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Abstract: The influence of Ti addition into Al-based alloy fabricated by laser powder bed fusion (LPBF) technique was demonstrated.

The microstructure characteristics, phase identification and nano-hardness of the LPBF-processed samples without or with 3wt% Ti

addition were investigated by scanning electron microscope, electron backscatter diffraction, X-ray diffraction, transmission electron

microscope and nano-indentation tests. The results reveal that a refined grain microstructure and lower average grain sizes can be

obtained. Due to the heterogeneous nucleation provided by ALTi precipitated phases, the ranges of grain sizes are reduced within 2.5

um. As the low angle grain boundary increases, higher crystal lattice distortion energy contributes to the increase in average nano-
hardness (to 2.36 GPa) and Young’s modulus (to 92.72 GPa) values. The <100> texture of LPBF-processed Al-based alloy with 3wt%
Ti addition is slightly enhanced, while there is still a random crystal orientation. The phase transformation from a-Al to ALiTi can be

obtained.
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Laser powder bed fusion (LPBF) is a laser-based and
powder-based additive technology that
fabricates three dimensional components in a track-by-track
and layer-by-layer fashion™. Complex structures and
geometries can be conventionally produced with a high
relative density up to 99.9% by LPBF for metallic alloys and
composites” *. Attributed to the characteristics of high cooling

manufacturing

rates and rapid solidification, columnar and equiaxed grains
were frequently observed” . The columnar grains are charac-
terized by anisotropic mechanical properties, while the
equiaxed grains are more uniform”. Due to the advantages of
recyclable powders and design freedom, the LPBF technique
has been extensively developed and applied in aerospace,

91 Till now, nickel-

13-15]

automotive industry and biomedical fields
based {012

alloys'

superalloy alloys' and titanium

16-18]

copper
have become the main focus for industrial
applications, which are reported recently, detailing the
existing state-of-the-art corresponding to LPBF processing.
With the increasing demand for lightweight and thermal
conductivity in the automotive industry, aluminium-silicon
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(Al-Si) alloys have received great interests in relevant

920 Because of the reason for near-eutectic

researches
composition in Al-Si alloys, the characteristics of good
weldability and fluidity can greatly reduce cracking risks in
LPBF process”'. Due to the precipitation of Mg,Si particles as
a hardening phase upon aging treatments, the Al-Si alloy with
a small amount of Mg is widely used in casting alloys™.
Previous studies on the LPBF-processed AlSil0Mg alloys
involved processing parameters optimization and heat
treatment to achieve better mechanical properties, such as
fatigue and tensile properties™ *". In recent years, aluminium
alloys reinforced with ceramic particles (aluminium matrix
composites) have attracted great attention for superior
performance utilizing mixture and “in-situ” reactions””. Wang
et al®® added nano-metric TiC powders into AlSil0Mg alloys
to prepare nano-composites by high-energy ball milling. The
hardness and tensile strengths of LPBF-processed samples are
much higher than those of unreinforced parts. Yuan et al™
adopted a simulation method to explore the temperature

distribution and thermal behaviour of the molten pool in TiC/
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AlSil0Mg composites during LPBF process. The simulation
results provide guidance for applying appropriate processing
parameters to avoid pores and cracks in practical experiments.
Zhao et al® used the slurry ball milling process to prepare
carbon nanotubes/AlISil0Mg composites, and observed carbon
dispersion strengthening and reduced electrical resistivity in
LPBF-processed samples. Li et al”" introduced powder
metallurgy technology to
reinforced AlSi10Mg composites powders, which are suitable
for LPBF process. Non-equilibrium solidification characteri-
stics exhibit a coherent interface between nano-TiB, particles
and Al substrate, resulting in excellent ductility and high
tensile strength. Zhao et al® synthetized SiC ceramic
reinforced Al-based composites by LPBF. The nano-hardness
and elastic modulus can be achieved to 2.27 and 78.94 GPa,
respectively, because of the in-situ formation of AlSiC,
phases in the molten pool. Due to the heterogeneous
nucleation effect provided by the in-situ formed AlZr
particles, the crack-free and equiaxed microstructure results in
high strengths during LPBF process by coating 1vol%
hydrogen-stabilized zirconium on the surface of 7XXX and
6XXX aluminium alloys through electrostatic assembly
technique™. As a homologous element with Zr, small addition

