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Abstract

Biogenic minerals are often reported to be harder and tougher than their geological counterparts. However,
quantitative comparison of their mechanical properties, particularly fracture toughness, is still limited. Here
we provide a systematic comparison of geological calcite and two biogenic calcite, mollusk shell Atrina
rigida prisms and Placuna placenta laths, through nanoindentation under both dry and 90% relative
humidity conditions. Berkovich nanoindentation is used to reveal the mechanical anisotropy of calcite when
loaded on different crystallographic planes, i.e., reduced modulus E;(1014} = Er{1078) > Erfo0013 and
hardness Hyooo13 = H{1014} = H{1018}> and biogenic calcite has comparable modulus but increased hardness
than geological calcite. Based on conical nanoindentation, we elucidate that the activation of plastic
deformation in geological calcite at the low-load regime (< 20 mN), involving {1014} and f{1012}
dislocation slips as well as e{1018} twinning, while cleavage fracture dominates under higher loads by
cracking along {1014} planes. In comparison, biogenic calcite tends to undergo fracture, while the
intercrystalline interfaces contribute to damage confinement. In addition, increased humidity does not show
a significant influence on the properties of geological calcite and the single-crystal 4. rigida prisms,
however, the laminate composite based on biogenic calcite of P. placenta laths (layer thickness, ~250-300
nm) exhibits increased toughness and decreased hardness and modulus. This study provides a benchmark
for future investigations on biominerals and bioinspired materials.
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1. Introduction

In nature, organisms construct a variety of biomineralized composites for mechanics-related
functionalities, such as skeletal elements for body support and protection, and teeth for food consumption
(Dunlop and Fratzl, 2010; Eder et al., 2018; Meyers et al., 2008). Among known biogenic minerals, over
50% are calcium-based minerals, among which calcium carbonate is one of the primary mineral types
(Lowenstam and Weiner, 1989). The two common calcium carbonate polymorphs found in biomineral
composites are calcite and aragonite, which are found in the skeletal hard parts in various animal groups,
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such as echinoderms, mollusk shells, and arthropod exoskeletons, efc. (Lowenstam and Weiner, 1989;
Weiner and Addadi, 1997).

Calcite and aragonite are also commonly found in nature as geological (abiotic) crystals. These
crystals are often in twinned forms, i.e., different crystal domains joined together according to a specific
symmetry operation, including reflection, rotation, and inversion (Parsons, 2003), where the individual
domains are single crystals with continuous and periodic arrangement of the atoms. Single-crystal calcite
exhibits classic rhombohedral shape with exposed {1014} cleavage surfaces. In comparison, the biogenic
minerals are usually formed into micrometer-sized, often single-crystalline building blocks, which are often
surrounded by thin organic interfaces, forming hierarchical biomineralized composites. Such hierarchical
designs play a significant role in enhancing the mechanical properties of these materials (Jia et al., 2022;
Meyers et al., 2008; Wegst et al., 2014). For example, despite very high mineral contents (95-99 wt%), the
crossed-lamellar and nacreous structures in mollusk shells achieve toughness (in terms of work of fracture)
up to two to three orders magnitude higher than the corresponding monolithic minerals (Barthelat, 2010;
Kamat et al., 2000). In addition to the extensive research on the composite level, recently increasing amount
of work has also focused on the intrinsic features and properties of the biomineral building blocks (see our
recent review article at (Deng et al., 2022a)). Due to the biologically controlled mineralization processes,
biogenic minerals often enclose intracrystalline defects within the individual building blocks. In particular,
nanoscopic organic inclusions have been widely reported in a variety of biominerals, while other structural
features such as trace elements, residual strain, crystalline defects (e.g., amorphous phase, splitting crystal,
and nanogranular structure), and twinning have also been recognized (Deng et al., 2022a).

The aforementioned structural modifications have been used to rationalize the long-recognized
difference in mechanical properties between biogenic minerals and geological counterparts. Most
mechanical characterizations on biogenic and geological minerals in published works focused on the
indentation hardness and modulus. Our recent works provided additional comparison through uniaxial
compression on the micropillars milled by focused-ion beam (FIB) (Deng et al., 2020) and micro-bending
of the prismatic biominerals (Deng and Li, 2021). Take geological and biogenic calcite as an example. First,
extensive nanoindentation data has proved that biogenic calcite has higher hardness and comparable (or
slightly lower) modulus than geological calcite (Goetz et al., 2014; Kunitake et al., 2013; Moureaux et al.,
2010; Polishchuk et al., 2017; Presser et al., 2010). The hardness is commonly believed to have a linear
correlation with strength (Cheng and Cheng, 1998), and our micro-pillar compression study confirmed that
biogenic calcite has higher compressive strength (Deng et al., 2020). In addition, the geological and
biogenic calcite also exhibit different fracture characteristics, cleavage fracture in the former vs.
“conchoidal fracture” in the latter (Donnay and Pawson, 1969; Nissen, 1969), yet there has not been
systematic and quantitative characterizations on their fracture toughness.

Biogenic crystals are often highly textured. For example, the calcitic sea urchin spine has the
crystallographic c-axis parallel to the axial direction (Politi et al., 2004). The calcitic prisms from mollusk
shells have different variations in texture: Atrina rigida and Pinna nobilis prisms are single-crystal calcite
with c-axes parallel to their lengths (shell normal) (Deng et al., 2020; Reich et al., 2019), while crystal
splitting was found in some Pinctada prisms (P. fucata, P. margaritifera, and P. nigra) with sub-grains
showing gradual change of crystallographic orientations (Checa et al., 2013; Dauphin et al., 2019; Okumura
et al., 2010; Schoeppler et al., 2021). Other interesting examples include the foliated calcite laths in some
bivalves, which have their terminal/top faces of laths coincide with {1018} rhombohedral faces (Checa et
al., 2007). Due to the anisotropic nature of atomic arrangement, crystals exhibit anisotropic mechanical
properties. For example, calcite is the most compliant along the ¢ direction. Therefore, it is also of great
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interest to investigate the mechanical difference of the geological and biogenic calcite on different
crystallographic planes, which could correlate with the specialized mechanical functionalities in different
biomineral systems.

To probe the mechanical differences of biominerals at microscale, nanoindentation is a widely used
method. Using three-sided Berkovich or four-sided Vickers tips, the reduced modulus and hardness can be
measured easily; yet, such non-rotational-symmetric tip geometries lead to azimuthal dependence of the
measured properties, i.e., the indentation properties vary with the respective rotational angle between the
sample and tip orientations (Kunitake et al., 2013). This is especially prominent in monocrystalline
materials. For instance, the Berkovich hardness of calcite {0001} and 4. rigida crystals showed similar
variation trends with respect to the azimuthal angles (Bohm et al., 2019; Kunitake et al., 2013). Therefore,
conical tips with rotational symmetry may be used as an alternative to mitigate the azimuthal variations,
although the measured hardness was reported to be higher than that obtained from Berkovich
nanoindentation (Bhm et al., 2019). In addition, the azimuthal dependence (with non-rotational-symmetric
tips) may be more significant in cracking patterns under high loads (Carter et al., 1993), considering that
single-crystal calcite often develops cleavage along the {1014} planes. However, there has been no
systematic comparative study on the crystallography-dependent fracture behaviors in geological and
biogenic calcite.

Hydration levels are also believed to have a prominent influence on the mechanical properties of
biological materials. Generally, material hydration leads to decreased indentation hardness and modulus
but increased toughness (Labonte et al., 2017). Such trend is more significant in materials with small
hardness and modulus values (Labonte et al., 2017). Similar findings have also been reported in the macro-
scale testing, where the hydrated organic interfaces are expected to facilitate more extensive crack
deflection (X. W. Lietal., 2017). Yet, previous findings regarding the humidity influence on the mechanical
properties focused on the composite level of biomineralized structures. There is a lack of characterization
of the humidity influence on single-crystal biogenic calcite, as well as the systematic comparison between
geological and biogenic calcite.

