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The microstructural evolution at the fracture surface in response to very-high-cycle fatigue (VHCF) under stress
ratios (R) of —1 and 0.5 in an AlSi10Mg alloy produced by Laser Powder Bed Fusion was investigated. The results
show that appreciable growth of the Si precipitates at the cellular network boundaries in the as-built micro-
structure was observed under R = —1. Moreover, significant amorphization of the initial crystalline Si pre-
cipitates occurred in the vicinity of the fracture surface under this condition. A layer of fine Al grains was
developed in the “fish-eye” region of the fracture surface. These microstructural responses are rationalized by the
generation of lattice defects including dislocations and sub-grain boundaries during cyclic pressing of crack
surfaces under R = —1, which mediates the Si solute diffusion and re-precipitation in the alloy as well as the
amorphization of initial Si crystalline precipitation. In contrast, far fewer dislocations were observed near the
crack surfaces under R = 0.5, which is attributed to the absence of cyclic pressing of crack surfaces and severe
plastic deformation in this scenario. This work provides insights into the stress ratio dependence of the micro-
structural evolution in the fatigued Al alloys. The obtained knowledge is useful for future understanding of the
fatigue failure in Al alloys produced by additive manufacturing.

1. Introduction

Al-Si alloys possess a combination of high specific strength, good
corrosion resistance and castability, showing competitive advantages
over a wide range of applications in automotive and aerospace in-
dustries [1]. Under the operational conditions of transportation, the Al-
alloy components often experience an alternating stress lower than their
monotonic yield strength with significant loading cycles accumulated
beyond 107 over their life-time, i.e., the very-high-cycle fatigue (VHCF)
occurs. Fatigue has been identified as one of the main failure modes
which causes the eventual failure of the Al-alloy components [2]. Hence,
increasing research efforts have been devoted in recent years to under-
standing the fatigue failure mechanisms and the associated micro-
structural evolutions in Al-alloys.

Fatigue-induced microstructural evolution underneath the fracture
surfaces in the region of crack initiation and early growth is associated
with the accumulated plasticity [3,4]. Plastic deformation in Al-alloys
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often occurs via a prevailing mechanism of dislocation glide, whereas
twining normally does not take place in Al-alloys due to their high
stacking fault energies [5]. An in-situ microstructural characterization
during tension of nanoscale Al-Si eutectic revealed that the progression
of plasticity in the alloy is accommodated by dislocation slip in the nano-
Al channels [6]. A high density of tangled dislocations in the micro-
structure of Al alloys not only caused the hardening, but also interacted
with the precipitates which affected the recrystallization behavior dur-
ing hot deformation [7]. During low cycle fatigue, reversibility of
dislocation slip occurred by the formation and annihilation of the Oro-
wan loops, resulting in the cyclic softening of Al alloys [8].

In addition, it has been recognized that the deformation-induced
localized solid-state amorphization is actually another important
deformation mechanism [9-11]. In the extreme deformation conditions,
the localized solid-state amorphization can occur at grain boundaries,
along crack paths or surrounding nano-voids [11]. This is the result of
lattice instability due to high elastic strain in the dislocation core regions
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[10]. The high dislocation density in a local region engenders lattice
distortion which likely initiates the solid-state amorphization.

For fatigue under negative stress ratios, the cycling of tension and
compression can cause a repeated process of opening, closure and con-
tact of fatigue-induced cracks in the material. Under sufficiently large
numbers of pressing cycles, a typical fractographic feature, i.e. fine
granular area or rough region, was usually developed with the crack
initiation and early growth [12,13]. This feature tended to decrease or
even disappear as the stress ratio changes from negative to positive [14].
However, the microstructural evolution under VHCF is also closely
related on the initial microstructure of the material [3]. For example,
fatigue cracks are prone to initiate in equiaxed a grains of titanium al-
loys with a bimodal microstructure [15]. For titanium alloys with the
basketweave microstructure, the fatigue fractography often shows the
irregularly distributed facet-like surfaces instead of the common “fish-
eye” characteristics [16].

