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Ultimately, brittle fracture involves breaking atomic bonds. However, we still lack a
clear picture of what happens in the highly deformed region around a moving crack tip.
Consequently, we still cannot link nanoscale phenomena with the macroscopic toughness
of materials. The unsolved challenge is to observe the movement of the crack front at the
nanoscale while extracting quantitative information. Here, we address this challenge by
monitoring stable crack growth inside a transmission electron microscope. Our analysis
demonstrates how phase transformation toughening, previously thought to be effective
at the microscale and above, promotes crack deflection at the nanolevel and increases
the fracture resistance. The work is a first step to help connecting the atomistic and
continuous view of fracture in a way that can guide the design of the next generation of
strong and tough materials demanded by technologies as diverse as healthcare, energy
generation, or transport.
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The structural capabilities of brittle materials such as ceramics or refractory metals are
often limited by their poor fracture resistance. Not surprisingly, a large effort has been
placed on increasing their toughness to meet the needs of a broad range of applications
where their thermochemical resistance offers significant advantages (1-3). Multiple
strategies have been implemented. They range from the transformation toughening
exhibited by the zirconia ceramics used in orthopaedic implants (4) to crack bridging
and fiber pull-out in ceramic matrix composites (CMCs) for nuclear and aerospace
applications (5, 6). As the demands of the applications are continuously growing so
does the need for even stronger and tougher materials (7). These developments have
been accompanied by systematic studies on the fundamental mechanisms that determine
fracture resistance and the ways to quantify it experimentally. However, and despite the
maturity reached by the field, there is still a very significant gap between the
well-established continuous linear-elastic analysis of toughness and the atomistic models
of crack propagation. This gap limits our fundamental understanding and hampers
practical progress.

The continuous linear elastic fracture mechanics (LEFM) analysis results in a stress
singularity at the crack tip and goes around this issue by defining a “process zone” (with a
typical size of few nanometers and below) around this tip where the behavior is no longer
linear-elastic. It defines toughness as a critical stress concentration (K) that has to be reached
for the crack to propagate. K_determines the stress distribution away of the process zone
at this critical point and can be linked to the fracture energy, G, through a very simple
relationship (G, = K */E, where E is the Young’s modulus). Note that as reported by Issa
etal. (8) plane stress conditions prevail in our tests as the sample thickness is similar in
magnitude to the expected plastic zone (r,) ina stiff and brittle ceramic. However, at the
atomic scale, bond breaking at the crack tip happens within the process zone. According
to the simplest of atomic views, the fracture energy should be equivalent to the one needed
to create two new surfaces (2y,) but macroscopic experimental measurements are usually
well above. This observation supports the accepted view that common toughening mech-
anisms in brittle materials act at the microscale by shielding the crack tip from the applied
stresses and that some of these mechanisms could be detrimental to the strength of the
material (2). Unfortunately, we still lack the comprehensive picture of how the fracture
resistance develops from the atomic to the microscale and up. Furthermore, there is evidence
suggesting that toughening may also occur at these scales and atomic models predict a series
of phenomena such as lattice trapping (9), void formation ahead of the crack tip (10-12),
or plasticity in the process zone (13) that are very challenging to verify experimentally. To
support the rational design of the next generation of structural materials able to combine
high strength and toughness, we need to address these open fundamental questions to build
a holistic understanding of crack propagation and the generation of fracture resistance.
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Significance

