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Scleractinian corals are a major source of biogenic calcium carbonate, yet the
relationship between their skeletal microstructure and mechanical properties
has been scarcely studied. In this work, the skeletons of two coral species:
solitary Balanophyllia europaea and colonial Stylophora pistillata, were investi-
gated by nanoindentation. The hardness Hir and Young’s modulus E;r were
determined from the analysis of several load—depth data on two perpen-
dicular sections of the skeletons: longitudinal (parallel to the main growth
axis) and transverse. Within the experimental and statistical uncertainty,
the average values of the mechanical parameters are independent on the
section’s orientation. The hydration state of the skeletons did not affect the
mechanical properties. The measured values, Ejp in the 76—77 GPa range,
and Hyrin the4.9-5.1 GPa range, are close to the ones expected for polycrystal-
line pure aragonite. Notably, a small difference in Hyy is observed between the
species. Different from corals, single-crystal aragonite and the nacreous layer of
the seashell Atrina rigida exhibit clearly orientation-dependent mechanical
properties. The homogeneous and isotropic mechanical behaviour of the
coral skeletons at the microscale is correlated with the microstructure,
observed by electron microscopy and atomic force microscopy, and with the
X-ray diffraction patterns of the longitudinal and transverse sections.

1. Introduction

Scleractinian corals represent a major source of biogenic calcium carbonate [1,2]
and are among the fastest marine mineralizing organisms [3]. Their skeleton is a
composite structure with both inorganic (aragonite) and organic components
[4]. The content of organic components and structural water ranges between
1 and 3 wt%, whereas non-structural water represents a minor component
being present in amounts lower than 0.5 wt% [5]. One of the most important
roles of coral skeletons is the building of the structure on which the soft
tissue can grow and be protected. The skeletal structure of the corals also
make the framework of the reef, which has an important ecological, economical
and social relevance [6]. A detailed description of corals’ skeletal texture
and morphogenesis is reported in several reviews (e.g. [2,7] and references
therein). The basic building blocks of all parts of all coral skeletons are the
sclerodermites, consisting of fine aragonite crystals or fibres arranged in
three-dimensional fans around a centre of calcification. The aragonite fibres,
approximately 0.05—4 pm in diameter, are elongated along the crystallographic
c-axis. They grow as spherulites, grouped into bundles termed fascicles [8]. The
diameters and morphologies of individual aragonite fibres are taxonomically
distinct. A number of sclerodermites growing upwards together develop into

© 2015 The Author(s) Published by the Royal Society. Al rights reserved.
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a vertical spine called a trabecula. Groups of trabeculae,
united with or without intervening spaces (or pores) form
the septa, the primary structures of the coral skeleton.
In the recent years, the merging of data from several
investigations has revealed that the actual building unit of
the skeleton is a mineralizing growth layer a few micro-
metres thick, synchronically produced for a given septum
zone [9,10].

Because the skeleton of corals has a peculiar architecture, is
not homogeneous in the texture and shows a hierarchical
organization [9], the study of its mechanical properties at the
nano-microscale can overcome the limitation presented by the
sample structural heterogeneity at the macroscale.

The understanding of the mechanical properties of the skel-
eton at the nano-microscale are important to study the survival
of corals. Indeed, although they do not rely on their skeletons in
exactly the same way as many other organisms do, skeletal
strength can limit viable colony or branch size or influence
growth form. The mechanical properties can determine the
range of hydraulic conditions a colony can withstand, or can
influence the selection of suitable habitats. Knowledge of the
skeletal mechanics of modern coral, and its relation to
microstructure, has also great potential for interpreting the
palaeoecology of fossil corals. Indeed, measurement of the com-
pressive strength and elastic modulus of the skeletal material of
three common Caribbean corals suggested that the mechanical
properties of coral skeletons are an important factor in the
adaptive repertoire of these animals [11].

Coral mechanical properties are also important from the
applicative point of view, because scleractinian corals were
used as bone graft substitutes [12] having good biocompat-
ibility and biodegradation, and mechanics similar to those
of human cancellous bone.

