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ABSTRACT

Calcium carbonate biominerals are frequently analysed in materials science due to their abundance,
diversity and unique material properties. Aragonite nacre is intensively studied, but less information is
available about the material properties of biogenic calcite, despite its occurrence in a wide range of
structures in different organisms. In particular, there is insufficient knowledge about how preferential
crystallographic orientations influence these material properties. Here, we study the influence of
crystallography on material properties in calcite semi-nacre and fibres of brachiopod shells using nano-
indentation and electron backscatter diffraction (EBSD). The nano-indentation results show that calcite
semi-nacre is a harder and stiffer (H & 3�5 GPa; E = 50�85 GPa) biomineral structure than calcite
fibres (H = 0.4�3 GPa; E = 30�60 GPa). The integration of EBSD to these studies has revealed a
relationship between the crystallography and material properties at high spatial resolution for calcite
semi-nacre. The presence of crystals with the c-axis perpendicular to the plane-of-view in longitudinal
section increases hardness and stiffness. The present study determines how nano-indentation and EBSD
can be combined to provide a detailed understanding of biomineral structures and their analysis for
application in materials science.

KEYWORDS: biomineral, nano-indentation, electron backscatter diffraction (EBSD), c axis, calcite,

brachiopods.

Introduction

MINERAL-PRODUCING organisms exert exquisite

control on all aspects of biomineral production

including the development of a wide range of

structures using the same basic chemical compo-

nents. Calcium carbonate biomineral structures,

due to their abundance, diversity and unique

material properties, are frequently analysed in

materials science (Lowenstam and Weiner, 1989;

Heuer et al., 1992). Aragonite nacre is intensively

studied because of its excellent mechanical

properties (Feng et al., 2000; Hou and Feng,

2003; Katti et al., 2005) and the possibility of

mimicking its structure at the nanoscale (Katti et

al., 2005). Less information, however, is available

about material properties of biogenic calcite,

despite its occurrence in a wide range of

structures in different organisms. In addition to

structural investigations, an understanding of the

relationship between material properties and

crystallography is required. Preferential crystal-

lographic orientations enhance the material

properties of aragonite nacre (Bruet et al., 2005;

Kearney et al., 2006) and calcite fibres (Schmahl

et al., 2004; Pérez-Huerta et al., 2007). However,

an assessment of the relationship between

material properties and crystallography of calcite

in the context of shell ultrastructure is not

currently available at high spatial resolution.

Here, we use a combination of nano-indenta-

tion and electron backscatter diffraction (EBSD)

to conduct a detailed assessment of the material
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properties and crystallography of two calcite

brachiopods with different shell ultrastructures.

The craniid brachiopod, Novocrania anomala, has

a shell composed of calcite semi-nacre, similar in

morphology to nacre but with more frequent

screw dislocations (England et al., 2007), while

the rhynchonelliform brachiopod, Terebratulina

retusa, is composed of calcite fibres. Values of

hardness (H) and the Young’s modulus of

elasticity (E) were already evaluated by nano-

indentation to determine the material properties of

calcite semi-nacre and fibres (Pérez-Huerta et al.,

2007; see summary in Tables 1 and 2). Electron

backscatter diffraction (EBSD) is used to

determine crystallographic variation for each

shell ultrastructure in reference to the c axis of

calcite crystals. The combination of both techni-

ques is focused on the analysis of the secondary

layer of both brachiopod species, which

comprises the majority of the shell thickness.

Finally, results from both techniques are inte-

grated to assess a possible relationship between

material properties and crystallography.

Material and methods

Material
Two recent species of calcite brachiopods,

Terebratulina retusa and Novocrania anomala,

were used for this study. The biological informa-

tion of these organisms is given by Pérez-Huerta

et al. (2007). Articulated mature specimens of

both brachiopods were collected at 200 m water

depth from the same locality in the Firth of Lorn

(Oban), NW of Scotland. Valves were disarticu-

lated and the pedicle and soft tissues removed

using dental tools. Valves were then cleaned in an

ultrasonic bath using an aqueous solution of

sodium hypochlorite (1% v/v) and thoroughly

rinsed in MilliQTM water. Finally, valves were

dried at ambient temperature to avoid the

influence of differences in hydration on mechan-

ical properties. 2D sections of shell samples were

obtained from posterior-anterior cuts along the

plane of symmetry of the dorsal valves (Pérez-

Huerta et al., 2007).

