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ARTICLE INFO ABSTRACT

Keywords: Thermally-activated, liquid-based crack healing was investigated using a magnetron sputtered Al / Sn / Al thin
A.lumi““m film architecture as a model system for bulk healing, with Sn acting as the healing agent. A brittle Al,O3 layer
Tin was sputtered prior to the deposition of the Al and Sn layers, enabling the formation of cracks with varying
?;Ifl.l}af:nng widths in the Al layers (2-4 pm) using a 3-point bending technique. Thermal activation was achieved through
Wetting annealing at 250°C for 10 min and 400°C for 10 and 30 min. Scanning transmission electron microscopy imaging

revealed that Sn mobility was activated only after annealing at 400°C for 30 min, resulting in efficient healing of
~ 2 pm wide cracks, while > 3 pm wide cracks showed a reduced healing efficiency in comparison. The here
observed variations in healing efficiency are governed by the temperature-dependent wetting behavior of Al by
Sn, as well as by crack-width-dependent capillary forces and the healing time. This study provides insights into
the fundamental mechanisms governing liquid-based self-healing in metals, contributing towards future

Capillary force
Thin film model

knowledge-driven design of self-healing bulk metals and metallic thin films.

1. Introduction

From a sustainability perspective, limited lifespan of materials,
owing to susceptibility to microscopic damage during manufacturing
and/or application and its subsequent loss of functionality, is among the
grand challenge to be tackled. Generally, metallic engineering parts
exhibit substantial microscopic damage stemming from their manufac-
ture, e.g., pores from casting or cracks from rolling, bending, or deep
drawing that may affect their performance adversely [1,2]. While
numerous studies are being carried out to improve the performance of
metallic materials by utilizing various strengthening mechanisms,
damage management is seldom studied [3]. In this context, self-healing
materials have re-emerged as an increasingly important research di-
rection in the field of sustainable materials engineering.

Drawing inspiration from self-healing observed in biological organ-
isms, there is a growing interest in applying similar mechanisms to
mitigate damage in man-made materials. Self-healing has been suc-
cessfully incorporated in polymer materials due to their cross-chain
bonding and low melting points, facilitating easier diffusion and
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reestablishment of bonds between their motifs [4-6]. However,
achieving thermally-driven self-healing on a macroscopic scale in metals
proves challenging due to stronger bonds and lower diffusion rates of
atoms compared to polymers [7,8]. However, Danzi et al. demonstrated
a rapid, room-temperature, on-demand healing concept for metal films
using Ni/Al multilayers as heat source, eliminating the need for external
annealing and enabling repair in temperature-sensitive electronic sys-
tems [9]. Furthermore, Trost et al. recently reported an autonomous
intrinsic self-healing mechanism for metallic thin films based on
segregation-stabilized metastable Mo;_xAgx systems, enabling low-
temperature crack healing in flexible microelectronics [10].

Previous studies report three mechanisms to achieve self-healing in
metals: precipitation [11-14], shape memory effect [15-18]and redis-
tribution of a low-melting point healing agent [19-22]. Dynamic pre-
cipitation of solute atoms in underaged Al-Cu-Mg-Ag alloys was found to
reduce the creep rate and cause crack closure under fatigue loading
conditions [11,12]. Several studies have shown usage of shape memory
alloy (SMA) wires being used as reinforcements [15-17]. When cracks
are generated perpendicularly to the direction of reinforcement and are
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heated to high temperatures to activate the shape memory effect, crack
closure was observed [15-17].

In bulk metals, the incorporation of low melting point healing agents
is typically accomplished by encapsulating them within ceramic hollow
spheres or cylinders, which are subsequently embedded within the
matrix metal. The self-healing mechanism operates by relying on dam-
age that fractures the ceramic casing, subsequent heating to melt the
healing agent and thereby releasing it into the crack. In one such system,
self-healing within an Al-Cu matrix was studied by embedding ceramic
hollow tubes filled with 40 wt% Pb and 60 wt% Sn solder [21]. After
generating cracks in the samples, heating the samples to 300°C liquefied
the solder, which flowed into the cracks causing healing. However, the
interface between the solder and Al-Cu matrix exhibited poor adhesion
leading to interfacial porosity. Similarly, self-healing in Al-based metal-
matrix composites reinforced with hollow microspheres, containing low
melting point metals such as Zn, Sn and Bi, was investigated experi-
mentally and by computational fluid dynamics modeling [22]. The au-
thors argued that systems with low contact angle between the healing
agent and the matrix, i.e., with better wetting, showed efficient healing
[22]. However, an issue in systems with ceramic casings containing
healing agent is the tendency for cracking at the metal-ceramic interface
rather than the casing itself, which would then hinder the flow of the
healing agent, undermining the functionality of the system. Further-
more, this limitation compromises the mechanical integrity of the
component, reducing the attractiveness for applications. A recent study
investigated Al-40 wt% Sn as a composite phase change material (C-
PCM) for thermal energy storage, focusing on the effect of self-healing
heat treatments at 250°C for 1 h on samples with varying microstruc-
tures and Sn distributions. The authors suggest that while molten Sn
mobility can aid in restoring thermal diffusivity by improving its ma-
terial continuity, its effectiveness is highly dependent on microstructural
stability and Sn distribution [23].