of titanium (Ti) can also exert similar effects to refine the
(341

in-situ  synthesize nano-TiB,

solidification structure of aluminium In conventional

casting of aluminium alloy, incorporation with Ti is a common
(351

method to promote grain refinement. Zhang et al®” adopted
thermodynamic calculations to determine the range (Owt% —
2wt% ) of Ti modified Al-Cu-Mg alloys. Utilizing the gas-
atomized powders with Ti content within 1.5wt% during
LPBF process, the heterogeneous nucleation provided by
Al Ti precipitates can effectively promote the grain refinement
and eliminate hot tearing cracks. However, the microstructure
characteristics and its formation mechanism with external Ti
addition have not been reported so far.

This research aims to prepare Al-based alloy/Ti mixed
powders by low-energy ball milling. The microstructure
characteristics, phase identification and formation mechanism
of composites produced by LPBF were analyzed by means of
advanced characterization techniques. The influence of LPBF-
processed samples without or with Ti addition on the grain

boundary distribution and measured nano-hardness was also
discussed.

1 Experiment

1.1 Materials and mixing

The feedstock AlSilOMg alloy was gas atomized powders
with particle size of 15—53 um. To increase the powder bed
density, smaller sizes of Ti powders were adopted. The
distribution of gas atomized micron Ti particle (TAO)
diameters was D,;=6.64 um, D,=12.9 um and D,=23.4 pm.
The determined chemical composition of AlSil0Mg powders
was 9.41wt% Si, 0.42wt% Mg and the balance Al. The
morphology of two types of powders was recorded by SEM
(TESCAN VEGA3, Czech Republic). Most powders show a
regular spherical morphology, as shown in Fig.1a and 1b.

According to the Zhang’s calculation results, the refinement
of predicted grain size is limited when the Ti content is over
1.5wt%"". To verify the conclusion, a double content of Ti
was introduced. Mixed powders with 3wt% Ti were prepared
using a low energy ball milling with a rotation rate of 300
r/minand a holding time of 30 min. The mixture powders
were heated in an oven with a temperature of 80 °C to reduce
the humidity and moisture of the powder surface for
flowability characterization. Fig.2 shows the distribution and
morphology of AlSilOMg/Ti mixed powders with 3wt% Ti.
Most powders display a nearly spherical shape, and no
agglomeration phenomenon can be observed. Fig.2a—2b are
SEM image (left) and back-scattered electron image (right)
with the same Ti content, respectively, in which the grey
particles differ from white particles in element identification.
Due to the trace Ti added into AISilOMg powders, the
distribution of Ti particles is random. Through energy
dispersive spectroscope (EDS) point scanning as indicated in
Fig.2c, the Ti element can be found at point 2, and the Al and
Si elements can be detected at point 1.

1.2 Processing parameters and equipment

The LPBF experiments were performed on a self-developed
machine (Yongnian, Jiangsu, China), as shown in Fig.3. The
equipment was equipped with a 200 W Nd: YAG fibre laser
operated at 1060 nm. The laser spot diameter was set at
approximately 80 pum. After a series of trial runs, a zigzag

Fig.1 Morphologies of powder particles: (a) AISi10Mg and (b) Ti
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Fig.2 Distribution and morphology of AISil0Mg/Ti mixed powders (a—b) and corresponding EDS spectra (c—d)
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Fig.3 Schematic of LPBF

scanning strategy was applied to achieve AISilOMg/Ti
samples with the optimized processing parameters as: laser
power (P)=200 W, scanning speed (v) =1100 mm/s, hatch
space (h)=70 pm and layer thickness (#)=20 um. As a control
group, a LPBF-processed AlSil0Mg without Ti addition was
also prepared. The closed processing chamber was pumped to
high vacuum conditions and then filled with argon atmosphere
to control the oxygen level below 100 pL/L. To compensate
heat dissipation and to reduce residual stress, the heating
temperature under the substrate was set at 100 ° C. During
LPBF, the mixed powders were spread homogeneously on the
substrate by scraper and laser beam scanned pre-spread
powders selectively. Finally, the samples with dimensions of
10 mmx10 mmx5 mm were fabricated accordingly.

