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ARTICLE

Nacre toughening due to cooperative plastic
deformation of stacks of co-oriented aragonite
platelets
Hyun-Chae Loh 1, Thibaut Divoux 1,2,3, Bernd Gludovatz 4, Pupa U. P. A. Gilbert 5,6,7,

Robert O. Ritchie 8, Franz-Josef Ulm1,2 & Admir Masic 1✉

Nacre’s structure-property relationships have been a source of inspiration for designing

advanced functional materials with both high strength and toughness. These outstanding

mechanical properties have been mostly attributed to the interplay between aragonite pla-

telets and organic matrices in the typical brick-and-mortar structure. Here, we show that

crystallographically co-oriented stacks of aragonite platelets, in both columnar and sheet

nacre, define another hierarchical level that contributes to the toughening of nacre. By cor-

relating piezo-Raman and micro-indentation results, we quantify the residual strain energy

associated with strain hardening capacity. Our findings suggest that the aragonite stacks,

with characteristic dimensions of around 20 µm, effectively store energy through cooperative

plastic deformation. The existence of a larger length scale beyond the brick-and-mortar

structure offers an opportunity for a more efficient implementation of biomimetic design.
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Organisms have evolved over geologic time to fine-tune
their structural materials with multi-functionality and
remarkable mechanical properties1,2. Inspired by nature,

scientists and engineers have mimicked some of these materials to
design advanced functional materials3,4. Most of the structural
materials found in nature are characterized by multi-scale hier-
archy, which confers them multiple functions and mechanical
benefits5. Among biological materials, mollusk shells have been
extensively studied for their outstanding combination of stiffness,
strength, and toughness6–9. The shell is a composite, primarily
made of two different polymorphs of calcium carbonate: calcite
and aragonite. In many shells, the outer layer is composed of
calcite prisms and the inner layer—nacre—has a “brick-and-
mortar” structure, where ~500 nm thick aragonite (CaCO3) pla-
telets (>95% of mass) are interspersed with an organic matrix,
mainly composed of elastic biopolymers, such as chitin and
proteins9. Each platelet behaves as a single crystal10, and only
small misorientation was found owing to nanoparticles and
twinning domains11–13.

Nacre’s work of fracture is ~3000 times that of monolithic
aragonite7, and its high toughness has been attributed to various
chemo-mechanical mechanisms generally related to its hier-
archical structure (Fig. 1a)6–8,14–22. Crack deflection at both
micro- and mesoscales, crack blunting, and microcrack formation
all contribute to enhanced toughness by creating tortuous cracks
of a limited extent and preventing catastrophic failures6–8,14.
Although only a tiny portion (<5%) of the material, the organic
matrix serves greatly to toughen the nacre by dissipating energy
as cracks open through bridging between the platelets and
unfolding its protein structure8,15,16. Moreover, nano-asperities
found on platelet interfaces and platelet pull-out are
important mechanisms that increase the shear strength and

tensile toughness of nacre17–21. Finally, the mineral bridges
between the platelets increase toughness, shear strength, and
stiffness20,22.

Over the past two decades, structure-function relationships of
complex structural materials, including nacre, have been analyzed
using stress and strain-mapping techniques, such as contour
mapping, computed tomography, digital image correlation, elec-
tron backscatter diffraction, neutron diffraction, and synchrotron
X-ray diffraction23–31. In addition to these approaches, Raman
spectroscopy is a powerful chemo-mechanical characterization
method that allows stress and strain mapping through a techni-
que known as piezo-Raman32–38. Stress-induced changes in the
crystal lattice and molecular vibrational modes are reflected in a
linear relationship between the external/residual stress and
Raman peak position. To date, piezo-Raman provided essential
links between chemical composition and mechanical properties in
materials such as silicon28,39–42, diamond39, graphene43, and
hydroxyapatite35,36.

