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Abstract: This paper examines morphology and crack formation in Al anodes during lithiation. The
morphological evolution during the lithiation of Al foils was studied using optical and scanning
electron microscopy (SEM). X-ray diffraction (XRD) was utilized to evaluate the structural changes,
and the uniaxial tensile test was employed to study the mechanical properties of lithiated Al. It was
observed that the lithiation of Al consisted of nucleation and growth of LiAl nodules on the surface
and their columnar growth in the thickness direction. Cracks were observed to initiate near the
nodule peak and at the boundary between nodules. The effect of charge rate on the crystallite size
and surface nodule size of LiAl is discussed. It was found that the stiffness and fracture strength of
LiAl were lower than those of pristine Al.
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1. Introduction

Lithium-ion batteries are projected to be the leading energy source for electrification of electric
drive vehicles in addition to providing a reliable means for energy storage. While lithium-ion
batteries have found widespread applications in portable electronics and power tools, their
implementation in high energy and large size applications, such as electric drive vehicles, requires an
improved specific capacity and cycle life in order to meet stringent government and industry
regulations. In the search for high capacity lithium-ion batteries, metal anodes such as silicon, tin,
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germanium and aluminum, among others, have emerged that possess a theoretical specific charge
capacity significantly greater than their conventional graphite counterpart [1-5]. In spite of their high
capacity, metal anode based lithium-ion batteries have shown poor structural integrity and cycle life,
which has been the bottleneck to the large scale implementation of these kinds of batteries. This issue
arises from the large dimensional changes that accompany the phase transformations during
lithiation/delithiation (alloying/dealloying with/from lithium) in metal anodes [1,6—12]. The large
dimensional changes induce deformation gradients in constrained metal anodes, leading to stress and
eventually crack formation in metal anodes [13,14]. Crack formation reduces the electric
conductivity of the metal anodes and also inhibits the formation of a stable solid electrolyte interface
(SEI) due to the continuous creation of new surfaces during cracking [15].

Aluminum (Al) as an anode material in lithium-ion batteries has been extensively studied by
several researchers in the past [16-27]. Upon alloying Al with Li, the intermetallic phase Li,Al forms
with an increase in molar volume relative to Al. Large dimensional changes due to phase
transformation during the lithiation of Al anodes have been identified to develop mechanical stress,
ultimately resulting in cracking and poor electrochemical behavior [21,28-31]. This points to the
importance of mechanical integrity in the performance of Al anodes and the underlying mechanisms
determining the mechanical behavior and fracture processes of Al anodes during lithiation and
delithiation in lithium-ion batteries. In spite of prior investigations, most of the studies on Al anodes
have focused on the thermodynamics and kinetics of electrochemical alloying [17,32,33] and
capacity and cycle life measurements [22,23,24,26,27,28] of Al anodes. Although, it is generally
accepted that failure in Al anodes is attributed to large volumetric changes, the details of the
mechanisms responsible for crack formation and material disintegration in Al anodes have not
received much attention and are currently poorly understood. To highlight the importance of
studying the mechanisms of failure, it is noted that cracks are commonly believed to form in metal
anodes during delithiation, when the metal anodes are in tension. In this study, it is shown that cracks
can occur during lithiation and an explanation for such behavior is presented.

This study aims to investigate the morphological evolution and crack formation associated with
the lithiation of Al foils. In this paper, surface morphology and atomic structure of lithiated Al were
studied using microscopy and X-ray diffraction (XRD), respectively. The change in the mechanical
properties of lithiated Al as a result of lithiation was evaluated using tensile testing at the microscale.
The effect of current density on surface morphology and crystallite size of lithiated Al is discussed.

