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Pervasive nanoscale deformation twinning as a
catalyst for e�cient energy dissipation in a
bioceramic armour
Ling Li and Christine Ortiz*

Hierarchical composite materials design in biological exoskeletons achieves penetration resistance through a variety of
energy-dissipating mechanisms while simultaneously balancing the need for damage localization to avoid compromising
the mechanical integrity of the entire structure and to maintain multi-hit capability. Here, we show that the shell of the
bivalve Placuna placenta (∼99wt% calcite), which possesses the unique optical property of ∼80% total transmission of
visible light, simultaneously achieves penetration resistance and deformation localization via increasing energy dissipation
density (0.290 ±0.072 nJ µm−3) by approximately an order of magnitude relative to single-crystal geological calcite
(0.034 ±0.013 nJ µm−3). P. placenta, which is composed of a layered assembly of elongated diamond-shaped calcite crystals,
undergoes pervasive nanoscale deformation twinning (width ∼50nm) surrounding the penetration zone, which catalyses a
series of additional inelastic energy dissipating mechanisms such as interfacial and intracrystalline nanocracking, viscoplastic
stretching of interfacial organic material, and nanograin formation and reorientation.

B iological exoskeletons achieve mechanical robustness
and penetration resistance through exquisite and diverse
structural designs that incorporate, for example, hierarchy,

heterogeneity, multilayering, anisotropy, functionally graded
interfaces, and sacrificial bonding1–9. Although the energy
dissipation mechanisms arising from these structural features are
beginning to be elucidated by numerous studies, only recently
has attention begun to focus on the simultaneous need for spatial
localization of damage10. Generally, biological structural materials
exhibit increased penetration resistance and energy dissipation with
increased volume of deformation1,2,11,12. Conversely, deformation
localization is essential to avoid degradation of the structural
and mechanical integrity of the entire structure, to maintain
multi-hit capability10. Particularly, in transparent armour systems,
deformation over large areas increases light scattering and reduces
visibility13. Biological exoskeletons offer important potential
insights and designs for how to achieve multi-hit capability via
increased energy dissipation density and damage localization—a
key challenge in engineered armour materials, which are often
made of ceramics and prone to radial cracking and catastrophic
fracture13. In this paper, we investigate this topic using the
fascinating nanocomposite bioceramic armour of the bivalve
Placuna placenta as a model system.

Recently, we elucidated the structure of the bivalve P. placenta14.
The shell of P. placenta (mineral content: 98.9± 0.1 wt%) possesses
the unique optical property of ∼80% total transmission of visible
light, which is enabled by its single foliated nano/microstructure
composed of elongated diamond-shaped calcitic laths (thickness
∼300 nm) arranged in a tiled assembly with ∼2 nm organic
interfaces (Fig. 1a), small intracrystalline organic inclusions
(∼25 nm), a low overall shell thickness (0.5–1mm) and curvature,
and lack of an external organic periostracum14. Similar to aragonitic
nacre, each calcite lath diffracts as a single crystal, although

crystallographic misorientations are present among adjacent
building blocks14. The c-axes of these calcitic laths are tilted by
24.4◦± 3.5◦ relative to their surface normal, which makes the
surfaces of the laths close to the {108} planes of calcite (the angle
between the {108} and {001} lattice planes is 26.3◦ in calcite,
Fig. 1b; refs 14,15). Given the presumed necessity of maintaining
structural integrity and robustness against predatory attacks, here
we explore the detailed mechanical behaviour of this system. The
goals of this study were: to quantify the penetration resistance of
the shell of P. placenta relative to its mineral constituent calcite
using instrumented nanoindentation; to identify the detailed
nanoscale deformation mechanisms in relation to the shell’s unique
crystallographic and micro-/nanostructural characteristics, as
compared to single-crystal calcite, through electron microscopy;
and to explore how P. placenta balances spatially driven energy
dissipating deformation mechanisms with preservation of the
structural, mechanical and optical integrity of the overall system
(providing multi-hit capability and visibility) via increased energy
dissipation efficiency (per unit volume of material). Design of
such penetration-resistant materials, which have amplified energy
dissipation efficiency resulting in more localized deformation, has
great potential for the development of bio-inspired engineering
structures with improved multi-hit capability and preserved optical
transparency under impact, which is desirable for a variety of both
commercial and military applications13,16.

