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ABSTRACT:E! ective protection from environmental degradation relies 0Rge passivation  crystalline passivation
integrity of oxide ad dision barriers. Ideally, the passivation layer can repaifits ’ N\

N
own breaches quickly under deformation. While studies suggest that the nati §\ )
aluminum oxide may manifest SL_ICh properties_, it ha_s yet to be experim__ tajly ~
proven because direct observations of the air-environmental deformation 0
aluminum oxide and its initial formation at room temperature are challenging.
Here, we repoih situexperiments to stretch pure aluminum nanotips undeFdgk-like self-healing Crystalline self-healing
gas environments in a transmission electron microscope (TEM). We disW MGB
that aluminum oxide indeed deforms like liquid and can match the defor é 7

of Al without any cracks/spallation at moderate strain rate. At higher strain rate,

we exposed fresh metal surface, and visualized the self-healing process of aluminum oxide at atomic resolution. Unlike traditio
thin-"lm growth or nanoglass consolidation processes, we observe seamless coalescence of hew oxide islands without forming
glas#glass interface or surface grooves, indicating greatly accelerated glass kinetics at the surface compared to the bulk.

KEYWORDS:Superplasticity, glass surface, aluminum oxide, self-healing, stress-corrosion cracking, in situ TEM

lumina and silica are special oxides for passivation in teagbled; however, there has been little work reporting this

they rapidly develop under air in a glassy state withpoperty in ceramics at room temperature. Recently, there is
thickness of only a few nanometers, establishihgctimee growing evidence that the outside layer of polymeric and
barrier against further oxidation. The mechanical behaviordpéanic glasses with few nanometers thickness is in an
these surface glasses in oxidizing environment and their indighanced-disivity state at room temperature because the
formation are interesting for understanding not only stresgmss transition temperatltgis much smaller for thinner
corrosion cracking, but also ttin-growth and nanoglass  «|ms%11 Therefore, native alumina and silica may have liquid-

kinetics. On one hand, the plasticity of metal oxide and ifge pehaviors at room temperattrExperimentally, the
adherence to metal are critical for the stress-corrosion crackjag, . mation process oftima aluminum oxide in gas
(SCC) tolerance of metdfsif oxide at a metal crack tip e{wironments has never been observed at the atomic scale

(Figure a) breaks up under stress, and this breach is "Because of the its ultrasmall thickness. Thicker aluminum oxide
repaired stciently quickly, embritting elements such S| s grown by anodic reactidnare often used for

oxygen and hydrogénwill di use inward through the grain : X .
boundary networkE{gure b), leading to internal oxidation, mgasqrement; instead, whose represgntatlon of the native
dynamic embrittlement (DE)r stress-assisted grain boun- 0Xide |s_quest|onable because of the thlc_:kness dependen(_:e of
dary oxidation (SAGB®jetc. The consequence is relocationmeChaf"Ca| behavprs. Thergfore_, there is a need for a h|gh—
of the crack tip to the grain boundary, propagation desolution deformation technique in gas environments to verify
intergranular crackingigure t), and greatly enhanced total the deformability of aluminum oxide surface glass.

oxidation rate by internal, instead of external, oxidation. An

ideal passivation layer may require liquid-like superplasticiyteived: January 6, 2018

that does not fracture when elongated. Such a property is oftasvised: February 18, 2018

found in glass at high temperature where viSoauss Published: February 28, 2018
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Previous experiments on tHm-growth, either crystalfiné
or amorphou$}'® as well as nanoglass fabricdtiondicate
that glagsglass interfaces (GGIs) with surface grooves will
form when two nanoglass islands coalegpedq &). The
/ surface groove is an indicatiofinite GGl free energy that

needs to be balanced by surface tension of the cusp of the

== // surface, according to Ydsingguation. GGI may not be as
resistant to oxygen and metalusion as the glass itself.

 oxice \ [ Oxide Furthermore, GGls and grooves are less mechanically robust,
//, Metal 7 and under stress, further fracture will likely proceed along them
in the SCC context. If alumina/silica is liquid-like, there should
/ \ be no GGI nor grooves when two oxide islands Rigete
1f); however, there is a lack of experimentatneation on
€ T ' this due to the #iculty in preparing fresh (i.e., unoxidized)
and uncontaminated metal surfaces in a TEM. Observing the
% 7 initial formation process of glassy oxide at the atomic scale is