In this work, a systematic nanoindentation study is conducted on biogenic and geological calcite to
quantitatively characterize and compare their mechanical properties and fracture behaviors on different
crystal planes. Two biogenic calcite systems are selected, 4. rigida prisms and P. placenta laths. The
horizontal cross section of A. rigida prisms corresponds to the crystallographic planes of calcite {0001},
while the top surface of P. placenta laths is close to calcite {1018} planes (Li and Ortiz, 2013).
Correspondingly, the geological calcite samples are prepared with the indentation surfaces of calcite {0001},
{1014}, and {1018} planes for direct comparison with biogenic calcite under both dry and 90% relative
humidity (RH) conditions. A Berkovich tip is used to characterize the hardness and modulus, while a conical
tip is used to characterize the fracture properties to avoid the azimuthal dependence. The aim of this work
is to provide a detailed characterization on the mechanical behaviors in calcite systems when loaded on
different crystallographic planes, and thus provide a benchmark for research on biomineralized composites
and bioinspired materials.

2. Materials and methods

Sample preparation. The bivalve shells A4. rigida were purchased from Gulf Specimen Marine Laboratories,

Inc. (FL, USA), and the pre-trimmed P. placenta shells (ca. 50 mm in diameter) were purchased from
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Seashell World (FL, USA). The mollusk shells were cut into small pieces, and the contaminates, algae, and
sand particles were removed. The geological calcite (Iceland spar) samples were purchased from Amazon
(Mexico product). The calcite samples with characteristic crystallographic surfaces ({0001}, {1014}, and
{1018}, Fig. S1) were obtained by cutting along specific orientations corresponding to their orientation
angles, where the crystallographic orientations were confirmed by electron backscattered diffraction
(EBSD). The biogenic and geological calcite samples were then cleaned with DI water sonicating and dried
in air before epoxy embedding (Epo-Fix, Electron Microscopy Sciences). After curing in epoxy, the
samples were polished on diamond lapping films (particles sizes of 15 um, 9 um, 6 um, 3 um, and 1 um)
and finished with colloidal silica suspension (particle size 40 nm) on a polishing cloth (Allied High Tech
Products, Inc.). The polished samples were further cleaned, sonicated, and dried in air before further
experiments.

Instrumented nanoindentation. Instrumented nanoindentation was conducted on NanoTest Vantage
platform 4 (Micro Materials, Wrexham, UK). A Berkovich tip (trigonal pyramid, semi-angle of az = 65.3°)
was used to measure the hardness H and reduced modulus £, on polished sample surfaces, while a conical
tip (tip radius Rc =5 pm, semi-angle ac = 45°) was used to characterize the fracture patterns. For Berkovich
nanoindentation, the diamond area function (DAF) of the tip (i.e., correlation between indentation depth
and contact area) was calibrated using the standard fused silica sample. The typical loading profile included
three stages, loading (15 s), holding (10 s), and unloading (15 s), and the maximum load was P = 2 mN.
Thermal drifting (30s) was also monitored near the end of each indentation when unloaded to 10% of the
maxim load. For statistical purpose, 25 indents were conducted on geological and biogenic calcite samples
with spacing of 10 um to avoid interactions between adjacent indents. Specially, the indents on A. rigida
were conducted on multiple prisms and only those away from the organic interfaces were selected for
analysis. The hardness Ho.r and indentation modulus Eo.p are quantified based on the standard Oliver-Pharr
(O-P) methodology (Oliver and Pharr, 1992). For conical nanoindentation, the maximum loads chosen were
Punax =10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 200, 300, 400, and 500 mN to generate a series of cracking
patterns at increasing loads, and 10-20 indents were conducted for each load to ensure statistical purpose.
The fracture toughness was estimated based on the correlation between crack lengths and indentation loads
(Fisher-Cripps, 2011). In addition, by controlling the relative humidity (RH), the Berkovich and conical
nanoindentations were conducted under dry (at room humidity of ca. 36% RH) and humid (90% RH)
conditions. A humidity cell was used to enclose the nanoindentation tip and the samples, while the humidity
was maintained and monitored in-situ through inlet of water vapor and a humidity sensor. The samples for
measurements under humid conditions were kept in the sealed humidity cell for over 3 hours for humidity
balance before testing. Of special attention, to avoid the azimuthal difference, the Berkovich
nanoindentation under dry and humid conditions were conducted without adjusting the tip/sample
orientations.

Scanning Electron Microscopy (SEM). The post-indentation samples were coated with ultra-thin Pd/Pt (ca.
10 nm in thickness) prior to electron microscope imaging. SEM images were acquired using FEI Quanta
600 FEG Environmental SEM with typical acceleration voltage of 20 kV and working distance of ca. 10
mm. Those images on the conical indents were then used for the measurements of indent size a and crack
length ¢, which were then used for comparative studies and toughness estimation.

Atomic Force Microscopy (AFM). The selected conical indents (Puax = 10-70 mN) on calcite samples were
scanned using AFM (Park Systems XE7). The non-contact mode was applied to obtain the 3D surface
topologies, and the cantilever used was PPP-NCHR (Nanosensors, Switzerland) with a nominal spring
constant of 42 N/m and a resonance frequency of 330 KHz. The collected images and the corresponding
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exported topology files were subsequently analyzed using Park Systems XEI software. Additional analysis
was conducted using MATLAB code to correct sample tilting and extract surface height profiles along the
characteristic paths of the fracture patterns.

Statistical analysis. The descriptive averages and standard deviations were used for all the measurements
in this paper wherever possible, including the Berkovich nanoindentation £, and H (Fig. 2 and Fig. S4),
and conical indentation measurements of crack lengths ¢ and indent sizes a (Fig. 3 and Figs. S8, S9). The
standard deviations of the data were plotted as error bars in the figures. In addition, two-sample ¢ tests were
conducted between the dry and humid comparative groups (Fig. 2 and Figs. S8, S9) and the biogenic vs.
geological calcite groups, i.e., calcite {0001} vs. 4. rigida, and calcite {1018} vs. P. placenta (Fig. S4).
Additional one-way ANOVA test was performed for the comparison among three Iceland spar samples
({0001}, {1014}, and {1018}). For any statistical significance at a level of 0.005, the comparative data
groups are marked by asterisks.

3. Results

3.1 Microstructure and crystallography of selected biogenic calcite examples

The calcite prisms (along the shell normal) were obtained from a marine bivalve 4. rigida (also
known as the rigid pen shells, Figure 1a,b), and the calcitic laths (along shell in-plane direction) were
obtained from another marine bivalve P. placenta (commonly known as the window pane oysters, Figure

le,f).

At the level of individual building blocks, the 4. rigida prisms have elongated rod-like geometries
with the length axis parallel to the shell normal (“N”, Figure 1¢). Horizontally polished sections reveal the
polygon-shaped cross sections of prisms joined by thin organic interfaces (ca. 500 nm in thickness, Figure
1d). The prisms measure ca. 20-50 pm in diameter and hundreds of micrometers in length. Each prism
diffracts as single-crystal calcite with c-axis (i.e., [0001] direction) parallel to the length axis (Deng and Li,
2021). Within the individual prisms, there are layered distribution of nanoscale intracrystalline organic
inclusions (height of ca. 5 nm and lateral span of ca.10 nm) parallel to the horizontal direction (Deng et al.,
2020; Li et al., 2011).

The P. placenta shell has lath-like building blocks with arrow-point ends and lateral coalesce, and
those building blocks stack into laminated structure (Figure 1g). The laths measure ca. 100-180 pum in
length, ca. 4-7 um in width, ca. 10° in tip angle, and ca. 250-350 nm in thickness, while the organic
interfaces measure ca. 2 nm sandwiched between adjacent mineral layers (Li and Ortiz, 2013). The
individual lath was confirmed to be single-crystal calcite with the shell surface close to {1018} planes of
calcite (Checa et al., 2007; Li and Ortiz, 2013). A large number of screw dislocation-like connection centers
(ca. 10®in each layer and ca. 2000 layers across the shell thickness) were found joining laths from adjacent
mineral layers, making the P. placenta shell a 3D composite (Li and Ortiz, 2015).

