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Abstract Nanoindenation studies were carried out on
single crystal calcite and on sea urchin spines from Het-
erocentrotus mammillatus, Phyllacanthus imperialis, and
Prinocidaris baculosa. Unlike dense calcite single crystals
resin embedded porous sea urchin spine segments showed a
strong dependence of the indentation modulus, but not the
indentation hardness, on the local porosity. This implies
that the sampled volume for the indentation modulus in
nanoindentation with forces down to 15 mN is not nano-
scopic but extends approximately S50 um around the
indentation spot. Only for indentation depths <100 nm
more or less mount-unaffected values of the indentation
modulus could be found. The Voigt model for composite
materials (calcite/resin) was found to be applicable for the
dependency of the indentation modulus on the porosity.
This is attributed to the network type of porosity and opens
strategies for the control of stiffness in porous networks.

Introduction

Nanoindentation, also referred to as load and depth-sensing
indentation (DSI), has become a very important method to
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study the mechanical properties on the (sub)micrometer
scale [1-4], which was successfully adapted even to lay-
ered and thin film systems [2, 3].

The basis for DSI is the interpretation of in situ loading—
unloading curves. Mechanical sample properties such as
indentation hardness (Hyt) and indentation modulus (Eyt)
can easily be derived from load—displacement plots. Under
ideal conditions, the indentation modulus Ejr is equal (or,
at least, similar) to the Young’s modulus as obtained, for
example, via bending tests [4].

Continuous stiffness measurement (CSM) allows
obtaining depth-resolved values for the indentation hard-
ness and the elastic modulus [5]. Here a sine modulation
superimposes the loading path so that material properties
like hardness and indentation modulus can be obtained in a
continuous way from the displacement oscillation [6]. This
way, surface hardening due to mechanical treatment or the
transition from the layer- to the substrate-dominated
domain in thin film systems can be analyzed [5, 7]. There
are, however, severe complications in interpretation of the
obtained data for samples with a high modulus to hardness
ratio (E/H): Copper or nickel single crystals (E/H > 200)
were demonstrated to yield high errors in calculated values
due to a large contribution of dynamic unloading [8, 9].
This effect is less important for calcite (E/H = 30-40)
[10, 11].

This study was motivated by the high biomimetic
potential of sea urchin spines, which show a beneficial
cascading graceful failure fracture behavior under com-
pression [12, 13]. It is possible to correlate this beneficial
behavior with the microstructure of mesocrystalline mag-
nesium calcite (referred to as the stereom) where more
dense areas enable crack deflection. In addition, we find
some minor organic components in the stereom in-between
the Mg—calcite nanodomains [14-19]. As compression or
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Table 1 Ejr and H;t values as obtained from DSI experiments (15 mN) on sea urchin spines

Sea urchin species Measured area description Number of indentations Eir (GPa) Hyr (GPa) Porosity (vol%)
Heterocentrotus mammillatus Growth ring 1 13 619 £ 2.7 37+£03 17 £ 22
Growth ring 2 18 62.6 £ 3.7 34+ 04 19 £24
Growth ring 3 18 60.9 £ 4.0 35+03 16 £ 1.9
Growth ring 4 15 61.5 £39 34+ 04 20 +£23
Outer porous area 13 50.5 £ 3.0 33+£03 38 £3.1
Inner porous area 8 39.8 £ 6.1 3.1+04 61 + 4.8
Phyllacanthus imperialis Outer porous area 15 484 £ 4.2 4.0+03 40 £ 2.7
Middle porous area 24 469 £ 5.1 4.0+ 05 45 £ 4.1
Inner porous area 6 289 + 5.8 28 £0.8 71 £ 34
Prinocidaris baculosa Porous outer part 15 59.1 £5.0 39+04 25 £ 2.8
Massive outer part 15 71.7 £ 3.8 35+02 8+ 1.8
Outer porous part 21 528 £ 7.8 3.7+05 37 £ 3.6
Inner porous part 15 48.5 £ 5.7 35+05 48 £ 5.5

For the nomenclature see also Fig. 2

bending tests only yield information on the entire sample
comprising several levels of porosity, nanoindentation was
applied to closer investigate elastic modulus and hardness
as properties of the basic calcite. Highly porous spines of
three different sea urchins were investigated: Heterocen-
trotus mammillatus (HM), Phyllacanthus imperialis (P]),
and Prinocidaris baculosa (PB).

