HEMZE: MEFE hFE RXF

2010 % 40% % 8Hj: 1044 ~ 1053

SCIENTIA SINICA Phys, Mech & Astron

it

www.scichina.com phys.scichina.com

O& SCIENCE CHINA PRESS

IR BEHEDRAR 25 44 1 ) A AR AR RS e Itk

FNEEC FEHRY

O T HE TR BHARER, 75 2661006
@ FAFAVENR R ZEGRE AT, FAt 210016
* X & N\, E-mail: nsiguo@nuaa.edu.cn

WA H : 2009-12-09; #2532 H 3H: 2010-02-05

] 5% R AUBE R 9 R R VR (4 5 2007CB936204) HUE FAIHT HIBA (Ui %52 705021, IRT0534). [E 5 [ AR Bl 3G (HEHE S 10732040)

FVL I BB 54 (%5 BK2008042) %t B I H

E  —HUK, BRI N BB B A b X RoRe R R AL R T s B A R
M FATAT) ZRE, BN RBRENL REN, A HERTNRBRANEREH N FHHRE
b AR S AR R T A0 IR R AT 4L A SR A T A A4 B (Haliotis Discus Hannai) VL 5% P B9 2 2k BF 1 45 44 Fo Ay 2
FlEREC. KISCHE R B A LIS A MG T Bk B S N B T A fT e, JEE 250 C R
DHREBNEEEFEN T 2HT, W ANERGRBEAN 1.7 wi%, (X ANIER L EH 40%. T4 FH
R L RLA, DRBEABENNRRERBRTHERARE T — X B HAREEGEN. B, RE
ANEFHENREERANDHR BN FHEEARREN, EDRBMEH K Y NE B HE ST H

72 0 LR L o R
ES7 T
PACS: 81.07.-b, 81.07.Pr, 81.70.-q, 81.70.Bt

DS NI BR B R HARE I B i b 23
D7 VR AT B SR AR T A R U, S
S RIS WL J5T 3 s DAAS [R] 77 22 8 27 1 1)
T A 101, P A A AR R 1 2 0 £ B R BE (¥ RR
S5 K BRBEDUIS BRI 2R G5 K A SRR IS BR BRI 5
BA X RE . BAS IS0 v X SO ORE B A
PR8I (1 1 P A B I A 1 g oK 52 A
TS BRBE 1S 58 S BIHLEI AT I — B2 AATTORVE
Ho, FASRCWAS T RN HE2ME
(RIS ) HE 27 2 % 05 1R i B G0 4 10, {2 Bk
BELE 52 3 A0 30 D0 R 1R AR E 1, 491 dn 2k B DL
Pinctada Margaritifera (1)) R BRBEAY o5l 77 n) (R 2

DR, EUAMEM, ANER, HFEE, HRERE

BERREI A KT 1), B2 A WL IR T 1) ) 1) B 4
IhiEik 1.65 kIim® i A7, v T c-4hJ7 1A i 4
TN Ky 0.8 kI/m? ZiAy. HURHE A By )2 1Al A Bk
FU 2 R LA KR, Smith 25 AN MSZEL T A
PUIE 5 3 2 (0 B R R, AT IE SE 2 BR BEAR I A
P 2 Fh v e 1 FH, 10 Jackson 25 APV & B
AL TR AK v 3 JE ) [R) (R S B BE T 24 3 0 1.24
KI/m® Ze A5, AR IR EE b 1A i R W4 oh
K 0.35 kI/m?® ZeAq. BE A3 T 2 B )
BUEIT 20 3% i N AIAR SCA A 1 43 S T 1
R LR Ak &5 K6 = A 1¥) BY i (Shear Lag)fF )2 — 2K &
PBEEIHLE], Hh AR . RSO, X

