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Biomineralizing organisms are widely praised for their ability to generate structural materials with
exceptional crystallographic control. While earlier studies highlighted near-to single-crystalline biominerals,
complex polycrystalline features are more widespread yet challenging to account for. Here, we propose
that biominerals whose crystal texture varies with depth are functionally graded materials. Using the
exemplary case of the nacro-prismatic pearl oyster Pinctada margaritifera, we demonstrate systematic
textural changes in a biogenic ceramic. This bivalve employs three synergistic mechanisms to generate a
texture gradient across its outer calcitic shell layer. This prismatic layer transitions from an initially weakly-
textured to a strongly-textured material. Such changes in texture cause a variation in Young's modulus
normal to the shell, owing to the anisotropic mechanical properties of the composing crystallites. Based on
Received 4th November 2021, finite-element simulations and indentation experiments on the bivalve shell, we conclude that such graded
Accepted 21st December 2021 bioceramics yield intrinsic toughening properties similar to those found in compositionally-graded synthetic
DOI: 10.1039/d1ma01031;j materials. Notwithstanding, the gradation concept of Pinctada margaritifera is unparalleled among synthetic
materials as it rests solely upon elastic anisotropy, making oyster shells potential blueprints for future
rsc.li/materials-advances bioinspired functional materials and damage-resistant ceramics.

|. Introduction

“ Department of Earth Sciences, University of Cambridge, Cambridge, CB2 3EQ, UK

b Department of Materials Science and Engineering, Institute of Glass and Ceramics Bi . 1 bi . . terials vital to the host
(WW3), Friedrich-Alexander University Erlangen-Niirnberg (FAU), Martensstrasse 5, lominerals are blogenic ceramic materials vital to the hos

91058 Erlangen, Germany organism’s survival as they perform critical functions, such
“ Lyles School of Civil Engineering, Purdue University, West Lafayette, as in sensors,"? armor,> or weaponry.*® Millions of years of
IN 47907-2051, Indiana, USA selection pressure have optimized the designs of biominerals to
“ Department of Materials Science and Engineering, Institute I and Interdisciplinary the extent that conserved structural motifs can serve today as

Center for Nanostructured Films (IZNF), Friedrich-Alexander University Erlangen- . irati for desioni £ " 1 terials.® As structural
Niirnberg (FAU), Cauerstr. 3, 91058 Erlangen, Germany mspiration for designing functional materials. S structura

¢ Jiilich Centre for Neutron Science JCNS, Forschungszentrum Jiilich GmbH, materials, biominerals are evolutionarily optimized to attain
Outstation at MLZ, Lichtenbergstr. 1, 85747 Garching, Germany both strength and toughness,” combining two material traits
fGeoZentrum Nordbayern — Mineralogy, Friedrich-Alexander University that are typlcally mutually exclusive.s ThUS, biominerals are

Erlangen-Niirnberg (FAU), Schlossgarten 5a, 91054 Erlangen, Germany biologically generated ceramics that address a classic material-
¢ Department of Earth and Environmental Sciences, University of Minnesota,

. . . 9
Minneapolis, 55455, USA design challenge, how to generate hard but non-brittle materials.
, . . . . .
"UMR CNRS 6282 Biogéosciences, Université de Bourgogne Franche-Comté, Nature’s common solution to this challenge is blending stiff and
6 Boulevard Gabriel, 21000 Dijon, France soft components in a hierarchical architecture spanning several
! Interdisciplinary Center for Functional Particle Systems (FPS), Friedrich-Alexander orders of length scale.'® This design trait of biominerals turns their
University Erlangen-Niirnberg (FAU), Haberstrasse 9a, 91058 Erlangen, Germany. mechanical response into a complex function of contributions

E-mail: stephan.e.wolf@fau.de . 11
i Electronic supplementary information (ESI) available: Experimental details and from different length scales.

supplementary figures: (S1) Macrophotograph of Pinctada margaritifera; (S2) Axes Damage evolution in a ceramic material is not solely gov-
of 2-10° lattice rotations within Group 1, transitional, and Group 2 prisms; ~erned by its microstructure (i.e., grain boundaries). It is affected
(S3) Stereoplots of Young’s modulus for different portions of the prismatic layer; by various phenomena’ with toughening mechanisms ranging
(S4) Nanoindentation analysis of compliant and stiff prisms of P. margaritifera; from crack tip interactions to crack tip Shielding and crack
(S5) Details on the finite-element modelling; (S6) Micrographs and EBDS maps of 1. 12 . . . C e .