Quantification of the mechanical properties of freshly cleaved
P. placenta shells in comparison to single-crystal geological calcite
was carried out via instrumented nanoindentation with the loading
axis perpendicular to their {108} planes (Methods). Using an
obtuse Berkovich diamond tip, it was determined that P. placenta
retains the modulus (Eo−p) of calcite (P. placenta: 71.1 ± 4.2GPa,
calcite: 73.4 ± 1.7 GPa), whereas its hardness (Ho−p) is increased
by ∼50% (P. placenta: 3.5 ± 0.3GPa, calcite: 2.3 ± 0.1GPa),
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Figure 1 | Microstructural/crystallographic features and mechanical behaviour of biogenic calcite in Placuna placenta in comparison to single-crystal
geological calcite. a, Schematic diagram (not to scale) of the foliated microstructure in P. placenta. ‘L’ refers the longitudinal direction of the laths. b, Tilting
angles of c axes of the calcitic laths with respect to the surface normal in the shell of P. placenta (black, as reported in ref. 14). A single-crystal calcite sample
was sectioned and polished along one of the {108} planes (red). Standard interplanar angles between {001} and {104}, and {001} and {108} planes in
calcite are also indicated. c, Loading portions of multiple individual load–depth curves (conospherical diamond tip, semi-angle= 30◦, tip radius=∼1 µm,
maximum load= 10 mN). Fi and di are the load and depth corresponding to the initial fracture event detected, and 1d represents ‘pop-in’ depth. d,e, SEM
images of indentation residues of P. placenta (d) and calcite (e). Three-dimensional parameters are defined: Ri, the radius of the inner indentation crater;
Ro, the radius of the entire fracture pattern by fitting it with the smallest circle; C, the distance between the centres of the two fitted circles. f, Comparison
of the mechanical parameters of P. placenta and calcite. The values corresponding to calcite are normalized to 1. EO−P, 1= 73.42± 1.74 GPa;
HO−P, 1= 2.34±0.10 GPa; hmax, 1= 1.53±0.13 µm; hdef, 1= 6.96± 1.29 µm; Ro, 1= 5.94±0.88 µm; C/Ro, 1= 0.54±0.06; Fi, 1= 5.34± 1.35 mN;
di, 1= 675.2± 167.0 nm; 1d, 1= 129.0± 192.1 nm; 1Ediss, 1= 8.77± 1.71 nJ; Vdef, 1= 257.2±94.2 µm3; ediss, 1= 0.034± 0.013 nJ µm−3. Avg. s.d.,
average standard deviation; hmax, maximum depth.

demonstrating its enhanced resistance to plastic deformation
(Supplementary Fig. 1; ref. 17). Fracture and cracking was induced
by indentation with a sharp axisymmetric conospherical diamond
indenter, which also provides a better approximation of the
geometry of predatory loading18 and avoids potential complications
as a consequence of the anisotropic mechanical response of single-
crystal calcite19. Load–depth curves of P. placenta and abiotic
calcite using the conospherical indenter reveal displacement bursts
with almost no increase in load (‘pop-in’ events) associated with
discrete fracture events, although noticeable differences are present
(Fig. 1c). Compared with calcite, the fractures of P. placenta are
initiated at lower loads, Fi, (P. placenta: 2.10±0.58mN, calcite:
5.34 ± 1.35mN), and depths, di, (P. placenta: 256.5 ± 72.6 nm,
calcite: 675.2 ±167.0 nm). However, the average ‘pop-in’ depth,
1d , for P. placenta is much smaller than that for calcite (P.
placenta: 38.7 ± 35.1 nm, calcite: 129.0 ± 192.1 nm), indicating
that P. placenta fractures in a more graceful way. By integrating
the area under the load–depth hysteresis, the single-crystal
calcite was found to dissipate slightly higher total deformation
energy, 1Ediss, relative to P. placenta during one indentation cycle
(P. placenta: 6.04± 0.48 nJ, calcite: 8.77± 1.71 nJ; refs 20,21).

