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Stellaria solaris

Philippia radiata
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SEM images of cross section of nacre and chalk NM



Introduction

&

Arganauta argo Lischkea imperialis Littorina scabra
angulifera 1

Littorina scabra Lyropecten nodosa Patinopecten caurinus Philippia radiata

angulifera 2
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Stellaria solaris Strombus gigas Telescopium telescopium




el
Spm

e
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Sheet nacre (aragonite)
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{d} 500};[\'1

Prismatic (calcite or aragonite)
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(e) Crossed-lamellar (aragonite) 500um
Crossed-foliated (calcite)
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Complex crossed-lamellar (aragonite)

(
9 Homogeneous (aragonite)
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JoHLAH: 95 vol.%
FHLUR: 5vol.%
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o JacksonZf (1988) #t— LR T T BABREKH
K5 MERE, feH: L THEBBHREFIKS S E
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“ With such a high

/ proportion of ceramic the
;‘“’:nwwacm Hydrlod material should be brittle,
"' yet nacre has a work of
fracture about 3000
times greater than that of

HH_J

; Pure Aragonite

0002 0004 0.006 0.008

Tensile strain B pure ceramic.” NM
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Introduction

* Almquist et al. (1999) indicated that ceramics laminated
with organic material are more fracture resistant than non-
laminated ceramics, but the synthetic ceramics made of the
“brick and mortar” arrangement do not have a toughness
comparable to nacre.
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Introduction

The studies of mollusc nacre are at
the very forefront of this quest---the

pearl in the crown.

L.Addadi and S.Weiner
Nature, 1997, Vol. 398: 912.
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Introduction

Biomimic layered structures, which have been
proved to be able to control the cracks in ceramics
and increase the damage tolerance of ceramics, will be
the most promising new approaches in the
strengthening and toughening design of synthetic
ceramics in the future.

W.J. Clegg
Science, 1999, Vol.286:1097.
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Introduction

 The mineral bridges in organic matrix
layers of nacre are really of existence?

 How effects does the nanostructure
produce on the mechanical behaviors of
nacre?
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Nanostructure In the organic
matrix layers of nacre
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TEM image of the cross section
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Diameter:
D=46=8 nm

Height:
t=2914 nm

TEM image showing a nanostructural column in an organic

matrix layer
INM
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* There exists the nanostructural columns
(or mineral bridges) in the organic matrix
layers of nacre;

* The columns approximately appear to
be circular, and stochastically come up In

the organic matrix layers.
INM



Distribution of the nanostructure
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Length of Platelet (um)

The average width of the platelets on the cross section of

nacre : lo=4+0.8 um
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Distribution of the nanostructure

Number of Platelet

35 36 37 38 39 40 41 42 43 44 45 46 47 48 49
Number of Mineral Bridge

e The average number of the nanostructural columns on a

platelet on cross section is Nx = 40x5;



Number of Mineral Bridge

250 +

200

150 H

100 —

50 —

1.0

Distribution of the nanostructure

1.5 2.0 2.5 3.0 3.5 4.0

Length of platelet (um)
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Distribution of the nanostructure

e The distribution of the nanostructure In
the layer on a platelet on the cross section :

N X — )2
f(x) = «/ﬁa exp | - & 26‘;)

 The average value and standard deviation:

u=2,0=0.67, 0<x<4.
7]



Distribution of the nanostructure

* There is a central region of the nanostructures
In each platelet on the cross section:

(u—o, u+o0)=(1332.67)
e The number of the nanostructures in the central
region:

[t (x)dx ~0.68N

U—O

Song, F., etal., 2002, J. Mater. Res., Vol.17 (7): 1567.
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Distribution of the nanostructure

Central region  Mineral bridge
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Distribution of the nanostructure

 The Linear density of the nanostructure
In the layer on a platelet on the cross section :

Song, F., et al., 2003, Biomaterials, VVol.24 : 3622. "M



Distribution of the nanostructure

* The average bridge-to-bridge spacing between
the neighboring bridges for each platelet :

"'rli'l'

5D whole = / xp(x) dx =80 nm
J0

 The average bridge-to-bridge spacing between

the neighboring bridges in the central region :

