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ABSTRACT

In components built by selective laser melting (SLM), possible anisotropy in microstructure significantly
affects mechanical properties (i.e. service performance) and there is a constant effort to solve this
problem. This work carried out a comparative study using fully dense AlSi10Mg alloy and in-situ nano-
TiB, decorated AlSi10Mg composite samples processed by SLM. The aim was at clarifying the effect of
integrated nanoparticles on the anisotropy of the as-built component. Microstructure and texture evo-
lution were investigated by scanning and transmission electron microscopy, electron backscatter
diffraction, X-ray and neutron diffraction. The SLMed AlSi10Mg sample shows a coarse columnar grain
structure with <100> and <110> fiber orientation texture and obvious anisotropy in mechanical prop-
erties. However, the nano-TiB; modified AlSi10Mg sample exhibits fine equiaxed grains, no preferred
crystallographic texture and remarkably reduced anisotropy. Besides, both tensile strength and ductility
have been improved in the SLMed TiB;, decorated AlSi10Mg sample. The preliminary mechanism upon
grain refinement effect due to nano-TiB; particles on columnar-to-equiaxed transition and reduction of
anisotropy was discussed.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

As one of the emerging additive manufacturing (AM) technol-
ogies, selective laser melting (SLM) is highly probable to reshape
the traditional fabricating industry, particularly in the aerospace
and automotive industries demanding for geometrically complex
structures [1,2]. The SLM can shorten material development cycle
due to the elimination of time-consuming mould design [3], while
the rapid solidification (very high cooling rate ~10° K/s [4]) involved
in the SLM process often conducts to undesirable anisotropic
microstructure along the cooling direction (being also parallel to
the building direction).

The anisotropy in microstructures and properties has already
become a critical issue for the applications of various metallic alloys
fabricated by SLM [5—8]. Niendorf et al. [5] have characterized the
selective laser melted (SLMed) 316L steel with an extremely high
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degree of anisotropy featuring coarse elongated grains and a <001>
texture alongside the building direction. Simonelli et al. [6] found
that the tensile properties and the mechanical anisotropy were
affected by crystallographic texture in the SLMed Ti6Al4V alloy.
Song et al. [7] observed the columnar microstructure with <100>
texture and the anisotropic mechanical behavior in the NiCr alloy
parts fabricated by SLM, and found anisotropy weakened with the
increase of laser scanning speed. Thijs et al. [8] found that the long
columnar grains with <111> preferential crystal orientation along
the building direction contribute to yield strength anisotropy in the
SLMed Ta alloy.

In general, the origin of the anisotropies in SLMed materials has
been ascribed to the formation of coarse columnar grains with
preferential crystal orientation along the building direction. Such
grains are derived from the high thermal gradients which prevent
nucleation ahead of the solidification front, promoting epitaxial
grain growth during SLM [8]. Consequently, both the morphological
and crystallographic textures contribute to the anisotropy of me-
chanical properties.


mailto:eagle51@sjtu.edu.cn
mailto:zhe.chen@sjtu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2019.05.279&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2019.05.279
https://doi.org/10.1016/j.jallcom.2019.05.279
https://doi.org/10.1016/j.jallcom.2019.05.279
Administrator
高亮


YK. Xiao et al. / Journal of Alloys and Compounds 798 (2019) 644—655 645

To solve the problem, the mainstream approaches are the
optimization of the SLM process parameters and scanning strategy
[5,7,9,10]. Nevertheless, they may have negative effects on the
densification and mechanical properties of the SLMed samples.
Inspired by the grain refinement mechanism in conventional
casting processes, the introduction of a grain refiner can effectively
remove the columnar grains to achieve the columnar-to-equiaxed
transition [11]. Therefore, the introduction of a new nano-
structured grain refiner would be an effective way to reduce the
anisotropy in the SLM process. As one of the most commonly used
grain refiner in Al alloy, TiB; particles exhibits good thermal sta-
bility and has a well-documented crystallographic orientation
relationship with Al [11,12]. In our previous study [13], the in-situ
nano-TiB, decorated AlSi1OMg composite powders (hereafter
referred to TiB,/AISi10Mg) were used to fabricate composite com-
ponents by SLM with improved tensile strength and ductility.
Nevertheless, the effect of the nano-TiB, grain refiner on aniso-
tropic behaviors has not been systematically studied neither in our
previous work [14] nor in the references such as in Refs. [15,16].
Likewise, Spierings et al. [17,18] and Li et al. [19] investigated the
SLMed Sc-/Zr-modified Al-alloy in which the high content of fine-
grained microstructure without any preferential grain orientation
was observed. A similar result was obtained in the SLMed AIMgZr
alloy with the addition of high content Sc particles, as reported by
Kun et al. [20]. Attar et al. [21] and Cai et al. [22] combined in-situ
synthetic Ti-TiB2 composites with SLM and explained the
strengthening mechanism of TiB2 reinforcements. Martin et al. [23]
introduced hydrogen-stabilized zirconium nanoparticles into
AA7075 and AA6061 Al alloys resulting in the formation of AlsZr
nucleant phase, thus to achieve the high-strength Al alloys with
crack-free, equiaxed, fine-grained microstructures.