Representative scanning electron microscopy (SEM) images of
the indentation residues of the two samples are shown in Fig. 1d,e
(for P. placenta and single-crystal calcite, respectively). The single-
crystal calcite shows an anisotropic distribution of large radial
cracks and fractured regions, whereas the P. placenta shell exhibits a

more isotropic, localized deformation with multiple small deflected
cracks and nanosized fractured pieces. Three parameters were
defined to quantitatively compare their fracture patterns: Ri, the
radius of the inner indentation crater that was directly in contact
with the tip during the test; Ro, the radius of the entire fracture
pattern by fitting it with a smallest-possible circle; C , the distance
between the centres of the inner and outer circles (Fig. 1d). Despite
exhibiting similar Ri values (P. placenta: 1.11 ± 0.06 µm, calcite:
1.36± 0.06 µm), P. placenta shows a much smaller overall fracture
size, Ro, (P. placenta: 3.37 ± 0.37 µm, calcite: 5.94 ± 0.88 µm),
indicating its more localized deformation behaviour. Also, the
fracture patterns of P. placenta are more isotropic, indicated by
its low C/Ro ratio (P. placenta: 0.24 ± 0.10, calcite: 0.54 ± 0.06).
For an ideally isotropic material, the centres of the inner and
outer circles should coincide; C , and hence C/Ro, approach to zero.
Supplementary Fig. 2 schematically compares the averaged size
and orientation of the fracture patterns of the two samples on the
same scale.

Through cross-sectional transmission electron microscopy
(TEM) analysis of the indentation zone (as discussed in detail later),
it is possible to directly determine the depth to which the material
has undergone permanent deformation (hdef, Supplementary
Fig. 3). Hence, the total volume that was permanently deformed,
Vdef, can be estimated using Vdef = πRo

2hdef/3, approximating
the deformed volume as a conical shape. The energy dissipation
density, ediss, (that is, energy dissipation per unit volume) can then
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Figure 2 | Nanoscale deformation twinning in P. placenta. a, TEM image of the entire cross-section of the indentation zone (conospherical tip;
semi-angle= 30◦; tip radius=∼1 µm; maximum load= 10 mN). The yellow dashed line marks the boundary between the plastically deformed region
close to the indentation tip and surrounding undeformed regions. White arrows indicate the location of deformation twins. Inset: Top-view SEM image of
the original indentation residue. The yellow solid line indicates the location and orientation of the TEM sample prepared by FIB. Pt, protective platinum
layer. b, TEM image showing deformation twinning bands with parallel boundaries running across the laths. White arrows indicate the interfacial openings
associated with the twinning bands. c, Corresponding SAED patterns in the matrix (top) and twinned (bottom) regions with zone axis= [8̄81̄]. ‘Matrix’ in
b,c refers to untwinned regions of the calcitic laths that maintain the original crystallographic orientation19,20. d, HRTEM image of the twinning boundary
(TB) of {018} . e,f, Top-view (e) and cross-section-view (f) SEM images of microindentation residue (conospherical tip; semi-angle= 30◦; tip radius= 2
µm; maximum load= 500 mN). g, TEM image of multiple deformation twinning bands within the deformed zone shown in f. h,i, SEM images of
deformation twinnings in multiple orientations induced by manually compressing the shell with a mortar and pestle. j, Schematic model of the three
crystallographically equivalent {018} twinning systems in calcite. ‘L’ refers to the longitudinal direction of the laths. In all figures the symbol⊗ indicates the
orientation of L is into the page.

be estimated for P. placenta as 0.290 ± 0.072 nJ µm−3, which is
approximately an order of magnitude higher than that of calcite
(0.034± 0.013 nJ µm−3, Supplementary Fig. 3). This finding
indicates that P. placenta, although it incorporates only ∼1wt% of
organic materials, is much more efficient in dissipating energy on
penetration than its primary mineral constituent, calcite. Figure 1f
compares the key mechanical parameters of P. placenta and abiotic
calcite by setting the values of calcite as the reference; it is observed
that P. placenta is mechanically superior in almost every aspect.