To understand fracture and make
brittle materials more ductile, we
rely on modeling what happens
at a crack tip. However, observing
a crack tip in a brittle material is
challenging: cracks propagate
fast, and the events that we are
interested in observing occur at
the nanoscale or below. Up to
now, we were not able to observe
what happens ahead of a moving
crack tip. In this work, we show
how by carefully performing
fracture experiments inside a
transmission electron
microscope we can grow stable
cracks while observing the
nanoscale events happening at
the crack tip. This work will help
linking continuous and atomistic
models and support the design
of the next generation of stiff,
strong, and tough materials.
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In recent years, we have seen a very significant progress on the
development of straining experiments from the micron to the nano-
scale coupled with in situ high-resolution imaging (14). This includes
the development of new TEM in situ setups capable of linking the
performance of materials to atomic and nanoscale events such as the
role of interfaces in plastic deformation (15) or the effect of ion
intercalation in energy storage devices (16). These setups create new
opportunities to observe the materials response close to a crack tip.
The results show that while in some materials the fracture energy at
the microlevel approaches the expected theoretical value of twice the
surface energy (once extrinsic toughening mechanisms acting at
larger length scales are eliminated) (17), in others, this is not the case
(18, 19). In this respect, in situ nanomechanical testing in the trans-
mission electron microscope (TEM) offers the possibility to observe
crack propagation at the nanoscale and get closer to those accessible
in atomistic simulations. Further developments in this direction
should enable us to link directly model and observation and obtain
quantitative data that combined with experiments at larger length
scales can feed the much-needed comprehensive multiscale failure
models. Several in situ nanomechanical testing setups in the TEM
have been developed with the aim of observing and quantifying the
plastic deformation that brittle materials experience at the nanoscale
by either using tension (20-24), shear (23), and compression (23,
25, 26) setups. Fracture indentation (27-29) and single cantilever
bending (30) tests have also been used to propagate cracks and eval-
uate their fracture morphology at this scale. Nevertheless, in these
setups, cracks in brittle materials propagate in an unstable manner.
Therefore, it is possible to observe the material immediately before
and immediately after fracture, but the information that can be
extracted of the nanoscale events occurring during the progression
of a crack front is very limited. To address this challenge, we are
proposing an approach capable of recording nanoscale dynamic
events during crack propagation.

Being inspired by the original work from Obreimoff (31) and the
later adaption of the test to SEM (17) and TEM (32) in situ setups,
we are proposing an optimized wedge-driven double cantilever beam
(DCB) test which achieves stable crack growth inside a TEM when
testing stiff and brittle materials. This setup helps us to enhance our
mechanistic understanding of failure by resolving in situ the nano-
scale structure of the crack front during propagation. We use this
technique to study the fracture of two model brittle materials, SiC,
the base of modern tough CMCs, and ZrO,, the poster material for
transformation toughening used now in high-end applications such
as orthopaedic implants or thermal barrier coatings. In the later
material, our in situ setup enables something that has been consid-
ered “impossible or really difficult” (33): resolving the transformation
toughening at the crack tip. Our work shows how stress shielding
happens during early stages of crack propagation and reports the
toughening mechanisms active at the single grain level. Our obser-
vations show how a stress-activated phase transformation occurs well
below the microscale, challenging the rules of brittle crack growth.

1. Results

1.1. In Situ Stable Crack Growth at the Nanoscale. We use a
TEM in situ setup to visualize the nanoscale events occurring
when cracks propagate in brittle materials. The notable feature of
this setup is that we can achieve stable crack growth even when
testing brittle and stiff materials such as SiC or ZrO,. The stable
nature of the crack allows us to use the wide range of analytical
techniques available in a TEM to describe the nanoscale structure
around a crack tip. This has been achieved by redesigning the
wedge-driven DCB test traditionally used to measure fracture
properties of materials at the macroscale and more recently
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implemented in SEM and TEM in situ tests (17, 32). In our
setup, we propose a method which uses relatively large samples
(approx. 2 x 2 x 0.1 mm) and in which nano-DCB samples are
prepared using focused ion beam (FIB). The DCBs contain two
thick arms (approx. 1 x 1 um) to facilitate the position of the
wedge and reduce the through-thickness compliance. An electron
transparent region (approx. 1 x 0.1 um) is milled at the center to
observe the fracture process at the nanoscale (Fig. 1). The opening
displacement of the arms is applied with a custom-built diamond
wedge with an angle of = 65°. Overall, the reduced compliance of
the setup allows us to stabilize the fracture test and to resolve the
fracture process at the nanoscale (S7 Appendix, Fig. S2). We can
also pause the test at a given opening displacement and analyze
the crack tip with the analytical techniques available in the TEM.
More details on the sample preparation and testing conditions are
given in SI Appendix, Methods. In this work, we show an example
of how we combine TEM imaging and diffraction to explain the
fracture process of SiC and ZrO,-based materials.