Tensile or flexural bending tests have been used to study the
tensile behavior of nacre at both macroscopic and submicron
scales6–8,14,17,18. However, the quantitative analysis of the crack
size is difficult in these experiments, and therefore, comparing the
mechanical properties with the structure’s length scale is chal-
lenging. Previously, larger cracks were differentiated from natural
platelet boundaries by comparing the dilation of the interfaces18;
however, it remains challenging to clearly differentiate smaller
cracks and crack tips from natural boundaries. Micro- and nano-
indentation are well-established mechanical testing methods to
indirectly measure the material’s tensile properties, where the
tensile load is generated due to the wedge-like shape of the
indenter44. Compared to tensile or flexural bending tests,
indentation methods are advantageous when studying the

Fig. 1 The hierarchical structure of an abalone shell and its piezo-Raman spectroscopy. a The hierarchical structure of an abalone (Haliotis rufescens)
shell. Scale bars are 10mm (organism scale), 1 mm (mesolayer scale), and 10 µm (brick-and-mortar structure). b Schematics of the compression stage
designed for collecting Raman data during compression tests. The aragonite platelets are illustrated on the sample to visualize the orientation of the
sample. Aragonite platelets are not in scale. c Average Raman spectra of nacre sample over 10 × 10 µm2 during uniaxial compression tests under various
loads ranging between 0MPa and 200MPa. d Piezo-Raman relationship of nacre; the data points and the error bars indicate the average and the standard
deviation of the peak positions, respectively.
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size-effect and fractographic patterns since the dimensions can be
easily quantified by controlling the indent size45.

Despite numerous studies on nacre toughening mechanisms at
both macroscopic and submicron scales6–17, the potential mechanical
contribution of aragonite stacks (i.e., crystallographically co-oriented
stacks of platelets; 10–100 µm scale)10,46–50, have yet to be explored.
A hierarchical structure (“supertablet”) with a characteristic length of
about 10 µm was found to contribute to the material’s toughness, but
the structural characteristics that distinguish each supertablet were
not identified21. Here, we combine piezo-Raman and micro-
indentation to quantify the residual strain energy, which is asso-
ciated with the strain hardening capacity of nacre. Moreover, we
compare the micro-indentation results with those from macroscopic
mechanical tests to confirm the crack propagation pattern. From the
results, we show that the cooperative movement of the co-oriented
aragonite stacks contributes to the strain hardening of the nacre,
defining a new length scale of nacre toughening.

Results and discussion
Piezo-Raman relationships in nacre. A Raman spectrum is
composed of a series of peaks associated with molecular vibration
modes. Therefore, each material’s Raman spectrum can serve to
identify its different components. Moreover, a material’s Raman
peak width, peak shift, and polarization sensitivity can be related
to its crystallinity, chemo-mechanical environment, and crystal
orientation, respectively29. In this context, minute changes in
peak features can be monitored in the process of analyzing the
structural and chemo-mechanical properties of nacre in a spa-
tially resolved fashion (lateral resolution ∼ 0.3 µm and depth
resolution ∼ 3 µm)29.

According to group theory, aragonite has 30 Raman active
peaks51. However, in practice, not all the theoretical peaks are
detectable due to limitations in spectral resolution and peak
intensities. The Raman spectrum of aragonite is presented on the
lower part of Fig. 1c, where the strongest peaks, highlighted by
vertical dashed lines, are assigned using the theoretical predictions
of the peak positions51. In the low energy region of the spectrum,
the scattering signals correspond to the lattice vibration modes (L1,
L2, and L3). In contrast, the most intense peak at 1085 cm−1

corresponds to the symmetric stretching mode (ν1) of the carbonate
ion (CO3

2−). The peaks L1 (~152 cm−1), L3 (~206 cm−1), and
ν1 (~1085 cm−1) are associated with the B1g, B2g, and Ag

symmetries, respectively51, and the Raman tensors associated
with these vibrational modes are listed in Supplementary Table 1.

The piezo-Raman relationships of nacre were determined by
measuring the Raman peak shifts at different stress levels using an
in-situ uniaxial compression test (Fig. 1b). Nacre’s Raman spectra
under uniaxial compression are illustrated in Fig. 1c at various
levels of compressive stress (up to 200MPa) and compared to the
spectrum of geologic monolithic aragonite. We observe that
the Raman shift of the peaks L1, L3, and ν1 scales linearly with the
applied stress (Fig. 1d), and the piezo-Raman relationships
v(σ)= v0+ r · σ can be obtained by the least-square fitting of the
experimental data (Supplementary Table 1), where v0 [cm−1] is
the wavenumber of the Raman peak in the ambient condition,
and r[cm−1 per GPa] is the piezo-Raman coefficient. Interest-
ingly, the peaks with lower scattering energy are more sensitive to
the applied stress, leading to larger piezo-Raman coefficients. For
this reason, we used the peak L1 for computing the residual stress
induced by micro-indentation tests on nacre samples, which
resulted in better signal-to-noise ratios and a better stress
assessment.