Nanoindentation techniques have recently been adapted
for the study of biological materials and are a powerful tool
for study of the mechanical properties at the nano-microscale.
The analysis of the platelets on the nacreous layer of the red
abalone shell showed that the deformability of the aragonite
platelets together with the crack deflection, aragonite platelet
slip and organic adhesive interlayer contribute to the nacre’s
fracture toughness [13]. Sea urchin spines from Heterocentrotus
mammillatus, Phyllacanthus imperialis and Prionocidaris baculosa
showed a strong dependence of the indentation modulus,
but not the indentation hardness, on the local porosity. This
was attributed to the network type of porosity [14]. The hard-
ness and modulus of biogenic calcite from the prismatic layer
of the mollusc Atrina rigida was compared with a pure geo-
logical calcite, Iceland spar. On the (001) face, biogenic
calcite was found to be 50—-70% harder than geologic calcite.
The higher hardness and increased anisotropy of biogenic cal-
cite was accounted for by hardening mechanisms based on
hindered dislocation motion rather than on crack deflection
[15]. The mechanical properties of the nacreous layer of five
different seashells were investigated by nanoindentation and
three-point-bending tests: it was found that the aspect ratio
of the mineral phase in all seashells is close to the optimal
value for strength as predicted by theory [16]. The multiscale
mechanical properties of nacre, from the single aragonite plate-
let to the composite brick-and-mortar structure, were studied
with great care using a combination of spherical and sharp
nanoindentation tests. The elastic properties of the intracrystal-
line organic phase and its role in the deformation of the
aragonite platelet were elucidated [17].

The compressive strength of Acropora sp., Goniopora sp. and [ 2 |

Porites sp. on randomly oriented samples ranged between 2
and 12 MPa [18] similar to that of wet cancellous bone,
which ranges from 1 to 12 MPa [19]. Different from the case
of bone, the compressive strength of corals was not affected
by their hydration state [10].

Here, we report a nanoindentation investigation on the skel-
etons of solitary Balanophyllia europaea and colonial Stylophora
pistillata scleractinian corals. The rationale for the selection of
these two corals species is that they do not live in the same
type of habitat (Mediterranean versus tropical) and thus
are subjected to completely different environmental conditions
that could affect the mechanical properties at the microstructure
level. In addition, S. pistillata is colonial, and thus builds
branched structures, whereas B. europaea is solitary and grows
as a unique cap. Moreover, they are both symbiotic with
unicellular algae called zooxanthellae, which provide them
an additional energetic approach to photosynthesis. The aim of
this study is to determine whether an orientation-
dependence of the mechanical properties arises as a consequence
of the diverse growing environment and growth form,
discussing the ecological and applicative implications.

2. Material and methods
2.1. Specimen preparation

The coral samples of B. europaea from Palinuro (Italian coast, Nord-
Western Mediterranean Sea) were randomly collected by scuba
diving at 6 m depth on 25 February 2012. Samples of S. pistillata
were collected by scuba diving at a depth of 10 m in the Gulf of
FEilat (Red Sea) during May 2012. These samples were collected
under permission. For each species, three skeletons were investi-
gated using different techniques as described later on. In order to
obtain clean coral skeletons, the coral tissue was first totally
removed by immersing the samples in a solution of 10% com-
mercial bleach for 3 days. Corals were then dried for 4 days at a
maximum temperature of 50°C to avoid any possible transition
in the skeletal carbonate phases [20]. The samples were inspected
under a binocular microscope to mechanically remove possible
fragments of sediment, rocks and encrusting organisms with the
aid of a scalpel. In the case of solitary B. europaea, the skeleton
coincides with a single individual, whereas for S. pistillata, it corre-
sponds to one branch of a ramified coral colonized by many
small polyps (figure 1). The main axis of the skeleton can be ident-
ified in the oral-aboral axis for B. europaea and in the branch
growth direction for S. pistillata.

As reference aragonite-based materials for comparison of
corals mechanical properties, we examined the nacreous layer
of the seashell A. rigida (named simply nacre from here on)
and geogenic aragonite single crystals. The A. rigida shell was
kindly provided by the Mostra Mondiale di Malacologia
(Cupra Marittima, Italy). The geogenic aragonite (from Morocco)
was bought in a mineral market in Bologna, Italy.

