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H I G H L I G H T S

The SLM-fabricated AlSi10Mg exhibits an anisotropic microstructure.
The HEL for TD samples is about 40% higher than that along BD, given the initial <100>‖BD texture.
Spall strength for loading along TD is about 18% higher than that along BD.
Melt pool morphology leads to interpool and intrapool fracture modes for loading along BD and TD, respectively.
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A B S T R A C T

The effects of structural anisotropy on dynamic yield and spallation damage of an AlSi10Mg alloy manufactured
via laser powder bed fusion are investigated via plate impact experiments along the build direction (BD) and
the transverse direction (TD). Free surface velocity histories are measured to deduce its dynamic mechanical
properties. The as-received and postmortem samples are characterized with scanning electron microscopy,
metallograpic microscopy, electron backscatter diffraction and synchrotron X-ray computed tomography. The
Hugoniot elastic limit for loading along TD is about 40% higher than that along BD, given the initial ⟨100⟩ ∥BD
texture. For spallation, voids prefer to nucleate at melt pool boundaries. Spall strength for loading along TD is
about 18% higher than that along BD, as a result of higher critical stress for void nucleation and less nucleation
sites due to the melt pool morphology. The damage evolution features are also correlated well with melt pool
morphology and grain morphology within the pool interior, demonstrating the ‘‘ductile’’ interpool and ‘‘brittle’’
intrapool fracture modes for loading along BD and TD, respectively.
1. Introduction

Additive manufacturing (AM) or three-dimensional (3D) printing is
a breakthrough in manufacture and can produce complex engineer-
ing parts for medical, aerospace, and automotive applications [1–4].
Among the available additive manufacturing processes, Laser Powder
Bed Fusion (L-PBF) has received significant attention owing to its
advantages of free-forming design, material flexibility, short production
cycle and relative low production costs [5–8].

AlSi10Mg, an Al-based hypoeutectic alloy, is presently the most
common aluminum alloy used in the L-PBF-based industries [9–13].
Numerous studies have been dedicated to microstructure characteriza-
tion and mechanical response [14–21]. AlSi10Mg processed by L-PBF
exhibits higher yield stress and ultimate tensile strength than the cast or
heat-treated counterparts under quasi-static loading [22–29]. Since the
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L-PBF manufacture involves fast melting and solidification of powder
by scanning laser beam, the typical microstructure of L-PBF-fabricated
AlSi10Mg consists of overlapping melt pools [30,31].

L-PBF fabricated AlSi10Mg has been widely reported to exhibit
anisotropic tensile properties [32–37]. Generally, When loading per-
pendicular to the building direction, AlSi10Mg exhibit superior yield
strength and elongation to fracture. While higher strain hardening
capacity and consequently higher ultimate tensile strength are ob-
served for loading along the building direction [19]. Strain-rate sensi-
tivity and anisotropy in dynamic mechanical response relative to the
build direction (or melt pools) were investigated with split Hopkin-
son pressure bars [29,38–44]. When subjected to strain rates within
1000–3000 s−1, AlSi10Mg showed a pronounced dependence of dy-
namic properties on the build orientation. However, this anisotropy was
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254-0584/© 2023 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.matchemphys.2023.128840
Received 14 August 2023; Received in revised form 28 November 2023; Accepted
 17 December 2023

https://www.elsevier.com/locate/matchemphys
https://www.elsevier.com/locate/matchemphys
mailto:hwchai@swjtu.edu.cn
https://doi.org/10.1016/j.matchemphys.2023.128840
https://doi.org/10.1016/j.matchemphys.2023.128840


Materials Chemistry and Physics 314 (2024) 128840N.B. Zhang et al.

2

2

m
c
4
i
w
s

i
r
r
L
s

a
(
t
X
M
o
w
d
B
v

r
S
s
T
a
b
a
i
m
T
c
g
⟨

e
d
i

Fig. 1. Illustration of the L-PBF-fabrication strategy consisting of intralayer line
scanning and interlayer rotation. BD: build direction; LD: longitudinal direction; TD:
transverse direction.

absent for strain rates outside this range [41]. In addition, thermal soft-
ening was observed in dynamically tested AlSi12 samples at elevated
temperatures [42].