Residual stress and energy analysis on indented samples. We
combined piezo-Raman with micro-indentation to explore the

mechanical behaviors of monolithic aragonite and nacre (see
“Methods” section). The indentation (maximum load of 0.8 N) of
a monolithic aragonite sample generates a large crack (right side
of Fig. 2a). The corresponding Raman L1 peak shift map (Fig. 2b)
and the computed residual stress determined with the piezo-
Raman relationship (Fig. 2c) of the indented area show that the
stress remains confined within the indented area. In contrast, the
same test performed on a nacre sample reveals a strikingly dif-
ferent scenario (Fig. 2d–f). The SEM image in Fig. 2d does not
display any major crack, indicating that the damage is confined to
the vicinity of the indent. Moreover, the Raman peak shift is
observed over a large area of about 20 hmax, where hmax denotes
the maximum penetration depth reached by the indenter during
the test (Fig. 2e). The computed residual stress (Fig. 2f) shows an
anisotropic, butterfly-like pattern, where the main axis coincides
with the growth direction of the platelet (y-axis denoted in
Fig. 2e). Finally, the “lobes” along the x- and y-axes show tensile
and compressive residual stress, respectively (see Supplementary
Fig. 1 for the peak shift profile along the x- and y-axes). These
observations are robust and hold when increasing the maximum
load of the indentation test. Some cracks appear in the sample for
larger loads. However, they remain confined in the vicinity of the
indented area (see, for instance, the result of an indentation test
with a maximum load of 5 N in Fig. 2g), and the peak position
and residual stress analyses show similar distributions as those of
the smaller indentation load (Fig. 2h, i). The spatial extent of the
pattern is larger for increasing indentation loads, and the results
are consistent for tests performed on different nacre samples for
various levels of stress (Supplementary Fig. 2). Finally, the pattern
was consistent regardless of the orientation of the Berkovitch
indenter relative to the sample, indicating that the stress dis-
tribution is influenced by the anisotropy in crystallographic tex-
ture (i.e., brick-and-mortar structure), and not by the geometric
anisotropy of the indenter (Supplementary Fig. 3).

We now quantify and compare the work provided during the
force-driven indentation test with the residual strain energy
estimated using piezo-Raman, for a broad range of indentation
tests performed to various maximum depths. The goal of
comparing these two quantities is to evaluate the energy storage
capacity of nacre’s microstructure. The energy storage capacity is
defined as the ability to store externally supplied work (here
provided by the indentation test) as residual energy. In their
natural environment during the life of the animal, shells are
exposed to repeated impacts from debris and predators. Loading
and unloading on the surface of the material generate residual
stress when the load exceeds the elastic limit52. This local residual
stress prevents the material from yielding when the next load is
applied and acts as a protective layer that hardens the material52.
Therefore, the greater the residual energy stored into the
microstructure, the greater the plastic hardening capacity of the
material.

First, we calculated the input work IW ¼ R hmax

0 P hð Þdh from the
integral of the force-indentation depth curve P(h), where P is the
indentation force, and h is the indentation depth (see Supple-
mentary Fig. 4). Second, we use the piezo-Raman relationship for
determining the hardening or frozen energy after unloading. The
residual stresses in the material bulk inferred from piezo-Raman
thus can be used for estimating the residual strain energy (RSE)
by integrating the residual strain energy density, ures, after noise
subtraction (Supplementary Note 1) over the volume affected by
the indentation test:

RSE ¼
Z Z Z

V
uresdV ¼

Z zmax

0
Eres zð Þdz ð1Þ

where Eres zð Þ ¼ e� enoise is the noise corrected lineic RSE at
depth z, and zmax denotes the depth of the indentation interaction
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volume. The interaction volume is defined as the material volume
sensed in an indentation test. The lineic energy e ¼ R R

AudA was
estimated from the strain energy density, u ¼ σ2=2E, where σ is
the residual stress inferred from piezo-Raman, and E is the elastic
modulus determined from the indentation test53. The determina-
tion procedure to obtain Eres(z) is sketched in Supplementary
Fig. 5, and details are provided in Supplementary Note 1.