2. Materials and Methods
2.1. Lithiation Test

Lithiation of Al was performed using foils (99% purity) of thickness 50 pum. Strips with
dimensions of 1.7 x 16 mm were cut from the foils, cleaned with acetone, and mounted on a
microscope glass slide with one end attached to a glass tab with a double-sided tape and the other
end free. The schematics of the Al foils and the mounting fixture, and the electrochemical cell are
shown in Figure 1a and 1b, respectively. Such a setup allows for easy handling of the specimens for
SEM and XRD studies as well as for mounting them on a microtensile stage for mechanical testing,
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as described later in this paper. A copper adhesive tape was used at the end of the Al foils to provide
electrical connection to a Gamry 600 Reference Potentiostat. A polyethylene (PE) adhesive tape was
used to mask a 4 mm length at the ends of the Al foils. The other end of the Al foils was left free to
allow lithiation induced elongation without any stress development due to a constraint. Specimens
were transferred to an argon-filled glovebox for electrochemical lithiation. A lithium foil of thickness
0.75 mm, to serve as both the counter and reference electrodes, was attached to a nickel wire and
connected to the electrochemical analyzer. Both electrodes were submerged in an electrolyte
consisting of a solution of 1 M lithium salt LiFPs in a mixture of 1:1 by volume of ethylene
carbonate and diethyl carbonate (EC:DEC). This electrolyte is commonly used in the study of Li-ion
batteries [33,34]. Both sides of Al foils were exposed to the electrolyte and, therefore, subjected to
lithiation. Specimens were lithiated to various levels of charge corresponding to 378 mAh/g, 576
mAh/g, and 922 mAh/g. Lithiation occurred at a current density of 0.18 mA/cm”. The theoretical
charge capacity of the Li,Al anode in a lithium-ion battery at room temperature is about 990 mAh/g
corresponding to x = 1 [28,30].

. Working Reference and counter
Conductive lectrod lectrod
Al foil electrode electrode

copper tape PE tape \ /

@ \ \ / (b) / Nickel wire
Electrolyte
/ Glass tabs Li foil

Glass slide  Attached end Free end / Beaker

Figure 1. (a) Schematic of the Al foils and the mounting fixture used in the lithiation
study of Al. (b) Schematic of the electrochemical cell.

After lithiation, Al foils were taken out of the electrolyte, rinsed with diethyl carbonate, and
dried in the glovebox for several hours. In order to examine the morphology of specimens subjected
to lithiation, scanning electron microscopy was utilized. Specimens were sealed in polypropylene
tubes during the transfer to an FEI XL-30 Field Emission ESEM/SEM to protect them from exposure
to air and moisture.

In order to evaluate the change in the structure of lithiated Al foils, other specimens were
lithiated and used for XRD. The XRD analysis was carried out in a Philips X’Pert X-ray
diffractometer with Cu Ko radiation at a scan rate of 8 sec/step and 0.004 degree/step. An estimate
of the crystallite size of the lithiated Al foils was obtained from the diffraction widths of the spectra
using the Scherrer equation [35] as follows:

Jo 094 0
L cosd
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where A is the X-ray beam wavelength, 6 is the peak angle, and £ is the full width at half-maximum
of the peak diffraction.

3. Results and Discussion
3.1. Microscopic Examination

All Al foils showed a lithiation plateau at about 0.2-0.3 V, which was in agreement with
previous studies [24,36]. Figures 2a, 2c¢, and 2e show the SEM images of Al foils lithiated to
378 mAh/g, 576 mAh/g, and 922 mAh/g, respectively. As mentioned previously, the theoretical
charge capacity of Li,Al, corresponding to x = 1, at room temperature is 990 mAh/g; thus, the
specimen with the highest lithiation level is considered near full lithiation. However, some charges
are consumed due to irreversible processes at the beginning of the lithiation. It is seen that the
surface of the Al foils demonstrated nodular features; the density of nodules is observed to increase
with increasing levels of lithiation. As discussed later, XRD analysis indicated that these nodules
were the lithiation product LiAl phase. Figure 2b depicts a nodule during the early stage of lithiation;
plastic slip lines are easily seen on the Al foil surface adjacent to the nodule, indicating large local
plastic deformations as a result of increased volumetric change accompanying nodule formation.
Figures 2d and 2f show higher magnification SEM images of cracks on the surface of Al foils
corresponding to Figures 2¢ and 2e, respectively. The following observations were made from the
SEM microscopy.

