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Abstract: Al-3.51Mg—0.42Mn—0.76S¢c—0.40Zr (wt.%) alloy was prepared by selective laser melting (SLM) method.
The mechanical properties and microstructure of the alloy after annealing at 300 °C or 325 °C for 6 h were studied. The
tensile strength, yield strength and elongation of the SLM alloy were 339 MPa, 213 MPa and 24%, respectively. After
annealing at 300 °C for 6 h, the tensile and yield strength of the alloy were increased to 518 MPa and 505 MPa,
respectively, and the elongation decreased to 13%. After annealing at 325 °C for 6 h, the yield strength of the alloy was
reduced to 483 MPa. The grain size of the alloy after annealing at 300 °C and 325 °C did not grow significantly, but the
segregation of Mg element was significantly reduced. Nanoscale Als(Sc,Zr) phase was precipitated from the alloy
matrix, and its average size increased with the increase of annealing temperature. Therefore, the strength improvement
of the annealed SLM aluminum alloy was mainly attributed to the precipitation strengthening of Al3(Sc,Zr), and the
strengthening mechanism was mainly dislocation cutting mechanism. When the annealing temperature was too high, the
coarsening of Als(Sc,Zr) particles caused the strength to decrease.
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complex geometric structure and high-performance

1 Introduction

In recent years, with the continuous research
and innovation in the field of 3D printing scientific
research, 3D printing metal-based Al alloy materials
have begun to develop worldwide and market-
orientedly. Therefore, the application in the
industrial fields faces higher challenges to the
combination of design and manufacturing, as well
as the combination of structure and function. As a
typical additive manufacturing technology, selective
laser melting (SLM) forming has become an
effective way to solve the problems of
manufacturing lightweight, functional optimization,

Al alloy components [1-3], which can be used
to accurately fabricate metal parts layer by layer
(Fe, Ni, Al, Ti, etc) [4—7]. Compared with other
traditional processing methods (for example,
casting [8], stamping [9], extrusion [10] and rolling
[11]), SLM has more advantages, including fine
microstructure, superior mechanical properties,
short processing cycle and easy formability [12,13].
However, considering the special characteristics of
aluminum alloy, such as low melting point, high
thermal conductivity and high laser reflectivity, it is
harder to manufacture Al alloy parts by SLM than
other materials [14,15].

SLM forming technology has received extensive
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attention. For example, MA et al [16] studied the
effect of bimodal microstructure on the tensile
properties of SLM Al-Mg—Sc—Zr alloy, who found
that the strengthening effect of the alloy caused by
SLM was mainly attributed to the grain boundary.
WANG et al [17] studied the strength—plasticity
synergy of SLM Al-Mg—Sc—Zr alloys, and found
that the strain distribution between equiaxed
crystals and columnar crystals can simultaneously
improve the strength and toughness. SHI et al [18]
studied the effect of adding Sc on AlI-Mg—Zr alloys,
and found that the alloy containing 0.2 wt.% Zr did
not emerge mixed crystal structure, while the alloy
with 1.0wt.% Sc presented a mixed one consisting
of coarse columnar crystals and fine equiaxed
crystals, both of which were the
characteristics of SLM prepared Al alloys compared
to Al alloys prepared with traditional methods,
possessing the ability to effectively adjust the
strength and toughness of the alloy. A Ti-modified
SLM Al-Cu—Mg alloy was investigated by
ZHANG et al [19]. It was found that the AIl;Ti
precipitates formed a heterogeneous phase
nuclei in Ti-containing alloys, which promoted
grain refinement and columnar to equiaxed
transformation, eliminated hot tear cracks, and
improved the properties of the alloy. In addition,
ZHANG et al [2] also studied the process, structure,
properties and development trend of SLM
aluminum alloys. Studies showed that high levels of
residual stress and metallurgical defects such as
spheroidization, porosity, and cracks were prevalent
in SLM-fabricated aluminum alloys, which not only
reduced surface roughness and dimensional
accuracy, but also led to poor mechanical properties.
However, the changes in structure and properties of
Al alloys manufactured by SLM after annealing at
different temperatures in the later stage are closely
related to the effects of alloying elements (Sc, Zr,
etc). In addition, the mechanism of the effect of
annealing temperature on the microstructure and
properties of SLM alloys has less been studied.