Nano-indentation

Previous measurements of material properties of

biominerals (e.g. Lichtenegger et al., 2002),

including brachiopods (Pérez-Huerta et al.,

2007; Griesshaber et al., 2007), have used nano-

indentation. Measurements were performed in

three regions (posterior, central and anterior)

along the dorsal valve length of Novocrania

anomala (Na) and Terebratulina retusa (Tr)

(Pérez-Huerta et al., 2007). Nano-indentations

have to be performed on highly-polished surfaces

to avoid variations in measurements due to

topographical effects (e.g. roughness). The 2D

sections of dorsal valves were partially embedded

in araldite resin leaving the top surface free of any

resin. Subsequently, the surface was ultra-

polished initially with 6 and 3 mm diamond

paste and finally polished using Al oxide (1 and

0.3 mm) and then colloidal silica (0.6 mm).
Methods have already been established for the

determination of micro-mechanical properties of a

material using depth-sensing indentation. The

methodology and operating principle for the

nano-indentation technique are reviewed and

presented in detail elsewhere (Oliver and Pharr,

1992, 2004). A typical outcome of the micro/

nano-indentation testing is an indentation load-

depth hysteresis curve. As a load is applied to an

indenter in contact with a specimen surface, an

indent/impression is produced which consists of

permanent/plastic deformation and temporary/

elastic deformation. Recovery of the elastic

deformation occurs when unloading is started.

Determination of the elastic recovery by

analysing the initial part of the unloading data

according to a model for the elastic contact

problem leads to a solution for calculation of the

elastic modulus (E) and hardness (H) of the test

area.

A Nanoindenter XP from MTS Systems

Corporation was used. All testing was

programmed in such a way that the loading

started when the indenter came into contact with

the test surface and the load maintained for 30 s at

the pre-specified maximum value before

unloading. Progressive multi-step indentation

testing with 3�5 loading-unloading cycles at

different depths was applied at each test point.

The unloading data for the lower indentation

depth (hp = ~100 nm for Na and hp = ~1000 nm

for Tr, respectively) was used to determine the

modulus and hardness values of the indentation

point, whereas the indent produced at the greater

depth (hp = ~2000 nm) allows easy examination

of the indent and the tested area using optical and

scanning electron microscopes (SEM). The

selection of different loads (thus the different

indentation-depth levels mentioned above) for

studying the two types of sample (Na and Tr)

aimed at measuring the mechanical properties of
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the basic structural elements for the two speci-

mens which are calcite fibres of ~20 mm diameter
in Tr and calcite tablets of 0.5�1 mm thickness in
Na. An indentation grid across the shell layers

varying from 2615 to 4610 indents (depending
on the thickness of the layers at the selected test

location on the specimen) was applied with an

indent spacing of 20 mm so as to avoid over-

lapping of the indents.

The load-displacement curves together with

optical microscopic images of the indents were

examined in order to verify the validity of each

indentation measurement. A small proportion

(5�10%) of the load-displacement curves

showed a sudden increase in displacement with

little increase in load, which is usually associated

with cracks, local/surface defects and interfaces of

different layers. The curves were easily detected

and excluded from the analysis. Another type of

irregular load-displacement curve, which shows a

much greater creep (e.g. increase of displacement

with time during the load-holding segment) and

reduced stiffness, was also detected on a few spots

of mainly organic matter and thus, also excluded

from the final analysis.

