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Directed energy deposition (DED) of aluminum with infrared lasers faces many processing issues, e.g., poor forma-
bility, pore formation, high reflectivity, all lowering the productivity. In this paper, we developed and applied a
2 kW high-power (450 nm) blue laser directed energy deposition (BL-DED) of a nano-TiB2 decorated AlSi10Mg
composite. The single-track experiment reveals that the required power density of blue laser to form fully melted
track is lower than that of an infrared laser (1060 nm). Under the laser power of 900 W with a scanning speed
of 4 mm/s, the width and depth of molten pool is approximately 2500 pm and 350 pm respectively with blue
laser, while the powders are not fully melted with infrared laser, owing to aluminum’s higher absorption at blue
laser wavelengths. The area fraction of equiaxed grains accounts for as high as 63% at 4 mm/s. To the best of
our knowledge, this result is the highest area fraction of equiaxed grains in a single-track molten pool of DED
process. Such a high fraction is mainly due to the low thermal gradient (8 x 10° K/m) of the flat-top blue laser
and the refining effect of nano TiB2 particles. Our work demonstrates that high-power blue laser has enhanced
both efficiency and build quality compared to DED of aluminum alloys and composites using an infrared laser,

which also promises to help process other high-reflectivity materials like copper alloys.

1. Introduction

Additive manufacturing (AM) has become more and more popular in
recent years because it can manufacture parts with complex shapes [1],
customizing the microstructure and properties for various specific appli-
cations [2]. Directed energy deposition (DED), as a generally accepted
AM method for metals, is a technique in which a focused energy source
is used to fuse materials by melting as they are being deposited [3].
In addition, DED technology has advantages for component repair and
surface improvement. [4]. However, challenges such as poor formability
and low strength [5,6], exist in DED when processing alloys such as alu-
minum (Al) [7], copper (Cu) [8,9] etc. Infrared lasers with a wavelength
of >1 pm are commonly employed in current DED processing. However,
Al alloy has a relatively high reflectivity in the infrared region [10] and
often requires a high laser power to process such materials. According
to Dausinger and Shen et al. [11], the absorption rate of Al alloys un-
der the infrared laser is merely 5% calculated by the Fresnel absorption
equation. In addition, the characteristics of grains in the molten pool are
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affected by the temperature gradient (G) and solidification growth rate
(R). A high temperature gradient under an infrared laser with gaussian
distribution can lead to columnar grain growth, which is detrimental to
the properties of components [12]. Furthermore, a low energy conver-
sion efficiency can lead to the formation of pores [13] due to limited
fusion at low laser power and a violent fluctuation of the molten pool
at high laser power, lowering the productivity of DED Al alloys.

One solution is to improve the powder absorbance by adding pho-
tothermal additives, e.g. reduced graphene oxide [14]. Another effective
solution is to find a more suitable laser source. Tumkur et al. [15] found
that the Bessel beam stabilizes the internal turbulence and accelerates
the solidification speed of the molten pool by reducing the temperature
gradient. Meanwhile, Roehling et al. [16] suggested that an elliptical
beam can improve the microstructure of materials and reduce the ra-
tio of columnar grains, compared with a gaussian beam. Unfortunately,
these methods are all based on infrared lasers and don’t address the
difficulty that low absorption alloys pose. Alternatively, a laser source
with a much shorter wavelength, specifically blue lasers (wavelength
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Table 1

Chemical compositions of AlSi10Mg/TiB2.
Element  Si Mg Fe Ti+B Al
Wt. (%) 9.61 0.41 0.13 6 Bal.

