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In operando 3D mapping of elastic
deformation fields in crystalline solids
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Understanding elastic deformation fields (EDFs) in anisotropic and heterogenous
materials requires complex approaches that allow measurements under applied
stresses, in operando, in 3D, and with a high spatial resolution. So, their
measurements remain challenging. We introduce a desktop methodology by
which the formation and development of complex EDFs in Raman-active materials
can be simultaneously mapped under varying applied loads, in 3D, and with
submicron resolution. Our method opens a new avenue for investigating the
mechanical deformations in complex materials and microdevices.
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SUMMARY

Revealing the distribution of elastic deformations in anisotropic
solids is of crucial importance for evaluating the mechanical perfor-
mance of complex materials. However, elastic deformation fields
(EDFs) need to be investigated under applied loads and in 3D, so
they are often limited to planar approaches or simplifying assump-
tions. Here, we introduce 3D-RISM, a method by which the 3D
spatial distribution of EDFs can be mapped in operando and with
submicron resolution in laser-translucent materials. Taking exam-
ples of geological and biological ceramics, we visualize the 3D distri-
bution and stepwise development of anisotropic EDFs under Hert-
zian contacts. We leverage our method to showcase how the
anisotropy of elastic behavior regulates the distribution of induced
plasticity and the direction of microcracking in crystals. 3D-RISM of-
fers a promising platform for real-time mapping of deformation
tensors in complex materials and devices, opening new avenues
for better understanding the behavior of materials with azimuthal
anisotropy in Poisson’s ratio.

INTRODUCTION

The quantitative understanding of the mechanical behavior of materials—the phys-
ical state of matter in response to applied stresses—requires analytical approaches
by which material deformations can be analyzed under load and at different defor-
mation stages. The evolution of mechanical deformations starts with the develop-
ment of elastic (temporary) deformations. Once the applied stress exceeds a
certain level, the material experiences inelastic (permanent) deformations in the
form of quasi-plasticity, plasticity, or brittle cracks.'™ While the inelastic deforma-
tions can be studied and explained by their permanent footprints (e.g., rupture and
fracture, microcracks, twinning, and dislocations), elastic deformations need to be
investigated under applied stresses, in operando, and with a high spatial resolu-
tion. So, the measurements of elastic deformations under contact stresses remain
challenging and have been largely restricted to high-resolution X-ray diffraction mi-
croscopy”® in advanced synchrotron facilities or 2D approaches such as trans-
mitted electron diffraction methods®’ and photoelasticity methods.”

Raman spectroscopy, which relies upon the inelastic scattering of photons, provides
a powerful and non-destructive route to determining elastic deformations in Raman
active solids,” " so structural information and material deformation can be captured
simultaneously. In this method, elastic deformations and the corresponding changes
in chemical bond lengths can be accurately determined through changes in the vi-
bration frequency of the molecules, which can be recorded by the peak shifts in
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PROGRESS AND POTENTIAL

Despite the advances in the
mechanical characterization of
materials, 3D and in operando
imaging of elastic deformation
fields (EDFs) remains challenging,
preventing a full assessment of
complex material deformation
mechanisms. This has been mainly
attributed to the limitations and
complexities in methodological
approaches capable of
simultaneously inducing,
measuring, and visualizing
localized EDFs with suitable
spatial resolution. To address the
current limitations, we devised
3D-RISM, a desktop methodology
that allows the mapping of
localized deformations beneath
the contact loads that induce
them, with submicron spatial
resolution and in 3D. We
anticipate that 3D-RISM can pave
the way toward a quantitative
understanding of the evolution of
elastic deformations in complex
materials and open new avenues
for unraveling the interplay
between elastic anisotropy,
materials’ microarchitecture, and
mechanical performance in hybrid
materials and microdevices.
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associated bands in Raman spectra.” This technique, which requires minimal sample
preparation and is often accessible in materials characterization labs, has been
widely used to investigate residual strains (i.e., permanent inelastic strains) in the
absence of external forces® and in 3D." However, due to complexities in inducing,
preserving, and opening optical visibility for 3D scanning of induced strain fields un-
der a Raman microscope, the usage of this technique for probing elastic deforma-
tions (in the presence of external loads) has been mainly limited to point'® or 2D
measurements'®'” and off-axis methods'® inducing tip-shadowing effects. Hence,
3D mapping of elastic deformations and their evolution (elastic-inelastic transitions)
remains challenging.

Here, we present a method'” based on confocal Raman microspectroscopy com-
bined with a designed miniaturized inverted nanoindenter equipped with a trans-
lational optical stage that together allows the mapping of induced localized defor-
mations beneath the indenter (contact zone), in operando, with submicron spatial
resolution, and in 3D. By relying on commercially available Raman microscopes and
devising a spring-free nanoindenter, our design provides major improvements in
elastic deformation visibility, load/displacement stability in long-term 3D scans,
and lateral sample positioning (see system design) over previous Raman-based
methods.'”?%?? In the following sections, we delineate the method, which we
termed “3D-RISM,” and showcase its application to study the evolution of elastic
deformation fields (EDFs) in biological and geological crystals. By taking advantage
of the in operando capability, we demonstrate how azimuthal anisotropy of elastic
behavior can influence the evolution of deformations and dictate the formation of
inelastic deformations in calcite and its biological counterpart, single crystal-like
prisms of Pinna nobilis.* Our approach reveals an uncommon spatial relationship
between the crystallographic organization of biological calcite with externally
induced strain fields, providing new insights into the underestimated role of
azimuthal anisotropy in the elastic behavior of materials.

