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Abstract: A dual-phase synergistic enhancement method was adopted to strengthen the Al-Mn-Mg-Sc-Zr alloy fabricated by laser
powder bed fusion (LPBF) by leveraging the unique advantages of Er and TiB,. Spherical powders of 0.5wt% Er-1wt% TiB,/Al-Mn-
Mg-Sc-Zr nanocomposite were prepared using vacuum homogenization technique, and the density of samples prepared through the
LPBF process reached 99.8%. The strengthening and toughening mechanisms of Er-TiB, were investigated. The results show that
ALETr diffraction peaks are detected by X-ray diffraction analysis, and texture strength decreases according to electron backscatter
diffraction results. The added Er and TiB, nano-reinforcing phases act as heterogeneous nucleation sites during the LPBF forming
process, hindering grain growth and effectively refining the grains. After incorporating the Er-TiB, dual-phase nano-reinforcing
phases, the tensile strength and elongation at break of the LPBF-deposited samples reach 550 MPa and 18.7%, which are 13.4% and
26.4% higher than those of the matrix material, respectively.
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1 Introduction gradients, leads to significant refinement in the alloy’s micro-

) » ) structure”. Moreover, under such fast-cooling conditions, the
Aluminum alloys are critical structural materials renowned

for their high strength-to-weight ratio, superior impact
resistance, excellent ductility, and corrosion resistance,

ultimate solid solubility of alloying elements increases
markedly, enabling the formation of a supersaturated solid

making them widely used in the aerospace industry" >, Laser
powder bed fusion (LPBF) technique significantly improves
material utilization, reduces manufacturing cycles, and lowers

solution with a solubility far exceeding the equilibrium solid
solubility of the alloying elements, and thereby improving the
mechanical properties of the components.

costs. A distinctive feature of LPBF is its ability to rapidly Currently, most researches on LPBF-fabricated aluminum

melt metal powders via a laser beam, followed by immediate
solidification, achieving cooling rates of 10*—10° K/s. This
rapid cooling characteristic, driven by large temperature

alloys are confined to Al-Si and Al-Mg-Si systems. Although
these alloys can effectively reduce product mass, their
strength and toughness are insufficient to meet the final
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application requirements as key materials for complex
functional components in aerospace vehicles”. The 2xxx and
7xxx series aluminum alloys have wide solidification intervals
and high hot cracking susceptibility, posing significant
challenges to forming during laser additive manufacturing®.
In comparison, the AI-Mn-Mg-Sc-Zr has relatively balanced
overall performance. However, its tensile strength is still
rather low, failing to meet the performance requirements of
the aerospace field. This is attributed to its relatively high
laser reflectivity and thermal conductivity, necessitating
higher laser energy input. Consequently, this leads to poor
forming stability and considerable fabrication difficulties'”.

Li et al prepared TiB,/AlSi, Mg specimens by LPBF,
which significantly improved the tensile strength and tensile
strain of the formed parts. The tensile strength reached 530+
16 MPa, and the elongation reached 15.5%+1.2%, making this
alloy an aluminum matrix composite formed by LPBF with
relatively high comprehensive mechanical properties. Shi et
al” investigated the
microstructure of aluminum alloys. Through optimization of

influence of element Er on the

process parameters and adjustment of heat treatment, they
increased the tensile strength from 415.2 MPa to 524.4 MPa.
Martin et al"” from HRL Laboratory (USA) coated 7075Al
powder particles with nanoparticles such as TiB,, ZrH,, and
WC. The addition of these nanoparticles inhibited the hot
cracking tendency during the LPBF process, enabled the
transformation from columnar to equiaxed grains, and reduced
material anisotropy. Wang et al'"! prepared Ti+B,C/AA7075
composite powder by high-energy ball milling, increasing its
tensile strength from 200.1 MPa to 336.9 MPa.

Studies have demonstrated that the rare earth element Er
has a strong modifying effect. Similar to Al,Sc, the primary
phase ALEr has good interfacial coherence with the Al matrix,
enabling it to act as a non-homogeneous nucleation core to
greatly improve the nucleation rate. In addition, fine ALEr
particles can pin dislocations and subgrain boundaries,
hindering dislocation aggregation and migration at subgrain
boundaries, thus delaying the nucleation and growth of
subgrains!”. The laser reflectivity of ceramic particles is much
lower than that of aluminum alloys, so TiB, is used as a
reinforcing phase to strengthen aluminum alloys. When
uniformly attached to the surface of the aluminum matrix,
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TiB, improves the laser absorption capacity of aluminum
alloys, resulting in better LPBF formability"*.

