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Abstract Nacre, also known as mother-of-pearl, is a hard

biological composite found in the inside layer of many

shells such as oyster or abalone. It is composed of

microscopic ceramic tablets arranged in layers and tightly

stacked to form a three-dimensional brick wall structure,

where the mortar is a thin layer of biopolymers (20–

30 nm). Although mostly made of a brittle ceramic, the

structure of nacre is so well designed that its toughness is

several order of magnitudes larger that the ceramic it is

made of. How the microstructure of nacre controls its

mechanical performance has been the focus of numerous

studies over the past two decades, because such under-

standing may inspire novel composite designs though

biomimetics. This paper presents in detail uniaxial tension

experiment performed on miniature nacre specimens. Large

inelastic deformations were observed in hydrated condi-

tion, which were explained by sliding of the tablets on one

another and progressive locking generated by their micro-

scopic waviness. Fracture experiments were also per-

formed, and for the first time the full crack resistance

curve was established for nacre. A rising resistance curve is

an indication of the robustness and damage tolerance of

that material. These measurements are then discussed and

correlated with toughening extrinsic mechanisms operating

at the microscale. Moreover, specific features of the

microstructure and their relevance to associated toughening

mechanisms were identified. These features and mecha-

nisms, critical to the robustness of the shell, were finely

tuned over millions of years of evolution. Hence, they are

expected to serve as a basis to establish guidelines for the

design of novel man-made composites.

Keywords Biological material . Biocomposite . Tensile

strength . Fracture . Toughening mechanisms

Introduction

Many biological organisms utilize hard tissues for structural

support (i.e. human skeleton) or armor against external

mechanical aggressions (i.e., sea urchin, seashells). Stiff-

ness, which is a critical quality for these tissues, is achieved

by incorporating mineral crystals into soft organic matrices

[1]. However, incorporating hard and brittle inclusions into

soft, resilient matrices also means that the material becomes

more brittle and that its toughness drops significantly. Many

examples of soft organic matrices saturated with mineral

are indeed relatively brittle (tooth enamel, eggshell,

prismatic seashell). Some hard mineralized biomaterials,

however, seem not to follow this trend. The case of nacre

from seashell is a typical example. Nacre is the material that

composes the inner layer of many species of gastropods and

bivalves. Made of 95% of aragonite (a form of CaCO3,

close to calcite), nacre is stiff (E=60–80 GPa) while

maintaining a relatively high toughness (JIC=1.5 kJ/m2,

this is about 1,000 times the toughness of aragonite).

Compared with man-made ceramics, nacre is also less

sensitive to internal defects and flaws [2, 3], and is

relatively strong in tension (the highest tensile strength

amongst all the materials used by seashells [4]). For these

reasons nacre has been the focus of intense research for the
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past twenty years in the materials science community.

Elucidating the exact microstructural features and mecha-

nisms responsible for this high toughness and strength is

quite relevant, because it may open the way to new

generations of composite designed through biomimetics [5].

The high strength and toughness of nacre was first

demonstrated by Currey and Taylor [4, 6]. Mechanical tests

on nacre also included tensile strength tests [6], three and

four point bending tests [3, 7], shear [3, 8, 9], compression

[8, 10], microindentation [11] and nanoindentation [10, 12–

14]. The toughness of nacre was typically characterized

using single value toughness measurements [5], and work

of fracture [6, 7]. Nacre is composed of microscopic

polygonal tablets of aragonite, bonded together by a small

fraction (5%) of organic materials (proteins, chitin [15]).

The tablets are arranged in columns with some overlap as

shown on Fig. 1. Under hydrated conditions the material is

capable of relatively large inelastic deformations in tension,

generated by the microscopic sliding of the aragonite

tablets on one another. This mechanism is largely controlled

by the interface. Previous analyses focused on mechanisms

at the nanoscales at the interface (biopolymer [16], nano-

asperities [3, 10, 17], mineral bridges [18]) and within the

tablets themselves [13, 19]. How the structure of nacre

controls its mechanical properties (stiffness, strength,

toughness) has been the focus of several models [7, 17,

20–23]. Nacre is a material with a hierarchical structure,

where mechanisms at distinct length scales contribute to the

overall mechanical response. For example nanoscale mech-

anisms at the interfaces contribute to maintaining the

cohesion of the tablets over large tablet separation

distances, up to 500 nm [3, 16]. Likewise, specific

toughening mechanisms operate at larger scales. Recently,

through a combined experimental-numerical study we

showed that at the microscale the waviness of the tablets

is a key feature in the performance of nacre. Such tablet

waviness enables progressive locking as the tablets slide on

one another [9]. Micro and nanoscale mechanisms operate

simultaneously and contribute to the mechanical perfor-

mance observed at the macroscale. In the present paper,

tensile experiments on dry and hydrated nacre are presented

in detail. Nacre is capable of significant inelastic deforma-

tions and it is clear that linear fracture mechanics cannot

capture nor represent the toughening processes of this

material. The present paper presents fracture tests on nacre

using techniques employed in materials with significant

inelastic deformations to determine the full crack resistance

curve. Likewise, nonlinear fracture mechanics models were

used to correlate the rise in toughness with inelastic

deformations around the crack tip and its wake. The

relevance of the findings in the context of the microstruc-

ture of nacre and of potential bio-inspired materials is then

discussed.