‘ SIRMER: IVESE, SUTAK. BIREEERAM A K D0 AR R e k. P IERL: BIRE 3% RO, 2010, 40: 1044 ~ 1053




R P it ORI

2010 F 404 8

A7 2 TH PR RELRE 582 LA R 1 4 4 g 2041991k, sk
B ERBEA SRS SO R K A G RIHL I AT T 46 52
BT 20,
RAENTENZ A BRI T2 2R B4 47 0
WAEBLE, (HRATIR 2 18U T SRS, A1
PLIEFUZ B9 SIS ER B S M I N 32—,
fEE B DUOR AT R B AR UL 5% 21043 3L St
(KR Pk, LA 1L 5 7K AR 6 2 BRRE 10 ) 2k
HE 110 52 Wi R [ 32 1 2R A UL G = 1 A . 3 I
Fe 2 TR BE 2 20 45 K IR BT sk A7 20K T B, JUH
T TP (1R 9 A WL SO 4 A ) g 2 Y BE 1D 5 0 1
ANV AE . AR SO AR A A 3 R AT (1 4 5 AR
KA FE UL TE 5 TR BE (10 45 K A0 75 27 5 PR ORI, Ke i #4
KRS T Be S MR E A g5 1, oS
JE AT 9K A PR IR AT LR B 1 45
ROk, FREE & AR R 1 00 % S R s AN R R
JEATHLER 0 DL FE35 R BE 2R 1) 560 5 DT ik

1 REARAN s %

L1 REAE

7R 3% 4 40 I (Haliotis Discus Hannai) U1 5%
WIREZERRE, ok B b B AL sy, 4 &R )
FIHLYL T RE S, B2 bR B A 2 1 A UZ DA R
2. B SR ERRERRE 1 BT A TR T 0T BE, F aE
7w B R InETm AT, R 0.5% 5 4
A4k (NaOH) ¥ ¥ RN 25 1 7K 56 I 188 75 1 e i o L
HAR T, X AR SRR R B R alRE . o 7 R ik
DN AR B GREZ B 8h£1°C), A 10°C/min )3 &
M R B IEAS e i, AR 12 h JE 3R
AFEARFE. =0 R I B A K (L) 8 JE ()R
JE B (d) 53 IAE 14, 2.4 F1°0.5 mm 2245, IFAELE 23 )
4 110, 150, 200, 210, 220, 230, 240, 245, 250 F1 300°C.
YK R A I AL B W) 4331 24 110, 150, 200, 240,
250, 300, 350, 400, 450 F1 500°C.

1.2 R 55

15 H1 7 REATEHA S Hl (Instron 4466, UK)#EAT =
MRS, EH 500 N Eifar oG, InEGEE K 0.5
mm/min, ¥ L& 10 nm. 545 /D 5 MAKE. n#E
WA -3, 1R, A MTS 40Kk
JRAL(SA2, USA)YEATA K RIS, Bt HiEh 1

nN, XH DCM-CSM (Dynamic Contact Module-Con-
tinuous Stiffness Measurements)iZE 22N 4 4. K
PR IR, HERE R 10 nm/s. JFFA LB 0.25,
ER/NT 015 nm/s. SRRSO AL HE )5 (1) 2% 1 AT
Nk, 77 A -l LI IMETR ELh 20°C, A
WIELN 60%. FFAFEMZR DM 5 AN RIR A, IR H
FE 10 pm. & FH 44 K s R B B2 A W R 1)
Berkovich Jk k. FIH w14 #1345 & B4 0 200
(LEO1530VP, 4 [) M %27 1. A% B i o w4,
SRR/ 10 nm. TAFFR ) Z 3~10 mm, Jiid
JE & 5~15 kV. {f il Diamond # /2 #4 HT 1
(Perkin-Elmer, USA)Zr 4T NGB ERBF IR L FE. DA
10°C/min WEIRIFLHMA, AL, S ~E L
A, AR NS SR R i IS, 200t 200
s v 7 3t 0 T