RESULTS AND DISCUSSION

System design

The layout of our system is shown in Figure 1. To establish the method, we de-
signed and fabricated a miniaturized inverted nanoindenter using a linear piezo
actuator equipped with a lockable 2D translational stage containing a large opti-
cal window. Together, the setup provides a combination of (1) accuracy in the for-
mation of elastic deformations, (2) visibility to developed EDFs beneath the con-
tact point, (3) stability in maintaining the applied strains during long-term
volumetric mappings, and (4) simplicity in design for combining the setup with
a commercial confocal Raman microscope for 3D mapping of EDFs with high
spatial resolution. We achieved these criteria by designing the following series
of elements. The nanoindenter, based on a high-precision linear piezo actuator
and encoder, allows the application of stable positioning with nanometer resolu-
tion. The actuator is combined with a miniature load cell with 0.1-mN load reso-
lution and a cono-spherical diamond indenter, allowing the recording of the min-
ute applied forces and formation of localized elastic deformations, respectively.
Note that using sharp indenters such as Berkovich and cube corner tips intensively
localizes the contact stresses and advances the formation of inelastic deforma-
tions at the geometries below the detection limits of confocal Raman microscopy
(see Figure S1 for further details). This prevents the detection and imaging of
EDFs at their formation stages, so sharp tips are impractical for studying elastic
stain fields using methods incapable of resolving spatial resolutions below
100 nm, such as light microscopy.
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Figure 1. Design of the devised setup for in operando 3D elastic deformation imaging (3D-RISM)

(A) Schematic 3D model of the combined miniaturized inverted nanoindenter and confocal Raman microscope. The translational stage, composed of a
positioning holder ring and locking screws sandwiched within a metallic frame, allows fine lateral positioning and mechanical stability during long-term
mapping. The wide optical window integrated into the positioning ring allows the user to select and probe a series of ROls after mounting the sample
rather than changing samples between the measurements. A wide optical window provides shadow-free optical accessibility to the areas beneath the
contact point and allows high-resolution mapping using high-magnification objective lenses.

(B) Side view of the setup, illustrating the arrangement of the inverted nanoindenter, stage, sample, and objective lens.

(C) Shadow-free access of the laser beam across the sample provides an apt configuration for scanning the developed EDFs beneath the contact zone in
different mapping modes (point, line, area, or volume) with submicron spatial resolution.

(D) Schematic of the workflow when using 3D-RISM for the mapping of elastic deformation in translucent Raman active solids.

The stage used for mounting the samples provides shadow-free optical accessi-
bility through a window with a large opening (d = 11 mm) required for Raman
mapping of large areas (Figures 1A-1C). Moreover, the large window allows
lateral positioning for selecting and probing different locations/samples rather
than replacing the samples with new ones. The setup provides a minimum work-
ing distance of 3 mm, required for high-resolution Raman mapping, so high-
magnification objective lenses can map the contact area without interference or
with shadowing from the mechanical probe or frame elements (Figures 1A-1C).
While the lateral and vertical movements required for locating the indenter are
provided by the motorized stage of the Raman microscope, our designed
lockable 2D translational stage (Figure 1A) allows fine sample positioning for se-
lecting different regions of interest (ROIls). So, one can conduct indents at
different locations without replacing the sample between individual indents.
Finally, the stage can be locked to avoid any stage/sample movement during
the measurements.
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Since the probing and loading axes are parallel and co-localized, the deformation
volume beneath the contact point is accessible to the laser and can be mapped in
3D. Hence, the probing zone can be in the form of a point, line, plane, or volume
(Figure 1C), which can be reconstructed by stacking a series of 2D scans toward
the contact point. The sample is placed on the indenter side of the translation stage,
and it can be attached to the positioning ring (Figure 1A) by a supportive, laser-
transparent backplate, such as a quartz slide. Finally, due to the simplicity in design,
we combined the miniaturized inverted nanoindenter with a confocal Raman micro-
scope with a high spectral resolution of 0.2-0.4 cm ™" (grating 2,400 gr/mm (grooves
per millimeter) and 1,800 gr/mm for A = 532 nm and 785 nm, respectively), so
induced peak shifts can be accurately measured, fitted, and analyzed.

3D microscopy of EDFs in geological and biological ceramics

We leverage our devised method to experimentally unravel the evolution and devel-
opment of elastic deformations in two groups of homogeneous (single crystals) and
complex architectured ceramics (seashells) with intercrystalline organic envelopes
and intracrystalline organic residues,?*%® described in the following sections.

We first applied our method to investigate the development of elastic deforma-
tions in geological single crystals: a geological fluorapatite (FAP) and a geological
calcite, each representing a homogeneous quantum medium yet providing
different crystal symmetries; i.e., hexagonal (point group of 6/m) and trigonal
(point group 3 2/m), respectively. So, to understand the effect of crystal symmetry
on the geometry of EDFs, the crystal models were indented along their hexagonal
and trigonal symmetry axes. Accordingly, the crystals were sectioned and polished
perpendicular to their ¢ axis (experimental procedures) and then evaluated by
X-ray diffraction (Figure S2) and polarized Raman spectroscopy”’ methods. In
the case of calcite, a cutting perpendicular to the ¢ axis (optical axis) was essential
to cancel the double refringence of the crystal.”® The crystal’s transparency al-
lowed us to use relatively thick sections (up to 0.5 mm) supported with a quartz
backplate (thickness, t = 1 mm) to prevent any possible bending under localized
contact loads.

To ensure the performance of measurements under elastic deformation, the
threshold of the inelastic regime in each sample was defined by means of depth-
sensing partial loading-unloading experiments using a cono-spherical indenter to
isotropically apply indentation strain fields.”” This isotropy in applied deformation
is important to visualize the possible azimuthal anisotropies in the mechanical
response of the samples. A diamond indenter with a relatively large tip radius
(r = 125 um) was selected to postpone the elastic-inelastic transitions, providing a
broad loading range in which EDFs can be induced, maintained, and imaged. The
load resulting in the permanent residual impression was recorded as an elastic-in-
elastic “transition” load (Py). Note that the term “yielding” is intentionally avoided
here, since the crystals can form microcracks, and not all induced deformations
form under plastic regimes.