1.2. Crack Tip Behavior during Brittle Fracture. Our stable crack
growth experiments allow us to observe how a crack tip moves
within a “model” brittle ceramic material such as hexagonal SiC
(6H-SiC). Fig. 24 shows a frame obtained during the stable
crack propagation experiment splitting the basal plane (see also
SI Appendix, Fig. S3 and Movie S1). By using the TEM micrograph
frames obtained during the in situ experiment, we get the near
crack tip profile by measuring the crack opening (2u) at different
distances from the crack tip (x). Based on Irwin’s equation we can
link the near tip profile to the toughness of the material by using
Eq. 1 (34, 35).

u(x) = % 8736 [1

In this case, we are simplifying the analysis by not taking into
consideration the anisotropy of the crystal and considering a Young’s
modulus of Eg- = 480 GPa. We use two values of toughness K. =
3.3 and 2.18 MPa.m"”? which represent the literature data available
for SiC at the macroscale and twice the surface energy obtained with
DFT simulations '/, we plot Eq. 1 together with our experimental
values (Fig. 2B). The error analysis coming from the measurement
of the crack opening from the TEM frames has been taken into
consideration in the experimental data points and has been detailed
in SI Appendix, Figs. S4 and S5. Our nanoscale fracture data are in
good agreement with the fracture toughness found at the micron
scale and suggest that the fracture energy values (i.e., toughness) are
close to the twice surface energy (2y,) of the material (17) as expected
from an ideal brittle fracture.

As early suggested by Irwin, LEFM builds on the assumption that
in brittle materials, a small process zone forms ahead of the crack
tip. This is needed to address the stress singularity generated at this
tip by the continuous analysis. The different theories agree that when
the process zone is generated by plasticity, its extension depends on
the toughness (K;) and yield stress (Gy) of the material. In general,
it is well established that the size is proportional to (K;/c,)* and in
ceramics is expected to be of the order of nanometers.

Our test allows us to monitor the nanoscale events happening at
the crack tip when fracturing SiC. Differently from a postmortem
analysis, this is done while the wedge is inserted with the arms bent.
Therefore, we can observe the zone around the crack tip in situ while
the load is applied. Fig. 2C shows the crack tip behavior when grow-
ing a crack for ~ 40 nm along the basal plane. There is a damaged
area ahead of the tip (of size 30 to 50 nm) which resembles the
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Fig. 1. Nanofabricated single-crystal DCBs. (A) Top view of the sample after being thinned. (B) Front view of several DCBs. (C) Close-up of a DCB showing the
two arms (approx. cross section of 1 x 1 um) and the thinned region (approx. 1 x 0.1 um) with a FIB-milled notch. The region of interest (ROI) shows the length
of the sample used for crack growth (=1 to 2 um). (D) Wedge-actuated DCB test showing early stages of the loading and the bending contours around the notch.

process zone shape expected for a Mode I fracture test (36). Based
on our fracture toughness data we use, a value of K; = 2.18 MPa.
m'” to plot in Fig, 2D the theoretical process zone overlapped with
our experiments (S/ Appendix, Eq. S1) for three arbitrary values of
stress (5, 10, and 15 GPa) that give either good correlation with our
experimental data or with the expected yield stress. The stress values
can be seen as a cut off value helping to visualize the extension of the
process and plastic zones. In SiC, a plastic zone with a radius between
30 and 50 nm suggests a yield stress of around 5 GPa. Literature in
6H-SiC reports a critical resolved shear stress (Tcrgs) for basal and
prism slip (<a> type) of 5 to 6 GPa (37). Because we are propagating
a crack along the basal plane, the main slip system available is <a+c>
type, which is tilted = 83° from <a> (our crack propagation direction
(see Inset in Fig. 2 C, i). Hence, we should assume that the minimum
yield stress willbe 6, ~ 27 cpgs 7 10 to 12 GPa, as <a> is generally

a softer plane than <a+c> (38). A yield stress of >10 GPa will result
in a plastic zone smaller than 10 nm and hence smaller than the
process zone identified using the grayscale in the in situ TEM image.
This suggest that what we observe at the crack tip is a combination
of a plastic zone surrounded by an area of high elastic strain. These
observations highlight the complex mechanisms of cohesive zone
formation. Further work looking at characterizing the strain in the
process region should be explored in the future.