Lo . o bridging.”* Mechanisms impacting crack initiation and propa-
the prismatic layer of Pinna nobilis; (S7) Small and very-small angle neutron . . . ~
scattering of powdered prisms. See DOI: 10.1039/d1ma01031j gation operate both near and in the distance to the crack tip,
# D. W. and J. H. contributed equally to this work. in its front and its wake."®'* In biominerals, intrinsic and

© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3,1527-1538 | 1527


http://orcid.org/0000-0003-4953-150X
http://orcid.org/0000-0002-9562-1429
http://orcid.org/0000-0003-0494-6795
http://orcid.org/0000-0002-3747-8097
http://crossmark.crossref.org/dialog/?doi=10.1039/d1ma01031j&domain=pdf&date_stamp=2022-01-04
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma01031j
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA003003

Open Access Article. Published on 21 December 2021. Downloaded on 10/25/2025 1:57:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

extrinsic toughening mechanisms have been identified that
synergistically contribute to its overall fracture toughness.®**™"”
Extrinsic mechanisms reduce the crack driving force and arise
from microstructural elements located either behind or in the
wake of the crack tip.®'*'>'® Crack-bridging ligaments, micro-
cracking, and crack deflection are extrinsic mechanisms common
to biominerals."*™*'°"** Intrinsic mechanisms work ahead of the
crack tip, and they are inherent to the material and independent
from discrete structural elements or interfaces.’>'* They increase
the resistance against crack initiation and growth, hindering
damage mechanisms.>'**>'® Uncoiling and fibrillar sliding in
collagen are classic examples of intrinsic toughening mechanisms
of biominerals.*"?

Biological materials often feature structural or compositional
gradients imparting a progressive change in specific material
properties.”> For example, such gradients were found to
increase contact damage resistance™**® or to confer inter-
facial strengthening and toughening. Stomatopods exem-
plify the efficacy of this design strategy.’” These mantis shrimps
are noted for their hunting style since they employ their dactyl
club as an ultrafast hammer to disrupt their preys’ shells and
exoskeletons. Multiple compositional gradients have been iden-
tified that provide the club with the required impact and
damage tolerance.* %2832

The black-lipped Polynesian pearl oyster Pinctada margariti-
fera (Pterioida order) is a prey for stomatopods;*" it is a marine
bivalve endemic to intertidal and subtidal habitats of coral
reefs. The shell of P. margaritifera consists of an inner layer
made from aragonitic nacre and an outer layer composed of
calcitic columnar prisms. The oyster P. margaritifera is not the
only specimen with a nacroprismatic shell design; a considerable
number of molluscs feature a comparable shell organization.**~*
Nacroprismatic bivalves are found in various habitats and feature
subtle differences in their shell structures while exhibiting
remarkable mechanical properties. For instance, the biogenic
and prismatic calcite layers of the bivalves Atrina rigida and Pinna
nobilis are 50-70% harder than geologic calcite.>*>® This
enhancement originates primarily from hindered dislocation
motion, induced by effects such as solid-solution strengthening
by Mg?* incorporation®”*® or composite strengthening by incor-
porated bio(macro)-molecules.>*™*> The shape of the tessellating
prisms is not crystallographically controlled; it results from the
shape-preserving transformation of an amorphous precursor.*>*%*’
It has been further shown that the morphogenesis of nacropris-
matic shells is guided by thermodynamic constraints, such as
directional solidification or grain growth,’®*° and its crystal-
lographic features by the mineralization kinetics.*®

Biogenic calcite that appears to be nearly single-crystalline
have attracted considerable attention.>'~>* However, only a few
species generate such uniform crystalline prisms, such as
P. nobilis or A. rigida, with their [c]-axes parallel to the growth
axis of the prisms and, thus, perpendicular to the shell surface.>*
The calcite prisms of other species are crystallographically
more complex, with various mapping experiments demonstra-
ting their polycrystallinity. Thus, these prisms are composed of
crystallographically iso-oriented subdomains (or crystallites)

23,29,30
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with distinct misorientation relative to their neighbors.>*°”~%°
In the present case of P. margaritifera, Checa et al. showed that
prisms initially consist of only one crystallographic subdomain,
which undergoes crystal lattice tilting and eventually splits into
independent subdomains.®® These subdomains progressively
align their [a]-axis with those of their neighbours’ subdomains,
a process that was explained in terms of growth competition
between individual crystallites within a single prism.®* Thus,
these crystallographic features appear as a by-product of a
biologically controlled crystal growth process®>®* with distinctly
fast kinetics of mineralization.>