e [t is seen that at the lithiation level of 378 mAh/g, several nodules of LiAl have been nucleated
and grown. With continued lithiation, more nodules formed and partially covered the surface of
the specimen, as seen in Figure 2c, corresponding to a lithiation level of 576 mAh/g. Cracks are
seen to form on the surface as seen in Figures 2c and 2d. The cracks seem to occur near the
nodule peaks as well as at the nodule boundaries. No cracks were detected on the surface of the
specimen lithiated to 378 mAh/g and cracks were observed on the surface of the specimen
lithiated to 576 mAh/g in regions where nodules coalesced and covered a portion of the surface.

¢ Finally, at the lithiation level of 922 mAh/g, the surface of the specimen was entirely covered by
the nodules and cracks are observed to have formed on the surface of the Al specimen (see Figure
2e). A higher magnification image of such cracks is shown in Figure 2f. The average nodule size
on the specimen lithiated to 922 mAh/g was measured to be about 30 um using the image
analysis software Imagel.

e In order to understand the lithiation progress in the thickness direction, the SEM image showing
the cross section of Al foil lithiated to about 800 mAh/g is shown in Figure 3a. Lithiated and
unlithiated portions of the cross section are marked in the figure. It appears that the surface
nodules have exhibited a columnar growth in the thickness direction during lithiation. The plan
view of the interface between the lithiated and unlithiated portions of the Al foil is shown in
Figure 3b. It is seen that the surface consists of dimples indicating the wavy morphology of the
interface between the lithiated and unlithiated portions in the thickness direction of the specimens.

e A correlation can be made between the morphology of the interface (Figure 3b) and that of the
nodules on the surface from Figure 3a. The dimples on the interface are of similar size to the
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nodules on the surface of Al foil, which were estimated to be about 30 um. An estimate of the
nodule height in the range of 5-10 um can be made from Figure 3a.
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Figure 2. SEM images of Al foils lithiated to (a) 378 mAh/g, (c) 576 mAh/g, and (e)
922 mAbh/g, respectively. (b) Higher magnification SEM image showing a LiAl nodule
formation in the early stage of lithiation; plastic slip lines can be observed on the surface
of Al indicating a large local plastic deformation as a result of volumetric change of LiAl.
The nodule is delimited by a red dashed line. (d) and (f) Higher magnification SEM
images showing cracks on the surface of Al foils corresponding to (c) and (e),
respectively.

AIMS Materials Science Volume 3, Issue 4, 1632-1648.



1637

e An optical micrograph of the cross section of a different Al foil, partially lithiated, is shown in
Figure 3c. After lithiation, this specimen was cut, set in epoxy, and subsequently polished with
SiC sand papers of grit sizes 80, 320, 600, and 1200, using acetone as a lubricant. The final
polishing was achieved using 3 um and 1 um polycrystalline diamond abrasives. The lithiated
and unlithiated portions are marked in the figure. Multiple cracks are clearly evident in this figure
and some of the cracks penetrated through the entire lithiated portion and stopped at the interface.

Unlithiated Al

P Unlithiated

SEI 8kV  WD10mmSS45 x450 50um —e Al

Jun 12, 20154
Dimples

Interface morphology

Lithiated 1
Unlithiated{

Lithiated {

Figure 3. (a) SEM image showing the cross section of Al foil lithiated to 800 mAh/g. (b)
SEM image showing the top view of the interface between lithiated and unlithiated
portions, as marked in (a). (c¢) Optical micrograph showing crack formation in the
lithiated portion of the cross section of a different lithiated specimen. Note that the cross
section shown in (c) was polished using metallographic procedures.
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e Now, we will attempt to explain the lithiation process and crack formation in the Al foils. A
schematic of these processes is depicted in Figures 4a—4c. Lithiation occurs by the nucleation and
growth of a new phase, LiAl, in the shape of nodules on the surface of Al foils (see Figures 4a
and 2a). With continued lithiation, more nodules are nucleated and grow in size until they
impinge onto the neighboring nodules and the entire surface is covered with the nodules (see
Figure 4b). After this point, the lithiation progresses primarily in the thickness direction as the
nodules are hindered to grow in the lateral direction. At a critical depth of lithiation, cracks form
from the nodules and penetrate towards the interface between the lithiated and unlithiated
portions (see Figure 4c).