1.3. Toughening of Ceramics At the Nanoscale. To observe
toughening at the nanoscale, we select ZrO, due its exceptional
capability for the customization of fracture resistance. This is
achieved by stabilizing the tetragonal phase at room temperature

PNAS 2024 Vol. 121 No.43 2408292121

using low contents of an oxide, commonly yttria or ceria. The
tetragonal phase transforms to monoclinic in the presence of stress,
for example, at the crack tip. This transformation is diffusionless
and of martensitic nature and induces compressive residual stresses
ahead of the crack and can result in a three- or fourfold increase in
fracture toughness at the macroscale (39, 40). In the case of yttria-
stabilized zirconia (YSZ), low contents of yttria (3 to 8 mol%)
can stabilize the tetragonal phase with a high toughness. When
stabilizing the cubic phase (8 to 12 mol%), the toughness increase
is lost. In this work, we test single crystal regions of yttria stabilized
zirconia with 4 and 9.5 mol% (4YSZ and 9YSZ) to follow the
nanoscale response of the tetragonal and cubic polymorphs,
respectively.

DCB tests were performed splitting =(001) planes in both sam-
ples. In the case of 9YSZ, straight cracks (with an absence of
deflection and twisting) are systematically observed and highlight
the brittle nature of the material (Fig. 34 and Movie S2).
High-resolution TEM images and diffraction studies confirm the
lack of phase transformation and a plastic zone of around 10 nm
(Fig. 3B).

When testing 4YSZ, we observe how cracks follow a more tortu-
ous path with evidence of crack deflection and twisting (Fig. 3Cand
Movie S3). Similar crack growth mechanisms were observed in all
the tests (S Appendix, Fig. S6). This suggests that the crack is being
redirected by the local nanostructure formed ahead of the tip. It is
remarkable to observe how deflection and twisting mechanisms,
common in bulk fracture testing of polycrystals yttria-stabilized zir-
conia (40), arise at the nanometer scale within a single grain.

https://doi.org/10.1073/pnas.2408292121
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Fig. 2. Stable crack growth in SiC. (A) Lower magnification images of the crack. (B) Crack openings (2u) at different distances from the crack tip overlapped with
the expected values of toughness at the micron and macroscales. (C) High-magnification frames showing the progress of the crack tip (Movie S1), Insets in (i)
show the approximate direction of <a+c> with respect to the crack direction and a higher magnification image of the crack tip. (D) Frames overlapped with the
predicted plastic zone for different values of yield stress (s,). The contour used to highlight the experimental process zone is just an approximation to guide

the eye of the reader.

By following the same approach as with SiC, we use the crack
opening to measure the toughness of ZrO, at the nanoscale (Fig. 44).
Considering a Young modulus of E ¢, = 214 GPa and Eqyg, = 220
GPa (41) [similar to the ones reported in micromechanical testing
(42)], our data suggest approximate values of nanoscale fracture
toughness of 1.8 and 2.7 MPa.m""? for 9YSZ and 4YSZ, respectively,
for crack lengths shorter than 1 um. Note that for the 4YSZ samples,
we analyze cracks with minimal deflection to ensure an accurate
measurement of the crack tip distance (x). This also highlights that
the increase in toughness reported here is mainly dictated by the
phase transformation and not due to an increase of crack surface.

Fig. 4B compares the values of fracture toughness that we measure
for single crystals at the nanoscale with average literature data for

crack
direction

C(i) crack

’ ‘/
direction[ \/ﬂl‘\/fl "

“\/

WA,

polycrystalline YSZ tested at the macroscale (39) and microscale data
available for nanocrystalline 3YSZ (43). 9YSZ shows good agreement
with the values measured in macroscopic cubic polycrystalline YSZ
samples, highlighting its brittle nature and absence of active extrinsic
toughening mechanisms in the material, hence G = 2. In the
case of 4YSZ, we measure lower values compared to the reported
ones for large tetragonal zirconia polycrystalline (TZP) samples but
around 50% larger than for 9YSZ. Assuming that the surface energy
for the (001) in cubic and tetragonal YSZ crystals is similar and the
fracture energy of tetragonal zirconia can be expressed as G, *** =
2¥, + G (With G, ¢ being the contribution due to phase trans-
formation), we can conclude that phase transformation contributes
= 50% to the overall fracture energy measured.