A comparative study® on calcitic columnar prisms of seven
mollusc shells suggested a biological function of crystal-lattice
tilting beyond biomineral growth. It reported that calcite prisms
of the two pearl oysters Pinctada fucata and P. margaritifera show
the most pronounced crystal-lattice tilting and the highest
hardness while also featuring the smallest crystallite sizes.®®
It concluded that tilting crystal lattices are “the structural
property that confers increased hardness to the prisms of the
Pinctada species”.®® Macroscale crystal lattice tilting is micro-
scopically caused by a larger number of small-angle crystal
boundaries.®® Such crystallographic inhomogeneities are
indeed well known to harden materials by impeding dislocation
motion.®*>*” However, substantial hardening can also be
caused via the Hall-Petch effect, thus by smaller grain sizes,
as demonstrated in avian eggshells.®®

In this contribution, we fathom the peculiar crystallographic
layout of the prismatic calcite layer of P. margaritifera, through
electron backscatter diffraction (EBSD). We further apply a
range of complementary techniques, including indentation
experiments and stress-field simulations, to assess a potential
impact on mechanical properties. We demonstrate a systematic
crystallographic texture gradient across the entire prismatic
calcite layer that arises from two complementary mechanisms:
(i) a cross-over in the relative proportions of prisms with
different preferential orientation and (ii) crystal-lattice tilting
in individual prisms. The coaction of these two mechanisms
contributes to a less obvious mechanism, (iii) gradual ordering
of the entire prismatic layer by a transition from an initially
non- or weakly textured material to a strongly textured material.
The observed crystallographic texture gradient is a product of
these three well-concerted processes, an observation that led us
to conjecture that the textural changes are purposeful. Since a
crystal’s elastic modulus depends on its orientation, the texture
gradient causes a gradual change in elastic properties that
transforms the prismatic shell layer into a functionally graded
material. Finite-element models predict that a gradient in
Young’s modulus improves the material’s damage resistance
by imparting significant stress delocalization. Indentation
experiments on the prismatic layer of P. margaritifera indeed
show that these elastically graded prisms are optimized for
wear and contact damage and demonstrate a remarkable
increase in fracture toughness, compared to elastically homo-
genous prisms of P. nobilis. Based on these observations, we
conclude that biominerals with crystallographic texture gradi-
ents can be seen as functionally graded materials. If suitably

© 2022 The Author(s). Published by the Royal Society of Chemistry
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oriented and of sufficient magnitude, their elastic gradation
can impart stress delocalization, leading to a distinct enhance-
ment of a bioceramic’s fracture toughness and opening new
bioinspired avenues to damage-resistant ceramics.

[l. Results

We employed a range of methods to investigate the outer calcitic
layer of the bivalve shell Pinctada margaritifera (Fig. S1, ESIT),
which consists only of calcite columns separated by a peripris-
matic organic matrix (Fig. 1a and b). Prisms are composed of
crystallites, which form crystallographic subdomains if their
mutual misorientation is small.®* As shell growth proceeds from
the exterior to the interior by layer-by-layer deposition, the shell
records a time series progressing from the outside to the inside
of the shell (top to bottom in Fig. 1a and c-f).*

II.1. Electron backscatter diffraction (EBSD) analyses reveal
crystallographic texture gradients

Electron backscatter diffraction (EBSD) maps of the outer
calcitic layer show systematic crystallographic texture gradients
across its entire thickness, which arise from independent
crystallographic changes across length scales, from the crystal-
lite level up to the level of the entire prismatic layer.

The EBSD map presented in Fig. 1c covers the complete
cross-section of the prismatic layer between the exterior (top)
and interior (bottom) boundaries. The crystallographic orienta-
tions of the prisms define two end-member groups, with some
prisms being transitional between these end-members (Fig. 1d-f).
Many prisms near the shell’s exterior, Group 1, have [c]-axes
typically at less than ~50° to the growth direction (Fig. 1d).
However, the largest area fraction consists of prisms, Group 2,
with [c]-axes lying approximately within the plane of the shell
(Fig. 1e). Our classification is in line with recent studies reporting
on an unexpected growth direction of late prisms in P. margar-
itifera perpendicular to the [c]-axis, i.e., of Group 2 prisms in our
terminology.®’

A smaller set of prisms, termed ‘transitional’, have [c]-axes
that start in similar orientations to those of Group 1. However,
during progressive growth, the [c]-axes of their intraprismatic
crystallites rotate by up to 68° to lie approximately within the
plane of the shell (Fig. 1f); they represent a transmutation of
Group 1 prisms into Group 2 prisms. All prisms contain
significant orientation gradients, with [c]-axis orientations typi-
cally varying by several tens of degrees within a single prism, as
illustrated in detail in Fig. 2. This phenomenon of crystal-lattice
tilting has been first described by Checa and co-workers.®*

