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Introduction

Stress-mediated formation of nanocrystalline
calcitic microlens arraysT

Ingo Schmidt,® Emil Zolotoyabko, Peter Werner,© Kyubock Lee,®
Manfred Burghammer,® Peter Fratzl® and Wolfgang Wagermaier*?

Organic additives are known to help minerals grow into complex shapes, which are beneficial for achieving
various functional (e.g. optical) properties. Calcite-based microlens arrays (MLAs) are good examples of
functional materials produced via the self-assembly of amorphous calcium carbonate (ACC) nanoparticles
followed by a heat-mediated phase transformation into calcite. The optical transparency of the MLAs is
preserved due to the nanocrystalline nature of the calcite formed. In this paper, we investigate the corre-
sponding structural changes by mapping the local lattice parameters and size of calcite crystallites within
individual microlenses. We find that the driving force for producing calcite with a crystallite size of 10 nm is
the minimization of residual strains and related elastic energy by plastic deformation, which includes grain
boundary formation and twinning. Local strains/stresses originate from transformation-associated macro-
scopic volume changes, which arise because of the differences in specific volume (per CaCOs molecule)
of ACC and calcite, firstly due to water loss and then to short-order atomic rearrangements. MLAs fabri-
cated in this way represent a striking example for a stress-engineered nanocrystalline material produced
with almost no energy cost through phase transformation, as compared to grain refinement by mechanical
processing.

some organisms, e.g. in the design of calcitic MLA which is a
part of the photoreceptor system of the brittle star Ophiocoma

Calcium carbonate-based minerals are among the most abun-
dant minerals on earth and include materials of both geologi-
cal and biogenic (i.e. produced by organisms) origin. The
most thermodynamically stable polymorph of calcium carbon-
ate under normal conditions is calcite, which has a rhombo-
hedral symmetry (point group 3m and space group R3¢ (No.
167)). Often, this symmetry is expressed in a hexagonal set-
ting with lattice parameters a = 4.98964 A and ¢ = 17.0673 A.*
Optically, calcite is birefringent, with the main optical axis
coinciding with the [001] crystallographic direction, along which
the birefringence effect disappears. This property is used by
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wendtii. The alignment of the c-axis of each calcite crystal with
the propagation direction of light allows the elimination of the
birefringence effect.”

Bio-inspired fabrication of complicated calcitic structures
and, especially, MLAs attracts more and more attention from
research groups worldwide® " since MLAs may find potential
applications in directional displays, artificial compound eyes,
and signal-routing connectors."?

This approach makes use of the fact that in the presence
of certain organic additives (or even without them"®) minerals
can spontaneously grow into complex shapes, which are bene-
ficial for achieving various functional (e.g. optical)
properties."*? Recently, it was reported that micron-sized
hemispherical lenses could be produced via the self-assembly
of ACC particles, which are stabilized by an organic surfac-
tant.® Heat-induced phase transformation converts hydrated
ACC into anhydrous nanocrystalline calcite while keeping
the hemispherical morphology.”® The calcitic MLA shows
polarization-dependent optical properties.”® Moreover, in
spite of the strong birefringence of calcite, the optical trans-
parency of the MLA is preserved due to the resultant 10-20
nm crystal size. The latter assists in diminishing parasitic
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light scattering at grain boundaries and suppressing the
undesirable birefringence effect.>

In this regard, controlling the nanostructure of polycrystal-
line MLAs (which is directly related to their optical perfor-
mance) via amorphous/crystalline transformation is of great
importance. For example, single-crystalline calcitic MLAs with
concave lenses and tunable crystal orientations have been
fabricated by template-assisted epitaxial growth.'* The
orientation-dependent imaging performance and polarization-
dependent optical properties of MLAs have been demon-
strated.” At the same time, the optical performance is
preserved for nanocrystalline calcitic MLAs, transformed
from ACC lenses by a temperature-induced phase transforma-
tion.>?° In order to elucidate the physical mechanisms
responsible for this nanostructuring, we carried out detailed
synchrotron X-ray diffraction studies utilizing a focused X-ray
beam, polarization optical microscopy (POM), and transmis-
sion electron microscopy (TEM).