of 450 nm), have a much greater absorptivity by Al alloys [17-19]. As
a new laser source [20], the advantages of blue laser include a com-
pact structure and a long service life. For some metals, especially the
traditional high reflectivity ones (such as Al, Cu), there is a higher ab-
sorption rate in blue laser than that in the infrared region. Meanwhile,
Wang et al. [10] developed a 250 W high-power blue laser (445 nm) and
significantly increased the absorption rate of laser in welding of steel.
In addition, Abhishek et al. [21] used a 500 W diode blue laser pro-
duced by NUBURU for welding of AISI 316 L stainless steel, finding that
the blue laser welding can reduce the discontinuity of the welding area
and has excellent mechanical properties. Subsequently, a 1000-1500 W
high-power blue laser generator has been developed by Laserline GmbH
[22] to carry out the research for copper welding. However, the forma-
bility of aluminum matrix composites under blue laser directed energy
deposition (BL-DED) is not yet known and the advantage of the blue
laser in processing of aluminum has not been proven.

Aluminum alloys and composites have been widely used in in-
dustry and high-quality parts fabricated by the DED process is ur-
gently required [23,24]. Here, we first applied a 2 kW high-power
BL-DED of nano-TiB2 decorated AlSi10Mg composite. The formability
of AlSi10Mg/TiB2 composite under both infrared and blue laser were
quantitatively analyzed by both experiment and simulation.

2. Materials and methods

In this experiment, the spherical AlSi10Mg/TiB2 powders prepared
by gas atomization were used. The average particle size was 60 pum and
the chemical composition is shown in Table 1, expressed by weight score
(wt.%). The substrate was cold rolled AlSi10Mg substrate. All experi-
ments were carried out on a machine (LDM 4030, China), which can
be equipped with different laser devices, such as blue and IR lasers.
The beam radius of the laser is the distance between the beam center
and the beam edge where the intensity drops to 1/e? (13.5%) of the
maximum value. Both laser beams were focused to a beam diameter
of 2.5 mm and their intensity profiles were measured by the Charged
Coupled Device using the method depicted by [25]. The blue laser has

Gaussian infrared laser
Power density (W/mm?)

Flat-top blue laser
Power density (W/mm?)

1
0
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Table 2
Processing parameters of the single track under blue and in-
frared lasers.

Blue laser Infrared laser
Wavelength (nm) 450 1060
Laser power (W) 900 900
Scanning speed (mm/s) 4,6,8,10 4,6,8,10
Powder feeding rate (g/min) 1.5 1.5
Laser beam diameter (mm) 2.5 2.5
Average power density (W/mm?) 183.3 183.3

a flat-top distribution whereas the infrared laser has a gaussian distri-
bution. The processing parameters of single-track samples are shown in
Table 2. Fig. 1(a) and (e) show the energy distribution of the infrared
and blue laser sources respectively, both calculated and plotted in MAT-
LAB. Eq. (1) and (2) are the energy distribution functions of the gaussian
laser and flat-top laser, respectively [26,27]:

73(x2+y2)
3Pe; e
anussian(x’ y) = P e ! (1)
nrl
V2 \'
Pe, &)
qFIar(x7 »= _23 )
r

1

where ggaussian @0d g, are the laser energy density of gaussian and
flat-top distributions respectively, e; is the absorption rate of infrared
laser, e, is the absorption rate of the blue laser, r; represents the beam
radius of lasers, P is the laser power, and n is the polynomial order of the
flat-topped beam. We adopted the trial-and-error method, validating the
equation parameters with the temperature distribution of molten pool
detected by paraxial infrared camera. The measured temperature distri-
butions are in good agreement with the calculated ones when n = 30.

The microstructures of the single tracks with different scanning
speeds v are characterized using an optical microscope (OM) and an elec-
tron backscattered diffraction (EBSD) detector under a scanning electron
microscope. A Computational Fluid Dynamics (CFD) model is developed
to reveal the physical mechanisms using commercial software Flow3D
(Flow Science, USA) [28]. The simulation domain consists of one layer of
powder particles and a substrate, where the dynamic powders are blown
to the surface of the substrate, filling the powder domain. The detailed
modeling process is in the supplementary document.