In this paper, the TiB,/AISi10Mg powders were used as a model
system to study the effect of the nanosized grain refiner particles on
the reduction of anisotropy during SLM. The powders were syn-
thesized via the salt-melted reaction followed by gas-atomization

Table 1

Chemical composition of AlSi10Mg and TiB, decorated AlSi10Mg powders (wt. %).
Element Si Mg Cu Mn Ti B Al
AlSi10Mg alloy 10.0 0.3220 0.0278 0.0011 -— — Balance
TiB,/AlISi10Mg  9.81 0.3226 0.0241 0.0085 3.842 1.761 Balance

[14,24]. Microstructural characterization and mechanical proper-
ties of the SLMed AlSi10Mg alloy and TiB,/AlSi10Mg composite
components are systematically studied and compared to better
understand the underlying mechanism. This work highlights the
importance of design and fabrication of suitable grain refiner
decorated powders to solve the anisotropy problem in SLMed
components.

2. Materials and experimental procedures
2.1. Materials

The powder material of the nano-TiB; decorated AlSi10Mg alloy
(i.e., TiB/AISi10Mg alloy) was fabricated by the in-situ salt-metal
reaction method as described in Refs. [13,24]. The powder was
produced by gas atomization using the high-purity inert He gas
atmosphere to minimize oxidation [14]. The TiB, particles have a
wide size distribution in the matrix and most are less than 100 nm
according to our previous study [25].

The AlSi10Mg alloy powder supplied by VILORY Ltd, Jiangsu,
China was used for comparison. Chemical composition of the
AlSi10Mg and TiB,/AISi10Mg alloy powders were determined using
ICP-AES (Inductively Couple Plasma Atomic Emission Spectroscopy,
iCAP6300), as listed in Table 1. Fig. 1 shows the SEM images of
AlSi10Mg and TiB;/AlSi10Mg alloy powders, which mostly have a
spherical shape. The diameter ranges of both powder samples are
15—53 um. The volume fraction of TiB; is 3.4 vol%, corresponding to
5.6 wt% weight fraction of Ti and B element in Table 1.

2.2. SLM process

The experiments were carried out at room temperature on a
Prox DMP 200 SLM machine (3D Systems, USA), with a maximum
laser output power of 300 W, a wavelength of 1070 nm and a
focused laser beam spot diameter of 75 um. Based on a series of
preliminary experiments, the optimum processing parameters at
which the highest relative density was achieved, were listed in
Table 2. The porosity analysis was checked to be 99.971% for
AlSi10Mg alloy and 99.975% for TiB,/AISi10Mg sample, using
computed tomography (CT, Metrotom 800, ZEISS). Layers with a
thickness of 30 pm were used with a hatching space of 100 pum and
a scanning strategy of rotation for 90°between layers. The whole

Fig. 1. SEM images of powder morphology: (a) AlSi10Mg and (b) TiB,/AlSi10Mg alloys.

Table 2

Optimum process parameters used for AlSi10Mg and TiB, decorated AlSi10Mg alloys.

Optimum Parameters Laser power, W

Scanning speed, mm/s

Layer thickness, pm Hatching space, pm

AlSi10Mg alloy 200 1200
TiB,/AISi10Mg 210 1000

30 100
30 100
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process was carried out in a high purity Argon atmosphere flow
with an oxygen-content <500 ppm to minimize in-situ oxygen
pick-up.

As can be seen from Fig. 2a, the cylindrical samples were built
along the building direction (z-direction) and perpendicular to the
z-direction. The samples were machined to tensile bars. As-built
samples were cut along the XY and XZ planes for top- and side-
view cross-sections for microstructure characterization,
respectively.

2.3. Microstructure characterization

Specimens were prepared using the standard metallographic
techniques and etched with Keller's reagent (the aqueous solution
of 2.5vol% HNOs, 1.5 vol% HCl, 1 vol% HF) for 1 min. The electron
backscatter diffraction (EBSD) samples were grinded and then ion
polished on the Leica EM TIC 3X machine. The microstructural
morphology of the powders and SLMed samples were examined by
scanning electron microscopy (SEM, TESCAN MAIA3). The micro-
scopic texture, crystallography and grain size of the samples were
investigated using EBSD with a step size of 0.172 pm, which was
characterized on a TESCAN MAIA3 SEM equipped with a BRUKER e-

(2)

Building direction
Z-axis

FlashtR EBSD detector and the energy dispersive X-ray spectros-
copy (EDX, Oxford Instruments) system. Then, the EBSD Kikuchi
patterns were post-treated by CHANNEL 5.0 software package. TEM
thin foils of the SLMed samples were prepared by mechanically
polishing and finally ion thinning on a Precision Ion Polishing
System (Gatan Model 691) and examined using an FEI Talos F200X
transmission electron microscope operating at 200 kV.

Phase determination of the powders and SLMed samples was
done by X-ray diffraction (XRD, Ultima IV X-ray diffractometer)
with Cu Ko radiation (A =0.1542 nm) setting in the 260 range from
20° to 50° and scanning speed of 5°/min.