Figure 1.(a#c) Schematic drawing of the dynamic embrittlemenf':')(p(:’tr"’nema"y challenging, and it has been rarely reported in
process after cracking in oxide. (a) Oxide is intact and providd literature. _ o

excellent protection of metal at a stressed crack tip. (b) Oxygen ingreskhe recently developed environmental transmission electron
to metal grain boundary due to the fracture of oxide. (c) Intergranularicroscopy (ETEM) technique has been successfully used to
cracking. (@f) Schematic illustration of théatence between solid visualize initial oxidation in copper. While previous

and liquid when two oxide islands coalesce during growth. (d) Oxi@gperiments are conducted without applying external stress,
nucleates as an island on the metal surface. (€) An interface angd gic naner we will utilize ETEM to visualize the simultaneous

groove are formed when two islands meet, which applies to the thi

“Im growth (either crystalline or amorphous) and nanoglas(iéformanon and oxidation process in aluminum at the atomic

consolidation process. (f) Seamless coalescence of islands, indice&@e. We _Wi” show that native aluminum oxide can deform
of the liquid-like behavior. superplastically at room temperature under oxygen gas

environment without thickness reduction, as a result of
Also, at sticiently high strain rates, when the dxiady concurrent shear relaxation by enhanced bond-switching in
breaks, and fresh aluminum is exposed, it still remains uncteir "Ims and self-healing by dynamic oxidation. When
how the new oxide is formed and then connected to the newycreasing the strain rate, we are able to expose fresh aluminum
old oxide nearby. During the nucleation stage, alumina vgillrface and directly probe subsequent seamless self-healing in
grow as islands$-igure @) which by nature are nanoglass. the oxide. The strain-rate sensitivity discovered here agrees well
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Figure 2lllustration of the environmental deformation of aluminum oickeS¢hematic drawing of the experimentéagaation. (a) Two Al
rods with nanotips are aligned. (b) Their longest tips are contacted and then cold-welded. (c) The junction is then pulled in oxygen environme
(d#g) Schematic illustration of the concurrent oxidation and deformation process of aluminum in oxygen environment.
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Figure 3.Liquid-like superplasticity of aluminum oxide layer at room tempbtatigeS(L Supporting Information).#B Sequential TEM

images showing the superelongation and self-healing process of aluminum oxide when stré@fietbin &ygen environment; oxide

between the two white triangular marks in géreg@the segment being stretched. The green arrow in part a represents the stretching direction.
An aluminum grain boundary (GB) is pointed out by a light-blue arrow in part a. (g) Filtered high-resolution image for the orange-boxed region
part b, showing (200) crystalline planes. The oxide length (surface length between two triangular markéfsar@mpfmtesi an part h,

showing a maximum strain of 117%. All scale bars, 5 nm.

with MD modeling results by Sen éf ahd is analogous to  3f,h); however, surprisingly neither cracks nor pores are
the one proposed for silica glass nandWires. generated inside the glass or at the #gttas (MG)

Our nanoscale environmental deformation setup is illustrateterface throughout the whole process. The stretching process
in Figure 2Two selected nanotips on Al rods are aligned in thef aluminum oxide on metal is just like liquid spreading on a
ETEM instrument under high vacutrmgire a). One tip will surface. The oxide thickrtessay slightly reduce because of an
then approach the other gradually. When their distance dscasional higher strain ratey(re @) but can soon recover
around 3.1 nm, the two tips will jump into cofitaetause of to h, when the strain rate decreasesufe 8). Thus, the
the Casimir attraction forcé-urther compressing the two tips oxide thickness is almost uniform and unchanged because of
leads to cold-welditigFigure B). Afterward, pure oxygen gas the rapid growth of oxide. It is also noteworthy that the oxide
will be injected in the TEM sample chamber. The deformati@egment was straight at0 s, but it became more and more
process of aluminum oxide at atomic resolution will then loeirved after necking in metal. While the severely cér@d M
probed when moving one Al rod away gefithyie 2). interface assumes a dramatic variation of aluminum surface

When the strain rate is low, our observation of simultaneonglinations, it is remarkable that alumina can keep matching
oxidation and deformation process is summarized schemati¢htydeformation of metal and attach perfectly to protect the
in Figure 2d#g. The superplasticity is a consequence dfurface. Such a liquid-like, isotropic, complete wetting feature,
“viscousbow” in aluminum oxide as well as dynamic selfwhich originates from the amorphous nature of native
healing by oxidation. An aluminum tip with native oxide shellatuminum oxide, is pivotal for a mechanically robust protection
pulled under oxygen atmosphere at low straiffrigtes(d). layer.