The Tensile Behavior of Nacre

Nacre in shells is always found as the inner layer of a two-

layer armor system. The outer layer is made of hard, but

more brittle calcite. There are several situations where the

robustness of the shell relies on the tensile strength of

nacre. For example a localized pressure, applied by a

predator’s bite or the impact of a rock displaced by currents

or tidal waves, can be idealized as a point load normal to

the shell. The outer layer is hard and prevents penetration,

but as a result of the loading the overall shell experiences

bending stress. In this case the outer layer is in compres-

sion, which is not a concern for the prismatic ceramic it is

made of. On the other hand, the inside nacreous layer is in

tension, which is often the loading mode leading to failure

for ceramics. It is therefore critical for nacre to be strong in

tension in the direction tangential to the shell, which is also

the direction of the tablets. In the event of a more severe

aggression the outside brittle layer may even completely

fail, with cracks emanating from the point of impact (much

like indentation on brittle materials, where cracks may

emanate from the indenter’s corners when a critical load is

reached [2]). When the outside calcite layer is cracked, only

the inner nacreous layer can maintain the integrity of the

shell, which again involves nacre being strong in tension to

resist forces that may pull the shell apart. For these reasons

the strength and behavior of nacre in tension is critical to

the robustness of the shell, and the behavior of nacre in

tension has been central to numerous studies on nacre [3,

5–7, 24].

Specimen Preparation

In order to assess the behavior of nacre in tension, small

dog bone shaped specimens were harvested from the

nacreous layer of a red abalone shell. The specimenFig. 1 The structure of nacre

312 Exp Mech (2007) 47:311–324



preparation steps are depicted on Fig. 2. All the cutting and

machining steps were performed in hydrated conditions.

First, a 20 mm×50 mm strip was cut from the shell using a

handsaw. The calcitic layer was removed on a grinding

wheel, and the remaining nacre plate was grinded to make it

roughly flat, with its faces aligned with the direction of the

tablets. Both surfaces of the nacre plate were finished using

a lapping machine with diamond slurry, in order to obtain

flat and parallel faces. The next step was the machining of

grooves on both sides of the plate, using a milling machine

with a ball end mill. Finally, 1 mm thick slices were cut

from the sample using a diamond saw to obtain the final

specimen geometry. The overall length of the specimens

was 20 mm, for a thickness of 0.6 mm. The gage section

was 1.5 mm wide and 1.5 mm long. Such specimen

contained about 3,000 tablets layers across the width,

ensuring that the measured mechanical response does not

depend on the size of the specimen. The deformations of

the specimen subjected to tension were determined using

digital image correlation [25, 26]. The method tracks dark

and light features from one image to another (typically from

a reference image to a deformed image), and requires some

type of dark and light features on the specimen. In this case

the surface of the sample was lightly scratched using a

needle to produce a random pattern, as shown on Fig. 3. At

the end of the preparation process, half of the specimens

were stored in water to be tested in hydrated condition,

while the other half was stored in ambient condition to be

tested in dry condition.

Testing Procedure

The specimens were mounted on a miniature loading stage

(Ernest F. Fullam, Inc, Latham, NY), which consists of two

crossheads mounted on two threaded rods such that the

crossheads move at the same rate, but in opposite directions

[Fig. 4(a)]. A 400 N load cell (Honeywell Sensotec,

Columbus, OH) was fitted on the frame for load measure-

ments. The loading stage was placed under an optical

microscope [Fig. 4(b)]. The specimens were loaded at a

strain rate of about 0.001 s−1, up to failure. The strain rate

was chosen to ensure “quasi-static” testing conditions.

Higher strain rates were not explored at this point. During

the test, the surface of specimen was maintained in focus,

and pictures of the gage were taken at regular intervals. The

strains in the specimen were determined using image

correlation (VIC-2D, correlated solutions). After failure,

pictures of the two broken pieces were acquired to

determine strain recovery.