w2 000000

LiAl nodules /
Lithiation front

Figure 4. Schematics showing the various stages of lithiation of Al foils. (a) Nucleation
and growth of nodules on the surface, (b) increase in the density of nodules on the
surface and (c) columnar growth of nodules and crack formation.

e [t is interesting to note crack formation in the lithiated portion during lithiation in spite of the fact
that the overall lithiated portion is expected to be under a compressive stress as the lithiated
portion is constrained against free expansion by the unlithiated portion. The formation of cracks
can be attributed to local tensile stress concentrations on the surface as a result of the formation
of nodules and their interactions with each other during lithiation. The effect of surface
undulation and morphology change on the stress distribution of thin layers was studied in the
past [37] and it was found that even a slightly wavy surface can easily result in stress
concentration factors of up to 2—3. Assuming a sinusoidal surface morphology, it can be shown
that the stress is obtained from the following equation [37]

o= E(l +@cos[2—7sz 2
= ) ) (2)
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where & is the bulk stress in the lithiated portion, and 4 and A are the amplitude and wavelength
of the surface undulation, respectively. The effect of nodule morphology is readily recognized
from this equation. It is seen that the nodule height (4) and diameter (1) affect the stress
concentrations on the surface and at locations where stresses reach a critical tensile stress cracks
are expected to occur. According to equation (2), tensile stress concentrations are expected to
occur at nodule peaks for (4z4/A>1), which explains the observed cracks, as shown in
Figures 2c and 2d. The formation of cracks at the nodule boundaries could be attributed to the
impinging of nodules onto each other as well as the irregular shape of some nodule boundary
junctions, amplifying local stress at these locations. It should be noted that other factors, such as
the diffusion of Li ions through LiAl, kinetics and anisotropy of the interface reaction,
microstructure, etc. could affect the stress distribution during lithiation.

e Next, we will explore the effect of current density, as an important parameter in lithiation, on the
surface morphology of Al foils. Al foils were lithiated at various current densities of 2.5 mA/cm?,
1.5 mA/cmz, 0.75 mA/crnz, and 0.07 mA/cm®. The lithiation of the foils was continued up to a
lithiation level of about 600 mAh/g except for the lithiation at the current density of 0.07 mA/cm?,
which was lithiated up to 182 mAh/g. This was due to a very low current density requiring a long
time to reach the same lithiation level as in foils lithiated at other current densities. SEM images
showing the surface morphology of the Al foils lithiated at various current densities are shown in
Figures 5a—5d. Nodules are seen on the surface of all Al foils, suggesting a similar mechanism of
phase transformation during lithiation of Al foils at varied current densities studied here.
Example nodules are delimited with red dashed lines in the images for clarity. It is observed from
the images that the nodules on the surface of the Al foil lithiated at the very low current density
of 0.07 mA/cm” appear to be larger than those of Al foils lithiated at other current densities. The
nodule size of Al foils was quantified and plotted in Figure 5e to elucidate the effect of current
density on the surface morphology. An increase in the average nodule size of the lithiated Al
anodes at the very low current density is evident from this plot. No significant differences in the
average nodule size of Al foils lithiated at 2.5 mA/cmz, 1.5 mA/cmz, or 0.75 mA/cm’® can be
observed. It is noted that each nodule consisted of a colony of nanocrystallites of LiAl; the
crystallite size of lithiated Al obtained from the XRD analysis will be presented later. Such a
nodular morphology has also been observed in nanocrystalline electrodeposits [38,39]. Although
crack formation in Al foils lithiated at varied current densities was not directly investigated here,
the potential influence of current density on the crack formation and failure of LiAl through
affecting the nodule size can be recognized. A detailed study of the crack formation in Al foils
lithiated at varied current densities will be reported in future publications. It should be noted that
the effect of current density on the failure of electrode materials was theoretically studied in the
past [40,41]. In these studies, the effect of current density was shown to increase deformation
gradients due to fast diffusion of Li ions in electrodes. The increase in deformation gradients
results in an increase in stress and propensity to fracture in electrodes. Here, another potential
mechanism by which current density could contribute to the fracture of electrodes is postulated.