2.4. Neutron diffraction

Neutron diffraction is a very suitable and effective tool for
measuring the bulk microstructure of engineering materials owing
to the deep penetration of neutrons. The texture of SLMed cube
shaped samples (10 x 10 x 10 mm>) were analyzed in transmission
mode at neutron diffractometer, laboratory CARR, China Institute of
Atomic Energy, Beijing, China using a wavelength of 0.148 nm. The
tilt angle  changes from 0° to 90° and the azimuth angle ¢ varies
from 0° to 360° with a step of 5°.

Side-view

Top-view

"

Fig. 2. SLMed specimens: (a) Schematic diagram (b) Room temperature tensile parts at two directions, (c) configuration (Gage length: 25 mm), and (d) tensile specimens after

machining.
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2.5. Mechanical properties

Fig. 2b illustrates the samples built vertically and horizontally
according to Fig. 2a. The dog-bone tensile testing specimens in
Fig. 2d were machined according to the ASTM-E8M standard, as the
configuration shown in Fig. 2c. The tests were carried out on a
Zwick/Roell Z100 testing machine at a constant strain rate of 10~*
s~! and the strain was measured with a 10mm gauge length
extensometer.

2.6. Measurement of thermal conductivity

Thermal conductivities of the SLMed AlISi10Mg and TiBy/
AlSi10Mg samples were measured in the temperature range
20—-500°C using a Laserflash apparatus (LFA 467, Netzsch). The
experimental samples were in the square sheet (10 x 10 mm) with
a thickness of 2 mm and mechanically polished.

3. Results
3.1. Microstructure

3.1.1. Microstructure characterization by SEM

The SEM images in the vertical direction (Side-view in Fig. 2a) of
SLMed AlSi10Mg and in-situ TiB, decorated AlSi10Mg samples are
shown in Fig. 3 to investigate the typical microstructure. Fig. 3a
shows the morphology of columnar cells in AlSi10Mg alloy. The
grey area is a-Al cells. The brighter eutectic Si meshes are in the
rod-like shape and the strips are elongated in the building direc-
tion. The aspect ratio of elongated cellular sub-structure is up to
4-5. As reported earlier, the columnar grains contain a cell-like
sub-structure elongated in the building direction [26,27], which is
also observed in this study.

Fig. 3b shows the microstructure of the SLMed TiB,/AlSi10Mg
alloy, which shows similar «-Al cells separated by Si boundaries.
But the cells are uniformly ultrafine equiaxed and there is no
obvious directionality. A few TiB, particles aggregated at the
common vertex of multiple cells can be recognized. Consequently,
with the introduction of nano-TiB, particles, the microstructure of
the elongated dendritic cells has been refined and the columnar
structure has been eliminated.

In order to show the distribution of TiB; particles, over etching
TiB,/AlSi10Mg samples are prepared and the microstructure is
shown in Fig. 3c. The TiB; particles are mainly dispersed along the
cell boundaries (CBs) with some aggregation at the common vertex
of multiple cells. Besides, a large number of nanostructured TiB;
particles can be observed in the sample. The higher magnification

image shows that the TiB, particles with a size of <500nm
exhibited cubic prism-like morphology with clear edges and
corners.

3.1.2. Grain structure evolution

The EBSD inverse pole figures (IPF) of longitudinal-section along
the building direction (Side-view) and cross-section perpendicular
to the building direction (Top-view) of both SLMed samples are
shown in Fig. 4. The side-view of SLMed AlSi10Mg alloy in Fig. 4a
shows the elongated grain structure of the commonly reported
melt pools [20,27,28], and the boundaries of melt pools are shown
in the figure marked with black dashed lines. Small equiaxed grains
(<2 um) are observed at the edge of the melt pool with random
orientations. But the coarse columnar grains (>10 um) cover most
of the area (74.4%) by EBSD grain area analysis. Fig. 4b is the higher
magnification of the box area in Fig. 4a with lots of small grains at
the edge of the melt pool. Such a fine microstructure can be
ascribed to the high cooling rate during the SLM process and the
nucleation effect of already solidified grains [29]. It can be still
observed that obvious large columnar grains (~20 um in length)
intertwined with and roughly along the building direction. Fig. 4c
gives the top-view of SLMed AlSi10Mg alloy, revealing the cross-
section of coarse elongated grains.

In contrast, the side-view and top-view of SLMed TiB, decorated
AlSi10Mg alloy in Fig. 4d and e show the fine equiaxed grain
microstructure with a diameter of about 2 um in both longitudinal
and cross section. Besides, the commonly reported melt pool
structure cannot be observed. Simultaneously, it is clear to observe
the uniform distribution of TiB, particle (black dots in Fig. 4d and e,
some indicated by short black arrows) throughout the sample. Most
of the particles are distributed along the grain boundaries, while
some of the particles within the equiaxed grain.