Given the potential applications of L-PBF-fabricated AlSi10Mg in
aerospace, automotive and marine industries, several studies were
dedicated to the Hugoniot equation of state (EOS) [45] and spal-
lation damage [46,47] of L-PBF-fabricated AlSi10Mg. Previous plate
impact experiments demonstrated superior Hugoniot elastic limit (HEL)
and spall strength of L-PBF-fabricated AlSi10Mg over those of cast
AlSi10Mg (increase by factors of two and four, respectively). With
increasing tensile strain rate, the fracture mode changed from ductile to
brittle [46]. Laser-driven experiments showed that the fabrication pa-
rameters had a strong influence on the HEL [47]. Despite the complex
anisotropic microstructure in L-PBF-fabricated AlSi10Mg, no significant
anisotropy was observed in HEL and spall strength [45–47]. Consider-
ing the considerable amount of pore flaws inherited from L-PBF (e.g., a
2.25% porosity was seen in the laser-driven L-PBF samples [47]), one
open question is whether the effect of microstructural anisotropy is
outrun by that of the pre-existing pore flaws. Overall, the structure–
property relation is still under explored for L-PBF-fabricated AlSi10Mg.
Since AlSi10Mg alloys exhibit anisotropic mechanical properties under
quasi-static compression and split Hopkinson pressure bar loading, with
anisotropic structure in nature, anisotropic dynamic responses should
exist under higher strain rate loading based on the afore-established
understanding. Moreover, as a complement to scanning electron mi-
croscopy and metallograpic microscopy, micro X-ray computed tomog-
raphy (XCT) [48–50] can characterize the three-dimensional (3D) inter-
nal structure features, and provide more details about the preexisting
pores and damage characteristics of L-PBF-fabricated AlSi10Mg.

In this study, plate impact experiments are conducted on an L-PBF-
fabricated AlSi10Mg alloy along two different directions, the build di-
rection (BD) and the transverse direction (TD), to investigate the effect
of structure anisotropy on dynamic yield and spallation damage. Free-
surface velocity histories are measured to derive HEL (yield strength)
and spall strength (resistance to high-rate tensile loading). Scanning
electron microscope (SEM), optical microscopy, electron back-scatteri
ng diffraction (EBSD), and XCT are conducted to obtain spatial distri-
butions and morphologies of voids or cracks. The connections between
anisotropic mechanical properties and microstructure features inherent
from the additive manufacture are established. Based on the experi-
mental observations, TD samples own higher HEL and spall strength.
Thus, for component manufacturing or part repairment in spacecraft
and aircraft structures, the material performance can be improved by
2

adjusting the scanning direction. c
Fig. 2. X-ray diffraction pattern of the L-PBF-fabricated AlSi10Mg sample obtained
with a Cu K𝛼 source. 2𝜃: diffraction angle.

. Materials and experiments

.1. Materials

The L-PBF-fabricated AlSi10Mg alloy used in this study is com-
ercially produced by Xi’an Bright Laser Technologies Co., Ltd. A

uboid-shaped block with dimensions of 18 mm (BD: build direction) ×
0 mm (TD: transverse direction) × 40 mm (LD: longitudinal direction)
s fabricated from pre-alloyed AlSi10Mg powder (nominal content, in
t.%: 9.82% Si, 0.29% Mg, 0.09% Fe and Al in balance) with particle

ize ranging from 15 to 53 μm within an argon atmosphere. Other
fabrication parameters are AM machine type: BLT-S210, laser power:
320 W, spot size: 0.1 mm, line scanning speed: 1300 mm s−1, line spac-
ng: ∼0.12 mm and build-platform temperature: 35 ◦C. The interlayer
otation scheme is illustrated in Fig. 1: each layer, ∼ 30 μm thick, is
otated by 67◦ with respect to its preceding layer. After fabrication, the
-PBF-fabricated AlSi10Mg alloy are subjected to T5 heat treatment (for
tress relief) at 300 ◦C for 2 h.

The microstructures of initial and postmortem samples are char-
cterized via X-ray diffraction (XRD), scanning electron microscopy
SEM), electron backscatter diffraction (EBSD) and X-ray computed
omography (XCT). XRD is conducted with a Panalytical Empyrean
-ray diffractometer with Cu-K𝛼 radiation (0.15405-nm wavelength).
etallographic characterization is performed with an Olympus SZ61

ptical microscope. SEM and EBSD characterizations are performed
ith an FEI Quanta 250 FEG-SEM equipped with Oxford EDS or EBSD
etectors. In addition, XCT experiments are performed at beamline
L16U2 of the Shanghai Synchrotron Radiation Facility (SSRF) with a
oxel size of about 1.6 μm.