In Raman measurements, a proper signal-to-noise ratio can be achieved by raising
the laser intensity and increasing acquisition time. However, these increments can
impose thermal effects and time limits in the case of high-resolution 3D Raman map-
ping. So, 3D Raman mapping should be performed using moderate laser intensities
(depending on the sample characteristics), and selected spectral acquisition times
should often stay below 1s. Accordingly, we selected the most intense peaks
(963 cm " and 1,086 cm " attributed to PO; ~ and CO3 ™~ groups in FAP and calcite,
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respectively) corresponding to the symmetric stretching mode (v¢) for 3D Raman
mapping and analyzing the induced peak shifts. This allowed us to decrease the
spectral acquisition time to <1 s and use a laser power of <40 mW for our EDF

mappings.

Azimuthal isotropy of EDFs in FAP

Depth-sensing partial loading-unloading nanoindentation showed a P, of 2.8 +
0.2 N (Figure 2A), so the load below this value was considered for the EDF studies.
We started our measurements by piezo-spectroscopy calibration®***" and deployed
a displacement control nanoindentation to correlate the applied loads and associ-
ated contact depths to shifts in the v; vibrational band of the FAP (Figures 2B and
2C). Note that variations in elemental composition, such as the presence of F and
Mg in calcium phosphate and calcium carbonate crystal lattice, can influence the
Raman peak position.’? Hence, to separate the effect of chemical variations and
extract the mechanically induced Raman peak shift, the indentation-induced peak
shifts in this work are reported as relative peak shifts (Aw = @peformed — ®Relaxed):
which only include the relative peak shifts under in operando loading of the sample.
We used Lorentzian peak fitting to extract the peak position shifts (experimental pro-
cedures), revealing a clear transition of the 3.79 Raman peak shift (cm~") under an
applied load of 1.66 N (Figure 2C). Figure 2D shows the peak shift and broadening
of the vy band for the range of applied deformations. The peak broadening effect
denotes that the phosphate bands within the sampling volume were not uniformly
deformed, and the induced deformation formed a gradient within the sampling
volume.

The 3D mapping experiment started by locating the diamond tip position,
apparent by, first, intensive light reflection by the diamond tip prior to tip-sample
contact and, later, the formation of Newton's rings while engaging the tip to the
sample surface (Figure S3). Areas free from superficial defects and optically visible
crystalline flaws were selected for indentation. A set load of 1 mN was defined for
approaching and detecting the sample surface. Then, an applied load of 1 N (con-
tact depth, h = 840 nm), ensuring an elastic deformation in the sample (Figure 2A),
was selected to induce an EDF in the FAP sample. A volume of 80 x 80 x 40 um?
using a spatial resolution of 1 um (x-y-z) was selected for the mapping of the
induced elastic deformation using a 20x objective lens (numerical aperture
[NA] = 0.35) and an acquisition time of 0.6 s. The 3D map was acquired by collect-
ing a series of 2D scans (80 x 80 umz) from unstrained areas toward the contact
surface through a stacking mode. The collected maps were processed to remove
cosmic rays and spectral backgrounds, and the peaks were fitted using the Lorent-
zian function (experimental procedures). The extracted peak positions (Xo) were
used for plotting the induced peak shift maps. Clearly, due to the differences in
induced applied deformations in different scanning depths, the peak position
ranges vary between the 2D scans. Therefore, for normalizing the induced peak
shifts in the entire 3D map, we defined the range of the assigned color codes by
selecting the minimum and maximum peak shift values within the entire individual
2D scans. Finally, the 2D maps normalized for the peak shift range were recon-
structed into a 3D map using ImageJ Volume Viewer and Amira (Figure 2E). The
reconstructed 3D peak shift map of the induced deformation and corresponding
calculated indentation stress and strain fields” revealed a continuum contact EDF
representing a Hertzian strain field in brittle solids.”” The associated applied con-
tact stress and strains calculated using Hertz's model®** revealed that the induced
EDF was developed under a maximum contact stress of 1.54 GPa and indentation
strain of 11.5%, respectively.
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Figure 2. Azimuthal isotropy of EDFs in a geological FAP crystal (001)

(A) Depth-sensing partial loading-unloading nanoindentation using a cono-spherical diamond tip (r = 125 pm) revealing a clear elastic-inelastic
transition. The corresponding transition load (p,) was used to define the elastic loading range to investigate the EDFs.

(B) The most intense peak corresponding to the symmetric stretching mode (vy) of the PO3~ group was used for filtering induced peak shifts and
studying the development of EDFs.

(C and D) Correlations between the (C) applied load/displacement and the v4 peak position change induced in elastic regimes and (D) associated
Raman peaks shifts and broadenings (a transition from the purple color denotes the unloaded state to the red color associated with a maximum load of
1.67 N).

(E) 3D map covering a volume of 80 x 80 x 40 pum3 with a spatial resolution of 1 um, constructed of induced peak shifts under contact stress of 1.54 GPa
(P=1N, h=0.83 um), revealing azimuthal isotropy in the developed EDF. Note that, for visualization, the extracted map is rotated 180°, while during the
measurements, the contact surface faced downward. Cross-sectional planes (i and ii) present the imaging and virtual sections across and along the
loading directions, respectively.

(Fand G) Illustrative atomic model of FAP along its 001 direction, modeled using CrystalMaker (F), and corresponding calculated elastic modulus (E) and
Poisson’s ratio (v31) plots (G) using AnisoVis,” presenting the azimuthal uniformity of elastic contacts in the (001) plane of the geological FAP crystal.
(H) Distribution of contact elastic deformation simulated using similar loading conditions using the finite element method for a loaded geological FAP
(001), presenting the azimuthal isotropy in induced EDF.