Results and discussion

As grown, individual ACC lenses have hemispherical shapes
with a diameter of about 5 microns and show a hexagon-type
two-dimensional long-range order within the MLA (see
Fig. 1a). However, when water is lost, ACC is crystallized into
calcite even at room temperature. Therefore, the optical and
mechanical characteristics of the MLA can potentially be
affected by this transformation and, namely, such consider-
ations stand behind our study. Note that the crystallization of

Fig. 1 (@) SEM image of the ACC MLA; (b) POM image of the
crystallized spherical lens array. Crystallization started in the center of
the red square region. (c) Typical diffraction pattern taken from calcitic
lenses with a 1 um focused X-ray beam. The image has been optimized
to maximize the contrast to illustrate all relevant peaks. The orientation
of the c-axis within the MLA plane with respect to the horizontal axis
of the detector plane is indicated by angle ¢. (d) Mapping of the orien-
tation angle ¢ in the red square region in (b).
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ACC is accompanied by significant volume shrinkage and
related strain/stress evolution. Nevertheless, despite this fact,
the spherical shape of individual lenses is kept after crystalli-
zation (see the optical image in Fig. 1b). Note that the bright/
dark contrast in Fig. 1b depends on the orientation of the cal-
cite c-axis with respect to the optical axes of the polarizer and
analyzer in POM. It is clearly seen that the crystallization of
ACC starts in the center of the red square region in Fig. 1b
and propagates radially. The POM images of the crystallized
samples look like those produced by spherulites in crystal-
lized polymers, revealing characteristic Maltese crosses®” (see
also Fig. Sla in the ESI{ taken from another investigated
sample and showing several Maltese crosses).

More detailed information on the orientation of the opti-
cally unique c-axis is extracted from the X-ray diffraction pat-
terns produced by the X-ray beam with a diameter of 1 um,
which is much smaller than individual lenses composing the
MLA. In these measurements, the incident X-ray beam was
perpendicular to the plane of the MLA. Typical diffraction
patterns (see Fig. 1c) show diffraction arcs (well-restricted
parts of the Debye rings) originating from different atomic
planes. Taking the line which connects the intensity maxima
of two oppositely located (006)-arcs as the local orientation of
the c-axis, we find the angle ¢ between the c-axis and the hor-
izontal axis in the detector plane (see Fig. 1c). We can plot a
two-dimensional distribution of angles ¢ (see the colored
map in Fig. 1d), which complements the optical image in
Fig. 1b. Similar information regarding the second investi-
gated sample is graphically depicted in Fig. S1b.f These data
show that many calcite crystallites, comprising our lenses,
have an optical axis situated close to the MLA plane (i.e. not
parallel to the normal to the array plane, as in brittle stars).

Another important piece of information comes from dif-
fraction measurements of calcite lattice parameters. Crystalli-
zation processes from amorphous phases are intensively
studied in biogenic minerals grown by organisms (see e.g.
ref. 17, 18, 21-23). In our case, individual lenses within the
MLA are in contact with each other (see below), so the devel-
opment of inhomogeneous strain/stresses acting against vol-
ume shrinkage is expected, as a result of the interaction
between different parts of the system.>**> Note that the rela-
tive volume change (of about 0.35%), which takes place when
cooling calcite from 300 °C down to room temperature, is
much lower than the volume change (few percent) during
amorphous/crystalline transformation. Correspondingly, only
the latter process is considered in our paper.