1.3 Material characterization techniques

After being removed from the substrate through electrical

discharge machining, the samples were placed in ethanol and
cleaned by ultrasound wave at room temperature for 30 min.
The specimens were then polished, ground and etched with
0.5vol% HNO, for 5 s. SEM (ZEISS EVO 18, Germany) and
X-ray diffractometer (XRD, MiniFlex600, Japan) with Cu-Ka
radiation were utilized for the identification of microstructure
morphology and phases, respectively. A transmission electron
microscope (TEM, TECNAI G2, Holland) equipped with EDS
analysis was used to investigate the element distribution and
crystal structures of phases. The LPBF-processed samples
with thickness of 100 nm were prepared by the ion-milling
technique. The electron backscatter diffraction (EBSD) was
conducted on a Hitachi S-3400N SEM equipped with a HKL-
EBSD system to investigate the grain sizes and texture
intensity. An array of 25x25 indentations with a square area of
145 umx145 pm on the microstructure was implemented with
an iNano instrument (Nanomechanics, Inc., America) to
evaluate the nano-hardness and Young’s modulus values with
or without 3wt% Ti addition. Before the nano-indentation
tests, the surface of the sample was polished according to the
standard procedures. Indentations were performed at room
temperature to a peak force of 5 mN at a rate of approximately
one indent per second.

2 Results and Discussion

2.1 Microstructure morphology and phase identification
Fig. 4a reveals a very fine cellular-dendritic solidification
structure in LPBF-processed AlISilOMg sample without Ti
addition. Higher cooling rates hinder the fern-like structure
growth, resulting in the formation of cell-like substructure (it
should be noted that the terminology throughout the paper,
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200 nm

Fig.4 TEM image of Al-Si eutectic microstructure (a); line mapping results along the cell boundary (b); TEM image of new phases distribu-

tion (c); SEM image of microstructure morphology with 3wt% Ti addition (d)

e.g. cell, is used to describe different microstructures®™). The
cell boundaries are visible and characterized with the line
scanning results in Fig. 4b. The grey cellular features are
primary Al and decorated with white net-connected Si
particles (Al-Si eutectic) ®". The element distribution image
indicates the presence of Mg element, which should be in
the form of Mg,Si phase™. However, only a face-centred
cubic a-Al and Si phase can be detected from XRD patterns
in Fig. 5. This may be attributed to the lower contents of
Mg element. After adding 3wt% Ti particles into Al-based
alloy, the microstructure shows different morphologies. From
the microscopic scale in Fig. 4c, some new phases appear
inside grains or are situated at cell boundary. On mesoscopic
scale, some substances precipitate from the matrix, as
shown in Fig. 4d. These can be further explained in
Section 2.3.

XRD patterns of LPBF-processed AlSilOMg samples
without Ti addition (blue curve) and AlSilOMg/Ti
composites (pink curve) obtained within a wide 26 range
(20°—-90°) are shown in Fig.5. Through further examination
of the XRD patterns, strong diffraction peaks corresponding
to a -Al are identified, mainly existing along five crystal
planes of (111), (200), (220), (311) and (222). The peak
intensity of Si along the crystal planes of (111) and (110) is
relatively lower than that of Al because of low mass
percentage. This is consistent with the results of
microstructure observation. The 26 locations of the Al
diffraction peaks of LPBF-processed AlSi10Mg/Ti composites
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Fig.5 XRD patterns of LPBF-processed samples without and with
3wt% Ti addition

shift to lower 20 when the Ti proportion is 3wt% . This can
be attributed to the changes of cell parameters. The atomic
radius of Al (143 pm) is slightly smaller than that of Ti
(147 pm) ®. When the Ti atom sinks into the Al crystal
lattice, the cell parameters change. Combined with the Bragg
law, the increase in crystal plane spacing results in the
decrease in 26.