3.2 Berkovich nanoindentation: modulus and hardness

Nanoindentation based on Berkovich tips is a standard method in quantifying the modulus and
hardness of materials (Fisher-Cripps, 2011; Pharr, 1998). However, due to its three-sided geometry and the
in-plane variations of crystallographic orientations of biogenic calcite samples, the azimuthal effect is
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inevitable when Berkovich tips are used. Correspondingly, we conducted Berkovich nanoindentation tests
on multiple prisms in 4. rigida and multiple laths on P. placenta, and the averages and standard deviations
were used for comparison.

To determine the appropriate maximum indentation load P, a series of nanoindentation was
conducted on Iceland spar samples with P, from 0.5 to 10 mN (Fig. S2). At lower loads (Puax < 2 mN),
the indentation depths were very small (< 180 nm), and the local roughness of the sample surface played
an important role in the property measurement, leading to the large deviations. As the maximum load was
greater than 7 mN, cracking associated with fractured pieces being pushed outwards and upwards was
noticed on the sample surface, where the contact area for those indents were deviated from the predicted
results by indentation depth (i.e., DAF of the indentation tip) (Pharr and Oliver, 2004). Therefore, the
maximum load for our comparative Berkovich nanoindentations was set to be 2 mN (see representative
curves in Fig. S3), and the nanoindentation results £, and H for geological and biogenic calcite are
summarized in Fig. 2, Fig. S4 and Table 1. The reduced modulus E, is correlated with the material
properties of both the tip and the specimen,

1 1= 1=y
_ = +
E E E,

r 1

(D,

where E and v are the modulus and Poisson’s ratio for the calcite sample (v = 0.322) (Lin, 2013), and E;
and v; are the modulus and Poisson’s ratio for the diamond used in the Berkovich tip (E; = 1141 GPa, v; =
0.07), respectively.

The obtained hardness values for geological calcite {0001} agree with the value range reported in
previous studies, but the modulus results are slightly lower (Kunitake et al., 2013), possibly due to
variations in maximum loads (hence indentation depths) used in these tests. The general comparison of
Iceland spar samples indicates that E;r10743 = Er1018) > Erfo001}> While Hyooo1} = H1014} = Hy1078y for
dried conditions (Fig. S4). In addition, biogenic calcite showed comparable modulus to geological
counterparts, while the hardness was significantly enhanced. Compared with calcite {0001}, 4. rigida
prisms show about 21-28% increase in hardness; compared with calcite {1018}, P. placenta laths show 34-
69% increase in hardness and 6-16% decrease in reduced modulus.

We further investigated the influence of humidity on the mechanical properties. The results
revealed insignificant difference of hardness and modulus between dry and humid conditions for geological
calcite (Fig. 2). In contrast, biogenic calcites exhibit variations in humidity dependence. For P. placenta
laths, the hardness and reduced modulus showed significant decrease, 24% and 12%, respectively, while
for A. rigida prisms, the hardness and reduced modulus do not show significant differences based on two-
sample ¢ tests. Such difference between 4. rigida and P. placenta is attributed to the layered structure in P.
placenta, where the organic interfaces between the mineral layers are expected to be softer under humid
conditions (Labonte et al., 2017).

3.3 Conical nanoindentation: toughness and fracture behavior

Cracks can be more easily generated when sharp tips, such as Vickers and cube-corner, are used
for indentation tests, from which fracture behavior of materials can be studied using nanoindentation
(Fisher-Cripps, 2011). There are three types of indentation-induced cracks, including radial cracks formed
by hoop stresses, lateral cracks produced by tensile stress, and median cracks beneath the indents (Fig. S5)
(Fisher-Cripps, 2011). The lateral cracks are parallel with the indentation surface, and may lead to chipping
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of the material when extending to the surface, while the radial and median cracks are perpendicular to
indentation surface and will coalesce under heavy loads to form surface cracks extending from the indent
corners (Fisher-Cripps, 2011). Both the elastic and plastic force fields are responsible for crack extension,
which was usually modelled as the superposition of the plastic (residual) field in the unloaded regime plus
the field of an ideal elastic contact in both the loading and unloading regimes (Lawn et al., 1980). The
median/radial cracking system has long been recognized in more brittle materials, where the median crack
reaches its maximum growth at the maximum load (during loading stage), and the radial crack continues
its extension until complete unloading (Lawn et al., 1980). Especially, the radial cracks are related
empirically to toughness in the following form

1/2
E P
Kc = Z(EJ c3/2 (2)’

where E is the elastic modulus, H is the hardness, P is the maximum load, c is the maximum length of radial
crack measured from the indent crater, and y is an empirical non-dimensional constant (y = 0.040 for cube-
corner tips (Pharr, 1998) and y = 0.022 for Vickers and Berkovich tips (Miserez et al., 2008)). This
correlation was confirmed in different brittle materials, including amorphous glass, single crystals (e.g.,
silicon, sapphire, spinel, and Germanium), and polycrystal ceramics (Lawn et al., 1980; Pharr, 1998). The
indentation hardness H is given by

P P
"= A - aa’ )

where A is the contact area under indentation load P, a is the contact radius of the indent, and a is non-
dimensional geometric constant for the indentation tip (Fisher-Cripps, 2011). Based on the tip geometries,
o = 1.30 for three-sided tips (generating equilateral-triangle indents) and o = x for rotational-symmetric tips
(generating circular indents). Therefore, the measurement of indent size a and crack length ¢ can be used
to estimate mechanical properties of the materials,

( p j1/2 (E jm (ZPJM
a=|—| ,c=|— = 4).
aH H K.

These correlations have also been used to estimate the fracture toughness of some biomineralized
composites, including sponge biosilica (Monorhaphis chuni) (Miserez et al., 2008), mantis shrimp spearers
(Lysiosquilla) and smashers (Odontodactylus) (Amini et al., 2014), the parrotfish teeth (Chlorurus
microrhinos) (Marcus et al., 2017), and the black drum fish teeth (Pogonias cromis) (Deng et al., 2022b).
However, single-crystal calcite has shown strong azimuthal dependence in the modulus and hardness
(Bohm et al., 2019; Kunitake et al., 2013), which also exhibits preferred {1014} cleavage planes in the

inelastic regime. To avoid the azimuthal dependence induced by the tip, the axisymmetric conical tip (tip
radius Rc =5 pm, semi-angle ac = 45°) was used in characterizing the fracture patterns in this study.

3.3.1 Fracture toughness estimation

The conical nanoindentation was conducted with maximum load ranging from 10 mN to 500 mN,
and the representative indentation curves for geological and biogenic calcite samples with load range of 10-
100 mN are plotted in Figs. S6 and S7, respectively. To quantify the crack resistance, indent size a and
crack length ¢ were measured on each indent via post-indentation SEM imaging by constructing two
concentric circles, with the inner circle along the indent crater and outer circle enclosing the entire fracture
pattern (Fig. 3a-e). For measurements on A. rigida prisms, only those indents with surface cracks not
extended to organic interfaces were used and considered as fracture of biogenic calcite at intrinsic level,
i.e., properties of individual building blocks (Fig. 3d). On the other hand, due to the small sizes and

7



thickness of individual laths, surface cracks on P. placenta involved multiple laths and the organic
interfaces in between. Therefore, the crack length measurements on P. placenta shells were used to
determine the composite-level toughness of biogenic calcite (Fig. 3e).

Fig. 3f,g plot the crack measurements c against the indentation loads P for geological and biogenic
calcite under dry and 90% RH conditions, respectively. Under the same load, biogenic calcite samples
always have shorter cracks, indicating better performance in crack resistance. More detailed comparison on
the indent sizes and crack lengths on geological and biogenic calcite samples can be found in Figs. S8 and
S9. The linear fittings between the crack length ¢ and nanoindentation loads P agree with the
nanoindentation mechanics model in Eq. (3), which give good fitting with the fixed slope of 2/3 (Lawn et
al., 1980).