Previous studies on self-healing of bulk Al-Sn composites have
investigated either the crack-filling mechanism when Sn was encapsu-
lated in ceramic hollow spheres [22], the effect of crack filling by Sn on
the restoration of thermal properties [23], or mechanical properties
[24]. We previously demonstrated proof-of-concept for self-healing in a
bulk Al-4.28 wt% Sn alloy, showing improved ductility in the healed
condition compared to pure Al, supported by evidence of crack filling by
Sn observed using thin film model systems [24]. However, the funda-
mental mechanisms that govern the crack filling behavior in the Al-Sn
system, when Sn is directly in contact with the Al matrix, remain
largely unexplored. This is precisely where thin film model systems
prove valuable- during film synthesis, compositions and volume frac-
tions of the constituent building blocks forming the thin film architec-
ture can be controlled precisely. This control enables the breakdown of
complex bulk healing phenomena into simpler, more well-defined pro-
cesses, as demonstrated here, by adjusting the volume fractions of
healing agent relative to the matrix to be healed. Additionally, the
controlled introduction and isolation of small-scale damage is readily
achievable in thin films, making them particularly well-suited for
fundamental investigations of healing phenomena prior to their trans-
lation to bulk material systems. Furthermore, the identification of
mechanisms defining the healing behavior of thin metallic films may
also be important for functional thin film applications for example in
mechanically loaded electrical contacts, flexible electronics, thermal
interface materials and stretchable sensors. That said, utilizing liquid-
based self-healing mechanisms in the aforementioned application
fields will require not only careful selection of the liquid phase but also
further research.

Based on the classification of various self-healing mechanisms in
metals by Zhang et al., the present study involves assisted self-healing
based on a low-melting liquid metal that fills cracks by capillary
driven infiltration [25]. In the present work, the aim is to intentionally
generate damage in Al, later to be healed/filled by Sn. To this end, our
work focuses on crack filling behavior using a multilayer thin film
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architecture as a model system for bulk, where Sn layer is directly in
contact with the Al layers at the sites of damage. Specifically, we
investigate the influence of annealing temperature and time on Sn
mobility, with attention to the influence of crack-widths on the healing
efficiency. By directly observing the crack-filling at the microscale using
scanning transmission electron microscopy, this study enables a
comprehensive correlation between the physical mechanisms activated
during healing and their influence on the overall healing performance.
Improved understanding of the underlying physical mechanisms enables
future knowledge-based design of self-healing metals.

2. Materials and methods

The multilayer thin film architecture used in this study is comprised
of 4 layers — Al;03 Al, Sn and Al, where Al-Sn-Al constitutes the ma-
terial system of interest, Al;O3 acts as a crack initiator for intentional
damage creation to be subsequently healed by Sn, referred to as the
healing agent, to heal Al, referred to as the matrix material (Fig. 1(a)).
The multilayer was deposited in a lab-scale vacuum chamber with a base
pressure < 10°® mbar by magnetron sputtering. The schematic of the
deposition setup is depicted in Fig. 2. Four targets, 3 x Al and 1 x Sn, with
a diameter of 50 mm were utilized for the deposition of the individual
layers of the multilayer. The layers were deposited onto polished 40 x
10 x 1 mm® Al substrates. Aluminum was chosen as the substrate
because its ductile nature enables controlled and repeatable damage
generation, it is thermally stable under the applied annealing conditions,
and it is compatible with the chosen material system. The substrates
were mounted at a distance of 100 mm from the targets and rotated at
15 rpm for homogeneous film thickness distribution. The Al;O3 layer
was synthesized from two Al targets using reactive pulsed magnetron
sputtering in an Ar-Oy atmosphere. The Ar and the O, gas flows were set
to 55 and 9 scem, respectively, resulting in a deposition pressure of 0.6
Pa. Each of the two Al targets was operated at 9.2 W cm ™2 with a fre-
quency of 250 kHz and a duty cycle of 60 %. The metallic layers were
deposited in a pure Ar atmosphere at an Ar gas flow of 115 sccm and a
corresponding pressure of 1.0 Pa in the chamber. The deposition con-
ditions are summarized in Table 1.

