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of metallosupramolecular polymers
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Self-healing or healable polymers can recuperate their function after physical damage. This process involves dif-
fusion of macromolecules across severed interfaces until the structure of the interphase matches that of the pristine
material. However, monitoring this nanoscale process and relating it to the mechanical recovery remain elusive.
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We report that studying diffusion across healed interfaces and a correlation of contact time, diffusion depth, and
mechanical properties is possible when two metallosupramolecular polymers assembled with different lantha-
noid salts are mended. The materials used display similar properties, while the metal ions can be tracked with
high spatial resolution by energy-dispersive x-ray spectrum imaging. We find that healing actual defects requires
an interphase thickness in excess of 100 nm, 10 times more than previously established for self-adhesion of

smooth films of glassy polymers.

INTRODUCTION

Because the possibility to heal defects in polymeric objects is of sub-
stantial technological relevance, the design of materials that enable
this function and the development of a fundamental understanding
of the underlying processes are of considerable interest (I1-5). In
thermoplastic polymers, healing of severed surfaces can be achieved by
heating above the glass transition or melting temperature (6-8), and
the process involves the steps of surface rearrangement, wetting, dif-
fusion of macromolecules across the interface, chain reentanglement,
and randomization (6). According to the reptation model, the ter-
minal relaxation time of entangled macromolecules (T;) is related
to molecular weight M by T, =< M> (9, 10), and healing rates conse-
quently decrease with increasing M in a power law dependency. The
ensuing problem that healing of high-molecular weight polymers is
slow can be mitigated in polymers featuring covalent or noncovalent
dynamic bonds (4, 5, 11). For example, the reversible association of
binding motifs causes the temporary disassembly of supramolecu-
lar polymers upon exposure to suitable stimuli. The resulting de-
crease in the apparent molecular weight of linear polymers or the
cross-link density of networks increases chain mobility and reduces
viscosity (12), and healing processes are accelerated. When the
stimulus is removed, supramolecular polymers reassemble (4, 5). This
approach has been exploited in a range of polymers (2, 3), many of
which were assembled through hydrogen bonds or metal-ligand
interactions (13-18). If the interphase created by the healing pro-
cess is indistinguishable from the pristine material, then the original
properties can be fully restored (Fig. 1A) (I). Quantitative studies
of such interphase formation are, however, rare. Schnell et al.
(19, 20) have shown that an interfacial width of 11 to 22 nm is re-
quired for self-adhesion in polystyrene. This was possible by combining
fracture mechanics tests and neutron reflectivity experiments on
nanoscale bilayers in which scattering contrast was established by
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using one deuterated layer. The results agree with computational
and interdiffusion studies on other glassy polymers (8). Similar in-
vestigations with chemically more complex polymers are exceedingly
difficult, and healing of polymers containing dynamic bonds is
therefore typically probed by macroscopic experiments, such as the
qualitative observation of the disappearance of scratches (3, 4, 21),
or by comparing the mechanical properties of damaged and healed
samples (14-18, 22). For example, the recovery of the elongation at
break, tensile strength, and/or toughness is established by tensile tests
(14, 21, 23-25) or fracture mechanics (26-28). Efforts to examine
healing processes on a microscopic level include in situ Raman
(micro)spectroscopy (29, 30), internal reflection infrared imaging
(31, 32), and laser speckle imaging (33). These studies corroborate
that polymer diffusion is essential for efficient healing, but a quan-
tification of the interphase formation is challenging, and it remains
unclear what extent of diffusion is necessary to achieve complete
healing in supramolecular and many other polymers.

Here, we report an approach that allows monitoring of the inter-
phase formed upon healing actual or simulated defects with a spatial
resolution of a few nanometers. The approach relies on mending two
otherwise identical metallosupramolecular polymers (MSPs) that
were assembled with different metal ions. The two different ion types
can be distinguished in a spatially resolved manner by energy-
dispersive x-ray (EDX) spectrum imaging in scanning transmission
electron microscopy (STEM). This allows monitoring of their diffu-
sion across the interface (Fig. 1B) and thereby facilitates a correla-
tion between the contact time, the depth of the interphase, and the
macroscopic mechanical properties. We find notable differences to
self-adhesion in glassy polymers, including that the required inter-
phase thickness for complete healing in MSPs and, by extension, of
similar healable polymers is an order of magnitude larger.