To identify the underlying deformation mechanisms, cross-
sectional TEM imaging of indentation residues of P. placenta
was carried out (Fig. 2a, Supplementary Fig. 4 and Methods).
The permanently deformed region surrounding the indentation
site can be clearly distinguished from the undamaged region (as
marked by the dashed line) by image contrast and the disruption
of the organic interfaces between adjacent laths (Fig. 2a). This
permanently deformed region also follows the V-shaped profile
of the conospherical indenter, with a semi-angle of ∼60◦, and
extends beyond the maximum indentation depth by ∼0.4 µm
(less than two mineral layers) without any vertical cracks. Close
to the boundary of the inelastic deformation zone we observed
planar defects with two closely spaced parallel flat boundaries
(Fig. 2a,b). These defects were identified as deformation twins by
electron microscopic imaging and diffraction, as described below

in detail. The twin bands are ∼50 nm in width and propagate
through the entire thickness of each mineral lath at an angle of
∼20◦–30◦, and are arrested by the organic interfaces (Fig. 2b).
The twin bands in the same mineral lath are typically parallel
to each other as a result of their single crystal nature, whereas
those from different laths are usually not parallel as a result of
crystallographic misorientation. Furthermore, local enlargement or
opening of the organic interfaces without catastrophic delamination
is usually observed at the terminations of twin bands as a result of
the displacement mismatch between adjacent laths (Fig. 2b, white
arrows). Selected area electron diffraction (SAED) patterns obtained
from the untwinned (‘matrix’) and twinned regions clearly reveal
e-type deformation twinning (twin boundaries: {018}) associated
with the rhombohedral crystal structure (space group, R3̄c) of
calcite (Fig. 2c; refs 22,23). Such twin bands are not observed
in undeformed regions. Figure 2d shows a high-resolution TEM
(HRTEM) image of a twinning boundary corresponding to the
[1̄00] zone axis and further illustrates themirror symmetry between
the twinned and untwinned regions at atomic resolution. With the
indentation loads increased to 500mN, and even 2.5 N, P. placenta is
still able to confine the large inelastic deformation to a small volume
without any radial cracks (Fig. 2e,f and Supplementary Fig. 5). TEM
analysis of the deformed region again reveals a large population of
{018} deformation twin bands that were present in the majority of
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Figure 3 | Nanoscopic inelastic deformation in individual calcitic layers of P. placenta. a, Bright-field TEM image of the permanently deformed region close
to the indentation crater. Inset: Top-view SEM image of the original indentation residue. The yellow line indicates the location and orientation of the TEM
sample. Pt, protective platinum layer. b,c, SAED patterns acquired in the deformed (b) and surrounding undeformed (maintaining original single crystal
structure, c) regions indicated by the circles in a. d, Dark-field TEM image of the deformed region (corresponding to the region in the white box in a) with
the corresponding selected di�raction spots indicated in b with the red circle. e, HRTEM image of misoriented calcite nanograins in the permanently
deformed region. f, Tapping mode AFM height image of an indent corner (Berkovich tip) showing the flattening of nanoscopic asperities within an
indentation crater. g,h, Bright-field TEM images showing crack deflection within individual laths (white arrows).