Multilayer architectures with two metallic layer thicknesses were
employed: 500 nm thick Al and Sn layers were initially used to deter-
mine annealing conditions to trigger Sn mobility. Subsequently, films
with 1000 nm thick Al and Sn layers were utilized to investigate the
effect of crack-widths on crack filling efficiency.

The as-deposited samples were bent using a 3-point bending setup in
a Kammrath Weiss MBO module to generate damage (Fig. 1(b)). By

(a) (b) (c)
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AlLO, AlLO,

Al substrate Al substrate
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Fig. 1. (a) Schematic of the Al / Sn / Al multilayer thin film model architecture
on an Al substrate. The Al;O3 layer is utilized as a damage formation layer. A Sn
layer is encapsulated within two Al layers, mimicking a reservoir of Sn as a
healing agent in the Al matrix. (b) Schematic of the bending of the as-deposited
Al / Sn / Al multilayer thin film. By employing a 3-point bending module, a
crack is initiated in the brittle alumina layer, which propagates to the metallic
layers, creating a damaged metallic sample. (c¢) Schematic of a
damaged sample.
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Fig. 2. Schematic of the magnetron sputtering deposition setup utilized for the
deposition of the Al / Sn / Al multilayer thin film model architecture. Two Al
targets (in yellow) and the one Al target (in light blue) were used for the
deposition of the Al,O3 and of the metallic Al layers, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

varying the relative displacement between the supporting pins and the
stationary loading pin between 5-6.5 mm, the crack dimensions were
varied, resulting in crack-widths between 2 and 4 pm.

The damaged samples were annealed at 250°C for 10 min and 400°C
for 10 and 30 min in a pre-heated high-vacuum horizontal furnace with
a base pressure ~ 10°® mbar to initiate healing of the cracks in the Al
layer by Sn. The cross-sections of the damaged and annealed samples
were examined by lifting-out of a lamella from the cracked region,
perpendicular to the crack opening, using a FEI Helios Nanolab 660
dual-beam focused ion beam (FIB) system with a Ga' ion source. A
standard lift-out procedure was carried out to obtain the lift-out and the
lamellae were thinned by a series of ion-milling steps with decreasing
ion beams current until the lamella thickness was < 100 nm and attained
electron transparency. A STEM detector was then used to obtain the
bright field (BF) micrographs using electron beam current of 50 pA at 30
kV in field-immersion mode. Afterwards energy dispersive X-ray spec-
troscopy (EDX) area maps were acquired to visualize the spatial distri-
bution of the elements and potential structure healing. An EDAX Octane
Elect detector was used at 10 kV acceleration voltage and 3.2nA elec-
tron beam current.

3. Results and discussion

The as-deposited Al / Sn / Al multilayer thin film architectures were
subject to bending to generate damage via the crack-initiating Al,O3
layer. The cracks consequently propagated to the Al and Sn layers as
shown in the BF-STEM image in Fig. 3(a). The crack in the Al layer is ~
250 nm wide. From the EDX area map shown in Fig. 3(b), it can be
ascertained that the cracks in the Al layer remain unfilled in the as-
damaged state. The pink regions in the EDX area maps indicate Pt
originating from the liftout procedure using FIB, where Pt was deposited
as protective layer on the region of interest.

The damaged samples were annealed isothermally, varying tem-
perature and time, to identify the correlation between the mobility of
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the healing agent Sn and the crack healing efficiency. The BF-STEM
image of the sample annealed at 250°C for 10 min can be seen in the
Fig. 3(c). As opposed to the damaged sample, the Sn layer in the
annealed sample appears free of cracks, further consistent with the EDX
area map in Fig. 3(d). The thermal energy provided to Sn by means of the
sample heating to 250°C caused melting of Sn (melting temperature, Tp,
= 233°C) and its localized redistribution leading to healing of the crack
in the Sn layer. However, at this temperature, cracks in the Al layer
remains unfilled. This behavior can be rationalized by considering the
limited mobility of Sn on Al at 250°C, where Sn is wetting Al poorly,
resulting in low capillary forces. Thereby, the driving force for Sn ingress
into the crack is reduced, leaving the cracks in Al unfilled.