Despite the anisotropy of elastic characteristics of FAP crystals,” the peak position
maps revealed azimuthal isotropy in the induced EDF. This azimuthal symmetry is
attributed to the loading direction of the FAP sample along its hexagonal symmetry
axis®® (c axis). We further investigate the material root of the visualized azimuthal
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isotropy using numerical approaches and by first plotting the elastic modulus (E) and
Poisson’s ratio (v3;) of FAP along its ¢ axis (Figure 2F). Figure 2G shows the correla-
tive elastic modulus and Poisson'’s ratio maps, which are numerically calculated using
AnisoVis®* by implementing the elastic constants of FAP.?> We then used the elastic
constants to simulate the development of elastic strain (principal strain) fields using
the finite-element method (Figure 2H) for an identical penetration depth (r= 125 um,
h = 830 nm). Together, numerical approaches presented conformity with the re-
vealed EDF using 3D-RISM (Figures 2E, i and ii; 2G; and 2H).

Azimuthal anisotropy of EDFs in calcite

We next used 3D-RISM to assess the EDFs in geological calcite known for brittle-
ness mainly attributed to the low twinning and cleavage energies of calcite.’’
Geological calcite’s elastic-inelastic transition formed at applied loads of P, =
0.15 N (Figure 3A), about 18-fold faster than the transition load of geological
FAP (P, = 2.8 N). Therefore, the EDF mapping on the calcite sample needed to
be acquired with minute applied loads requiring high load stability during the
long-term 3D scans. Unlike the apparent peak shifts in the FAP sample
(Figures 2C and 2D), deformation-induced »y peak shifts in the calcite sample
were subtle (<1 cm™") and formed a sharp and localized gradient in the induced
peak shifts. This makes peak shift-deformation coefficient measurements highly
susceptible to reading-position errors due to the minuteness of positions with
maximum strain/peak shifts and their abrupt movement during stepwise loading.
Thus, the peak shift-contact depth correlations (Figure 3C) were performed using
2D depth profiling beneath the contact point, and the maximum peak shift was
selected as the peak shift value (Figure S4). On the other hand, collecting such sub-
tle changes in spectra requires the stability of the applied loads, as included in our
designed criteria, that can hold the applied loads constant for long-term 3D map-
ping for up to days (Figure S5).

In stark contrast with the formed azimuthally isotropic EDF developed in geological
FAP (001), the strain fields in geological calcite revealed an equilateral trigonal
deformation field (Figures 3D and 3E) perpendicular to the loading direction, sug-
gesting a direct interplay between the induced deformations and trigonal crystal
system of calcite. One of the key advantages of 3D-RISM is that it can be used in op-
erando, so EDFs can be scanned during their development; therefore, we used this
option to elaborate on the evolution of the EDF in the calcite sample. We therefore
designed an experiment in which the induced Raman shifts were mapped under a
stepwise loading cycle, providing fully elastic (P = 84 mN), elastic-inelastic (P =
147 mN), and residual (P = 0) deformations (Figure 3F). The applied loads were
selected according to the partial loading-unloading experiment (Figure 3A), and a
lateral mapping resolution of 500 nm was selected to accurately visualize the
evolving deformation field with high spatial resolution. Remarkably, we found
that, by increasing the load toward the elastic-inelastic transition, and while the
EDF developed along the vertices, evident by the size increment of the trigonal
deformation field, the induced EDF relaxed at the sides (Figures 3E and 3F). This
relaxation was evident by subtle recovery of the induced peak shifts, denoting the
formation of the tensile strain fields at the edges (Figure 3F, black arrows). This visu-
alization was supported by mapping the unloaded contact zone, revealing residual
tension- and compression-induced deformations formed with ~60° shifts around the
trigonal symmetry axis of the crystal (Figure 3E, step 3). Our in operando measure-
ments demonstrated that increasing the induced isotropic contact stresses and
further development of azimuthally anisotropic compression-induced deformations
beyond the contact circle (Figure 3F) promote the formation of the tension-induced
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Figure 3. Evolution of azimuthally anisotropic EDFs in calcite (001)

(A) A depth-sensing partial loading-unloading nanoindentation using a diamond cono-spherical tip (r = 125 pm) was used to define the elastic-inelastic
transition load (P,) and select the applied loads required for the formation of different deformation regimes.

(B) The most intense peak corresponding to the symmetric stretching mode (v4) of the CO3 ™~ group was selected for visualizing the induced strains in the
001 plane of the calcite.

(C) Correlative contact depth-peak position shift, calculated and extracted from 2D depth profiles beneath the contact point (Figure S4), allowing an
accurate maximum peak shift reading at applied load/displacement.

(D) 3D map and correlated 2D sections of induced elastic deformations under an indentation contact stress of 0.64 GPa (P =84 mN, h = 0.17 um,
r=125pum, map size = 80 x 80 x 45 um3, spatial resolution of 1 um), revealing a triangular strain field beneath Hertzian contact.

(E) In operando deformation images acquired at different loading steps, illustrating the evolution of the EDFs at the contact surface during (1) fully
elastic (P =84 mN), (2) elastic-inelastic (P = 147 mN), and (3) residual (P = 0) deformations. Images share the same color scale with the 3D map in (D) and
were acquired using a lateral resolution of 500 nm.
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Figure 3. Continued
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(F) The anisotropic advances of the compression strains along the EDF vertices emanate the formation of tension-induced deformations at the edges
(black arrows). This causes the relaxation of the induced strains, denoted by a subtle decrement of the Raman peak shifts. The further development of
the tension-induced deformations at the higher applied stresses initiates the formation of radial-median microcracks.