calcite crystals (Fig. 2g) andwhich are believed to play a primary role
in mitigating severe local deformation, especially in the region close
to the tip of the indenter. The twinning-induced interface opening
causes significant light scattering, thus reducing light transmission
in the deformation region (Supplementary Fig. 6). Manual grinding
of the shell using a mortar and pestle can be also used to induce
pervasive deformation twinning bands (Fig. 2h,i), which suggests
that deformation twinning is not only induced by the high local
stresses generated by an indenter tip24. Three equivalent twinning
systems with twinning boundaries of (11̄8), (018) and (1̄08) were
observed, intersecting with the longitudinal direction of the laths at
0◦, 54.8◦, and 120◦, respectively, as illustrated in the crystallographic
configuration in Fig. 2j. The orientations of the prepared TEM
samples (perpendicular to the longitudinal direction of the laths)
are close to the (1̄00) plane, and the twinning boundaries of (018)
and (11̄8) create angles of 23.2◦ with the lath-organic interface,
consistent with experimental observations (Fig. 2b,g).

In addition to deformation twinning, a series of other nanoscale
inelastic deformation mechanisms at the building block level
were observed (Fig. 3). The bright-field TEM image of Fig. 3a
shows that the deformed zone (containing area ‘b’) has a
fractionated brightness, in stark contrast to the more homogeneous
featureless brightness of the undeformed region (containing area ‘c’),
suggesting the formation of nanosized grains. SAED patterns reveal

that the deformed and undeformed regions exhibit polycrystalline-
like (Fig. 3b) and single-crystal-like (Fig. 3c) patterns, respectively.
Thus, deformation induces the formation of nanograins with
crystallographic misorientations. The dark-field TEM image of
Fig. 3d, obtained using selected diffraction spots from Fig. 3b
(indicated by the red circle), selectively lightens up some of
the deformation-induced nanograins (∼50 nm in diameter). The
HRTEM image of Fig. 3e further reveals misoriented nanoscopic
grains, all of which were indexed to calcite, within the plastically
deformed zone. Amorphous regions were also observed along
the boundaries of grains, or occasionally entirely encapsulated
within grains, suggesting that individual calcite laths are capable
of undergoing ductile deformation. This capability is further
demonstrated by the significant flattening of nanoscopic asperities
within the residual indentation area (Fig. 3f). Furthermore,
crack deflections within individual building blocks were observed
(Fig. 3g,h and Supplementary Fig. 7). These experimental results
indicate that the calcite laths, despite their single-crystal-like
nature, do not fracture catastrophically, but rather dissipate
considerable energy through a series of nanoscopic inelastic
deformation processes8,25.

It has long been known that calcite deforms plastically via
deformation twinning and slip, primarily at elevated temperatures
and confined hydrostatic pressures, whereas at room temperature
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Figure 4 | Nanoscale deformation mechanisms in P. placenta and single-crystal calcite under indentation. a,b, Schematic of the deformation zone close to
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diagrams are drawn to scale based on microscopic dimensional measurement. Dislocation arrays in calcite are not shown in b. c, TEM images illustrating
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100 nm.

and atmospheric pressure, calcite readily fractures on compression,
tension, and particularly indentation22,23. Bright-field and
corresponding dark-field TEM imaging of the indentation zone of
calcite samples, which had undergone the same indentation loading
conditions as P. placenta, reveal large fractured pieces (size >2 µm)
and cracks (Supplementary Fig. 8), consistent with top-view
SEM observations (Fig. 1e). At the bottom of indentation craters, a
primary vertical crack is produced downwards (∼1–2 µmdeep) and
multiple lateral cracks are formed. As the load increases, the vertical
cracks advance further downwards and the lateral cracks propagate
nearly parallel to the surface to form large chipped pieces, similar to
other brittle ceramic materials26. In contrast to P. placenta, extended
dislocation arrays were also developed underneath indentation
craters (Supplementary Fig. 9). These events result in the large
penetration depth (hdef), ‘pop-in’ depth (1d), fracture size (Ro),
and volume of permanent deformation (Vdef) observed (Fig. 1f).
TEM samples prepared along the longitudinal direction reveal a
very limited number of e-type deformation twins, with only (1̄08)
twinning boundaries under this loading condition (Supplementary
Fig. 9). The width of the twin bands (∼200 nm) is usually much
larger than those in P. placenta, inducing large cracks because of
large local displacement incompatibilities. Owing to the absence
of effective crack arrestors and deflectors, such as the organic
interfaces in P. placenta, these cracks propagate to the surface,
generating large chipped blocks.