Similar to other nanoscopically'ced glass formérs, the We want to emphasize that there is no elongation limit to
ion mobility is greatly enhanced at the near-surface region (sfatilure for aluminum oxide at low strain rate unless metal is
10 nm) which drives rapid bond-switching to repair surfackepleted. To further demonstrate this, a tearing experiment is
$aws generated by deformation. Meanwhile, the chemisoripetformed in 1.5 10° Torr oxygen environment. Thisedls
oxygen molecules near the surface mediate healing of brokem tensile testing in that internal fracture in the metal grain is
bonds? (Figure ), adding to the thickness of okigdénenh being generated. In this experiment, a volume of about 25 000
is smaller than the limiting thickrigsThe interplay between nn? is torn away from the matrix, but the oxide is always
these two processes leads to the superelongation in alumiraomtinuous and attaching well to metal throughout the
oxide shell without fracture and reduction in oxide thicknesgperiment (Supporting information, sectioii®je S2
(Figure B. This mechanism can be deactivated when the freahdFigure SJL The uninterrupted coverage of fracture surface
aluminum beneath the oxide is depleféglile 8). More by a thick (>1 nm) oxide is probably due feiscous$ow-
discussion about the redutgth alumina surface is provided like’ behavior. Although superelongation was reported in
in section 1 of theupporting Information nanoscale metallic gidsmd silica glass systéfishas not

Figure & h andMovie S1Supporting Information, present been reported in metal oxide glass systems. Our observation
experimental evidence for the process above, showing a tyfieed indicates that nano-scale-thin coatings of metal oxide glass
deformation process of aluminum oxide in ¢ Torr can have sigmiantly improved deformability. Note that our
oxygen environment and at a moderate straifs 2a2& (102 conclusion is already based on the tfickamind'lm ($3
§'Y). A segment of aluminum oxide being stretched is markedh) that is present in practical environments.
by the white-triangle locations'dscial markers. When the ~ While it is intriguing to see the ductility of the ceramic glass
sample is pulled along the direction indicated by the greematching that of the metal underneath at room temperature
arrow figure &), the oxide segment is uniformly elongatedand low strain rates, when the strain rate is much higher,
(Figure B#f). A strain of 117% is reachet=a53.6 sffigure fracture will occur in the glass, exposing clean aluminum surface
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(Supporting Informatiofovie S3andFigure SR The key in this manner to cover the entire fracture surface, and
here is td'nd out how quickly such a tfilbeeeach in the wall  meanwhile, new oxide becomes thicker by motion af e M
can be repaired, as a breach can hit thefmetal grain interface (i.e., direct transformation from metal lattice to oxide
boundary intersection, and rapid internal oxidation anghase mediated by oxygen subsurface incorporation). This is
degradation can occliqure & c). Our“mechanical break signicantly dierent from the adatom mechanism observed in
junctiort setup mimics the local environment of a stresseplure coppef® Figure d,j shows thérst-layer coverage on the
crack tip in air, and is also a perfect setup for the study of theacture surface by oxide. The gradient of oxide thickness is
initial oxidation. Aluminum oxide can hardly be reduced l®wident from the merging point (P3Fiyure §) to the
heating in B In contrast to conventional methods to prepareoxidation starting point (P1 and P2); however, it will soon
clean surfaces of alumifitisuch as argon ion sputtering, our disappear leaving a uniform oxide layer on the fracture surface
mechanical break junction approach is more practicaltior  (Figure 4l1). Furthermore, the interface between the old oxide
TEM experiments. and the new oxide (at P1 and P2) as well as the interface where
Figure &#f shows time-sequence HRTEM images of thehe new oxides merge (at P3) are indistinguishable and contain
oxidation process on a clean aluminum surface created byribe groovesesembling the behaviors of liquid. This is
particularly intriguing since it is Siggmtly dierent from
amorphous thirflms evaporated on a substrate at room
temperatur€ Previous experiments have shown that the
surface roughness (corresponding to the depth of grooves) of
evaporated metallic glass thins can be reduced either by
heating a thickm aboveT, for relaxatioff or decreasing the
"Im thicknes¥, suggesting thdl, may be smaller whéim
thickness decreases. However, even for"dnthifi 0.8 nm
thickness, grooves are still appatédur observation of a
grooveless surface in 2 nm thick alumina illustrates the liquid-
like behavior during the glass thimgrowth process. Another
piece of evidence showing the disappearance of the GGI during
the cold-welding process is illustrated in the Supporting
Information, section 4 aRthure S3In the context of high-
strain-rate deformation mimicking the crack-tip environment,
the self-healing feature of aluminum oxide manifests itself by
1t layer the rapid recovery of a conformal and homogeneous oxide layer
coverage at the fracture surface. This is of great importance to SCC since
any heterogeneity led by a mismatch between oxide scales, for
example, oxide-oxide grain boundaries or phase boundaries,
may introduce tensile residual stress (well-known Tinthin-
growth) that buries a seed for future cracking/spallation. The
residual stress in surface glass here is expected to be small and
S rapidly decaying because of the fadileside relaxation
& kinetics of surface glass by reddg€d™" Note that the
internal stress may not always be deleterious if it is compressive.
In this vein, we want to point out two distinctive features.
- One of them is surface smoothing/relaxation which occurs not
' S only at the MG interface but also at the gltaspor (GtV)
& interfaceFigure S4a,tin the Supporting Information, shows
the evolution of an oxide fracture surface. The shatp-tip at
Figure 4.Initial oxidation of pure aluminum at room temperatures js the"nal detach point after the tearing experiment. After
(Supporting Informationylovie Si (a#f) Sequential HRTEM — pjanking e-beam for 310 s, the tip becomes blunted to minimize