The XRD pattern of the L-PBF-fabricated AlSi10Mg alloy (Fig. 2)
eveals the typical face-centered cubic (FCC) Al matrix and the eutectic
i phase. During rapid cooling in the L-PBF process, the element Si is
upersaturated and then evolves in precipitates in the Al matrix [51].
he EBSD analysis indicates a significant structural anisotropy. The
nisotropic microstructure throughout the melt pools can be explained
y non-steady solidification behavior. The differences of growth rate
nd thermal gradient at the melt pool border or in the melt pool
nterior during solidification lead to distinct solidification structure
orphologies between internal and peripheral melt pool regions [52].
he grains follow a bimodal size distribution, consisting of coarse
olumnar grains and fine equiaxed grains (Fig. 3a and b). Solidification
enerally proceeds along the direction of heat flow, i.e., along the
100⟩ orientation of AlSi10Mg [53], leading to coarse columnar grains
longated in the build direction or the ⟨100⟩ orientation (Fig. 3c and
). In addition, the melt pools form with a ‘‘fish scale’’ morphology
nherited from the L-PBF process (Fig. 3e). The melt pool structures

ome from solidification of melted material induced by a moving
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Fig. 3. EBSD characterization of the L-PBF-fabricated AlSi10Mg sample. (a, b) Inverse pole figure (IPF) map and (c,d) corresponding pole figures for the LD–BD plane and the
TD–LD plane, respectively. (e) SEM micrograph, (f) corresponding band-contrast map and (g) kernel average misorientation (KAM) map for the LD–BD plane. The melt pool
boundaries (MPBs) are marked by the yellow arrows in (e) and the white dashed lines in (f) and (g).
Fig. 4. SEM micrograph of the LD–TD plane of the L-PBF-fabricated AlSi10Mg sample.

heating source [33]. Their size and arrangement is highly dependent
on scan strategy [19]. The coarse columnar grains are more likely
to appear in the melt pool interior, while the fine equiaxed grains,
3

at the melt pool boundaries (MPBs) in Fig. 3f. The higher-resolution
SEM image of the LD–TD plane (Fig. 4) shows Al cells decorated with
continuous networks of eutectic Si [7,54]. Moreover, the ultrafine Al
cells are coarser near the MPBs (area B in Fig. 4) than those in melt
pool interiors (area A and C in Fig. 4) due to partial re-melting during
deposition of a top layer [55].

2.2. Plate impact experiments

The initial density (𝜌0) is measured with the Archimedean method
and the longitudinal (𝐶L) and transverse sound (𝐶T) velocities are
obtained with the ultrasound method. The Poisson’s ratio (𝜈) and bulk
sound speed (𝐶B) are calculated from 𝐶L and 𝐶T [56]. All sound
velocities and Poisson’s ratio along BD and TD are summarized in
Table 1. The L-PBF-fabricated AlSi10Mg used in this study achieves a
density of 99.3% of the theoretical maximum density.

Plate impact experiments are conducted on a single-stage gas gun
(Fig. 5a and b). Before experiments, both surfaces of the 2024-T4 Al
alloy flyer plates and L-PBF-fabricated samples are polished to mirror
finish. A flyer plate (4) is attached to a low polycarbonate sabot (3) with
a recess (10), and accelerated in the gun barrel (1) by the high pressure
gas. The flyer plate speed is measured with a magnetic induction system
(2) within 0.5%. A momentum trap ring (6) made of the 2024-T4 Al
alloy is implemented to minimize the release wave effect [57,58]. After
impact, AlSi10Mg samples (5) are ‘‘soft-recovered’’ with soft materials
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Fig. 5. (a,b) Schematic setups for plate impact experiments. 1: gun barrel; 2: magnetic
induction velocimeter; 3: polycarbonate sabot; 4: flyer plate; 5: sample; 6: momentum
trap ring; 7: thin-film mirror; 8: lens with the optical fiber connected to a laser Doppler
velocimeter; 9: recovery cylinder; 10: recess for release waves. (c) Illustration of the
loading orientations in the sample coordinate system (BD–TD–LD).