Fig. 4f shows the grain size distributions of the SLMed AlSi10Mg
and TiB,/AISi10Mg components. According to the grain size dis-
tribution statistics, none ultrafine grains (grain size <1 um) are
present in the alloy component without TiB; particles. As listed in
Table 3, the average grain size of the alloy is around 4.48 um in the
side view with 75% of area fraction composed of grains larger than
10 pm. Comparatively, the 43.1% of the grains in the SLMed TiB;/
AlSi10Mg sample are less than 1pm; the average grain size is
reduced by more than 50% to around 2.08 pm, and the grains larger
than 10 pm only accounts for 5.6%. Fig. 4g gives the histogram of the
aspect ratio (AR) in the function of grain size. It can be clearly found
that the AR of the columnar grains increases with the grain size of
the AlSi10Mg alloy. Combining with Table 3, the average AR is 4.27
in the side view indicating that the coarse columnar grains domi-
nate the microstructure of the AlISi10Mg alloy. While the AR

Fig. 3. SEM images of SLMed samples in vertical direction (Side-view): (a) AlSi10Mg alloy; (b) TiB,/AISi10Mg alloy; (c) Over etched TiB,/AISi10Mg alloy. Inset in each figure is in a
higher magnification. White dashed lines in (a) point to grain boundaries (GB) and the white arrows point to the direction of cells elongation. Black arrows in (b) point to TiB;

particles.
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Fig. 4. EBSD inverse pole figure (IPF) maps in two perpendicular views of SLMed AlSi10Mg and TiB,/AlSi10Mg alloy: (a) side-view, (b) side-view in a higher magnification in the box
area in (a) and (c) top-view of the AlSi10Mg alloy; (d) side-view and (e) top view of the TiB,/AlSi10Mg composite. Black dashed lines in (a) indicate melting pool boundaries, the long
black arrows on the pictures indicate the building direction and the short black arrows in (d, e) point to TiB, particles. (f) Grain size distribution statistics of SLMed AlSi10Mg and
TiB, decorated AlSi10Mg alloy, inset is the area percentage pie chart of different grain sizes of SLMed AlSi10Mg alloy; (g) The histogram of the aspect ratio as a function of grain size
for the two samples.
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Table 3
The diameter and aspect ratio of grains in different directions of SLMed samples.

Sample Surface Diameter (um) Average diameter (um) Area percentage of grains >10 um (%) Aspect ratio
AlSi10Mg alloy top 4.80 448 74.4 1.85

side 415 427
TiB,/AlSi10Mg top 1.76 2.08 5.6 1.85

side 241 1.84

Fig. 5. (a) TEM BF images of the SLMed TiB,/AlSi10Mg composite sample, (b) zoom-in image of the box area shown in (a), (c—f) STEM HAADF image and corresponding EDX maps of

Si, Mg and Ti elements.

significantly reduces to 1.84 and remains almost unchanged in the
SLMed TiB,/AlSi10Mg composite. As such, the fine equiaxed grains
are the preferred solidification structure in TiB,/AISi10Mg sample.

3.1.3. Sub-structure observation by TEM

The typical bright field (BF) TEM images of the microstructure of
the SLMed TiB, decorated AlSi10Mg sample are shown in Fig. 5a
and the fine cell structures with a size of 500 nm to 1 pm can be
observed. From the higher magnification in Fig. 5b, nano-TiB;
particles are distributed mainly along the cell boundaries and a few
inside the cell. The STEM HADDF image and corresponding EDX
mappings of the TiB, decorated AlSi10Mg alloy are shown in
Fig. 5¢c—f. It can be clearly seen that Si and Mg accumulate along the
cell boundary, and some Ti distributes along the boundary which is
consistent with BF results.

3.2. Texture evolution

3.2.1. Preliminary analysis by XRD

Fig. 6 exhibits the XRD patterns of SLMed AlSi10Mg and TiB,
decorated AlSi10Mg samples. It can be seen that every pattern
exhibits peaks corresponding to the face-centered cubic (FCC) a-Al
and the diamond-like cubic Si phase, while the hexagonal TiB,
phase only appears in the TiB, decorated AlSi10Mg material. It must
be mentioned that the relative intensity of the a-Al (200) peak

(I200y) is much higher than that in the reference (PDF reference
pattern: 04-0787) and even stronger than I(111) in SLMed AlSi10Mg
alloy. The ratio of (200) peak to (111) peak in SLMed AlISi10Mg alloy
is 1.21 much larger than the ratio in the reference (0.47). The result
suggests that the crystal face (200) is the preferred orientation of a-
Al crystal in the SLMed AlISi10Mg alloy. The favorable <100> fiber
texture is similar to that observed for other SLMed Al-based alloy in
works of literature, such as Al-12Si alloy [30] and AlZnMgCu alloy
[31].

However, in SLMed TiB, decorated AlSi10Mg alloy, the relative
intensity of the a-Al (200) peak is dramatically weakened. The in-
tensity of diffraction peaks is almost the same with the reference.
Besides, the ratio of (200) peak to (111) peak in SLMed TiB, deco-
rated AlSi10Mg alloy is 0.41, which is very close to the value of the
non-textured reference.