Fig. 1. Numerical visualization of the laser source model and experimental transverse cross-sections of the molten pool at different laser melting parameters: (a)
the energy density of a gaussian infrared laser beam, and the molten pool produced by the infrared laser with P = 900 W and v = (b) 4 mm/s, (c) 6 mm/s, and (d)
10 mm/s; (e) the energy density of a flat-top blue laser beam, and the molten pool produced by blue laser at P = 900 W and v = (f) 4 mm/s, (g) 6 mm/s, and (h)

10 mm/s.
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Fig. 2. Effects of laser scanning speed on: (a) height of the molten pool; (b) width; (c) depth and (d) area of molten pool.

3. Results and discussion
3.1. Characteristics of the cross-section of the molten pool

Fig. 1 shows transverse cross-sections of the molten pool using an
infrared and a blue laser at different laser melting parameters. Using an
infrared laser beam, the powder particles are partially melted at v = 4
and 6 mm/s (Fig. 1b-c). As v increased to 10 mm/s, no distinct molten
pool is evident (Fig. 1d). Some of the powder particles do not bind to
the substrate, indicating that the substrate did not melt. In contrast, the
AlSi10Mg/TiB2 powders are fully melted by the blue laser. Fig. 1 (f-h)
shows that all the molten pool geometries exhibit a hemi-spherical
shape, indicating the melting process was in a heat conduction mode.
These results show that the printability of A1Si10Mg/TiB2 composite us-
ing the blue laser is better than that of the infrared laser by DED process.
Moreover, there are some black spots of the molten pool under the opti-
cal microscope, as shown in Fig. 1 (f-h). These black spots may contain
defects, segregation of TiB2 particles, and Si phases that are corroded
during etching.

Fig. 2 shows the measurements of molten pool geometries of
AlSi10Mg/TiB2 composite using both laser sources. Fig. 2(a)-(d) show
the measured height, width, depth and area of molten pool respectively.
With increasing v, the height and area of the molten pool decrease under
900 W blue or infrared laser. In general, the molten pool area under the
blue laser is much larger than that under the infrared laser. However,
the width and depth of the molten pool remain unchanged with increas-
ing v by the blue laser, in which the average width is ca. 2500 pm and
average depth is ca. 350 um. The width of the molten pool is roughly
the same as the blue laser diameter.

3.2. The distribution of grains and single-track simulation

Fig. 3(a), (c), (e) and (g) show EBSD maps of cross-section images of
a single-track AlSi10Mg/TiB2 composite under a 900 W blue laser at 4,
6, 8 and 10 mm/s respectively. A distinct transition from columnar to
equiaxed grains can be seen from the bottom to the top of the molten
pool. From the histogram of equiaxed and columnar grains, the size
of the equiaxed grains is mainly below 50 pum, meanwhile there are
also larger grains because of continuous heat input. Furthermore, the
major size distribution of the large columnar grains is between 20 and
60 pm.

Fig. 4(a), (b), (c) and (d) show the measured area fraction of colum-
nar grains, equiaxed grains and a mixture of both at different scan-
ning speeds. Especially, grains with length to width aspect ratio less
than 2 are regarded as equiaxed grains [29,30]. Evidently, the ratios of
equiaxed grains are 63%, 60%, 57%, and 55% at scanning speeds of 4,
6, 8, and 10 mmy/s, respectively. Fig. 4(e) shows that the area fraction
of equiaxed grains reported in the study is the highest among the ref.
studies [16,30-34]. The high proportion of equiaxed grains will in part
be due to the presence of TiB2, as it is a potent grain refiner [35].