A summary of the entire progress of deformation mechanisms
in P. placenta compared to those of single-crystal calcite is provided
in Fig. 4. On indentation, the calcitic laths in P. placenta shells first
undergo e-type twinning in all three crystallographically equivalent
orientations [(018), (11̄8), and (1̄08)], whereas only one orientation
(1̄08) is primarily activated in single-crystal calcite (Fig. 4a,b and
Supplementary Fig. 9). This is possibly facilitated by the nanoscopic

thickness of the calcitic laths in the shell. Such grain-size effects
for deformation twinning have been observed in some metallic
nanocrystalline materials, although further reducing the grain size
below a certain critical size may also lead to increased resistance
to deformation twinning27,28. Whether the thickness of the calcitic
laths (∼300 nm) is optimal to facilitate deformation twinning
remains a question; further investigations, especially theoretical
modelling, may provide more insights29. The nanoasperities on
the surface of laths might also assist the initiation of multiple
deformation twinning bands with nanoscale spacing as a result
of roughness-induced stress concentrations during loading. The
as-formed twin bands make inclination angles with the surface
normal and longitudinal direction of the laths of 26◦/55◦, 26◦/0◦
and 52◦/120◦ for (018), (11̄8) and (1̄08) twin bands, respectively
(Fig. 2j), which allows the biogenic calcite to mitigate stress
concentrations more effectively than abiotic calcite, leading to
a more isotropic deformation response (Fig. 4c, stage 1). The
variation of the thickness and crystal orientation of the calcitic
laths allows a sequential activation of deformation twinning bands
depending on the specific loading conditions, which is expected
to result in a work hardening effect30. Unlike the growth twins,
these deformation-induced twins only activate when and where
they are needed, that is, ahead of the impact region on penetration.
Moreover, deformation twinning in P. placenta is activated on
quasi-static deformation conditions, in contrast to the recently
observed deformation twinning in aragonitic nacre under high
strain rate deformations (∼103 s−1; ref. 9). The twin boundaries
surrounding the penetration region act as effective barriers for
dislocation motion and catastrophic crack propagation, leading to
enhanced penetration resistance (Fig. 4c, stage 2; ref. 31). Whereas
the twinning bandsmainly act as barriers in the horizontal direction
(Supplementary Fig. 10), the organic interfaces play a similar role
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in the vertical direction, resisting dislocation motion and crack
propagation from one layer to another (Supplementary Fig. 11).

The nanoscale twinning bands and organic interfaces increase
energy dissipation density by acting as catalysts to promote other
nanoscopic deformation mechanisms, including interfacial and
intracrystalline nanocracking, organic viscoplastic stretching, as
well as nanograin formation and reorientation. The relatively small
amount of organicmaterial (∼1wt%) present in the shell is expected
to contribute to energy dissipation in a variety of ways. The
nanoscopic openings associated with the ends of twin bands result
in fibrillar viscoplastic stretching of intercrystalline organicmaterial
bridging neighbouring calcite laths (Supplementary Fig. 12), leading
to increased energy dissipation (Fig. 4c, stage 2), which has
been previously observed in nacre32. It is also hypothesized that
the nanoscopic intracrystalline organic inclusions, in addition
to twinning boundaries, contribute to deflecting and arresting
intracrystalline cracks, which leads to fragmentation of the regular
single-crystalline laths into irregular micro-/nanosized pieces
(Fig. 4c, stage 3; ref. 31). Interactions between the accumulated
dislocations and twinning boundaries might also contribute to
this fragmentation process30,31. Further compressive deformation
leads to formation and reorientation of nanosized grains (in
contrast to the observation of inherent nanograined structure in
nacre25), and the formation of amorphous regions. At this stage,
the deformed material is transformed to an isotropic homogeneous
nanocrystalline material, as the original laths and organic interfaces
are destroyed (Fig. 4c, stage 4).

