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MATERIALS SCIENCE

Mesocrystalline calcium silicate hydrate: A bioinspired
route toward elastic concrete materials

Andreas Picker,'* Luc Nicoleau,? Zaklina Burghard,? Joachim Bill,? Igor Zlotnikov,*"
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Calcium silicate hydrate (C-S-H) is the binder in concrete, the most used synthetic material in the world. The main
weakness of concrete is the lack of elasticity and poor flexural strength considerably limiting its potential, making
reinforcing steel constructions necessary. Although the properties of C-S-H could be significantly improved in organic
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hybrids, the full potential of this approach could not be reached because of the random C-S-H nanoplatelet structure.
Taking inspiration from a sea urchin spine with highly ordered nanoparticles in the biomineral mesocrystal, we report a
bioinspired route toward a C-S-H mesocrystal with highly aligned C-S-H nanoplatelets interspaced with a polymeric
binder. A material with a bending strength similar to nacre is obtained, outperforming all C-S-H-based materials
known to date. This strategy could greatly benefit future construction processes because fracture toughness and elas-
ticity of brittle cementitious materials can be largely enhanced on the nanoscale.

INTRODUCTION

Calcium silicate hydrate (C-S-H) is the main phase of hydrated cement
and the cohesive building block of concrete, the most used human-
made material in the world. Although it shows good compressive
strength, C-S-H presents a lack of elasticity and a poor flexural strength
(1). This weakness is traditionally compensated on the macroscopic
scale by the use of costly reinforcing steel bars. Today, the most pursued
route to enhanced elastic properties is the formation of C-S-H/organic
hybrids on the nanoscale by incorporating soft matter into and/or in
between the C-S-H nanoplates (2-6). In addition, fiber-reinforced ultra-
high performance concrete and macro-defect-free (MDF) cement were
reported with flexural strengths up to 50 to 70 MPa (7-9). However, in
all approaches, the C-S-H nanoplatelets are still randomly aggregated,
and thus, the potential mechanical performance remains limited (10).
Here, we show that a promising, nature-inspired strategy to create elas-
ticity in cementitious systems is the formation of oriented, layered in-
organic-organic C-S-H mesocrystals similar to biomaterials like the sea
urchin spine (11-13). Mesocrystals, perfectly aligned over hundreds of
micrometers, are obtained in solution from the self-assembly of initially
stabilized C-S-H by polymers selected according to previously per-
formed phage display experiments (14). These highly oriented C-S-H
hybrids present bending strength similar to nacre and nacre-inspired
materials (table S1) and outperform all C-S-H-based materials known
to date showing the advantage of the mesocrystal structure with aligned
C-S-H platelets interspaced with polymeric binder.

Forming mesocrystals usually requires good particle dispersion
before they assemble into such an ordered structure. Unfortunately,
pure C-S-H suspensions consist of large and loose aggregates because
of prominent secondary nucleation and strong attractive forces be-
tween particles (15, 16). To hamper the C-S-H platelet aggregation,
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regular dispersants can be used (17, 18), but perfectly ordered structures
require the best possible dispersants to achieve minimal uncontrolled
aggregation. For this purpose, three polymers were selected: poly
(1-vinylpyrrolidone-co-acrylic acid) (PVP-co-PAA) and two kinds
of poly(acrylamide-co-acrylic acid) (PAAm-co-PAA) (chemical
structures and specifications shown in fig. S1). This selection arose
from a phage display assay (14) and simulations (19), which sug-
gested two necessary main features for achieving strong specific C-S-H/
polymer interactions:

1)negatively charged groups for Ca®*-mediated electrostatic
interactions

2)hydrophilic residues preferentially with alcohol or amide
groups for hydrogen bond interactions.

RESULTS

To control and monitor the C-S-H precipitation, a titration setup (20)
was used to add CaCl, solution into Na,SiO; solution at constant pH 12
or 13 in the presence of the mentioned polymers (Syntheses section in
Materials and Methods). Instead of immediate aggregation, the result-
ing C-S-H particles remain colloidally stable and do not show any ag-
glomeration during at least 3 months, as demonstrated by analytical
ultracentrifugation (AUC) measurements (fig. S2).