RESULTS

Characterization of the Eu-based metallopolymer

The macromonomer used in this study was based on a rubbery,
amorphous poly(ethylene-co-butylene) (PEB) core of a number-
averaged molecular weight of 3100 g mol”" that was terminated with
two 2,6-bis(1’-methylbenzimidazolyl)pyridine (Mebip) ligands; this
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Fig. 1. The healing process in polymers. (A) The final stages of the healing process in polymers involve wetting, interdiffusion with reentanglement, and randomization.
(B) To investigate the healing process on a length scale of a few nanometers, metallosupramolecular polymers (MSPs) assembled from telechelic PEB with terminal Mebip

ligands (M
but the different ion types can be monitored in a spatially resolved manner.

building block (BKB) was previously used to create healable MSPs
with metal ions such as Zn?*, Fe?*, La>*, and Eu’" (14, 34-36). Be-
cause Mebip forms trifold coordination complexes with lanthanoid
ions (37, 38), BKB and such ions assemble into networks (14, 35, 36, 39).
Expecting that MSPs made from BKB and Eu’* or Tb”* salts display
similar properties (40, 41), we first investigated one of these materials
in detail. Thus, 250-pm-thick homogeneous, colorless films of EuBKB
were prepared following earlier reports (see the Supplementary Ma-
terials for details) (35, 42), and the mechanical properties and micro-
phase separation of the metal-ligand complexes and the hydrophobic
polymer were ascertained by tensile tests and small-angle x-ray scat-
tering (SAXS) (figs. S1 and S2), respectively. To establish at which
temperature the dynamics of the metallosupramolecular bonds in
EuBKB render the healing process conveniently observable (21, 43),
dynamic mechanical analyses (DMAs) and linear shear rheology
experiments were carried out. The DMA measurements reveal a T
at —20°C, a room temperature storage modulus E’ of 14.1 + 0.5 MPa,
and a gradual decrease in E’ before the samples fail at 138° + 7°C
(fig. S3). The loss tangent trace shows maxima around -20°, 70°,
and 125°C, which we relate on the basis of a recent study (36) to the
Ty of the soft phase that predominantly consists of the PEB cores
(=20°C), the temperature at which individual metal-ligand com-
plexes in the soft phase become dynamic (70°C), and the softening
of the hard phase formed by the metal-ligand complexes that phase
separate from the soft phase (125°C), respectively. The hard phase
physically cross-links the MSP, and its softening promotes complete
network relaxation (12, 44). Thus, above the T, the mechanical prop-
erties of EuBKB are governed by a transient network structure with
temperature-dependent dynamics. To probe this further, the effec-
tive supramolecular bond lifetime (1), which corresponds to the time
scale of reversible association between supramolecular moieties, was
determined by linear shear rheology based on the reciprocal value
of the crossover frequency of the storage and loss moduli (t, = 21/ ®,)
in temperature-dependent oscillatory frequency sweeps (45-47).
Master curves for EuBKB, established by time-temperature super-
position, suggest that at 20°C, 1, exceeds 1 year, while it decreases to
ca. 200 s at 80°C, 16 s at 100°C, and fractions of seconds above
120°C (figs. S3 and S4). The value of 1, at 80°C is within the range
where dynamic supramolecular materials display efficient healing on a
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»=3800g mol'1; m~0.32,n~0.68, p~55) and either Eu(ClO4)3 or Tb(ClO,); were studied. The two metallosupramolecular polymers display similar properties,

reasonable experimental time scale (17, 43), and this temperature
was therefore chosen for systematic studies of the healing process.