In all groups, the misorientation axes of domain boundaries
with misorientation angles in the range 2-10° are parallel to
either an (a)-axis or {m}-pole, i.e., {1120} or {1010} However,
these misorientation axes have different spatial orientations in
each group of prisms (due to their different crystal orienta-
tions), leading to differing evolution of lattice orientation
during prism growth (Fig. S2, ESIT). The axes of lattice rotation
in Group-1 prisms are typically oblique to both the plane of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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shell and to the growth direction (Fig. 2a and Fig. S2, ESIt).
Thus, the crystal-lattice tilting in Group 1 prisms rotates the
[c]-axis towards the plane of the shell during progressive growth,
but their growth terminates before their [c]-axes reach the plane
of the shell. In Group 2 prisms, out of the three symmetrical
equivalents of both {m}-poles and/or (a)-axes, rotation commonly
occurs around the variant parallel to the growth direction
(Fig. 2b). This constrains the [c]-axes of Group 2 prisms to remain
within the plane of the shell during growth. In transitional
prisms, the [c]-axes become aligned parallel to the plane of the
shell and remain so during extensive further growth (Fig. 2c).
Consequently, in all groups, [c]-axes either rotate toward and/or
remain within the plane of the shell during progressive growth.

Overall, we observe a texture gradient due to two apparent
mechanisms: (i) changes in the relative proportions of prisms
from Groups 1 and 2; and (i) crystal-lattice tilting, ie., systematic
crystallite-to-crystallite rotations (thus of subdomains within
prisms), progressively aligning the (a) and {m} directions with the
growth direction and the [c]-direction with the plane of the shell.

The first mechanism can be easily explained by Grigor’ev
crystal-growth competition on the prism level, in which crystals
with their fastest growth axis oriented approximately perpendi-
cular to the substrate outcompete others and dominate the late
stage of prism growth.”® The crystallographic orientation of the
prisms and their geometrical evolution indeed indicate that prism
growth rates are crystallographically controlled and that (a) and/or
{m} are the fastest growth directions in this mineralization system.
For calcite, growth along the [c]-axis is commonly fastest during
growth from solution. However, under diffusion-limited condi-
tions, such as by the action of face-specific growth inhibitors or
under spherulitic and pseudomorphic growth conditions, other
growth directions may take over.*®

The second mechanism, crystal lattice tilting, is well-
documented in synthetic crystalline materials, such as calcite films
generated via a nonclassical biomimetic crystallization route.®®”*
In such materials, occluded impurities trigger largely uncontrolled
autodeformation and non-crystallographic branching. Specia-
lized intracrystalline biomineralization proteins possibly trigger
the misorientations in P. margaritifera by comparable, but
precisely controlled, mechanisms, as suggested by Checa and
co-workers.”>°!

The coaction of these two mechanisms enable a third mecha-
nism: (iii) gradual crystallographic ordering. The combination of
mechanisms (i) and (ii) yields both a textural gradient and an
increasing texture strength. Prisms of Group 2 (Fig. 1f) have a
stronger texture (evident as tighter clusters in the pole figures)
than prisms of Group 1 (Fig. 1d). This effect can be quantified
using the J-index,”* which provides a measure of texture strength.
Group 1 has a J-index of 5.5, whereas Group 2 has a J-index of 8.9.
This contrast in texture strength records a progressive disorder-to-
order transition across the shell thickness.

I1.2. Crystallographic gradients modulate mechanical
properties

The texture gradients inevitably change the directional mechan-
ical properties of the entire prismatic layer as the constitutive
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Fig. 1 Crystallographic orientations in the prismatic layer of Pinctada margaritifera. (a and b) Polarized reflected light micrographs of sections of the
prismatic layer perpendicular and parallel to the shell surface. (c—f) EBSD maps and corresponding pole figures for the complete dataset and subsets of
Group-1 prisms, Group-2 prisms, and transitional prisms. All maps and pole figures are in the same reference frame and are colored according to the
inverse-pole-figure legend indicating the crystallographic direction aligned with the Y-direction of the map, i.e., perpendicular to the shell surface. The
inset images in subfigure d and e indicate typical crystal orientations within each group.

crystallites have anisotropic mechanical properties. We demon-
strate this effect using the directionality of Young’s modulus in
calcite, illustrated in Fig. 3a, as the anisotropic elastic properties
of constituent crystallites control the effective stiffness of the
prismatic layer. We employed effective-medium theory based on

1530 | Mater. Adv., 2022, 3,1527-1538

crystal orientation distributions and the anisotropic elastic
stiffness tensor for calcite to estimate Young’s modulus
perpendicular to the shell surface.”>”* Mechanical properties
in this direction are of particular interest as this is a likely
direction of impacts to the shell.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Gradients in crystallographic orientation within calcite prisms of P. margaritifera. Maps and pole figures of Group-1, Group-2, and transitional
prisms colored according to the inverse pole figure for the Y-direction, inset in Fig. 1c.
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(a) Three-dimensional visualization of the anisotropic Young's modulus in a calcite single crystal. (b) Young's modulus in Y-direction averaged per

line and H*/E?, a measure of wear resistance, as a function of distance from the shell exterior. (c) Calculated Young's modulus in the Y-direction of the
map, i.e., perpendicular to the shell’s surface and, thus, parallel to the growth direction.