(G and H) lllustrative atomic model of calcite along its 001 direction (G) and corresponding calculated elastic modulus (E) and Poisson’s ratio (v 31) plots
(H) using AnisoVis,*" presenting the azimuthal uniformity of elastic contacts in the (001) plane of the calcite crystal.
(1) Schematic presenting the development of EDF along the vertices and relaxation of the compression-induced strains at the sides. The direction of the

expanding compression strains defines the direction of the radial-median cracks (in blue).

deformations. This eventually regulates the position of the radial-median cracks'
forming at the higher applied loads.

The direction of the expanding EDFs can be explained by the azimuthal anisotropy
of elastic behavior in calcite, evident by elastic modulus (E) and Poisson’s ratio (v 31)
maps (Figures 2G and 2H), which were numerically calculated using AnisoVis** and
by implementing the elastic constants of calcite.*® Together, our in operando maps
suggest that the azimuthal anisotropy in the development of the compression-
induced elastic strains (areas with higher peak shifts), which matches the crystallo-
graphic directions with higher Poisson’s ratio, define the direction of the radial-me-
dian cracks that develop later under higher contact forces (Figure 3l).

Development of EDFs in translucent calcitic prisms of P. nobilis

To demonstrate the potential of 3D-RISM for studying EDFs in complex crystals, we
used the method to investigate the development of EDFs in a biological ceramic and
uncover how the induced EDFs and their development regulate the formation of me-
chanical damage (inelastic deformations). We chose the calcitic prismatic seashell of
P. nobilis, where the prisms are elongated along the c axis,”* providing an identical
crystallographic direction to our studied geological sample. P. nobilis shells contain
intercrystalline organic envelopes and intracrystalline organic residues,”**” repre-
senting an architectured and heterogeneous ceramic. The light transparency of
the prismatic shells*® allowed us to use slices with thicknesses of up to 400 pm sup-
ported by a 1-mm quartz backplate for the mapping of the EDFs (Figure 4A). The
calcitic prism size ranges from 30-100 pm in diameter (Figures 4B and S6), so target-
ing the central region of a prism required a precise positioning, which was possible
thanks to the 2D translational positioning stage and adjustment screws (Figure 1D).
The central region was selected to visualize the development of EDF within a prism
and further development to the neighboring prisms (Figure 4B). Depth-sensing par-
tial loading-unloading nanoindentations on P. nobilis showed a P, = 1 N (Figure S7),
revealing an approximately 7-fold increment in transition load compared to the
geological counterpart. This can be attributed to the presence of organic residues,
which accommodate higher elastic strains and postpone mechanical damage. A
contact load of 255 mN, ensuring the elastic response of the sample (Figure S7),
was selected for indenting one prism and mapping the induced EDF. We then map-
ped a volume of 100 X 100 x 50 um? covering the neighbor prisms. This allowed us
to investigate the development of induced EDFs to the neighboring prisms sepa-
rated from each other by a thin (~1 um at the sides and ~3 um at the corners) organic
shield (Figure Sé).

By filtering the »; vibrational band of the CO3 ™~ group, we first plotted the peak area
(Figure 4A), which provides a microarchitectural map of the sample in regard to the
position of the calcitic prisms and organic interfaces. This formed a geometrical
reference for studying the induced inter- and intra-prismatic strains. Figure 4C pre-
sents the organization of organic shields (dark regions) and calcitic prisms (bright re-
gions). We then plotted the peak shifts (Figure 4D) from the same collected map to
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Figure 4. 3D-RISM enables correlative architectural and EDF mapping in translucent biological ceramics

(A) P. nobilis prismatic shell slice (t = 240 um) supported by a quartz backplate was used for EDF mapping. While the presence of a backplate avoids
bending deformations, the shell thickness ensures the formation of induced contact deformation away from the shell-backplate interface.

(B) Optical micrographs from the contact surface and exposure surface of the shells.

(C and D) Large 3D mapping, covering a volume of 100 x 100 x 50 pm® with a spatial resolution of 1 um, was used to reveal both inter- and intra-
prismatic induced strains.

(C) 3D Raman map of the CO3~ v; peak area, revealing the arrangement of calcitic prisms (bright regions) and organic shields (dark regions).

(D) EDF map reconstructed based on Raman peak shift of the CO%’ v1 peak in a P. nobilis prismatic shell slice (t = 240 um) under a contact load of
P =255 mN (tip radius, r = 125 um), revealing the induced EDF within the central prism, marked with dashed lines, and its expansion to the surrounding
prisms. The inset in the bottom right corner shows the trigonal EDF formed within the central prism.

(E) Electron micrograph of a residual impression formed at a high contact stress of 1.2 GPa, showing the formation of the microcracks (black arrows) and
twinning deformations (white arrows).

(F) Peak shift Raman map (CO%’ v1) showing the 3-sided floral pattern of compression-induced residual deformation, separated by tension-induced
microcracks (black arrows).

(G) Post-indentation EBSD pole figure (see the 104 reflection dots, green spots marked with the black circles for better visualization), superimposed on
the SEM image of the indented prim with an identical direction, presenting the correlation of the calcite crystallographic geometry, denoted by (104)
planes, with the preferred development of the mechanical damage (E).

visualize the developed EDF and correlate it with the architectural organization of
prisms (Figures 4B and 4C). Note that the extracted map only represents the defor-
mations in the calcitic prisms, and obviously, the development of mechanical defor-
mations in the organic shields could not be investigated using the selected v, band
of the CO%‘ group. In contrast with the geological calcite (Figure 3), the presence of
heterogeneities in the calcitic prismatic shell of P. nobilis dictated the development
of a complex EDF. However, in conformity with the EDFs in the geological calcite
(001), the areas with higher peak shifts (peak shift range of ~0.35 ecm™! to
0.5 cm™") revealed a trigonal geometry (Figure 4D, inset). Despite the presence of
a continuous organic shield around the prisms (Figure S6) and applying a localized
load to the central prisms, there was an apparent expansion of induced deforma-
tions from the central prism to the neighboring prisms (Figure 4D, green zones;
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peak shift range of ~0.2-0.25 cm™"). This demonstrated that, despite the shielding
of the individual prisms by organic envelopes, even under elastic deformations, the
organization of neighbor prisms effectively contributes to the mechanical behavior
of the individual calcitic prisms.