Bearing these considerations in mind, we analyzed the dif-
fraction patterns, taken from thousands of individual lenses,
and extracted the local a- and c- lattice parameters by using
the (110) and (006) reflections. Regions with highly signifi-
cant differences (P < 0.001) for a and c values could be
observed (see Fig. S2 and respective statistical analysis in the
ESIt). After that, we compared the extracted lattice parame-
ters with those of pure geological calcite’ and plotted the rel-
ative distortions, e; = Ac/c and e, = Aa/a, as two-dimensional
maps (see Fig. 2 and Fig. S1c and d¥). Fig. 2a and b represent

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Maps of the relative lattice distortions (strains, in percent), es = Ac/c (a) and e; = Aa/a (b), showing the relative differences in the
corresponding lattice parameters, ¢ and a, measured locally in the red squared region in Fig. 1b, and those tabulated for pure geological calcite in

ref. 1.

maps containing regions with tensile-type distortions (of the
positive sign, red-colored) reaching a maximum at e, ~
0.4%, and compression-type distortions (of the negative sign,
blue-colored) reaching up to ey, = —0.4%. In these distorted
regions, the calcite optical axis is oriented nearly horizontally
(¢ = 0 or 180°) or vertically (¢ = 90°) in the plane of the map
(compare Fig. 1 and 2). Distorted regions are separated by
domains, in which both e; and e; are close to zero (green-yel-
low color). Note that the e; and e; maps complement each
other: regions with compression-like e; distortions exhibit
tensile-like e; distortions and vice versa. The maps are almost
symmetric; the averaged (over 9227 sampling points) distor-
tions are: <e; = Ac/c> = —0.04% and <e; = Aa/a> = —0.13%.
Note that these relative distortions have a negative sign, i.e.
are compressive in nature. Under compression, calcite is
much stronger than under tension, so the above-mentioned
values are really low as compared to the onset of plastic
deformation in calcite (about 1%7®). All these general conclu-
sions remain valid regarding several other investigated sam-
ples (see e.g. Fig. Sic and df).

For further analysis, we consider the measured lattice dis-
tortions as primarily elastic deformations (residual strains),
which remain after crystallization is ended. As we see in
Fig. 1b and Sla;j crystallization starts from some nucleation
event and proceeds in radial directions, producing in the
beginning a circular crystallization front."> Amorphous/crys-
talline transformation reduces the bulk free energy, which is
in competition with the growing interface energy between the
amorphous and the crystalline phase. A circular shape of the
crystallization front is thermodynamically favorable since a
circle has a minimal border length for a given area
surrounded by it. However, radial front propagation from a
point source means that the contacting individual crystals,
located along slightly misoriented propagation beams, will

This journal is © The Royal Society of Chemistry 2015

experience mismatched strains, contributing to the undesir-
able elastic energy of the sample.

Another source of elastic strains is contact forces between
adjacent lenses, which oppose the above-mentioned volume
shrinkage during calcite crystallization. TEM imaging tech-
niques were applied to analyze the crystalline structure espe-
cially in the transition region between two adjacent lenses. A
representative example is shown in Fig. 3a, in which the
cross-section of two adjacent hemispheres is seen. The cross-
sectional sample was prepared by the FIB technique (see the
“Experimental” section). For such a kind of TEM micrograph,
we used the “bright-field” TEM mode, where an image is gen-
erated by the non-diffracted beam (“0” beam). The image in
Fig. 3a indicates that the hemispheres consist of small crys-
tallites (<50 nm), which can be regarded as building blocks
of the spherical lenses. Due to slight local variations in the
orientation of the crystallites (<5°), they appear with differ-
ent intensities. Under the chosen imaging (Bragg-excited)
conditions, regions ‘1’ and ‘2’ in Fig. 3a are darker than the
surrounding matrix. However, the corresponding Fast Fourier
transform (FFT) diffractograms (Fig. 3b and c) demonstrate
that the adjacent regions in both hemispheres have nearly
the same orientation.

This finding indicates that the lenses strongly interact
with each other, trying to transfer information on crystal ori-
entation. On the other hand, due to the above discussed rea-
sons, this interaction is the source of elastic strains mapped
in Fig. 2a and b.