It has been shown that the contact angle of Sn on Al reduces from
116° to 30° and 11° by increasing the temperature from 350 to 400 and
450°C, respectively [26]. According to Linetal., this reduction is
partially linked to the difference in the coefficients of thermal expansion
between Al and Al;Os, as increasing the annealing temperature causes
the native Al;O3 to crack and debond from the underlying Al substrate,
allowing Sn to permeate the oxide film and wet the Al substrate [26].
Further, it has been stated that with increasing annealing temperature,
the viscosity of liquid Sn decreases [27]. Using a pre-exponential factor
(A) of 0.497713 mPa.s and activation energy (E) of 5411.2 J/mol from
[27], the viscosities of Sn at 250 and 400°C, as calculated in the sup-
plementary section, are 1.734 and 1.309 mPa.s, respectively. Fig. S1
shows the decreasing trend of viscosity with temperature. The large
contact angle of Sn on Al at 250°C, and the viscous resistance results in a
very small capillary driving force, so that Sn does not spontaneously
infiltrate and fill the crack in Al layer. Based on the temperature
dependent viscosity data presented in Fig. S1, an annealing temperature
of 400°C was selected, as higher temperature is expected to promote
healing through a concomitant reduction in surface tension (manifested
as a lower contact angle and improved wetting of Al by Sn) and a
decrease in viscosity, which facilitates the flow of liquid Sn into the
damaged regions.

In the sample annealed at 400°C for 10 min, similarly to the sample
annealed at 250°C for 10 min, the cracks in the Sn layer were healed,
and the cracks in the Al layer still remained unfilled indicative of the
hindered mobility of Sn under the applied conditions, as shown in Fig. 3
(e) and (f). However, in the sample annealed at 400°C for 30 min, Fig. 3
(g) and (h), it appears that the integrity of the as-deposited multilayered
structure has been disrupted, as witnessed by localized delamination.
The observed structural changes in the film architecture suggest exten-
sive interdiffusion and reorganization within the stack that happened as
a consequence of longer exposure time at this temperature. The major
implication of this reorganization is that Sn becomes sufficiently mobile
at 400°C after 30 min and wets the Al layer. Further, from Fig. 3 (e) and
(g), it can be learned that in addition to the annealing at a reasonably
high temperature, the displacement of the healing agent is also time-
dependent. In line with Lin et al.’s observation of debonding along the
oxide Al substrate interface as a prerequisite for Sn wetting in the Al-Sn
system, Eisenmenger-Sittner et al. have also emphasized the critical role
of oxygen at interfaces, identifying surface oxides and interfacial im-
purities as potential barriers to wetting [26,28,29]. Furthermore, as the
debonding of the oxide layer cannot occur instantaneously, it may
contribute to the observed time-dependent mobility of Sn. Only after a

Table 1

Conditions for the deposition of an Al / Sn / Al multilayer thin film model architecture consisting of Al,03, Al, Sn, and Al layers.
Nr. Layer Atmosphere Pressure Sputtering Target power density Thickness

(Pa) type (Wem™?) (nm)
4 Al (top) Ar 1.0 DC 7.6 500 or 1000
3 Sn Ar 1.0 DC 8.0 400 or 900
2.0 first 100

2 Al (bottom) Ar 1.0 DC 7.6 500 or 1000
1 AlyO3 Ar + Oy 0.6 pulsed DC 9.2 500
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400°C, 10 min  250°C, 10 min

400°C, 30 min

Fig. 3. BF-STEM images of lamellae lifted out from (a) damaged sample [20], (c) sample annealed at 250°C for 10 min, (e) 400°C for 10 min and (g) 400°C for 30
min with the corresponding EDX maps of the region inside the red box in (b), (d), (f) and (h), respectively. All the samples shown here possessed layers (Al, Sn, Al,03)
of 500 nm thickness in their as-deposited state. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

continuous wetting Sn/Al interface is established along the crack face,
can capillary-driven crack filling operate efficiently; the time required to
create this pathway delays the onset of efficient crack filling. By
annealing the damaged sample at 400°C for 30 min, the mobility of the
healing agent Sn was successfully triggered, concurrent with the
extensive reorganization of the film shown in Fig. 3(g). To preserve the
integrity of the multilayer architecture during the annealing, to look
past the reorganization due to the annealing conditions, and isolate the
crack-filling mechanism, samples with metallic layers of double the
thickness, i.e., 1000 nm-thick Al and Sn layers, were used in the sub-
sequent experiments.