Healing of the Eu-based metallopolymer

Adopting a widely used protocol to simulate actual defects (13-17),
rectangular strips of EuBKB films were freshly cut at the center, and
the severed interfaces were welded at 80°C in a square butt joint
geometry for 5 to 60 min. To ensure comparable results, all samples
were subjected to welding within 2 min after cutting. The extent of
healing was then determined by uniaxial tensile tests (figs. S5 and
S6). Plots of the healing efficiencies (defined as the property ratios
of pristine and cut/healed samples) against the healing time reveal
that the original properties are essentially fully recovered after 10 min
and that no significant changes occur for longer healing times (Fig. 2, A
to C, and table S1). The healing efficiencies based on maximum strength,
elongation at break, and toughness after 10 min are 96 + 10, 87 + 16,
and 85 * 21%, respectively. The recovery of all mechanical parame-
ters progresses with a similar time dependence (Fig. 2, A to C). An-
nealing experiments confirm that the material is not altered by
heating per se (fig. S7 and table S2). As expected in view of the high
T, at ambient temperature, EuBKB does not self-heal well under am-
bient conditions; even after 15 weeks, the healing efficiency based
on the recovered tensile strength (88 + 8%), strain at break (46 + 7%),
and toughness (42 + 10%) remains low (fig. S8).

Healing of EuBKB was further investigated by fracture mechanics
experiments. Half of the interface of severed samples was brought
into contact, while a thin spacer was placed between the other half
to maintain a notch during welding at 80°C (fig. S9). Samples were
then subjected to uniaxial deformation perpendicular to the notch
direction, and the mechanical properties were compared to those of
reference samples in which an equivalent notch had been applied by
cutting. The healing efficiencies established after 10 min—94 + 5%
for the tensile strength, 110 + 15% for the elongation at break, and
94 + 5% for the toughness—confirm complete healing (figs. S10 and
S11 and table S3). The progression of the healing process was exam-
ined on the basis of the stress intensity factor K, which is indepen-
dent of the testing geometry and loading conditions (see Materials
and Methods for details) (48). The recovery of K; (Fig. 2D) mirrors
the kinetics established in the square butt joint geometry (Fig. 2, A
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Fig. 2. Healing of EuBKB. (A to C) Plots of the healing efficiency at 80°C as a function of healing time based on the recovery of (A) tensile strength, (B) strain at break, and
(C) toughness. (D) Plot of the stress intensity factor K; of EuBKB determined via fracture mechanics experiments as a function of healing time. (E) Photographs showing
the propagating crack tip during the fracture of a notched EuBKB film in the (i) pristine state, (ii) after healing a severed sample for 5 min, and (iii) after complete healing

(10 min). (F) Comparison of the tensile strength-based healing efficiency as a function of healing time (t

experiments. The dashed lines serve as a guide to the eye.

to C) and corroborates that the mechanical properties of EuBKB
are fully recovered after ca. 10 min at 80°C. An inspection of sam-
ples under load shows that in partially healed samples (welded for
5 min at 80°C), the fracture progresses along the interface with a
crack tip opening displacement (CTOD) at the onset of crack prop-
agation of ca. 37 + 10 um (Fig. 2E and fig. S12). Fully healed samples
(welded for 10 min at 80°C), however, display a CTOD at the onset
of crack propagation of ca. 147 + 23 um, values comparable to those
of pristine samples of 165 + 24 pm, suggesting that a well-mixed
interphase has formed.

Theory relates the healing efficiency to the interpenetration of
chains across the interface and predicts, based on the reptation model
of chain dynamics (9, 10), that the recovery of the tensile strength
over time ¢ is proportional to £ (6, 7, 26). While the self-diffusive
behavior in EuBKB samples is unlikely to proceed via reptation, the
analysis of the recovery of the mechanical properties nonetheless
corroborates that the hindered diffusion of the supramolecular net-
work correlates with this relationship in the experimentally accessi-
ble timeframe of 5 to 10 min (Fig. 2F) (49). Moreover, the plateau
regime with healing efficiencies of 100% at longer times suggests
that the dynamic reconfiguration leads to the formation of a homo-
geneous network structure that is comparable to the one of the pris-
tine samples, i.e., randomization occurs.