In order to quantify the fracture toughness, y is estimated to be 0.07 for the conical tip used here
(see Supplementary Notes 1-2 for more information for y estimation). The calculated fracture toughness for
geological and biogenic calcite samples are summarized in Table 1. From the comparison among geological
calcite samples, K (1018} > Kcf10143 > Kcgooory holds true for both dry and 90% RH conditions. For
biogenic calcite, the intrinsic toughness of A. rigida prisms has over three-fold increase compared to calcite
{0001}, while the composite toughness of P. placenta laths has over two-fold increase compared to calcite
{1018}.

Increased humidity did not have significant influence on the toughness estimation of geological
and biogenic calcite. This can also be evidenced from the two-sample ¢ tests of crack lengths ¢ under dry
and 90% RH conditions (Figs. S8, S9). However, indent sizes a showed noticeable increase under 90% RH
condition, which could correlate with the reduced hardness as defined by Eq. (3).

3.3.2 Fracture pattern characterization

The comparative results for geological and biogenic calcite samples are shown in Figs. 4-8,
including representative post-indentation SEM images (P = 30, 70, 100, and 500 mN) and indentation
curves (Pumax = 30, 70, and 100 mN). In addition, surface topology of selected indents (P = 10-70 mN)
was collected via AFM on geological calcite samples.

Previous studies on geological calcite reveal that the inelastic deformation mechanisms in calcite
involves twinning, dislocation slip/gliding, and brittle/cleavage fracture (Turner et al., 1954). In particular,
deformation twinning can be activated at low stress and temperatures, even though very limited amount of
strain was accommodated (Turner et al., 1954). Therefore, the strain initiated by plastic deformation must
be accommodated at the grain boundaries (in polycrystals) or via brittle fracture. This is also evident in the
present study (Figs. 4-6, and Fig. S10-15), where the dominating plastic deformation modes at low loads
were twinning and gliding along slip planes (Supplementary Notes 3) and cleavage fracture dominates the
deformation mechanism at high loads (Supplementary Notes 4).

For calcite {0001}, the crack patterns generally form an equilateral-triangle pattern (Fig. 4b). At
low loads (30-70 mN), the surface cracks exhibited deflected paths and were grouped in pairs towards the
three vertices (white dashed arrows in Fig. 4b-i,ii and Fig. S10). Defined straight boundaries were noticed
enclosing the surface cracks (white dashed triangle in Fig. 4b-iii), and occasional parallel kink bands were
formed when slip on a single slip plane is inadequate to accommodate deformation (white arrows, Fig. 4b-
i,iv). Here, material elevation between adjacent sets of cracks was induced by fractured pieces being pushed
outwards and upwards, which is different from the pile-ups of many elastic—plastic materials under
indentation (Pharr and Oliver, 2004). From the AFM tomography of the post indents, the three sides of
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material elevation have comparable heights; the line profiles across the indents show generally self-similar
profiles on the height elevation sides under increasing loads, while the opposite sides with crack extension
exhibit significant variations due to extensive damages and chipping (Fig. 4¢,d and Fig. S10). At higher
loads, three longest cracks with equivalent lengths extended straight from the indent crater (Fig. 4b-iii,iv).
Such cracking pattern agrees with the three-fold symmetry of calcite on the basal plane {0001}, while these
longest surface cracks extend along a-axes, which are 120° apart from each other and parallel to the three
sets of cleavage {1014} planes extending to the indented surface (Fig. 4e, Supplementary Note 4A, Fig.
S11).

When indented on calcite {1014}, the fracture patterns exhibit anisotropic feature, i.e., one side of
the indents have material elevation and chipping while the opposite side only shows shorter cracks at high
loads pattern (Fig. Sb). The fracture patterns follow an approximate reflection symmetry. Under low loads
(10-20 mN), inelastic deformation initiates by forming a straight crack near or across the indent (white
arrows in Fig. S12); as the load increases to 30 mN, material pileup was activated by the symmetric sets of
long cracks extended from the indent crater (yellow arrows in Fig. 5b-i). The two equivalent sets of cracks
correspond to the cleavage fracture, which form a 102° intersection angle on the indented surface (Fig. Se,
Supplementary Note 4B, and Fig. S13a,b). Some minor short cracks were also found on the opposite side
of the major cracks, which also propagate along cleavage planes (Fig. Sb-i). Correspondingly, the straight
parallel features should be likely induced by e{1018} twinning (white arrows in Fig. 5b-ii), which are
initiated at low loads (20-70 mN, Fig. S12). At higher loads, more extensive damage was observed
involving material chipping along the twinning boundaries, either chipping along one side (forming
intersection angle of ca. 141°, Fig. 5b-iii) or extending to both sides (Fig. Sb-iv). High-density twinning
bands were also observed on the chipped block (Fig. Sb-iii). As shown in Fig. Se, other than the r; and 73
cleavage planes (forming 102° intersection angle), crack also propagates along the r, cleavage planes,
which are parallel to but underneath the indented surface, similar to morphology of lateral cracks under
indentation (Fig. S5b) (Fisher-Cripps, 2011); material chipping could be induced by the underneath
cleavage crack extending to the indented surface, which exposes the underlying > cleavage planes (Fig.
Sb-iv, and Fig. S13). From the line profiles along the line of fracture pattern symmetry, the exposed
cleavage surfaces (from the 50 and 60 mN indents) are smooth and generally parallel to indented surface
(Fig. 5¢,d).

Similar to {1014}, the fracture pattern on calcite {1018} exhibits an anisotropic but reflection-
symmetric pattern (Fig. 6b). Under low loads, inelastic deformation first initiated via formation of parallel
crack near or within the indent craters (white arrows in Fig. S14); these high-density parallel cracks and
bands are believed to result from e{1018} twinning, which also has the highest Schmid factor among
different deformation modes (Supplementary Note 3, and Table S1). Later, symmetric fracture pattern was
observed on the indented surface, which can be depicted by a large isosceles triangle/trapezoid (two legs
defined by solid white lines) enclosing an X-shaped cracking pattern (solid yellow lines, Fig. 6b-iii). This
pattern was self-similar as the indentation loads increased, indicating a close correlation with the
crystallographic planes in calcite. There are two mechanisms contributing to the such cracking pattern
(Supplementary Note 4C): (1) cleavage cracks along two sets of {1014} planes at an intersecting angle of
ca. 92° (yellow solid lines in Fig. 6b-i,ii, Fig. 6e, and Fig. S15a,b); and (2) extensive cracking within the
boundaries defined by two equivalent slip systems {1012} with an intersecting angle of ca. 48° (white
solid lines in Fig. 6b-iii, Fig. S15¢,d). Note that the extended cleavage cracks are anisotropic with shorter
cracks towards the vertex angle of the fracture pattern. Under high loads, the fracture pattern might be better
described by an isosceles trapezoid instead, where the sides defined by slip systems f{1012} and the bases
defined by e{1018} twinning marked the boundaries (Fig. 6b-iii,iv), and extensive brittle fracture and
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fragmentation occurred within the boundaries. Generally, no large fragment of material chipping was
observed when indented on calcite {1018}; the corresponding line profiles along the symmetric line of the
fracture patterns show continuous smooth profiles on the pile-up side (Fig. 6c,d).