For X-ray diffraction (XRD), atomic force microscopy (AFM)
and nanoindentation measurements, two perpendicular sections,
longitudinal and transverse, were prepared by embedding, cutt-
ing and polishing using standard metallographic techniques
(figure 1). The skeletons were first embedded in a highly impreg-
nating epoxy resin under vacuum conditions (10~ ' mbar) to
guarantee the filling of open pores and channels. The purpose of
embedding is twofold: to preserve the skeletal integrity during
subsequent cutting/polishing, and to obtain a continuous flat
section after cutting, as needed by nanoindentation tests. After a
hardening period of 24 h, the samples were cut with a rotating
diamond blade. To obtain the longitudinal section, a cutting

89LOSLOZ ‘:zll a)‘npam/“")dg. y T ‘516'ﬁu!qs!|qnd‘/(19pos‘|é/(or;jsj



resin

I 100um

resin

Il 100 um

Figure 1. Camera pictures of the intact skeletons of B. europaea (a) and S. pistillata (e) corals, showing longitudinal (In) and transverse (tr) cutting planes with
respect to the main growth axis. The polished sections obtained from these cuts are displayed in (b,¢) for B. europaea and (£,g) for S. pistillata. The dotted squares in
these pictures indicate the regions were nanoindentation tests were carried out, while the dotted line in (¢,g) indicates the direction of cutting to obtain the
transverse section. The corresponding videomicroscope images, recorded in situ in the nanoindenter, are reported in (g) for B. europaea and (h) for S. pistillata
A series of aligned indentations is visible in both images to the right of the cross-shaped marker. (Online version in colour.)

plane was selected which contains the skeleton main axis. Conver-
sely, for the transverse section, the cutting plane was perpendicular
to the main axis. The camera pictures in figure 1a—c (B. europaea) and
figure le—g (S. pistillata) illustrate the relation between the two sec-
tions and the intact skeleton. The sections were polished first with
silicon carbide sandpaper of two decreasing grit sizes (P600 and
P1200) and then by alumina (Al,Os) colloidal suspensions of three
decreasing grain sizes: 3—1,0.5-0.3 and 0.05 wm. Figure 1 displays
the relevant optical images of the polished sections.

In addition, for reference aragonite-based materials, two dif-
ferently oriented sections were examined. Nacre was cut, after
embedding in resin, parallel and perpendicular to the cross sec-
tion of the layer, and polished using the same procedure of
corals. In the case of geogenic aragonite, the (001) and (122) sur-
faces were prepared for subsequent analyses by embedding two
single crystals in different orientations, without any polishing.

2.2. Nanoindentation

The mechanical properties were measured with a TTX-NHT
nanoindentation tester (CSM Instruments), equipped with a
Berkovich diamond indenter (tip opening angle =142.3°), an
optical videomicroscope and a motorized translation table. Ten
indentations tests, with a minimum distance of 30 pm between
two tests, were carried out both on the longitudinal and on the trans-
verse section of three skeletons per coral species. Care was also taken
to keep a minimum distance of 50 um from the coral edges and from
microscale pores visible on the surface. This is important in order to
avoid artefacts owing to the presence of elastic discontinuities in
proximity of the indentation area. If the indentation areas on the
two perpendicular sections are properly selected, this procedure
amounts to indenting a small volume (less than 1 mm?) of the

original skeleton along two perpendicular directions. Figure 1 also
displays videomicroscope images of typical indentation zones for
B. europaea (d) and S. pistillata (). A series of aligned indentations
is visible to the right of the cross-shaped marker.

All measurements were done on dry samples. In order to check
whether the hydration state influences the mechanical properties,
measurements in wet state were also performed after soaking the
polished sections in an aragonite-saturated solution for 16 h.

The measurements were conducted in load-control mode
using the following settings: maximum load = 50 mN, loading/
unloading rate =100 mN min ', holding period at maximum
load = 10 s. In addition, for each section, one indentation was per-
formed in dynamic sinus mode, in which an oscillation at 5 Hz and
10% amplitude was superimposed to the rising load. The instru-
mented Young’s modulus E;r and hardness Hit were determined
by the Oliver & Pharr (O-P) method [21]: H;t is given by the ratio
between the maximum applied load and the corresponding pro-
jected contact area, whereas Eyr is derived from the initial slope of
the load-displacement curve during unloading. The dynamic
analysis of sinus-mode measurements permits determination of
Hyrand Eyr as a function of the penetration depth.