Various studies and standards comment the critical
influence of the mounting material on the determined
mechanical sample properties [5, 9, 20]. Unlike other
studies, where dense samples were used, sample polishing
and treatment of sea urchin spines required infiltrating and
mounting the samples with resin. This study describes the
effects of resin mounting and infiltration on the results of
nanoindentation experiments including depth-resolved
measurements using the CSM technique and hereby
explores the sample volume (Table 1).

Experimental

DSI and CSM measurements were carried out via a Nano-
Hardness Tester® from CSM Instruments SA (Peseux,
Switzerland) with a Berkovich diamond indenter. For all
calculations, the model of Oliver and Pharr [6] was used for
data interpretation. The use of a sapphire reference ring
compensated for load frame compliance and thermal drift
and also provided shielding from external influences such
as fluctuations of the atmospheric pressure, humidity, and
so on. Both loading and unloading were performed with
9 mN/min and a maximum load of 15 mN which was
maintained for 30 s. This holding time is the same as used
in a recent study on brachiopod calcite [21]. For the two

modes of CSMs, a sine frequency of 20 Hz (1 Hz) was
used which corresponds to an amplitude of 5 mN (1 mN).
Loading and unloading were carried out with 50 mN/min
(7.5 mN/min) and a maximum load of 50 mN (20 mN),
which was also maintained for 30 s.

Porous sea urchin spine samples from Heterocentrotus
mammillatus, Phyllacanthus imperialis, and Prinocidaris
baculosa were used. All samples and all measured sample
positions showed almost the same chemical composition of
Calcite (CaCOj3) with ca. 2 wt% Mg as determined via
EDX. For DSI measurements, the samples were embedded
in and, thereby, infiltrated with epoxy resin (Spezifix-20®;
Stuers GmbH, Germany). DSI measurements yielded for
the resin Eyr = 3.6 £ 0.1 GPa and Hir = 198 4+ 4 MPa.
The mechanical properties of the resin are important for the
interpretation of the calculated Young’s modulus of the
resin-infiltrated porous samples.

Creep within the specimen Cip was observed when the
maximum force was maintained for 30 s for both CSM and
static loading mode. Cir was calculated after Eq. 1 [4] to
range between 1.0 and 1.7% for all samples.

hy —h
%. 100% (1)
1

Crr =

In addition to DSI measurements, conventional bending
tests were performed to determine the elastic modulus of
entire sea urchin spine samples (4.0 x 4.0 x 44.5 mm°).
Conventional three-point bending tests were performed
using a universal testing machine (Instron 4502, Instron
Deutschland GmbH, Germany) with a constant crosshead
movement speed of 0.5 mm/min. For the lower mounting a
distance of 40 mm between the supporting bearings was
chosen while the upper and one of the lower bearings
rested on a spherical support. This allowed the mount to
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align ideally to the sample without inducing misalignment-
related stress to the sample’s edges.

Microscopic investigations of the samples were carried
out using an Olympus BH-2 Nomarski Differential Inter-
ference Contrast (DIC) microscope (Olympus Europa
GmbH, Germany). For image analysis we followed the
stereological approach based on Delesse and Rosiwal [22,
23] (area fraction of phase A = volume fraction of phase
A) and used ImageJ 1.42 (National Institutes of Health,
United States of America).

Results
Three-point bending test

Three-point bending tests were carried out on a cuboid
sample (4 x 4 x 45 mm?) cut from a spine of Hetero-
centrotus mammillatus. Catastrophic sample failure was
avoided by applying maximum forces below the critical
bending strength. Data from both loading and unloading
curves were used to determine the elastic modulus via
Eq. 2

E e L3 2)
three-point bending — 4 3
w-h

In Eq. 2, ¢ denotes the slope in the force—deflection plot
(dF/dx) in the linear domain and L the distance between the
lower bearings (L = 40.0 mm). Finally, w and 4 stand for
the width (w) and the height (h) of the sample
(w = h = 4.0 mm).

As a result for two loading—unloading cycles, we
determined Eree-point bending t0 be 12.7 & 1.3 GPa while

Load (mN)
3
1

the total sample porosity was 57 & 2 vol% as determined
using gravimetrics.