It is essential to understand the relationship between the VHCF
performance and the microstructure of Al-alloys produced by particular
processes. Laser Powder Bed Fusion (LPBF), has hitherto been a common
additive manufacturing process for producing Al-Si alloy bulk compo-
nents with a refined microstructure [17]. The microstructure of LPBF
AlSi10Mg, a hypoeutectic alloy, is characterized by the dominant
cellular grains of the a-Al matrix surrounded by the boundaries with Si-
rich precipitates [18]. These LPBF materials contain the refined eutectic
Si precipitation, distinctive from the micron-scale coarse eutectic Si
particles in the counterparts produced by conventional casting
approach. In-situ compression tests under a Transmission Electron Mi-
croscope (TEM) showed that the Si-rich cellular boundaries in LPBF
AlSi10Mg alloy resist the dislocation movement, contributing to the
strengthening of the material. Additionally, the interaction of a high-
density of dislocations with the Si particles causes an abnormally high
creep stress exponent [19].

Recently, Tridello et al. [20] investigated the effect of the specimen
size on the VHCF response of LPBF-AlSi10Mg alloys. Their results
showed that the specimen size has a significant influence on the VHCF
response regardless of the building orientation. Zhang et al. [21] dis-
cussed the influence of building directions (0°, 45° and 90°) on high
cycle fatigue property of LPBF-AISi10Mg alloys, and the fatigue strength
was found to decrease with the increase of building angle. Li et al. [22]
analyzed the defect-induced cracking behavior in VHCF of LPBF-
AlSi10Mg alloy, and the correlation between grain refinement and
crack propagation path was revealed. Although the fatigue properties of
LPBF-AlSi10Mg alloy materials have been studied, the evolution of the
unique microstructure formed during AM in VHCF remains unclear.
Further investigations are essential to address the questions such as: (1)
how does the stress ratio affect the VHCF behavior? (2) what is the
evolutionary behavior of the unique cellular structure during VHCF, and
what is the underlying mechanism? (3) which factors in VHCF affect the
evolution of the microstructure?

Therefore, understanding the microstructural evolution in the LPBF
AlSi10Mg material in response to the fatigue deformation is needed to
uncover the fatigue failure mechanism. In the present work, the VHCF
performance and the microstructural evolutions of the LPBF AlSi10Mg
alloy before and after VHCF under R = —1 and 0.5 were evaluated, with
a particular focus on the VHCF-induced changes in the Si precipitation in
the material.

2. Materials and methodology

Cylindrical bar specimens of AlSilOMg materials with the di-
mensions of ®16 mm x 52 mm were deposited by LPBF using a com-
mercial EOS M280 system. The chemical compositions (wt. %) of the
raw AlSi10Mg powers used in the deposition were measured to be 9.75
Si, 0.22 Mg, 0.092 Fe, 0.011 Ti, and balanced Al using Energy Dispersive
X-ray Spectroscopy. The deposition processing parameters were as fol-
lows: laser power (P) of 370 W, hatch spacing (H) of 0.19 mm, scanning
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speed (v) of 1300 mm/s, and layer thickness (h) of 50 pm. Further details
regarding the LPBF progressing and the mechanical properties of the
produced AlSi10Mg materials can be found in [23].

The initial macroscopic defects of as-built material were observed by
synchrotron radiation X-ray micro-computed tomography (micro-CT) at
the Shanghai Synchrotron Radiation Facility. The collected tomographic
data were processed using the Avizo program to obtain the initial
porosity and defect size [24]. In addition, the initial microstructure of
the as-built AISi10Mg alloy was characterized by X-ray diffraction
(XRD), Scanning Electron Microscopy (SEM), electron backscatter
diffraction (EBSD) and TEM. As-built metallographic specimens were
mechanically polished and etched using Keller’s solution for SEM ex-
amination. SEM observations using secondary electron imaging, back-
scattered electron imaging and EBSD were carried out in a Zeiss
GeminiSEM 300. A step size of 0.5 pm was used in the EBSD scans of the
as-built AlSi10Mg alloy. TEM observation was conducted using a thin
foil specimen prepared from 3 mm diameter disks. These disk specimens
were extracted with their normal directions perpendicular to the
building direction, and then thinned down to allow electron-
transparency by mechanical and twin-jet polishing.