In the following, the focus will only lie on C-S-H stabilized with
PVP-co-PAA, although PAAm-co-PAA gives similar results. The
AUC analysis of the colloidal dispersion reveals a predominant hydro-
dynamic particle diameter of 24 nm corresponding to = 2 to 3 agglom-
erated C-S-H nanoplates in solution [assuming plate sizes of 60 x 30 x
1.5 nm’, as determined by transmission electron microscopy (TEM)].
This is further supported by cryo-TEM analysis, where small aggregates
of C-S-H particles are observed next to isolated plates (Fig. 1A) in con-
trast to the sole large aggregates in the absence of polymer (Fig. 1B).

As shown in table S2, the stabilization ability of the copolymers is
highly dependent on the pH value of the equilibrium solution and
the polymer concentration. Accordingly, two different approaches were
designed to trigger and control the aggregation (see the Supplementary
Materials and fig. S3): (A) a pH increase from pH 12 to pH 12.8 and (B)
an adjustment of the polymer/C-S-H ratio at pH 13. In both cases, C-S-H
aggregates in a controlled way and finally settles as mesocrystals after
1 to 3 days. For approach A, time-dependent dynamic light scattering
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measurements revealed that the agglomeration process is not taking
place at once but rather occurs via a particle attachment mechanism
over a longer period of time (fig. $4).

The obtained structures from both approaches are shown in Fig. 2.
Polarized optical microscopy (POM) reveals long-range-oriented C-S-H
superstructures (uniform color) on the several hundreds of micrometer
scale. Scanning electron microscopy (SEM) shows the alignment of former
isolated C-S-H crystallites in defined layered structures. Most notably,
the C-S-H superstructures show no pores on the micrometer scale (Fig. 2,
B, C, E, and F), which were identified to promote crack propagation and
are minimized in MDF cement (8). Brunauer-Emmett-Teller (BET) mea-
surements revealed a high inner surface area of 145 m*/g, which corre-

sponds to a material with an average porosity of 3.9 nm, further sup-
porting the mesocrystal structure (7).

The three-dimensional short-range orientation was addressed by
means of TEM and selected area electron diffraction (SAED) analysis.
A typical SAED pattern of aggregated and pestled C-S-H crystals is
shown in Fig. 3A (and in fig. S5). Defined spots are visible and indicate
a single crystal-like scattering behavior, whereas single nanoparticles
are identified at the edge (Fig. 3B). The radial integration of this pattern
corresponds to the powder X-ray diffraction (XRD) pattern of C-S-H
(fig. S6), revealing only C-S-H and no salt residues. Powder XRD
patterns of the ordered aggregates do not show any peak narrowing
compared to the original colloidal C-S-H suspension, indicating

Fig. 1. TEM analysis of C-S-H. (A) Cryo-TEM of colloidally stabilized C-S-H crystallites at pH 12 and (B) TEM analysis of aggregated C-S-H crystallites in the absence
of stabilizing agents. The approximate literature known size of 60 x 30 x 5 nm? (36) can be assumed in both micrographs.

Fig. 2. Polarized optical and scanning electron micrographs of C-S-H mesocrystals. (A) to (C) were obtained from approach A, and (D) to (F) from approach B. For (A), (D), and
(E), same colors indicate same orientations. The POM analysis suggests a long-range order of the agglomerated C-S-H crystallites over several hundreds of micrometers. (B) reveals
a secondary structuring of the C-S-H superstructures, whereas (C) and (F) show the alignment of the single C-S-H crystallites into layers, and no microporosity can be detected.
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similar coherent domain sizes (fig. S6). A polymer amount of ~20
weight % (wt %) and between 5 and 7 wt % was determined for
materials obtained from approaches A and B, respectively (fig. S7).
These data supported by recent simulations (18) suggest that real in-
organic-organic hybrids were achieved that can be described as meso-
crystals (11, 21) with an organic content ranging between nacre (=5 wt
%) (22) and bone (=35 wt %) (23).