In this research, a dual-phase synergistic reinforcement
approach using Er and TiB, was employed to enhance the Al-
Mn-Mg-Sc-Zr alloy, leveraging the respective strengthening
advantages of Er and TiB,. It is expected that the dual-phase
reinforcement of rare earth elements and ceramic particles will
provide a new insight into the formation of novel aluminum
matrix composites by LPBF.

2 Experiment

The powder used in this experiment was Al-4.88Mn-1.66Mg-
0.69Sc-0.33Zr, developed by Suzhou Beifeng Technology, with
a particle size range of 15-53 pm. The selected Er powder had
a particle size of 1 pm and the TiB, powder had a particle size
of 100 nm. 1wt% TiB, particles and 0.5wt% Er powder were
mixed with the Al-Mn-Mg-Sc-Zr alloy by vacuum homogeni-
zation method. The vacuum homogenizer ZYMC-200V was
used. The morphology and particle size of the maxed com-
posite powder are shown in Fig.1a and Fig.1b, respectively.

The LPBF device used in this study was SLM100-N2,
independently developed by Xi’an Jiaotong University. Cubic
sample of 8 mmx8 mmx8 mm was printed under the constant
parameters: laser power of 400 W, scanning speed of 1000
mm/s, hatch spacing of 100 um, and layer thickness of 30 pum.
In the LPBF process, the oxygen content in the forming
chamber was controlled within 10° pg/L to prevent high-
temperature oxidation of the material.

JEM-IT500 tungsten filament scanning electron microscope
(SEM), manufactured by JEOL Ltd, Japan, was used to
observe the microscopic morphology of the samples in detail.
Phase analysis of the samples was performed using a
transmission electron microscope (TEM), an energy disperse
sectroscope (EDS), and a Bruker D8 ADVANC X-ray
diffractometer (XRD, Germany) within scanning range of 10°—
90° .
analyzed using MDI JADE6.0 software. The grain size,
orientation, and texture of the samples were analyzed by
electron backscatter diffraction (EBSD) using a JSM-7900F
field emission SEM manufactured by JEOL Ltd, Japan. The
EBSD data were then processed using Channel 5 software.

The acquired diffraction data were processed and

The mechanical properties of the samples were tested by
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Fig.1 Morphology (a) and particle size distribution (b) of Er-TiB,/Al-Mn-Mg-Sc-Zr powder
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tensile test on an Instron M4206 machine at a strain rate of
1 mm/min, according to GB/T 228.1-2010 standard.

3 Results and Discussion

3.1 Phase analysis

Fig. 2 shows XRD patterns of the Al-Mn-Mg-Sc-Zr alloy
and Er-TiB,/Al-Mn-Mg-Sc-Zr composite samples. It can be
seen that the diffraction peak of Al (111) is significantly
enhanced and becomes more intense than that of Al (200) after
the addition of the reinforcing phases. This phenomenon
occurs because TiB, has excellent thermal conductivity,
enabling more efficient heat transfer from the center of the
molten pool to its surrounding areas, making the temperature
distribution in the molten pool more uniform, and thus
optimizing the temperature gradient"”. The optimized
temperature gradient will guide the grain growth along the
direction of heat flow. Since the (111) crystal plane is the most
densely packed plane of Al atoms, under the appropriate
temperature gradient conditions, Al atoms are more inclined to
nucleate on the surface of TiB, particles with the (111) crystal
plane, thereby increasing the nucleation rate of the (111)
crystal plane. In terms of phase composition, only the fcc-Al
phase is observed in the Al-Mn-Mg-Sc-Zr alloy, while the
diffraction peak of Al,Sc is detected in the Er-TiB,/Al-Mn-Mg-
Sc-Zr alloy, indicating that Al,Sc phase particles are generated
in the composite sample. Additionally, TiB, is detected, and no
other Ti-containing compounds are detected, indicating that
TiB, does not react with the Al matrix. The diffraction peak of
ALEr is also detected in the composite, which indicates that

the reaction of Al and Er generates the ALEr phase.
3.2 Microstructure analysis

According to EBSD image of the Al-Mn-Mg-Sc-Zr alloy
(Fig. 3a), it can be seen that the Al-Mn-Mg-Sc-Zr alloy
prepared by LPBF is mainly composed of columnar grains
growing along the forming direction, with small equiaxed
grains present at the molten pool boundaries. Fig. 3b shows
that the columnar grain region is significantly reduced after
the addition of the reinforcing phases. The columnar crystal
size decreases, and the equiaxed grain region increases signifi-
cantly and becomes denser near the molten pool boundary.
This is because TiB, and Er are uniformly distributed in the
matrix to form a dispersed phase, which inhibits the grain
growth"”. ALEr phase is formed in the LPBF process,
exhibiting good interfacial coherence with the matrix. The
melting point of ALEr is much higher than that of the matrix
powder, so ALEr remains solid once formed, and acts as a
heterogeneous nucleation site during melt crystallization,
preventing the flow of the molten pool, hindering grain
growth, and thus further enhancing the grain refinement effect.