Ultrasonic fatigue testing method was used in this study. Hourglass-
shaped specimens with a minimum cross-sectional diameter of 3.5 mm
were machined out for fatigue tests from the as-built cylindrical bars. A
few fatigue tests were performed at room temperature on the Lasur
GF20-TC ultrasonic fatigue testing machine. The fatigue tests were
performed with two different stress ratios (R) of —1 and 0.5. The ul-
trasonic fatigue loading was controlled by displacement, and the reso-
nant frequency of the specimen was equal to the input incitation
frequency (20 k + 500 Hz) of the ultrasonic piezoelectric ceramic
resonator. However, during fatigue testing, the accumulated damage of
the specimen will reduce its intrinsic resonant frequency due to the
crack initiation and propagation. When the resonant frequency is lower
than 19.5 kHz, the damaged specimen no longer meets the resonant
frequency condition, and the ultrasonic vibration stops, that is, the fa-
tigue test ends with the failure of the specimen.

After VHCF tests, fracture surfaces were inspected by SEM, TEM and
Transmission Kikuchi Diffraction (TKD). TEM observations were per-
formed using a high-resolution Talos F200X TEM equipped with the
Energy Dispersive X-ray Spectroscopy (EDS), with the thin-foil speci-
mens extracted near crack initiation area by focused ion beam (FIB)
milling. To obtain a fine surface on the FIB cross-sectional plane, the
surface of the fracture surface was first covered with a thin Pt layer for
protection. The initial milling was done with a 0.79 nA Ga™ ion beam
current at 30 keV, which was reduced progressively to 0.23 nA for
milling to a thickness of ~200 nm. The thinning was done at ~30 keV
with a beam current of 80 pA to a thickness of less than 100 nm. The
final polishing to reduce FIB ion beam damage was performed at 5 keV,
15 pA followed by 2 keV, 23 pA to a thickness of less than 50 nm.

Further crystallographic orientation mapping on the FIB specimen
was performed using TKD in a Zeiss Auriga SEM equipped with an Ox-
ford TKD detector using a scanning step size of 18 nm. Note that addi-
tional TEM observation was performed with the specimen extracted
from as-built material by FIB milling to allow the identification of any
potential change in the microstructure due to the FIBing process.

3. Results
3.1. As-built microstructure

Fig. 1 shows the photograph of the as-built materials and the results
of the microstructural characterization. A section from the middle re-
gion of the as-built bar materials (Fig. 1a) was measured by synchrotron
micro-CT and the reconstructed 3D image is shown in Fig. 1b. The
porosity defects, marked with non-grey colors in Fig. 1b, originate from
the lack of fusion defects and pores during LPBF. The overall porosity of
the material was evaluated to be 0.33%. The equivalent size of the
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Fig. 1. (a) Photography of the as-built AISi10Mg materials, (b) 3D synchrotron micro-CT image showing the porosity defects in the as-built material, (c) number
fractions of porosity defects as a function of their equivalent diameters, (d) back-scattered image showing microstructure around the molten pool boundary, (e) EBSD
IPF orientation map and (f) statistical distribution of grain sizes of the as-built material. AD, RD and TD denote the axial, tangential and radial directions,

respectively.

defects is evaluated as the diameter of a sphere with the same volume
[25], and its statistical distribution is presented in Fig. 1c. The micro-CT
analysis shows that the average equivalent diameter of most porosity
defects is less than ~40 pm.