Fig. 6. Free surface velocity histories, 𝑢fs(𝑡), for loading along TD and BD at different
impact velocities as noted on each curve (in m s−1).

in the recovery cylinder (9) for subsequent microstructure characteri-
zations. The free surface velocity (𝑢fs) of AlSi10Mg is measured with
a lens-coupled laser Doppler velocimeter (8) (LDV) which is similar to
a photon Doppler velocimetry [59,60]. The whole experimental system
with stable and controllable impact velocity within 10 m s−1 and impact
angle less than 10 mrad [61] makes sure the reliability and consistency
of the obtained results.

To investigate the effects of microstructural anisotropy, the samples
are impact-loaded along BD and TD. For simplicity, these two kinds
of samples are referred to as the BD and TD samples, respectively.
Disk-shaped samples with different orientations are harvested from the
AlSi10Mg block following the scheme illustrated in Fig. 5c. Flyer plates
and samples are of a disk shape with a diameter of 13.20 ± 0.01 mm
and 10.00 ± 0.01 mm, respectively. The thicknesses for each shot are
summarized in Table 2.
4

Table 1
Summary of material parameters for the BD- and TD-loading samples. 𝜌0: initial density;
𝐶L: longitudinal sound speed; 𝐶T: transverse sound speed; 𝐶B: bulk sound speed; 𝜈:
Poisson’s ratio.

Sample 𝜌0 𝐶L 𝐶T 𝐶B 𝜈
type (g cm3) (km s−1) (km s−1) (km s−1)

BD 2.65 6.65 3.38 5.38 0.32
TD 2.65 6.64 3.32 5.42 0.32

3. Results

3.1. Free surface velocity analysis

Totally, six shots are carried out at three fixed impact velocities
along BD or TD, and the corresponding free surface velocity histo-
ries, 𝑢fs(𝑡), are shown in Fig. 6. For each fixed impact velocity, since
the variations are within 10 m s−1, there are negligible influences on
comparison between the BD and TD samples. Typical elastic–plastic
two-wave structures with the elastic precursor (OA), the plastic shock
(BC), the shock plateau (CD), the release (DE) from the recess behind
the flyer plate, and the spall pullback (EF) are shown in Fig. 6. The
interaction of the release fan from the flyer plate free surface with
that reflected from the sample free surface induces tension in the
sample interior. When this tensile stress exceeds the critical stress of
the sample, spallation occurs. The details of wave propagation and
interaction for spallation can be found elsewhere [62].

The point on the shock Hugoniot at which a material transitions
from a purely elastic state to an elastic–plastic state is called the
Hugoniot elastic limit (HEL, point A in Fig. 6). The stress at the HEL is
calculated as

𝜎HEL = 𝜌0𝑢p1𝑢s1 . (1)

The particle velocity (𝑢p1 ) of the elastic precursor is approximately
equal to half of the free surface velocity at HEL. The elastic wave
velocity (𝑢s1 ) is approximately equal to the longitudinal sound velocity
at ambient condition, i.e., 𝐶L. The 𝜎HEL values are 0.32 and 0.45 GPa
for the BD and TD samples, respectively. The yield stress follows as

𝜎y = 1 − 2𝜈
1 − 𝜈

𝜎HEL. (2)

The 𝜎y values for the BD and TD samples are 0.17 and 0.24 GPa,
respectively.

Via the impedance match method [63] with known projectile ve-
locity (𝑢f ) and the Hugoniot equations of state for the 2024-T4 Al
alloy [64] and the L-PBF-fabricated AlSi10Mg sample [45], the peak
shock stress (𝜎H) is obtained as

𝜎H = 𝜎HEL +
𝜌0𝑢s1

𝑢s1 − 𝑢p1

(

𝐶0 + 𝜆𝑢p2 − 𝑢p1
)(

𝑢p2 − 𝑢p1
)

, (3)

𝐶0 and 𝜆 are known material parameters [45]. 𝑢p2 and 𝑢s2 are particle
velocity and shock wave velocity of the plastic wave, respectively.

Spall strength (𝜎sp) is estimated from 𝑢fs(𝑡) with the acoustic method
[65,66] as

𝜎sp ≈ 𝜌0𝐶L𝛥𝑢
1

1 + 𝐶L
𝐶B

. (4)

Since the magnitude of tension pulse is attenuated as it propa-
gates to the sample free surface, an underestimated spall strength is
calculated from 𝑢fs(𝑡) via Eq. (4). Thus, we also introduce [65,67]

𝜎∗sp ≈
1
2
𝜌0𝐶B(𝛥𝑢 + 𝛿), (5)

with

𝛿 ≈
(

ℎs
𝐶B

−
ℎs
𝐶L

)