The simulation results in Fig. 5(a) and (b) clearly illustrate the
molten pool morphology, consistent with the experimental results.
Fig. 5(c) and (d) show the temporal evolution of temperature gradi-
ent (G) and velocity at the solid-liquid (S/L) interface (R) for BL-DED.
Local G and R in the molten pool at a given time are calculated using
the specific formula [36] outlined in the supplementary document. The
G and R values obtained by simulation are displayed on a solidification
map showing the boundaries of the fully columnar, equiaxed, and mixed
regions, and the predicted grain structure.
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Fig. 3. EBSD maps of AlSi10Mg/TiB2 composite fabricated by the BL-DED: (a), (c), (e), (g) under 900 W blue laser with 4, 6, 8, 10 mm/s (cross section view); (b),

(d), (f) and (h) corresponding histogram of equiaxed (red) and columnar grains (blue).
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Fig. 5. Simulation results of single-track AlSi10Mg/TiB2 composite under 900 W blue laser at 4 mm/s: (a) 3D temperature distribution diagram, (b) temperature
distribution in the cross-section view at t = 916 ms, (c) temperature gradient G between the reference points varying with the time, (d) G-R solidification map
showing temporal evolution temperature gradient (G) versus solid/liquid interface velocity (R) for locations in the molten pool of blue laser deposition. Point A is
the top of the molten pool, Point B is the bottom of the molten pool at 988 ms, and Point C is the bottom of the molten pool at 916 ms. The distance between point

A and B is 735 pm, and the distance between points B and C is 552 pm.

Fig. 5(c) shows that the maximum temperature gradient between the
top and bottom of the molten pool is 8 x 10° K/m. In particular, the tem-
perature gradient in BL-DED is affected by the uniform energy distribu-
tion of the flat-top blue laser. To this end, we established a G-R diagram
based on BL-DED of AlSi10Mg/TiB2 composite. Fig. 5(d) illustrates the
G-R solidification map in the molten pool of blue laser deposition. The
solid lines represent boundaries among columnar, mixed and equiaxed
grains. At time t = 916 ms, that is the initial stage of solidification, the
largest value of G is 8 x 10° K/m. At t = 988 ms, the largest value of
G is 5.1 x 10° K/m. In addition, the solidification rate at the top of
the molten pool increases between 916 ms to 988 ms. At t = 988 ms,
G-R pairs have moved from the columnar to columnar-equiaxed mixed
region due to smaller Gs and larger Rs.

In the DED process, the solidification process is initially oriented di-
rectionally from the S/L interface boundary, and columnar grains gen-
erally grow perpendicular to the S/L interface in laser melted single
tracks at the initial stage [34]. However, the G gradually decreases
and R increases as the solidification process continues, which is instru-
mental in the nucleation of equiaxed grains. In this study, the blue
laser has a flat-top distribution, which means a relatively more uni-
form distribution of laser power density than that of the infrared laser.
The difference of temperature between the top surface and the bottom
of the molten pool is relatively smaller, producing lower temperature
gradients. Lowering the temperature gradients with blue laser leads
to a higher nucleation frequency and contributes to the formation of
equiaxed grains, producing higher mechanical properties through grain-

boundary strengthening. The grain size is significantly affected by the
cooling rate in DED process. A higher cooling rate results in finer grain
structure because only a short time is available for grain growth. There-
fore, as the scanning speed increases, the average grain size of the
molten pool decreases. Besides, reducing the thermal difference between
the boundary and center of the melt pool could also stabilize the heat
and mass transport, which is conducive to reducing the spatters in the
manufacturing process and the porosity in the structure of materials
[37,38].

4. Conclusion

Here we investigate the single tracks of AlSi10Mg/TiB2 composite
made by high-power blue and infrared lasers at a laser power of 900 W at
several different scanning speeds. Higher forming efficiency using a blue
laser has been achieved due to higher absorption. EBSD results show a
distinct transition from columnar to equiaxed grains in the cross-section
view of the molten pool of BL-DED. In particular, the area fraction of
equiaxed grains accounts for as high as 63% at 900 W blue laser and
4 mm/s, producing a very high area fraction of equiaxed grains in a
DED single-track. Such a high fraction of equiaxed grains is mainly due
to the low thermal gradients of the flat-top blue laser and the refining
effect of nano TiB2 particles. The mathematical model validates that G-
R pairs have moved from the columnar to the mixed columnar-equiaxed
region during the solidification process of BL-DED due to the decreasing
Gs and increasing Rs.
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