High enough strains are removed in the course of plastic
deformation, which proceeds by grain boundary formation
and twinning.”**® Simulations have shown®’ that among the
four well-established twin laws in calcite,*® the (001)-twin has
the lowest energy formation and is most favorable, being gen-
erated by a two-dimensional heterogeneous nucleation

CrysttngComm, 2015, 17, 9135-9141 | 9137
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Fig. 3 (a) Bright-field TEM micrograph showing two contacting spher-
ical lenses. Since for imaging some kind of the “diffraction contrast
technique” was applied, the dark crystal regions (marked as 1 and 2)
indicate closely related crystallographic orientations of the crystallites.
(b) and (c) FFT images generated from the lattice plane micrographs,
the latter being taken, respectively, from regions 1 and 2 in (a). The FFT
images reveal a similar disposition of the diffraction spots (indicated by
arrows) which provides clear-cut evidence of nearly the same crystal-
lographic orientations in the contacting regions.

mechanism. In fact, twinning of this type was found before
in our MLA, based on the analysis of space distribution of
different crystallographic orientations extracted from X-ray
diffraction patterns.”® In regions where twinning proceeded,
elastic strains are greatly reduced and we find close to zero
values of e; and e; in our distortion maps (yellow-colored
regions in Fig. 2a and b, Fig. Slc and S1df). Moreover, in
these regions due to the arising twin boundaries, we expect a
smaller size of crystallites which coherently scatter X-rays.>
To verify this point, we measured the width of the stron-
gest (104) diffraction line across the MLA and extracted the
crystallite size using the Scherrer equation (see the “Experi-
mental” section). The obtained results for two investigated
samples are presented as maps in Fig. 4a and Sle.j We see
that the crystallite size is globally in the range of 10-20 nm
which fits well the TEM results.>’ However, its distribution
across the MLA is strongly non-homogeneous, revealing areas
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with larger grains (closer to 20 nm, yellow-colored) and
smaller grains (closer to 10 nm, blue-colored). The grain size
of about 20 nm is comparable to that of the initial amor-
phous particles (visualized by TEM) before crystallization.>’
Grain boundaries are formed during crystallization to reduce
the elastic energy of the system. Seemingly, some grains are
also rotated, which is evidenced by observing the diffraction
arcs in X-ray diffraction patterns (Fig. 1c).

Additional reduction of elastic energy takes place by twin-
ning.?° As expected, smaller grains, separated by twin bound-
aries, are located in regions in which twinning proceeded
and hence, elastic strains are close to zero. In order to
emphasize this important correlation, we build supplemen-
tary maps for the sum |e;| + |es|, in which the regions with
the simultaneous disappearance of strains e; and e; i.e. with
les| + |es| = 0, are clearly seen (blue color in Fig. 4b and
S1ff). When comparing the grain-size maps and (|e;| + |es|)
maps, we see that the spatial distribution of the blue-colored
features in both maps looks rather similar.

Finally, we make some estimates for residual stresses
remaining after crystallization of the MLA. Considering rela-
tive lattice distortions, e; and e;, as elastic residual strains,
we find that maximal residual stress components, ¢; and o3,
in our system do not exceed |o1m| = E1|eim| and |osm| = Es|
esm|, where E; and E; are the Young moduli along the a- and
c-axis, respectively, o;,, and o3y, are the corresponding maxi-
mal residual stress components, and e;, and ez, are the
maximal residual strain values. Taking the elastic constants
from ref. 30, we calculate E; = 91.6 GPa and E; = 57.6 GPa.
Using the maximum strain magnitude, || = |esm| = 0.4%,
from the measured maps (Fig. 2), we find |oy,| = 370 MPa
and |osm| = Es|es] = 230 MPa. Nanoindentation measure-
ments show hardness values of about 2.3-2.5 GPa for geologi-
cal calcite and 3.5-4.6 GPa for biogenic calcite.”®**> The
onset of plastic deformation under compression is assumed
to be of about 0.5-1 GPa.*"** Therefore, calcite under com-
pression will endure even upon the above-mentioned stresses
(overestimated) between 230 and 370 MPa. However, practi-
cally the stresses will be much smaller since, as can be
deduced from the strain maps, the o, and o; components
locally have different signs (like strain components, e; and
e3), i.e. act in opposite ways. Taking this fact into account, we
estimate the maximal tensile stress, g, acting normally to the
calcite cleavage plane (104). The latter is inclined by angle, «
~ 45°, with respect to the (001) and (100) crystallographic
directions. Therefore, in the case of biaxial stresses:

1 2 .2
o =—'(|0'1m -cos’ @ —|o,|-sin a)
1+v
1 (1)
=2(]—M'(\0m\—|€3m\)

Using a Poisson ratio of v = 0.32,>* we find a rather small
value of ¢ = 50 MPa. It seems that the calcite samples can
accommodate such stresses even under tension.**? Resis-
tance to fracture is greatly enhanced by reducing the grain

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Mapping of structural parameters in the red-squared region in Fig. 1b: (a) crystallite size, extracted from the width of the (104) diffraction

profiles; (b) magnitude of the sum |e;| + |es]| (relative lattice distortions).

size. The stress, o, needed to cause intra-crystalline brittle
fracture can be estimated as o, = K, /</nL , where K. is the

fracture toughness and L is the initial crack length equal in
our case to the average grain size. In calcite, fracture tough-
ness is strongly orientation-dependent. Taking L ~ 20 nm (as
grain size estimate) and the lowest value of K;. = 0.2 MPa m'
for the (104) cleavage plane®® yields ¢ ~ 800 MPa, which is
much higher than the above stress estimations based on the
lattice distortion data.

Conclusions

In summary, we carried out systematic structural studies of
calcitic MLAs by using synchrotron X-ray diffraction in order
to elucidate their nano-crystalline design. Analyzing the dif-
fraction patterns taken from individual lenses, we built
detailed two-dimensional maps of the crystal orientation,
crystallite size, and relative lattice distortions, e; = Aa/a and
e; = Ac/c along the a- and c-axis, respectively (as compared to
pure geological calcite). The spatial distribution of the rela-
tive lattice distortions (strains) is strongly non-homogeneous:
there are regions with positive and negative strains, which
are separated by regions in which the magnitudes of e; and
e; are close to zero. In areas with non-zero strains, the e; and
e; components have opposite signs, so the averaged values
(over the entire map) are close to zero. The observed lattice
strains arise during amorphous/crystalline phase transforma-
tion mainly because of the difference in the specific volume
per molecule in the amorphous and crystalline phases. A
comparison of the maps revealed a clear correlation between
the magnitude of lattice strains and crystallite size; the
smallest crystalline size (about 10 nm) is observed in regions
with elastic strains close to zero. Diminishing of elastic
strains is a result of plastic deformation, which proceeds in

This journal is © The Royal Society of Chemistry 2015

these regions by twinning of the (001)-type. Correspondingly,
the final reduction of crystallite size is related to the arising
twin boundaries.*® The nanocrystallinity of the calcite micro-
lenses, which is caused by inhomogeneous strains/stresses
arising during amorphous/crystalline phase transformation,
is the basis of the good optical performance® of thus pro-
duced MLAs.

Severe plastic deformation has already been proved to be
an effective processing strategy for fabricating nanocrystalline
metals and ceramics by using e.g. equal channel angular
pressing (ECAP)*” or high-energy ball milling.>® The crystal-
lized MLA is another remarkable example of utilizing
mechanical stresses to produce a nanocrystalline material,
but in this case with virtually no energy cost. Stress-mediated
nanostructuring of calcite presents an alternative strategy for
fabricating MLAs (compared with single-crystal calcitic micro-
lens systems) while still enabling their optical functionality.

