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A B S T R A C T

The shear strength of the interface between tiles of aragonite in the nacre of red abalone

Haliotis rufescens was investigated through mechanical tensile and shear tests. Dog-bone

shaped samples were used to determine the tensile strength of nacre when loaded parallel

to the plane of growth; the mean strength was 65 MPa. Shear tests were conducted on

a special fixture with a shear gap of 200 µm, approximately 100 µm narrower than the

spacing between mesolayers. The shear strength is found to be 36.9 ± 15.8 MPa with an

average maximum shear strain of 0.3. Assuming the majority of failure occurs through tile

pull-out and not through tile fracture, the tensile strength can be converted into a shear

strength of 50.9 MPa. Three mechanisms of failure at the tile interfaces are discussed:

fracture of mineral bridges, toughening due to friction created through nanoasperities, and

toughening due to organic glue. An additional mechanism is fracture through individual

tiles.
c© 2009 Elsevier Ltd. All rights reserved.
d

1. Introduction

The abalone shell is composed of two defined layers:
an outer prismatic layer (rhombohedral calcite) and an
inner nacreous layer (orthorhombic aragonite) as observed
by Nakahara et al. (1982). This investigation focuses on
the nacreous region only. Aragonitic CaCO3 constitutes
the inorganic component of the nacreous ceramic/organic
composite (95 wt% ceramic, 5 wt% organic material) (Menig
et al., 2000). Stacked pseudo-hexagonal tiles (∼0.5 µm thick
and ∼10 µm wide) are seen arranged in a ‘brick-and-
mortar’ microstructure (Jackson et al., 1988). An organic
matrix (20–50 nm thick) interlayer separates tiles which
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have crystallographic connection through inorganic mineral

bridges ∼50 nm wide (Song et al., 2002). The mechanical

response of nacre is well documented (Currey, 1977; Jackson

et al., 1988; Sarikaya et al., 1990; Sarikaya and Aksay, 1992;

Menig et al., 2000;Wang et al., 2001) as thematerial represents

one of the most heavily studied biological materials in the

emerging field of biomimetics. Its hierarchical structure has

been the center of much research (Laraia and Heuer, 1989;

Vincent, 1991; Baer et al., 1992; Srinivasan et al., 1991; Heuer

et al., 1992; Sarikaya et al., 1990; Barthelat et al., 2006, 2007)

and is responsible for a significant increase in toughening

from monolithic aragonite.
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The mechanisms of toughening at the interface between
tiles have been the subject of significant debate. Evans et al.
(2001) and Wang et al. (2001) identified the rough nature
of the surface of each tile, suggesting that friction created
by the asperities present at those surfaces was responsible
for the resistance to tile sliding. Katti et al. (2001) and Katti
and Katti (2006) used finite element modeling to investigate
several strengthening and toughening mechanisms includ-
ing what they described as interlocks between subsequent
tiles. Barthelat et al. (2006, 2007), and Tang et al. (2007) in an
extensive experimental–analytical–computational investiga-
tion modeled the strength of nacre using an elasto-viscopla-
stic constitutive response of organic material (worm-like
chainmodel). Their experimental techniques are described by
Barthelat et al. (2007). Evans et al. (2001) hypothesized that
the organic matrix enabled increased toughening by creat-
ing a viscoelastic glue at the interface between adjacent tiles.
Song et al. (2002), Song and Bai (2003), Gao et al. (2003), Barthe-
lat et al. (2006) and Meyers et al. (2008) investigated the role
of mineral bridges in the mechanical response of the tile in-
terfaces. There is a second element to the hierarchy; growth
bands that create a lamellar microstructure. Layers of organic
material with a thickness of about 20 µm separate the thicker
mesolayers of tiled aragonite, approximately 300 µm thick.
These layers are described by Menig et al. (2000) Su et al.
(2002), and Lin and Meyers (2005) but are not often mentioned
in other reports dealing with the mechanical properties of
abalone nacre.

2. Experimental procedures

Tensile tests were performed on 11 samples with loading
parallel to the tile planes at a strain rate of 3.3 × 10−5 s−1.
Nacre coupons were sectioned from five adult sized shells
directly after removal from the living specimens along regions
in which the shell had minimal curvature. Coupons were
first polished so that the two surfaces were parallel and flat.
Two methods were applied to obtain the dog-bone shaped
specimens. The rectangular coupons were either sandwiched
between two steel molds of dog-bone sample silhouette, or
laser cut on a laser cam machine. The length of specimens
was ∼25.4 mm (Fig. 1(a)). The silhouette was sanded down
with a small hand file. The laser cuts resulted in localized
heating of the sample and loss ofmechanical properties; thus,
this method was abandoned and no results from samples
created through this method are reported. Specimens were
kept in sea water before testing to maintain hydration. They
were then mounted in the tensile testing device seen in
Fig. 1(b).