Tensile Experimental Results

Specimens were tested under both dry (ambient conditions)

and hydrated conditions (soaked in water). Typical stress–

strain curves are shown in Fig. 5(a) for four specimens. Dry

nacre behaves like a monolithic ceramic and fails in a brittle

fashion. The response is linear elastic (E∼90 GPa), up to a

failure stress of 135 MPa (specimen #1) and 95 MPa

(specimen #2). The behavior of dry nacre is similar to that

of pure aragonite, also plotted on Fig. 5(a). By contrast, the

behavior in hydrated condition exhibits a linear elastic

response (E∼80 GPa), followed by a region of large strains

starting at a stress of 70 MPa. The value of elastic modulus

reported here in hydrated condition is slightly higher than

the one previously measured on nacre from red abalone

using three and four point bending [3], and higher than the

modulus measured on nacre from Pinctada (oyster) using

three-point bending [7]. These differences maybe explained

by differences in experimental setup or specimen variations.

As deformation progressed the material strain hardened,

and the specimens failed at a strain of almost 0.01. Figure 6

shows the displacements and strain fields from the last

image prior to failure. The deformations are distributed

along the gage with no significant localization, and the

Fig. 2 Tensile specimen preparation: (a) Raw sample cut from the

shell. (b) The calcitic layer was grinded away and the sample was

lapped on both faces. (c) Grooves were machined on both sides (d)

Slicing of the plate yielded the desired specimen geometry

Fig. 3 Micrograph of a pattern of scratches on the surface of a nacre

sample. The field of view is about 1.5 mm by 1 mm
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longitudinal strain reached local values of 0.015 prior to

failure. Note that this is a significant level of deformation

for a material mostly made of ceramic (monolithic ceramic

typically fail at tensile strains of about 0.001). Note that in

compression along the tablets nacre is stronger (at least

350 MPa), but also more brittle [3]. Compression across the

tablets yields a lower modulus (about 30 GPa [10]) and a

strength of about 500 MPa [10]. The weakest direction for

nacre is tension across the tablets for which the strength is

only about 15 MPa (Barthelat and Espinosa, 2006,

unpublished research). Once unloaded, the material recov-

ered about 50% of the total deformation. The unloading

revealed that the modulus dropped to about 25 GPa, which

is an indication of damage accumulations in the straining

process. These relatively large deformations are generated

through specific mechanisms. Tensile stresses are chan-

neled from one column of tablets to the next, through shear

stress in the overlap regions. When the shear strength of the

interfaces is reached, the tablets start to slide on one another

[Fig. 7(a)]. Upon tablet sliding, the observed decreased in

modulus can probably be explained by a decrease in load

transfer from tablet to tablet. A micrograph of a tested

specimen shows that sliding exclusively occurs in the

overlap regions and that at failure all the potential sliding

sites were activated throughout the specimen gage

[Fig. 7(b)]. Figure 7(c) shows separated tablets from a top

view. Some ligaments of organic material, bridging the

separated tablets, are still visible. Finally, Fig. 7(d) clearly

shows that the fracture occurs along the interfaces, so that

the prominent failure mode is tablet pullout. The transverse

strains in the specimen were also determined. Figure 5(b)

shows that initially the specimen contracts laterally, with

Poisson ratios of ν=0.3 under dry condition and ν=0.4 in

hydrated condition. Once tablet sliding was well established

for the hydrated case (tensile strain>0.002), the transverse

contraction ceased and a slight dilation was observed. From

there, the transverse strains remained at the same value of

about −0.001. No additional contraction due to Poisson’s

effects in the tablets was observed, probably because in this

regime tablet sliding is the dominant mode of deformation

and no additional strains are generated within the tablets. It

is also possible that as the tablets slide on one another some

dilation is generated in the transverse direction, which

would counteract the Poisson’s effect. Transverse expan-

sion of the layers while they are sheared was also observed

recently in simple shear tests on nacre [9].

Fig. 5 (a) Tensile stress strain

curve for aragonite, nacre in dry

condition and nacre in hydrated

condition. (b) Corresponding

transverse strain

Fig. 4 (a) Schematic of the

miniature loading stage. (b) Pic-

ture of the experimental setting

314 Exp Mech (2007) 47:311–324



The microstructure of nacre must be finely tuned in

order to lead to such remarkable behavior in tension. For

example, it is essential for the interfaces to be weaker than

the tablets, so that tablet sliding is the primary deformation

mechanism (as opposed to failure of the tablets, which

would lead to a brittle behavior). Given a set of properties

for the tablet and interface, this requirement can be met by

tuning the overlap area with respect to the tablet thickness,

while maximizing the mechanical energy absorbed by the

material. Another requirement, more subtle but equally

important, is that some hardening mechanism must take

place at the local scale. When tablet sliding is initiated

within the specimen in tension, sliding must require more

and more stress (hardening) so that it is more favorable for

the material to spread sliding and inelastic deformation,

preventing localization and premature failure. This distri-

bution of deformation was observed experimentally, and it

is responsible for the large macroscopic deformations and

hardening observed experimentally. In the mechanism of

tablets sliding the tablets remain linear elastic, and therefore

the hardening must be generated by mechanisms at the

interfaces. Several features of the interfaces have the

potential to generate local hardening. The biopolymer that

binds the tablets is extremely resilient, and can sustain large

deformation thanks to the molecular unfolding of modules

it contains [16]. This process, however, operates at more or

less constant load, and could not account for the hardening

observed experimentally [9]. Another potential source, the

nanoasperities on the surface of the tablets may act as

obstacles to tablet sliding. Such mechanism was proposed

as the source of hardening in nacre [3, 27]. However, it was

noted that while they may enhance the shear strength of the

interface, nanoasperities are too small to generate hardening

over the sliding distances observed experimentally [9, 10].