Characterization of the Tb-based metallopolymer

and blends

Exploiting that MSPs based on different lanthanoid salts can display
similar properties (40, 41), we substituted Eu(ClO4); with Tb(ClO4)3
and prepared TbBKB films using the same process as for EuBKB. To de-
termine the properties of the interphase that is formed upon weld-
ing the two different MSPs, we prepared mixed ion (Eu/Tb)BKB
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02%) determined from tensile tests as well as fracture mechanics

films from BKB and an equimolar mixture of Eu(ClO,); and Tb(ClOy)s.
Our investigation of these materials paralleled that of EuBKB (figs.
S13 to S18 and table S4). The data show that the stress strain, mod-
ulus, and loss tangent traces all mirror each other (fig. S13), with
the only difference that the E’ traces of TbBKB and (Eu/Tb)BKB
above ca. 60°C display a steeper slope than the trace of EuBKB,
which may reflect slight differences in either hard-phase formation
or dynamics. Rheological experiments show that TbBKB exhibits a
considerably longer 1, than EuBKB (3.0-10° s vis-a-vis 200 s at 80°C)
(figs. S14 and S16), which reflects different kinetic rates for the dis-
sociation of these complexes, despite the fact that Tb>* and Eu’*
display comparable binding constants in solution (40, 50). By con-
trast, the bond lifetime (1) of (Eu/Tb)BKB at 80°C (200 s) match-
es the one of EuBKB, showing that the relaxation processes in the
already randomized material are a consequence of energy dissipa-
tion through the more dynamic Eu®* complexes (fig. $17).
Welding experiments demonstrate that the higher 1, of ThBKB
translates into slower healing in comparison to EuBKB. At 80°C, a
healing time of ca. 40 min was required for TbBKB to reach healing
efficiencies of 99 + 7 (tensile strength), 88 + 17 (elongation at break),
and 88 * 22% (toughness) (figs. S19 and S20), whereas similar val-
ues were observed for EuBKB after only 10 min. Welding samples
of mixed (Eu/Tb)BKB films at 80°C revealed a healing time of
60 min, with efficiencies based on maximum strength, elongation at
break, and toughness of 92 + 23, 102 + 9, and 91 + 29%, respectively
(figs. S21 and S22). While the different dynamics complicate the
analysis of the healing kinetics, the data suggest that the process is
governed by the less dynamic Tb** complexes, although relaxation
processes in the mixed material are dominated by the more dynam-
ic Eu”* complexes. Thus, the mechanical properties of (Eu/Tb)BKB
are only recovered once the Tb>* complexes have rearranged and
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the interphase features an entangled network with a density compa-
rable to pristine samples.

Healing of nonsymmetric metallosupramolecular interfaces
Having established the individual healing behavior, we set out to ex-
plore the welding of the two components under formation of a mixed
EuBKB/TbBKB interphase. In this case, defects were simulated by
cutting films of the two MSPs and welding freshly cut pieces at 80°C for
5 to 120 min, and the welded samples were then subjected to uniaxial
tensile tests (fig. S23). Lacking a direct reference for mixed EuBKB/TbBKB
joints, the values for tensile strength, elongation at break, and tough-
ness were used to monitor the progression of healing. Plots of these
parameters against the healing time show that the properties plateau
between 60 and 120 min of welding (Fig. 3, A to D), with a minimal but
not statistically significant increase between the last two time points. The
data for samples that were welded for 120 min show that the prop-
erties are on par with those of pristine materials, notably, the (Eu/Tb)BKB
films (figs. S24 and S25), corroborating that complete healing has oc-
curred. The kinetics suggest that the less dynamic Th>* complexes govern
the process. Moreover, a plot of the tensile strength against > indi-
cates that healing across the mixed interface also follows the established
stages of interphase formation and randomization (Fig. 3D) (6, 26).
Because the two materials fluoresce in different colors (red in the
case of EuBKB and blue-green in the case of TbBKB), the interface
can be imaged by fluorescence microscopy (Fig. 3E and figs. S26 and
S27). This was exploited to monitor crack propagation in fracture
mechanics tests of notched EuBKB/TbBKB samples. Gratifyingly,
in samples that had been healed for 120 min, the crack propagation

