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A B S T R A C T   

Eliminating hot cracking and achieving a good strength-ductility synergy in selective laser melted (SLMed) high- 
strength aluminium alloys remain challenging. We here inoculated 7050 high-strength aluminium alloy with 2 
wt% Ti nanoparticles to eliminate hot cracking during SLM. Furthermore, ultrafine equiaxed grains with random 
textures were achieved in SLMed 7050 – 2 wt% Ti alloy, in contrast to the textured columnar grains observed in 
SLMed 7050 alloy. A high tensile yield strength of 393 MPa and an elongation of 11.6 % were achieved in SLMed 
7050 – 2 wt% Ti alloy.   

1. Introduction 

Aluminium alloys have been widely used not only for aerospace and 
automotive applications, but also for medical applications (e.g., ortho
pedic, endoscopic, spinal, trauma, and surgical scenarios), due to their 
low density, high specific yield strength, and reasonable tensile 
ductility, etc. [1]. As a typical additive manufacturing (AM) technology, 
selective laser melting (SLM) enables to rapidly fabricate complex- 
geometry components layer-upon-layer [2]. Although some commer
cial alloys with exceptional mechanical properties have been success
fully fabricated via SLM [3,4], commercial aluminium alloys often 
encounter severe hot tearing during SLM [2], except a few near-eutectic 
Al-Si alloy with a narrow solidification range [5]. Such severe hot 
tearing often occurs along the grain boundaries of textured columnar 
grains that are triggered by steep temperature gradients intrinsic to SLM. 
How to process these high-strength aluminium alloys via SLM remains a 
long-standing challenge. 

Recently, it has been proven that incorporating inoculants can pro
mote the heterogenous nucleation and the formation of equiaxed grains, 
which easily accommodate strains and suppress hot cracking during 
SLM. However, most inoculants (e.g. Nb, Ta, Sc) are source-critical, 
costly, and/or heavy, the minor addition of which would increase the 
density and the cost of the AM aluminium alloys. On the other hand, 
although some lightweight and/or cheap grain refiners were tried, the 

resultant tensile properties, especially the tensile ductility, are limited 
[6]. Herein, we selected Ti nanoparticles as an inoculant for 7050 
aluminium alloys during SLM. Among vast inoculants, Ti is relatively 
lightweight and cheap, and has been proven effective for non-weldable 
aluminium alloys, such as 2xxx series aluminium alloys. The resultant 
alloy in the current study shows good printability and a good strength- 
ductility combination. 

2. Experimental 

The detailed information regarding the powder preparation, SLM 
processing, microstructural and mechanical characterization have been 
given in Supplementary File. 

3. Results and discussion 

Fig. 1 presents typical micrographs of the 7050 aluminium alloy 
particles inoculated with 2 wt% Ti elemental particles. Obviously, the 
7050 aluminium alloy particles are nearly spherical in shape with an 
average diameter of approx. 30 µm (Fig. 1a). Occasionally, gas pores 
were observed within the 7050 particles (Fig. 1a). The nanoscale Ti 
elemental particles are uniformly distributed on the micro-sized 7050 
aluminium alloy particle surface, with no obvious agglomeration 
(Fig. 1b). This also demonstrates that our powder mixing approach is 
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effective to uniformly mix micro-sized particles together with nanoscale 
ones. 

Fig. 2a presents the relative density of the SLMed 7050 – 2 wt% Ti 
alloy built with different laser powers and laser scan speeds which lead 
to a wide range of the volumetric energy density. Clearly, the relative 
density value increases with the increase in the volumetric energy 
density, and peaks at approx. 76 J/mm3 followed by a slight decrease. 
Fig. 2b-d present typical OM micrographs of the SLMed 7050 – 2 wt% Ti 
alloy built with low, medium, and high regimes of the volumetric energy 
density, respectively. It can be seen that the low relative density at a 
volumetric energy density of 55 J/mm3 can be attributed to the for
mation of large-sized lack-of-fusion defects (Fig. 2b). Lack-of-fusion 
pores are often formed due to the insufficient heat input, such as low 
laser powers, or high laser scan speeds. Insufficient heat input usually 
leads to the insufficient overall rheological properties within the melt 

pool and hence very poor metallurgical bonding between particles [7]. 
The highest relative density was achieved at a laser power of 250 W and 
a laser scan speed of 1100 mm/s, resulting in a volumetric energy 
density of 76 J/mm3. Consistent with the relative density plot shown in 
Fig. 2a, the OM micrograph of the sample built with 76 J/mm3 dem
onstrates a very dense microstructure, with few pores observed (Fig. 2c). 
Too high heat input triggers the formation of numerous spherical pores 
(Fig. 2d), indicative of the key-holing mode activated [8]. Specifically 
speaking, when the energy input is superhigh, the material vaporization 
would be more frequent, and the recoil pressure would be generated 
towards the melt pool. Therefore, the liquid is pressed downwards to the 
melt pool bottom, leading to the formation of deeper and narrower melt 
pools. Such melt pools are very unstable and the collapse of the liquid 
would generate a vapor void in the melt pool. So we can see that 
numerous spherical keyhole pores are formed after the peak at 76 J/ 

Fig. 1. A. A typical optical microscopy (OM) micrograph showing the near-spherical shape of the 7050 aluminium alloy particles, with occasional gas pores. b. A 
scanning electron microscopy (SEM) micrograph of the composite powder particle showing the uniform distribution of the nanoscale Ti elemental particles on the 
micro-sized 7050 aluminum alloy particles. 