1 I
ST TN
====== ’ﬁ g

B1 =REHlMgkERERRER

2 REE R

2.1 BERAHEGA A DU S

ARICEM B BB KN 8 um 24y, F
I JEIE 450 nm 247 AN SCA B S AP i 2
B2 HE R RO TS R (B 2). SR ZE R B S 5
TAN T2 ER BN EE S 0 RS S R T b
(Wt%), WK 3 Pror. BB A R 25 o 322
SAHEBG B 1 B EAE 110°CLART, FERBEREEN
KGR o3 5 2 B BOAE 110~500°C 2 18], 3y
PR, HEE AR 4.25 wt%(LE 3
WG 55 3 BrBOEAES 5T0°CINF, b TR R4S 1) B4
il K ER CO 2 Zdvth g b A W21
W HE A B ERAE 337°CHN 437°CAiAy. Hrpag —
AR AT, S NG R A SO 1R U AR A TR 2 S
FE 3 A I 1R W B B 50240 S AN R
g FRATTIA kA B2 R RE Y A LR T ) K A ) fi
JITEL.

1045



PG SEEE: TR BEMED A M (1 ) 24 PR RE AN FAR E 1k

100
90 4
3 80 E
o X - i)
LI 98 AN i =
\, 6 \ H
\‘\
96 . v k=10
60 - / N i

4
110 200 300 400 500

T T L}
20 200 400 600 800
mE (C)

B3 ZEHRBRHREDITHL

2.2 BIRBHERMATN =SS AR

Bl 44 t et 2 B BECRE 1) = 1075 i 28 -7
Mo il 2. RV IX A B T DUOE PR A 1 22 BR B 46
FII 15247 O, B RV 2 A 5 A 1R 10 52 56 K4k 1)
PIAFAE BRI B HvE, LAt 2% 2 R £ K dfs 2R A2
Uh. 3 FE B P iR 1] ) ROS) 22 57 DA RS M

20

(i L A 7 ) T S0P0L. BT LA BB R 1) 98 JE (b) R
FE RS (a) I 2 5, 4 38 qr -0 7% 1 2 Ak o 25 it Y ) -
NAR (o-e) KR (WK 4(b)). T AW F:

IR

M
O'ZW, (1)
2
sppm = oy 240
4 6
N AR
6d
g:?X, )

Horp x B B TR R4 A SRR R R B
IRIFI— 20k, o] IR0 45 SR 2 T FE. W LL R A
b F )5 5 AL RE 2 50 45 R A L 45t o eth 28,
FH T 56 LR 43 07 38 65 1 A AL B 16 B2 B RE HE DA
SERNI 12T (LB S). RO T e, 2
TR RER 2 7 1R 2SS ) 5 R AR 35 5 I 32 T A 1)
FEE2N

X LB 22 BRBERT 110°C I8 A kb 2 F5 22 B BE()
TNEN - N AR 2, FRATT R BT e 22 R RE (1 ith £
AU AR YER, T 110°C R hk b %A, JIF H
15 PR 8 1) B RS R 0 1 3808 25 A A0 ) (4 1
110°C IR 1 f5 N AR - 33 {8 52 I KR B A, e o o
BIREEN 1.0% A5 R THRE RN 0.7% 4. X
KIHBERBEM P E I B RE, BREE BN KA
MR K. 2P LR MO RY, REBIREL
PN K40 BRI R A9 P AR B8 2427 % = B2 1 g o i
LR S IR B AR d 58 B S B 128200 [
ARFELE 110°C R KA 12 h i TR b 312 DL R 2
ERBEWN K 2> T3 2k, B 28 B8 2 M B 25 R B

(a)

| e

1)

0.2
{7 (mm)

0.3

0.4

®) e
300 4 fﬁ—¥ﬁﬂ[}
1
-—=2
T 200 : """ 3
[J——'
2 [ 5
© i
100 4 i
!
!
0 [}
. 15 2.0