3.2.2. Microtexture from EBSD

The {100} pole figures (from EBSD data) of the SLMed AlSi10Mg
and TiB; decorated AlSi10Mg alloy are shown in Fig. 7a and b.
Although there is a slight misalignment, the strong <100> texture
exists along the building direction and the highest intensity is 9.81
in SLMed AlSi10Mg alloy. Combined with the front IPF result, it
indicates that the majority of columnar grains have their preferred
<100> orientation parallel to the building direction. The apparent
fiber texture around the centerline might be due to the existence of
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Fig. 6. XRD patterns of SLMed AISi10Mg and TiB, decorated AlSi10Mg samples.

a high thermal gradient along the building direction. In contrast, in
the SLMed TiB, decorated AISi10Mg alloy, almost none texture can
be observed and the maximum intensity is only 1.47 in the pole
figure.

The grain boundary misorientation distributions (averaged over
several EBSD maps for each sample) for the SLMed AlSi10Mg and
TiB, decorated AISi10Mg alloy are shown in Fig. 7c and d, respec-
tively. It is clear that the HAGB fraction of the TiB, decorated
AlSi10Mg alloy accounts for 98.0%, which is apparently higher than
the value of the AISi10Mg base alloy (84.6%). This means some new
high misorientation boundaries are produced owing to the het-
erogeneous nucleation effect of nano-TiB, particles. The distribu-
tion of misorientation angles of TiBy/AlSi1OMg sample is in
accordance with a randomly texture ideal polycrystalline material.

(a) (00 (b) 1%

0,05
©""r;

HAGB

=84.6% SLMed AlSil0Mg alloy

o 10 20 30 40 50 60
Misorientation Angle (degree)

( d)(i.()(-
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3.2.3. Bulk texture analysis by neutron diffraction

The bulk texture analysis of the SLMed AlSi1OMg and TiB,
decorated AlSi10Mg alloy investigated by neutron diffraction is
shown in Fig. 8. The {100} pole figure parallel to the BD and three-
dimensional orientation distribution functions (3D ODF) of
AlSi10Mg alloy are shown in Fig. 8a and c. As previously mentioned,
the typical texture of SLMed AlSi10Mg alloy is defined as <100>
fiber texture parallel to the BD. The maximum intensity could reach
2.39 in the pole figure. Unexpectedly, the weak <110> fiber texture
is discovered in SLMed Al alloy. The overall crystallographic texture
sharpness index calculated from the orientation distribution func-
tion f(g) is defined by Ref. [32]:

Texture Index = liex = J (f(g))*dg (1)

eulerspace

where fif the orientation distribution function; g is the Euler space
coordinates.

The texture index (I;ex) of AISi10Mg alloy was 1.21 by calculation.
This is in good consistent with the value (texture index 1.266) in
literature [27]. The texture index equals to unity for isotropic ma-
terial [32]. Furthermore, the volume fractions (f,) of the <100>
and <110> fibers are calculated here by the integration of the ODF
intensities considering a 10°, 15° and 20° misorientation from the
center position of the ideal fiber orientation. The corresponding
fiber volume fractions with the above divergent angle for the two
samples are shown in Fig. 8d. These results show that the <100>
fiber and <110> fiber textures of the SLMed AlSi10Mg alloy are not
very sharp, however, the majority of the grains (approximately 60%
in volume fraction) are oriented around the two directions.

When the nano-TiB; particles are introduced, the overall crys-
tallographic texture is significantly reduced, as shown in the {100}
pole figure in Fig. 8b. The neutron diffraction result shows the weak
texture with a maximum density near to 1.18. The calculated

X0
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QO M & N
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Fig. 7. Pole figures of the side view for SLMed samples: (a) AlSi10Mg alloy along the center line of the melt pool in Fig. 4(a) (factor 9.81); (b) TiB, decorated AlSi10Mg alloy
corresponding Fig. 4(d) (factor 1.47). Grain boundary misorientation distributions for (c) SLMed AlSi10Mg alloy; (d) SLMed TiB, decorated AlSi10Mg alloy, solid lines show the

random Mackenzie distribution.
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Fig. 8. The {100} pole figures of SLMed (a) AlSi10Mg and (b) TiB, decorated AlSi10Mg alloy. (c) 3D ODF for SLMed AlSi10Mg alloy; (d) volume fraction of texture components in the
two SLMed alloys.

texture index is lowered to 1.09 and the volume fraction of both 600
<100> and <110> orientation is close to the value for ideal isotropic
material. In addition, it is remarkable that the corresponding fiber
volume fractions are decreasing significantly for the existence of
nano-TiB, particles. By comparing the above results, we found that
the strong <100> fiber texture along the building direction and
sub-strong <110> fiber texture has developed into a particularly
randomized texture.

500

400

300

! —— SLMed AlSi10Mg alloy A (/BD)
200 ——— SLMed AlSil10Mg alloy B (LBD)
I —— SLMed TiB2/AlSi10Mg C (//BD)
100 —— SLMed TiB”AlSi10Mg D (LBD)

3.3. Mechanical properties

The tensile testing of SLMed AlSi10Mg alloy and TiB, decorated
AlSi10Mg samples in the different directions were performed.
Fig. 9a displays the typical stress-strain curves for each material;
the associated ultimate tensile strength (UTS) and elongation to 0 1 1 1 1 1 TR—— 1
failure (El) are summarized in Table 4. In detail, the UTS in the o 1 2 3 4 5 6 7 8 9 10
vertical direction (//BD) of AlSi10Mg alloy is 487.27 + 3.41 MPa and . . .