This study mainly focused on the evolution of
the microstructure and mechanical properties of the
Al alloy manufactured by SLM after annealing at
different temperatures. Specifically, the role of
alloying elements, such as Sc and Zr in the
annealing process at different temperatures will be
given out.

unique

2 Experimental

The material used in this paper was Al-Mg—
Mn—Sc—Zr alloy prepared by FS271M laser
selective melting equipment, with a chemical
composition of Al-3.51Mg—0.42Mn—0.76Sc—0.40Zr
(wt.%). In order to study the effect of annealing
treatment on microstructure and tensile properties
of SLM alloys, the SLM alloys were annealed at
different temperatures (300 °C and 325 °C for 6 h)
using a high-temperature resistance furnace. The
room temperature tensile test was operated on the
MTS810 tensile testing machine and the stretching
speed was 2 mm/min. There were three sets of
parallel samples of each state, and the result was the
average of three samples.

The morphology of the tensile fracture was
observed on a Sirion 200 field emission scanning
electron microscope (SEM) with an operating
voltage of 20 kV. The JXA-8230 electron probe
microanalyzer (EPMA) was used to observe
alloying element distribution. The microstructure
was observed on an FEI Tecnai G2F20 transmission
electron microscope (TEM) by a high- angle
annular dark-field (HAADF) imaging mode with an
acceleration voltage of 200 kV. The sample was
first mechanically thinned to about 80 pm, and a
d3 mm disc was punched out of the thinned sample.
The samples were then thinned by electrolytic
double spray on the MTP-1 device. The electrolyte
was a mixed solution of CH3OH and HNO;
(volume ratio of 3:1), the working voltage was
10—15V and the current was 60—80 mA in the
temperature range of —30 to —20 °C. The morphology
of the grains was observed by electron backscatter
diffractometer (EBSD) on the Sirion 200 field
emission scanning electron microscope. After
mechanical polishing, the EBSD sample was
electrolytically polished in a mixed solution of
perchloric acid and ethanol (volume ratio of 1:9) at
15V, and the temperature was controlled below
—20 °C. The test data was analyzed using a TSL
OIM software.

3 Results

3.1 EPMA characterization
Figure 1 shows the distribution of alloy elements
of the alloy in the SLM state and after annealing at
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Fig. 1 Element distribution map of SLM al
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different temperatures. Obvious segregation of Mg
could be found in the SLM sample, while other
elements are evenly distributed in the Al matrix.
However, the element segregation phenomenon on

the surface of samples was gradually reduced after
annealing of 300 °C, 6 h and 325 °C, 6 h, but there
is a small amount of Mg element segregation after
annealing of 300 °C, 6 h.
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3.2 TEM observation

Figure 2 presents the scanning transmission
electron microscopy (STEM) images of the alloy in
SLM state and annealing state. It can be seen that
the microstructures of all the samples consist of
both coarse grains (CG) and fine grains (FG). It is
worth noting that the grain size remains unchanged
after annealing at different temperatures. However,
after annealing treatments at 300 °C, 6h and
325 °C/6 h, the second phases with different sizes in
the matrix become more clearer, and the size of the

second phases in the later temper obviously increases.

The sizes of Als(Sc,Zr) precipitates in SLM
alloys in different states are shown in Table 1. The
particle size of Als(Sc,Zr) rises gradually with the
increase of annealing temperature. The maximum
size of the precipitates in the SLM state is 0.15 pum,
but the average size is only 0.05 um. Aftre
annealing of 325 °C, 6 h, the size of the precipitates
increases sharply, and the average size reaches
0.12 pm.

Figures 3 and 4 show the alloy element map
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Fig. 2 STEM images of SLM and different-temperature-annealed alloys: (a) SLM; (b) 300 °C, 6 h; (c) 325 °C, 6 h

Table 1 Sizes of Al3(Sc,Zr) in SLM alloys in different states

State Biggest size/um Smallest size/um Average size/um

SLM 0.15 0.02 0.05
300°C,6h 0.19 0.05 0.09
325°C,6h 0.41 0.05 0.12

Fig. 3 Map scanning of SLM alloy after annealing at 300 °C for 6 h
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scan distribution of the SLM alloy after annealing
of 300 °C, 6 h and 325 °C, 6 h, respectively. It can
be seen that after annealing of 300 °C, 6 h, the
second phases, which is mainly comprised of Al
and Sc elements, are obviously precipitated at the
grain boundary. After annealing of 325 °C, 6 h, the
size of the second phase increases, and its
composition is mainly comprised of Al, Sc and Zr.
Other alloying elements (especially Mg element)
are evenly distributed in the matrix.