In comparison to geological calcite, biogenic calcite exhibits more confined fracture patterns (Figs.
7,8, and Fig. S16). For A. rigida prisms, the intrinsic fracture patterns at low loads generally followed the
three-fold symmetry comparable to calcite {0001}, yet the crack lengths on were much shorter (Fig. 7b-
i,ii, Fig. S16a). Since each prism diffracts as a single crystal, the continuous calcite matrix determines the
deformation mode, i.e., cleavage fracture along {1014} planes. With increasing loads, fracture patterns
became more isotropic with randomly oriented cracks (Fig. 7b-iii). Later under very high loads, the
intercrystalline organic interfaces start to play a role by effectively confining the damage (Fig. 7b-iv) (Deng
et al., 2020). For P. placenta laths, however, low-load indentations induced surface cracks that extended to
multiple laths (Fig. 8b-i,ii, and Fig. S16b). On individual laths, twin-like parallel bands were noticeable.
Under high loads, the indented surface exhibited localized damage with isotropic fracture pattern. It is
reported that the pervasive e-twinning in P. placenta laths, e3{0118} and e,{1108} to be specific, is
activated under nanoindentation loads, which acts as effective boundaries enclosing the damaged volume
and promotes extensive fragmentation for efficient energy dissipation (Li and Ortiz, 2014).

From the comparison of the low-load nanoindentation curves, it can be determined that geological
calcite exhibited less variations in the indentation depths at a given maximum load (Ad, Fig. S17) in
comparison to biogenic calcite samples, especially 4. rigida prisms. This could result from the structural
heterogeneity such as intracrystalline defects in biogenic samples. Crack initiation, as shown by the
deviation of the nanoindentation curves at the loading stage (arrows in Fig. 4-8a), also contributes to the
variations in the indentation depths. In addition, increased humidity to 90% RH did not have a noticeable
impact on the fracture patterns under the same load for both biogenic and geological calcite, yet larger
variations in indentation depths Ad were observed for biogenic calcite (Fig. S17).

4. Discussion

4.1 Intrinsic modulus and hardness in geological and biogenic calcite

Due to its anisotropic nature, the modulus and hardness measured on different crystallographic
planes of calcite showed variations. The stiffness and compliance matrices of calcite reported previously
vary (Ayoub et al., 2011; S. Li et al., 2017; Zhu et al., 2013), but the general trend of the elastic moduli is
similar, i.e., E¢r1078} > Et{0001} > Et{1014)» Where the subscript 7 indicates theoretical results. By using the
stiffness matrix of geological calcite reported in (S. Li et al., 2017), we obtained E(;91g) = 58.13 GPa,
Ett00013 = 57.57 GPa, and E(19743 = 56.18 GPa (Supplementary Note 1). In comparison, the reduced
moduli obtained from nanoindentation in this study show a different trend, where E 1974} (75.67 GPa) >
Er(1018y (74.04 GPa) > Er(001 (58.69 GPa). Also note that the elastic moduli calculated from Eq. (1) are
noticeably higher than the theoretical prediction (Table 1).

Such difference could be attributed to two aspects, loading conditions and azimuthal effects. First,
theoretical moduli derived from the stiffness matrix assumed uniaxial loadings, while nanoindentation
induced a complex 3D stress field associated with the tip geometries. From our previous results, uniaxial
compression on calcite micro-pillars along c-axis revealed an elastic modulus of 47.9 + 5.5 GPa (Deng et
al., 2020), lower than nanoindentation measurements. Second, azimuthal dependence induced by Berkovich
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tip might also influence the nanoindentation measurements, where the hardness and modulus obtained on
calcite {0001} were reported to vary at the ranges of 2.30 — 2.46 GPa and 76.9 — 67.5 GPa, respectively
(Kunitake et al., 2013). It can be expected that the azimuthal dependence on property measurements also
persists on calcite {1014} and {1018}, even though they would not have the same rotational correlations
with the respective angles between the Berkovich tip and the in-plane crystallographic orientations
(Kunitake et al., 2013).

By definition, hardness is the averaged stress defined by the indentation load over the area of
contact. It has been recognized that hardness is not an independent parameter, since the indentation hardness
H shows a general linear correlation with the reduced modulus E, for a wide range of materials (Labonte et
al., 2017). While E, is measured from the elastic recovery (unloading) stage, H is determined at the
maximum point of the loading stage, contributed by both reversible (elastic) and irreversible (plastic)
deformation (Fisher-Cripps, 2011). For nanoindentation on geological calcite, the measured hardness
ranges ca. 2.0-2.3 GPa, much higher than the pressure required to generate plastic deformation (below 0.5
GPa (Turner et al., 1954) or 0.96 GPa (Deng et al., 2020)). To characterize the material’s resistance, a
theoretical model was proposed by linking a spring and a slider in series, representing elastic and
irreversible deformation, respectively (Sakai, 1999). Therefore, the respective constitutive relationship for
the material is a combination of a linear elastic material model and a rigid-perfectly-plastic material model,
where the true resistance of the latter is defined as H; (Labonte et al., 2017),

H

(1-H/E, \2/tan p)’
where ¢ is the equivalent cone angle of the tip, which is defined by replacing the tip using a cone processing
the same diamond area function. For an ideal Berkovich tip (semi-angle oz = 65.3°), the equivalent cone
angle is ¢ = 70.3°; for the Berkovich tip used in the present study, the equivalent cone angle is ¢ = 73.4°
(Supplementary Note 5). The calculated true hardness H; are summarized in Table 1, which represent the
materials’ resistance against plastic deformation, Hero0013 > Heg1014) > Heq101s)-

%),

t

Compared to geological counterparts, biogenic calcite samples have comparable modulus but
significant higher hardness (Table 1 and Figs. S4). However, the comparative differences in the
prism/calcite-{0001} and lath/calcite-{10 1 8} should be attributed to different origins. First, the
prism/calcite-{0001} comparison revealed the mechanical significance of intracrystalline features within
biogenic single-crystals, including Mg substitutions (0.96 + 0.07 at.%) (Pokroy et al., 2006) and organic
inclusions (sizes of ca. 5-10 nm) (Li et al., 2011) in A. rigida prisms. Increased Mg correlates with linear
increase in the calcite hardness (Kunitake et al., 2012), accounting for ca. 20—50% of the hardness increase
in A. rigida prisms (Kunitake et al., 2013); while the intracrystalline inclusions strengthen biogenic calcite
by restricting dislocation motions (Deng et al., 2020). One the other hand, the intracrystalline organic
materials deteriorate the stiffness of biogenic calcite; the decrease in modulus was confirmed by micropillar
compression experiments (47.9 £ 5.5 GPa in geological calcite vs. 34.4 + 5.3 GPa in 4. rigida) (Deng et al.,
2020). Second, the mechanical difference between P. placenta laths and calcite {1018} involves the
contribution of the organic interfaces between lath lamellae. Under Berkovich indentation at Py = 2mN,
the indent depths on P. placenta reached ca. 150 nm (Fig. S3), which is approximately half of the lath
thickness (Li and Ortiz, 2013). The stress field was altered by the underlying organic interface, which
should be attributed to the decreased stiffness compared to calcite {1018} (Fig. S4a). Biogenic calcite has
higher true hardness H; compared to geological counterparts, indicating the enhanced resistance against
plastic deformation.
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In addition, mechanical anisotropy is an intrinsic characteristic in single crystals, which
characterizes the difference of mechanical properties when loaded along different directions. The general
characterizations of mechanical anisotropy involve many aspects, such as the elastic properties, strength,
toughness, etc., most of which are characterized by direct comparison of the measurements taken along
different directions or by taking their ratios. However, the characterizations of the elastic anisotropy in
single crystals are more complicated, which involve different anisotropy indices requiring the input of
stiffness/compliance matrix, shear sound-wave velocities, efc.(Ranganathan and Ostoja-Starzewski, 2008).
This is necessary to avoid the ignorance of contributions from any elastic stiffness/compliance tensors. In
the current study, even though the stiffness/compliance matrix of geological calcite are available from
literatures (Ayoub et al., 2011; S. Li et al., 2017; Zhu et al., 2013), we lack such information for biogenic
calcite. Correspondingly, the ratios of nanoindentation properties were taken as a simplified anisotropy
index here for comparison. In specific, geological calcite yields Egogo13/ Ef1018) = 0.78 — 0.85, while
biogenic calcite shows less elastic anisotropy Eqa rigida}/ Ep.placenta) = 0-85 — 1.05. It is therefore can be
inferred that the biogenic calcite samples exhibit less elastic anisotropy in comparison to geological calcite.
A previous indentation study reported the azimuthal dependence of nanoindentation modulus and hardness
on prism/calcite- {0001} surface (Kunitake et al., 2013), and in-plane anisotropy can be estimated by taking
the ratio between the minimum and maximum moduli, i.e., 0.88 for geological calcite, and 0.94 for A. rigida
prisms. This also indicates a decrease in elastic anisotropy in biogenic systems.