Fig. 1d shows the SEM micrograph of the as-built material. Due to the
layer-by-layer deposition process and the resultant different local ther-
mal histories experienced at the inner and boundary of molten pools
[26], a hierarchical microstructure around the molten pool boundary is
observed, consisting of dendritic-like eutectic microstructure in the
molten pool and cellular eutectic microstructure around its boundary.
The cellular microstructure shows various sizes, with a coarse structural
band (referred to the remelted zone) and a region that partially
decomposed into globular Si particles (referred to the heat affected zone,
HAZ). EBSD analysis (Fig. 1e) reveals that the dominant columnar grains
tend to grow along the building direction, and the minor equiaxed grains
are presented near the molten pool boundaries. This is because of the
cyclic thermal loading and the remelting processes experienced during
the deposition of subsequent layers, leading to the recrystallized

b

equiaxed grain formation near the layer-to-layer molten pool boundaries
[27]. Fig. 1f shows the statistical distribution of the Al matrix grain sizes
obtained from EBSD observations, showing an average grain size of
~4.6 pm.

Fig. 2(a-c) further shows the TEM observation of cellular structures
in the as-built material. The dark-field TEM image (Fig. 2b) indicates
that the as-built material is characterized by a cellular microstructure
with the precipitates randomly distributed along the cellular network
boundaries. The elemental mapping of Si (Fig. 2¢) confirms that the as-
built cellular microstructure consists of the Si-rich precipitates at the
boundaries, consistent with the near-eutectic microstructural nature of
studied AlSi10Mg alloy. XRD results indicate that the as-built material
consists of Al and Si phases (see the Supplementary Fig. S1).

3.2. Microstructure of fatigued specimens

The S-N data (Fig. 3a) shows that the fatigue life of the as-built alloy
increases as the applied stress amplitude decreases for both R = —1 and

(c)

Fig. 2. (a) Bright-field and (b) dark-field TEM images and (c) Si elemental distribution map of the as-built specimen.
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Fig. 3. (a) S-N data of fatigue tests with stress ratios R = —1 and 0.5, (b)
fracture morphologies of a representative specimen after 1.17 x 10° fatigue
cycles at S = 70 MPa. (c) A closed-view of the crack initiation area in (b).

0.5. Based on the fatigue tests in the present condition, under R = —1,
the VHCF of the as-built material which shows the fatigue life beyond
107 cycles normally occurs under an applied stress amplitude below 80
MPa. At higher stress levels (80-110 MPa), the high-cycle fatigue with
the fatigue life less than 107 cycles occurs. As the stress ratio increases,
the fatigue resistance decreases significantly from 80 MPa to 40 MPa at a
fatigue life-time of Ny = 10® cycles.

The fatigue fractographic observations demonstrate that the fatigue
cracking of the investigated specimens initiated at the lack of fusion
defects. We presented the representative microstructural results from
the specimens after 1.17 x 10° fatigue cycles under R = —1 and the 7.7
x 107 cycles under R = 0.5 in the following, corresponding to the fatigue
condition indicated by the black and red arrows in Fig. 3a. Additional
fractographic observations of other fatigue test conditions can be found
in the Supplementary Fig. S2-4. As represented by the fractographic
observations in Fig. 3b, the cracks were mainly initiated inside the
specimen under the present VHCF conditions. The characteristic “fish-
eye” morphology indicative of the crack initiation and propagation
processes was observed on the fracture surface (Fig. 3b). Note that a
close inspection of the “fish-eye” region confirms that the presence of the
lack of fusion defect in the LPBF specimens promoted the initiation of
VHCF cracking (Fig. 3c), which is consistent with previous studies on
fatigue of LPBF alloys [28]. This finding implies the significance of
eliminating manufacturing defects in the materials for improving their
fatigue performance.

The microstructure of fatigued specimens was further characterized
by TEM. We focused on two fatigue test conditions of the 1.17 x 10°
fatigue cycling under R = —1 and the 7.7 x 107 cycles under R = 0.5, as
marked in the S-N data (Fig. 3a) with black and red arrows, respectively.
Fig. 3c presents a typical example of the fatigue fracture surface
morphology under R = —1. The lifting-out position of thin-foil FIB
specimens for further TEM and TKD observations is close to crack
source, as shown in Fig. 3c.
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3.2.1. Microstructural evolution under R = 0.5