deviates from the original interface, and a random advance of the
crack into the bulk EuBKB or TbBKB fraction is discernible under
ultraviolet (UV) light illumination (Fig. 3F, fig. S26, and movie S1).
In accordance with these qualitative observations, the mechanical
properties determined in fracture experiments match those of neat
EuBKB and TbBKB (figs. S28 to S30 and table S5). A comparison
with the stress-strain curve recorded upon fracture mechanics test-
ing of notched (Eu/Tb)BKB corroborates that crack propagation in
EuBKB/TbBKB samples deviates from the inherently weaker inter-
phase into the bulk materials after 120 min of healing (fig. S29).
Hence, the investigations of the healing across the interface of MSPs
with different metal ions unambiguously confirm that an inter-
phase is established and that after 120 min at 80°C, randomization
occurs so that the properties of the mixed phase become barely dis-
tinguishable from those of the two parent polymers.

To probe the spatial distribution of metal ions across the inter-
face, we analyzed the cross sections of EuBKB/TbBKB joints welded
for various times at 80°C by STEM-EDX (Fig. 4A and figs. S31 to
S$33). The acquired EDX line scans with the corresponding intensi-
ties for europium and terbium across the interface were then fitted
to a logistic sigmoid function, with an interphase width corresponding
to the distance between the points where the fitted signal intensity
is equal to 80 and 20% of the respective total intensities (Fig. 4B). As
evident from the EDX maps and line scans, the migration of metal
ions across the interface is symmetric with some statistical fluctua-
tion (fig. S34), and the width of the mixed interphase featuring both
europium and terbium increases with time from 29 + 7 nm for
5min of healing to 104 + 35 nm after 60 min and reaches 175 + 41 nm
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Fig. 3. Healing experiments involving the formation of a mixed EuBKB/TbBKB interphase. (A to C) Plots of the mechanical properties of welded EuBKB/TbBKB
samples as a function of healing time at 80°C based on (A) tensile strength, (B) strain at break, and (C) toughness, as well as a comparison with the properties of pristine
samples. The maximum values are reached after ca. 60 min. Since no reference values can be established for such mixed joints, the absolute mechanical properties are
monitored in lieu of a healing efficiency. (D) Plot of the tensile strength as a function of welding time (t°%) as determined from tensile tests. The dashed line serves as a
guide to the eye. (E) Fluorescence microscopy image of the interface of a healed EuBKB/TbhBKB film. The luminescence of the different lanthanoid ions complexed with
Mebip ligands renders the EuBKB fraction appearing red and the TbBKB fraction appearing bluish/green when placed under ultraviolet (UV) light illumination (Aex =365 nm).
(F) Photograph showing the crack tip of a notched EuBKB/TbBKB sample during deformation under UV light illumination (healing time = 120 min and Aex = 365 nm). The
deviation of the propagating crack from the original interface corroborates complete healing.
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after 120 min, indicating that a mixed interphase of more than 100
and less than 175 nm is required to achieve complete recovery of the
mechanical properties. The symmetric ion migration across the in-
terface reflects that the dissociation of the metal-ligand complexes is
thermodynamically unfavorable (38, 50, 51). While EuBKB is more
dynamic than TbBKB (vide supra), the Eu’" ions cannot migrate into
the TbBKB before free ligands become available. Therefore, the dif-
fusion across the polymer-polymer interface must be symmetric, and
the less dynamic Tb** complexes limit the exchange rate. Solution
binding constants (38) suggest that the metal ions remain coordinated
to at least one but likely two Mebip ligands of the macromonomers
throughout the dynamic dissociation and association processes during
healing. Therefore, ion migration appears to be a reasonable indica-
tion for the rearrangement of the entire supramolecular polymer. This
important relation has not been unequivocally demonstrated, but it
is supported by the finding that the thickness of the observed inter-
phases exceeds the dimensions of the spacing between hard metal-
ligand and soft PEB domains (<7 nm; figs. S1, S15, and S18).