AIMS Materials Science Volume 3, Issue 4, 1632-1648.
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Figure 5. (a—d) SEM images showing the surface morphology of Al foils lithiated at
2.5 mA/cmz, 1.5 mA/cmz, 0.75 mA/cmz, and 0.07 mA/cmz, respectively. Example
nodules are delimited with red dashed lines in the images. () Variation of surface nodule
size of LiAl with current density.
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3.2. XRD Analysis

XRD analysis was performed on Al foils lithiated at varied current densities in order to identify
the lithiated phase, as well as to gain insight into the effect of current density on the crystallite size of
the lithiated phase. The XRD spectrum of Al foil lithiated to 600 mAh/g at a current density of
1.5 A/em®is shown in Figure 6a. The peaks at angles of 40° and 47° corresponding to LiAl are seen
in the spectrum and confirm the formation of this phase during the lithiation of Al foil. The variation
of crystallite size of LiAl with current density is depicted in Figure 6b. It is seen from Figure 6b that
the crystallite size of LiAl is in the range of ~50-60 nm. This is in stark contrast with the crystallite
size of unlithiated Al foils, which is expected to be in the microscale range.
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Figure 6. (a) XRD spectrum of a lithiated Al foil after lithiation to 600 mAh/g at a
current density of 1.5 A/em®. (b) Variation of crystallite size with current density in

electrochemical alloying of Al foil with Li.

3.3. Mechanical Test

Tensile specimens in the shape of a dogbone with a gage length of 5 mm and a width of 0.5 mm
were fabricated from thin Al foils using photolithography and chemical etching. Al foils were
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attached onto a four inch glass wafer previously cleaned with acetone. Another glass wafer was used
to apply a pressure on the Al foils to reach a flat surface and to remove air pockets from under the Al
foils. Then, the surface of the Al foil was spin coated with a photoresist. A thin stainless steel mask
containing dogbone shaped openings was placed on the Al foils and subjected to a UV light. After
UV exposure, the Al foils were immersed in a developer to achieve the desired patterns on the
surface. Chemical etching was conducted by immersing the Al foils in an Al etchant for about one
hour. The lift-off of thin foil dogbone specimens was carried out by rinsing the wafer in acetone. The
dogbone specimens were gently collected from acetone and placed in a sealed container until testing.
A schematic of the dogbone specimen is shown in Figure 7a.
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—
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Figure 7. Schematics of (a) the dogbone specimens and (b) the microtensile stage used
for mechanical testing. (¢c) Nominal stress vs displacement curves of pristine and lithiated
dogbone specimens.
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The Al dogbone tensile specimens were used as the anode electrode and mounted in the
electrochemical half-cell, as described previously. Specimens were lithiated in the glovebox to a
charge level of 365 mAh/g at a current density of 0.17 mA/cm?. Since fully lithiated Al foils become
pulverized and disintegrated, it is not possible to perform the tensile test using this setup. Thus,
partially lithiated Al foils were used in the tensile test to examine the effect of lithiation on the
mechanical behavior of Al foils. After lithiation, the fixture on which the dogbone specimens were
mounted was placed in a polypropylene tube, thoroughly sealed, and transferred to a microtensile
stage for mechanical testing (see Figure 7b). The lithiated specimens were clamped at both ends in
the microstensile stage which was comprised of a miniature load cell with a resolution of 2 x 10° N
to obtain load measurements and a stepper motor micropositioner with a resolution of 50 nm to
induce deformation in the specimen. A manual xyz micropositioner was used for the alignment of the
tensile specimens. Mechanical testing was performed at a displacement rate of 1 um/s. The images of
the specimen surface during loading were captured with an optical microscope. It is noted that the
lithiated specimens were exposed to air for less than a few minutes during the tensile tests.