For VHCF specimen with R = 0.5, the bright-field TEM image
(Fig. 4a) reveals similar microstructures to the as-built material
(Fig. 2a), i.e. the fatigued microstructure in this condition remains to
exhibit the cellular structures with the precipitates distributed along the
cellular network boundaries. Further, a closed-view of the box area in
Fig. 4a was performed. The obtained result in Fig. 4b shows that the size
of the precipitates on the cellular network boundaries appears to be
similar to that in the as-built material. The corresponding TKD-based
orientation map of the same region as in Fig. 4a is shown in Fig. 4c.
The results indicate that there is no significant misorientation develop-
ment. No obvious plastic deformation occurred near the fracture surface,
and the misorientation within the grains is relatively uniform. The
density of geometrically necessary dislocations (GNDs) was estimated
based on the lattice curvature following the approach described in
Ref. [29]. Fig. 4d presents the determined GNDs density distribution
corresponding to Fig. 4c. No appreciable accumulation of GNDs was
observed within the Al grains in this condition.

3.2.2. Microstructural evolution under R = —1

For the VHCF specimen under R = —1, a first look at the TEM
microstructural results (Fig. 5a) reveals similar microstructures to the
as-built condition (Fig. 2b), i.e. the fatigued specimen is still charac-
terized by the cellular structures with the precipitates randomly
distributed along the cellular network boundaries. Fig. 5b further pre-
sents the Si elemental distribution in the same observation region of
Fig. 5a. High-resolution (HR)-TEM analyses were performed around the
“G” location marked in Fig. 5a and b. The two observed positions are
HR1 within the cell structure and HR2 on the cellular network bound-
ary, as indicated in Fig. 6a. The observation positions of HR1 and HR2
regions are approximately 0.5 and 0.7 pm away from the fracture sur-
face, respectively. HRTEM image of HR1 is displayed in Fig. 6b. A
number of stacking faults (SFs) were observed in the HRTEM image of Al
matrix (Fig. 6), as marked by arrows. Fig. 6¢ further shows the Inverse
Fast Fourier Transformation (IFFT) image and Fast Fourier Trans-
formation (FFT) image corresponding to the dashed area in Fig. 6b. It
indicates that these are SFs parallel to one of the (111) planes corrob-
orated by streaking parallel to (111) in the FFT of the corresponding
image (the inset of Fig. 6¢). The Al phase on the cellular network
boundary was also noticed to contain a number of SFs as shown in the
HRTEM image in Fig. 6d. The formation of SFs has also been observed in
the Al-Mg-Si alloy subjected to the equal-channel angular pressing [30].
These SFs are possibly formed among partial dislocations in the Al alloys
due to the severe plastic deformation.

Fig. 7a shows the TKD-based orientation map of the fatigued spec-
imen near the fracture surface. A layer of fine Al grains with sizes
varying from tens to hundreds nm underneath the fracture surface was
observed, indicating that the refinement of matrix grains occurs during
VHCF. In addition, the low-angle grain boundaries identified with
misorientation between 2° and 15° were observed, which are presum-
ably due to the accumulation of dislocations during VHCF. The corre-
sponding GNDs density distribution of Fig. 7a is shown in Fig. 7b. Fig. 7c
presents the dislocation configurations by TEM near the fracture surface
(as marked by the letter H in Fig. 7a), and the sub-grain boundaries were
observed. Compared with Fig. 7b and c, it is found that the dislocation
density in the grains near the crack surface is locally concentrated to
form sub-grain boundaries, as shown by the red line in the Fig. 7b. This
implies that the local dislocation accumulation in the grains near the
crack surfaces promotes the evolution of sub-grain boundaries to low-
angle boundaries and high-angle boundaries.

Fig. 8 shows a further close inspection of the Si-precipitation
behavior after VHCF. The morphologies of Si particles at a distance of
~2.8 pm from the fracture surface (Fig. 5a) are similar to those of the as-
built material (Fig. 2b), i.e. the cellular boundaries compose of close-
packed Si precipitates. Fig. 8b shows the TEM observation at a higher
magnification corresponding to the dashed box area in Fig. 8a, as well as
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Fig. 4. (a) Bright-field TEM image for fatigued specimen with R = 0.5, (b) a closed-view of the box area in (a), (c) TKD-based orientation map corresponding to (a),
(d) GND distribution in the same region of (c).