i_l[nage(;sI;\%wing theg’.‘idaﬁon plfocai?; at.o(’j‘}’ge” 8.ressurér(1ﬁ3'6 the roughness of the#@ interface. In contrast, crystalline
orr. rocessed images of pafttista indicate dierent phase : : : ’

distribution: the aluminum lattice planes, shown by black lines, Eﬁ%pfpeESOXI(cjie gralns_ grow_(;isdsmalll h'd"S on ?Opp?r metfal
"ltered images of partsfaising a set of aluminum (112)rdction surface, and magnesium oxide developed strongly anisotropic

spots; the oxide is shown by red color. All scale bars, 2 nm. surface features such as zigzag facets (Supporting Information,
Figure Sp The other feature is the conformability of

aluminum oxide formed on highly curved surface, as revealed
fracture, accompanied by their indivititaled images in by Figure S4c,dn the Supporting Information. Despite that
Figure ¢#| with better resolution of the phase boundariesthe 9Q curved fracture surface of aluminum possesses
(See more details of the process in the Supporting Informati@undant surface inclinations, the oxide formed afterward is
Movie S#the "ltration method is introduced in section 3.) uniform and smooth. The two features discussed above are
Pure Q at a pressure of 3.610°® Torr is maintained during important for understanding friction and wear, as well
the whole process. Interestingly, new oxide tends to nucleasethermal and electrical contact resistances since the nano-/
right next to the old oxide (i.e., triple junction offgiestsd atomic-scale surface asperities control the stajaalay,
vapor interfaces, as depicted by P1 andRfuie 4,9.) and  of the true contact aréaAlso, the surface roughness of native
then spread out to cover the unoxidized fresh metal, insteachlbfminum oxide may have an impact on tretiee modulus
growing uniformly on the fracture surface. Oxide will progresaluminum thitiims?°

