface of the as-printed Al-6.2Zn-2Mg-xSc-xZr alloy,
(a) sample 3, (b) sample 3, (c) sample 4, (d) sample 4.

Table 2. Mechanical properties of the as-printed Al-6.2Zn-2Mg-xSc-xZr alloys.

No. Ultimate Tensile Strength/MPa Yield Strength/MPa Elongation/%
Sample 3 250.0 £5.3 179.0 £ 1.0 85£18
Sample 4 3273 +71 2547 £5.5 192+0.3

4. Discussion
4.1. Microstructure Analysis of Al-6.2Zn-2Mg-0.65¢-0.36Zr Alloy

There are two main forms of Sc and Zr in the Al-Zn-Mg alloy processed by traditional
technology [44,45]. When the addition amount of Sc and Zr is less than the solid solubility,
it’s mainly dissolves into the Al matrix to form a solid solution. And when the addition
amount exceeds the solid solubility, the supersaturated solid solution and Al3(Sc, Zr) primary
phase will be formed. Robson [52] characterized the distribution of Sc and Zr in direct chill
cast 7050 alloy ingots containing Sc and Zr using an electron microprobe analyzer, and
found that almost half of the Sc existed in the form of primary phase, leaving an average
concentration of 0.18 wt% Sc in solid solution. Due to the high cooling rate (>10* K/s) of
SLM [49,50], the solubility of Sc and Zr in the supersaturated solid solution will be much
higher than the traditional processing techniques such as casting with low cooling rate.
Therefore, the Sc and Zr in the sample 4 in the as-printed status mainly exist in the form
of supersaturated solid solutions. The supersaturated solid solution will decompose and
precipitate fine and dispersed Al3(Sc, Zr) particles after heat treatment, which have a
significant precipitation strengthening effect on aluminum alloys.

Figure 7a,b are the ECC picture of the Al-6.2Zn-2Mg-0.65¢-0.36Zr alloy in the as-
printed status. The Mg/Zn-rich nanoscale phases have a certain degree of aggregation at
the grain boundaries. This indicates that the diffusion of elements is restricted under rapid
cooling of SLM processing. However, due to the disordered arrangement of atoms at the
grain boundary, the energy of the grain boundary increases, which provides the necessary
driving force for the precipitation of the second phase. Figures 8 and 9 show the TEM photo
and selected area electronic diffraction analysis of the Al-6.2Zn-2Mg-0.65¢-0.36 Zr alloy. It
can be seen that the second phase is mainly the n phase according to Figures 7-9 [53-55].
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Fine grain strengthening and precipitation strengthening of Mg/Zn phase play a major
role in strengthening of the Al-6.2Zn-2Mg-0.65c-0.36Zr alloys. As shown from Figure 9b,
there were the obvious diffraction points appear at the [1 0 0] and [1 1 0] positions in
the diffraction pattern of the [1 0 0]4; crystal belt axis. In the high-resolution electron
microscope pictures (Figure 9c), a lattice arrangement different from the Al matrix phase
was found. The measurement and calculation of the lattice in this area confirmed that the
spacing of the interphase atomic columns was about 0.418 nm (Figure 9d). It is similar
to the Al3Sc lattice parameter of 0.4103 nm [51]. And it is matched with the schematic
diagram of the Al3Sc atomic structure shown in Figure 9e. The Al53(Sc, Zr) is formed by
the substitution of Zr atom for Sc atom of the AlzSc shell, and their lattice structures and
lattice constants are similar. And combined with electron diffraction analysis (Figure 9b), it
is determined that this phase is Al3(Sc, Zr) with L1, structure.

In summary, when the sample 4 was manufactured by SLM, the powder was rapidly
melts and solidifies during laser rapid scanning due to the small laser spot and high energy
density. Even if the content of Sc and Zr in the aluminum alloy is relatively high, but no
massive Al3(Sc, Zr) primary phase is formed. Sc and Zr elements exist as the form of solid
solution and nano-sized small primary Al3(Sc, Zr) phase.

Figure 15a is the EBSD grain reconstruction of the sample 4. The microstructure is
composed of fine equiaxed crystals on bottom of the molten pool, and coarse columnar
crystal in the middle of the molten pool. Due to the overlap of adjacent melting pool and
remelting between layers, there is no complete microstructure of the molten pool as shown
in the schematic diagram (Figure 15b) inside the sample.