It can be seen from Fig.4a and 4b that both alloys exhibit a
certain degree of texture. Specifically, the orientation strength
of Al-Mn-Mg-Sc-Zr alloy in the [001] direction reaches 4.80
multiple of random distribution (mrd). After the addition of Er
and TiB,, the maximum texture strength is lower than 2.99
mrd, the texture is weakened, and the polar intensity distri-
bution is very uniform. This indicates that the addition of
nanoparticles can eliminate the anisotropy caused by temper-
ature gradient during the LPBF process, thereby enhancing the
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Fig.2 XRD patterns of formed samples: (a) overall patterns; (b) magnified patterns of area A; (c) magnified patterns of area B

Fig.3 EBSD images of Al-Mn-Mg-Sc-Zr (a) and Er-TiB,/Al-Mn-Mg-Sc-Zr (b) samples
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Fig.4 EBSD pole diagrams of Al-Mn-Mg-Sc-Zr (a) and Er-TiB,/Al-Mn-Mg-Sc-Zr (b) samples
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multi-directional grain growth. Consequently, the material will ferent directions, and it will be less prone to brittle fracture!.
display more uniform mechanical behavior under stress in dif- Fig. 5 shows TEM analysis results of 0.5wt% Er-1wt%
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Fig.5 TEM images and corresponding EDS mappings of ALEr, TiB,, and Er (a, c); magnified TEM image and corresponding EDS mappings of
dotted area in Fig.5a (b)
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TiB,/Al-Mn-Mg-Sc-Zr alloy. It can be seen from Fig.5a that
Er and TiB, are distributed both inside the grains and at the
grain boundaries. As shown in Fig. 5b, Er and TiB, are co-
distributed in the composite matrix, and TiB, is attached to Er-
containing structure, which has a stabilization effect on the Er
while stabilizing the matrix structure. The spherical ALEr
phases can be found, indicating that element Er exists in the
matrix not only as individual atoms but also in the form of
ALEr phase. In Fig. 5c, a large number of dislocations are
accumulated around the ALEr phases. This phenomenon
originates from the incorporation of element Er into the matrix
during fabrication, coupled with thermal stress created inside
the material during the LPBF process. When the AL Er phase
is formed, the matrix around the ALEr phase experiences
greater stress in the thermal cycling process due to the rela-
tively large difference in thermal expansion coefficients between
ALEr and the matrix. These thermal and residual stresses lead
to the generation and proliferation of dislocations, which are
accumulated around the ALEr phases. This is because of the
dislocation-pinning effect of ALEr phase, making it difficult
for the dislocation to escape from the ALEr phases. It is found
that the element Sc forms AlLSc phases, with extensive
dislocations accumulated around them during the formation
process. This suggests that both AlLSc and ALEr can
accumulate and pin dislocations. Furthermore, EDS mapping
shows that TiB, is distributed adjacently to Sc-rich region,
indicating that TiB, also has a certain stabilization effect on Sc.

Fig. 6 shows the favorable interface matching among Er,
TiB,, and the Al matrix. It can be seen from Fig.6a that the Er
reacts with Al matrix to form ALEr. The lattice constant of
ALEr is 0.4215 nm, while that of the Al matrix is 0.4043 nm,
resulting in a lattice mismatch of only 4.1%. As shown in
Fig.6d, the lattice constant of TiB, is 0.3028 nm, with a lattice

mismatch of only 25.2% relative to the Al matrix. This
demonstrates that Er and TiB, can achieve favorable interface
matching with the Al matrix through direct and indirect
interactions, respectively. Such good interface compatibility
enhances the heterogeneous nucleation efficiency of the
reinforcing phases, especially for Er and TiB,, which is crucial
for improving material properties®. Additionally, the
dispersed distribution of Er and TiB, within the matrix
complicates the interface network, thereby contributing to
enhancement of the mechanical properties of the material.
3.3 Mechanical properties