Fresh Al
surface
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This work reveals liquid-like superplasticity and seamless, Movie S4: initial oxidation on aluminum fracture surface
isotropic self-healing features of aluminum oxide in gaseous under 3.8 10°® Torr oxygen environmeni\(|)
oxygen environments at room temperature. The accelerated Movie S5: ultra-low-dose-rate experiment for the
glass surface kinetics of native alumina is not likely to be a observation of tearing in an Al nano tip: oxygen pressure,
radiation damage artifact of the imaging electron beam. We 1.5! 10 Torr; dose rate, 9Z/¢& 2 s) (AVI)
have performed a series of experiments and analysesjygto
investigate the $uence of electron beanSupporting l AUTHOR INFORMATION
Information section 5). E dina Auth
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Materials and Methods

The materials investigated in this work are extra pure (99.99%) aluminum rods (diameter: 0.01
in.) from ESPI Metals. To obtain thin aluminum TEM samples with satisfactory electron
transparency, we prepared aluminum nanotips at one end of a pure alumiduiby ro
simultaneously drawing and cutting aluminum rods in air and at room temperature. A natural oxide
layer around B nm in thickness will develop on the surface of aluminum nanotips instantly.
Compared to nanostructured mechanical testing samples taldriog focused ion beam (FIB)
which will introduce irradiation damage and contamination (Ga and Pt), our samples are much
cleaner and more realistic. The-siru experiments were conducted inside an FEI Titan
environmental TEM instrument, working at a vage of 300 kV. Nanoscale mechanical
deformation was enabled by a Nanofactory scanning tunneling microscope (STM) holder.

Supplementary Text

1. Reduced T in thin films

The superplasticity in native alumina is led by two reasons: (1) Redy@durfaceegion; (2)

The chemisorbed oxygen helps repair the broken bond at surface, as proved by the molecular
dynamic simulation's

When comparing the reducetl, between different materials, we consider the homologous
temperature. Define:

GL l&kbal] 1)

le

where 6, is the melting point measured in Kelvin unit. Here we present our calculation results of
k for two different materialsn the table below:

Table 1: Comparison dfy of thin films in PS and native alumina

Film . . L
thickness Melting point Bulk Thin film
Material I
[nm] #m [K] Source Heouik [K] Source #: [K] Source
Polystyrene Calculated
5 513 Ref.? 374 Ref.3 206 0.32
(PS) by Eq. (2)
Amorphous 4 s Room
3.1 2327 Ref. 973 Ref. 300 0.29
Al203 temperature

The Ty for PS of 5 nm thick is calculated using the equdtion



A
Tg(h) = Tg,bulk[1 - (Z)S] (2)

where £ is film thickness, A is a characteristic length (3.2 nm) and 6 = 1.8.

From Table 1, we can find that k for PS and Amorphous Al>Os are at the same order.

Also, as revealed by MD simulations', the chemisorbed oxygen can help repair the broken bonds
in alumina surfaces. This phenomenon is much stronger in ambient conditions where the oxygen
partial pressure is much higher than that in our experiment. What is more, the chemical reaction
(oxidation) itself can stimulate rapid surface kinetics, namely the chemical-induced creep® (in
FRQWUDVW VRS XWIKE UFRICHH S ©

2. Tearing experiment

A tearing experiment is conducted under 1.5x107! Torr oxygen environment. This process is
recorded in Supplementary Movie S2. Supplementary Figure S1 shows the time-sequence
HRTEM images of it. A probe (left bottom corner in Figure S1a) is pushing an aluminum nanotip
whose filtered image (Figure S1k) reveals that the whole part in the image is a single crystal. The
aluminum tip will be torn along the yellow dashed line shown in Figure S1a thus the part below
the line (volume estimated about 25,000 nm?®) will be torn away at the end. The original thickness
(limiting thickness /L) of oxide is around 2.9 nm, as indicated in Figure Slc at point B. Fracture
in aluminum tip will first occur at point A shown in Figure S1b. As the tearing progresses, the
oxide is always conformal and kept attached to the metal. No pores are visible at the M-G interface.
The new oxide on fracture surface, is less than the limiting thickness at the beginning of their birth,
but will eventually reach the limiting thickness by dynamic oxidation (Compare point C in Figure
Sle and S1h, or point D in Figure S1f and Figure S1i.). After the tearing experiment, Figure S1j
shows a conformal oxide on the new M/G interface.

During the tearing experiments, the oxide at beginning is formed in ambient conditions outside the
microscope, and the thickness is ~3 nm. Even deformed at low pressure (1.5x10"! Torr oxygen),
the thickness of the oxide does not significantly reduce. So, our observation is already based on
the thicker alumina film that present in practical environments. Also, we expect that at higher
oxygen pressure, this surface kinetics of alumina can be further accelerated.