High-resolution TEM (HRTEM) along the
[001] orientation was used to observe the Al:Zr

particles in the alloy annealed at 325 °C, as shown
in Fig. 5. Many AlsZr particles with different sizes
are distributed on the grain boundaries, as shown in
Fig. 5(a). In addition, it can be seen that the Al:Zr
particles significantly coarsen and maintain an
incoherent relationship with the matrix, as shown in
Fig. 5(b).

3.3 EBSD test

Figure 6 shows the IPF diagrams of the alloy
in SLM state and annealing states. It can be seen
that the grain morphology of the alloys in different

Fig. 4 Map scanning of SLM alloy after annealing at 325 °C for 6 h

Grain 1

ainboundary

10 nm

Fig. S HRTEM images of Al:Zr precipitates along [001] of 325 °C, 6 h annealed alloy: (a) HRTEM; (b) Inverse FFT
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states is still mainly composed of coarse grains and
fine grains, and the grain sizes of coarse and fine
grains do not change significantly after annealing.
In addition, the color difference between adjacent
crystal grains in the FG region is relatively large,
which indicates that the crystal grains have different
orientations. In contrast, the color difference
between adjacent crystal grains in the CG region is
small, indicating an obviously preferred orientation.

Figure 7 shows the grain size distribution
diagrams of FGs and pole diagrams for the CG and
FG regions in the SLM state and different annealing
states. The grain sizes of the FG regions in the
alloys seem to be less than 2 pm and would not
significantly grow with the increase of annealing
temperature. The (001) pole figures of the CG and
FG regions show that there is a clearly random
grain orientation in the FG regions, while
preferential grain orientation appears in the CG

regions. In addition, with the increase of annealing
temperature, the (001) texture intensity of the FG
regions and the CG regions increase gradually,
which reaches 5.8 and 19.5, respectively after
annealing at 325 °C, 6 h.

3.4 Mechanical properties

Table 2 shows the mechanical properties of
SLM alloys in different states. It can be clearly seen
that the ultimate tensile strength (UTS) and yield
strength (YS) of the alloy after annealing at 300 °C
for 6 h reach the maximum, which are 518 MPa and
505 MPa, respectively. However, its elongation
(13%) is significantly lower than that of SLM alloy.
After annealing at 325 °C for 6 h, the UTS, YS and
elongation of the alloy are 513 MPa, 483 MPa, and
14.8%, respectively.

Figure 8 shows the tensile fracture diagrams
of the SLM alloy at different states. It can be seen
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Fig. 7 Grain size diagrams of FGs and pole diagrams of CGs and FGs under SLM state and different annealing states

Table 2 Mechanical properties of SLM alloys in different
states

State UTS/MPa YS/MPa  Elongation/%

SLM 339 213 24
300°C,6h 518 505 13
325°C,6h 513 483 14.8

that the fracture mode of the alloys could be
basically recognized as ductile fracture, where a
large number of dimples could be observed in each
state. In addition to the dimples, some holes can be
also observed. During the SLM forming process,
when the laser sweeps through the powder bed, the
powder quickly melts and solidifies, and the gas in
the solution has no time to escape. The fluid force
tends to balance with the vapor pressure in the hole,
causing the collapse of liquid metal, and leading to
the formation of holes.

4 Discussion

4.1 Effect of annealing temperature on alloy

grains

During the SLM forming process, the laser
scans the metal powder, and a series of complex
physical and chemical phenomena occur during the
rapid melting and solidification process, such as
absorption and scattering of laser energy, heat
transfer, phase change, and melt flow in the molten
pool. When the solution is overheated, there is a
thermal gradient, which means that uniform
nucleation could hardly happen in the alloy. The
structure and properties of SLM-formed Al alloy
can be adjusted by controlling the grain size and
morphology as well as the component and size
of these phases. The temperature gradient G and the
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Fig. 8 Room temperature tensile fracture morphologies
of SLM alloy in different states: (a) SLM; (b) 300 °C, 6 h;
(c)325°C,6h

solidification rate R affect the grain type and size.
GxR and G/R control the grain size and type,
respectively [20]. The larger the GXR, the higher
the degree of subcooling in the solution and the
finer the crystal grains. With the increase of the G/R
ratio, the structure morphology changes to be
equiaxed crystals, cellular dendrites and columnar
crystals. During the SLM forming process, the
Gaussian distribution of laser energy causes the
temperature gradient, crystallization speed and
subcooling distribution differences in different areas
of the molten pool. At the boundary of the molten
pool, the value of G is large and the value of R is
small, so equiaxed crystals are easy to form. As the
grains grow toward the center of the molten pool,
the value of G gradually decreases, and the value of

R increases, and therefore columnar crystals form,
as shown in Fig. 6 [21]. However, the GXR value is
higher at the center of the molten pool, and a small
number of equiaxed crystals will also be found. In
the FG region, the color difference of adjacent
grains is small, which indicates that the difference
in crystal grain orientation is small. However, in the
CG region, the orientation difference between the
adjacent crystal grains is relatively large, and there
is an obvious preferred orientation, as shown in
Fig. 7. The (100) texture was found in the CG
region possessing the largest texture strength of
about 11.8.