The bottom of The middle of
( a) molten pool molten pool

Building direction

(b) Semi-solid/partial melting zone (a lot of

Melted zone Aly(Sc, Zr) particles remain)

(FOmpIEtEly Mmeited) Heat affected zone

(solid state)

The temperature gradually
, decreases from the center of the
molten pool to the surrounding

A

Figure 15. (a) EBSD grain reconstruction of the vertical plane of sample 4, (b) Schematic diagram of
the solidification of the molten pool during the SLM process.
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According to the study of J. D. Hunt [56], the number of nucleation sites plays a
important role in the growth of grains, especially when there is a high thermal gradient in
the bottom area of the molten pool. According to Spierings et al. [57], Al3(Sc, Zr) particles
can survive to approximately 800 °C. Therefore, due to the laser remelting to the previous
layer, many Al3(Sc, Zr) particles remain in the semi-solid /partial melting zone at the bottom
of the molten pool [58]. And due to the high Sc, Zr content of sample 4, Al3(Sc, Zr) particles
will be preferentially precipitated from the melt during solidification. So, the Als(Sc, Zr)
particles will act as nucleation sites to induce the formation of equiaxed crystal. Therefore,
a large number of crystal nuclei can be generated at the bottom of the molten pool. These
crystal nuclei grow rapidly until contacting to each other, and generating a fine-grained
region at the bottom of the molten pool, as shown in Figure 15.

4.2. Effect of Sc and Zr on Al-6.2Zn-2Mg-xSc-xZr Alloys

When Scis added to the aluminum alloy, the primary A13Sc particles will be generated
during the solidification. The crystal structure and lattice constant of tiny Al3Sc particles
are very similar to the Al matrix. Therefore, the primary A13Sc particles have good grain
refinement effect. According to Hall-Petch theory, grain refinement will significantly
improve alloy strength. When Sc and Zr are added together to the aluminum alloy, the
phenomenon of grain refinement caused by the composite addition will be better. This is
because Zr atoms can wrap around the Al3Sc phase to form the Al3(Sc, Zr) phase. The
lattice type and lattice parameters of Al3(Sc, Zr) phase is similar to A13Sc. Al3(Sc, Zr) is not
only maintains the beneficial effects of A13Sc, but also it has better thermal stability than
Al3Sc. Als(Sc, Zr) particles also can effectively inhibit the recrystallization, and increase
the recrystallization temperature. Compared with traditional processes such as casting,
the SLM has a very high cooling rate, which can greatly increase the supersaturated solid
solubility of Sc and Zr. So, four kinds of aluminum alloy powders with different content
of Sc and Zr were prepared, and the highest content of Sc and Zr was nearly 1% which is
much higher than the amount added in traditional processes.

As shown in Figures 10 and 11, when the content of Sc and Zr in the alloy was 0%, the
sample 1 has obvious cracks that grow along the grain boundary, accompanied by larger
pores. And the size of most columnar crystal was above 100 um. The grains passed through
the bottom of molten pool and shown obvious epitaxial growth. The reason is that the
liquid metal always keeps in contact with its homogeneous solid-phase substrate during
the solidification of the molten pool. And compared with the nucleation in the molten
pool, the solid-phase substrate provides a good epitaxial growth substrate. And due to the
high temperature gradient of the molten pool, the nucleation undercooling at the interface
between the molten pool and the substrate is the lowest. Therefore, when there is no
preferential precipitation of heterogeneous nucleation sites in front of the interface between
the molten pool and the substrate, the microstructure of SLM-fabricated alloy is usually
epitaxially grown directly from the substrate, showing the characteristics of directional
columnar crystals growth along the temperature gradient. Its typical macroscopic grain
microstructure is epitaxially grown columnar grain structure. When the content of Sc and
Zr were 0.20% and 0.12% respectively, the microstructure also appears larger cracks. Grain
size and crack size have no significant changes compared with sample 1 without Sc and Zr.
This shows that when a small amount of Sc and Zr was added, the Sc and Zr elements have
no obvious effect on the grain refinement and reducing cracking tendency. The essence
of phase precipitation is the process of element diffusion and aggregation. Due to that
the SLM processing has a high cooling rate (>10* K/s), small amount of Sc and Zr can’t
effectively precipitate as heterogeneous nucleation sites in front of the interface between
molten pool and Al substrate to refine grains in a very short time. However, it exists in the
form of solid solution in the aluminum matrix.