3. The filtering process for the initial oxidation

To make the phase boundaries clearer in Figure 4a-f, we adopt the following methods to create
filtered images.

1) The lattice lines shown in Figure 4g-1 are obtained by first doing FFT of Figure 4a-f and
then select the (111) diffraction spots to perform inverse FFT;



2) The oxide shown in Figuregd are obtaned by detectig the oxide boundaries in Figure
4af using image contrast and then painted with red color.

4. Disappearance ofGGI during the cold-welding process

We artificially created thick oxidé:ehL) on two aluminum narigps and brought them to cawt

to each other. It is found that right after they jumped to conéagdint that looks like liquid
neckingis formed Glassglassinterface(GGl), i.e. merging interface, is evident at the beginning
(indicated by white arrow ifrigure S3b). However, tle GGl will soon vanish Figure S3c). The
necking at contact and the disappearandg®@Fafter contact reveal a liquitke characteristic of
oxide.

5. Effect of electron beam
We have performed a series of experiments and analysis to exclude the effieetof:

1. Thedose rateof our imaging beam ibelow 5200 &/(« 2 &), which is already lower than
many of the othelow-doseratein-situ TEM experiment§

2. The pressureHtime for the completion of oxidation in our experimdfigure 4 in
manuscript)s around3.6!10° Torr Hr &min = 2.7!10° Torr-min, close to that reported
in previous literaturég2.3110 *° Torr-min).

3. We performed blanked beam experimdot both deformation and initial oxidation
experiments.

3.1 Tearing experiment:

We first coldweld Al tips, as shown iRigureS6a.We then blank the beam, and move

the tip at bottom (enclosed by green line) to left. By doing so, the tip on top is being
torn. After 43 seconds, we reopen the be&gure S6b is the image takemght after

we reopen the bearithe point A isltie beginning point of fracture during the tearing
experiment. During the tearing, the strain rate gradually increases, leading to a gradual
decrease in oxide thickness. When the fracture point reach B, because the necking is
already significant, the stramte suddenly ramps to a very high value, leading to final
detach at point C. The continuous oxide between A and B is an indication of the liquid
like behavior in alumina thin films. [Note that during the blanked beam experiment, it

is much more challengg to control the strain rate accurately.]

3.2Initial oxidation on fresh surface
We alsoperformeda blanked beam experiment in which we take a snapshot after each
30-seconddong blankeebeam period. At the beginning, there are already some oxide
near thetfesh surface that are grown unddyeam. The resulis FigureS7 show that

4



alumina indeed grows near the {erdsting oxide and slowly merges, instead of
growing uniformly on fresh surface. Alsthe thickness and morphology of oxide
grown on the fresh Asurface without @veam is similar to the oxide grown under e
beam. As a result, the oxide layer at the end is conformal and smooth.

4 Ultralow dose rate experiment for observation of alumina deformatiertecreased the dose
rate to @ e/(+ 2 @) and usd defocus tdncrease the contrast between oxide and metaliriFhe
situmovie (supplementary Movie S5) shows that the oxide is always continuous when we tear
an Al grain out of an Al tip.
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Figure S1.

Tearing experimentunder 1.5!10!
Torr oxygen environmenfa-j) Time-
sequence HRTEM imagehkiring the
deformation process. (a) The pushi
direction of the probe is indicated &
the green arrow. (b) Tearing stari
and the metal gioint Awill split into
two parts. (c) The oxide thickss at
point B, which is not affected by th
tearing, is showing a limiting
thickness of 2 nm. (i) Final detact
point is naned point E. (j) The new
born metal/oxideinterface is shown
by the dotdashed line between poin
A and E. (k)Filtered image of 4)
using a set of (111) diffraction spots



Figure S2

Mechanical break junctiorapproachor preparation of fresh metal surface in TEéb, Cold

welding of two aluminum nano tips vacuum c-d, Pull the junctiorrapidly. The aluminum nano

tip exhibits liquidlike superplastic behavior during stretching, while its crystalline structure still
maintains(See the clear lattice mandd). A rough estimation shows that tiéd lattice strain is

only 0.88%, comparing (c) and (f). The huge overafbdeationin metalis accomplished by
rapidsurface diffusioh e, Because KH R[LGH EHKDYHV OLNH oBcumsetXnBéd U JO XH
aluminum instead of the contacting surfadexides f, fracture surface after surfaseaxation.