To unravel the interplay between the development of trigonal EDF and the forma-
tion of the inelastic deformations, we first induced localized damage by applying
a high contact stress of ~1.2 GPa (P = 1 N, r = 50 pm) and then observed it using field
emission scanning electron microscopy (FESEM) and scanning probe microscopy
(SPM). Post-indentation micrographs (Figures 4E and S8) revealed a series of trigonal
radial-median microcracks and twinning deformations, including those with trigonal
organization beneath the contact area (Figures S8B and S8C). We then studied the
distribution of the residual strains at the contact zone by mapping the Raman peak
shifts on the surface of the residual impression. By filtering the v vibrational band of
the CO3 ™ group, we found a 3-sided floral pattern of compression-induced residual
strains (Figure 4F), in which compressed sites (positive Raman shift, red color code)
were separated by tension-induced microcracks, denoted by negative Raman shifts
(purple color code).

We next performed a correlative electron backscatter diffraction (EBSD) study on the
indented prisms with residual impressions (Figure 4E) to obtain (104) pole figures
representing the orientation of the trigonal symmetry of calcite crystal and correlate
the direction of the induced deformations with crystallographic planes of the calcitic
prisms. The EBSD pole figures (n = 10) collected from individual indented prisms
revealed a clear agreement between the orientation of the mechanical damage
and the trigonal arrangement of the calcite (Figure 4G). This confirmed our earlier
observation that the preferred development of compressive strain along the facets
of the calcite (direction with the highest Poisson’s ratio) causes the formation of
the tension-induced strain fields along the a and b principal axes of the crystal
(Figures 3F=3l). So, the further development of tension-induced strains promotes
the formation of the microcracks (Figures 4E, 4F, and S8). Together, the comparison
between the revealed EDFs and associated induced microcracking at the higher
contact stresses indicate a geometrical correlation between the azimuthal develop-
ment of EDF and the crystallographic orientation of the calcitic samples.

The interplay of EDF geometry and penetration-induced plasticity

We next used the 3D mapping capability of 3D-RISM to unravel the interplay of sub-
surface plastic deformations, formed at higher applied stresses, with the geometry
of the induced elastic deformations. Accordingly, we first extracted the high-strain
deformation fields by plotting the 2D maps for a broader Raman peak shift range
of 0-0.8 cm ™" and reconstructing the volumetric map of the induced EDF filtered
for the upper range of strains (~0.4 < Aw < 0.8 cm™"). This provided an explicit
view of the high-strain fields beneath the indenter (Figure 5A), allowing us to picture
the geometry of areas exposed to higher induced strains. Remarkably, and in
contrast with EDFs introduced in classical Hertzian contact mechanics, the recon-
structed 3D map of the induced EDF revealed an unusual trigonal pyramidal
geometry with its preferred extension along the c axis of the crystal (Figure 5B).
We accordingly hypothesized whether the revealed pyramidal deformation has
any correlations with the mechanical damage (deformation in inelastic regimes).
Therefore, we first formed a residual indentation impression by applying a contact
load of 250 mN using a cono-spherical tip (r = 50 um). The induced inelastic defor-
mation using the selected combination of low load and tip size allowed us to form a
localized deformation beneath the contact area while preventing severe failure
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Figure 5. Trigonal pyramidal EDF in calcitic prism of P. nobilis shell

(A) 3D EDF map and the virtual depth section of the EDF filtered for the induced peak shift in CO%~ v, vibrational band, illustrating the formation of a

pyramidal elastic field beneath the contact zone (P = 255 mN).

(B) Reconstructed 3D EDF map from the areas with higher peak shifts (0.4-0.8 cm™Y, revealing a triangular pyramid geometry, an unusual and distinct

EDF from those introduced in classical Hertzian contact mechanics,”” such as those in Figure 2E.

(C) SEM and TEM micrographs revealing the induced plastic deformations at the high contact stresses. TEM imaging (ii and iii) was done on a FIB-

lamella (i) cut from a residual impression of an indented site (area in cyan). TEM micrographs demonstrate that the areas under higher contact stresses

(regions in red) result in dislocation deformations (iii), and areas with lower contact strains (regions in green) host the twinning-induced deformations (ii).
The direction of the deformation twinning planes (—102) well matches the incline angle of the revealed pyramidal EDF, suggesting the contribution of
the crystallographic plane to the elastic response of the calcitic prisms prior to the twinning-induced plasticity.

(Figure 5C). This allowed preparations of transmission electron microscopy (TEM)
samples, which covered an area extending from beneath the contact areas to pris-
tine regions (Figure 5C, ).

We investigated the sub-surface plastic deformation by applying bright-field diffrac-
tion contrast TEM. TEM samples were prepared by the so-called focused ion beam
(FIB) technique, which allows slicing thin sections of well-defined orientation. In the
present case, thin lamellae (thickness < 100 nm) were cut perpendicular to one edge
of the formed trigonal deformations beneath the contact area (Figures 5C and S9).
Our TEM observations revealed that the areas with lower contact strains (regions
in green) host the twinning-induced deformations (Figure 5C, ii) present in deforma-
tion-induced twinning along the (—102) planes. In contrast, the areas under higher
contact stresses (regions in red) result in dislocation deformations (Figure 5C, iii)
on (104) planes. Comparing the inclination angle of the pyramidal EDF and the crys-
tallographic angle of the (—102) plane suggests a contribution of the crystallo-
graphic plane to the elastic response of the calcitic prisms prior to the twinning-
induced plasticity. To the best of our knowledge, such a contribution of the
(=102) plane to the mechanical response of biological calcitic systems has not
been reported.*’*?