2.3. X-ray diffraction, scanning electron microscopy,
thermogravimetrical analyses and atomic force
microscopy measurements

XRD profiles of each section were collected using an X-Celerator
powder diffractometer (PANalytical), using Cu-Ka radiation
(A =1540 A). For the sake of comparison, the XRD profile of
aragonite powders was collected under the same conditions.
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Figure 2. Scanning electron microscope pictures of a cross section of the growing tip of the coral skeletons of B. europaea (a—c) and S. pistillata (d—f). EMZ
indicates the early mineralization zone structural motif from which the growth of the radiating aragonite fibres starts. Panels (b,c) and (e,f) show pictures of the
skeleton fibre region of B. europaea and S. pistillata, respectively, at increasing magnifications.

Scanning electron microscope (SEM) observations were con-
ducted using a Phenom™ microscope (5 kV, FEI) for uncoated
samples and a Hitachi FEG 6400 microscope (20 kV) for samples
coated with gold. Images of residual imprints were recorded
in situ after the measurements with the videomicroscope of the
nanoindentation tester and using the Phenom™ microscope.
For AFM observations, the sections were further polished using
diamond paste and cleaned with Milli-Q water (resistivity
182 MQ cm at 25°C; filtered through a 0.22 pm membrane).
They were observed using a Veeco AFM dimension 3100 Nano-
scope III. The probe consists of a cantilever with an integrated
silicon nitride tip. Samples were imaged at room temperature
and in air using taping mode phase contrast imaging.

Thermogravimetrical analyses (TGA) were carried out on
ground samples using Instruments SDT 2960 at a heating rate of
10°C min~ ! in a nitrogen atmosphere over a temperature range
from 30 to 600°C. Sample weights were 3 —5 mg, and the nitrogen
flow rate was 100 ml min~'. The content of non-structural water
and of organic matrix plus structural water [5] was evaluated
from the weight lost between 90°C and 150°C and between
250°C and 350°C, respectively. Six measurements (two for each
skeleton) were carried out for each species.

3. Results

3.1. Microstructure of coral skeletons

The SEM images in figure 2 display cross sections of fractured
coral skeletons in the region close to the growing tip. The archi-
tecture of the microstructure is clearly visible in the two
constituting units: the early mineralization zone, EMZ (indi-
cated), and the aragonitic fibres. The location of the EMZs is
random in B. europaea, whereas EMZs are aligned along the
growing direction of the tip in S. pistillata. The aragonitic
fibres do not show any preferential direction of growth in
both species. The length scale of their rhythmic growth is
shorter in B. europaea (less than 10 pm) than in S. pistillata
(more than 20 wm), whereas their thickness does not exhibit
differences between the two species (300-500 nm).

Figure 3 reports AFM images and X-ray diffraction pro-
files of the longitudinal and transverse skeletal sections.
The relative intensities of the Bragg reflections display the
same pattern for all profiles. The similarity to the diffraction
pattern of polycrystalline aragonite (JCPDS 41-1475) suggests
the absence of preferential orientations of aragonite crystal-
lites. The width of the reflections does not change between
the two species, indicating similar average dimensions of
the crystalline domains. This observation is also confirmed
by the AFM images (figure 3), which enabled the spheroid
building units of the aragonitic fibres to be observed. The
images show a similar shape distribution and organization
of the aragonitic spheroids independently on the direction
of observation in both coral species. The content of the
organic matrix in B. europaea and S. pistillata was of 2.2 +
0.1 wt% and 1.4 £ 0.1 wt%, respectively, from TGA.

3.2. Young’'s modulus and hardness of coral skeletons
Figures 4 and 5 show the load—depth nanoindentation curves
measured on a single dry skeleton of the two coral species.
In figures 4 and 5a,b, it is possible to note that a relatively
small variability exists between tests carried out on the same
section. The resulting average curves, obtained for the two sec-
tions separately, are very close to each other: as shown in
figures 4 and 5c, the discrepancy between them is, indeed,
lower than the typical spread between the curves in a single
section. This consideration applies to both coral species and
to all examined skeletons.