It is noted that the microscopic structural features responsible
for pervasive nanoscale deformation twinning in P. placenta also
exist in other calcitic bioceramic structural materials, including
other bivalve shells15, brachiopod shells33, and sea urchin spines
and teeth34,35. Therefore, it is possible that this phenomenon may
also play a similar role in these systems. Also, some aragonite-
based mollusk shells possess basic building blocks densely packed
with nanoscale {110} growth twins36,37. These pre-existing twinning
boundaries may play a similar role in constraining the dislocation
motions and deflecting the propagation of micro-/nanocracks31.
However, the displacement incompatibilities resulting from the
formation of deformation twinning bands will not be prevalent
in aragonite structures with growth twins; therefore, they are not
expected to effectively catalyse other nanoscopic energy dissipation
processes in a fashion similar to P. placenta.

Energy dissipation enhancement resulting from spreading the
deformation zone over a large area/volume has been observed
in a variety of biological structural material systems through
different mechanisms, such as the tablet interlocking of nacre11,
crack deflection and bridging of crossed-lamellar structure1,2, and
nanoscale heterogeneity of bone12. As well as maximizing the total
energy dissipation on deformation, maintaining the structural and
mechanical integrity of the entire structure is also critical to the
performance of biological exoskeletons during predatory attacks.
Damage localization in the protective scales of a ‘living fossil’
Polypterus senegalus is achieved throughpreferential circumferential
cracking rather than more damaging radial cracking, which results
from the complex quad-layered design of the scales10. In this
work, we demonstrated that the bioceramic armour of P. placenta,
despite its very high mineral content and relatively monolithic
composition and structure, is able to achieve a great balance
between energy dissipation and damage localization by efficient
energy dissipation in a confined volume via pervasive nanoscale
deformation twinning surrounding the deformation zone. A series
of additional nanoscopic deformation mechanisms, including
interface opening and viscoplastic stretching of organic materials,
crack deflection within individual building blocks, fragmentation,
nanograin formation and reorientation, and amorphization, work
synergistically to increase the energy dissipation density by almost

an order of magnitude relative to pure calcite. The nanoscale
structural and crystallographic architecture in this biological
nanocomposite determine the activation and control of these
efficient energy dissipation mechanisms. Apart from deformation
localization, which maintains the structural and mechanical
integrity of the entire system (multi-hit capability), the optical
properties (∼80% total transmission of visible light) are also
preserved at distances away from the penetration site. The findings
in this work may provide design principles for engineering
lightweight structural materials with efficient energy dissipation, in
particular transparent armour, through control and design of the
material systems at the nanometre scale.

Methods
Samples. Edge-trimmed and intact P. placenta shells were purchased from
Seashell World and Conchology, respectively. Samples of single crystal geological
calcite (origin, Mexico) were obtained from Pisces Trading Company, LLC.

Nanoindentation. P. placenta shells were cleaved using a razor blade and tested
immediately. Single-crystal calcite samples were sectioned using a diamond saw
(Buehler, Isomet 5000 Lake Bluff) along one of their {108} planes (Fig. 1b), and
polished on a polishing wheel (South Bay Technology, Model 920) with
aluminium oxide pads stepwise (15, 6, 3, and 1 µm), and finally with 50 nm silica
nanoparticles on a microcloth (South Bay Technology). Nanoindentation
experiments were conducted in ambient conditions using a TriboIndenter
(Hysitron). Load-controlled nanoindentation was performed using Berkovich
(trigonal pyramid, semi-angle = 65.3◦) and conospherical (tip radius = ∼1 µm,
semi-angle = 30◦) diamond probe tips. The piezoelectric transducer was first
allowed to equilibrate for 105 s (the last 45 s with digital feedback) and another
40 s for calculating drift automatically before each indent. Typical load functions
included loading (10 s), holding (20 s) and unloading (10 s). Maximum loads
varied from 1 to 10mN. The Oliver–Pharr (O–P) methodology was used to
quantify material properties—that is, indentation modulus (EO–P) and hardness
(HO–P; ref. 17). The probe tip area function A(hc), which is the projected area of
the indentation tip as a function of the contact depth hc, and frame compliance
were calibrated before each set of experiments using a fused quartz sample.
Indentation experiments with maximum loads higher than 10mN were carried
out using a Micro Materials microindenter (Wrexham).