B4 BB IREEN = 7S MR S R
() BrEESIREE TR0 Hh £ (b) XTI 9 1Y ) - N A% il £

1046



rhERRE PR JhE ORI 20104F K404 AR 8 M)
300 4 P 21
110°C , . R
s V7 i
’:? i © R4 i
o : o i !
= ! =] s !
b ! o ;
! : I
| H i
I ! i
! : i
! : i
0.9 ) 0.9
£ (%)
200 200
200C
150 R — 150 1
— Sy —
© ! -———2 ©
s 274 IR 3 s
= . Ny I = .
o 100 A ——-4 5 100
s 1
1 !
50 - N2 ! 50 -
N/ B
R A o
0 = — L 0 -
0.0 0.3 0.6 0.9 0.
& (%)
150 150
220°C
X —
= 100 1 /h. --=-2 ©
a il a
=3 pp T 3 =3
© (/M —-=--4 ©
oM
50 4 AN}
1% !
14 1=y
e
s 13
0 —h T
0.0 0.3 0.6 0.9
& (%)
150
©
a
=3
©
0.9
E et —
= Lo T 3 sy s
5 251 N ——-4 © 1 ——4
Ao ——— 5 ———— 5
" 'v [P
a /3 \ -
FAA g
A \.
0 K= L r ;
0.0 0.2 0.4 0.6 0.4 0.6
£ (%) £ (%)

K s

AL E B ERBH = K5 AR R

1047



PVE A B ERBEEDIL ST (1 77 24 PR RE A IR E 1

KT

HE 5 Er LA, 110°CHI 1 5bkE. 150°CHI
1 53R FEF 200°C 19 3 S FE 1 o el 26 AN [F) JLA AR A
(2 oers, I B sk, m A EM15
A ICALRFEAR L, Prasan S # Mm%, X5 150°CH 1
SARFE T O BET SEM W22 (] 6(a)), BEkBEZE S 45
R e 7 —AN 530 AT AR K g5 1,
JEIX AR DL R B o ) KRR F B ol 26
BN 1) gL AR R B A A LA A R —
Tolo B U A R 5 g, T DAE 3 A K TP i R DL A A
BCAE JE AR A A ., R I Al AR AT LA
(4 S PO TATTLE DUSE 0 A S 3 43 ) B 0 4% 315X
Rl L iy, & EARHRAI 1] 6(b) T

2.3 BRSSO b

AT BT AN 2 A A J7 R B ER R
TRFEES 07 1 3 A S M (384T SEML M2, T
T@FTR. RIW O RR K F 8 g2, — i
FEARUTHE BT 10 AW, WY SO A 2 B AR
HT i eBE s, SRR 110°C #uid
S B ER BN iR b (B 7(a)), “Bid st
SN AT, B R U B SR N X 3k (1A
8). TMTE 250°C I BY 34 il Ky 4t 36 5 (A A s X
7(F)). MASTI I FA AL B 5 B2 B BERE T 1 rpmT DU
SPIMIR )y 3 W g <BE R I B AR, Wi S e H
AT R A LS R A R B R
JEE T v B WLSEE o 2 1R A, X Rl o5 1 g A0
BEACIEAE 250°C I 5EAe 2k, IS BRBE I HE VR 45 F b
W 58 TR,

W c-Hily it — 20 W R 2 R BRI 1,
Kl 8 Frow. R Wi & 3 S s Uy 50, H2

FE SRy R AT T LA 5 3 <85 54y Ak A7 £, BRI o
)8, AN A AR IS 7 = (KT 3, &
L o i AR (zigzag), X4 A T W 1 45T E U
T 0 25 Bk RE I SRR 5 KT, AR A B R
(K9 SC AT A A 1) S R B AR — B, R DR KR ACHE U5 17
Ji ATESEIAT. Yao S NP B SCAT Iy J A7 AE
RO R IR e Ar 85, oA Jr 30 30a 7 ik
RBESABL, A2 O (U ) B2 3 038 J2 A% I T B —
Foft = AR A A, HET$R ) — FOBT O RINLG], %
A A8 IR Sl A7 A LA P AR 14 T VR A R
A, RIE I e (0 B AT AR BLAG Sz 5l Wi 4
NS TR HE DS R A G SR AR . AE 250°C
AL RIS BRRERE 1 W7 AR SO A J2 ) << B 28
A, 2 BEMSRIE 1K) 37 7 )2 ARE RO T, T
AL HORRANSCAT XM ELBAE ) R
T o7 5 A LR 5 1 T IR 5 2R