The E;r and Hiy values derived from the quantitative O-P
analysis of load—depth curves are summarized in table 1,
where the data pertaining to each coral species represent an
average over the three examined skeletons. The results of a
mixed-factorial analysis of variance applied to the whole data-
set are reported in the supplementary material, tables S1 (E;1)
and S2 (Hyr). Species and orientation were taken as the between
subjects factor and within subjects factor, respectively. This
statistical analysis of skeletal mechanical properties clearly

99105107 2L 20y 05y 1 BuoBunsygndiseposieforys [



Beu_In Beu'.ir

intensity (counts)

| I
Sty_In (W )| |
Sty_tr L

\
,l ‘, | ‘\ |
L i LI
A AP o] ] N -A_-.,.)-|‘ M mann] 3

b

i
| I |
A s B,

L

25

30

35

45

50

55

Figure 3. Top: AFM images of cross sections of B. europaea (Beu) and S. pistillata (Sty) coral skeletons embedded in resin and cut along the longitudinal (In) and
transverse (tr) direction with respect to the main growth axis. Z range 180°. Scale bar, 50 nm. Bottom: corresponding XRD diffraction profiles, the main diffraction
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Figure 4. Load —depth nanoindentation measurements on a single skeleton
of B. europaea (Beu): a sequence of 10 indentations was carried out on (a)
longitudinal (In) and (b) transverse (tr) sections. In (c), the resulting average
curves for the two sections are compared. (Online version in colour.)

shows that (i) there is no significant difference between the
longitudinal and transverse sections (this is true for both
species); (ii) in the case of Young’s modulus Eyy, there is no sig-
nificant difference between the two species; (iii) in the case of
hardness Hjy, there is a small yet statistically significant

30

40 [ average ]

20
10 / b

= a1 A 1 1 1 L L

0 100 200 300 400 500 600 700 80
depth (nm)

load (mN)

Figure 5. Load—depth nanoindentation measurements on a single skeleton
of S. pistillata (Sty): a sequence of 10 indentations was carried out on (a)
longitudinal (In) and (b) transverse (tr) sections. In (c), the resulting average
curves for the two sections are compared. (Online version in colour.)

difference between the two species, with S. pistillata being
about 3% harder than B. europaea.

The dynamic sinus measurements, reported in electronic
supplementary material in figures S2—-S3 for the longitudi-
nal sections of the two species, demonstrate that the corals’
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Table 1. Average values of Young’s modulus £;; and Hardness Hy; obtained
from nanoindentation measurements on differently oriented sections of the
two coral species, A. rigida (nacreous layer) and geogenic single-crystal
aragonite. The number of individual measurements per section is 30 for the
two coral species (10 x 3 skeletons per species), 10 for A. rigida and
10 for geogenic aragonite. The standard error is given in parenthesis, in
units of the last significant digit.

section
material orientation E;r (GPa) H;; (GPa)
B. europaea longitudinal 77.0 (11) 487 (3)
Ctansverse 763 (5) 497 (6)
CSpisilata  longitudinal 766 (1) 5.04 (3)
B 7‘6'.‘0“(5)“ 510(6) L
= rig'id&'(nacrééﬁvs e 550(3)349(5) B
e o 67.4“(4) s .(4)
aragonlte(smgle (001) L 1008(8) e o
sl (122) IR 827(9) s '(6)

%1 and S2 indicate surfaces perpendicular and parallel, respectively, to the
nacreous layer cross section.

mechanical properties do not depend significantly on the
indentation depth in the probed range. The same conclusion
applies to the transverse sections of the two corals.

Finally, we note that the nanoindentation curves as well
as the mechanical parameters Ejr and Hjp measured on the
wet sections are identical to the ones obtained from the dry sec-
tions within statistical uncertainties (electronic supplementary
material, figure S1).

3.3. Comparison with other aragonite-based materials
At variance with coral skeletons, in the case of nacre a signifi-
cant difference between longitudinal and transverse sections
is observed in the unloading average curves (figure 6a),
revealing a clear anisotropy of the mechanical properties. The
anisotropy becomes even more evident in single-crystal arago-
nite (figure 6b), where the average nanoindentation curves for
the (001) and (122) sections exhibit a remarkable difference
both in the residual depth and in the unloading slope. Accord-
ing to the O—P analysis reported in table 1, nacre exhibits a
strong E;r anisotropy and a weak Hjy anisotropy, whereas for
single-crystal aragonite, both E;r and Hjy strongly depend on
the indentation direction. The corals’ mechanical parameters,
Eyr ~76-77 GPa and Hjr ~4.9-5.1 GPa, are higher than
those of the nacreous layer in A. rigida, and lower than those
of the stiff and hard (001) direction of single-crystal aragonite.
They appear close to the values determined for the compliant
and soft (122) direction.