Conclusions

Despite the advances in the mechanical characterization of biological ceramics and
their geological counterparts,®'>?7#143-%5 3D and in operando imaging of EDFs in
materials research remains a challenging task, preventing a full assessment of com-
plex material deformation mechanisms. This has been mainly attributed to the lim-
itations and complexities in methodological approaches allowing the formation,
measurement, and visualization of the EDFs with suitable spatial resolution required
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for studying localized deformations. To address the current limitations, we devised
3D-RISM, an approach based on confocal Raman microspectroscopy combined with
a customized inverted miniaturized nanoindenter integrated into a translational
stage equipped with a large optical window. Together, they allow the mapping of
induced localized deformations beneath the contact loads, in operando, with submi-
cron spatial resolution, and in 3D.

We applied our method to study the evolution of indentation EDFs in two crystal sys-
tems of FAP and calcite and revealed how crystallographic structure influences the
development of EDFs. Our method substantially revealed a complex relationship
between the crystallographic organization of a biological ceramic with an externally
induced EDF in operando and in 3D, providing new insights into the role of materials
architecture in the distribution of elastic-inelastic deformations. Besides, our work
emphasizes the importance of spherical indentation to avoid the effect of azimuthal

directionality in the mechanical response of crystalline ceramics.***/

We demonstrated that 3D-RISM introduces an efficientapproach capable of (1) direct
visualization of the elastic deformations without simplifying assumptions about sur-
face roughness and Poisson’s ratio; (2) imaging elastic deformations perpendicular
to the loading directions, which allows mapping of azimuthal anisotropy of Poisson’s
ratio; (3) in operando mapping of deformation under varying applied loads, so con-
tact stresses can be increased stepwise, and the temporal evolution of elastic and in-
elastic deformation can be accurately imaged; (4) simultaneous 3D mapping of defor-
mation and chemical/structural features (sensitivity to both organic and inorganic
components), making our method an apt technique for studying elastic deformation
in biological materials; and (5) unraveling the structural roots of mechanical damage.
Therefore, we anticipate that 3D-RISM can be an important step toward a quantita-
tive understanding of the evolution of complex elastic deformations, which has
been poorly understood so far. Moreover, 3D-RISM opens new avenues for unravel-
ing the interplay between elastic anisotropy, materials’ microarchitecture, and me-
chanical performance in hybrid materials and microdevices. Our method can trans-
form our considerations of the significance of EDF geometries, their azimuthal
anisotropy, and their impact on the formation of mechanical damage.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information and resources should be directed to and will be ful-
filled by the lead contact, Shahrouz Amini (shahrouz.amini@mpikg.mpg.de).

Materials availability
This study did not generate new unique materials.

Data and code availability
All data generated during the study are available from the lead contact upon reason-
able request. This study did not generate a code.

Sample preparation

Geological apatite was bought from a local mineral shop and was sectioned perpen-
dicularly to the caxis of the sample. The c axis of the sample was selected according
to the hexagonal geometry of the crystal and was confirmed with polarized Raman
spectroscopy and X-ray diffraction. Geological calcite slices (001) were purchased
from a commercial source. Single crystal-like biological samples of P. nobilis were
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received from Y. Dauphin (Centre national de la recherche scientifique, Sorbonne
Université, Muséum National d'Histoire Naturelle), whose support is acknowledged
by the authors. The sample was sectioned perpendicular to the growth direction of
the shell (c axis of calcite). Samples were mechanically polished with P1200/4000-
grade silicon carbide paper and then 1-um diamond paste. After polishing, the dia-
mond particles and polishing debris were removed from the sample in an ultra-bath
of 50% ethanol for 5 min.

Microstructural imaging and characterization

Microstructural imaging was performed using FESEM (JEOL 7500F, Japan) at a low
5-kV accelerating voltage. The surface of polished samples was coated with Pt to
avoid charging effects during imaging.

Inverse nanoindentation

Inverse nanoindentation studies were performed using a piezo actuator with a step
size of 5 nm (Physical Instrument, USA) equipped with a miniature load cell (Futek,
USA) and a customized 125-pm cono-spherical diamond tip. A digital motion
controller (Physical Instrument, Germany) and MicroMove software (Physical Instru-
ment, Germany) were used to operate the piezo actuator. An in-line miniature load
cell (Futek) and Sensit software (Futek) were used for recording the loads during the
measurements. A metallic 2D stage composed of a lockable ring sandwiched be-
tween two frames was used for mounting and positioning the sample (Figure 1).
The samples were mounted on a fused quartz backplate (t = 1 mm) and then fixed
on the sample holder ring with a wide optical window of 11 mm. The position of
the sample was adjusted and fixed using four fine screws. Together, this combina-
tion allows the locking of the movable ring prior to loading the sample. The metallic
frame, stage, and optical window were fabricated in our in-house machine shop at
the Max Planck Institute of Colloids and Interfaces (Potsdam, Germany).

Depth-sensing nanoindentation

Nanoindentation was conducted using a triboindenter (TI-950 nanomechanical
tester, Hysitron, USA). To calculate the elastic-inelastic transition load of the sam-
ples, a 3D omni-probe high load transducer (Bruker, Hysitron) with a 125-um
cono-spherical fluid cell tip (Bruker, Hysitron) was used. To induce permanent me-
chanical deformations on the P. nobilis sample (Figures 4D, 4E, 4G, and 5C), a 3D
omni-probe equipped with a 50-pm cono-spherical fluid cell tip was used to facilitate
the formation of the residual impressions.