2.4 BIRBA)EPERE

M A2 MR 06 A -7 A% ik, TS RS Bk
REHE PR AE R R g A e . s s s AT 24 3, 40 991
S4B LE 51 GPa, 278 MPa fl 1.4 KJ/m® 2245, 4
AR
1

g R _mI-O3 _~hdd
%E%EEEEJET,LEJd,M
_ ML’
ST ER &
b om Sy -R0F M 2 et BUIR AL R
25 RS F =Fopay 25 Sy, RD
_SFwbo
oy ==, )

W24 2y

K6 ZHRBAMNEKRKSEH
(a) £ 150°CHAL B 15 B0RE A I DA I I ER 5445 (b) AR A0 UL7e i P9 Jis b L2 281 A 2 I £

1048



REERRE: YIS it R3C%: 2010 4 5404 58

B 7 BEHAERMEHHS MY O SEM B R
(a) W SR 7 17 R 2 (b) BTEERBRRERIWT ;5 (c~g) 230052 150, 200, 220, 240 T 250°C $ukh 2 2R RF (1) 17 O

u
w = &)

o U 2 J)-Rr R 2 B iR, A 2R FE (R .

HAFVE R, Bt Jackson 25 NPHRH T B2k
RE WL Dy a5 BB BE R BHT) 3000 £ 45 AH OC S tak
(1 SCHERA B R 5], AR S A 4 5 BR] 4 1
U . FRATTIR 45 )2 W] 35 TR BE 45 #6) 1R 1 IR Y
RAF I, 8 LW R D) A A% G2 6 1 R B A ORI
10 f AR, X524 O HGIE 1) B W2 B AT

E(J [33~35]

1049



PG SEEE: TR BEMED A M (1 ) 24 PR RE AN FAR E 1k

Kl 9 45 IS BR B E R IR ) 2 1 e Bl P A B
AR RE. BT 110°C T At #E X B 3R R
JisEPERE 2. Jackson &5 NPV BRI BREBRE(E K
T8 29) (PR B AN Bz AT 58 5 23 I AE 70 GPa #1170 MPa
LA, M FBERBECE KE 1%)H0U 5 5%k 60 GPa
H1 140 MPa; Neves %5 A P2 I 55 7K 5 1) FAR X 22
BRBE NI (2 m 58 A i 2. RATITEN RN, 5 e
BERBEAA LG, g A PR S 132 BR BE 1 PSR
KRB, FAPERCR T T KL 5 GPa. FRATIA
N KA R AE B TR RS 1) 2 B M T 46 b B Oy R,
645 G5 K B I A T B v 3 5 N AR A S A
1. 53 A FRATTIE e B ES BR BE N 1) 75 7K &0 He v 1)
SCW AR 2 B, TR AL LS B R RS R 11
Wi T 4 0.74 kI/m® Zidi, KA R Bt 22 2R BE (1)
50%.