Nanoindentation
Inorganic calcite single crystal

To establish a baseline for the material properties of the sea
urchin spine basic material, we performed DSI measure-
ments on a large calcite single crystal (20 x 20 x
10 mm?). For a better comparability, we performed nano-
indentation tests with F,, = 100 mN in addition to DSI
measurements with Fp,,x = 15 mN which yielded the very
same results within the experimental error. Also, we did
not find any influence of sample mounting for dense, solid
calcite single crystal: both Hir and Ejr were the same
within the experimental error for calcite embedded in a
resin block and for a calcite single crystal that was mea-
sured directly without any additional mount.

Figure 1 depicts a typical loading—unloading plot of
calcite, which was also observed for all DSI measurements
carried out on sea urchin spines. The discontinuities along
the loading curve are caused by slip plane gliding as seen
from the microphotograph in Fig. 1.

All measurements were carried out on the {1010} plane of
a clear, natural calcite single crystal (Island). Based on 15
indentation measurements, we obtained 76.6 £+ 1.9 GPa for
the indentation modulus E;r and 1.9 & 0.1 GPa for the
indentation hardness Hyt. Our measured Eyt is in agreement
with DSI values reported for inorganic calcite in the litera-
ture (Ref. [24]: 73.5 &+ 2.9 GPa/Ref. [10]: 78.1 £+ 5.2 GPa)
and slightly below the value reported by Griesshaber et al.
(Ref. [25]: 85.0 GPa).

Creep
(30 s @ 100 mN)

Buipeojun

1 1 1
0 250 500 750

U U T 1
1000 1250 1500 1750

Displacement (nm)

Fig. 1 Typical load—displacement plot for single crystal calcite. In the loading domain, small discontinuities (dashed areas) are results of slip
plane gliding and crack formation in the brittle single crystal (arrows in the inset)
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The Hir value is, as expected, larger than the hardness
determined via microindentation (Ref. [10]: 1.5 + 0.1 GPa)
and in agreement with Hyr values reported in the literature
(Ref. [10]: 2.2 £ 0.2 GPa/Ref [24]: 2.7 £ 0.2 GPa). How-
ever, there are some substantially higher reported values
(Ref. [26]: 3 GPa/Ref. [27]: 3.1-4.7 GPa/Ref. [25]: >3 GPa)
which may be attributed to the range of material imperfec-
tions of natural inorganic calcite or different crystallographic
orientations.

Fig. 2 Cross sections of the
analyzed sea urchin spines of
a Heterocentrotus mammillatus,
b Phyllacanthus imperialis, and
¢ Prinocidaris baculosa. Areas
in which nanoindentation
experiments were carried out
are indicated and termed
according to Table 1

(b)

Sea urchin spines

Figure 2 displays cross sections of the measured sea urchin
spine samples. The growth axis of the mesocrystalline
calcite coincides with the crystallographic c-axis. For the
displayed cross sections, the c-axis is perpendicular to the
image plane. Characteristic features of the individual sea
urchin spines are as follows:

Inner porous area

x2

Growth ring 4

Growth ring 3
Growth ring 2

Outer porous area
Growth ring 1

Inner porous area

Middle porous area

Outer porous area

Inner porous area

Outer porous area

Porous outer part

“{¥ )~ Massive outer part
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e Spines of Heterocentrotus mammillatus are character-
ized by less porous parts which can be seen as former
surfaces or growth marks. Measurements were carried
out on each of the truncated growth rings as well as on
the porous area between growth rings 1 and 2 (“outer
porous area”) and on the inner area (medulla = “inner
porous area”). Porosity (®) ranges from relatively
dense (growth rings: 15-20 vol%:) to highly porous
(medulla: >50 vol%).

e Sea urchin spines of Phyllacanthus imperialis are less
complex in their structure, and there is an almost
continuous gradient of decreased porosity from the
medulla (“inner porous area”) to the outer rim of each
cross section (“outer porous area”). Porosity levels
show a less wide spread and range from 40 vol% (rim)
to more than 65 vol% (medulla).

e For spines of Prinocidaris baculosa massive thorns on
the outer rim are typical which lead to a structural
differentiation between inner and outer spine areas. In
the medulla, we find high porosity levels (>40 vol%)
with a decreased porosity in stereom sections close to
the rim (>30 vol%). The massive outer part is separated
in the moderately porous inner part (=25 vol%) and
the almost fully dense outer part with massive thorns
(<10 vol%).