4.2 Inelastic deformation in geological and biogenic calcite

Under conical indentation, the inelastic deformation of geological calcite generally involves plastic
deformation (yielding by gliding along slip planes and/or twining) at low loads and brittle fracture
(including cleavage fracture and material chipping) at high loads. It is therefore interesting to compare the
activation sequence of different deformation modes in calcite with the calculated Schmid factors (for
prediction of plastic deformation, Supplementary Note 3) (De Bresser and Spiers, 1997, 1993); here, since
the nanoindentation was conducted at room temperature, only the deformation mechanisms activated at low
temperature regime (0 — 400 °C) are considered, which involves {1014} and f{1012} slips, and {1018}
twinning. In addition, the critical resolved shear stress (CRSS) should also be taken into account when
considering the activation of plastic deformation modes. Especially, at room temperature (25 °C), the CRSS
are ca. 190 MPa for {1014} slip, ca. 230 MPa for {1012} slip, and ca. 10 MPa for e{1018} twinning,
respectively (De Bresser and Spiers, 1997).

When loaded on calcite {0001}, the order of Schmid factors for slip and twinning system is
r{1014} > {1018} > f{1012} (Table S1). Yet, the extremely low CRSS for {1018} twinning should
facilitate its early activation, even though the twinning features were not observed from the post-indentation
surface observations (Fig. S10a-c). Later, the inelastic deformation was initiated by gliding along three
r{1014} slip systems. Such plastic deformation was also observed in calcite micro-pillars under uniaxial
compression, where classical {1014} slip steps and a large number of dislocation were confirmed via
transmission electron microscopy (TEM) (Deng et al., 2020). However, prevailing cracks were observed
on the post indents at P, = 20 mN (Fig. S10). It can be inferred that the {1014} slips alone could not
accommodate the plastic deformation, and cleavage fracture as well as occasional enveloping kink bands
are therefore activated. At lower loads (20-70 mN), the fracture patterns exhibited three pairs of deflected
cracks (Fig. 4b-i,ii, and Fig. S10), which are drastically different from the high-load fracture patterns
dominated by straight cleavage cracks (Fig. 4b-iii,iv). The difference in the low- and high-load fracture
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patterns could be attributed to these two deformation modes, i.e., 7{1014} slip dominating at low loads
while {1014} cleavage fracture dominating at high loads. In addition, the low-load fracture patterns do not
follow the ideal three-fold symmetry (Fig. 4b-i,ii, and Fig. S10). Possible reasons include the slight tilting
of the indented surface and/or the selective activation sequences of the three twinning-slip systems: (1)
tilting of the indented surface would undermine the equivalence of stress applied on the three systems; and
(2) since only one slip/cleavage system was activated at 20 mN (Fig. S10), it might be expected that the
one activated earlier could have longer crack extensions comparatively.

When loaded on calcite {1014}, the Schmid factors indicate {1012} > e{1018}> r{1014} (Table
S1). Similarly, {1018} twinning was activated at low loads (20-70 mN) due to the low CRSS, which
generated low-density of parallel marks (Fig. S12). Later, considering the comparable CRSS for f{1012}
and {1014} while much higher Schmid factor for {1012} slips (0.48) than {1014} slips (0.19), if
additional plastic deformation was activated, it would be f{1012} slip systems. Based on the geometric
correlations, the damage pattern initiated by gliding along the f{1012} slip systems would have an apex
angle of ca. 41° (Supplementary Note 4B, Fig. S13c,d); yet no such pattern were observed indicating no
activation of f{1012} slips (Fig. 5b, and Figs. S12). As the load increases, the two equivalent cleavage
{1014} planes were activated, forming a ca. 102° apex angle (Supplementary Note 4B, Fig. S13a,b). Thus,
the activation sequence of deformation modes on calcite {1014} also involves plastic deformation (e {1018}
twinning) at low loads and brittle fracture at high loads.

When loaded on calcite {1018}, the Schmid factors show e{1018} > f{1012} > r{1014} (Table
S1); similar to {1014} loading, there should be two f{1012} slip systems with the same Schmid factor
(0.47), comparable to the e{1018} twinning (0.48). From the experimental observations, e{1018} twinning
occurred at low loads due to the low CRSS (10 mN, Fig. S14), while two {1012} slip systems were
activated later and coupled with the e{1018} twinning (30 mN, Fig. 6b-i). Cracks along cleavage planes
{1014} were only observed later (30 mN in Fig. 6b, and 50 mN in Fig. S14).

In comparison to calcite {0001}, 4. rigida prism as an example of single-crystal biogenic calcite
exhibited three-fold cleavage fracture under low loads (Fig. 7b-ii), where no fracture pattern with three
pairs of deflected cracks was found (Figs. S16a). This suggests that the biogenic calcite still possesses
similar facture behavior of geological calcite while the plastic deformation (by twinning and slip) might be
suppressed in biogenic calcite. Our previous study compared the compressive deformation of geological
and biogenic calcite micro-pillars and provided similar conclusion that geological calcite exhibited plastic
deformation by slip dislocation, while the biogenic calcite deformed through brittle fracture (Deng et al.,
2020). Such differences were attributed to the intracrystalline organic inclusions, which impede the slip
motion (plastic deformation) and promote brittle fracture by crack coalesce, extensive channeling, and
deflection (Deng et al., 2020).

In summary, the inelastic deformation in calcite includes the plastic deformation (yielding by slip
and twinning) at low loads before the brittle fracture (cleavage) dominates at high loads. The activation
sequence of different deformation modes varies when loaded on different crystallographic planes, which
are generally predicted by the CRSS and Schmid’s law (Supplementary Note 3, Table S1).

An interesting comparison between the low-load and high-load fracture patterns on calcite {0001}
should be noted, where the former exhibited wavy and defected cracks (Fig. 4b-i,ii, and Fig. S10) in contrast
to the straight cracks in the latter (Fig. 4b-iii,iv); yet, cleavage fracture along {1014} planes was responsible
for both cases.
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Here we borrow the concepts of fracture cleavage and strain-slip cleavage from geological
structures to distinguish their difference (Wilson, 1982): fracture cleavage is retained for structures which
are unmetamorphosed (unchanged in form or nature), while strain-slip cleavage should be used for
structures which already possess schistosity (change of composition or structure by metamorphism). On
calcite {0001} for example, the fracture patterns with wavy cracks extending along {1014} slip planes are
likely induced after heavy plastic strain (e {1018} twinning) near the indent crater, which is similar to strain-
slip cleavage (Fig. 4b-i,ii); while later under high loads, when the long cracks extend far away from the
indents (where the surrounding material is not altered by plastic deformation), these cracks become straight
and clean-cut, which resembles fracture cleavage (Fig. 4b-iii,iv).

4.3 Brittle index of geological and biogenic calcite

In addition to fracture toughness, the brittle index /z is another index commonly used to predict
whether quasi-plastic deformation (yield) or fracture cracking is more likely to occur in ceramic materials,
defined by the ratio between the critical loads for the two respective failure modes,

p (DN Y HY
[ =—X=|=||— || —| R, 6
B P. [AJ(EQ[/}(KC] off (6),

where Py and Pc represent the critical loads for yield and cracking, D = 0.85 and A= 8.6x10* are constant
coefficients for quasi-plastic mode and fracture mode, respectively; E.;and Ry are the effective modulus
and effective radius depending on the materials and geometries of two contact surfaces (Rhee et al., 2001).
If Iz > 1, the material at the contact point has the tendency to deform by brittle cracking; while for 7z < 1,
the material is more prone to experience quasi-plastic yielding prior to cracking.