It is noteworthy in our approach to determining RSE that
aragonite is a translucent to transparent crystal, which allows us
to measure Raman spectra from different focal planes inside the
material using a confocal Raman micro-spectroscopy system. As
an illustration, Fig. 3a shows a 3D stress distribution

reconstructed from a series of 2D Raman scans obtained from
different focal depths (see Supplementary Movie 1 and Supple-
mentary Fig. 6 for animated visualization and 2D snapshots of the
3D stress field). Finally, we computed the RSE by integrating
Eres(z) over the affected depth (the area left of the curve in
Fig. 3b). We observed a similar stress distribution for every indent
scanned in 3D, which allowed us to estimate the RSE from 2D
piezo-Raman scans on all other indents.

IW and RSE were calculated for 58 independent indents
performed with different loads, and the results are reported in
Fig. 3c as a function of the characteristic size of indentation
interaction volume (d= 3hmax), estimated to be three times the
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maximum indentation depth hmax
54. Interestingly, while IW

follows a power-law for increasing indentation depths as
expected for contact type indentation tests55, RSE only shows
a similar power-scaling for large enough indentation depths.
This difference becomes most apparent when plotting the ratio
RSE/IW (Fig. 3d). The ratio increases with increasing indenta-
tion depth up to d ~ dc= 20 μm, beyond which RSE/IW is
constant. Otherwise said, beyond a critical indentation depth,
nacre’s microstructure stores a fixed portion of the externally
supplied work (IW) into elastic energy (RSE), much akin to
plastic hardening phenomena well known from plasticity56. In
contrast, for d < dc= 20 μm, this storage capacity is limited,
which means that the externally supplied work is not stored
into recoverable strain energy, but most likely dissipated
through other toughening mechanisms at a constituent level
such as crack deflection, sliding of platelets, mineral bridges,
etc.8,9,16. Indeed, to test this hypothesis, we carried out the same
tests on monolithic aragonite crystals (blue cross-marks in
Fig. 3c, d) and compared the results with those in nacre. Below
the critical length, d < dc= 20 μm, the aragonite response
follows a similar behavior as a nacre for both IW and RSE.
For larger length scales, however, monolithic aragonite crystals
dissipate energy through large crack formation, and therefore,
aragonite crystals have significantly lower RSE (about two
orders of magnitude lower than comparable indents on nacre).
Furthermore, RSE/IW ratio of aragonite crystals is about
0.01–0.1% (Fig. 3d), explaining the absence of “strain-hard-
ening” and the brittle behavior of aragonite. In summary, nacre

behaves similarly to brittle aragonite in terms of energy storage
when the length scale of the indent (crack) is smaller than dc,
but absorbs more energy when the indent size increases. These
results hint at a strain-hardening mechanism in nacre, which
develops in nacre’s micro-texture at length scales greater than
the critical length scale of dc= 20 μm. The very existence of
such a length scale implies a cooperative plastic deformation
mechanism beyond the constituent level, which we aim to
elucidate next.

Crystallographic texture of nacre and strain hardening. The
brick-and-mortar microstructure of nacre is apparent in SEM
images, but no distinct difference is found among the aragonite
platelets (Fig. 4a–d). However, a significant difference appears in
Raman images that separate aragonite platelets into two groups,
based on the peak intensity ratio of the two peaks L1 and L3,
denoted as IL1/IL3 (Fig. 4e–h, red and blue regions). The aniso-
tropy in the intensity of Raman peaks has its origin in the pre-
ferential orientation of vibrating molecular units or crystal lattice
vibrations with respect to the main axis of the sample and inci-
dent light polarization orientation57–59. In the case of nacre, the
anisotropy originates from the fact that the incident laser is lin-
early polarized and L1 and L3 are two perpendicular lattice
vibration modes51; therefore, the crystal orientation can be cal-
culated from IL1/IL3. Indeed, Fig. 4e–h show that the platelets are
co-oriented along the growth direction (vertical direction in the
images), creating stacks characterized by the same
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crystallographic orientation. Note that the crystallographic tex-
ture maps in Fig. 4e–h do not display a perfect checkerboard
pattern since the length of the stacks is not uniform. For this
reason, there exist parts where adjacent stacks have similar crystal
orientation, and therefore, display the same color in Fig. 4e–h
(e.g., bottom one-third of Fig. 4f).