Fig. 3 Microphotographs of (a)
sea urchin spine samples after
nanoindentation. Depending on
the local porosity level, the
width of trabeculae segments
ranges from below 10 to more
than 100 um. a PI medulla

(® > 60 vol%). b HM outer
porous area (® > 30 vol%).

¢ HM growth ring (& ~ 20
vol%). d PB dense area

(® < 10 vol%)

@ Springer

The width of truncated trabeculae (i.e., the skeleton part
of the structure) varies depending on the local porosity
level as seen in Fig. 3. In highly porous areas, for example
in the medulla of Phyllacanthus imperialis, the width of the
trabecula can be below 10 pm, while massive growth rings
show skeleton segments in the range of tens of micrometer.
Locally even larger dense calcite portions were found in
the part of Prinocidaris baculosa. As we examine random
cross sections, it is, however, difficult to evaluate how thick
a trabecula section extends into the depth. All indentations
that were too close to or even in direct contact with the
stereom—resin interface were removed from the data
analysis.

First, we performed DSI measurements in static mode
with a maximum load of 15 mN. This value is in the range
of typical settings for DSI measurements of calcite [10, 21,
26-28] and corresponds to indentation depths of 500 nm.
This value (0.5 um) is a small fraction of the mean tra-
beculae diameter (>>5 pm). Figure 4 displays the results of
the DSI measurements for indentation hardness and mod-
ulus illustrating the full spread of experimental values,
while Table 1 lists the obtained mean values and standard
deviations. All samples showed a similar variation in
indentation hardness ranging from 2.5 to 5.0 GPa (average:
3.5 + 0.5 GPa), independent from the studied sea urchin

(b)
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Fig. 4 DSI results for both, (a) (b)
indentation hardness and
modulus for a Heterocentrotus = -
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species and the measured sample position (medulla, growth
ring, etc.).

There is, however, a systematic variation of the inden-
tation modulus: high values close to the Eir of single
crystal calcite (76.6 £ 1.9 GPa) were found in the massive
part of Prinocidaris baculosa (71.7 £ 3.8 GPa). Also,
relatively high indentation moduli were observed in the
porous outer part of PB (59.1 £ 5.0 GPa) and in growth
ring areas of HM (@: 61.7 £ 3.6 GPa). These values are
opposed by a significantly decreased indentation modulus
in areas with high porosity. In the medulla of Phyllacan-
thus imperialis, for example, a very low Ejr value of
28.9 £ 5.8 GPa was found.

The values as determined from single crystal calcite
cannot directly be compared with the results from sea
urchin spines because of the different crystallographic
orientation: while the single crystal was probed on its
{1010} plane, the sea urchin spines were analyzed on the
(0001) plane. Based on the elastic constants presented
by Thanh and Lacam (Ref. [29]) and Yamamoto et al.

15 20 25 3.0 35 40 45 50
Indentation hardness (GPa)
= HM growth rings

o Porous areas (all species)
¢ PB massive outer part

(Ref. [30]), Eoo1) varies between 75.5 and 85.3 GPa and
thus coincides with our own DSI measurements on {1010}
single crystal calcite (76.6 £ 1.9 GPa).

As a mean value, we obtain Hyr = 3.5 & 0.5 GPa for
all analyzed samples. While this value is still in the range
of reported values for natural inorganic calcite, the value is
significantly higher than our measurements on single
crystal calcite (1.9 £ 0.1 GPa). This may be due to the
Mg-doping of the natural sea urchin calcite. Dolomite
(50 mol% MgCO3) has a significantly higher indentation
hardness than pure calcite (Ref. [24]: 6.5 £ 0.9 GPa), but
here the different crystal structure has to be taken into
account. There is no systematic data on the indentation
hardness of high magnesium calcite (hmc), but we know
that sea urchin teeth (which show high amounts of Mg)
show a higher indentation hardness than pure, Mg-free
calcite [24, 31].