(a) (b)
Ptlayer . Fracture surface

~

Fig. 5. (a) Dark-field TEM image and (b) Si elemental distribution map of the VHCF specimen with R = —1.
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(b)

Fig. 6. (a) TEM image showing two HRTEM observation positions of HR1 within the cell structure and HR2 on the cellular network boundary, (d) HRTEM image for
HR1, (e) Inverse Fast Fourier Transformation image together with the Fast Fourier Transformation image (inset) corresponding to the dash box area in d, (f) HRTEM
image for HR2 with the Fast Fourier Transformation image corresponding to the dashed area.

the selected area electron diffraction (SAED) pattern of the Si particles.
The SAED data shows diffuse halo rings, suggesting the amorphous na-
ture of the precipitates. The amorphous Si-precipitates was frequently
observed (see the Supplementary Fig. S5). Fig. 8c and e further present
the HRTEM images of the Areas 1 and 2 in Fig. 8b, respectively. The
white dashed lines marked the boundaries of crystalline Si and amor-
phous regions. A HRTEM analysis was further conducted to reveal the
distribution of defects induced by fatigue deformation. Lattice defects
generally produce the lattice strain, which can be evaluated through the
geometric phase analysis (GPA) of HRTEM images [31]. Fig. 8d and f
show the GPA strain maps of the white-box regions in Fig. 8c and e,
respectively. The color scale in the bottom of the Fig. 8d and f shows the
magnitude of the lattice strain, in which the positive values indicate the
tensile strain whereas the negative values mean the compression strain.
As confirmed by Fig. 8d and f, a significant strain gradient and large
local strain field occurs at the fatigue fracture surface under R = —1.

4. Discussion
4.1. Development of fine-grained layer

It is believed that the grain refinement in VHCF is associated with the
high-angle-boundary formation process. The models interpreting the
formation mechanism of the fine-grained layer at the fracture surface of
VHCF have been proposed [4,32-34], among which the numerous cyclic
pressing (NCP) model [4] is generally accepted for providing a rationale
for the formation of the fine-grained layer and its dependence on the
applied stress ratio or compression stress. According to the NCP model,
repeated contact stress between the crack surfaces and a sufficient
number of tension-compression loading cycles experienced during
VHCF are responsible for the grain refinement. The resultant local severe
plastic deformation will result in the accumulation of a large number of
dislocations, promoting the development of high-angle boundaries and
the formation of fine-grained layer, as observed in Fig. 7. However, for R

= 0.5, there is no pressing of crack surfaces due to its positive stress
ratio, resulting in insufficient local plastic accumulation to form large
angle grain boundaries. According to the TKD analysis results of R = —1
and 0.5, the GND density is statistically analyzed and shown in Fig. 9.
The mean GND densities of fatigued specimen with R = —1 is estimated
to be pmean = ~29.40 x 104 rn’z, while that for the specimen of R = 0.5
is a bit lower (pmean= ~20.82 x 10 m™2). In particular, the local
accumulation of dislocations at fracture is more significant (Fig. 7b) due
to the repeated cycling process of crack opening, closure and contact
under R = —1. The results indicate that the strain gradient is more severe
in the fatigued specimen with R = —1 than that of R = 0.5, leading to a
higher density of GNDs as well as the formation of fine-grained layer.

4.2. Fatigue-induced Si particle growth

Interestingly, the size of the Si precipitate on the cell boundaries near
the fracture surface of fatigued specimen with R = —1 (Fig. 5a) is shown
to be larger than that of R = 0.5 (Fig. 4b). Based on the analysis of the
TEM dark field images, we further estimated the diameter of the Si
precipitates and the results are shown in Fig. 10. Despite the limitations
of TEM for statistical analysis, the coarsening of Si precipitates is iden-
tifiable after VHCF with R = —1.