The nominal stress vs displacement curves of unlithiated (pristine) and lithiated Al dogbone
specimens are shown in Figure 7c. The nominal stress was calculated using the load and the cross
sectional area, accounting for the increase in the cross sectional area due to volumetric expansion
during lithiation. It is seen that both stiffness and tensile strength decreased in the lithiated specimens
compared to those in the unlithiated specimens.

The top view of the unlithiated and lithiated dogbone specimens after failure is shown in
Figures 8a and 8b, respectively. A transition in the failure mechanism from ductile shear to brittle is
demonstrated from the change in the orientation of the fracture surface with respect to the loading
direction, as marked in these figures.

An SEM cross sectional view of the fracture surface of the lithiated specimen is depicted in
Figure 8c. A close examination of the cross section of the specimen revealed that the fracture surface
consisted of unlithiated Al in the middle sandwiched by layers of LiAl on both sides. The unlithiated
portion of the fracture surface appeared to be flat in the middle flanked by two slanted planes. The
flat segment of the unlithiated Al exhibited dimples indicative of fracture due to void nucleation,
growth, and coalescence, which is a primary ductile fracture mechanism [42,43]. The two slanted
planes are understood to be the result of ductile shear fracture in the unlithiated portion of the
fracture surface. A schematic showing the morphological characteristics of the fracture surface
differentiating fracture mechanisms is depicted in Figure 8c. It is seen from the figure that the
lithiated portion of the fracture surface seemed to be flat at the length scale equal to the thickness of
the specimen. This indicates that fracture in the lithiated portion is of brittle nature and supports the
observation made from the change in the direction of fracture plane, as seen in Figures 8a and 8b. It
follows from the discussion above that ductile Al becomes brittle and exhibits a lower resistance to
fracture as a result of lithiation. This observation of the change in the mechanical behavior of Al
anodes is in contrast with the studies focused on Si anodes, where lithiation was shown to induce
plastic behavior in lithiated Si anodes [44—47]. In view of the difference in the effect of lithiation on
the mechanical behavior of Si and Al anodes, which leads to different fracture characteristics in these
two anodes, it becomes evident that studying the mechanical properties of anodes is of significant
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importance in obtaining a fundamental understanding of the failure mechanisms of anodes in Li-ion
batteries.
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Figure 8. Images showing the fracture plane in (a) pristine and (b) lithiated dogbone
specimens. A transition in the fracture mode from ductile shear to brittle can be inferred
from the change in the orientation of the fracture plane. (c) SEM image of the fracture
surface of the lithiated specimen revealing the fracture mechanisms in the pristine and
lithiated portions of the cross section.
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4.

Conclusions

In this study, the evolution of surface morphology and crack formation during the lithiation of

Al anodes were investigated. The effect of current density on lithiation and the change in the
mechanical behavior of lithiated Al anodes were elucidated. The following conclusions were drawn:

Lithiation in Al foils was initiated by the formation and growth of LiAl nodules on the surface
and continued by columnar growth in the thickness direction.

Cracks were observed to occur near the peak of nodules and also at the boundaries between the
nodules. The development of local tensile stress concentration sites due to nodule formation
while the overall lithiated portion is under compressive stress is suggested as the mechanism of
the crack formation during lithiation.

The XRD analysis indicated a phase transformation of the microcrystalline Al to nanocrystalline
LiAl with an average crystallite size of about 50-60 nm.

Mechanical tensile tests showed a reduction in the stiffness and fracture strength of LiAl. A
transition from ductile shear to brittle fracture in lithiated Al foils was demonstrated using SEM
and optical microscopy.
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