In order to investigate the nature of the systematic vari-
ations of Eir, we performed CSM measurements for HM
and PB for smaller applied loads (1-20 mN; Fig. 5). Here

@ Springer
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Fig. 5 CSM measurements showing the variation of Eyp with indentation depth and applied force. a HM: inner porous part (& =~ 61 vol%).
b HM: growth ring (& = 17 vol%). ¢ PB: inner porous part (O ~ 48 vol%). d PB: massive outer part (O ~ 8 vol%)

we see that the higher the resin volume fraction (= open
pore volume), the larger the z-dependency of the indenta-
tion modulus. Only the almost dense massive outer part of
Prinocidaris baculosa shows no significant variation of the
indentation modulus with indentation depth and a constant
indentation modulus of 68 £ 5 GPa can be calculated.
Measurements in the inner porous part of PB yield the
extrapolated value of 74 £ 19 GPa. For Heterocentrotus
mammillatus, we obtain 63 + 9 GPa (® = 61 vol%) and
67 = 5 GPa (17 vol%). Obviously, the indentation modu-
lus of pure calcite is very close to the calculated Ejr values
of sea urchin spine calcite. This aspect is very important,
because it indicates that the organic component present
within the stereom matrix does not influence the elastic
modulus compared to inorganic single crystal calcite.
Because of the indentation size effect, it is known from
thin film systems [20] and biological samples [32] that only

@ Springer

for sufficiently low indentation loads/depths the true
indentation modulus independent from (or, at least, only
insignificantly affected by) the substrate/mounting can be
obtained. In a recent study, Schmabhl et al. (Ref. [33]) were
able to study the variation of the elastic modulus of bra-
chiopod shell caused by different levels of mineralization
only after applying loads as small as 0.5 mN while a pre-
vious study (Ref. [34]) using 49 mN did not show any
variation. Small indentation depths (e.g., 75 nm; Ref. [24])
and corresponding small indentation loads (e.g., 1 mN
(Ref. [35]) or even 5 uN (Ref. [32])) can yield the true
material indentation modulus but bring problems of their
own. Using conventional mechanical-chemical sample
preparation, the first tens of micrometer are often subject to
structural deterioration with induced dislocations, amor-
phization, crack formation, and chemical alteration [36—
38]. Such effects have to be considered and to be avoided if
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Indentation hardness (GPa)
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Fig. 6 CSM measurement (PB: massive outer part) showing the
variation of Hyp with indentation depth. Similar results were obtained
for all other samples

possible when applying nanoindenation with such small
loads.

In fact, we observed that mechanical polishing and the
corresponding strain hardening of the sample surface
strongly influence the calculated indentation hardness at low
indentation depths (Fig. 6). Strain hardening as a result of
sample preparation significantly increases the Hyr at the very
same small indentation depth where the “correct” indenta-
tion modulus of the calcite stereom can be obtained from.

Correlation between indentation modulus and local
porosity

For a better understanding of the variation of Eyr, Fig. 7
plots the measured indentation modulus against the local

porosity. The local porosity level was determined and the
area 50 pm around the indentation was used for image
analysis. As seen from the presented figures (Fig. 3) dis-
crimination between calcite and resin was unambiguously
possible with image analysis based on microscopic images.
This approach of porosity determination is not as precise as
other methods like gravimetrics, and we encountered a
relative error of approximately 10%.

A clear trend of significantly decreased indentation
modulus with increased porosity is plain from Fig. 7. It is
linear in nature and thus corresponds to the Voigt model for
composite materials: because of the resin infiltration, the
pores are not empty and the infiltrated resin must be con-
sidered for the elastic behavior of the whole affected
volume.

In the following calculation we assume that fully dense
sea urchin calcite has the same elastic modulus as single
crystal calcite and that the entire pore volume is fully
infiltrated with the resin. Both assumptions are reasonable
as the Ejr measurements in the massive thorn-decorated
part of Prinocidaris baculosa are very close to the inden-
tation modulus of single crystal calcite, and microscopic
investigation shows that the entire pore volume is fully
infiltrated by the resin.