In the nanoindentation setting (conical diamond tip in contact with polished flat surface), E.y= E;
and R,y = Rc =5 um; the calculated /3 are summarized in Table 1, which are all much smaller than 1 due
to the small tip radius, proving quasi-plastic deformation mode as the initiation of inelastic deformation. It
can be interpreted that the larger the brittleness index, the more brittle the material. The /z prediction
matches with the toughness comparison, where Ipp piacenta} < IB{arigiaa; < Ip{1018) < Ip{1014) < Ip{0001}
and Kc{P.placenta} > Kc{A.rigida} > Kc{lOTS} > Kc{lOTAL} > Kc{OOOl} hold true for both dry and 90% RH
conditions.

It is also interesting to compare /3 against another index, true hardness H, H, is a measure for
resistance against plastic deformation, while /z is a measure of brittleness. For geological calcite
comparison, samples with higher H, (higher yielding point) also have higher /3 (more brittle fracture, lower
toughness K.), indicating the classic strength-toughness dilemma. However, biogenic calcite mitigates such
dilemma with increased H; and reduced [z via toughening mechanisms at both intrinsic and composite
structural levels. On one hand, the intracrystalline organic inclusions in A4. rigida prisms have been reported
to simultaneously strengthen and toughen the biomineral at the intrinsic level (Deng et al., 2020). While
the strengthening effect was induced by the impediment of dislocation slips, the increased toughness was
achieved by controlled crack initiation at regions with high-density of inclusions and deflected propagation
away from the cleavage planes (Deng et al., 2020). On the other hand, the organic interfaces between
adjacent biomineral units contribute to the composite-level toughening. For instance, the laminated
structure in P. placenta shells is comparable to the “brick-and-mortar” structure in nacre, which contributes
to toughening via extensive crack deflection, “sliding and pull-out” of laths, crack bridging, and viscoelastic
deformation of the organic interfaces (Wegst et al., 2014). Also, the screw-like connection centers joining

14



adjacent mineral layers help promote the formation of 3D microcrack networks, leading to additional energy
dissipation (Li and Ortiz, 2015). The {0118} deformation twinning in P. placenta also contributes
additional toughening while providing damage localization capability (Li and Ortiz, 2014).

4.4 Humidity influence in geological and biogenic calcite

For geological calcite, the increased hydration has been reported to reduce the microhardness
slightly when indented on different planes, including {1014}, {2134}, and {1010} (Westbrook and
Jorgensen, 1968). The corresponding changes could be attributed to the change of surface structure under
different relative humidity. Molecular dynamics (MD) simulation demonstrated the formation of two to
three prominent layers of water on calcite’s {1014} surface depending on the relative humidity, where the
water absorption on the surface at room temperature is not uniform (Rahaman et al., 2008). Similar
observations have been confirmed by systematic AFM studies, where the surface structure changes by ion
dissolution in the thin water layer at controlled humidity, which forms the nanoscale hillocks (height about
7.0 A) and trenches (depth about -3.5A) (Wojas et al., 2019). Another AFM study revealed that at room
temperature and 70% RH, an amorphous hydrated layer was formed on calcite {1014} surface, which then
served as a substrate for crystallization of vaterite. Therefore, the surface modifications (water layer or
amorphous hydrated layer) were expected to soften calcite, while the non-uniform water absorption and
formation of hillocks and trenches could cause greater variations in the measured properties (Table 1).
Even though the previous studies mostly focus on the {1014} cleavage surface, we might expect to observe
similar trend on other crystallographic planes. However, our results (Fig. 2, and Table 1) showed that the
increased humidity to 90% RH did not have significant influence on the hardness and modulus of geological
calcite. This is probably because the water/hydrated layer was too thin (magnitude of 10 A) compared to
the Berkovich indentation depth of ca. 175 nm (Fig. S3). The calculated true hardness H; does not show
obvious change under 90% RH condition except for the composite biogenic calcite P. placenta, indicating
that increased hydration induces plastic deformation by plasticizing or softening the organic interfaces
(Labonte et al., 2017).

In addition, other studies also reported decreased toughness of calcite when immersed in water
(Carter et al., 1991), and the surface energy y. for {1014} cleavage surface decreased from 0.32 to 0.15
J/m? when the immersing solution switched from ethylene glycol (ca. 3% water) to 100% water (Ryne et
al., 2011). The experiment results in this study, however, did not observe such drastic change between dry
and humid conditions, where only slight increase in toughness was observed in geological calcite (Table
1). Such discrepancy might be explained by the different testing conditions, where the double torsion tests
used in (Ryne et al., 2011) allowed for water penetration into the fracture surfaces and the humidified air
in the nanoindentation chamber here primarily induced interaction of water vapor with the surfaces for
geological calcite samples.

For biogenic calcite, increased humidity generally leads to the decrease in the hardness and reduced
modulus, and slight increase in toughness (Fig. 2, and Table 1). This is associated with the organic materials
in biogenic calcite at both intrinsic and composite levels, i.e., organics occluded inside the biominerals
(intracrystalline) and residing as interfaces between biominerals (intercrystalline). For example,
experimental evidence has shown that hydrated organic materials at the interfaces between nacre tablets
exhibited time-dependent viscoelastic deformation (Bezares et al., 2008), as well as stepwise unfolding and
recoverable folding of the proteinaceous fibers (Mohanty et al., 2008; Smith et al., 1999; Xu and Li, 2011).
Similarly, the interfacial organics between the prismatic calcite also exhibited close dependence on the

humidity, which reported the critical humidity between 60-70% for abrupt change of properties (Bayerlein
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et al., 2016). In comparison, there has been no direct mechanical characterizations on the intracrystalline
organic inclusions, due to experimental challenges. However, indirect insights can still be obtained based
on the deformation of biominerals. For examples, nanograin rotation and deformation were observed on
individual nacre tablets (Li et al., 2013, 2006; Stempfl¢ and Brendl¢, 2006), and it can be expected that the
viscoelastic or plastic deformation of the organic matrix between the nanograins should contribute and
facilitate the deformation of biominerals, especially in hydrated states.

5. Conclusions

The biogenic minerals are known to outperform the geological counterparts for their higher fracture
strength and enhanced damage resistance. The present study provides a benchmark for characterizing the
different mechanical properties of geological and biogenic calcite using comparative nanoindentation.

(1) Calcite shows anisotropic properties when loaded onto different crystallographic planes, where the
comparison of reduced modulus E, and hardness H indicates E10143 = Er1078) > Er{ooo1} and Hygo13
> H{1014) = H{1018)- In comparison, biogenic calcite (4. rigida prisms and P. placenta laths) showed
comparable modulus and increased hardness with respect to the geological counterparts.

(2) Conical tip can be used to quantify the toughness of geological and biogenic calcite based on the
correlation between crack lengths and indentation loads. Our results suggest the crack resistance in
calcite samples follow K (1078} > K¢ {1074} > Kc,0001}> While the biogenic calcite samples show at least
three-fold increase in the estimated toughness.

(3) The inelastic deformation on geological calcite induced by conical indentation at low loads (< 20 mN)
involves plastic yielding by {1014} and f{1012} slips and {1018} twinning. The activation sequence
of the slip and twinning modes observed can generally be predicted by the critical resolved shear stress
(CRSS) and Schmid’s law. Brittle fracture dominates at high loads by cleavage cracking along {1014}
planes.