Previous results show that the temperature rise is less than 50 °C
measured by infrared thermography for aluminum alloys under 20 kHz
fatigue loading [35,36]. Therefore, the thermal effects on the Si pre-
cipitate growth observed in aluminum alloys during fatigue tests can be
ignored. It is inferred that the growth of Si particles in the alloy observed
under R = —1 is likely occurred as a consequence of the severe plastic
deformation near the fracture surface under this negative stress ratio.
Therefore, a high density of dislocations present in the vicinity of the
fracture surface can promote the solute pipe diffusion and the nucleation
of precipitates at the dislocation cores. The dislocation motion will lead
to the generation of vacancies due to dragging of dislocation jogs, and
the injection of vacancies will mediate the solute diffusion and
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Fig. 7. (a) TKD-based orientation map showing the microstructure near fracture surface of VHCF specimen with R = —1, (b) GND distribution corresponding to (a),

(c) dislocation configurations near the H area in (a).

precipitation [37,38]. In this study, cyclic pressing of crack surfaces
under R = —1 caused the accumulation of local strain underneath the
crack surface. To accommodate local plastic deformation, the disloca-
tions are generated in the microstructure [32,34]. Therefore, the solute
diffusion will be accelerated by the non-equilibrium vacancies, dislo-
cations and grain boundaries. The high-density vacancies introduced by
cyclic pressing of crack surfaces under R = —1 facilitate fast redistri-
bution of Si solutes, leading to the coarsening of Si particles on the
cellular network boundaries.

4.3. Si precipitation amorphization

The amorphization has been observed in various metallic alloys
experiencing plastic deformation [11,39-41] or ion irradiation [42]. To
clarify whether the readily observed Si-precipitate amorphization in the

TEM observation of the FIB-extracted specimen from fatigued AlSi10Mg
is caused by VHCF or an artefact due to the Ga ion irradiation during the
FIB milling process used for preparing the TEM specimens, additional
TEM measurements were performed for the as-built material with the
specimen prepared by FIB milling (see the Supplementary Fig. S5). A
comparison of the obtained TEM results with those from the FIB spec-
imen of the fatigued material confirms that the readily observed
amorphization of Si-precipitates in the fatigued AlSi10Mg alloy is truly
occurred due to the VHCF process rather than an artefact due to the
specimen preparation by the FIB milling. It is well-accepted that a high
concentration of dislocation defects plays a crucial role in the amorph-
ization of alloys [9,11]. When the dislocation density in metallic mate-
rials achieves some critical values (for example, 10" m~2 for Ti alloys
[43]), the crystal structure would collapse and transform into a localized
amorphous structure so as to release the high elastic strain. Previous
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Fig. 8. (a) Si precipitates at the cellular grain boundaries at a distance of ~2.8 pm from the fracture surface for fatigued specimen with R = —1. (b) A closed-view of
the dashed box area in (a). HRTEM images of Area 1 and (f) Area 2 indicated in (b). GPA strain map imaged by [200] of the white-box regions in (d) Area 1 and (f)
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Fig. 9. Distribution of discrete GND density determined from TKD-based
measurements at the fracture surface of fatigued specimens.

molecular dynamics simulations [37,42] also supported that the dislo-
cation accumulation contributes significantly to the atomic disorder and
lattice strain, leading to an elastic softening and final collapse of the
crystalline structure [39,44]. For the Si precipitates, due to their closed-
packed arrangement in the microstructure and strong encumbrance for
dislocation movements stemming from copious interfaces such as grain
boundaries, dislocations tend to be concentrated in a small deformation
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[e2]
o
1
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N
o

20

3 6 9 12 15 18
Equivalent diameter of Si precipitates [nm]

Fig. 10. Measurement of the equivalent diameter of Si precipitates in the as-
built microstructure and at the fatigue-induced fracture surfaces under R =
—1 and 0.5.

volume, leading to the heavily dislocated structure and the resultant
amorphization. The amorphization of Si-precipitates in AlSi10Mg may
dissipate the strain energies during VHCF, leading to the delay of the
fatigue cracking developed in the alloy, and thereby increasing its fa-
tigue resistance.
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4.4. Effect of stress ratio on VHCF microstructural evolution