3.4. Residual indents and crack generation

Typical optical images of the residual indents on the corals’
skeletons, recorded in situ right after the measurements, are dis-
played in electronic supplementary material, figure S4. The side
of the residual indentation triangle is ~ 5 wm. In some cases, the
surface around the indent edges appears very flat (electronic
supplementary material, figure S4a,c), whereas in others, a dis-
turbance of the surface is observed (electronic supplementary
material, figure S4b,d). Higher magnification SEM images of
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Figure 6. Load — depth nanoindentation measurements on two different sec-

tions of (a) nacreous layer of A. rigida and (b) single-crystal aragonite. The

displayed curves represent an average over 10 indentations. S1 and S2 indi-

cate surfaces perpendicular and parallel, respectively, to the nacreous layer

cross section. (Online version in colour.)

these residual indents clearly show the occurrence of the
pile-up of material as a result of the plastic deformation. An
example is reported in figure 7, where the generation of a
radial crack is also detected in the proximity of the indent’s
bottom corner.

The occurrence of pile-up and microcracks was examined in
more detail for B. europaea by performing further groups of 10
indentations with maximum loads of 5 and 500 mN. At 5 mN
maximum load, we hardly observed any pile-up formation or
microcrack generation. At 500 mN maximum load, crack gener-
ation was almost ubiquitous, making it possible to measure the
length of the developed radial cracks under the videomicro-
scope (electronic supplementary material, figure S5). The
length of the crack enables the determination of another interest-
ing mechanical property, ie. the fracture toughness K
according to a described procedure [22 and references therein].
Even though a precise estimation of K. is difficult, owing to
the variability of crack length, we can assert that also the fracture
toughness of the corals’ skeletons is independent on the indenta-
tion direction: K. = 0.6 &+ 0.1 MPam'/? and K. = 0.5 + 0.1 MPa
m'/? for the longitudinal and transverse sections, respectively.
Conversely, no microcrack generation was observed in nacre
even at the highest load of 500 mN, indicating a higher fracture
toughness of nacre with respect to the corals’ skeletons.

4. Discussion

4.1. Anisotropic mechanical properties of single-crystal
aragonite

The measurements on single-crystal aragonite highlight
that its mechanical properties, both in the elastic and plastic
deformation regimes, are highly anisotropic, as already
reported on the basis of microhardness measurements [23]
and nanoindentation tests [24]. An orthorhombic crystal, like
aragonite, has nine independent elastic constants C;; [25],
which fully determine its stress—strain relationships. The
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Figure 7. SEM images of a residual indent on the transverse section of B. eurapaea, taken in ‘backscattered’ (a) and ‘backscattered shadow’ (b) modes. The images
show both the generation of a radial crack starting in proximity of the bottom corner, and the pile-up of material around the indent. The thin straight lines are

residuals of the polishing procedure.

Young’s modulus along each lattice direction results from the
combination of a specific C;; subset. Therefore, if the C;; exhi-
bit significant anisotropy, as reported for aragonite [26]
(C11 =171.1 + 1.0 GPa and Cs3 =98.4 + 1.2 GPa), so will the
Young’s modulus. In particular, the Young’s modulus along
the [001] direction (c-axis), which can be determined from the
nanoindentation tests perpendicular to the {001} planes, is
given by the simple relation E[001] = Cs3. Our measured
value E[001] =100.8 + 0.8 (table 1, result on section (001))
is thus in excellent agreement with the elastic constants
measured by Brillouin spectroscopy [26] and with previous
nanoindentation measurements (102.8 + 2.4 [24]). For poly-
crystalline aragonite, the aggregate Young’s modulus was
calculated as E = 91.5 GPa in reference [26] using the Voigt—
Reuss—Hill averaging scheme. Other experiments and first
principles calculations, however, report a slightly reduced
bulk modulus than reference [26], resulting in a lower E =
86 GPa [27]. Thus, the Young’s modulus value for pure,
polycrystalline aragonite shall be expected in this range,
i.e. approximately from 85 to 90% of E[001].