DISCUSSION

The interphase thickness required to restore the MSPs’ mechanical
properties is considerably higher than the 11 to 22 nm reported for
the welding of glassy homopolymers (19, 20). Since the latter stud-
ies involved smooth interfaces and testing in an asymmetric double

Neumann et al., Sci. Adv. 2021; 7 : eabe4154 28 April 2021

cantilever beam geometry, the considerable differences may be re-
lated to the roughness of the separately cut MSP films used herein,
geometric factors of the mechanical testing, the interfacial structure,
and wetting kinetics. Perhaps more important, however, are the dif-
ferent responses of the materials to mechanical deformation. The
MSPs studied here are rubbery polymer networks with barely any
entanglements (M, of PEB ca. 2000 g mol™) (52) in which the do-
mains formed by metal-ligand complexes act as effective cross-linking
points (36). The effectiveness of these cross-links for the mechanical
properties of the MSPs may hence be considerably different than
the entanglements of glassy, high-molecular weight polymers (typically
more than 10 M,), and more substantial interdiffusion is apparently
necessary in the case of the supramolecular polymers to restore the
effective cross-link density and bulk mechanical properties.
Experimental work and theoretical modeling have corroborated
that high molecular mobility and efficient diffusion across polymer-
polymer interfaces are the key requirements for healing, and supra-
molecular interactions therefore represent an attractive basis for the
design of healable polymeric materials. The MSPs investigated here
can be readily healed, and the efficiency and time dependence of the
process correlate with the relaxation time of the metal-ligand com-
plexes. The design of the study allowed a rare insight into how the
recovery of mechanical properties relates to interphase formation.
Quite unexpectedly, the interphase thickness required to achieve
complete healing of cuts applied to the MSPs greatly exceeds the
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previously reported values for the adhesion of flat films of glassy
polymers, indicating that this parameter is not universal. Since
most self-healing or healable polymers are—similar to the presently
investigated materials—soft and feature reversible bonds and typi-
cal healing scenarios involve defects such as the ones studied here,
our findings appear to be highly relevant. Our data show unequivo-
cally that in this case, microscopic techniques with a resolution of
the order of tens of nanometers or less may be suitable to probe the
underlying process. Moreover, recent direct studies of diffusion in
metal-coordinated transient polymer networks suggest complex and
unexpected superdiffusive behavior that promotes polymer “hop-
ping” rather than “walking” (53-55). Knowledge gained through such
studies should be useful to develop a better understanding of the
healing process and to guide the further design of new polymers
with improved healing characteristics.

MATERIALS AND METHODS

Metallosupramolecular polymerization

and formation of films

To a stirred solution of the BKB macromonomer in CHCl3, a solution
of a stoichiometric amount of the metal salt in anhydrous MeCN
was added. The solution was stirred for 10 min, the solvent was re-
moved in vacuo, and the solid residue was dissolved in CHCl;. The
solution was dried in vacuo and placed in a vacuum oven overnight
at 40°C, and a rigid transparent material of polymeric appearance
with appreciable mechanical properties was obtained. The material
was processed into films of a uniform thickness of ca. 250 um by
compression molding between Kapton sheets at 100°C in a Carver
CE Press with a pressure of 3 metric tons that was applied for 4 min.

Sample preparation for tensile testing

Films with a thickness of ca. 250 um, a length of 12 mm, and a width
of 4 mm were placed on a Kapton sheet, cut in the middle into two
pieces, and realigned. The samples were placed between two glass slides
with aluminum spacers with a thickness of ca. 200 um and clamped.
Within 2 min after cutting, the samples were welded at 80°C for the
indicated time. Subsequently, samples were removed from the glass
slides, cut into dog bones with a custom-made dog bone cutter, and
subjected to tensile testing.