�̇�1�̇�2
�̇�1 + �̇�2

. (6)

Here, pullback velocity 𝛥𝑢 = 𝑢fs,D−𝑢fs,E, ℎs is the thickness of the spalled
layer directly obtained from an SEM micrograph.
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Fig. 7. Metallographs or SEM images of the cross-sections for the postmortem samples from shots (a) BD-1, (b) TD-1, (c) BD-2 and (d) TD-2.
Fig. 8. EBSD characterizations of two typical spallation regions for shot BD-1. (a, d) IPF maps, corresponding (b, e) band-contrast maps and (c, f) KAM maps for the BD–TD plane.
Shock direction: top to bottom.
Table 2
Summary of experimental parameters and results for the spallation experiments. 𝑑f : flyer plate thickness; 𝑑s: sample thickness; 𝑢f : flyer plate velocity; 𝜎HEL: stress at Hugoniot elastic
limit; 𝜎H: peak shock stress; 𝜏: pulse duration; �̇�: tensile strain rate; 𝛥𝑢1: pullback velocity; 𝜎sp: spall strength; 𝜎∗

sp: spall strength (considering the effect of spall plane position); �̇�2:
re-acceleration. Numbers in parentheses denote uncertainties in the last 1 or 2 digits.

Shot 𝑑f 𝑑s 𝑢f 𝜎HEL 𝜎H 𝜏 �̇� 𝛥𝑢 𝜎sp 𝜎∗
sp �̇�2

No. (mm) (mm) (m s−1) (GPa) (GPa) (μs) (105 s−1) (m s−1) (GPa) (GPa) (108 m s−2)

BD-1 0.752 (2) 1.496 (2) 260 (5) 0.32 (1) 1.92 (1) 0.14 (1) 0.86 (1) 150 (2) 1.18 (2) 1.11 (2) 2.50 (19)
BD-2 0.750 (2) 1.495 (2) 340 (7) 0.32 (1) 2.53 (2) 0.16 (1) 1.11 (2) 154 (2) 1.21 (2) 1.20 (2) 8.72 (31)
BD-3 0.751 (2) 1.501 (2) 499 (10) 0.33 (1) 3.75 (4) 0.16 (1) 1.48 (2) 156 (2) 1.23 (2) 1.29 (2) 18.07 (76)
TD-1 0.751 (2) 1.496 (2) 268 (5) 0.44 (1) 1.98 (1) 0.16 (1) 1.38 (2) 174 (2) 1.37 (2) 1.35 (2) 9.13 (30)
TD-2 0.747 (2) 1.498 (2) 348 (7) 0.46 (1) 2.58 (2) 0.15 (1) 1.50 (2) 173 (2) 1.37 (2) 1.39 (2) 14.75 (37)
TD-3 0.752 (2) 1.500 (2) 498 (10) 0.45 (1) 3.74 (4) 0.16 (1) 1.73 (3) 179 (2) 1.41 (2) 1.53 (2) 39.32 (98)
5
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Fig. 9. Tomography images for shots BD-1 and TD-1. For XCT characterizations, 𝑥1, 𝑥2 and 𝑥3 represents LD, BD and TD, respectively for shot BD-1, and LD, TD and BD,
respectively for shot TD-1.

Fig. 10. Statistical analysis of void/crack topology. (a) Volume, (b) elongation index (EI), (c) flatness index (FI), (d) sphericity distributions of voids/cracks for shots BD-1 or
TD-1. (e) and (f) Pole figures of the longest principal axis of voids/cracks for shots BD-1 or TD-1, respectively. The dashed line in (a) is linear fitting.
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𝑢

𝑢

Fig. 11. Degree of damage as a function of distance away from the impact surface
for shots BD-1 and TD-1. Insets are the tomogram slices with the maximum degree of
damage on the LD–TD and LD–BD planes for shots BD-1 or TD-1, respectively.