El is 3.9010.03%(,//whgle in the h%)rizoi,ltal direction the UTS is Engmeermg Strain (%)

437'54%1 1’§0 M.Pa and El is 2.94 + 0.44%. .The difference of UTS n Fig. 9. The tensile stress-strain curves of the SLMed AlSi10Mg and TiB, decorated
two directions is 12.14% (53 MPa) and El is 32.65%. In comparison, AISi10Mg alloy.

the differences of that in TiB; decorated AlSi10Mg alloy significantly

decrease to 1.26% (7 MPa) and 15.27%. Additionally, the strength

and ductility have been dramatically improved simultaneously in

the SLMed AlSi10Mg alloy with the incorporation of TiB, nucleant

Engineering Stress (MPa)

particles.
Table 4
Tensile properties of the SLMed samples in two directions.
Sample Direction UTS (MPa) Difference in UTS (%) El (%) Difference in EI (%)
AlSi10Mg alloy //BD 490.64 +3.41 12.14 3.90+0.03 32.65
1BD 437.54+1.60 294+ 044
TiB,/AlSi10Mg //BD 529.60 +4.58 1.26 7.53+0.15 15.27

1BD 522.91+3.59 8.68 +0.49
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4. Discussion

4.1. The effects of nano-TiB, particles on the microstructure and
texture

For the high heating and cooling rate (103—10° K/s) during SLM
process, the solidification microstructures obtained through SLM
are expected to be complex, especially the hierarchical structure of
grains and cells in SLM Al-Si alloys [13,33]. In our previous study
[13], we focused on the formation mechanism of non-equilibrium
supersaturated Al cells, eutectic Al-Si at the cell boundaries
related to the nano-TiB; and the freeze-in effect for the high cooling
rate. In this paper, we will concentrate on the grain structure and
texture evolution during the rapid solidification process. During the
brief interaction between laser and powder, the powder material is
melted and thus forming the extremely small melt pool dimensions
of several tens of micrometers to hundreds of micrometers [2,34].
Subsequently, a large number of fine equiaxed grains are nucleated
at the edge of the melt pool. As a result of directional heat flux and
thermal gradient intrinsically associated with the SLM process,
coarse grains are nucleated by those underlying fine grains. During
this stage, the directional solidification along the thermal gradient
results in columnar grains with the most favorable growth direc-
tion [28,35]. Moreover, the previously solidified layer should be
remelted again when the next layer is scanned and the remelting
thickness is ~30 um equal to the height of melt pool (~60 pm from
Fig. 4) subtracting the layer thickness (30 um). Finally, the coarse
columnar grains grow epitaxially from the remelted layer along the
building direction. As for the crystallographic relationships in the
SLMed FCC Al-based alloys, it has been shown that the coarse
columnar grains not only grow along the usual <100> crystallo-
graphic direction, but also lie along a <110> direction. The new
observation of <110> dendrite growth direction in SLMed Al alloy
can't be explained by the commonly accepted theory of steady-
state dendrite growth. The similar dendrite growth direction of
<110> was also observed for high thermal gradient and cooling rate
during cast by Henry et al. [36,37] and Haxhimali et al. [38]. The
competition of columnar grains growth direction between <100>
and <110> can be attributed to the high solidification rate in the
melting pool and/or the modification of solid-liquid interfacial
energy and/or attachment kinetics anisotropy caused by solute el-
ements. Further research is carrying out to reveal the underlying
mechanism of the <100> and <110> texture formation during the
unique condition of SLM.

In the nano-TiB; decorated AlSi10Mg alloy, the nano-TiB, par-
ticles play a key role in grain refinement and formation of equiaxed
grains. As known, TiBy is the most widely used grain refiner for Al
alloys. The nano-TiB; particles should act as effective seed crystals
for Al-matrix grain growth due to the well documented crystallo-
graphic orientation relationships (ORs) [13,14], i.e. (0001)rig2//
(-111)a}, [11-20]riB2//[110]a1 and (1-101)rig2//(001)al, [11—20]rip2//
[110]a1. At the first stage of solidification during SLM, nano-TiB,
particles serve as nuclei for a-Al grains. The high resolution TEM
(HRTEM) image and corresponding fast Fourier transform (FFT)
patterns of the interface between the nano-TiB, and Al are shown
in Fig. 10. The parallel lattice fringes of the two sets of planes can be
clearly seen at the interface between Al and TiB; in Fig. 10a. The FFT
patterns recorded from the Al matrix and Al/TiB, interface in
Fig. 10b and d, and the corresponding simulated zone-axis
diffraction patterns in Fig. 10c and e show the highly coherent
crystallographic orientation relationships. Nano-TiB, particles
provide a high density of potent nucleation sites in the melt,
accordingly, the presence of a large number of low energy barrier
nucleation sites reduces the critical amount of total undercooling
required to induce equiaxed crystal growth. The presence of nano-
TiB; nucleant particles indeed plays a critical role in the columnar-
to-equiaxed transition. Moreover, it should be pointed out that the
nano-TiB, particles have good stability in the melt pool due to its
high melting temperature ~3230°C. Therefore, these refractory
nano-TiB; particles can exist anywhere in the melt pool and serve
as inoculants for the nucleation of fine microstructures.