Fig. 4(a) and (b) show the damaged sample with 500 nm metallic
layers as a reference, while fig. 4(c)-(h) showcase BF-STEM images and
EDX maps of the cracks with different widths and annealed at 400°C for
30 min with 1000 nm thick metallic layers. From Fig. 4(c) and (d) it can
be seen that Sn has diffused and filled a ~ 2.3 pm wide crack in the Al
layer as opposed to the unfilled crack in the Al layer in Fig. 4(a) and (b).
This observation highlights the critical role of the annealing conditions —
temperature and time — on the healing process. This result aligns with
the observed crack filling by Sn in thin film model systems as well as
crack filling by Sn-rich eutectic (99.4 wt% Sn) in bulk Al-Sn reported in

the literature [24].

However, for samples with ~ 3.5 and ~ 4.1 pm wide cracks as shown
in Fig. 4(e)-(h), the cracks in the Al layers were only partially filled,
although complete wetting of Al by Sn is expected at 400°C after 30 min.
It is reasonable to assume that here-observed partial crack filling with
increasing crack-width is due to both, a decrease in the capillary force
acting on the liquid Sn and an insufficient supply of the liquid Sn for
complete crack filling. This behavior is consistent with the inverse cor-
relation between capillary force with crack width, such that the nar-
rower cracks experiencing a higher capillary suction than wider cracks,
fill more readily. Therefore, it is evident that efficient crack healing in Al
by Sn requires not only external heating and time to enable wetting of Al
by Sn and Sn mobility to the damage sites, but also sufficient capillary
force on Sn to drive the healing action. Further, in Fig. 5(a), a cross
section of a pristine sample prior to bending and annealing is shown. In
the pristine sample, at the Al-Sn interface in the multilayer architecture,
a few interfacial voids can be seen, likely occurring during growth. In
Fig. 5(b), a BF-STEM image of an undamaged region of an annealed
sample is shown. It can be observed that the interlayer bonding in the
undamaged parts remains unaffected by the annealing treatment,
despite presence of few sub-micrometer sized voids in the interface.
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Fig. 4. BF-STEM images of the lamellae lifted out from (a) damaged sample
[20], samples annealed at 400°C for 30 min with crack-widths (CW) (c) 2.3, (e)
3.5 and (g) 4.1 um with the corresponding EDX images of the region inside the
red box in (b), (d), (f), and (h), respectively. Samples shown in figures (c), (e)
and (g) possessed 1000 nm thick Al and Sn layers and 500 nm thick Al,O3 layer
in their as-deposited state, the damaged sample in figure (a) had all layers of
500 nm thickness. The red arrow in (c) points toward a void in the annealed
sample. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. BF-STEM image of (a) a pristine sample, (b) an undamaged segment
from a sample with 1000 nm thick Al and Sn layers deposited on top of a 500
nm thick Al,O3 layer, post-annealing treatment at 400°C for 30 min.

Specifically, no evidence for delamination and/or adhesive failure can
be seen. The isolated voids observed at the Al-Sn interface in the un-
damaged region after annealing are of the size ranging between ~ 100
nm in width and ~ 50-90 nm in height, similar to those present in the
pristine multilayer. This contrasts with the micrometer sized voids with
a width of ~ 2 pm and a height of ~ 300-800 nm that occur in the vi-
cinity of the damaged regions in samples shown in Fig. 4(c)-(h). Clearly,
these voids are much larger than the ones present in the pristine sample.
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The red arrow in Fig. 4(c) corresponds to one of the apparent voids that
appear adjacent to the filled crack in the Al layer. The presence of these
extended, continuous voids adjacent to the cracks or within (partially)
filled cracks may arise from volume contraction during the liquid-to-
solid transition of Sn, and due to the redistribution of the finite
amount of healing agent into a larger cracked volume, and thus does not
indicate loss of material or interfacial debonding. Additionally, Fig.S2
(b) shows oxygen map of annealed sample across the filled crack (shown
in Fig. 4(e)). In the map, except for the alumina layer, no evidence for
the formation of oxidized regions could be obtained. However, the
oxidation of the lamella upon atmospheric exposure cannot be excluded.