Unlike natural platelet boundaries, cracks are visibly dilated in
SEM images, and therefore, similarly to Wang et al.18, dilated
boundaries (marked with arrows and dashed lines in Fig. 4a–h)
were regarded as cracks in this study. Nevertheless, as previously
discussed, it remains challenging to identify smaller cracks and
crack tips, as the difference between such features and natural
platelet boundaries becomes less discernable. The continuous
straight streaks across the images are polishing marks, which are
randomly oriented and independent from platelet direction
unlike cracks and boundaries (see Supplementary Fig. 7). The
cracks follow a complicated path near the indenter tip due to the
high local stress generated by the indentation process; however,
we can observe that the cracks eventually follow the inter-tablet
boundaries as they propagate further from the indenter tips by
overlaying the cracks on the SEM images and the Raman spectral
maps. These co-oriented stacks have been observed previously in
columnar nacre species using X-ray photoelectron emission

spectromicroscopy (X-PEEM)10,46,47, transmission electron
microscopy (TEM)48, and electron backscatter diffraction
(EBSD)49,50. However, to date, such a structure has not been
linked to the mechanical behavior of nacre.

Raman spectroscopy evinces its advantages when correlating
crystallographic texture and mechanical behavior. Indeed, informa-
tion from both is obtained simultaneously from the peak properties:
the crystallographic texture from the peak ratio of two perpendicular
vibration mode peaks, and the mechanical behavior from the piezo-
Raman relationship. The crystal orientation (characterized by the
Euler angles θ, φ, ψ defined in Supplementary Fig. 8) of an aragonite
platelet is defined by the orientation of the crystal unit cell (a, b, c)
relative to the laboratory coordinate system (x, y, z). Aragonite
platelets have a specific growth direction along the c-axis14. Thus, by
aligning the growth direction with the y-axis, we can define the
crystal orientation with only one parameter, i.e., the crystal rotation
angle ψ. The other Euler angles are θ ¼ 90�;φ ¼ 0�. Raman
intensity is I / jeiRxyzesj2, where Rxyz ¼ ΦxyzRΦT

xyz is the Raman
tensor in the laboratory coordinate system, R is the Raman tensor of
aragonite (Supplementary Table 1), and Φxyz is Euler’s matrix with
θ;φ;ψð Þ ¼ ð90; 0;ψÞ. Inputting the incident laser polarization ei=
(1, 0, 0) to the equations, the peak intensity ratio of L1 and L3 peaks
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takes the following form:

IL1=IL3 /
d2 sin2 ψ
e2 cos2 ψ

/ tan2 ψ ð2Þ

Hence, ψ is expressed as a function of the peak intensity ratio
IL1/IL3. The crystal orientation map of a broader region of the
nacre sample, plotted using the crystal rotation angle (ψ), is
shown in Fig. 4i, j. The blue and red colors of Fig. 4i, j correspond
to 0° and 90° of crystal rotation, meaning that the crystal’s a-axis
is parallel and perpendicular to the laser polarization, respec-
tively. Note that the color of the interface appears to be white
(45°) due to limitations in spatial resolution; the spectrum of the
interface is a weighted sum of the spectra of adjacent platelets.
The periodicity of the crystallographically co-oriented stacks of
aragonite platelets ranging between 10 µm and 100 µm in length,
is clearly visible (see also Fig. 4j for details on a smaller region).

Using these orientation maps, we analyzed the periodicity of
the crystal orientation by using the two-point correlation function