JIs e
(5 ) center = / xp(x)dx=50nn
of H—F
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o B—f BRI AN

n(x,y) = p(x)p(y)

I
= 4ny E::s:p{ —F P;—]
D

-~
Organic matrix sheet
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&— fr LRI no=100pm
B LA — IR R
PR AR ECH Y -

JIE TS
/ / nix,v)dxdy=0.46N.
o [ —iIF o J—iF

T O X AR A d A T AR R 1/9
Song, F., et al., 2003, Biomaterials, Vol.24 : 3622. NM
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Aragonite platelet

i . Mineral bridge
Organic matrix layer Organlc/’/\matnx gap

A — Central region

Organic matrix sheet

Aragonite platelet layer
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The effects of nanostructure on
the mechanical behaviors of
nacre



Mechanical properties

e The volume fraction of the nanostructures
In a region, (I, I,):

. i_,.'l2 -l ("' g k

~ 1l

ol — —— 1l x, I}dl)d‘i
t |.f| ‘4""1][ ‘L" _ 'Ilrl } /ﬁ -/1] l: A

 The volume fraction of the organic
matrix in (I, I,) :




Mechanical properties

 Average Young’s modulus of the organic
layer within (I, 1,):

Organic matrix sheet




Mechanical properties

Riley’s Model:

In(ee+ 1)
i

Eﬂutrc — I"'FPEP [] —

] + “ - Fp )E,

Enacre = 68.9 GPa
Jackson et al : Enacre = 70 GPa

Song, F., et al., 2003, Biomaterials, VVol.24 : 3622. "M
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Fracture experiment

8
7
6
5
4
3
2
1
0
-1

10 15 20

Deflection(lO'zmm)

The curve of three-point bending test




Fracture experiment

(1) TEM image showing the extension
of the crack on the cross section of nacre; (2) TEM image showing the

nanostructures arrest the extension of the crack.
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Fracture experiment

il | [}

n

4
3
5
.1

10 12 14 16 18 20
(d) Length of Crack (um)

1.BE40.20un




Fracture experiment

e All cracks only extend In the interlamellar
organic matrix layers of nacre

e The crack path on a cross section Is
tortuous and stepwise

e The nanostructures arrest the extension of
the cracks In the central regions

e Crack deflection and aragonite platelet
pull-out continually occur Iin the course of the

fracture
7]




Crack resistance

* The average crack resistance for (x,, x,) of
the organic matrix layers:

R~ (1+1.5V,

R,
R, :the average crack resistance of the
organic matrix

[NM



Crack resistance

 For the organic matrix layers on one
platelet:

V| =0.17,R, =1.26R,

* For the central region of the platelet

2.67
1.33

V| ., =0.35,R, = 2.04R,

[NM



Crack resistance

» The average fracture toughness for (x,, X,)
of the organic matrix layers:

K5 = Ko+ 24v,

;2)(1+1.5vb

2
» The average fracture toughness for the

organic matrix layers without the
nanostructures:

KI?: :\/EORO "M



Crack resistance
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One Periodic Length on Cross Sections

song, F., et al., 2003, Biomaterials, VVol.24 : 3622.
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Mechanical properties

Song, F.and Bal, Y.L., 2005, J. Am. Ceram. Soc. Vol. 88, 1094.
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Mechanical properties

* The nanostructures can not only effectively
Increase the crack resistance of the organic matrix
Interfaces, but also automatically form periodic
crack resistance to prevent cracks from extending
In nacre;

 The nanostructures can effectively increase the
fracture strength of the organic matrix interfaces.

[NM
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e Poisson’s ratio theoretically ranges from -1.0 to 0.5
based on thermodynamic considerations of strain
energy In the theory of elasticity

From S. P. Timoshenko, and J. N. Goodier, Theory of
Elasticity, 3rd ed. McGraw-Hill, New York, 1970.