Experimental
Sample preparation

The ACC MLAs were synthesized by self-assembly under
ambient conditions at the air-water interface but without a
template by using a Ca(OH), solution and the organic surfac-
tant polysorbate 20.° The ACC MLAs were then dried on a
glass slide with no glue used for attachment. Crystallization
was accomplished for 1 h at 300 °C with another glass slide
on top of the MLA. Potential cracks across the MLA due to
water loss are eliminated by crystallizing the ACC MLA with-
out rigid attachment to the substrate. After crystallization,
confocal Raman imaging characterization was performed (see
Fig. S3t) and no signal from organic molecules (polysorbate
20) was detected. The crystallized MLAs were transferred to a
pre-wetted X-ray sample holder (silicon nitride membrane)

CrystEngComm, 2015, 17, 9135-9141 | 9139
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and dried again or attached to a TEM sample holder (silicon)
with polydimethylsiloxane (PDMS).

Synchrotron X-ray diffraction

X-ray diffraction experiments with high spatial resolution
were carried out at the ID13 beamline of the European Syn-
chrotron Radiation Facility (ESRF, Grenoble, France) using a
focused X-ray beam (nearly 1 pm in diameter) with a wave-
length of 1 = 0.88571 A. Two-dimensional wide-angle X-ray
diffraction patterns were collected by using a FReLoN4M
detector (2048 x 2048 pixels, ~50 um pixel size) installed at a
distance of 104.91 mm behind the sample. For these mea-
surements, the crystallized MLAs were transferred onto a 1
um silicon nitride membrane (Norcada NX5200F, 2 x 2 mm”
window) with the curved lens surface on the top. The scan-
ning of the MLA in the plane perpendicular to the incident
X-ray beam was realized by using the precise xyz-scanning
stage of the beamline.

X-ray data analysis was performed by using the DPDAK
software package.*® In order to determine the calcite lattice
parameters, the two-dimensional intensity distributions were
first azimuthally integrated (i.e. along the Debye rings) and
then thus obtained one-dimensional intensity profiles (as a
function of the scattering vector, g) were analyzed to deter-
mine the peak positions of the different calcite reflections
(hkl). The peak positions for the (110) and (006) diffraction
profiles were determined by applying Voigt profile fitting.
The obtained peak positions in g-space are converted to
d-spacings and then, lattice parameters a and c are deter-
mined using the relationship:

1 4R +hk+k> I
73 @ '@ ®)

The average size, L, of the crystallites, which coherently
scatter X-rays, was derived by using the Scherrer equation

L 092 G)

" Weosd

applied to the (104) diffraction line profile. Here, W is the
profile width (FWHM) after instrumental correction, 2 is the
X-ray wavelength, and 6 is the diffraction angle. In this analy-
sis, we neglected the potential contribution of the averaged
microstrain fluctuations to the diffraction profile shape.
Complete profile analysis was impractical because of rather
low counting statistics at the tails of individual diffraction
profiles taken in huge amounts (about ten thousand) from
MLA for the mapping purposes. Therefore, the L-magnitudes
derived by the aid of eqn (3) are, in fact, the low boundary
estimates.

Transmission electron microscopy (TEM)

Samples for TEM were prepared from amorphous MLAs fixed
on a silicon sample holder by a 2 um thick coating of PDMS
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and crystallized by the same heat-treatment procedure as the
samples for the X-ray experiments. Then, the samples were
carbon-coated and cut by a focused ion beam (FIB, FEI “Nova
NanoLab 6007) along the diameter of the circular lens shape in
the direction of shortest distance to the neighboring lenses. For
TEM/STEM, a FEI TITAN 80-300 operating at 300 keV was used.

Polarization optical microscopy (POM)

The POM images of the MLA before and after heat treatment
were obtained by using a Leica DM RXA2 and treated with a
digital color camera, Leica DFC 480, to define the regions of
interest for subsequent synchrotron experiments, these regions
typically being between 100 x 100 pm? and 150 x 150 pm?>.
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