�̇�1 (deceleration upon release) is the absolute value of the slope of
the release stage (DE), and

̇ 1 = −
d𝑢fs(𝑡)
d𝑡

|

|

|DE
. (7)

Similarly, �̇�2 (re-acceleration) which reflects the fracture rate during
spallation [68] can be obtained as the slope of the rebound stage (EF),

̇ 2 =
d𝑢fs(𝑡)
d𝑡

|

|

|EF
. (8)

Moreover, the tensile strain rate can be estimated as [69,70]

�̇� ≈
�̇�1
2𝐶B

. (9)

The experimental parameters and results of all the six shots are
summarized in Table 2. The measured 𝜎HEL and 𝜎sp results agree
with those reported by previous studies [45,46]. Due to the elastic
wave decay along the shock direction [46,71], the 𝜎HEL value in this
study is considerably smaller than that for thin samples (∼ 500 μm)
subjected to laser shock loading [47]. Different from the rolled dual-
phase Ti alloy [72], textured Mg alloy [73], duplex stainless steel [74],
CNT/2024Al composite [75] and previous studies on L-PBF-fabricated
AlSi10Mg [45–47], the anisotropy in 𝜎HEL in this study is significant.
Generally, the [111] orientation has the largest 𝜎HEL in the single
crystal Al, followed closely by [110] and [100] [76]. Thus, as a result of
the initial ⟨100⟩ ∥BD texture, the TD samples show higher 𝜎HEL than the
BD samples. 𝜎sp for the TD samples is ∼ 18% higher than that for the BD
sample. The related mechanism will be discussed below in conjunction
with damage characterization.

3.2. Damage characterizations

The postmortem samples of shots BD-1, BD-2, TD-1 and TD-2 are
sectioned along the dashed lines in Fig. 5c, and their TD-BD planes are
characterized with metallograpic microscopy or SEM (Fig. 7). All spall
damage features (voids or cracks) appear in the middle of the cross-
sections given the flyer plate and sample dimensions [62]. Moreover,
the damage within BD samples distributes over a wider range. The
MPBs normally suffer from incomplete melting, are rich in flaws such as
pores and inclusions, and have high microstructure inhomogeneity [77–
79], and consequently, provide more low-barrier nucleation sites for
voids [47]. Thus, almost all voids are located around the MPBs in
Fig. 7a. As shown in Fig. 8, EBSD characterizations of two typical
spallation regions for shot BD-1 prove that voids nucleate preferentially
at MPBs, seconded by grain boundaries (GBs) within the pool interior.
7

In shot TD-1, several slender cracks propagate along BD in addition to
isolated voids (Fig. 7b); the high KAM values regions extended along
the BD direction due to the L-PBF fabrication process may (Fig. 3g)
facilitate the formation of these slender cracks. For both loading direc-
tions, spall damage increases with increasing 𝜎H. Moreover, damage
evolution shows significant anisotropy. For the BD samples, cracks
propagate along the MPBs (Fig. 7c). However, for the TD samples, the
cracks tend to propagate across the melt pools (Fig. 7d). Vastly different
interpool and intrapool fracture modes [47] are found for loading along
BD and TD, respectively.

Besides the metallograpic microscopy characterization, synchrotron
XCT is also conducted on postmortem samples of shots BD-1 and
TD-1 to resolve the internal 3D damage characteristics. Their spa-
tial distributions of voids or cracks within a sampling volume of
1050 × 1050 × 1050 μm3 are shown in Fig. 9a and b. Consistent with
the metallograpic results (Fig. 7), voids are predominant for both shots
(Fig. 9e and f), and a certain number of cracks extended on the BD-LD
plane are identified for shot TD-1 (Fig. 9f).

The 3D configurations of the microvoids and cracks are segmented
and then analyzed. Via the binning procedure [80], the volume distri-
bution of voids or cracks is characterized in terms of probability density
(𝜁),

𝜁 = 1
𝜆𝑘

∑

𝜆𝑘−1≤𝑉 ≤𝜆𝑘−1 𝑁(𝑉 )
∑

𝑁(𝑉 )
, (10)

where 𝑁(𝑉 ) is the number of cracks within the bin centered at volume
𝑉 . 𝜆 is the binning width (1.4 μm3) and 𝑘 denotes the sequence number
of a bin. The 𝜁 − 𝑉 distributions for the two shots are consistent
(Fig. 10a) and can be described with the same power-law function,
𝜁 ≈ 𝑉 −1.32 (marked by the dashed line in Fig. 10a), indicating similar
nucleation and growth dynamics for both shots [75].