Because C-S-H is the main cohesive building block of hydrated
cement, the mechanical properties of the C-S-H mesocrystals (approach
A) were investigated by means of nanoindentation. The mean reduced
modulus and the hardness were determined by indenting two sides of
the crystals (parallel and perpendicular to the C-S-H layers), as sche-
matically shown in fig. S8. The obtained values are 9.8 + 1.4 and
10.4 + 1.8 GPa for the reduced modulus (Young’s modulus of 9.2 and

9.7 GPa, respectively) and 0.40 + 0.07 and 0.45 + 0.14 GPa for the hard-
ness, respectively. Both Young’s modulus and hardness are lower by
~60% compared to hydrated cement pastes (24). This shows that the
polymer C-S-H mesocrystals are more compliant and softer than the
common C-S-H assemblage in hydrated cement paste, as visualized
in the Ashby plot (fig. S9).

The flexural strength of C-S-H mesocrystals was further evaluated
by in situ bending tests of microcantilevers milled from the mesocrystals
using a focused ion beam (FIB) microscope. The bending was per-
formed inside a scanning electron microscope using a tungsten needle
manipulator. These tests demonstrated large elastic deformations of the
C-S-H mesocrystals (Fig. 4 and movie S1), implying strong polymer
binding to the C-S-H platelets preventing their irreversible gliding in
plastic deformation. Furthermore, the flexural stress, developed in the

Fig. 3. TEM analysis of the mesocrystals obtained from approach A. (A) reveals single crystalline scattering behavior indicating a perfect mutual alignment of the C-S-H
nanoparticles in three-dimension (3D). (B) shows the existence of single-isolated C-S-H crystallites at the edge. Because the building blocks are not fused together
whereas they scatter like single crystals, the obtained agglomerates are mesocrystals.

m/Needle of micromanipulatol

- FIB-prepared C-S-H mesocrystal

F

Fig. 4. Visualization of the pronounced flexibility and elasticity of a C-S-H mesocrystal lever prepared by FIB (focused ion beam). (A) to (F) Picture series of the bending
video (available as movie S1) under the scanning electron microscope. The elasticity is revealed because the C-S-H mesocrystal cantilever fully relaxes after the application of a
mechanical stress by a micromanipulator (upper left corner). The dashed line in (F) indicates the position of the C-S-H mesocrystal cantilever before bending. Scale bars, 10 um.
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material during bending in the elastic regime, exhibited an impressive
value of 153 MPa (see the Supplementary Materials), suggesting that
the flexural strength of the C-S-H mesocrystal is even higher, in the
ball park of that for nacre (210 MPa) and bovine bone (220 MPa) (25),
by a factor of 3 higher than that for MDF cement (8) and outperforms
the flexural strength of regular concrete by a factor of 40 to 100. The
comparison demonstrates the advantage of the mesocrystalline order
and decreased porosity. Such good performance can be attributed to the
tessellated structure and layered arrangement of the nanosized C-S-H
particles, along with the strong interparticle polymer connection (26),
promoting effective load distribution through the mesocrystal, which
imparts extraordinary flexibility and strength to the material. In addi-
tion, even better performance (162 MPa) was measured when the load
is applied parallel to the C-S-H layers (see the Supplementary Materials)
similar to the findings reported by Erb et al. (27).

DISCUSSION
In summary, three-dimensionally ordered C-S-H mesocrystals were
synthesized for the first time in solution by a simple self-assembly ap-
proach. The tessellated mesocrystal structure combines the stiffness of
inorganic C-S-H with the elasticity of polymers, similar to biomaterials
such as nacre (26). This structure is able to effectively dissipate the
energy and withstand flexural stresses of several hundreds of MPa,
which are comparable or even higher than those achieved by nacre.
The nanometer size of the mineral particles, such as in sea urchin spines
(13) or bone (28), ensures optimum strength and maximum tolerance
to flaws (29). In addition, the mesocrystal arrangement of C-S-H nano-
particles enables a high packing density of the platelets interspaced with
polymer and also optimizes the interactions between the elementary
building units. Such a construction strategy was already successful as
reported for calcite mesocrystals assembled around a silicatein filament
(30). However, it is clear that the size of our micromanipulation test
shown in Fig. 4 is below that of the components, which are typically
added to cement to make up concrete (sands etc.). Therefore, our report
shows the maximum of the achievable properties by our approach.
The elaboration of mesocrystals described in this report, starting
from the stabilization of C-S-H particles to the controlled agglomera-
tion via a simple pH increase or C-S-H/polymer ratio control, bears a
huge potential to be adapted to the real concrete world. With this ap-
proach, the elasticity of cementitious materials would begin on the na-
noscale, which in turn would dramatically enhance the mechanical
properties of future buildings.