There exist various models for the calculation of the
mechanical properties of composite materials. The two
most basic boundaries for the elastic modulus are given by
the Reuss and Voigt equation [39]. While the Reuss model
assumes an uniform stress for all components of the
composite device, the Voigt model assumes an uniform
strain. On the first glance, one might expect a Reussian
relationship between the phase content of resin and the
elastic modulus when indenting a calcite stereom pillar on

¢ Inorganic calcite single crystal (DSI)
m Sea urchin spines (DSI)
0 HM sea urchin spine (Three-point-bending)

Fig. 7 Elastic modulus 80 ]
(Ethree—point bending and EIT) __
versus sample porosity 70 DN
(three-point bending: global _ “»
porosity/DSI: local porosity) =~ 604 -
and porosity—modulus models E |
S 5
)
3 .
=1 ]
3 40
° <
E 30 4
L .
@
& 20
m <
10
0 -

Porosity (vol%)

Voigt model (composite; Eq. 8)

— — Pabst-Gregorova model (porous; Eq. 9)
------- Pabst-Gregorova model (porous with critical porosity ~ 68%; Eq. 10)
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top of resin, because the resin replaces pore space and
appears as separated portions in sections. However, in the
case of sea urchin spines we have two highly intercon-
nected networks: the calcite stereom and the infiltrated
resin. If the adhesion between resin and calcite is strong,
both networks hinder each other in an individual response
to stress and we end up with a constant strain behavior. In
general, the reduced elastic modulus of cellular intercon-
nected phase composites (IPC) lies in-between the Reuss
and the Voigt boundary [7, 40].

For the spine stereom the reduced elastic modulus is best
described by a Voigt correlation following Eq. 3 [39]:

Ecomposile = Eresin D+ Ecalcite : (1 - (D) (3)

with E.., = 3.6 GPa we obtain an excellent agreement
between the measured indentation moduli and the calcu-
lated Ecomposite Values. A more detailed interpretation of the
data with small E;r or Hip differences due to slight
chemical changes may be possible, but is likely to be an
over-interpretation of the data.

It is important, however, to note that because of the
scatter of the data points and the experimental error a
Reussian contribution of approximately 10% cannot be
excluded. Figure 7 also shows the elastic modulus obtained
with a traditional three-point bending test on a large HM
spine segment. Here, the Voigt model does not apply: open
pores cannot carry interface forces and hence a Reussian
correlation between porosity and reduced elastic modulus
is and must be observed. The porosity dependence of the
elastic modulus is then described by equations of the
Kingery—Coble-type Eq. 4 (for a review see Ref. [41])

Eporous body = Efully dense body * (1 - (D)z (4)

The work of Pabst and Gregrova [41] indicates that a
critical porosity @, may exist, above which a body loses
structural integrity and cannot carry applied loads any
longer [41-44]. When introducing this critical porosity,
Eq. 4 transforms to Eq. 5 (Ref. [41]):

Eporous body = Efully dense body * (1 - (D) . (1 - ((;)) (5)
C

For a number of ceramic bodies, a value of ®. = 68.4%
was found.

The value we obtained for Einree-point bending PlOtS in
the area in-between Eqs. 4 and 5 assuming Eguciee =
76.6 GPa. When examining the data point more closely, we
see that the measured Einree_point bending (12.7 GPa) value is
closer to the value predicted from Eq. 4 (=~ 14 GPa) than
the elastic modulus obtained via Eq. 5 (=~ 5 GPa) which
assumes a critical porosity of 68.4%. The reason for this
discrepancy is that for layered porous sea urchin spines the
critical porosity is larger than 68.4%. In fact, we found
areas exceeding 70 vol% local porosity.

@ Springer

As a result we note that for both three-point bending and
nanoindentation on highly porous parts, we do not neces-
sarily measure the mechanical properties of the trabeculae
calcite made from calcite but the properties of the sampled
volume as a system, in our case a composite of calcite and
air or resin, respectively. Because the elastic field propa-
gates far beyond the limits of the plastic deformation zone,
this also applies for nanoindentation measurements. When
applying smaller indentation loads, this effect can be
minimized but needs to be considered depending on the
actual size of the intended sampling volume. For bulk
materials, simple models like the expanding cavity model
(ECM; Ref. [45-47]) may be used to calculate the stress
within the plastic and elastic zone (decreasing with a z~2 or
7> depth dependency, respectively). For phase compos-
ites, such as highly interconnected phase composites, stress
maps can be calculated using the finite element method
(FEM) [48, 49]. The latter is beyond the scope of this
manuscript, but Fig. 8 shows for the calcite stereom net-
work only the von Mises stress distribution as caused by
local indentation (using Catia V5 GPS, Dassault Systémes,
France). As seen, the stress encompassed the volume of
several trabeculae which is in agreement with the chosen
50-um distance for the calculation of the local sampling
volume porosity.