SðiÞ2 ðrÞ, defined as the probability of both ends of a randomly
placed segment (length= r) to be in the same phase i60. The two
phases can be interchanged without loss of generality when
analyzing the crystallographic texture of nacre. Therefore, we

compute the sum S rð Þ � S 1ð Þ
2 rð Þ þ S 2ð Þ

2 ðrÞ (Supplementary Fig. 9a).
In the case of the existence of a characteristic length λ in the map,
S(nλ) would be close to local minima, when n= 1, 3, 5…60,61.
The local minima found in S(r) in the xy-plane (black line in
Fig. 4k) indicate the characteristic lengths 7.7, 20.9, 30.5, and 35.4
µm (see Supplementary Fig. 9b for the larger distances). Since the
material has a directionality along the x- and y-direction, S(r) was
calculated in these two directions (red and blue lines). The
characteristic length in the x-direction is λx ~ 7 μm, correspond-
ing to the width of the aragonite platelets (~8 µm)9. In the y-
direction, S(r) exhibits two minima, which indicates that the
aragonite stacks have a characteristic length λy ~ 21–24 μm, which
approximates the critical length of ~20 µm that we found through
RSE (Fig. 3d).

These results offer strong evidence that stacks of crystal-
lographically co-oriented aragonite platelets contribute to the
exceptional mechanical properties of nacre. First, indentation-
induced cracks propagate along the aragonite stack boundaries,
suggesting that each aragonite stack acts as a cooperative unit, as
opposed to the previous focus on the individual movement of
aragonite platelets18,19. Second, the nacre possesses an effective
strain hardening mechanism that is gradually activated as the
indentation depth increases up to a critical length (~20 µm) set by
the size of the aragonite stacks. The co-oriented aragonite stacks,
similarly to supertablets21, highlight a toughening mechanism
operating at the length scale that is beyond the brick-and-mortar
structure characteristic for nacre.

In order to support micro-indentation and piezo-Raman
results, we performed macroscopic tests on micro-notched nacre
samples. First, the crystal orientation of beams of columnar nacre
loaded in 3-point bending and sheet nacre that has been tested
without a notch is analyzed using Polarization-dependent
Imaging Contrast (PIC) maps (Fig. 5a–d), where the gray level
quantitatively represents the orientation of the aragonite crystal.
The co-oriented stacks of aragonite platelets are clearly observed
in columnar nacre (Fig. 5a, c). Even though sheet nacre does not
have a columnar microstructure, one can observe stacks of co-
oriented platelets forming stair-shaped mesostructures (Fig. 5b,
d). The cracks were observed at the interface of the co-oriented
platelet stacks (Fig. 5c, d), showing that both columnar and sheet
nacre display a similar response. The differences in the
mechanical contribution of the platelet stacks in columnar and
sheet nacre will be a subject of future work.

In columnar nacre, the cracks propagate along the stack
boundaries as seen in the PIC maps (Fig. 5e, f). The crack initially
propagated through the platelets near the notch for about 10
platelets. Then, the crack diverts to a stack boundary and
propagates in mixed mode I+ II following the path of lowest
crack propagation resistance. When the crack driving force in the
mode I plane becomes dominant, the crack jumps to the adjacent
stack boundary and restarts the propagation process along the
boundary (Fig. 5f). The crack jump is observed where the crystal
orientation changes (dashed line in Fig. 5f), supporting the
mechanical contribution of the co-oriented stacks. Also, see
Supplementary Fig. 10 for a high-resolution SEM image of crack
jumps in a columnar nacre sample.

The gray level in each pixel of the PIC map corresponds to the
orientation of the aragonite crystal c-axis. The orientation
(contrast) of platelets left and right to the crack in Fig. 5e is
plotted in Fig. 5g, where red and yellow data points indicate
whether or not the crystal orientation on the left (θL) and right
(θR) of the crack are statistically significantly different. The
majority of cracks (226/297, or 76%) propagated between
misoriented platelets, and 71/297, or 24%, were between co-
oriented tablets. Since the gray level is homogeneous within each
platelet in the PIC images, the red points indicate that the crack
propagated along the stack boundaries. This crack propagation
pattern clearly demonstrates the mechanical contribution of co-
oriented stacks in nacre’s toughening mechanism.

Conclusion. In this study, mechanical results from micro-
indentation, 3-point bending, and in-situ compression tests were
compared with the chemical, structural, and mechanical prop-
erties derived from Raman spectroscopy. Correlating the crys-
tallographic texture and the residual strain energy revealed that
energy is effectively stored in the aragonite stacks when the indent
is larger than the stack’s characteristic size. This finding indicates
that the collective movement of the co-oriented aragonite stacks
contributes to the strain hardening of the nacre. As such, ara-
gonite stacks define another hierarchical level that contributes to
the outstanding mechanical performance of nacre. This work also
highlights the effectiveness of correlative SEM-Raman imaging
tools in quantifying and mapping the plastic deformation and the
residual stress field, as well as analyzing the crystallographic
texture with sub-micron spatial resolution.