Recently, it was shown that the waviness of the tablets was

the key feature that generates hardening in nacre [9].

Figure 8(a) is a scanning electron micrograph of polished

nacre showing that in some locations, the waviness of the

interface generates tablets that are thicker at their periphery.

In two dimensions the shape is very similar to a dovetail, a

locking device widely used in mechanical assembly. Many

of these “dovetails” were observed in two-dimensional

cross sections of nacre form red abalone. Strikingly,

waviness and similar dovetail geometries can also be

observed in nacre from other species of shells [14, 28–

31]. When nacre undergoes tensile loading along the

tablets, the dovetail geometry generates a tri-axial state of

stress in the sliding region, with normal compression

superimposed to shear [Fig. 8(b)]. The normal compression

generates additional resistance to tablets sliding and

Fig. 6 Results from digital image correlation (reference image on image prior to failure were used). (a) and (b): Displacement fields in the gage.

(c) and (d): exx and eyy strain fields
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pullout. It is noteworthy that equilibrium of forces at the

interfaces requires tensile tractions at the core of the tablets.

The biopolymer and mineral bridges are believed to play an

important role in resisting these tensile forces, maintaining

the integrity of the material. Dovetail geometries are often

used in mechanical assemblies to interlock parts and

generate extremely strong bonds between them. In nacre,

however, the angle of the dovetails is very small (about 1–

5°) so that the locking is weaker. Hence tablet pullout is

possible, but accompanied by progressive locking and

hardening. Recent numerical models actually demonstrated

that even in the absence of hardening at the interface

material, the waviness of the tablets was able to explain the

hardening rate observed experimentally [9]. After sliding

distances of about 100–200 nm, the configuration becomes

unstable and nacre fails by tablets pullout [as shown in

Fig. 7(d)]. In closing we note that hardening and spreading

of inelastic deformations has a significant impact on the

toughness of nacre, as explained in the next section.

The Fracture of Nacre

The microstructure of nacre is not free of flaws. An

examination under a microscope reveals large defect such

Fig. 7 (a) Schematic showing initial configuration, deformation and failure modes. (b) Micrograph of a post-mortem tensile specimen (Edge-on).

The dark dots correspond to voids left by tablet separation. (c) SEM of a post-mortem tensile specimen (Face-on). Tablet separation can be seen,

as well as ligaments. (d) Fracture surface of nacre showing that the failure occurs predominantly along the interfaces

Fig. 8 (a) Scanning electron micrographs of a few dovetail like features at the periphery of the tablets. (b) Outline of the tablets contours, showing

some of the stresses involved when nacre is stretched along the tablets. In addition to shear the interface is subjected to normal compression (black

arrows), which generates resistance to tablet pullout. Equilibrium of forces at the interfaces requires tensile tractions at the core of the tablets
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as pores, cracks and growth imperfections [Fig. 9]. When

nacre is loaded in tension, these flaws become potential

crack starters and resistance to cracking (toughness), is then

a property that is essential for the robustness of the

nacreous layer and of the shell as a whole. In this context,

the relatively large inelastic deformations of nacre in

tension are made possible by its toughness, in other words

by its ability to resist cracking emanating from its initial

flaws, making it damage tolerant [32].

The work of fracture of nacre was determined in the past

for nacre from Pinctada margaritifera [6] along different

directions, with the direction across the tablet being the

toughest [6] (which is consistent with resisting cracks

generated by tension along the tablets). So far, only single

values of toughness were reported for nacre. While single

toughness values properly characterize brittle materials with

no toughening mechanisms, they might not be sufficient for

nacre, because its impressive crack arrest capabilities [6]

suggest more sophisticated, nonlinear failure mechanisms.

In the present work stable crack growth and large inelastic

regions were observed, and the full crack resistance curve

was determined.

Preliminary Fracture Experiments

A preliminary fracture experiment was conducted using a

nacre rectangular bar. A notch was machined with a

diamond saw perpendicular to the plane of the tablets (a).