Electron backscatter diffraction

Polished shell sections were coated with a thin

layer of carbon and surrounded by silver paint to

avoid electron charging. Areas adjacent to where

the nano-indentation experiments were performed

were analysed in an FEI 200F field-emission

environmental SEM in high vacuum mode with

an aperture and spot size of 4. The stage was tilted

70º and the electron beam diffracted by interac-

tion of crystal planes in the shell sample. The

diffracted beam interacts with a phosphor screen

producing a series of Kikuchi bands that enable

crystal identification and orientation to be

determined. Data is filtered to remove all data

points below a confidence index (CI) of 0.1 and

the filtered data analysed using (free OIM

version) software from EDAX.

Results

Hardness (H) and elastic modulus (E) were

mapped throughout the thickness of the secondary

layer of Novocrania anomala and Terebratulina

retusa in three regions along the dorsal valve

length (Pérez-Huerta et al., 2007) (Tables 1 and

2). The assessment of crystallographic influence

on these material properties is based on the

combination of results by nano-indentation and

electron backscatter diffraction (EBSD).

In Novocrania anomala, values of hardness and

elastic modulus in the secondary layer are very

uniform within each region of the valve, with the

central and anterior regions harder and stiffer than

the posterior area (Fig. 1) (Table 1). This is

mainly explained by the presence of continuous

and thick bands progressing from the outside to

the inside where hardness and stiffness increase

by an order of magnitude (Fig. 1). The ultra-

structure provides no explanation for this

observation. The crystallography, however, indi-

cates that these bands are dominated by calcite

crystals with the c axis normal to the plane of

view (Fig. 1). This crystallographic orientation

correlates with an increase in stiffness and

hardness not only in the central region but also

in localized areas of the posterior and anterior

regions (Fig. 1). In addition, the posterior region

TABLE 1. Summary of nano-indentation results of elastic modulus (E) and hardness (H) for N. anomala (Na)
(~100 nm depth) and T. retusa (Tr) (~2000 nm depth).

Mechanical properties of materials (mean value R standard deviation)
Na —— a: posterior —— —— b: central —— —— c: anterior ——

E (GPa) H (GPa) E (GPa) H (GPa) E (GPa) H (GPa)

Sl 59.81R10.79 2.68R0.94 69.24R16.52 3.88R1.24 71.82R9.31 3.89R0.58

Tr
So 30.82R4.03 0.88R0.26 53.21R5.34 1.92R0.22 55.71R5.43 2.10R0.24
Si 37.33R2.41 1.07R0.13 28.03R4.36 0.88R0.21 50.50R6.42 1.55R0.40
Sim 27.76Rn.a.* 0.79Rn.a.* 34.03R5.33 0.99R0.35 32.83R5.68 0.83R0.12

* Only single result available
Sl: secondary layer; So: outer secondary layer; Si: inner secondary layer; Sim: innermost secondary layer.
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TABLE 2. Summary of ANOVA for comparison of elastic modulus (E) and hardness (H) for N. anomala (Na)
and T. retusa (Tr).

Groups Count Sum Average Variance

Na (E) 131 8924.282 68.12429 198.0709
Tr (E) 52 2103.788 40.45747 118.367

ANOVA (Single Factor)
Source of variation SS df MS F P-value F crit.

Between groups 28493.25 1 28493.25 162.2504 6.02610�27 3.893349
Within groups 31785.93 181 175.6129

Total 60279.19 182

Groups Count Sum Average Variance

Tr (H) 52 67.25823 1.293427 0.260612
Na (H) 131 476.2635 3.635599 1.24471

ANOVA (Single Factor)
Source of variation SS df MS F P-value F crit.

Between groups 204.2025 1 204.2025 211.0789 3.35610�32 3.893349
Within groups 175.1035 181 0.967422

Total 379.3059 182

FIG. 1. Maps of nano-indentation values of hardness (H) and elastic modulus (E) and electron backscatter diffraction

(EBSD) (spatial resolution: 1 mm), showing: (a) crystallographic orientation of calcite crystals (d: crystallographic
key indicating colour coding of crystallographic planes) in the secondary layer of the posterior (2620 indents,
20 mm across); (b) central (3620 indents, 60 mm across); and (c) anterior (3620 indents, 60 mm across) regions of

the dorsal valve of Novocrania anomala.
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is softer and less stiff than the central and anterior

regions, possibly as a consequence of a larger

concentration of organic components in this

region. Finally, the values of hardness and

elastic modulus (H & 2�5 GPa and E &
50�80 GPa) of Novocrania anomala are close

to those determined for inorganic calcite

(H >3 GPa and E >85 GPa) (Züegner et al.,

2006).