To verify the occurrence of crystalline dimension, Table 1
lists the values of diffraction angle (26) and full width at half
maximum (FWHM). According to Scherrer formula, the mean
crystallite size (D) can be determined using the following

expression™”:
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Table 1 Diffraction angle (20) and FWHM of Al diffraction

peaks
Crystal plane (111) (200) (220) (311 (222)
260/(°) 38.441 44.681 65.101 78.241 82.462
Without Ti ~ 6/(°)  19.221 22.341 32.551 39.121 41.231

FWHM 0.137 0.162  0.206 0.262 0.271

20/(°) 38261 44521 64.941 78.122 82.361

3wt% Ti 0/(°)  19.131 222605 32.471 39.061 41.181

FWHM 0.165 0.199  0.260 0.344 0.326

kA
b= pcosf M
Herein, & is constant (0.89), 1 is radiation wavelength
(0.154 186 nm), f is the FWHM and 8 is the diffraction angle.
According to Eq.(1), the crystallite sizes decrease after adding
3wt% Ti powders, but the FWHM appears to be large. This
can satisfy the relationship between D and FWHM. The
intensity of Al diffraction peaks decreases along all crystal

plane. At the vicinity of (111) crystal plane, Al Ti, compounds
(Al-Ti intermetallic phases) can precipitate from the Al
substrate. This may be attributed to the circumstance that
when a Ti atom enters into the Al lattice, it will produce lattice
distortion and form compounds, consequently resulting in the
decrease in diffraction peaks and changes of crystallite sizes.
Since ALTi has the lowest Gibbs standard free energy of

formation among Al-Ti intermetallics, the nucleation of AL Ti
. Although aluminium alloys have

is the most probable™"

high sensitivity to oxygen, the diffraction peaks of aluminium
oxide are not detected within the limitation of the XRD
detection. This implies that the oxidation behaviour can be
avoided in such protective atmosphere during LPBF
preparation.
2.2 Variations of grain size and texture

Instantaneous energy from laser irradiation causes rapid
melting and solidification in the molten pools. Greater
undercooling (AT) at the solid-liquid interface front provides
an energetically favourable condition and promotes nucleation
and growth. Dependent on the ratio of thermal gradient (G)
and growth rate (R), the mode of solidification and feature
fineness can be determined*”. The morphology of fine cell, as
well as the anisotropy characteristic of the top surface can be
observed in LPBF-processed AlSi10Mg sample, as shown in
Fig. 6a. In the inverse pole figures (IPFs), different colours
describe the distribution of different grains. The red, blue and
green colours represent <001>, <111> and <101> grain
orientations, respectively. Similar colours represent grains
with the same orientation. When the addition proportion is
3wt% , grain sizes are inclined to be smaller and the
morphology becomes almost finer (Fig.6c). Fig. 6f presents a
variation trend of grain sizes without and with 3wt% Ti
addition. The minimum average grain sizes can be obtained to
0.969 um, and the size range is within 2.5 um. From the view
of Fig. 6b and 6d, the grains in colour represent the sizes
smaller than 1 pm. A relatively uniform grain distribution can
be found in Fig.6d.