* In practice, all ordinary materials exhibit a positive
Poisson’s ratio from 0 to 0.5

From Y. C. Fung, Foundations of Solid Mechanics,

Prentice-Hill, Englewood Cliffs, NJ, 1968.
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“ The materials with a negative
Poisson’s ratio are theoretically
permissible but have not, with few
exceptions, been observed Iin real
materials. ”

R. Lakes, Science, 235, 1038 (1987)
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» Love (1944) presented a single example of cubic “single
crystal” pyrite with a negative Poison’s ratio of - 0.14 and
suggested that the effect may result from a twinned crystals;

* Haeri et al (1992) and Baughman et al (1998) indicated that
negative Poisson’s ratios may be a feature of cubic metals;

e Lakes (1987,1993) obtained a type of foam materials with a
negative Poisson’s ratio by designing cellular structures.
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Fig. 1 The anatomic sketch of the third molar showing the positions of the cross sectional area tested

and the directions of nanoindentation. (a) the positions of the sections A, B, C. D and E in the tooth: (b)

the tested directions of each of the sections. " M
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Fig. 2 Curves of load P against indentation depth /# showing the loading and unloading loops. Green
curve: dentin: red curve: enamel, showing a pop-out on section A. i.e. a sudden increase of indentation "M

depth under a fixed load: blue curve: normal enamel.
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Table 1: The data of elastic modulus, hardness and W, /W of the sections A. B. C. D and E.

enamel dentin
Direction of Vertical Inclined | Vertical Inclined Horizontal
_ _ Horizontal sections . _ _ .
section section section section section sections
section A D E C B A B D E

Modulus | Z/Y 81.02 83.39 91.93 97.59 82.57 24.11 24.36 23.55 23.34
(GPa) X 80.56 83.06 95.83 98.88 66.67 22.77 2226 24.18 24.49
Hardness | Z/Y 4.11 4.02 4.27 4.98 3.93 0.85 0.87 0.85 0.88
(GPa) X 4.13 4.04 4.53 4.87 3.83 0.81 0.81 0.85 0.89
WJ/W, ZY 31.37 30.64 33.31 31.37 30.84 25.53 26.15 26.01 26.53
(%) X 32.03 30.45 34.97 31.54 33.65 25.20 25.032 25.50 26.58

o M) ) ME RS [ O AR R RV, SF A BRI 1A% e R
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Hardness Gradient of Section C Modulus Gradient of Section C

(@) (b)

Fig. 3 Plots showing wvariations of the modulus and hardness on section C in enamel. The wvalley-shaped

distributions show the gradiently decreasing of modulus and hardness from the outmost surface and the
anisotropy in X and Y directions in enamel. In the figure. origin is the cross of X and Y directions. The
positive numbers of X and Y directions indicate the left side from the origin to the edge of section C

and the negatives indicate the right side from the origin to the edge of section C.
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Fig. 4 SEM images showing microstructural variations of enamel.
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(From Marshall, S.J., et al (1) J.Biomed.Mater.Res.,2001,54:87-95; (2) J.Euro.Cera.Soc.,
2003,23:2897-2904.)
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(From Harrison. A. and Lewis,

T.T., J.Biomed.Mater.Res.,1975,9:341-345.)

o TR GUANGE M 24 Rl 5 11 17 MH VD e
o TR U AFAE FT I =4 (KRS TR0 b S RiUSOR A AS L 22

PTG EERI NN ) o
o« WERGUFAEUEN] T 2

|

Ei DGR S ERE R R 1

[NM




‘h@ A WA S

« INSTITUTE OF MECHANICS CHINESE ACADEMY OF SCIENCES

L RS

4. K IR 152 AT A B AT A

o FHUTE MM AR JRRIRBFE
o fegs b, AT RS0 M e 5 B B PE RE 2R AL

(From (1). Vincent, J.F.V., Structural Biomaterials, The Macmillan Press LTD,
Landon, 1982; (2). Fawcett D W. A Textbook of Histology. 11st ed. Philadelphia: W
B Saunders, 1986; )
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o TERE AT AR 2 H HIE, 5B FIE N T2 E W, W, 2
(Yang-Tse Cheng, Che-
Min Cheng. Appl. Phys. Lett., 1998,73(53):614-616)
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Fig. 6 Plot showing the relationship between the ratio of hardness to reduced elastic modulus {F/E

and the ratio of unloading work to total work W, /W,. The value of enamel is located in the range of

metallic glasses (La-based BMG and CuHf-based BMG) and the value of dentin is located in the range
of Ti alloy and GCr15 steel.
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