Gyration tensor [50] is used to characterize the topology of void/cra
ck networks, and defined in terms of the 3D voxel coordinates as

𝐺(𝜔)
𝛼𝛽 = 1

𝑉 (𝜔)

𝑉 (𝜔)
∑

𝑖=1

(

𝑥(𝜔)𝛼𝑖
− 𝑥(𝜔)𝛼c

)(

𝑥(𝜔)𝛽𝑖
− 𝑥(𝜔)𝛽c

)

. (11)

For void or crack 𝜔, 𝑉 (𝜔) is the total number of voxels within the
void/crack (i.e., void volume), and 𝑥(𝜔)𝛼𝑖 or 𝑥(𝜔)𝛽𝑖

is the 𝛼 or 𝛽 coordinate
of voxel 𝑖. Here 𝛼, 𝛽 = 1, 2, 3, corresponding to 𝑥1, 𝑥2 and 𝑥3, respec-
tively. Similarly, 𝑥(𝜔)𝛼c or 𝑥(𝜔)𝛽c

is the 𝛼 or 𝛽 coordinate of the center of
mass (c) of void 𝜔.

The eigenvalues of the gyration tensor are calculated as 𝐿1, 𝐿2 and
𝐿3 (𝐿1 > 𝐿2 > 𝐿3). Given the eigenvalues, a characteristic ellipsoid
can be constructed for the crack with three semi-axes oriented along
the eigenvectors, and their lengths are 𝑎1 =

√

5𝐿1, 𝑎2 =
√

5𝐿2 and
𝑎3 =

√

5𝐿3. Furthermore, the sphericity (𝑆G) can be defined as

𝑆G = 1 − 1
2

∑3
𝑖>𝑗

(

𝐿𝑖 − 𝐿𝑗
)2

(

∑3
𝑖 𝐿𝑖

)2
, (12)

where 𝑖, 𝑗 = 1, 2, 3. Two aspect ratios, the elongation index (EI) and
the flatness index (FI), can be calculated as

EI =
𝐿2
𝐿1

, (13)

FI =
𝐿3
𝐿2

. (14)

A smaller EI or FI means a greater degree of elongation or flatness.
For both shots BD-1 and TD-1, the distributions of EI (Fig. 10b),

FI (Fig. 10c) and 𝑆G (Fig. 10d) of void/crack networks are similar.
The EI and FI distributions are bell-shaped, and the EI and FI values
concentrate in the plateau region. The fraction of voids/cracks increases
with increasing 𝑆G (Fig. 10d). Given the existence of a certain number
of cracks for shot TD-1, the fractions of voids/cracks in the low ranges
of EI (0–0.3), FI (0–0.2) and 𝑆G (0–0.4) for shot TD-1 are higher that
those for shot BD-1.
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Stereo graphic projection is used to project void/crack orientations
onto a pole figure [81]. Since the tensile stress component along the
impact direction is maximum for shot TD-1, the majority of isolated
voids are prone to elongate along TD (Fig. 10f). However, some voids in
shot BD-1 start to coalesce with each other (the blue arrows in Fig. 9e)
to form cracks in XCT, and therefore, most of such coalesced voids
(cracks) are perpendicular the impact direction (Fig. 10e).

The degree of damage 𝜉 is defined as

=
𝑆damage

𝑆total
, (15)

where 𝑆damage and 𝑆total are, respectively, damage area and total area
for a tomogram slice perpendicular to the shock direction at a certain
distance away from the impact surface. As shown in Fig. 11, main
damage (𝜉max) occurs in the distance range of 625–875 μm. Although the
number of void/cracks in shot BD-1 (3371 voids/cracks) is larger than
that of shot TD-1 (2168 voids/cracks), shot TD-1 shows a higher 𝜉max
value, which is consistent with the higher fracture rate (�̇�2 in Fig. 6).

4. Discussions

According to the self-consistent theory of spall fracture, the crit-
ical stress of void nucleation is approximately proportional to yield
stress [82–84]. Thus, with lower dynamic yield stress and then low
critical stress of void nucleation, the damage occurs over a wide range,
then multiple spall planes appear for BD samples, in contrast with the
concentrated damage distributed over a narrow range for TD samples.
Since most of the energy is dissipated during the void nucleation
process, then the damage evolution is insufficient, leading to the less
𝜉max value for BD samples (Fig. 11). The TD samples show typical
‘‘brittle’’ behavior. Like brittle materials such as ceramics [85], once the
voids nucleate, the damage propagates rapidly, resulting in the higher
𝜉max value.