Tensile tests were performed on the two alloys, and the
results are shown in Fig.7. Compared with Al-Mn-Mg-Sc-Zr
alloy, the Er-TiB,/Al-Mn-Mg-Sc-Zr alloy exhibits a 13.4%
increment in tensile strength and a 26.4% increment in
elongation. This is because the addition of Er forms many
nano-sized ALEr phases in the aluminum matrix. These fine
compounds will hinder the movement of dislocations inside
the aluminum matrix and induce the accumulation of
dislocations around them, further restricting the movement of
other dislocations. Additionally, ALEr also acts as a
heterogeneous nucleating agent during the solidification
process of the molten pool, promoting the nucleation and
growth of a-Al grains and thereby achieving grain refinement.
The addition of TiB, particles optimizes the temperature
gradient, improves the laser absorption efficiency of
aluminum matrix, promotes the precipitation of secondary
phase, and facilitates the nucleation,
collectively contributing to the formation of an excellent
microstructure. Therefore, the mechanical properties are
greatly improved. Based on this study, the properties of the
current aluminum alloy materials are compared. The fracture

heterogeneous

morphologies of the two alloys are depicted in Fig. 8. The

-«
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Fig.6 Lattice matching between Er and Al interface (a-b) as well as TiB, and Al interface (c—d)
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Fig.7 Stress-strain curves of Al-Mn-Mg-Sc-Zr and Er-TiB,/Al-Mn-
Mg-Sc-Zr alloys formed by LPBF

fracture surface of the Al-Mn-Mg-Sc-Zr alloy exhibits a
combination of cleavage and dimple features (Fig. 8a),
indicating a mixed fracture mode encompassing both ductile
and brittle characteristics. In the locally magnified image
(Fig. 8b), the quantity and size of dimples are small,
confirming a quasi-brittle fracture behavior with limited
toughness. In contrast, the fracture surface of the Er-TiB,/Al-
Mn-Mg-Sc-Zr alloy (Fig.8c) is dominated by dimples without

any cleavage facets. Higher-magnification observation

(Fig.8d) reveals that these dimples are larger and deeper than
those in the AlI-Mn-Mg-Sc-Zr alloy, showing a ductile fracture
mode, which reflects the excellent toughness of the alloy.
These observations from the fracture morphology are
consistent with the elongation results.

3.4 Strengthening mechanisms

(1) Hall-Petch strengthening

The Hall-Petch strengthening mechanism in materials is
because the greater the number of grains, the more the grain
boundaries. In the solidification process, adjacent grains will
squeeze each other due to the interaction forces generated by
grain growth, resulting in plastic deformation. Dislocations
form inside the grains, slipping and multiplying along the
crystal planes, and thereby creating a stress field near the
grain boundaries. Grain refinement enhances material strength
by increasing the number of grain boundaries, which
effectively hinders dislocation motion"”. The longitudinal
sections of Al-Mn-Mg-Sc-Zr and Er-TiB,/Al-Mn-Mg-Sc-Zr
alloys are shown in Fig.9.

(2) Solid solution strengthening

In the AI-Mn-Mg-Sc-Zr alloy, some Mn and Mg atoms will
dissolve into the aluminum matrix, where they exert a pinning
effect on dislocations, impeding the dislocation movement and
thus increasing the alloy * s strength. During the forming

Fig.9 Schematics of longitudinal sections of AI-Mn-Mg-Sc-Zr (a) and Er-TiB,/Al-Mn-Mg-Sc-Zr (b) alloys formed by LPBF
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process, the Sc, Er, and TiB, will precipitate to form
secondary phases that do not dissolve in the aluminum
matrix. The content of the element Zr is very low, so only
the solid solution strengthening of elements Mn and Mg
is considered"®.

(3) Orowan strengthening
The obstruction of dislocation movement by dispersed
nanoparticles in the material can enhance its strength, and this

Fig.10 Strengthening and toughening mechanisms of Er-TiB,/Al-Mn-
Mg-Sc-Zr alloy™”

strengthening mechanism is called dispersion strengthening
(or Orowan strengthening). Due to the presence of Sc in both
the base material and the composites, the Sc-containing
phases are not the primary focus for the discussion of the
Orowan strengthening mechanism in this research. Therefore,
dispersion strengthening effect refers specifically to that
caused by TiB, and Er nanoparticles. TiB, and Er achieve the
strengthening effect by pinning dislocations within grains and
at grain boundaries. The strengthening and toughening
mechanisms of Er and TiB, are shown in Fig.10!"".