The edge of the specimen was polished (down to 5 μm

Fig. 9 Internal flaws in nacre:

(a): Large pore (b) growth

defects (stacking faults)

Fig. 10 Polished notched sam-

ple under increasing load. (a)

Initial frame (zero load) also

showing the orientation of the

tablets (b, c) Stationary crack,

increasing inelastic zone. (d)

crack advance, leaving a wake

of inelastic deformations. The

approximate crack tip position is

marked with a black arrow
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diamond slurry) and the notch was sharpened with a fresh

razor blade. The specimen was loaded in bending in

hydrated condition, using the miniature loading stage

described in “The Tensile Behavior of Nacre” [Fig. 4(a)].

The specimen was imaged as the load was increased, and

the resulting sequence of images is shown on Fig. 10.

As the load was increased, a white region formed ahead

of the notch tip. Whitening for nacre has been identified as

an indication of tablets sliding and inelastic deformation [3,

6]. The tablets, in the process of sliding apart, generate sub-

micron size voids at their periphery that scatter white light

and give a whiter appearance to the material (This optical

phenomenon is similar to stress-whitening associated with

crazing in polymers). As expected, tablet sliding and

inelastic deformations initiate at the root of the notch,

where tensile stresses are the highest. More strikingly, the

inelastic region significantly increased in size before any

crack growth was observed [Fig. 10(b, c) and Wang et al.

[3]]. When the crack finally propagated, the inelastic zone

had reached about 1 mm in width. The crack propagated in

a very stable fashion, the process resembling stable tearing

rather than brittle fracture. As the crack advanced it left a

wake of inelastically deformed material on either sides of

the crack faces [Fig. 10(d)]. Finally, after about 1 mm of

crack extension the configuration became unstable and the

specimen completely failed. The inelastic zone that appears

ahead of the crack tip and in the wake is commonly called

process zone, and its associated mechanisms are central to

some of the toughest of the engineering ceramics, such as

zirconia [33, 34]. For the case of nacre the size of the

process zone is remarkably large, which has two conse-

quences. (1) Small scale yielding (s.s.y.) and linear elastic

fracture mechanics (LEFM) approximations, as typically

used in ceramics, are not valid for nacre (2) The high

fracture toughness of nacre is probably associated with the

formation of this process zone (which is detailed in the

subsequent results section).

Fracture Specimens

The geometry and dimensions of fracture specimens must

be chosen with care, so that the outcome of the experiment

is indeed the fracture toughness of the material, a material

property independent from specimen geometry. The condi-

tion for small scale yielding and K-dominance is for the

fracture specimen to be at least 50 times larger than the

inelastic region [35, 36]. In the case of nacre and based on

the results reported in “Preliminary Fracture Experiments,”

such specimen would need to be at least 50 mm thick,

which is not feasible from the 2–3 mm thick nacreous layer

in the shell. Considering the large inelastic region associ-

ated with cracking nacre, nonlinear fracture mechanics and

J must be used to model and characterize the material

toughness. The condition for J-dominance for the single

edge notch tensile specimen (SENT) is [35, 37]:

All specimen dimensions � 200
JQ

σY

ð1Þ

For the Single edge notch bending (SENB) [35, 37]:

All specimen dimensions � 25
JQ

σY

ð2Þ

Fig. 11 SENB specimen used for fracture testing. The specimen was

cut such that the notch is perpendicular to the tablets layers. Parts of

the three point bending fixture are also shown

Fig. 12 Specimen setup and micrograph of the specimen near the

crack tip. Scratches provided features for image correlation Fig. 13 Load deflection curve for a nacre SENB specimen
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Given the constraints on specimen size for nacre, the SENB

geometry was chosen. Testing standards for the fracture of

ductile materials [38] also served as a guideline to

determine the dimensions (width, depth, span, notch length)

that will ensure a geometry-independent measure of the

toughness. These dimensions are reported in Fig. 11. Note

that the size of the specimen was as large as the thickness of

the nacreous layer allowed. The specimens were cut so that

the crack would propagate perpendicularly to the tablet

layers. An initial rough notch was made by a diamond saw

cut, and was then deepened using a razor blade until the

required depth was reached. Finally, a fresh razor blade was

used to sharpen the notch. As for the tensile test, the surface

of the specimen was lightly scratched to generate light and

dark features required for digital image correlation

[Fig. 12]. The specimens were stored in water and all

fracture tests were performed in hydrated conditions.