MATERIALS AND METHODS

The following chemicals were all used as received: sodium metasilicate
(Sigma-Aldrich), calcium chloride (1 M volumetric solution; Fluka), sodium
hydroxide (1 M volumetric solution; Merck), poly(1-vinylpyrrolidone-
co-acrylic acid) (PVP-co-PAA, 96,000 g/mol; Sigma-Aldrich), and poly
(acrylamide-co-acrylic acid) partial sodium salt [PAAm-co-PAA,
200,000 g/mol (=20 wt % acrylamide, =80 wt % acrylic acid);
PAAm-co-PAA, 520,000 g/mol (=80 wt % acrylamide, =20 wt %
acrylic acid), Sigma-Aldrich].

Syntheses

Colloidal C-S-H

In a typical run, 90 ml of 3.3 mM Na,SiO; was added into an argon-
flushed beaker. Ten milliliters of PVP-co-PAA (10 g/liter), PAAm-
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coPAA (200,000 g/mol), or PAAm-co-PAA (520,000 g/mol) (see fig. S1)
polymer stock solution was added, and the pH was adjusted to 12 with 1.5
ml of 1 M NaOH. During the entire synthesis procedure, the solution
was showered with water-saturated argon. Then, 35 ml of 30 mM
CaCl, solution was added under stirring at a dosing rate of 0.3 ml/min.
After the CaCl, addition, the solution was stirred for another 12 hours,
so that all reactive silicate present in solution precipitated to give col-
loidal C-S-H with a Ca/Si equal to 1. The solution was then stored in
argon-flushed Schlenk flasks until needed for further experiments.
Prepared in this way, it stayed stable over several months.

C-S-H mesocrystals

Approach A based on pH increase: The colloidal C-S-H suspension ob-
tained at pH 12 was adjusted to pH 12.8 with 1 M NaOH. After 3 days,
the colloidal suspension starts to aggregate and form mesocrystals.
Crystals were filtered, washed with H,O and absolute ethanol, and dried
at 40°C. Approach B: 350 mg of PVP-co-PAA was added to 350 ml of
3.3 mM Na,SiO;, pH was adjusted to 13 with 100 ml of 1 M NaOH, and
the mixture was stirred until a clear solution was obtained. Then, differ-
ent volumes of 30 mM CaCl, were added with a constant dosing speed
of 0.1 ml/min to give a supersaturation degree B = 28 (addition of 19 ml
of CaCl,) and B = 36 (addition of 25 ml of CaCl,). After the complete
addition of calcium, stirring was stopped, and the obtained solutions
were transferred into argon-flushed Schlenk flasks, until precipitation
and subsequent agglomeration occurred (1 day for § = 36 and 2 days
for B = 28). Crystals were filtered, washed with H,O and absolute eth-
anol, and dried at 40°C.

Analysis

For the TEM specimen preparation, a small aliquot of the C-S-H dis-
persion was transferred on a copper formvar/carbon grid in argon at-
mosphere by blotting with a filter paper. The C-S-H crystals were
pestled, dispersed in absolute ethanol, and blotted onto a TEM grid.
The TEM used was a Zeiss Libra 120, which operates with a 120-kV
LaBg emitter with Koehler illumination and a resolution of 0.34 nm.

For cryo-TEM, an aliquot of the colloidal solution was spread on a
lacey carbon grid by blotting with a filter paper. The resulting thin film
was vitrified by quickly plunging the grid into liquid ethane at its freezing
point. Specimens were examined at temperatures around 90 K. Collected
images were processed with a background subtraction routine, and where
appropriate, a smoothing filter was applied to reduce noise. The measure-
ments were performed at the University of Bayreuth with a Zeiss EM922
EF microscope, operated at 200 kV, and equipped with a Gatan CT3500
cryo-transfer holder. Images were acquired with a Gatan UltraScan US
1000 high-resolution cooled charge-coupled device camera and pro-
cessed using the Digital Micrograph Suite 1.8 software package.