Fig. 2. A. Relative density plot as a function of the volumetric energy density. b-d. Typical OM micrographs of the SLMed 7050 – 2 wt% Ti alloy built with 55, 76, 
and 92 J/mm3. 
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mm3, resulting in the relative density decrease. It should be noted that 
the process optimization was performed under a constant layer thickness 
of 30 µm and a constant hatch spacing of 100 µm. The variation of the 
layer thickness and hatch spacing would definitely affect the optimal 
laser power-laser scan speed combination. Often, the increase in the 
layer thickness and hatch spacing would require an increased energy 
input to ensure good bonding between adjacent layers and between 
adjacent tracks. At last, we noticed that no cracks were observed in these 
SLMed 7050 – 2 wt% Ti alloy samples. 

Fig. 3a-b present the electron backscattered diffraction (EBSD) in
verse pole figure (IPF) maps of the SLMed 7050 aluminium alloy and the 
7050 – 2 wt% Ti alloy, respectively. The observed planes for both maps 
are the XZ-plane, with the X-, and Z-axis aligned horizontally and 
vertically, respectively. It can be seen that the SLMed 7050 aluminium 
alloy possesses typical coarse columnar grained structures (Fig. 3a). 
These columnar grains grow along the Z axis (or the build direction), 
aligning their 〈100〉 crystallographic orientations parallel to the build 
direction. The width of these columnar grains was estimated to be 
approx. 20 – 150 µm. In contrast, a totally distinct microstructure was 
observed in the SLMed 7050 – 2 wt% Ti alloy, as shown in Fig. 3b. The 
SLMed 7050 – 2 wt% Ti alloy exhibits ultrafine equiaxed grains of 
approx. 1 – 5 µm in average grain size. Furthermore, the random colors 
in the EBSD IPF map (Fig. 3b) also confirms the development of rather 

random textures. The elimination of the highly textured columnar grains 
in the presence of the nanoscale Ti particles can be attributed to the 
following reasons. Those Ti nanoparticles would in situ react with Al in 
the melt pool, triggering the formation of a high density of Al3Ti 
nanoparticles. From a crystallographic point of view, Al3Ti nano
particles are effective heterogeneous nucleating substrates for primary 
Al [9], and hence would promote the formation of profuse equiaxed 
crystals in the solidification front, which prohibit the growth of 
columnar grains, if any. As such, a fully equiaxed grained microstructure 
with random crystallographic textures has been achieved in the SLMed 
7050 – 2 wt% Ti alloy. 

Fig. 4a presents the engineering tensile stress–strain curves of the 
SLMed 7050 aluminium alloy and the SLMed 7050 – 2 wt% Ti alloy. 
Without the introduction of the Ti particles, the SLMed 7050 aluminium 
alloy fails prematurely, with an unacceptable strength and ductility. The 
premature failure can be attributed to the bad printability-induced pre- 
existing cracks. In contrast, the incorporation of Ti nanoparticles 
significantly improves the tensile properties. Specifically, the SLMed 
7050 – 2 wt% Ti alloy exhibits a yield strength of 393 MPa, an ultimate 
tensile strength of 468 MPa, and a tensile ductility of 11.6 %. On the one 
hand, the improved tensile properties benefit from the elimination of 
intergranular hot cracks that easily trigger premature failure. On the 
other hand, the formation of ultrafine equiaxed grains can strengthen 

Fig. 3. A, b. EBSD IPF maps of the SLMed 7050 aluminium alloy and the SLMed 7050 – 2 wt% Ti alloy, respectively.  

Fig. 4. A. Engineering tensile stress–strain curves of the SLMed 7050 aluminium alloy and the SLMed 7050 – 2 wt% Ti alloy. b. A map of yield strength vs. uniform 
elongation of our alloy as compared with some typical as-printed non-weldable aluminium alloys via additive manufacturing. The tensile properties are acquired 
from Refs. [10–15]. 
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and ductilize the materials simultaneously owing to the well-known 
grain refinement strengthening mechanism. Fig. 4b presents a map of 
tensile yield strength vs. uniform elongation of our alloy as compared to 
typical non-weldable aluminium alloys via additive manufacturing, 
showing the good tensile properties of our SLMed 7050 – 2 wt% Ti alloy. 

4. Conclusions 

In this work, 7050 – 2 wt% Ti samples were successfully fabricated 
by SLM. A systematic process optimization was performed to minimize 
lack-of-fusion and key-hole defects. The incorporation of Ti elemental 
nanoparticles suppresses the hot cracking and promotes the formation of 
ultrafine equiaxed grains, with random crystallographic textures. As 
such, a high yield strength of 393 MPa and a good elongation of 11.6 % 
have been achieved. 
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