The shear tests used an assembly similar to that developed
by Menig et al. (2000). The steel assembly can be seen in
Fig. 2(a); it is composed of two sliding pistons within a
cylindrical sleeve. The sample is loaded in the blank cubic
space in the center of the device, with the growth planes
parallel to the direction of loading (Fig. 2(b)). The principal
difference from the setup used by Menig et al. (2000) was the
size of the specimens. The shear testing mount dimensions
were such that an “s” spacing smaller than 300 µm was
created to isolate the region between mesolayers and not
a

b

Fig. 1 – Dog-bone mechanical tensile tests on abalone
nacre: (a) dog-bone shaped specimen of nacre hydrated in
saltwater; (b) dog-bone shaped testing assembly with
specimen in place.

across them for testing. Tests were conducted on eight small
cubes of nacre with average dimensions 2× 2× 2 mm. Cubes
were sectioned from adult sized shells directly after removal
from a live specimen. Special care was taken to ensure that
nacreous sections only were isolated for testing.

3. Results and discussion

Due to the high variability commonly associated with
biological materials, a Weibull statistical (Weibull, 1951)
analysis was applied to the mechanical testing results.
The plot in Fig. 3 shows a 50% failure probability when a
stress of approximately 65 MPa was applied. This is within
reason to the average tensile strength of the Gastropods
Turbo marmoratus (116 MPa) and Trochus niloticus (85 MPa)
reported by Currey (1977). The results are less than a third
of the compressive strength reported by Menig et al. (2000)
and confirm that the shell sacrifices tensile strength in the
perpendicular direction to use it in the direction parallel to
the tile structure as stated by Lin et al. (2008).

As mentioned above, shear tests were performed to
support previous work by Menig et al. (2000), and to improve
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Fig. 2 – (a) Shear testing mount, (b) sketch of shear test
configuration acting on a cube of an abalone shell.
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Fig. 3 – The Weibull distribution of tensile strengths with
loading parallel to a layered structure. The Weibull
modulus “m” corresponds to the variability of distributed
results; a lower value indicates wider distribution while a
wider value indicates a narrower distribution.

upon their effort by scaling down the dimensions of the

specimen, isolating the regions of tiled aragonite sandwiched

between growth bands. Menig et al. (2000) found empirically

that nacre, in shear, exhibited an elastic region up to 12 MPa

followed by a linear plastic region up to a maximum shear

stress of 30 MPa and maximum shear strain of approximately

0.45. Their setup had a gap “s” (defined in Fig. 2(b)) which

was equal to 2 mm; thus the shear action occurred across the

macro and microstructure, in contrast with the 200 µm gap
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Fig. 4 – Shear tests with loading parallel to a layered
structure: (a) The Weibull distribution of shear strengths;
(b) stress–strain curves.

“s” in the current study. The shear strain is given by:

γ =
δ

s
(1)

in which δ is the axial displacement, and “s” is the gap which
defines the region in which shearing action occurs (Fig. 2(b)).
The shear stress is simply given by:

τ =
P
A

(2)

where P is the load and A is the area in which shear occurs.
The Weibull distribution of shear strengths is given in

Fig. 4(a). The average shear strength was found to be
36.9 ± 15.8 MPa with an average maximum shear strain
of approximately 0.3, both remarkably consistent with the
results by Menig et al. (2000). However, unlike their tests
there is no observed transition from elastic to linearly
plastic deformation. As shown in Fig. 4(b) the stress–strain
curves indicate an elastic region to a maximum shear
strength, followed by catastrophic failure. This may be due
to the smaller size of the specimen and the elimination of
mesolayers from the process of deformation.
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Fig. 5 – (a) SEM micrograph of a polished cross-section
after deformation under tension; (b) plot showing the
distribution of step lengths.

Aragonite tiles Shear Occurs Along 
These Surfaces  

t S

Fig. 6 – Schematic diagram of nacre in tension at the scale
of an individual tile.