Long-range ordering of C-S-H mesocrystals was studied with a light
microscope (Zeiss Axio Imager M2m), equipped with four different ob-
jectives (10x/0.2 pol, 20x/0.5 pol, 50x/0.8 pol, and 100x/0.9 pol) and the
corresponding polarizers with lambda filters. The microscope was ad-
ditionally equipped with an Abrio imaging system (CRi Inc.). The SEM
analysis was performed with a Zeiss Gemini ultrahigh resolution field-
emission SEM with a resolution of 2.5 nm at 1 kV.

For nanoindentation, mesocrystals obtained from approach A were
embedded into poly(methyl methacrylate) (PMMA) and then polished
with suspended diamond particles down to a particle size of 0.25 um to
obtain a relatively smooth surface. Then, experiments were performed
with 30 indentations perpendicular to the layered structure and 35 in-
dentations parallel to the layered structure. In all indentation tests, a
loading function, consisting of 5 s of loading—30-s holding under
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maximal load— and 5 s of unloading with a maximal applied load of
500 uN, was chosen. The maximum penetration depth reached during
the measurements was 500 nm. Young’s modulus was then calculated
according to Eq. 1. The value for the elastic modulus and Poisson’s ratio
of the diamond tip was set to 1141 GPa and 0.07, respectively, and a
Poisson’s ratio for C-S-H (0.27) was extracted from Helmuth et al. (31).
The nanoindenter used was a Hysitron Triboindenter TI950 equipped
with a Berkovich tip located at the Max Planck Institute of Colloids and
Interfaces in Golm, Germany. The reduced modulus from nanoinden-
tation measurements was converted into Young’s modulus using

1—v?

T (1)

1
E; E;

E =

where Ej, E, v, and v are the elastic moduli and Poisson ratio of the
indenter (indexed with i) and the material, respectively. E, is the
measured reduced modulus.

For the bending tests on the mesocrystals from approach A, canti-
lever beams were prepared by Ga ion beam milling using a Zeiss
Crossbeam 15 EsB instrument operated at an ion acceleration voltage
of 30 kV and incident beam currents of 10 nA to 100 pA. Final polishing
was performed using the low ion current of 100 pA to minimize surface
damage. The cantilever beam was cut from the bulk material such that
its long axis is parallel to the layers of the C-S-H mesocrystal-polymer
hybrid. The cantilever dimensions of 44.84-um length x 3.2-um width x
3.68-um thickness were chosen to ensure that the cantilever length is
more than 10 times larger than its width. The cantilever thickness
had to be above 3 um to avoid pronounced bending after the last cutting
step. As apparent from fig. S10, one end of the cantilever remained
attached to the sample, without the need for a separate fixing point.

The bending tests were performed with the aid of a Kleindiek
(Reutlingen) MM3a micromanipulator equipped with a fine tungsten
needle. The cantilever was subjected to several cycles of loading and
complete unloading, with the load, applied by the tungsten needle, being
perpendicular to the C-S-H layers in the sample (fig. S10C). In our
experiments, the load applied by the tungsten needle, necessary for
bending the sample, is not directly known. However, it can be calculated
using the classical Timoshenko beam theory (Eq. 2) combined with
the Young’s modulus of the cantilever, which was determined by the
nanoindentation tests (32). Hence, the Young’s modulus in the direction
parallel to the crystal layers is needed to calculate the load because the
bending of the cantilever occurs perpendicular to the crystal layers and
vice versa. In accordance with the beam bending theory, and assuming
that the measurement is performed in a pure linear elastic regime, the
applied load (P) can be calculated from the Young’s modulus (E), the
displacement (8), and the cantilever geometry using Eq. 2 (33)