Experimental Procedure

The three point bending fixture was mounted on the

miniature loading stage described in “The Tensile Behavior

Fig. 14 Results from image

correlation: Displacements (a):

U and (b): V, and strains (c) eyy,

(d) exx, (e) exy
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of Nacre.” The crosshead displacement was measured with

an LVDT, while the load was recorded using a 100 lbs load

cell. The compliance of the loading stage was determined

by inserting a thick block of steel in the fixture and by

applying a compressive load. All the load-displacement

curves from the actual test were corrected for machine

compliance (Cm=0.4 μm/N). The stage was placed under

an optical microscope during testing, and images of the

surface of the specimen near the crack tip were recorded at

regular intervals (Fig. 12). A typical load-deflection curve

is shown in Fig. 13. Noteworthy is the bell shape of the

load-deflection curve, a characteristic of stable crack

propagation [35]. Figure 14 shows typical displacement

and strain fields around the tip of an advancing crack

obtained by digital image correlation. The tensile strain

reached 0.02 near the crack tip, and upon crack advance a

maximum strain of about 0.015 was measured in the wake,

near the faces of the crack. While the crack tip cannot be

directly detected visually, its position can be inferred from

the displacement fields from image correlation.

Figure 14(a) and (b) show the displacement fields for an

advancing crack. The vertical displacements were collected

along several lines on either sides of the crack line, and

parallel to it. Typical plots of the displacements along these

lines are shown on Fig. 15(b). The displacement at the

crack faces and normal to the crack path were assumed to

follow parabolic profiles [Fig. 15(b)] and the intersection of

the parabola with the crack line yielded the position of the

crack tip. In some cases, it is possible to determine the

applied stress intensity factor directly from the displace-

ment fields [39, 40]. However in the present case this was

not possible because nacre is non-linear and anisotropic,

and no reliable constitutive law is available at this time (a

constitutive law is needed to determine the stress field from

the displacements field). In order to determine the crack

resistance curve, J was instead calculated from the applied

load, specimen deflection, and instantaneous crack length.

Note that the method borrows from existing standards [35,

38], but that it was adapted to take in account the elastic

anisotropy of the material.

First, J is decomposed into an elastic contribution and a

plastic contribution:

J ¼ Jel þ Jpl: ð3Þ

The elastic contribution Jel is based on linear elastic fracture

mechanics:

Jel ¼
K2
l

E0
; ð4Þ

where KI is the stress intensity factor (in mode I) and

E0 ¼ E
�

1� ν
2ð Þ in plane strain for an isotropic material.

For the orthotropic case [41]:

1

E0
¼

a11a12

2

� �1=2 a22

a11

� �1=2

þ
2a12 þ a66

2a11

 !1=2

ð5Þ

with

a11 ¼
1

E1

1�
E1

E2

ν
2
12

� �

a22 ¼
1

E2

1� ν
2
23

� �

a12 ¼
1

E1

ν12

1þ ν23

a66 ¼
1

G12

:

ð6Þ

Using the elastic constant for nacre (E2=EP=80 GPa; E1=

Ez=21 GPa; ν23=νp=0.2; ν21=νzp=0.2; G12=Gzp=

Fig. 15 (a): V displacement

field, and line used for dis-

placement collection. (b): Verti-

cal displacements along the

lines, with parabola fit for the

determination of the crack tip

location
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10 GPa [10]), yields E′=51 GPa. For SENB specimens KI

is given by:

KI ¼
PS

BW 3=2
f a=Wð Þ; ð7Þ

where P is the applied load, S is the span, B is the specimen

width and W is the specimen thickness. f is an non-

dimensional function of the crack length a given by,

f a=Wð Þ ¼
3 a=Wð Þ1=2 1:99� a=Wð Þ 1� a=Wð Þ 2:15� 3:93 a=Wð Þ þ 2:7 a=Wð Þð 2

h i

2 1þ 2a=Wð Þ 1� a=Wð Þ3=2

ð8Þ

For a non-growing crack in bend configuration J can be

written as [35]:

Jpl ¼
2Ap

Bb
; ð9Þ

where b is the ligament length b ¼ W � a, and B is the

specimen thickness. Ap is the plastic work, determined from

the load-deflection curve and the unloading slopes. To take

in account the fact that the crack is advancing and that the

ligament b is continuously decreasing, an incremental

definition of equation (9) was used [35]:

Jpl ið Þ ¼ Jpl i�1ð Þ þ
2

b i�1ð Þ

� �

Apl ið Þ � Apl i�1ð Þ

B

� �	 


� 1�
a ið Þ � a i�1ð Þ

b i�1ð Þ

	 


: ð10Þ

Fracture Experimental Results

The resulting crack resistance curve, or JR curve, is shown

in Fig. 16 for two specimens. Crack growth starts at a J-

integral value of J0=0.3 kJ/m2, which is already 30 times

higher than the toughness of pure aragonite (about 0.01 kJ/

m2). As the crack advances, nacre becomes significantly

tougher, with a significant tearing modulus (slope of the JR
curve). The maximum measured toughness was 1.5 kJ/m2,

which is five times the initial toughness. Note that upon

crack advance, the material behind the tip unloads, which

violates one of the conditions for the J-integral validity.