Sample preparation for fracture mechanics testing

Samples for fracture mechanics were prepared by placing a small
piece of aluminum foil covering 2 mm of the freshly cut interface to
prevent welding at this section and leave a notch in the welded sam-
ple. Within 2 min after cutting, the samples were placed between
two glass slides with aluminum spacers with a thickness of ca. 200 um,
clamped, and welded at 80°C for the indicated time. Thereafter,
samples were removed from the glass slides, the aluminum foil was
carefully removed, and the samples were subjected to fracture me-
chanics testing. During the testing, a movie of the rupture process
was recorded.

Tensile testing and fracture mechanics measurements

Both tensile testing and fracture mechanics measurements were con-
ducted using a TA Instruments DMA Q800. Uniaxial tensile testing
was carried out with dog bone-shaped pristine or welded samples
prepared as described above. For fracture mechanics, testing pris-
tine or welded samples that feature a notch to ca. 50% of the sample
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width were used, and the samples were subjected to uniaxial defor-
matjon perpendicular to the direction of the notch. For both tensile
testing and fracture mechanics, a strain rate of 5% min "', an initial
strain of 0.05%, and a preload force of 0.0 N were used. The stress
intensity factor K; was calculated from the mechanical data deter-
mined from the stress-strain curves during fracture mechanics test-
ing according to the following formula (48)

K, = cdﬁ[l.U—O.B(%)+10.6(%)2—21.7(%)3+30.4(%>4] (1)

where 6 corresponds to the maximum stress, with a and b as the notch
length and sample width, respectively. The prerequisites for this
equation, /b > 1 and a/b < 0.6, where h is the sample length, are
met in the present case. For a comparison of the determined values
for K; with those of other studies, one needs to take into account
that the herein used experimental setup slightly deviates from the
model used to derive Eq. 1. The CTOD was determined by analysis
of still images during fracture mechanics testing, at the point where
the crack just started to extend. We draw lines that emerge into the
crack from the crack tip, at 45° to the symmetry axis of the crack.
The CTOD is defined as the distance between the points where
these lines intersect the crack faces.

STEM with EDX spectroscopy

Samples for STEM-EDX analysis were prepared by cryo-ultramicrotomy
using a Leica EM FC7 machine that was equipped with a Diatome
cryo-knife (35° angle). Microtomy was carried out at —50°C with a
cutting speed of 0.2 mm s ™', and ultramicrotomed sample slices
were deposited on an ultrathin carbon support grid. EDX data were
acquired using a Thermo Fisher Titan Themis 60-300, equipped with
a high-brightness Schottky X-FEG gun, four silicon drift Super-X
EDX detectors, and Velox acquisition software. A focused electron
probe was scanned (raster of 1024 x 1024 pixels) across a region of
interest in the STEM mode to collect EDX data in the form of spec-
trum images. For each scan point, the electron scattering incident
on a high-angle annular dark-field detector was recorded to obtain
the structural information while simultaneously obtaining an EDX
spectrum by collecting the x-rays emitted from the local volume
probed by the electron beam. The spectrum images were acquired
with a probe current of ca. 0.6 nA, an acceleration voltage of 200 kV,
and a spatial sampling of 1 nm pixel ' and 1.8 to 2.1 ms pixel ™'
dwell times (for a total acquisition time of ~30 min). To account for
effects of surface roughness, line scans across the interface were
constructed in representative sample areas that feature an approxi-
mately linear interface by integrating the intensity of the Tb-L and
Eu-L peaks over a width of 100, 200, 400, or 800 pixels parallel to the
interface (see data file S1, “Data line scans”). The line scans obtained
via EDX were fitted to the sigmoidal logistics function

A-A
Y = gt A )

L+ (%)

and the width of the interphase was defined as the distance between
the y points of 20 and 80% of the signal intensity, respectively. The
reported interphase widths for the different healing times are aver-
ages determined through the evaluation of 4 to 12 independent EDX
line scans (see data file S1), and all errors are SDs.
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