(4) The increased humidity to 90% RH has insignificant influence on the hardness, modulus, and toughness
of geological calcite; however, it has a pronounced effect on the properties of biogenic calcite by
reducing the hardness and modulus and increasing the toughness, especially at the composite level (P.
placenta laths).
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Figures and Tables

Figure 1 (full width)

a Atrina rigida | b

Placuna Laths
placenta

Fig. 1| Selected biogenic minerals from mollusk shells, including (a-d) A. rigida prisms and (e-g) P. placenta
laths. (a,b,e,f) Schematic illustrations of (a,b) A. rigida and prismatic composites and (e,f) P. placenta bivalve shells
and lath assemblies. “N” indicates shell normal. (¢,d) SEM images of the polished (c) vertical and (d) horizontal cross-
sections of A. rigida prisms, respectively. (g) A top-view SEM image of the fractured P. placenta shell exposing the
laths.
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Figure 2 (full width)
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Fig. 2| Berkovich nanoindentation properties on biogenic and geological calcite under dry and humid (90% RH)
conditions, including (a) reduced modulus and (b) hardness, respectively. The histograms and error bars show the

average and standard deviation of each data set, respectively. The asterisks represent statistical significance at a level
of 0.005 via two sample #-tests.
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Figure 3 (full width)
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Fig. 3| Conical nanoindentation on geological and biogenic calcite samples and fracture toughness estimation.
(a-e) SEM images of representative indents at maximum load of 50 mN, including (a) calcite {0001}, (b) calcite
{1014}, (¢) calcite {1018}, (d) 4. rigida prism, and (e) P. placenta laths, where the yellow solid and dashed circles
mark the indent radius @ and crack length ¢, respectively. (f,g) Log-scale fitting of indentation crack lengths ¢ measured
on geological and biogenic calcite against indentation load P under (f) dry and (g) 90% RH conditions. The linear
fittings were conducted with fixed slopes 2/3, and corresponding adjusted R-square values are provided.
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Figure 4 (full width)
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Fig. 4| Conical nanoindentation on geological calcite {0001}. (a) Representative depth-load curves of conical
nanoindentation on calcite {0001} with maximum loads of 30, 70, and 100 mN under both dry and 90% RH. (b) SEM
images of representative post-indents with maximum loads of (i) 30 mN, (ii) 70 mN, (iii) 100 mN, and (iv) 500 mN,
respectively. The white dashed arrows indicate crack deflection, yellow solid lines indicate the paths of longest cracks
on the indented surface. Three a-axes of the calcite crystals are marked correspondingly. (¢) AFM topography of 20
mN and 60 mN indents after background correction. (d) Height profiles of the conical post-indents at maximum load
of 10-70 mN based on AFM, where the section line for the height profiles is highlighted by the white dashed arrow in
(¢). (e) Schematic of conical indentation on {0001} surface of a hexagonal calcite crystal, where the three sets of
{1014} cleavage planes (green) are highlighted.
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Figure 5 (full width)
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Fig. 5| Conical nanoindentation on geological calcite {1014}. (a) Representative depth-load curves of conical
nanoindentation on calcite {1014} with maximum loads of 30, 70, and 100 mN under both dry and 90% RH. (b) SEM
images of representative post-indents with maximum loads of (i) 30 mN, (ii) 70 mN, (iii) 100 mN, and (iv) 500 mN,
respectively. The yellow solid lines and arrows indicate the paths of cleavage cracks on the indented surface, the solid
white arrows point to parallel twinning. The projection of three a-axes (a -axes here) of the calcite crystals are marked
correspondingly. (¢) AFM topography of 20 mN and 60 mN indents after background correction. (d) Height profiles
of the conical post-indents at maximum load of 10-70 mN based on AFM, where the section line for the height profiles
is highlighted by the white dashed arrow in (¢). The dashed ellipses indicate the exposed smooth surfaces (of the 50
mN and 60 mN indents) after material chipping. (€) Schematic of conical indentation on {1014} surface (blue) in a
hexagonal calcite crystal, where the three sets of {1014} cleavage planes (green) are highlighted.
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Figure 6 (full width)
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Fig. 6| Conical nanoindentation on geological calcite {1018}. (a) Representative depth-load curves of conical
nanoindentation on calcite {1018} with maximum loads of 30, 70, and 100 mN under both dry and 90% RH. (b) SEM
images of representative post-indents with maximum loads of (i) 30 mN, (ii) 70 mN, (iii) 100 mN, and (iv) 500 mN,
respectively. The yellow solid lines and arrows indicate the paths of cleavage cracks along {1014} planes, the white
solid lines indicate the boundaries defined by {1012} slip systems, and the white arrows and dashed lines point to the
parallel e{1018} twinning bands. The projection of three a-axes (a -axes here) of the calcite crystals are marked
correspondingly. (¢) AFM topography of 20 mN and 60 mN indents after background correction. (d) Height profiles
of the conical post-indents at maximum load of 10-70 mN based on AFM, where the section line for the height profiles
is highlighted by the white dashed arrow in (c). (€) Schematic of conical indentation on {1018} surface (blue) in a
hexagonal calcite crystal, where the three sets of {1014} cleavage planes (green) are highlighted.
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Figure 7 (full width)
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Fig. 7| Conical nanoindentation on A. rigida prisms. (a) Representative displacement-load curves of conical
nanoindentation on 4. rigida prisms with maximum loads of 30, 70, and 100 mN under both dry and 90% RH. (b)
SEM images of representative post-indents with maximum loads of (i) 30 mN, (ii) 70 mN, and (iii) 100 mN, where
the fracture patterns were enclosed in individual prisms, as well as a (iv) 500 mN indent where the organic interfaces
confined the fracture pattern.
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Figure 8 (full width)
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Fig. 8| Conical nanoindentation on P. placenta laths. (a) Representative displacement-load curves of conical
nanoindentation on P. placenta lath composite with maximum loads of 30, 70, and 100 mN under both dry and 90%
RH. (b) SEM images of representative post-indents with maximum loads of (i) 30 mN, (ii) 70 mN, (iii) 100 mN, and
(iv) 500 mN, respectively. The white arrows indicate twinning features observed on P. placenta laths.
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Table 1. Nanoindentation properties of biogenic and geological calcite

Samples H (GPa) E; (GPa) E (GPa) K. (MPa-m'?) H;(GPa) Iz (x10%)
Calcite {0001} 2.29+0.13 58.69+2.74 5544+246 0.2031(0.1921 —0.2146) 3.47=+0.22 3.82
Calcite {1014} 221+£0.09 75.67+4.02 72.62+3.62 0.2507 (0.2336 -0.2692) 3.16+0.15 1.75
Dry Calcite {1018} 2.11+027 74.04+5.88 70.94+530 0.3615(0.3451-0.3788)  3.00+0.44 0.75
A. rigida, intrinsic 277+044 59.42+535 56.17+4.82 0.8626 (0.7698 —0.9666) 4.38 £0.78 0.37
P. placenta, composite  3.57+020  69.73+£3.45 6655+3.10 12344 (1.1770 — 1.2946) 5.81+038 033
Calcite {0001} 2.18+0.28 62.08+5.34 58.82+4.81 0.2243(0.2143-0.2347) 3.23+£0.48 2.55
90% Calcite {1014} 2.18+0.06 76.18+4.38 73.14+3.94 0.2688 (0.2431-0.2972) 3.11+£0.12 1.46
RH Calcite {1018} 2.03+023 7238+7.85 69.24+7.09 0.4410(0.4076-0.4772) 2.88+0.37 0.46
A. rigida, intrinsic 279+042 63.90+4.04 60.66+3.63 0.8319(0.7353-0.9413) 4.42+0.81 0.38
P. placenta, composite ~ 2.72+0.14  61.06+2.82 57.80+£2.53 12519 (1.1649 —1.3453) 4.27+0.25 0.16

*Hardness H and reduced modulus E, were directly obtained from nanoindentation, elastic modulus £ were calculated based on Eq. (1). Fracture toughness K. was
fitted form Eq. (4) and formatted as mean (min — max) values calculated from nanoindentation fitting. True hardness H,; defined as the true resistance against
irreversible deformation in Eq. (5), and the brittleness index is defined by Eq. (6).
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