In the present study, it is demonstrated that VHCF with R = —1 ex-
hibits a microstructural characteristic distinct from that of R = 0.5. In
the former case, the applied negative stress ratio in the fatigue test
greatly affects the microstructural evolution at the fracture surface.
Fig. 11 schematically shows the microstructural evolution of VHCF with
R = —1 and 0.5. In the as-build material, closed-packed Si precipitates
are distributed along the cellular network boundaries, as shown in
Fig. 11a and d. Once a crack is initiated, the crack surfaces will be
cyclically pressured under tension-compression loading and thus induce
local severe plastic deformation. Therefore, dislocation slip in Al grains
and Si precipitates was activated, resulting in the development of lattice
defects and misorientation in Si precipitates (Fig. 11b). With the accu-
mulation of local strain, the dislocation in Al phase caused pile-ups at
the cell boundaries. When the intensified stress that originated from
pile-up dislocations in the Al phase was excessive, SFs would form, as
observed in HRTEM images in Fig. 6b and d. For the Si precipitates,
closed-packed arrangement along the cellular network boundaries,
dislocation movement was strongly hindered due to copious interfaces
such as grain boundaries. Dislocations tended to be accumulated in a
small deformation volume. When the defect density in the Si precipitates
reaches a critical level, they generate islands of amorphous material,
Fig. 11c. Under the cyclic loading of ultra-long cycles, the high-density
dislocation introduced by cyclic pressing of crack surfaces developed
into sub-grain boundaries (Fig. 11c) and eventually formed large-angle
grain boundaries, and grain refinement near the crack surfaces occurred.

In contrast, for R = 0.5, the specimen is in pull-pull loading mode,
that is, there is no cyclic pressing on the crack surface. The plastic
deformation near the crack surface is significantly smaller than in the
case of R = —1. Therefore, fewer dislocations are activated (Fig. 11e and
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f), as determined in Fig. 9. In addition, the tensile stress under R = 0.5
promoted crack growth. This is the main reason for the decreased fatigue
life and no grain refinement on fracture surfaces.

5. Conclusions

In this study, the effect of stress ratio on the VHCF performance of
LPBF AlSil10Mg alloy was investigated. The microstructural evolution
underneath the fracture surfaces in the region of crack initiation and
early growth is characterized and discussed. The main conclusions are
summarized as follows:

(1) VHCF sample with R = —1 exhibit a microstructural character-
istics distinct from that of R = 0.5, and that the negative stress
ratio greatly affects the VHCF performance and microstructural
evolution at the fracture surface. The pull-pull loading mode
without cyclic pressing of crack surfaces under R = 0.5 promoted
crack growth, resulting in a decrease in fatigue life. Only few
dislocations were observed near the crack surfaces under R = 0.5,
which is due to the fact that there is no cyclic pressing of crack
surfaces and the resultant severe plastic deformation.

(2) Under R = —1, a fine-grained layer of Al was developed in the
“fish-eye” region of the fracture surface as a result of severe
plastic deformation, and stack faults were observed in Al matrix
under VHCF. Coarsening Si precipitates on the cellular network
boundaries presented near the fracture surface due to the dy-
namic precipitation. This is rationalized by the generation of
lattice defects including dislocation and sub-grain boundary
during VHCF which mediate the solute diffusion and
precipitation.

Crack opening Crack closure
R=-1

Crack opening  Crack opening

Fig. 11. A schematic showing the microstructural evolution during VHCF under R = —1 and 0.5: (a) and (e) initial Si precipitates on the cellular network boundaries,
(b) activation of dislocations and formation of stacking fault for Al phase, and plastic deformation and growth of Si particles, (c) amorphization of Si precipitates and
formation of sub-grain boundaries under R = —1. (e) Activation of dislocations and (f) dislocations pile-up for Al phase under R = 0.5.
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(3) Amorphization of Si precipitates occurred under R = —1, which is

notably different from the microstructure evolution of low cycle
fatigue. Due to the limited spaces offered by nano-sized Si par-
ticles and strong encumbrance for dislocation movements, dis-
locations from multiple sources always concentrate to a small
deformation volume, leading to extremely high local dislocation
density and local amorphization.
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