(4) Load-bearing reinforcement

In the composite material, as depicted in Fig. 11, TiB, and
Er are evenly distributed throughout the matrix. A strong inter-
facial bonding exists between the reinforcing phases and the
matrix, enabling effective load transfer. Under tensile loading
conditions, the softer Al matrix transfers load to the harder
reinforcing phase particles, thereby enhancing the mechanical
properties of the material. As shown in Fig.11, the cellular net-
work structure is clear, continuous, and dense, with the reinforcing
particles well-integrated into their surrounding matrix®".

(5) Dislocation density reinforcement

As seen in Fig. 12, significant dislocation accumulation
occurs in the Er-TiB,/Al-Mn-Mg-Sc-Zr alloy. The formation
of dislocations in the alloy is attributed to not only the thermal
stress induced by rapid cooling during the forming process,
but also the mismatch in thermal expansion coefficients
between the reinforcing phase and the matrix™.
3.5 Toughening mechanism

Based on the experimental results, the elongation at break

Fig.12 Internal dislocation distributions in grains of Er-TiB,/Al-Mn-Mg-Sc-Zr alloy
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and the tensile strength of the dual-phase composite can reach
a maximum of 18.7% and 550 MPa, respectively. Generally,
the improvement in tensile strength is often accompanied by a
sacrifice in toughness. For nanocomposites, however, the
good interfacial bonding between the reinforcing phase and
the matrix, as well as the grain refinement effect, can alleviate
this trade-off.

Grain refinement can enhance ductility. As the grains are
refined, columnar grains are gradually transformed into
equiaxed grains. The total number of grains increases, and
consequently, the grain boundaries increase as well. The stress
concentration borne by individual grains is reduced and can be
released over time, which decreases the possibility of crack
nucleation. Randomly oriented equiaxed grains are beneficial
to the improvement of plasticity. During the tensile
deformation of columnar grains, local strain makes it difficult
to release stress concentration, increasing the likelihood of
crack generation. In contrast, non-oriented equiaxed grains are
subjected to uniform stress, reducing local strain. Meanwhile,
the deformation coordination ability is enhanced, and the
relatively low stress concentration can be released over time,
thereby achieving more uniform plastic deformation and
increasing the elongation at fracture. Therefore, grain
refinement is one of the key reasons for the increase in
elongation at break.

The distribution of the reinforcing phase is another
important factor influencing the eclongation at break.
Experiments show that the reinforcing phase particles are
discretely distributed both intragranularly and intergranularly,
and these particles are well bonded to the matrix. The lattice
constants of ALEr and the aluminum matrix are highly similar,
and there is good atomic coordination between them. When
the material is subjected to external forces, load can be more
effectively transferred from the matrix to the ALEr phase.
When the lattice constants of the precipitated phase are close
to those of the aluminum matrix, the interfacial lattice
mismatch is very small. A small lattice mismatch means
minimal stress generated due to lattice distortion at the
interface between the ALEr phase and the aluminum matrix.
Such a low-stress interface can effectively prevent the
initiation and propagation of cracks at the interface. Since the
generation and propagation of cracks typically need to
overcoming specific energy barriers, the low-stress interface
reduces the driving force for crack formation, thereby
improving the toughness of the material. While causing a
dislocation-pinning effect within the microstructure, the
reinforcing phases are closely combined with the matrix,
hindering the grain growth. Most cracks are suppressed by the
reinforcing phases, and the fracture is mainly dominated by
dislocation activity. Therefore, the increase in elongation at
break of nanocomposites can be attributed to the inhibitory
effect of the reinforcing phases on cracks.

4 Conclusions

1) The addition of Er in the Al-Mn-Mg-Sc-Zr alloy leads to
the formation of fine ALEr phases through reaction with the

matrix. The addition of TiB, can optimize the influence of
temperature gradients in the forming process and promote the
precipitation of more secondary phase.

2) In the Er-TiB,/Al-Mn-Mg-Sc-Zr alloy, the grains exhibit
obvious refinement, and the texture strength tends to weaken.
This indicates that the addition of reinforcing phase refines the
grains and reduces the anisotropy caused by temperature
gradients during the LPBF forming process. Consequently, the
multidirectional growth of grains is enhanced.

3) The Er-TiB,/Al-Mn-Mg-Sc-Zr alloy achieves a tensile
strength of 550 MPa and an elongation at break of 18.7%.
Compared with those of the Al-Mn-Mg-Sc-Zr alloy, both the
strength and plasticity are significantly improved. The
strengthening  mechanisms  underlying the enhanced
mechanical properties of the Er-TiB,/Al-Mn-Mg-Sc-Zr alloy
are analyzed.
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