Fig. 3. Stable crack growth in ZrO.,. (A) Splitting the =(001) plane in the cubic polymorph (9YSZ) and showing how the crack propagates straight without deflection/
twisting (Movie S2). (B) High-magnification image of the crack tip in 9YSZ, showing the lack of phase transformation. (C) Splitting the =(001) plane in the tetragonal

polymorph (4YSZ) highlighting the crack tilting and twisting (Movie S3).
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Fig. 4. Fracture toughness of zirconia at the nanoscale. (A) Crack openings (2u) at different distances from the crack tip (x) for 4YSZ and 9YSZ and the calculated
Kc obtained by fitting Eq. 1. (B) Average literature toughness values for the different polymorphs of polycrystalline YSZ at the macroscale (data extracted from
ref. 39) overlapped with microscale data for nanocrystalline (nC) 3YSZ (data extracted from ref. 43) and our data of toughness at the nanoscale.

The difference between our nanoscale experiment and the mac-
roscale data highlights how the transformation zone and crack
shielding can be dependent on the following factors:

(i) Length scale: When tested at the macroscale in vacuum, TZP
displays a rising R-curve (44), suggesting that the transforma-
tion zone ahead of the crack tip increases with crack length.
Similar values of toughness (2.0 t0 2.5 MPa.m""?) are obtained
when testing nanocrystalline tetragonal 3YSZ at the micron
scale (propagating a crack for 1 to 3 microns) (43). Typically,
the postmortem analyses of macroscopic samples show fully
transformed grains around the crack. Our data shows how
toughening starts at very short crack lengths and how the
toughening mechanisms are activated within a single grain
with a transformation zone that forms and increases in size
after the crack propagates for few nanometers.

(ii) Sample geometry: In our work, we propagate cracks within an
electron transparent region, removing part of the 3D nature
of the transformation zone and also limiting the coincidence
planes in which tetragonal to monoclinic phases can nucleate.

(iii) Microstructure: Within a polycrystalline material, random

grain orientations might produce transformation zones with
more complex residual stress fields and more tortuous crack

paths.

Because our data agree with the toughness values reported at
the microscale, we believe that from the 3 factors proposed, length
scale might be the dominant one.

Overall, with our work, we highlight that the toughening mech-
anisms traditionally reported in zirconia can already be active in
carly stages of crack propagation and within a single grain. By
doing the experiment inside a TEM, we can also explore the nano-
scale events dominating this toughening mechanism.

1.4. Transformation Toughening at the Crack Tip. The
transformation toughening leading to the tortuous crack path in
tetragonal zirconia is studied more in depth by performing tests at
higher magnifications and highlighting diffraction contrast with
a smaller objective aperture in the TEM. When the crack tip
advances, we observe how darker regions form ahead of the crack
tip (Fig. 5A4). These darker regions nucleate in the crack front
and suggest that a stress-activated tetragonal to monoclinic phase
transformation is progressing (Movie S4).

PNAS 2024 Vol. 121 No.43 2408292121

Fig. 5B shows the crack in Fig. 5A4 after being fully unloaded
and reloaded (Movie S5). See the load—displacement curve for the
first and second loading in Fig. 5C. When the load is removed,
the dark areas remain present in the sample indicating a stable and
permanent nature (Fig. 5 B, i). During the regrowth of the crack
(Fig. 5 B, ii—v), the extent of the darker areas continue to spread
ahead of the crack tip. The shape of the darker area resembles the
transformation zone predicted under dilatation and shear stresses
in Mode I (40). Lower magnification images of the extent of the
darker regions at different stages of loading and unloading are also
shown in SI Appendix, Fig. S7.

The nature of the transformation zone is studied via diffraction
and high-resolution imaging. Extra spots in the diffraction pattern
(see Inset in Fig. 5F) confirm the presence of the monoclinic phase
after crack propagation. The possible monoclinic orientations
matching the diffraction patters appears to suffer from a ~45°
rotation from expected lattice correspondence (S/ Appendix,
Fig. S8) (45). This is attributed to surface relief caused by the
volume expansion in our electron transparent samples.

To qualitatively assess the extent of the transformation process
we use selected area diffraction (SAD). We measure diffraction
spots corresponding to the monoclinic phase up to = 500 nm away
from one the side of the crack, but their intensity decreases when
moving further away (Fig. 5 7, i and ii). At a distance of 300 nm
ahead of the crack tip and in the other side of the crack, there is
no evidence of phase transformation (Fig.5 7, iii and iv).
SI Appendix, Fig. S9 shows a higher magnification analysis of the
lateral extent of the phase transformation. The data suggest that
the transformation nucleating at the crack tip (=100 nm) grows
in the crack wake during the bending of the beams. Our data also
show the subcritical nature of phase transformation in which
remaining tetragonal phase is observed in the transformed regions
and imply the coexistence of the monoclinic and tetragonal phases.