Electron microscopy. Samples were coated with ultra-thin carbon to reduce
charging effects prior to SEM imaging. Samples were imaged using a Helios
Nanolab 600 Dual Beam electron microscope (FEI, OR) at acceleration voltages
of 2 and 5 kV and a working distance of ∼4mm. Cross-sectional samples and
TEM samples were prepared using ion beam milling with the same instrument. A
detailed TEM sample preparation procedure is as follows: a platinum protective
layer (∼0.5 µm) was first laid down on top of the desired region; another
platinum protective layer (∼1.5 µm) was further deposited on top of the region
where the TEM slab was to be milled out; two trenches, one on each side of the
platinum protective stripe, were milled by FIB, leaving the slab of specimen
(thickness: ∼1.5 µm); the slab was then cut through by FIB and transferred to a
copper TEM grid by an Omniprobe and welded securely with platinum
deposition; the lift-out lamellar of specimen was sequentially thinned by FIB at
30, 16, 5, and 2 kV ion beam voltages. Final cleaning at 2 kV and 28 pA is
important to obtain a clean surface and minimize damage. TEM imaging with
typical bright-field, dark-field, and SAED techniques was carried out using a
JEOL 2011 operated at 120 kV. The image magnification and camera constants
were calibrated using a standard sample (MAG*I*CAL, Electron Microscopy
Sciences, PA). HRTEM imaging was carried out using a field emission JEOL
2010F at 200 kV. A gold foil standard (Lattice plane resolution test-646, Pelco)
was first used to align the instrument before P. placenta and calcite samples. To
minimize electron beam damage, the correct zone axis was first found using areas
away (∼2–3 µm in distance) from the twin boundary, but on the same lath, using
Kikuchi patterns, taking advantage of the fact that each lath in P. placenta
diffracts as a single crystal. Once the correct zone axis was found and imaging
conditions were optimized, the twin boundary was brought into the field of view
with the beam spread. The beam was then focused and an image was taken
immediately (typical exposure, ∼0.5 s). Usually only two images could be taken at
one boundary before the region was damaged.

Atomic force microscopy. Tapping mode AFM (TMAFM) imaging in ambient
conditions was carried out using a Digital Instruments Multimode SPM IIIA
(Veeco) with an AS-130 ‘JV’ scanner. TMAFM imaging was conducted with
NANOSENSORS Si TMAFM cantilevers (PPP-NCHR-10). Typical scan speeds
were 1–5 µms−1; other parameters were optimized on tuning.
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Electron backscattered diffraction. The pre-cut square-shaped specimens from
P. placenta shells were cleaved, fixed onto steel plates, and subsequently coated
with ultra-thin carbon. EBSD analysis was carried out using a FEI Helios
FIB/SEM system equipped with an HKL Technology ‘Channel 5’ EBSD system.
The sample was mounted on a 70◦ pre-tilted EBSD stage and the working
distance was 6mm. SEM images and EBSD patterns were generated using an
accelerating voltage of 20 kV and a beam current of 2.7 nA. The typical scanning
step size was 1 µm and EBSD patterns with a mean angular uncertainty of 1◦ and
above were discarded. Scans with at least 80% of points indexed were further
analysed using HKL software.
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