The plastic deformation of aragonite appears even more
anisotropic. In reference [24], the values Hir = 6.2 + 0.3 GPa
and Hjp = 4.4 + 0.4 GPa were reported for nanoindentation
tests perpendicular to the planes (001) and (130). The micro-
scopic origin of this behaviour is the existence of preferential
slip systems, such as the {110}<001> family [24]. The
pile-up effect around the indentations was described cor-
rectly by a crystal plasticity model, which takes into
account all the slip systems [24]. Our values (table 1) are in
good agreement with reference [24] and confirm the strong
anisotropy of the nanoindentation hardness. The slightly
higher hardness measured here for the section (001) could
be attributed to a higher concentration of impurities in our
geogenic aragonite, acting as pinning centres for dislocations.

4.2. Anisotropic mechanical properties of nacre

The mechanical properties of nacre and their relation to the
material’s microstructure are an intensively studied subject
as mentioned in the introduction [13,15-17]. Our motivation
for measuring nacre was to achieve a direct comparison,
i.e. using the same equipment and protocol, with the mech-
anical properties of coral skeletons. Fleischli et al. have

shown that both hardness and Young’s modulus strongly
depend on the scale of nacre’s well-known brick-and-mortar
architecture, especially on the thickness of the aragonite
platelets. In the seashells with thick platelets, in particular
Trochus maculatus and Haliotis rufescens, the values of Ejr
and Hir are close to pure aragonite [16]. Conversely, in the
seashells characterized by thin platelets, such as those of
Pteria penguin, a Young’s modulus as low as 60 + 8 GPa and
a hardness of 3.7 + 1.0 GPa were measured [16]. Our values
for the nacreous layer of A. rigida (table 1) fall within this
range [16]. Such reduced values are generally attributed to
the high weight fraction, around 6 wt%, of organic matrix
(the mortar), which is orders of magnitude softer and more
compliant than aragonite [16].

The significant Young’s modulus anisotropy in nacre, high-
lighted by our measurements, originates with the previously
discussed anisotropy of the aragonite platelets (the bricks),
which are aligned preferentially along one crystallographic
direction within the nacreous layer.

The absence of radial cracks after 500 mN indentation
witnesses the high fracture toughness of nacre. Li ef al.
showed that this behaviour arises from the ductility of nano-
grained aragonite platelets, coupled with crack deflection,
platelet slip and organic adhesive interlayer. The elevated
content of the organic matrix plays a decisive role in nacre’s
fracture resistance [13].

4.3. Isotropic mechanical properties of coral skeletons
The statistical analysis of nanoindentation data (table 1 and
electronic supplementary material, tables S1 and S2) proves
that coral skeletons, in contradistinction to nacre, exhibit isotro-
pic mechanical behaviour at the microscale both in the elastic
and plastic regimes, despite the remarkable mechanical aniso-
tropy of aragonite. In addition, relatively small fluctuations, in
the range of about 3% for Ejr and 6% for H;y, were detected
within the same section (figures 4 and 5), indicating a homo-
geneous mechanical response on a spatial scale larger than
the typical indentation volume.

These features can be explained by the spatial arrangement
of aragonite crystals, as highlighted by SEM and AFM obser-
vations (figures 2 and 3) and XRD profiles (figure 3). In fact,
SEM shows that the aragonite fibrous crystals are about
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200-400 nm thick, ie. much thinner than the typical
indentation size (5-10 pm), and are oriented along different
directions in a fan-like arrangement: each indentation, there-
fore, represents an average over many differently oriented
crystals, resulting in a homogeneous response across a section.
The absence of preferential orientation of the aragonite crystals
suggested by XRD (figure 3) explains why the mechanical par-
ameters are the same in the two perpendicular sections. Finally,
the AFM observations of the fibrous crystals (figure 3) agree
with the above data showing an isotropic distribution of the
spheroidal units making the fibrous crystals. In summary, the
architectural arrangement of its basic building units confers
to the skeleton a nearly perfect isotropic microscale mechanical
behaviour in the elastic and plastic deformation regime. This
consideration probably also extends to the fracture behaviour,
even though further experiments are needed to better assess
this point.