P 413
5 @

where e is the thickness, / is the width, and L is the length (distance from
the point of attachment A to contact point with needle B) of the canti-
lever, respectively, as illustrated in fig. S11. Note that Eq. 2 holds only for
small beam deflections (8 << L) (34, 35). The actual dimensions of the
cantilever used in the bending experiments are presented in fig. S12.
The load required for bending the cantilever up to a displacement of
5.1 um is calculated to be approximately 29 pN, which is a reasonable
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value for a sample of such a size (34). The maximal flexural stress during
bending of the cantilever material is accessible via Eq. 3, which describes
the maximal stress in the cantilever, at the fixed end of the beam where
the applied moment is the highest (point “A” in fig. S11)

6 PL
=72 3)

To determine the influence of crystal orientation on the flexural
strength, the same procedure was repeated with the applied load parallel
to the crystal layer planes (fig. S13). The cantilever dimensions were
33.88-um length x 2.16-um width x 2.55-um thickness. Data evaluation
for the bending displacement of 5 um, similar to the cantilever with
perpendicular crystal layers, revealed that the maximal flexural stress
(162 MPa) is even higher. Displacement of 5 um was chosen to ensure
that the deformation occurs within an elastic regime, as it is shown in
movies S1 and S2, where cantilever deformation was fully reversible.
Moreover, maximum displacements of 6.25 and 8.00 um were possible
for cantilevers with perpendicular and parallel crystal orientation, re-
spectively, before breaking. For this displacement, even higher flexural
stresses were calculated (198 and 258 MPa, respectively). However, in
this case, it is highly possible that the deformation exceeded the elastic
regime and Eq. 3 is no longer valid.

These flexural stresses are by far higher than the flexural strength
even of a fiber-reinforced ultrahigh performance concrete of 50 MPa
(7) or an MDF cement of 60 to 70 MPa (8, 9) and almost as high as that
of nacre (210 MPa) (25). An attempt was made to perform a similar
bending experiment with a pure C-S-H reference, but this experiment
failed because pure C-S-H was too brittle. This can be attributed to the
porosity of C-S-H, and an ideally packed C-S-H phase should have an
indentation modulus of 61.2 GPa and a hardness of 1.78 GPa as extra-
polated by Constantinides using nanoindentation experiments (24).
This is much higher than the approximately 10-GPa Young’s modulus
and 0.4-GPa hardness measured for the C-S-H, respectively.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/11/e1701216/DC1

table S1. Mechanical properties of nacre and typical nacre-like layered nanocomposites.
table S2. Colloidal stability of C-5-H in the presence of different copolymers at various conditions.
fig. S1. Chemical structures of C-S-H stabilizing polymers.

fig. S2. AUC measurements of PVP-co-PAA-stabilized C-S-H nanoplates.

fig. S3. Strategy for the formation of nanostructured hybrid C-S-H.

fig. S4. Dynamic light scattering of growing C-S-H mesocrystals.

fig. S5. Evaluation of the mesocrystalline domain sizes of self-assembled C-S-H crystals
(approach A).

fig. S6. Wide-angle x-ray pattern of filtered polymer-stabilized C-S-H nanoplates (red curve)
and obtained mesocrystals from pH increase (approach A, black curve) compared to C-S-H
from pozzolanic reaction with CaO and SiO2 (Ca/Si = 1) (green curve).

fig. S7. Thermogravimetric analysis of C-S-H mesocrystals.

fig. S8. Schematical illustration of the two differently performed nanoindentation experiments
on C-S-H mesocrystals from approach A.

fig. S9. Ashby plot comparing the mechanical properties of the C-S-H mesocrystals
(approach A) with various materials.

fig. S10. SEM images of a cantilever beam used in the bending tests with the applied load
perpendicular to the crystal layer planes.

fig. S11. Schematic illustration of in-situ bending experiments.

fig. S12. Dimensions of a cantilever beam used in the bending tests with the load applied
perpendicular to the crystal layers.

fig. S13. SEM images of a cantilever beam used in the bending tests with the load applied
parallel to the crystal layers.

movie S1. Bending test of mesocrystals obtained from pH increase to pH 12.8 under the
scanning electron microscope.
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movie S2. Bending test of the same mesocrystals such as in movie S1 except that the applied
stress is parallel to the crystal layer planes.
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