Methods
Sample preparation for indentation and Raman spectroscopy. Dry nacre
samples were cut from an abalone shell (Haliotis rufescens) using a diamond
saw (see Supplementary Note 2 regarding the sample humidity condition). For
the in-situ piezo-Raman compression test, a rectangular block of nacre (0.8 ×
1.0 × 1.9 mm3) was prepared with the growth direction (c-axis) oriented along the
longest dimension of the sample. For the micro-indentation tests, nacre samples
(~20 × 5 × 5mm3) were embedded in epoxy resin with the cross-section exposed to
the air before being manually polished in dry conditions with a series of SiC papers
of decreasing surface roughness to reach a surface roughness of a few hundred
nanometers. Monolithic aragonite samples (~5 × 5 × 5mm3) were obtained from
an aragonite cluster. They were embedded in resin with the c-axis parallel to the
surface and polished similarly to nacre samples.

Micro-indentation. Indentation tests were carried out using a three-sided,
pyramid-like Berkovich indenter mounted on a Micro Combi Tester (Anton Paar,
Graz, Austria). Each indentation test consists of measuring the indentation depth
of the indenter resulting from a symmetric load profile composed of an increasing
ramp of load performed at 14 Nmin−1 up to a constant value Fmax maintained for
10 s and followed by a decreasing ramp of load with identical parameters. The
maximum load Fmax was varied between 10 mN and 30 N. Finally, for each indent,
the local values of the hardness and the indentation modulus were determined by
the method of Oliver and Pharr53.

SEM, Raman imaging and analysis. Correlative SEM and Raman images were
produced using the RISE microscopy system (WITec, Ulm, Germany and Tescan,
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Brno, Czech Republic) and a confocal Raman system (WITec). Raman maps were
acquired using a continuous 532 nm laser beam with an accumulation time of
0.1–0.15 s per point. The Raman map sizes were determined to include at least 20
times of the indent height in radius from the indent core. Different spatial reso-
lutions (0.25–2 µm) were used for scans of different sizes. Stack scans, each series of
2-dimensional scans with different focal lengths, were performed on multiple
indents to analyze the material in 3D. The scan volume depended on the size of the
indents, and the scan resolution was 4 µm per pixel for lower resolution scans and
2 µm per pixel for higher resolution scans. The data were collected with a CCD
behind a 600 g mm−1 grated UHTS Raman Spectrometer (WITec).

WITec Project Five, MATLAB, Origin Pro 9, and ImageJ62 software were used
for image processing and analyses. Cosmic ray removal and background
subtraction were performed to increase the signal-to-noise ratio. The L1, L3, and ν1
peaks were fitted with three Lorentzian functions, and the peak position, width, and
intensity were extracted from the fit for further analyses. A median filter was
applied to exclude outlier data points. Residual stress occurs naturally due to the
structural mismatch of aragonite platelets and organic matrices63. To subtract the
natural residual stress, the v0 value was calibrated for each indent using the median
peak position of the nacre in native condition.

Piezo-Raman. A load cell (Interface, Scottsdale, Arizona, USA) with the maximum
load capacity of 200 N was used for measuring the applied force, and the average
stress was calculated by dividing the applied force by the cross-section area of the
sample (0.8 × 1.0 mm2). The nacre block was subjected to a compressive load
perpendicular to the platelets. At each stress level, Raman spectra of 100 points
were obtained from an area of 10 × 10 µm2 at the center of the nacre sample
surface. Each Raman spectrum was fitted with three Lorentzian functions, each
corresponding to L1, L3, and ν1 peaks. The average and standard deviation of the
Raman peak position were determined, and the average peak shifts were fitted to a
linear function.