In P. margaritifera, the Young’s modulus exhibits systematic
gradients across the mapped area, both within individual
prisms (Fig. 3c), and across the overall microstructure
(Fig. 3b). Fig. 3b demonstrates that, in general, the Young’s
modulus normal to the shell surface increases with progressive
growth. The initially low and heterogeneous Young’s modulus
is gradually transformed into a high and homogeneous Young’s
modulus during the first ~0 pm of growth of the prismatic
layer (Fig. 3b and c and Fig. S3, ESI¥).

The variable elastic properties necessarily alter the macro-
scale mechanical performance of the prismatic layer, which is

© 2022 The Author(s). Published by the Royal Society of Chemistry

crucial for the mechanical resistance of the protective shell.
We performed nano-indentation parallel to the growth direc-
tion at a range of depth positions within the prismatic layer,
which revealed the hardness to be approximately constant
at 4.28 *+ 0.35 GPa. This value agrees well with the literature
and is comparable to other nacroprismatic bivalves such as
P. nobilis.**”> As wear resistance scales with the relation
H™E" (m > n > 1), where H denotes the hardness and E the
elastic modulus,”® wear resistance of the prismatic layer is high-
est at the exterior where the material is most compliant (Fig. 3b).
Furthermore, we experimentally characterized intraprismatic

Mater. Adv., 2022, 3,1527-1538 | 1531
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crack initiation by nano-indentation, which probes length scales
up to a few micrometers.””””® Displacement bursts in the con-
tinuous load-displacement curves coincided with the appearance
of visible cracks and therefore resulted from crack initiation
(Fig. S4, ESIT). The probability distributions of crack initiation
as a function of the indentation force demonstrate that the
compliant prisms of Group 1, which dominate the shell exterior,
consistently require greater indenter loads to initiate fracture
than the stiffer prisms of Group 2 (Fig. S4e, ESIt). This shows that
the mechanical properties of the prismatic layer of P. margaritifera
are optimized for resistance to wear and surface damage.

IL3. Elastic gradients modulate a material’s stress field

The progressively changing crystal texture, which imparts a
change in stiffness normal to the shell surface, may thus trans-
form the prismatic layer into a functionally graded material.
Theoretical studies found that elastic gradients can confer distinct
flaw-tolerance through their impact on stress distribution, albeit
this effect is sensitive to other material characteristics, such as the
Poisson’s ratio.®*"®> Only an elastic gradient that shows a suitable
orientation and a sufficient elastic variation can reduce the stress
at a crack tip and therefore intrinsically toughen a given material.
Experimentally, Suresh and co-workers have impressively
evidenced improved contact-damage tolerance for the case of
compositionally-graded silicon nitrides.**® Such results could
imply an additional biological function of graded textures in
biominerals: crystallographic gradients may serve as a toughening
motif increasing the contact-damage tolerance of mineralized
armatures. However, this raises the question of whether the
observed change in the elastic modulus is already sufficient and
suitable to allow for similar toughening mechanisms.

To address this question, we employed finite-element mod-
elling simulations. In these simulations, we studied a surface
crack under a tensile load by subjecting a notched strip of
material to a pure remote mode I loading. We compared a
reference model characterized by a homogenous Young’s mod-
ulus with models that feature graded, inverse graded, or
discrete multi-layered Young’s moduli in vertical direction
under identical loading conditions (Fig. S5, ESIT). The purpose
of these simulations is to provide insights into the role of
gradients on the local stress intensity factor. We surmise that
resistance to crack propagation provides a local hardening
mechanism that contributes to the delocalization of micro-
cracks, and thus, contributing to the overall toughness of the
material. We hypothesize that the effect of grain orientation
and anisotropy has a lesser effect, where the resistance to crack
propagation is mainly driven by the gradient in the stiffness.
For each case, the fracture resistance was quantified in terms of
the predicted stress-intensity factor (K;) as a function of crack
length, plotted in Fig. 4a and b. In these simulations, the
graded model outperforms all control materials by exhibiting
the lowest stress intensity factor. The graded model experiences
stress-intensity factors up to 20% lower than the homogenous
material, and thus such a structure would lead to a notable
improvement in fracture resistance. By distributing the stress
widely across the bulk, the gradient improves the damage
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tolerance as it diminishes the stress intensity at the crack tip,
as illustrated in Fig. 4c. In contrast and as a control, the
opposite is true when the gradient is reversed. These simula-
tions show that the observed elastic gradient is already suffi-
cient to have a notable effect on the fracture toughness of a
given material.