It is particularly worth mentioning that the random orientation
of nano-TiB; nucleation agents in the melt pool determines the
random orientation of Al grains and eutectic Si phase. As a result,
the nano-TiB; nucleant particles play an important role in the
columnar-to-equiaxed transition, which is consistent with the
completely fine equiaxed grains from our previous EBSD results.

Subsequently, the nano-TiB; particles act as growth inhibitor
like pins during the solidification process. The refractory nano-TiB;
particles prevent the movement of high- and low-angle grain
boundaries, hence constraining the growth of grains along the heat
flux direction. Such grain boundary pinning effect helps to stabilize
against grain growth during the heat impact for melting the sub-
sequent layers. To sum up, the nano-TiB; particles in high number
densities act as inoculants for Al grains but also, pin and stabilize
grain boundaries. Consequently, a very fine-grained microstructure
without any texture can be observed in the nano-TiB, particles
decorated AlSi10Mg alloy.
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Fig. 10. (a) HRTEM image showing the Al/TiB, interface area, (b) and (d) FFT patterns recorded from the Al matrix and Al/TiB, interface and (c) and (e) simulated [110] Al and

[11-20] TiB, zone-axis diffraction patterns corresponding to (b) and (d), respectively.
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4.2. The effects of nano-TiB, particles on the thermokinetics of SLM

In the SLM forming process, the laser beam with high-energy
irradiates on the powders and forms a melting pool. During the
solidification of the melting pool, there is an instantaneous thermal
gradient from the boundary to the center in the molten pool. It is
worth noting that, for the current heat sources of the molten pool,
there is argon atmosphere with extremely low thermal conduc-
tivity (0.018 W/(m-K)), loose powder and argon around the hori-
zontal direction, and SLMed metal components with high heat
conductivity (100—200 W/(m-K)) downward. Hence, a persistent
temperature gradient is always existing from the top pool through
the already solidified component to the bottom of the building
platform during the whole SLM process.

Based on the theory of solidification, it is universally known that
low G/R (ratio of thermal gradient to solidification rate) is propi-
tious to the formation of equiaxed grains [39]. However, the
maximum temperature gradient (G) can even reach 10 K/m during
SLM from the simulation results [40], which can give rise to large G/
R and hence cell microstructure and columnar grains in SLM pro-
cessing. The most significant parameter during SLM process is an
important combinational parameter called the volumetric energy
density (E,, J/mm?>). It corresponds to the averaged energy provided
by the laser beam to the volumetric unit of powders and is defined
by Ref. [41]:

where P is the laser power; v is the laser scanning speed; t is the
layer thickness; h is the hatching space.

After summarizing the results of literature [5,7,42], we can
conclude that the maximum temperature gradient within the
molten pool increases significantly with the increase of the applied
E,. According to the optimum process parameters in Table 2, the
energy density of SLMed composite (Ey of composite = 66.67 J/mm3) is
20% larger than that of SLMed alloy (E, of a1103,:55.56j/mm3).
Therefore, the anisotropy in microstructure and mechanical prop-
erty should be more apparent in SLMed nano-TiB, modified
AlSi10Mg alloy. However, the result shows that the fiber texture is
eliminated and properties present isotropy. As discussed above, the
prime reason for the formation of ultrafine equiaxed microstruc-
ture and crystals is the presence of TiB, nucleant particles during
SLM. The presence of TiB, particles affects the heat transfer in so-
lidification. As we know, the thermal conductivity of the TiB;
ceramic particles is much lower than the Al matrix. The quantita-
tive thermal conductivity result of SLMed AlSi10Mg alloy and TiBy/
AlSi10Mg sample is shown in Fig. 11. The TiB, particles reduce the
thermal conductivity of AISi10Mg alloy by nearly 10% at room
temperature. Moreover, the effect of TiB, on thermal conductivity
decreasing is more and more remarkable with the increase of
temperature. It can be reasonably expected that TiB, particles
should hinder the heat flux more greatly at high temperature so
that the heat would accumulate in the material. This effect weakens
the gradient of temperature, thus forms fined equiaxed grains and
weakens the texture and anisotropy in SLMed AlISi10Mg alloy.

4.3. The effects of nano-TiB, particles on the mechanical behavior

The SLMed TiB, decorated AlSi10Mg alloy shows an ultimate
tensile strength of ~530 MPa. The increment in strength is more
than 60 MPa in contrast with SLMed AlSi10Mg alloy without nano-
TiB,. The ductility has also been greatly improved and elongation
has more than doubled from ~3.4% to ~8% compared with SLMed
AlSi10Mg alloy without nano-TiB,. The strength and ductility
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Fig. 11. The thermal conductivity of SLMed AlSi10Mg and TiB, decorated AlSi10Mg
alloy.

properties have been improved simultaneously in both directions.
The strengthening mechanisms have been discussed in the previ-
ous study [13], including Orowan strengthening via dispersed
nano-TiB, particles in the alloy, grain boundary strengthening
through the Hall-Petch relation and load-bearing strengthening via
strength interfacial bonding between nano-TiB, particles and the Al
alloy. The mechanisms of strength and ductility concurrent
improvement are the same in two directions. Thus, the mechanical
anisotropy in SLMed alloy is mitigated.