4.4. Effects of porosity and organic matrix on skeletal
mechanical properties

The small fluctuations observed within the same section
may arise from local variations, from one indentation site to
another, of one or more of the following items

(1) Average orientation of aragonite crystals: although
XRD reveals no preferential orientation over the whole
section, it is not possible to rule out small changes on
the micrometre scale.

(2) Pore content: as shown by Presser et al. [14], local poros-
ity influences the mechanical properties determined by
nanoindentation, in particular lowering Young’s mod-
ulus with respect to a fully dense material. Using time-
domain nuclear magnetic relaxometry, we have shown
that coral skeletons contain pores with sizes ranging
from about 10 um down to few tens of nanometres
[28]. Such pores may either be too small to be detected
under the videomicroscope or be hidden beneath the sur-
face, and their varying concentration could contribute to
the observed fluctuations.

(3) Abundance of the organic matrix [7,29]: Stempflé et al.
have shown that both the intercrystalline and intracrys-
talline organic matrix, characterized by low Young's
modulus (6.3 and 3.8 GPa, respectively), play an impor-
tant role in the elastic and plastic deformation of
nacre’s aragonite platelets [17]. As already recalled, it is
expected that regions richer in organic matrix display
lower Young’s modulus and hardness.

The influence of porosity and organic matrix on the mechan-
ical properties can also explain the lower Young’s modulus of
coral skeletons with respect to polycrystalline aragonite. Simi-
larly, the difference in hardness between the two coral species
may reflect a lower content of organic matrix and possibly
porosity in S. pistillata with respect to B. europaea. Indeed,
TGA detects a lower content of organic matrix in S. pistillata
(1.4 £+ 0.1 wt%) than in B. europaea (2.2 + 0.1 wt%). However,
the difference in hardness is very small (only 3%, while
fluctuations up to 100% between different seashell species
have been reported [16]), making it difficult to ascribe it to
a specific mechanism. The comparison between microscale
mechanical properties of several coral species having diverse

organic matrix content and porosity may be the subject of [ 8 |

future studies.

4.5. Implications of isotropic mechanical properties
of coral skeletons

These data have implications regarding the corals’ ecology and
the application of coral skeletons as bone graft materials.
Indeed, the mechanical isotropy offers corals the advantage
to grow, irrespective of the direction, letting the construction
of their complex architectures be driven by other vital par-
ameters, such as the intensity and directionality of the
underwater light field [30], the current velocity [31] and the
gravity [32]. The coral mechanical isotropy is also relevant to
the use of coral as cancellous bone grafting. Indeed, cancellous
bone is a mechanically anisotropic biomineral [33-35], like
nacre [36], with a wide range of elasticity depending on the
source [16,37]. Thus, an isotropic biocompatible and biode-
gradable material could be applied also to cancellous bones
where a diverse anisotropy is present.

5. Conclusion

The Young’s modulus and hardness measured on the coral
skeletons of B. europaea and S. pistillata are in the ranges 76—
77 GPa and 4.9-5.1 GPa, respectively. The statistical analysis
does not reveal a significant difference between skeletal sec-
tions having different orientations with respect to the main
growth axis of the coral. The Young’s modulus is the same
for the two coral species, whereas hardness is approximately
3% lower in B. europaea. The mechanical properties are also
rather constant over different indentation sites, typically separ-
ated by few tens of micrometres within one section. SEM, AFM
and XRD show that this behaviour originates from the random
orientation of aragonite fibres, and their forming spheroid par-
ticles, which are much thinner than the indentation size.
Despite the significant anisotropy of the building units
(aragonite crystals), the coral skeletal material is thus homo-
geneous and isotropic as concerns the mechanical properties
at the microscale. Orientation dependence of the mechanical
properties of the entire skeleton, if present, should therefore
be ascribed to its anisotropic shape on a larger (i.e. mm to
cm) scale. The slightly lower Young’s modulus (by about
10%) with respect to pure polycrystalline aragonite can be
ascribed to the presence of microporosity and soft organic
matrix in the coral skeletons. In comparison, the widely studied
nacre material exhibits a clear anisotropy of Young’s modulus
and a significant variation among different seashell species.
Both features can be attributed to the highly organized
‘brick-and-mortar’ architecture of nacre, the features of which
(shape and thickness of the aragonite platelet, content of the
organic matrix) vary strongly among different seashells.
These observations have implications in corals” ecology and
in the use of coral skeletons as bone graft substitutes.
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