The present study indicates that the mechanism of crack filling in
liquid-based self-healing systems is two-step: first, thermally activated
wetting of the matrix by the liquid healing agent, which requires local
disruptions in the native oxides to achieve a sufficiently low contact
angle; second, capillary-driven flow of the liquid into the crack volume,
opposed by viscous resistance and limited by the available healing-agent
reservoir. While wetting and capillary forces determine the effectiveness
of the system as a self-healing material, they also define its limitations.
Hence, in the above-studied system, healing was shown to be most
effective in small-scale damage, an observation we expect to be relevant
for other thermally-activated, liquid-based crack healing systems. Laser
induced micro/nanostructuring of polyimide films, reported by Wang
et al., modifies wettability of the films, so that capillary forces drive
directional liquid self-transport [30]. While Wang et al.’s work shows
usage of surface modification of the substrate to tailor the wetting
behavior resulting in self transportation of the liquid, present work
utilizes temperature dependent wetting of Al by liquid Sn to cause
capillary driven motion of Sn into the crack openings, which is desirable
for healing of cracks. Recently, the self-healing ability of metallic com-
posite materials was investigated using a Bi-26In-17Sn low-melting-
point (LMP) alloy as a healing agent embedded between braids made of
Cu or stainless steel (SUS304) [31]. Intentional damage was introduced
as cracks within the weaker LMP regions and subsequently healed by
heating above the melting temperature of the LMP alloy. This work also
emphasized that adequate wettability between the LMP alloy and the
braid material is essential to generate sufficient capillary action for
effective healing [31]. Altogether, these observations illustrate that
liquid-based healing in metals is fundamentally governed by wetting-
controlled capillary transport.

Sn was selected as the healing agent in this study owing to its low
melting point (233°C); however, due to its intrinsically poor wetting on
Al, complete crack filling of Al could only be achieved at 400°C, when
annealed for 30 min. This highlights the importance of not only the low
melting point but also the interfacial wettability and spreading kinetics
of the healing agent on the matrix in the design of future liquid-based
self-healing bulk metals and metallic thin film materials.

4. Conclusions

Due to the low melting point of Sn, the Al-Sn system is suitable for
thermally activated, liquid-based self-healing. This study examines self-
healing in the Al-Sn metallic system using an Al / Sn / Al multilayer thin
film model architecture. Due to direct integration of Sn in the matrix, the
design requirements for potential bulk manufacturing applications are
simplified by avoiding ceramic encasing of Sn. The model Al / Sn / Al
architecture was deposited layer-by-layer by magnetron sputtering onto
an Al,Og3 layer, introduced as a brittle layer to induce damage in the
otherwise ductile metallic layers. Cracks were introduced in these model
systems using a 3-point bending setup and thermal activation of the
healing was achieved through annealing. After annealing at 250°C for
10 min, the cracks in the Sn layer healed via thermally induced melting
and redistribution of Sn, though the effect was confined to the Sn layer
due to poor wetting on Al at lower temperatures caused by their negli-
gible mutual solubility. At 400°C, ~2 pm wide cracks in the Al layer
were fully healed after 30 min, while cracks > 3 pm showed only partial
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healing. Complete healing in ~ 2 pm crack at 400°C after 30 min can be
attributed to the higher mobility of Sn, resulting from the improved
wetting of Al by Sn at higher annealing temperature and the prolonged
annealing time. The incomplete healing of > 3 pm cracks at the same
annealing condition can be explained by lower capillary forces due to
large crack-widths acting on the liquid Sn and/or an insufficient supply
of Sn. The mobility of Sn is governed by its temperature-dependent
wetting behavior and annealing time, while variations in healing effi-
ciency are governed by the crack-width-dependent capillary forces.
Despite the limitation posed by crack-width, liquid-based healing
effectively fills smaller cracks in Al, ensuring complete healing for nar-
rower cracks. Based on the understanding of wetting and capillary-
driven crack filling, the future design of thermally activated liquid-
based self-healing bulk metals and metallic thin films should prioritize
optimizing interfacial properties between the matrix and healing agent,
while selecting low-melting-point healing agents to enable effective
healing.
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