Fig. 5(a) shows an SEM image of a specimen recovered after
being subjected to tension to failure. The dark rectangular
features are gaps that opened between tiles during tension.
The overlap of tiles was estimated from direct measurements
along fracture surfaces, as shown in Fig. 5(b). An average
step overlap of 0.63 µm is observed. Nukala and Simunovic
(2005) used numerical simulations to show that the tensile
strength of nacre was greatly affected by the area of platelet
overlap. It can be seen that where tiles separate, the
step height corresponds to the overlap. Separation seems
F3

F2

F1

d t

a

b

c

Fig. 7 – Schematic diagram showing pull-out of
overlapping tile layers.

to occur through both pull-out and fracture, indicated by
irregular fracture surfaces. An optimization of strength ratio
between the tensile strength of an individual tile and the
shear strength of the interface between overlapping tiles
accounts for this observation. Thus, it becomes important to
investigate both; we begin with the interface between tiles.

Fig. 6 provides a schematic of nacre in tension at
the individual aragonite tile. Fig. 7 shows the schematic
representation of tile overlap. Three tiles subjected to
tension are shown in Fig. 7(a). A simpler two-dimensional
representation is shown in Fig. 7(b). Taking the equilibrium of
forces in Fig. 7(c) the relationship between the tensile stress
on tile, σt, and shear stress on organic interfaces, τs, can be
calculated:

F1 = F2 + F3 (3)

σtt = 2τsS. (4)

From Fig. 5(b) we can approximate the average step overlap
S = 0.63 µm and t = 0.5 µm:

σt/τs = 2S/t = 2.5. (5)

The tensile strength of the ceramic should be at least equal
to 2.5 times the shear strength of the interface to ensure shear
failure by sliding.

Using Eq. (5), the 50% failure probability tensile stress of
65 MPa (shown in Fig. 1) can be correlated to a shear stress
of 26 MPa. An average shear strength of 36.9 MPa is found
through shear tests. The discrepancy may be due to the
fact that the theoretical shear strength calculated from dog-
bone samples assumes that no tiles broke and that shearing
occurred through sliding at the interface only.

It is thus possible from the data obtained from dog-bone
shaped tensile tests to produce a first hand approximation
of the shear stresses experienced by the individual tile
interfaces during pull-out. If one assumes that failure in
tension occurs by plate pull-out, as seen in Fig. 7(a), then a
shear force between tiles can be approximated through the
use of Eq. (5).
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Fig. 8 – Four different failure mechanisms for tension along tile direction: (a) tensile fracture of tile; (b) shear fracture of
intertile bridges; (c) shear overcoming friction due to asperities; (d) stretching of organic chains.
The tensile fracture of the tile can be predicted by the
simple application of the fracture mechanics equation:

σ =
KIc
√
πa
. (6)

The crack has to travel through tiles for the sliding
mechanism to be eliminated. Employing the line of thinking
presented by Gao et al. (2003), the strength of each tile
is attributed to nanoscale effects originating from flaw
confinement due to the dimensions of the tiles. This
confinement results in crack configurations of 2a = 0.5 µm
(the thickness of each tile), and 2a = 10 µm (the length of a
tile). Inserting the values of “a” into Eq. (6) while assuming
a reasonable value of KIC = 1 MPa m1/2 results in tensile
stresses of σt = 1.12 GPa and 252 MPa. This is not to say
that the overall composite would exhibit this near theoretical
strength, as clarified by Ballarini et al. (2005), rather the values
which are much higher than the shear strength of the tile
would encourage failure to occur through the mechanism of
tile pull-out, a path of increased toughness.

4. Concluding remarks

Fig. 8 shows the two principal mechanisms of failure when
tension is applied parallel to the tile direction: tensile fracture
of the tile and sliding along the tile surfaces. The resistance to
the sliding of tiles is provided by three possible mechanisms:

(a) Breaking of the nanoscale bridges identified by Song et al.
(2002), Lin and Meyers (2005), and Barthelat et al. (2006).

(b) Friction produced by asperities. This was proposed by
Wang et al. (2001) as the principal mechanism of
toughening at the microscale.

(c) Stretching of organic bonds. This was proposed by Evans
et al. (2001) as a valuable mechanism.
The scale of tile dimensions is such that the propagation of
internal cracks is limited by the fracture toughness of the
material. By constraining the size of internal flaws to the
thickness of a tile, a tensile stress σt = 1.12 GPa can be
predicted. Seeing as this is not observed in either this report
or that of Currey (1977) it is evident that failure occurs more
generally though tile pull-out rather than tile fracture. This
would account for the increase in toughness observed in
nacre over bulk calcium carbonate.

The various mechanisms of failure at the interface provide
the intertile shear strength that is partially responsible for
the overall mechanical response of the material. Quasi-static
shear tests and extrapolated values from dog-bone shaped
tensile tests yield shear strengths of 36.9 MPa and 50.9 MPa,
for the intertile regions.
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