As mentioned above, the anisotropy of mechanical properties is
a key technical problem in metallic alloys produced by SLM.
Generally, the presence of strong crystallographic texture in the
alloy results in anisotropy in the properties, such as UTS and EL
However, the yield strength is mainly related to the inhomoge-
neous structure in the melt pool boundary but not the texture for
SLMed alloy. The similar result was observed and explained by
calculating the Schmid factor in different directions [43]. The
anisotropy in strength and ductility in the SLMed AlSi10Mg alloy is
possibly due to the plastic deformation occurring within the
elongated cellular microstructures. The reasonable assumption is
that plasticity begins in the a-Al phase. As a-Al cells are surrounded
by eutectic Si meshes in the rod-like shape (shown in Fig. 3),
plasticity leads to strain localization, debonding and voids nucle-
ation at the a-Al/Si interface. Upon further straining, the coales-
cence of these voids causes the crack formation and final fracture of
the specimen. As the aspect ratio of elongated cellular sub-
structure is up to 4—5. The crack path is more tortuous when the
loading direction is parallel to the building direction, which results
in higher UTS and El as compared to that when the loading direc-
tion is perpendicular to the building direction. Therefore, both
properties of strength and ductility along the building direction is
better than that perpendicular to the building direction in SLMed
alloy. Fractographic analyses of SLMed alloys in different directions
shown in Fig. 12 confirm that the fracture occurs predominantly
along the coarse, hard Si phase. As illustrated in Fig. 12a, when the
sample is loaded perpendicular to the building direction (LBD),
once the cracks initiate, they will propagate along the hard phases
at cell boundaries, inducing the fracture at a lower plasticity. As can
be seen in Fig. 12b, when the sample is loaded along building di-
rection (//BD), some small dimples are observed between the
cracked hard phases. Thus, the samples exhibit a slightly higher
ductility (and also higher strength) in building direction.
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Fig. 12. The SEM fracture surfaces of SLMed AlSi10Mg samples loaded (a) perpendicular to building direction (LBD) and (b) along building direction (//BD), and TiB, decorated
AlSi10Mg samples loaded (c)LBD and (d)//BD. The red point circles show the hard Si phases. The red arrows indicate the TiB, particles. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

By contrast, in SLMed TiB; decorated AlSi10Mg alloy, the pres-
ence of nano-TiB, particles influence the microstructures and in
turn the mechanical properties. The morphology of the cells and
grains change from elongated microstructure to equiaxed sub-
structure with no obvious directionality. As the interface of coarse
silicon and Al acts as crack initiation sites, the refinement of
eutectic Si phase makes crack initiation more difficult. Even when
the cracks initiate, the uniformly distributed nano-TiB, particles
can deflect the straight growth of cracks. A similar result is revealed
in nanoparticles reinforced Al composites after orthogonal ther-
momechanical processes [44]. It is confirmed by a vast number of
fine dimples and intersecting tearing ridges in the fracture surfaces
of SLMed samples (Fig. 12c and d). Hence, the cracks expand much
slowly and the crack path in different directions is exactly almost
the same, leading to isotropic in strength and ductility. Therefore,
our result verifies that the anisotropy of SLMed sample is weakened
for the existence of in-situ nano-TiB; particles.

5. Conclusions

This study focuses on in-situ TiB, nano-particle decorated
AlSi10Mg alloy, which is produced by selective laser melting (SLM).
The study investigates the microstructure, texture evolution and
anisotropic behavior. The main conclusions are summarized as
follows:

(1) A competition growth of <100> and <110> fiber texture is
found in the SLMed AlSi10Mg alloy. The coarse columnar
grains with strong fiber texture dominate the microstructure
leading to significant anisotropic properties.

(2) The anisotropic behavior was significantly ameliorated in the
SLMed in-situ nano-TiB, decorated AISi10Mg alloy.
Compared to SLMed AlSi10Mg alloy with coarse columnar
grain structure, strong <100> and sub-strong <110> fiber
orientation texture, and obvious anisotropy in mechanical

properties, the in-situ nano-TiB, decorated AlSi10Mg alloy
exhibits equiaxed grains, no preferred crystallographic
texture and reduces the anisotropy remarkably.

(3) The addition of nano-TiB, particles leads to columnar-to-
equiaxed transition and distinct grain refinement. One
reason is the pinning effect of nano-structured particles
influencing the heat transfer so that to reduce the gradient of
temperature distribution. Another reason is that the particles
act as active heterogeneous nucleant substrates to promote
nucleant process and the growth inhibitor to restrict the
growth of grains.

(4) The strength and ductility have been dramatically improved
at the same time in the SLMed in-situ nano-TiB, alloy. The
improvement of properties is mainly due to the significantly
fine equiaxed grains in the SLMed AISi10Mg samples for the
presence of uniformly distributed nano-TiB; particles.
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