Usually, when the SLM alloy is annealed in
the later stage, the grains will grow to different
degrees due to the various annealing temperature.
The fine grains obtained through the SLM
procedure would merge with each other if the
temperature increases in the subsequent annealing
process. Grown grains are achieved by the
migration of grain boundaries, and the growth rate
of grains is proportional to the temperature. The
higher the annealing temperature, the faster the
growth rate of grains. In addition, as the grains
merge and grow, the orientation of the crystal grains
will also change. However, the temperature is not
high enough to promote the grain growth. Therefore,
the grain size and orientation do not change
significantly, as shown in Figs. 6 and 7.

4.2 Effect of annealing temperature on second

phase particles

Elements such as Sc and Zr in the
supersaturated solid solution may be precipitated in
the form of nano-precipitated Als(Sc,Zr) phases
during the low-temperature annealing process,
accounting for the effect of precipitation
strengthening [22]. As shown in Table 2, the
strength of the alloy after annealing treatment
increases significantly. It is mainly attributed to the
increase in size of Al3(Sc,Zr) particles. The high
annealing temperature can increase the thermal
agitation of the atoms and make them more active,
enable them to diffuse through dislocations and thus
become channels for solute atoms to move, finally
resulting in the growth of Als(Sc,Zr) particles. And
the higher the temperature, the larger the size. The
coarsening rate of particles can be described by
LSW or KV models [23—25]:

=1 =K(t—ty) (1)
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where 7 and 7y are the average radius of the particles
at time ¢ and #, respectively, K is the coarsening
rate of the particle, and 7 is the initial radius of the
particle. As shown in Fig. 3, as the annealing
temperature increased to 325 °C, the Als(Sc,Zr)
particles became significantly larger. According to
Eq. (1), when the annealing time is the same, the
size of Al3(Sc,Zr) particles annealed at 325 °C is
larger, indicating that the coarsening rate of the
particles accelerates with increasing temperature.

4.3 Effect of microstructure on mechanical

properties

The improvement of mechanical properties of
Al-Mg—Mn—Sc—Zr alloy produced by SLM is
mainly attributed to two aspects: the grain size, and
the number and size of nano-sized Als(Sc,Zr)
precipitates. Firstly, the combination of the coarse
and fine grains in the SLM alloy exhibits prominent
strength and ductility simultaneously during the
deformation process [26,27]. Among them, the
coarse grains can accommodate more dislocations
and lead to high tensile ductility, while the superior
strength mainly comes from the fine grains that are
not easily deformed, which can withstand more
stress than the coarse ones. This is because the grain
boundaries can effectively hinder the movement of
dislocations. The effect of grain size on yield
strength can be described by the Hall-Petch
formula [28]:

oy=ootkd ? )

where oy is the yield strength, oo is the friction
stress, k is the experimental constant, and d is the
average grain radius. The & value varies from 0.15
to 0.2 MPa-m'? for Al-(3—6)%Mg alloy [29-31].
Based on Eq. (2), the yield strength of the alloy is
supposed to decrease with the increasing grain size.
However, after annealing at different temperatures,
the strength of the SLM alloy increases first and
then decreases as shown in Table 2, while there is
no significant change in the grain size after
annealing at different temperatures (Figs. 6 and 7).
This proves that the grain size is not the main
reason for the change of alloy strength.

It can be seen from Fig. 2 that after annealing
at different temperatures, Al3(Sc,Zr) particles have
significantly precipitated and grown up, whose
strengthening effect is mainly reflected in the grain
refinement  strengthening and  precipitation

strengthening [32,33]. The refinement strengthening
comes from the pinning effect of Als(Sc,Zr)
particles on the grain boundaries which inhibits
the occurrence of grain growth (Fig.5). The
precipitation strengthening is mainly reflected in
the pinning of dislocations by Als(Sc,Zr) particles.
The pinning effect of Als(Sc,Zr) on dislocations is
related to its size and density, where the pinning
force is called Zener force that can be expressed as
[34,35]