Friction coefficient measurement

Friction coefficient measurement on the FAP slice was performed using a tri-
boindenter (TI-950 nanomechanical tester, Hysitron) equipped with a cono-spher-
ical diamond tip (r = 125 pum) using a contact load of 1 mN. A scratch track of
100 pm was used for the measurements.

SPM

SPM was performed using a triboindenter (TI-950 nanomechanical tester, Hysitron)
equipped with a 2D transducer. The SPM images in Figures S1 and S8 were obtained
using Berkovich and cube corner indenters, respectively. A set load of 2 uN was used
for the mappings.

Raman spectroscopy

High-resolution Raman maps and point measurements were obtained using a confocal
Raman microscope (alpha300R, WITec, Ulm, Germany) together with a 532-nm laser
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source with a laser intensity of 40 mW (for geological samples)/30-35 mW (for biological
samples) and a X 20 objective lens with an NA of 0.35 (Carl Zeiss, Germany). A spectrom-
eter (UHTS 600, WITec) equipped with two gratings of 2,400 gr/mm (for P. nobilis shell
and geological calcite) and 1,800 gr/mm (for geological FAP) was used for the Raman
mappings. The acquisition parameters of each Raman map are reported in the figure
legends.

Data analysis

Collected Raman maps were processed for the removal of cosmic rays and background
prior to peak position analysis using Project Five (v.5.2, WITec). Next, the selected
peaks of 963 cm™" and 1,086 cm™", attributed to PO}~ and CO3~ groups in FAP
and calcite, respectively, were fitted using a Lorentzian fitting function using Project
Five (v.5.2). The color codes were assigned using the “Color Scale” tab of the software
forindividual 2D maps. The initial range of 2D Raman map scale bars was automatically
selected based on the lowest and highest Raman shifts. So, to generate correlative
maps for 3D reconstructions, the range of the assigned color codes was manually
defined by selecting the minimum and maximum peak shift values within the entire in-
dividual 2D scans. Plotting was done using OriginPro software. The 3D reconstruction
of the Raman maps was done using the Volume Viewer plugin of the ImageJ software.
The segmented pyramidal EDF (Figure 5B) was performed using Amira (v.6.5, FEI).

Numerical mapping of elastic modulus (E) and Poisson’s ratio (»)

Considering the anisotropy of the selected material models, the elastic constant of
|.>°> and Chen et al.,*®
tively, and then the elastic modulus (E) and Poisson'’s ratio (v31) maps for the required
directions were plotted using AnisoVis®* in MATLAB.

the FAP and calcite crystals was adapted from Sha eta respec-

Finite element modeling

3D nonlinear finite element modeling was employed to estimate the contact dy-
namics between the spherical diamond tip and the FAP sample. Surface-to-surface
contact between the two bodies was modeled with the specification of a hard normal
contact and a penalty tangential contact with a coefficient of friction of 0.23. The FAP
crystal was modeled as fully anisotropic following the stiffness matrix values in Sha
et al.?® The coefficient of friction was measured in a tribological experiment using
a diamond tip and the FAP sample (see friction coefficient measurement). The dia-
mond tip was modeled as isotropic material with a Young's modulus of 1,000 GPa
and Poisson’s ratio of 0.2. The model was simulated as displacement controlled
along the crystal ¢ axis and with a dynamic implicit solver using the commercial
modeling software Abaqus (Dassault Systemes, Simulia, RI, USA).

FIB lamella sample preparation

TEM lamellae were prepared using an FEI/Thermo Fisher Scientific Versa 3D dual-
beam scanning electron microscope/FIB with a Ga ion source. Lamellae were pre-
pared from the primary sample and thinned with ions at an accelerating voltage of
30 kV. They were then finally polished on both sides in the FIB with 5-kV and 2-kV
Ga ions at an angle of 4° and é°, respectively.

TEM

For the TEM investigations, a JEM-ARM200F (JEOL) was used, operated at an
acceleration voltage of 200 kV. This high-resolution electron microscope (double cor-
rected) was equipped with a goniometer, allowing the samples to be tilted up
to +30°. Thereby, the crystalline FIB lamellae could be investigated in different
appropriate crystallographic orientations, such as [100], [010], and [110]. Thereby,
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the formed/generated planar defects and dislocations could be analyzed. Forimaging
and analysis of these defects, the following TEM techniques were applied: (1) conven-
tional bright-field diffraction contrast, (2) high-resolution lattice plane imaging, and (3)
electron diffraction. The images were recorded by a 4k-OneView camera and analyzed
and processed by the Digital Micrograph software (Gatan, USA). For the simulation of
the crystal structure of the calcite lattice and its related electron diffraction pattern, the
CrystalMaker/SingleCrystal software was used (CrystalMaker Software).

EBSD

To understand the possible correlations between the induced microcracks and crystallo-
graphic orientation (rotation around the ¢ axis) of the P. nobilis prisms, EBSD measure-
ments were performed on indented samples (n = 10). First, polished prisms were in-
dented using a cono-spherical tip (r = 50 um) and an applied load of 700 mN to
induce microcracking. Then, EBSD measurements were carried out on the indented
prisms using a Hitachi SU5000 field emission SEM equipped with an EBSD detector (Ox-
ford Instruments). To prevent charging, sample surfaces were coated with 4-6 nm of car-
bon. During EBSD measurements, the SEM was operated at 20 kV. EBSD scans were
performed with a step size ranging from 200 to 400 nm. For obtaining color-coded crys-
tal orientation maps and corresponding pole figures, EBSD measurements were evalu-
ated with the Oxford Instruments AZTEC and CHANNEL 5 HKL software.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2024.06.006.
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