However, it was demonstrated that under limited amounts

of crack extension, J continues to characterize the state of

stress at the crack tip as long as [35]:

W � a

J

@J

@a
¼ w � 1: ð11Þ

This result was derived for metals but it is assumed to also

be valid for nacre. Using the specimen dimensions and the

experimental JR curve, ones finds w=5 for Δa∼0.15 mm

and w=1 for Δa∼0.5 mm. The crack resistance data for

crack extensions larger than 0.5 mm was therefore

discarded.

Single values for nacre toughness were reported in the

past, ranging from 4 to 10 MPa.m1/2 for red abalone [5].

Using equation (4) with E0=58 GPa, these values translate

into a range of 0.3–1.7 kJ/m2, which is consistent with the

present results. The toughness measured here is also in the

same range as the work of fracture measured in the past for

nacre [6, 7]. For comparison, partially stabilized zirconia

has a toughness of about JIC=0.4 kJ/m2 [2]. As discussed in

previous work, testing conditions in laboratory and real life

loading conditions can be quite different. It has been noted

that the stiff testing machines in the laboratories do not

store as much energy as predator jaws or crab pincers,

which act as “soft machines” [1, 7]. In terms of fracture

mechanics this means that an extending crack in nacre tends

to be more stable in displacement-controlled conditions

(stiff machine) than in load-controlled condition (soft,

muscle actuated machine). However, this statement is true

for any material. The crack resistance curve determined in

this work for nacre is a material property, i.e., it does not

depend on the specimen size, geometry or the loading

conditions. It was also argued that although nacre had a

high toughness, it was not suitable for crack arrest [1], as

opposed to cross lamellar structures with lower toughness

but better crack arrest capability [42]. It is true that very

often a high toughness is not sufficient for reliability. A

rising JR curve means that existing flaws and cracks within

the microstructure are stabilized. This is the case because

the defects require more and more energy to propagate. The

present work shows that nacre actually does have a

pronounced rising crack resistance curve, which imparts

damage tolerance and also explains the crack arrest

performance observed by Currey [6]. In the following

Fig. 16 Experimental crack resistance curves for nacre (from two

experiments) with logarithmic function fit
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section, fracture mechanics models will be used to connect

the measured JR curve with the inelastic area around the

crack, and with the microstructural features observed in

nacre.

Extrinsic Toughening Mechanisms

The extrinsic contributions to toughening (mechanism that

shield the crack tip remotely) will be examined in this

section. Opening a crack in nacre involves tablet pullout

across the crack faces, as suggested by the fracture surface

[Fig. 7(d)]. The pullout forces generate crack face bridging,

exerting forces that resist crack opening in a mechanism

similar to that of fiber reinforced materials [2, 34]. In

addition, a crack growing in nacre will generate new

inelastic regions, which involves energy dissipation (so

more energy is needed to propagate the crack). This

toughening mechanisms, sometimes called process zone,

is similar to transformation toughening [33] and to

formation of microcracks clouds [27]. These two toughen-

ing contributions can be captured in a simple model using

J-integral calculations along various parts of a contour [2].

The model assumes a crack in steady state, with a well

developed wake and bridging zone (the transient regime is

more complicated and will not be discussed in this article).

Figure 17 shows a two dimensional schematic of a crack in

nacre, propagating across the layers. By combining the

contributions of various sections of the contour it can be

shown that [2]:

JA ¼ J0 þ JB þ JW; ð12Þ

with JA being the applied J, associated to loads applied to

the system (i.e., loads applied on the specimen, remotely

from the crack tip). Jo is the intrinsic toughness of nacre, in

the absence of any other toughening mechanism. JB is the

contribution from crack bridging, i.e., from closure forces

acting across the crack, and JW is the contribution from the

wake of the crack or process zone. From this equation, it is

clear that only a part of the applied energy on the system is

actually transmitted to the crack tip. In other words the

extrinsic terms JB and JW are “shielding” the crack tip from

remotely applied loads and effectively make the material

tougher at the macroscale. The extrinsic terms were

estimated by direct use of the J-integral definition, namely,

J ¼

Z

*

Wn1 � Ti
@ui
@x1

� �

ds: ð13Þ

The bridging term is given by,

JB ¼

Z 2u

0

σyy uð Þd 2uð Þ; ð14Þ

where the stress separation function σyy(u) is the bridging

stress acting across the interface as a result of tablet pullout

distance u. The cohesive stress can be evaluated from the

experimental tensile stress–strain curve. Assuming that the

tablets are rigid and that their length is about Lt=7 μm

(from their average surface area):

2u � Lteyy: ð15Þ

The pullout stress is simply the tensile stress from the tensile

test. Figure 18(a) shows the tensile stress–strain curve from

Fig. 18 (a) Tensile stress strain

curve. (b) Stress-separation

function

Fig. 17 Schematic showing a steady state crack in nacre, running

across the tablets and leaving a wake of inelastically deformed

material of width w. The J-integral contours are also shown
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the experiment, which was extrapolated up to a strain of

0.02 to match the strains observed experimentally at the

crack tip [see Fig. 14(c)]. Fig. 18(b) shows the stress-

separation curve, obtained by transforming the strains using

equation (15). The integral of equation (14) is then simply

the area under the stress-separation curve, viz., JB=0.012 kJ/

m2. This value is much smaller than the toughness measured

experimentally. This suggests that while crack bridging by the

tablets is evident from experimental observations, it actually

has a minimal impact on the toughening of nacre.