We undertook indentation experiments to validate these
theoretical predictions. Based on these simulations, one would
predict that the graded prismatic layer found in P. margaritifera
features improved damage resistance compared to a non-
graded counterpart. Such a non-graded control is essentially
given by the prismatic calcite layer of P. nobilis: it is composed
of co-oriented crystallites with [c]-axes normal to the plane of
the shell, thus, with a crystallographic orientation similar to
Group-1 prisms of P. margaritifera, see Fig. S6 (ESIT).**%¢ we
undertook indentation experiments, in which we compare
P. margaritifera to P. nobilis, which can be seen as an elastically
homogenous counterpart, along with geological calcite as a
reference. Crack formation caused by the employed indentation
experiments has been shown to occur under mode I loading,
making these experiments comparable to our simulations.?”-*®
To probe the impact of the observed elastic gradient on the
fracture toughness, we conducted Vickers microhardness tests.
In the case of brittle solids, these tests probe depth ranges of
approximately 75-100 um, the scale over which Young’s modulus
of the oyster shell varies on the order of 25%. Vickers indentation
under identical loading conditions resulted in an extended frac-
ture, shattering, and disaggregation of both geological calcite and
P. nobilis prisms in and around the indents, illustrated in Fig. 4d.
In stark contrast, P. margaritifera endured the indentation with
only minimal fracture. The Vickers tests further allowed for
quantification of the materials’ fracture toughness. Geological
calcite exhibited a fracture toughness of 0.34 + 0.04 MPa m™ ',
whereas P. nobilis demonstrated a distinctly increased fracture
toughness of 1.16 & 0.49 MPa m ', which we attribute to its
hierarchical organization (see below). The crystallographically
graded prismatic layer of P. margaritifera surpasses even P. nobilis,
with a superior fracture toughness of 3.15 & 1.86 MPa m™'. The
superior mechanical performance of the prismatic layer of
P. margaritifera demonstrates an optimized damage resistance.

Hardening and toughening may also arise by other, poten-
tially unidentified structural features, such as changes in the
hierarchical and ultrastructural organization or changes in the
crystallite size, as discussed in the introduction. The typical size
of prism of P. nobilis (Fig. S6 and Fig. 4d) appears to be larger
than that Group I prisms of P. margaritifera (Fig. 2 and 4d)
whereas Group 2 and transitional prisms (Fig. 1 and 2) are
comparable in diameter. Our modelling does not capture this
gradual increase in prism diameter, as the analysis of crack
path deviation caused by the periprismatic sheaths are beyond
the scope of this study. To assure that prisms of both species
feature a similar internal ultrastructural organization and
are thus indeed comparable, we employed both small-angle
neutron scattering and anisotropic Scherrer analyses. Both,
P. margaritifera and P. nobilis have been repeatedly reported
to feature a similar ultrastructure with nanograins a few tens of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Mechanical impacts of the functional gradient in P. margaritifera predicted by finite-element modelling and tested by Vickers microindentation. (a)
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stress (a.,) around a 25 um crack. (d) Optical micrographs of comparative Vickers microhardness tests on P. margaritifera, P. nobilis, and geological calcite.

nanometres in size,*"**®"%%% which similarly have been found Scherrer analyses,”® which provided spatial dimensions of the
in other calcareous biominerals, such as nacre.®*°°°> We coherently scattering domains. In the case of geological calcite,

probed the sub-prismatic crystallite morphology by anisotropic the crystallite sizes were beyond the range of this approach
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(>1000 nm), which demonstrates that this control calcite was
well-crystalline. In contrast, we found that the crystallite
morphologies in prisms of both bivalves feature a notable
and comparable asymmetric layout. Their coherently scattering
domains largely stretch out in the (%k0) directions (>1000 nm),
but they are confined to some few hundreds of nanometres in
the (001) direction. Thus, the crystalline domains of P. nobilis
and P. margaritifera prisms have both a prolate shape with
comparable aspect ratios and lateral dimensions of 200 £ 50 nm
and 450 £+ 200 nm, respectively. It should be noted that recent
ptychography studies demonstrated that crystalline coherence also
expand across a couple of granules.”