When the content of Sc and Zr were 0.40% and 0.24% respectively, the grain size was
different, and the grain refinement was obvious compared with sample 1 and sample 2.
There are a few small equiaxed crystals at the bottom of the molten pool, and the number
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and size of cracks are significantly reduced. And there is no obvious epitaxial growth of
large columnar crystals. This shows that when the Sc and Zr is 0.40% and 0.24% respectively,
a part of the Sc and Zr were precipitated as heterogeneous nucleation sites in front of the
interface between molten pool and Al substrate, which refined the grains and hindered the
epitaxial growth of columnar grains. The other Sc and Zr were in the form of solid solution
existed in the aluminum matrix. Compared with sample 1 and sample 2, the increase of Sc
and Zr significantly reduces the cracking tendency. When the content of Sc and Zr were
0.60% and 0.36% respectively, the grains were further refined. The high density of Sc and
Zr atoms in the molten pool provided a sufficient condition for the large precipitation
of Al3(Sc, Zr) in a short time. And it appears as a typical alternating distribution of fine
equiaxed crystals at the bottom of the molten pool and relatively coarse columnar crystals
in the middle of the molten pool. The equiaxed crystals at the bottom of the molten pool
reach the nano-level. No cracks were found. Compared with sample 3, the increase of
Sc and Zr leads to more precipitation of Al3(Sc, Zr) phase as heterogeneous nucleation
sites, which can achieve better effect of grain refinement. And the increase of Sc and Zr can
effectively inhibit the cracking tendency.

Due to the obvious cracking behavior of the samples when the content of Sc and Zr
were low, only the sample 4 without cracks and the sample 3 with few cracks were carried
out the tensile test. As shown in Table 2 and Figure 13, the tensile strength of the sample 4 is
327.3 £ 7.1 MPa, the yield strength is 254.7 & 5.5 MPa, and the elongation is 19.2 = 0.3%.
The tensile strength of the sample 3 is 250.0 &= 5.3 MPa, yield strength is 179.0 & 1.0 MPa,
and the elongation is 8.5 &= 1.8%. Although the mechanical properties of the sample 3 are
relatively low, it has stable performance and good plasticity. It is mainly due to the fact that
there are fewer cracks in its microstructure, and the cracking direction is the same as the
tensile direction. As shown in Figures 5 and 6, the grains of sample 4 are fine, and some of
grains are nano-sized. According to the Hall-Patch formula:

05 = 0g + kd /2 1)

where o5 is a constant which is roughly equivalent to the yield strength of a single crystal,
and K is a constant which represents the degree of influence of grain boundaries on strength.
The smaller the grains, the higher the yield strength. When the grains are plastically
deformed, the smaller the grains, the smaller the distance from the dislocation source on
the slip surface to the grain boundary. And the smaller number of packed dislocations,
the lower the stress concentration caused. In addition, when the grain size is small, the
difference of the degree of strain between inside the grain and the vicinity of the grain
boundary is small, which will make the grains deformation is more uniform. So, there is
more difficult to crack due to stress concentration, and the sample 4 has better plasticity.
As shown in Figure 13, the fracture surface of the sample 4 is a micron-scale dimple-like
morphology, which is one of the reasons for its good mechanical properties. Obvious cracks
can be observed on the fracture surface of the sample 3. The fracture surface is composed
of many cleavage steps and a small amount of micron-level dimple-like structure. This is
a brittle-ductile mixed fracture. The existence of cracks, massive pores and coarse grains
determine that the mechanical properties of the sample 3 is significantly lower than those of
the sample 4. Compared to Zhu's studies [39], the strength of the sample 4 is relatively low.
This is mainly due to the difference in composition, especially the difference in the content
of Cu, which has a strengthening effect for 7xxx aluminum alloy. And improving the
mechanical properties of the samples is one of the directions of our follow-up experiments.

4.3. Cracking Behavior Analysis of Al-6.2Zn-2Mg-xSc-xZr Alloys

Cracking behavior is associated with shrinkage at the liquid-to-solid transition. Near
the final stage of solidification, the solute-rich melt will be highly unstable and supercooled,
which will produce the grain boundaries with a thin layer of trapped liquid and mushy
zone. For Al-Zn-Mg alloy, the low melting point phase rich in Zn and Mg would be
aggregated at the grain boundary (e.g., Figure 7). When the sample 1 and sample 2 were
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fabricated by SLM, a thin and continuous semi-solid /liquid film rich in low melting point
phase was formed between adjacent massive columnar grains. And due to the large size of
the semi-solid /liquid film between the grains and the high cooling rate of the SLM, the
feeding between the grains was limited, and the mushy zone between the grains would
crack by the shrinkage stress.