To further illustrate the influence of Ti addition on the
microstructure, the grain boundary distribution and pole figure
of LPBF-processed aluminium without and with 3wt% Ti

<
,,,,,

Il Without Ti, average=1.302 um
- 3wt% Ti, average=0.969 um

Grain Size/pm

Fig.6  Grain morphology distributions without and with 3% Ti addition: (a, ¢) IPFs of the top surface; (b, d) grains in colour representing the

sizes smaller than 1 um with the step size of 0.13 pm; (e) grain misorientation; (f) distribution of grain sizes
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addition are compared. Fig.7a—7b display the grain boundary
distribution of LPBF-processed samples without and with
3wt% Ti addition, respectively. The black lines represent high
angle grain boundaries (HAGBs, >15°). The green lines
represent low angle grain boundaries (LAGBs, <2°). After
adding 3wt% Ti particles, the HAGBs are transformed to
LAGBs partially, which will cause an increase in distortion
energy. This verifies the formation of cell structures and the
phenomenon of grain sizes refining, making an impact on the
nano-hardness. During LPBF process, the laser scans the
powders with long vectors in a zigzag fashion for each layer.
Due to the moving heat source with a high scanning speed (v),
the melt pool is elongated. A slightly strong <100> texture
along the scanning direction can be observed in Fig.7c. With
introducing 3wt% Ti, the <100> texture is slightly enhanced;
however, it still shows a weak texture intensity and random
crystal orientation. It is well known that the solidification
texture can be influenced by phase formation™'. This can
verify the occurrence of new phases, but with no preferred
crystallographic texture. Further investigation should be
conducted to reveal the underlying influencing mechanism of
the Ti amount on the texture intensity of LPBF-processed
aluminum alloys.
2.3 Precipitated phases and crystal structure

The grain sizes between 0.5—1 pum, and network morphol-
ogies with 3wt% Ti addition are depicted in Fig.8a. As stated
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in Section 2.1 and Ref.[37-38], the network morphologies are
identified to be an Al/Si eutectic phase, as well as the matrix
phase of Al. With 3wt% Ti addition, there are a growing
number of quadrilateral or anomalous phases precipitated at
the grain boundary. To characterize chemical composition of
these phases, which are labelled in colour, point scanning is
adopted. Combined with EDS detection, the curves of element
distribution are shown in Fig. 8b, and the mass or atomic
percentage is also listed.

Combined with the results of Section 2.1 and Ref. [35], the
precipitated phases are located both along the boundaries and
inside the crystal grains. The diffraction spots of precipitated
phases are pointed by a red circle in Fig.8c. According to high-
resolution TEM (HRTEM) images and corresponding
selective area electron diffraction (SAED) patterns, the crystal
lattice parameters and identification can be determined. The
lattice constants of a-Al is a=0.405 nm®™”. As shown in Fig.8d,
in the exploration of Ti addition of 3wt%, ALTi can be found
with a tetragonal crystal structure and lattice parameters of a=
b=0.3846 nm and ¢=0.8594 nm, which is almost consistent
with the Pang’s study™. Fan et al* verified that AlTi
particles have good atomic matching with a-Al and act as a
highly effective nucleating agent. Combined with the element
distribution analysis and XRD analysis, the precipitated phase
is ALTi. The crystal structures are shown in Fig.8e, and the
green balls and pink balls represent the Ti atom and Al atom,
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Fig.7 Comparison of LPBF-processed aluminium alloys without (a, ¢) or with (b, d) 3wt% Ti addition: (a—b) grain boundaries distribution and

(c—d) pole figures
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Fig.8 HRTEM image of network morphology and precipitated phases of as-built samples with 3wt% Ti addition (a) and corresponding EDS

results of point labelled in Fig.8a (b); HRTEM image of precipitated phase upon the grain boundary with 3wt% Ti (c) and corresponding

SAED pattern (d); schematic of crystal structures (e)

respectively. When the micro melt pool develops, the Ti atom
enters into the Al lattice, forming AI-Ti compounds.
According to the evaluation by first principle calculations, the
cohesive energy (E£,,) is —6.639, —5.707 and —4.193 eV for
ALTi, AlTi and AlTi,, respectively™. In consequence, ALTi is
the preferential formation phase in Al-Ti compounds.
Combined with the results of reduced grain sizes, the ALTi
particles can not only promote the nucleation of a-Al, but also
accelerate the morphology transition to equiaxed grains,
refining the grains.
2.4 Nano-hardness and Young’s modulus