P= 3/ 7es 3)
2r

where r» is the particle radius, f, is the volume
fraction of the particle, ygs is the grain boundary
energy between the recrystallized core and the
deformed region, about 0.3 J/m?. The smaller the
particle size, the larger the volume fraction and the
stronger the pinning force. However, the
strengthening mechanism of Als(Sc,Zr) on the alloy
is closely related to its size. When Als(Sc,Zr)
particles grow up to a certain extent with increasing
temperature, the interaction mechanism between
Als(Sc,Zr) and dislocations may change from
dislocation shear mechanism to Orowan bypass
mechanism [36]. When the size of Al3(Sc,Zr) is
small, dislocations may interact with the particles in
a cut-through manner. In this case, the contribution
to the yield strength can be expressed as [37]

A0A=clfmr" (4)

where ¢, m and n are constants; f and r are the
volume fraction and radius of precipitates,
respectively. It can be seen from Eq. (4) that when
the size of Als(Sc,Zr) is smaller, the strength of the
alloy increases with the rising size. This is because
when dislocations shear the Als(Sc,Zr) particles,
higher stress is required, and thus effectively
hinders the movement of the dislocation, leading to
the rising strength. When the Als(Sc,Zr) particles
increase to a certain size, the particles cannot be
sheared by dislocations, but bypassed by them
instead. The yield strength can be described as [38]

Aog=cof 1! (5)

where ¢; is a constant. It can be seen from Eq. (5)
that as the radius of Als(Sc, Zr) increases, the yield
strength of the alloy decreases.

As shown in Figs. 3 and 4, as the annealing
temperature increases, the radius of Al;(Sc,Zr)
particles increases. When the annealing temperature
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rises to 325 °C, the strength of the alloy decreases
and the elongation increases, as shown in Table 2.
The main strengthening mechanism changes to the
Orowan bypass mechanism during the deformation
process, owing to the increasing radius of Al(Sc,Zr)
particles. Under this condition, the required stress
for dislocation movement decreases, which results
in the strength reduction. Therefore, the main
strengthening of SLM alloy after annealing at a
certain temperature comes from precipitation
strengthening.

5 Conclusions

(1) The tensile strength, yield strength and
elongation of Al-3.51Mg—0.42Mn—0.76Sc—0.40Zr
alloy at SLM state are 339 MPa, 213 MPa and 24%,
respectively. After annealing, the strength of the
alloy increases significantly and the elongation
decreases. The tensile strength, yield strength and
elongation of the alloy annealed at 300 °C for 6 h
are 518 MPa, 505 MPa and 13%, respectively.

(2) During the annealing process, the grain
morphology and size of the alloy barely change, the
segregation of Mg is basically eliminated, and
Al3(Sc,Zr) particles are precipitated from the
supersaturated solid solution at the SLM state. As
the annealing temperature increases, the size of
precipitated Al3(Sc,Zr) particles increases.

(3) During the annealing process, Al3(Sc,Zr)
particles are generated from the supersaturated solid
solution, which is the main reason for the
significant strengthening of the alloy.
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ZAEIREIR KB HE X B E K
Al-Mg-Mn-Sc—Zr & & BB AT e

? %,;157 1’ /é_}'é‘; 1,2’ gj‘]‘?‘{é\ 1,2’ ]"§ % 1,2’ ?-lé‘& 1,2

LR MR S TR, KD 410083;
2. RS AOMBREE S TREEMEALEE, Kb 410083

W OE: RAEXEOEILSLM)ZEH & Al-3.51Mg—0.42Mn—0.76Sc—0.40Zr (R 50, %) &4, WM RZESE
%300 ‘C, 6h #1325 °C, 6h B KAHE M /2R EMAL. SLM SE&MPhiomEE . 8 IR AR
F24 339 MPa. 213 MPa 1 24%. %300 °C, 6 hiBKAHL)E, A&MPih e iRMEE S 552 518 MPa
F1 505 MPa, i3 NFEE 13%; 1fi& 325 C, 6 h iR KAHE, &4 18RI FFICE 483 MPa. 544 300 C,
6 h 1325 °C, 6 hiBKAHEMRRAG HRKK, B Mg GRIIREI R 992Kk Als(Sc,Zni M & &5k
Frit, HIFRSFRER JOR BT R AT . Bk, 3B KA SLM 486 4 %R 13 m 2 A KT Als(Sc,Zn) i)
Hritaett, Hamfb sl EEAA DI LH] . 2B KRB I R, Al(Sc,Zr)RL R A RLAR AT 51 2 35 B T e
Xk%217: Al-Mg-Mn-Sc—Zr &4 ERBOGHEL: RIGREE; TN, J15tae
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