As shown in Figure 11, the microstructures of sample 1 and sample 2 was long
columnar grains along the build direction, which corresponds to the thermal gradient
direction. These large columnar grains spanned over at least two to three powder layers,
and the exhibited significant epitaxial growth. Compared to fine equiaxed and columnar
crystals, these coarse columnar grains were not sufficient to coordinate the tensile strains
generated during solidification. These tensile stresses would tear the mushy melt between
grains, and leading to cracks.

The epitaxial tendency of crack growth was largely due to the poor flowability of
molten Al-Zn-Mg alloy and the high cooling rate of the SLM, which would lead to the
inability of the molten alloy of current layer to refill pre-existing cracks [59]. If the pre-
existing crack is not replenished by molten alloy, it would act as a source for further crack
propagation to form a large crack, as shown in Figure 12. So, the sample 4 is completely no
cracking, which mainly be due to the effect of grain refining.

Therefore, it can be seen from Figures 11 and 12 that the grains of sample 1 without Sc
and Zr elements is coarse compared with sample 4 with 0.6% Sc and 0.36% Zr. The grain
size in the vertical direction far exceeds the powder thickness of 30 um per layer during
SLM processing. The crack is mainly distributed along the grain boundary direction. The
immediate reason for the absence of cracks is that the microstructure changes from coarse
columnar grains to fine equiaxed-columnar grains when the content of Sc and Zr increases.
The length of grain boundaries is greatly increased and the grain boundary feeding channel
become greatly shorter, which will lead to easy to feeding, as shown in Figure 16a. At
the same time, the refined grain size may have the following beneficial effects: It helps
with reducing the thickness of the liquid films. This will increase the tear sensitivity of
the liquid film and the cracking tendency and therefore lowers the hot cracking tendency.
This was confirmed by the study of Sigworth [60]; And a refined grain size improves
fracture roughness, leading to an enhanced cracking resistance [61]. In addition, the fine
equiaxed grains can coordinate stress-strain during solidification more effectively than
coarse columnar grains to reduce the cracking tendency.

@) ®
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Figure 16. (a) Grain boundary length in unit area corresponding Figure 12, (b) Schematic diagram of
grain boundary feed channel changes after refinement.
5. Conclusions

In this experiment, the microstructure and cracking mechanism of Al-6.2Zn-2Mg-xSc-
xZr alloy manufactured by SLM were studied, and the following conclusions were obtained:
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1. For the Al-6.2Zn-2Mg-xSc-xZr alloy, with the increase of Sc and Zr content from 0 and
0 to 0.6% and 0.36% respectively, the microstructure changes from coarse epitaxial
growth columnar grains to fine equiaxed and columnar grains. And the cracking
tendency gradually decreases until there is no crack at all. The addition of Sc and Zr
can significantly refine the grains and reduce the cracking tendency.

2. The precipitated phase of Al-6.2Zn-2Mg-0.65c-0.36Zr alloy in the as-printed status
is mainly Mg/Zn phase. Sc and Zr are mainly dissolved in aluminum matrix. A
small part of Sc and Zr exists in the form of fine Al3(Sc, Zr) phase, and there is no
coarse Al3(Sc, Zr) phase. The primary Al3(Sc, Zr) phase can not only serve as the
heterogeneous nucleation sites of the current layer to refine the grains, but also act as
the nucleation particle in the subsequent layer to induce the formation of fine equiaxed
grains. But when the content of Sc and Zr is 0.2% and 0.12% respectively, Sc and Zr
cannot be effectively precipitated in the form of Al3(Sc, Zr) phase as heterogeneous
nucleation sites to refine grains due to the high cooling rate of SLM.

3.  The immediate reason for the absence of cracks is that the microstructure changes
from coarse columnar grains to fine equiaxed-columnar grains when the content of
Sc and Zr increases. The refined grain size may have the following beneficial effects:
It helps with reducing the thickness of the liquid films. This will increase the tear
sensitivity of the liquid film and the cracking tendency and therefore lowers the hot
cracking tendency; And a refined grain size improves fracture roughness, leading to
an enhanced cracking resistance. At the same time, the refinement of the grains will
make the feeding channel of the grain boundary shorter and easy to feed, and the
fine equiaxed grains can coordinate stress-strain during solidification more effectively
than coarse columnar grains, which will decrease the cracking tendency.
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