As stated above, the changes in grain sizes and distortion
energy have impact on nano-hardness and Young’s modulus.
In this study, the NanoBlitz 3D release method implemented
in the iNano instrument was used to characterize the LPBF-
processed samples without and with 3wt% Ti addition. The

nano-hardness (/) can be defined as follows™":

P
H=" @)
where P is the maximum load and 4 is the projected area of
the indentation. The Young’s modulus (£) can be expressed

by the following equation:

T ®

where f is constant (1.034) and S is the contact stiffness. The
corresponding highly resolved maps of nano-hardness and
Young’s modulus are created, as shown in Fig. 9a—9d. The
x-axis determines the position of the nano-indentation
point. After adding 3wt% Ti powders, the average nano-
hardness values of microstructure increase dramatically from
1.88 GPa to 2.36 GPa. Notably, the achieved value is more
than two times larger than that of as-cast AlSilOMg alloy
(about 0.97 GPa)*”. Meanwhile, the average Young’s modulus
values increase to 92.72 GPa. As can be seen from closer
observation in Fig.9d, some values are larger than 110 GPa,
which are in the reported range of Al-Ti intermetallic
compounds™®.

According to the Hall-Petch relationship, the yield
strength is inversely proportional to the grain sizes. Grain
refinement can be induced by the effect of hetero-
geneous nucleation. However, the precipitated phases
belong to brittle phases within a high stiffness, which
may have a deteriorative effect on strength-ductility trade-
off. Thereby, the influence of intermetallic compounds
amount on the final mechanical properties of LPBF-processed
samples with different Ti proportions needs to be further
explored.
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Fig.9 Mechanical properties of LPBF-processed aluminum alloys without and with 3wt% Ti addition: (a—b) nano-hardness and (c—d) Young’s

modulus

3 Conclusions

1) The influence of 3wt% Ti addition on the microstructure
characteristics and phase identification of LPBF-processed Al-
based alloys is investigated. Depending on factors of
temperature gradient and solidification rate, the microstructure
displays a fine cell-like substructure with anisotropy
characteristics.

2) When 3wt% Ti is added, precipitated phases are
distributed along the grain boundary or inside the grains. The
heterogeneous nucleation effect of substantial precipitated
phases promotes the grain refinement and reduces the grain
sizes. The precipitated phase has tetragonal ALTi crystal
structure, but operates little effect on texture intensity and
crystal orientation.

3) The transformation of HAGBs into LAGBs promotes the
increase in distortion energy. The average nano-hardness and
Young ’s modulus of the LPBF-processed Al-based sample
with 3wt% Ti addition can increase to approximately 2.36 and
92.72 GPa, respectively. The influence of increasing Ti
amount on the microstructure evolution, formation of
intermetallic compounds as well as the mechanical properties
needs to be further investigated.
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LPBF % BU N0 Ti a5 & S VLA AT R E XK BRI =2 M0

B G S Y
(LI RH RS e i File, VL8 T 212003)

W E: R TEBOUHARRER (LPBF) WA AU S &I Ti IR . SRR AL BT BU AT X EA. B st
RGUKEIRMREE 775, FHRE T TiSEN3% URESE, FRD FRS Ti ) LPBF il 4 8% & 1 A SUFE . M A FIGPRIEE . 45
R, AZTTIE AR AN SR A SN B b R . T ALTE AT AR ARSI AZ, R RTS8/ 2.5 pm PAPY . Bl
ML SRS OR, BRI AR REIE R, T 9K R A FROE /) T3 $ iR B 2.36 F192.72 GPao ¥ N13% TiJ5, LPBF ALHEM) Al & &
<100>Zkgns A 35w, EAE —DEENLITRARIE . 2R3 T a-AlLE ALTI FRIAHZS .
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