Oxygen can be injected afterwards for the observation of initial oxid&itade bars in (&), 5

nm. Scale bars in {p, 2 nm.



Figure S3.

HRTEM images showing aluminum oxide behaves like liquid when the two tips brought to
contact(a) When the two tips are clogd) Right after @ides jump to contachecking is formed.
TheGGlis indicated by the white arrow(c) Disappearance @GIl. Notethatno external forces
areapplied from (a) to (c)All scale bars, 5 nm. Aluminum atomptanes in HRTEM images are
(111).



Figure S4.

Conformal growth of oxide with smoothl-G interfaceand G-V interface (a-b), Sequential
HRTEM images showin@-V interface recovers to a smooth shape after deform#tiat), Oxide
growth on a 90icurved sirface of fresh aluminum, rich in variogsirface inclinationsis still

smooth and conformal. All scale bars, 5 nm.
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Figure S5

HRTEM images of crack tip in a pure (99.99%) magnesium thin film in oxygen environment. (a)
The fractures surface is very rough and containgaggfacets; oxide grain boundaries are evident.
(b) A higher resolution image of the zzgg surface of MgO. JAtomic resolution image showing

the lattice of (100) zone axis, with its FFT image showing at thédfom corner and diffraction

simulation at righdbottom corner.
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A. Fracture beginning
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Figure S6:

Blankedbeam tearing experiment. (a) Two Al tips are eafelded. (b) The image taken right after

we reopen the beam, showing continuous oxide between point A and point B. (c) Oxide thickness
at the fracture surface.
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Figure S7.

Blankedbeamoxidationexperiment: between each frame, the beam is blanked for 30 seconds.
The imagingbeamflux for each frame is around 20@0(- 2 8). After taking each snapshot, we
blanked the beam immediately.
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Movie S1
Pulling aluminum oxide ir2! 10° Torr oxygen envonmentat room temperature.

Movie S2
Tearing experimerperformed in 1.5!10" Torr oxygen environmerat room temperature.

Movie S3
Preparation of clean aluminum surface by pultimg junctionat high strain rate.

Movie S4
Initial oxidation on aluminum fracture surface un8edl 10° Torr oxygen environment.

Movie S5

Ultra-low doserate experiment for the observation of teaimgnAl nano tip.Oxygen pressure:
1.5HL0! Torr. Dose rate: 9&/(« 2 ).

13



Reference

(1)
(2)

3
(4)

(5)
(6)

(7)

(8)

Sen, F. G.; Alpas, A. T.; van Duin, A. C. T.; Qi, Nat. Commun2014 5, 1-9.

WYnsch, J. RPolystyrene: Synthesis, production and applicatieBmithers Rapra
Publishing, 2000; Vol. 112.

Ellison, C. J.; Torkelson, J. NNat. Mater.2003 2 (10), 695-700.

Arhammar, C.; Pietzsch, A.; Bock, N.; Holmstrom, E.; Araujo, C. M.; Grasjo, J.; Zhao, S.;
Green, S.; Peery, T.; Hennies, F.; Amerioun, S.; Fohlisch, A.; Schlappa, J.; Schmitt, T.;
Strocov, V. N.; Niklasson, G. A.; Wallace, D. C.; Rubenssoi,.;JJohansson, B.; Ahuja,

R. Proc. Natl. Acad. Sck011, 108(16), 63556360.

Lee, S. K.; Ahn, C. WSci. Rep2014 4.

Li, J.; Lykotrafitis, G.; Dao, M.; Suresh, Broc. Natl. AcadSci. U. S. A2007, 104(12),
49374942.

Sun, J.; He, L.; Lo, ¥C.; Xu, T.; Bi, H.; Sun, L.; Zhang, Z.; Mao, S. X.; Li,Nat.
Mater.2014 13 (11), 100%1012.

Krueger, W. H.; Pollack, S. RBurf. Sci1972 30(2), 263-279.

14