Macroscopic mechanical tests. The Haliotis laevigata nacre samples were
polished into beams with size 2 mm × 2mm× 10 mm using SiC paper to a 1-µm
surface finish using water for grinding and water-based diamond suspension for
the final polishing steps. Notching was done with a water‐irrigated low‐speed saw,
and then the saw‐cut notch was sharpened to a crack tip radius of roughly 5–10 µm
by polishing the root of the notch with a razor blade irrigated with 1-µm diamond
solution; the total depth of the notch was about half of the sample thickness.
Samples were kept in salt water for at least 12 h prior to testing. Bending test was
done with a Gatan Microtest 2kN bending stage (Gatan, Abington, UK) using a

loading span of 6 mm in a S‐4300SE/N variable pressure scanning electron
microscope (Hitachi America, Pleasanton, CA, USA), allowing continuous obser-
vation of the crack length on the sample’s surface throughout mechanical testing.
Care was taken to ensure that the sample did not break completely, but was
approximately 1/2 cracked, so PEEM analysis could be done at the crack locations.

X-PEEM analysis and PIC mapping. After the 3-point bending and cracking, the
Haliotis laevigata nacre sample was embedded into EpoFix (EMS, Hatfield, PA,
USA) and polished down to 50-nm Al2O3 suspension in water (MasterPrep,
Buehler, Lake Bluff, IL, USA). It was then coated with differential-thickness (40
nm, 1 nm Pt) as described before64,65, and analyzed with PEEM in precisely the
same location where the crack was induced by 3-point bending. The other samples
of Haliotis laevigata and Pinctada margaritifera were embedded, polished, and
coated, similarly.

X-ray photoelectron emission spectromicroscopy (X-PEEM) was performed
using the PEEM-3 microscope on beamline 11.0.1 at the Advanced Light Source in
Berkeley, CA. The elliptically polarizing undulator (EPU) at this beamline was
calibrated to provide precise linear X-ray polarization and reproducible intensities
at polarization angles between 0°–90° with a 5° step size (19 images per dataset). All
PEEM datasets were acquired with a 20-µm field of view, in duplicate with
reproducible results. For the long crack in Fig. 5e, ten partly overlapping datasets
were acquired.

For each 19-image dataset, we calculated the orientation of the c-axis in three
dimensions and displayed it semi-quantitatively as gray level in Fig. 5a–e, where the
middle gray level corresponds to a vertical c-axis, one at +45° points to the top right
(white) and one at −45° points to the top left (black) according to the grayscale
shown in Fig. 5e. Since nacre tablets always only have ±30° from the vertical in both
columnar and sheet nacre47,65,66, only intermediate gray levels are visible, and no
black or white tablets appear. In the end, and for publication and display only, not
for the angle measurements in Fig. 5g, the contrast was enhanced in Adobe
Photoshop® using the “level” function. For all of the images, the sample voltage
was −15 kV, and the photon energy was kept constant at 290.3 eV, the carbon K-
edge π* peak46, which is strongly polarization-sensitive in all carbonates67. Fitting
the polarization spectrum to the curve y=A+ B cos2 (EPU°+C), with the
Levenberg-Marquardt least-squares analysis method, yields accurate identification
of the position of the curve maximum and thereby determination of c-axis
orientation. Performing this fit for every pixel in the stack of images obtained from
PEEM-3, and composing the results into a single grayscale image yields a
Polarization-dependent Imaging Contrast (PIC) map, in which the in-plane c-axis
orientation angle is semi-quantitatively represented by a gray level between 0–255.

Fig. 5 The cracks propagate along co-oriented stacks in both columnar and sheet nacre. PIC maps of a columnar nacre (Haliotis laevigata) and b sheet
nacre (Pinctada margaritifera). PIC maps of cracks propagating through c columnar nacre and d sheet nacre. e PIC map showing the crystal orientation of
each tablet in the columnar nacre sample. fMagnified PIC map of the boxed region in (e). The crack propagation (mode I+ II) on the stack boundaries and
the crack jump (mode II) from the stack boundary to the next boundary are observed. g The orientation of the c-axis of the aragonite crystal platelet on the
left (θL) or right (θR) of the crack, with respect to vertical in the image plane. The red and yellow data points indicate whether θL and θR are statistically
significantly different or not. The grayscale in a–f indicates the c-axis orientation with respect to the vertical.
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These gray levels correspond to the possible 180°-range of orientations between –90°
and +90°, with 0° corresponding to a vertical in-plane c-axis.

Radiation damage was undetectable in repeat acquisitions, as the mineral
component of biominerals is not radiation sensitive68.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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