Only by accurate data treatment using the Voigt model
(DSI measurements on resin-infiltrated samples) or the
model after Pabst and Gregorova (three-point bending
measurements on uninfiltrated samples) it is possible to
calculate the actual elastic modulus of the bulk material or
predict the effective modulus from a known value of a
dense material.

In this study, we used the local porosity 50 pm around
the indentation position as a measure for composite volume
fraction of the mounting material. This corresponds to a

=
g

Normalized von Mises tension

Fig. 8 FEM model of localized indentation within the calcite stereom
and the resulting normalized von Mises tension
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total volume of approximately 200 um’. Because of
directional similarity (isotropy on a sub-mm level) of the
stereom it is reasonable to assume that the porosity visible
in the cross section is equal (or at least very similar) to the
total porosity in this sampling volume. Although called
nanoindentation, it is, therefore, important to note that DSI
often yields E;r values that comprise at least tens of cubic
micrometers. Only at very low indentation depths (some-
times referred to as ultra-nanoindentation) we may extract
the correct indentation modulus for the calcite stereom.

Indentation hardness, however, seems not to be signifi-
cantly affected by the mounting material. This is in
agreement with the empirical 10% rule for thin film sys-
tems which states that as long as the indentation depth is
<10% of the thin film thickness, the obtained indentation
hardness is close to the intrinsic thin film hardness [4].
Only for very small indentation depths we find an increase
in Hyr because of superficial strain hardening.

Conclusion

Sea urchin spines are characterized by strongly varying
levels of local porosity, ranging from almost fully dense
(Prinocidaris baculosa outer part) to pronouncedly porous
(medulla of Phyllacanthus imperialis: >60 vol%). For
large, fully dense bodies, such as a calcite single crystal,
mounting the sample in resin has no significant effect on
indentation modulus and an even smaller effect on the
indentation hardness. Resin mounting can often not be
avoided—especially when dealing with small and/or por-
ous samples. Not only sample treatment (polishing)
requires resin infiltration, but also DSI measurements using
the CSM Nano-Hardness Tester® require a sample size of
minimal 8 mm which, for smaller samples, can only be
obtained when performing suitable sample mounting.

For porous samples, the presented data clearly indicates
a macroscopic sampling volume of >100 pm® for the
indentation modulus. The indentation hardness Hyr is not
affected as this property is much more of local nature [1]
and so the calculated values are those of sea urchin calcite.
But this must not be mixed up with indentation modulus
measurements, which need to be corrected for the amount
and properties of mounting material in a much larger vol-
ume for the indentation depth studied in this article.

Literature (Ref. [25, 32, 33, 50]) shows, that applying
loads <1 mN might be a possibility to overcome this
implication. This, however, is not possible for all instru-
ments or sample materials. Sample polishing is known to
affect the very superficial part by introducing dislocations
(resulting in strain hardening) and/or causing local amor-
phization. The scale for this effect lies in the tens of
nanometer range (Ref. [36]), hence, potentially influencing

DSI measurements with only a few nanometer indentation
depth (500 pN load for mollusk calcite = 50-60 nm
indentation depth; Ref. [34]). This especially applies for
brittle materials with high elastic modulus (Ref. [36, 51,
52)).

For the calculated indentation modulus of resin-infiltrate
sea urchin spine segments, a Voigtian relationship between
the resin volume fraction on a 50-um distance around the
indentation spot and Eyr was found. This is because of the
highly interconnected nature of the two network materials
(resin and calcite, respectively) shifting the behavior from
a Reussian to the observed Voigtian behavior. This may
enable a new approach for tuning the mechanical properties
of composites by rapidly lowering the elastic modulus as a
result of decreasing the viscosity of the infiltration medium
(hence, reducing the load-bearing capacity of the second

network material and rendering the system rather
Reussian).
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