Small-angle neutron scattering (SANS) in the small- and very-
small angle regime confirmed that the hierarchical organization
of prisms extracted from both species is comparable, especially
on the sub-micron length scale. Both types of calcite prisms are
fractal materials characterized by a Porod exponent of 3, which
suggests a three-dimensional network of particles.” This infer-
ence is consistent with the observation that bivalve shell growth
can proceed via the aggregation of nanosized particles.®> A
multi-level Beaucage fit reveals further structural elements
across scales; thus, a hierarchical order of building units, see
Fig. S7 (ESI}).°® The powdered calcite prisms of P. nobilis are
composed of three different units with diameters of approxi-
mately 0.55 pm, 45 nm, and 1.4 nm, respectively. In P. margar-
itifera, again, three structural units are found, with similar
characteristic gyration radii of 0.87 um, 40.8 nm, and 2.2 nm.
We assume that the structural units with a diameter of 0.55 and
0.87 um reflect the particle sizes of the powdered samples as no
larger units are detected. The following structural elements with
an approximate diameter of about 40 nm fit well with the reported
size of the mineral nanogranules,*"*%38 whose self-assembly
probably drives shell formation in these bivalves.®**® The smallest
component identified by SANS is in the low nanometre range.
Their diameter is consistent with reports on the intergranular
organic matrix, which can be described as a holey organic envelope
of the nanogranules or an extended interstitial network with a
1-2 nm thickness.******” We also determined the mass fraction
of this intracrystalline organic matrix by thermogravimetric analy-
sis (TGA) and found a similar amount of about 0.5-1% in both
species. The results obtained from two different scattering meth-
ods and TGA validate our assumption that the prismatic layer of
P. nobilis represents a comparable but non-graded counterpart to
the crystallographically graded prismatic layer of P. margaritifera.

[1l. Discussion and conclusions

Our results demonstrate that, concealed by the crystallographic
complexity of its shell, the black-lipped pearl oyster employs
three mechanisms to systematically generate a crystallographic
texture gradient across its entire prismatic calcite layer. We
identified two evident and complementary mechanisms that
act on different length scales: (i) crystal-lattice tilting within
prisms and (ii) a ratio cross-over of prisms with different
preferred crystal orientations. The synergistic cooperation of
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these two phenomena gives rise to a rather concealed third
mechanism: (iii) gradual ordering, ie., a disorder-to-order
transition from weak to strong texture. The gradual change in
crystallographic texture is inevitably accompanied by a gradual
change in directional elastic properties since the constituting
crystallites are elastically anisotropic. We tested by finite-element
modelling whether the elastic gradient observed in P. margaritifera
would be suitably oriented and sufficient in magnitude to impart
stress delocalization, as reported in the case of compositionally-
graded synthetic ceramics. These simulations confirm that the
observed gradients are suitable and can provide considerable
intrinsic toughening.

By employing nano-indentation and Vickers indentation, we
validated that the mechanical performance of P. margaritifera is
indeed commensurate with the expected mechanical behaviour
of an elastically-graded material. Nano-indentation experi-
ments showed that the prismatic layer is optimized concerning
wear resistance, as it exposes its most compliant surface to the
environment. This directional layout provides another benefi-
cial effect; greater loads are needed to initiate fracture, further
optimizing the shell’s resistance against sharp contact damage.
Based on the finite-element simulations, one would expect that
an elastically graded prismatic layer features an increased frac-
ture toughness compared to a non-graded, homogenous pris-
matic layer. Vickers indentation, which probes depth ranges
commensurate with the dimensions of the observed gradient,
found that the prismatic layer of P. margaritifera features a
fracture toughness of 3.15 4 1.86 MPa m™ . This value surpasses
the fracture toughness of the elastically-homogenous prismatic
layer of P. nobilis (1.16 + 0.49 MPa m™ ). However, this value
cannot be quantitatively compared with our finite element pre-
dictions, which captures only the local toughening due to the
elastic gradient. Such localized intrinsic toughening enables
additional extrinsic mechanisms (i.e., microcracking), which
promote the spread of damage to a greater volume, thereby
increasing energy dissipation and toughness. Then, a collective
behaviour of delocalization effects leads to the experimentally
measured values exceeding those determined in our simulations.
The spread of damage in the outer calcite layer of P. margaritifera
supports our hypothesis that delocalization effects contribute to
its toughness (Fig. 4d). Its behaviour in indentation experiments
clearly deviates from the expected and observed brittle behaviour
of geological calcite (Fig. 4d), which has a fracture toughness an
order of magnitude lower than the calcitic prismatic layer of
P. margaritifera. In the case of brittle calcite, damages highly
localizes into major cracks that ultimately lead to catastrophic
brittle failure—as expected for a brittle mineral. In stark contrast,
biological materials typically exhibit widespread damage and flaw
tolerance. Biological materials owe this distinctive trait to the
presence of weak crack initiation sites (e.g., imperfections) that
stimulate the nucleation and growth of additional and secondary
cracks. In coaction with clever crack arrest mechanisms, these
mechanisms give rise to delocalization, spread of damage and, as
consequence, to enhanced energy absorption which contributes
to the toughness.”® Our finite element simulations provide
insights on how an elastic gradient can contribute to these local

© 2022 The Author(s). Published by the Royal Society of Chemistry
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toughening mechanisms promoting crack arrest. Ultimately, the
overall toughness of a material—as the one measured in our
nanoindentation experiments—has to be seen as a representa-
tion of the collective behaviour of all microcracks. This explains
the effect of delocalization and spread of damage on the fracture
toughness of P. margaritifera.