Higher magnification TEM images at the vicinity of the crack
(Fig. 5 G'and H) show Moiré fringes which suggest that the mon-
oclinic phase nucleates as twins forming a herringbone structure
with monolithic laths within a tetragonal matrix (46). This is
further confirmed by the long streaks observed in the diffraction
pattern (/nset in Fig. 5F) and which confirm the 2D nature of the
defects. Dark field (DF) TEM images of the crack path isolating
different monoclinic diffraction spots also confirm the presence
of the monoclinic phase especially where the Moiré fringes are

observed (87 Appendix, Fig. $10).
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Fig. 5. Transformation toughening in tetragonal zirconia. (A) Darker regions forming ahead the crack tip (Movie S4). (B) Regrowth of the crack in A after the
sample was unloaded and showing how the darker regions keep nucleating and growing ahead of the crack tip (Movie S5). (C) Load-time curves for the loading
and reloading test in A and B. (D) Growth of the transformation zone overlapped with the Von Mises stresses with profiles for 8 = 0 and 45° in (). (F) Low
magnification image of the overview of the crack and the four regions used for the SAD measurements. The Insets are the DP of the sample after testing. (G and
H) Higher-magnification images of the crack showing the formation of moiré fringes and suggesting the formation of a herringbone structure. (/) SAD patterns
with arrows highlighting the diffraction spots corresponding to the monoclinic phase.

We use the TEM frames to quantify the extent of the transfor-
mation zone around the crack tip. The shaded area in Fig. 5D shows
an example of the growth of transformation zone for an increase of
crack length (Aa) of =75 nm (see S/ Appendix, Fig. S11). The growth
in transformation zone is overlapped with the von Mises stresses
predicted via LEFM (87 Appendix, Fig. S12) when propagating a
crack in Mode I and using as stress intensity factor K; = 2.7

https://doi.org/10.1073/pnas.2408292121

MPa.m'% To help visualize the stresses reached at the edge of the
transformation zone, we plot 2D stress profiles for two given 6
angles: 0 and 45° (see green and purple lines in Fig. 5E). Our results
suggest that the critical stress required to trigger the tetragonal to
monoclinic phase transformation oscillates between 2 and 4 GPa.
These results agree with the yield stress reported for 3YSZ when
testing at the microscale using pillar compression (42).
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2. Conclusions

In this study, we have measured the toughness at the nanoscale
while observing in situ the nanoscale structure ahead of an
advancing crack front in different ceramics. By combining differ-
ent imaging and diffraction techniques, we can explain how this
nanostructure is affected by the extreme stress field generated by
the crack and how this influences the fracture properties of the
material at the nanoscale. We have first shown the progress of the
damaged zone ahead of the crack tip when testing model brittle
materials such as hexagonal SiC or cubic ZrO, (9YSZ). Our data
suggest that this process zone is of the order of a few nm. The
measured toughness approaches the ideal value of twice the sur-
face energy that could be expected in the small-scale experiments
when there is no contribution from large-scale extrinsic tough-
ening mechanisms. From this baseline, we expand our analysis
to study the failure process in the presence of transformation
toughening in tetragonal ZrO, (4YSZ). We have shown how we
can resolve the stress-induced phase transformation operating
ahead of a crack tip and reveal its nanostructure during crack
growth. This has given us unprecedented information on how
phase transformation changes the local nanostructure and the
critical stress required to activate it. Phase transformation at the
nanoscale promotes crack deflection within a single grain and
contributes the fracture resistance for cracks that are only hun-
dreds of nanometers in length.

Opverall, this work has shown how visualizing the advance of a
crack in situ at the nanoscale could help to unveil the processes
active at the tip during propagation while measuring fracture
properties at the nanoscale. The goal is to bring the experimental
length scales a bit closer to these that can be directly implemented
in atomistic models in way that will help us understand how
fracture resistance operates at different length scales. This work
uses only a small fraction of the possible techniques available in
a TEM and other techniques, including spectroscopy or 4D
STEM (8), could be explored in order to learn more about the
coupling of structure and chemistry during fracture. The final
goal should be to enhance our fundamental understanding of
fracture, linking continuous and atomistic models in a way that
will support the design of the next generation of stiff, strong, and
tough materials.
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