The contribution from the process zone is now exam-

ined. It is written as:

JW ¼ 2

Z

w

0

U yð Þdy; ð16Þ

where w is the half width of the wake, y is the distance from

the crack plane and U(y) is the energy density (i.e., the

mechanical energy dissipated and stored per unit thickness)

within the wake of the crack. By considering the energy

dissipated by tension along the tablets, equation (16)

becomes:

U yð Þ ¼

Z

"yy yð Þ

0

σ "ð Þd" ð17Þ

Where σ(e) is the uniaxial response of nacre in tension

along the direction of the tablets and eyy(y) is the residual

strain across the direction of the crack, away from the crack

tip. Strain analysis in the wake of the crack revealed that the

residual strain eyy(y) in the wake increases linearly from

zero at the boundary of the wake (y=w) to about 0.016 [43]

at the edge of the crack. Using these values in equations

(17) and (16), together with w=0.5 mm [Fig. 10(d)] one

finds JW=0.75 kJ/m2, which is in the order of the rise in

toughness observed experimentally. Other dissipative de-

formation modes, not capture in the simplified model, also

contribute to the raise in toughness. This important result

shows that the formation of inelastic regions in cracked

nacre is the source of toughening: Advancing a crack in

nacre involves the formation of a zone of large inelastic

deformations from “virgin” material ahead of the tip. At

the same time, the material behind the tip has been

unloaded but an irreversible deformation remains. The

energy consumed in this process is captured by the model

[equation (16)]. Its origin is probably viscoplastic dissipa-

tion at the biopolymer in the interface. Note that the

toughening is promoted by a large inelastic region and the

spreading of tablet sliding, which is made possible by local

hardening and tablet waviness (through progressive “dove-

tail” locking) as previously explain in “Tensile Experimen-

tal Results.”

Lastly, note that in the fracture experiment the propaga-

tion of the crack did not seem to have reached the steady

state; which may require several millimeters of crack

growth to be attained. For the case of zirconia, models

predict that the steady state regime is reached for crack

growths equal to about five times the half width of the

process zone [33]. For nacre, the same guideline predicts

that a crack would reach steady state after a 2.5 mm

extension, which seems to be consistent with the trend of

Fig. 16. Once the steady state is reached, no additional

toughening occurs. This leads to unstable configurations for

the crack, and potentially catastrophic failure. The nacreous

layer, however, is only about 1–3 mm thick for red abalone,

and even thinner for other species. This means that a crack

within the nacreous layer of the shell might actually never

reach the steady state regime and will always tend to be

stabilized.

Conclusions

Nacre is amongst the strongest of the materials found in

seashells, and it has a remarkable toughness despite being

mostly made of a brittle ceramic. In order to characterize its

mechanical performance, tensile and fracture tests were

performed on nacre from the shell red abalone (Haliotis

rufescens). Millimeter size specimens, miniature loading

stage and non-contact optical methods were used in the

experiments. The tensile tests highlighted the relatively

large inelastic tensile deformations in nacre (at the

condition that it is hydrated). These deformations are

generated by the microscopic mechanism of tablet sliding,

and by the progressive “dovetail-type” locking made

possible by their waviness. The same type of inelastic

deformations was found in large regions ahead and behind

advancing cracks in nacre. Instead, experimental

approaches based on nonlinear fracture mechanics revealed

a rising crack resistance curve, which is the characteristic of

a material that can stabilize and even arrest cracks. The

prominent fracture toughening mechanism in nacre was

found to be viscoplastic energy dissipation at the biopoly-

mer between tablets, associated with the sliding of the

tablets on one another. Advancing a crack though nacre

means that virgin material ahead of the tip must deform

inelastically, which consumes a significant amount of

energy. For this process to have an impact, the inelastic

region must spread over large volumes around the crack,

which is made possible by the local hardening and

progressive locking generated by tablet waviness. While

this result yields a new understanding on the source of

toughness for nacre, the synergy of mechanisms operating

at nano, micro and mesoscales has yet to be captured with

combinations of small-scales experiments and multiscale
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modeling. Such sophisticated microstructures and mecha-

nisms have been finely tuned over millions of year of

evolution, in animals that rely on the robustness of their

shell for survival. These findings are likely to inspire new

composite materials, through biomimetics.
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