Based on the characterizations above, dissymmetric fish-scale-sha
ped melt pools are with convex contours opposite to the building
direction, and coarse columnar grains in melt pool interior elongate
also along BD, in other words, less GB number density along BD. Both
the MPBs [77] and grain boundaries (GBs) [86] within the pool interior
can act as weak zones for void nucleation (Fig. 8). Thus, there exists a
competition mechanism between MPBs and GBs. When loading along
BD, the spall plane coincides with more MPBs but less GBs within the
pool interior. Almost all voids are located around the MPBs, indicating
MPBs are the lower barrier nucleation sites (Fig. 8). When spall damage
increases, the voids on the MPBs coalesce with each other, leading to
the interpool fracture. For TD samples, given the higher GB density in
the pool interior, some voids can also nucleate at GBs inside melt pools
besides along the MPBs as spall damage increases. Then voids coalesce
with each other and propagate across the melt pools, resulting in the
intrapool fracture.

Moreover, due to the insufficient energy density [87] and poor over-
lap of melt pools (scan tracks) [88], lack of fusion defects, especially
lack of fusion pores exist in L-PBF fabricated AlSi10Mg. Unlike the gas
pores, lack of fusion pores exhibit preferred orientations [89], generally
flat lack of fusion defects perpendicular to BD. These lack of fusion
defects could lead to the anisotropy in ductility and fatigue life. The
preferred orientations of the lack of fusion defects lead to higher stress
concentrations at defects, then promote earlier fracture [90] or fatigue
crack initiation [89,91] when loading along BD. These lack of fusion
defects may act as nucleation sites, leading to lower spall strength
for BD samples due to the defects preferred orientations. However,
different from the MPBs and GBs, no direct observation of lack of fusion
defects are characterized in this study. The role of lack of fusion defects
deserve further investigations.

Overall, three orientation-dependent factors can be responsible for
the spall strength and damage evolution: dynamic yield stress, the pro-
8

jected area of MPBs, and the GB number density in melt pool interior i
along the loading direction. Moreover, voids nucleate preferentially at
MPBs, seconded by GBs within the pool interior, thus TD samples owns
less nucleation sites due to the less projected area of MPBs along the
impact direction. In conclusion, less nucleation sites and higher yield
stress lead to higher spall strength in the TD samples.

For body-centered cubic additive manufactured alloys such as 24Cr
NiMo steel [92] and tantalum [93], the transgranular cleavage (24CrN-
iMo steel) or intergranular cracking (tantalum) within the melt pool
is brittle in nature, thus their activation does not require substantial
plastic deformation in contrast to cracking along MPBs. Moreover, the
fraction of MPBs is considerably smaller than those of cleavage planes
and GBs. Therefore, the MPBs show negligible influence on fracture of
them.

Different from the L-PBF-fabricated AlSi10Mg in this study, previous
publications indicated negligible anisotropy in spall strength [45–47].
A probable reason is a degree of porosity from fabrication process in
AlSi10Mg. The pre-existing voids will weaken the effects of structural
anisotropy. Our previous plate impact experiments on 5% porosity alu-
minum showed that instead of nucleation of new voids, the spallation
voids were generated via growth of pre-existing voids [94].

5. Conclusions

The L-PBF-fabricated AlSi10Mg is subjected to plate impact loading
along BD and TD. Free-surface velocity history measurements, and
postmortem metallographic and XCT characterizations are conducted.
Our main conclusions are as follows.

• The L-PBF-fabricated AlSi10Mg exhibits an anisotropic microst
ructure: fish-scale-shaped melt pools overlaid along the build-
ing direction, coarser columnar grains elongated along ⟨100⟩
in the melt pool interior (thus, the GB number density shows
anisotropy), and finer equiaxed grains at MPBs.

• The microstructural anisotropy of L-PBF-fabricated AlSi10Mg in-
duces an anisotropy in HEL and spall strength. The HEL and spall
strength for loading along TD are about 40% and 18% higher than
those along BD, respectively.

• Voids nucleate preferentially at MPBs, seconded by GBs within
the pool interior. Spall strength and damage evolution are com-
bined results of three orientation-dependent factors: dynamic
yield stress, the projected area of MPBs, and the GB number
density in melt pool interior along the loading direction.

• The higher yield stress and less projected area of MPBs along the
impact direction lead to higher spall strength in the TD samples,
but the damage is more ‘‘brittle’’ and manifested as intrapool
damage given the higher GB density in the pool interior and lower
projected area of MPBs.

• The weaker MPBs and the larger projected area of MPBs lead to
easier and broader nucleation of voids, leading to wider, more
‘‘ductile’’, interpool damage in the BD samples.
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