In Terebratulina retusa, variations in material

properties clearly correlate with structural differ-

entiation while the crystallographic orientation,

with the c axis perpendicular to the shell surface is

constant in the studied areas (Fig. 2). An exception

to this trend is observed in the posterior region

where hardness and stiffness are quite uniform

across the valve thickness. This posterior region is

softer and less stiff than the other regions along the

valve, which may be a result of a large

concentration of organic material. In contrast, the

anterior and central regions reflect a relationship

between structure and material properties. The

outer part of the secondary layer (So) is harder and

stiffer than the inner part (Si) (Table 1) (Fig. 2),

although both layers contain calcite fibres. The

inner part of the secondary layer (Si) is very

distinct with smaller values of hardness

(0.6�2 GPa) and elastic modulus (24�56 GPa).
This difference within the secondary layer is likely

to be because the inner part is composed of more

compactly emplaced calcite fibres. The higher

degree of compaction, which provides a better

surface to distribute stress, is caused by a large

amount of organic matrix bounding the fibres. The

organic content and compaction result in a softer

and less-stiff inner part of the secondary layer.

Discussion

Detailed studies of material properties at this high

spatial resolution provide a basis for general

comparison between brachiopod species (Tables 1

and 2). Although the nano-indentation studies were

performed on 2D sections obtained from posterior-

anterior cuts along the plane of symmetry, it is

possible to generalize the results for the whole

dorsal valve based on studies of synthetic crystals

(Schall et al., 2006). Thus, Novocrania anomala is

harder and stiffer (H & 3�5 GPa; E &
50�85 GPa) than Terebratulina retusa (H =

0.4�3 GPa; E = 30�60 GPa) (Tables 1 and 2).
These material properties are a consequence of the

ultrastructure of the secondary layer since it

comprises the majority of the shell thickness

(Pérez-Huerta et al., 2007). Calcite semi-nacre,

therefore, provides a harder and stiffer shell

structure than calcite fibres. Although the type of

structure is the main factor controlling the material

properties in these calcite shells, variations in

crystallography influence these properties. In

calcite semi-nacre, the presence of crystals with

the c axis perpendicular to the plane of view in

longitudinal section increase hardness and stiffness

(Fig. 1; Table 1). The constancy of the crystal-

lographic orientation of the calcite fibres in the

areas studied in T. retusa shells, precludes any

observations on correlations between crystallo-

graphic orientation and material properties

FIG. 2. Maps of nano-indentation values of hardness (H) and elastic modulus (E) and electron backscatter diffraction

(EBSD) (spatial resolution: 2 mm), showing crystallographic orientation of calcite crystals (d: crystallographic key
indicating colour coding of crystallographic planes) in (a) the posterior (4615 indents, 60 mm across); (b) central

(3615 indents, 60 mm across); and (c) anterior (2615 indents, 30 mm across) regions of the dorsal valve of

Terebatulina retusa (Pl: primary layer; So: outer secondary layer; Si: inner secondary layer; Sim: innermost

secondary layer).
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(Fig. 2). In addition to structure and crystal-

lography, the organic content seems to be an

important factor determining material properties.

The posterior region of both brachiopod species

contains a large amount of organic material that

correlates with a significant drop in hardness and

stiffness.

Conclusions

We have used nano-indentation to determine the

material properties of two types of biogenic

calcite. The integration of EBSD to these studies

has also established a relationship between the

crystallography and material properties at high

spatial resolution. This study has demonstrated

how both techniques can be combined to provide

a detailed understanding of biomineral structures

in their application for materials science.
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