Recent studies on nacre showed that nanogranular biominerals
exhibit coherent and continuous stress contours in their meso-
scale building units across nacre tablets.”” Nano-indentation
experiments on nacre, followed in situ by high-resolution transmis-
sion electron microscopy, revealed those microstructural elements
to interlock when loaded. Thus, strain contours can propagate
across the microstructural elements in a relatively unhindered
manner.” Both experimental studies exemplified that mesoscale
units cooperatively act when spreading the stress field,”*® which
allowed us to focus our simulations on the wider stress field by
employing simplified structural models.

To exclude that the observed increase in fracture toughness
results from unidentified structural differences between the two
species, such as distinct changes in crystallite sizes, we performed
small- to very-small angle neutron scattering and anisotropic
Scherrer analyses. By thermogravimetric analyses (TGA), we also
precluded that the observed mechanical differences originate in
compositional differences, e.g., varying fractions of intracrystalline
organics. With two different scattering methods in concert with
TGA analyses, the prisms of P. nobilis turn out as suitable homo-
genous equivalents to the crystallographically-graded prisms of
P. margaritifera.

Building on our cross-scale characterization of the prismatic
layer of the oyster shell P. margaritifera summarized above and
guided by the results of our finite-element simulations, we
suggest that biominerals with crystallographic texture gradients
are elastically-graded materials that feature distinctly modulated
stress fields and stress intensity factors. These conclusions also
imply that not only species with unidirectionally and near-single-
crystalline bioarmor employ crystallographic control to optimize
function.’® The functionally beneficial change of crystallite orien-
tation during growth generates materials with complex and
ostensibly unsystematic texture that stand out with excellent
and complex mechanical properties. Such elastic gradients are
potentially widespread in protective biomaterials, and we expect
that other design principles, such as amorphous-to-crystalline or
compositional changes, will also confer increased damage resis-
tance. It should be stressed that the orientation of the elastic
gradient determines the stress-field modulation, as shown by our
simulation of an inverse elastic gradient.

We thus conclude that a functional gradient optimizes the
molluscan body armour of P. margaritifera, which toughens the
shell against catastrophic failure by spreading the stress field
into the bulk, increasing its fracture toughness, and simulta-
neously optimizing the shell’s resistance against wear and
crack initiation at its exterior. In selected cross-lamellar shells,
such as Charonia lampas lampas and Cypraea testudinaria,
transverse texture gradients have been reported while near-to-no
elastic gradients are present orthogonal to the shell surface.'****
Such transverse gradients will have a notably different impact on
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the biomechanics of the shell, probably affecting its resistance
against shear loading rather than impact damage.'**'°* We thus
anticipate that a wealth of seemingly poorly ordered biogenic
materials (e.g., in Unionidae”®'%%) or bioceramics with changing
textures (e.g., crustacean cuticles'® or even bone'®'”'%) use
comparable concepts to (additionally) generate elastic gradients.
Therefore, complex but changing crystallographic textures of
biominerals should be perceived as a functionally optimized motif
rather than a mere non-functional outcome of an intricate biolo-
gical control over crystal growth.

Using the example of P. margaritifera, we further suggest a
novel design principle for the toughening of (bio-)ceramics
based on graded textures. We demonstrated that a gradient
in average crystallographic orientations, i.e., in crystallographic
texture, can be an efficient way to modulate the mechanical
properties of a (biogenic) ceramic. Synthetic materials or cera-
mics have not yet exploited the directionality of elastic proper-
ties in crystalline material and, thus, the black-lipped pearl
oyster represents a blueprint for future bioinspired functional
materials. This elegant concept applies to a wide range of
material classes with anisotropic elasticity, heralding new
design approaches towards architectured materials and novel
non-brittle but tough ceramics.

Future work will focus on simulating large volumes to
validate our hypothesis that the observed hardening results
from local toughening stress delocalization. This mechanism,
which is not captured in our simulations, involves the formation
and growth of secondary microcracks, leading to increased
energy dissipation and damage spreading.
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