2 BM PR FETF B 250°C N, B2 ERREFR) M AR
T P RS LA R, X5 DL R

(a)

HEIEE (GPa)

Fresh 110 150 200 210 220 230 240 245 250 300

mE (C)
(b)
300 |
"-U"' =
o L [
= b s :
520 BB
g B
g 100 1 B BB
S
1 B KR
Fresh 110 150 200 210 220 230 240 245 250 300
mE (C)
2_0 _(c)

KFET) (KJ m?)
5

N7 R S
Fresh 110 150 200 210 220 230 240 245 250 300
BE (T)
B9 BEREHELRME I N RS R EREN KR
(a) PPEREE; (b) HUEHREL; (o) Wikl

1050

oM W&, BIAZ 36 i A 2 ) A B 7 2 1
R KRG T B HEBR G S5 /I D) 24 R RE. T
EHNTRWY, 1 250°CH 2 R AT HLIE A 0.86
Wt A, LI dT AT NI R 20%. 2% 18 2] S5
IS INAAINHAN RS, 75 250°C I T2 20 i (AT WL 5 ]
RE R BB A I 444 A, T s il il 110 i Ak 38 i) TR) G
i 12 he FRATH AT — I SSRGS A E IR TT LR T
HE| 250°C, JORFFEIZIR R LK. KL
i3k 90 min J&, 7E 250°C BEZM i 1A HLHE AL A
SEARTER. LI o R AP L E AT
1.72 wt%, {EBERBERN AT WL TR R 1) 40%. H
SR, B ERRER AT WL I 2 3 4 A 2 DL oE 4
MR SEHE IR S5 1. A, ISR BEHE MR 2 ) (1) 5Lk
HEEER: | U i S N 2R D i S ) R A R AN AR
) L P A E N AR 1) T IR B UG 4R FEAE 50 GPa
A, M E ST 240°CH T 4R H LK IE T %, 3
250°C I BB ERBERU A 1 )L 2k 22 02 M. R,
B R B2 5 HE R 10 Ik 5 A8 T WL A 5 e L I 1
KBER 2R A0 AL 58 I A7 ATLIE o J2 (1) /) 1 i o
B BN A MR SR e v, MR TS 250C
N A ATL RS IO 23 g ) T Ja) A A 7 4 e 45 ) 56 4 2R 22
ST A . AR, B A R N W 2R Ty i O A At
T 554 PO (R AN [R), e A1) Bl T v 1 36 3 %
i), 2 250°C I FEAR AR om g R M. ke
ZRRE P (1A ATL 35 5 A2 55 1) HC 4 Ak 4 ) 1) ot B AN 40
PR 2 BLR 5.

HE— 200 1 99K IR SE S ATE BB Bk BE Y B SC
£ 1A v R B AR B, i 10 R
T 5, SOA P AR RN A P L ) T v T A, B
Oy RIAE 400 F1 450°C I I8 BIRREIRAS, XN ST B
YK A SRR ROR . L WS B A2
B ME RIS IR E BR BRI S M AR L, BRSSO B A
FEtEmm . Mg aMEat, A akEa4;
Fa R I P AY) JEC A I 0 eh v S A WLEE I AE 400~500°C
() RPN BT . S AMEAR R R AL, SO ) 2E bk
e 250°CHHAR B4 PRI B B, {H X AE 250~350°C
Z AR FEAR N AR e, AT X P T B 2 5
AR A BLEE B2, AR A A LSS R 1 A
ARFR. BN IE X5, 78 A pLE 2
(1) AL SO 386 J2 HE T B ) 22 3R R 4 ) 56 4
Jiist. FTCALE 250°CHF, bl T80 SCA B 5 30 B S
A Z ) A LS 2 I B B e AT 2 I R &



REERRE: YIS it R3C%: 2010 4 5404 58

TERTI 2%, Az sca R Re B B s8I sl A5 BN Tl 2 = 25 i

Fi B T K HOR S S0 0T T Bk BE 2 20 45 W x5 P i
SR, JF RS TG LA R ST
© e (1) B BREE Py KBy 0K 9 2 O A 4 2L 45 iy 40
L . A SRR I S0, R 5 K B8 585 9 95
g I T BREEI M1 B, R I i 0 K
oy At EARL 30%, WiZoh itk b i ik 50% 4.
5 KR B B G4 W 0 RS 3 08 S
20t B,
L () 16 250°CLLR, BARIER N, 4 HLAE T3
378% 110 150 200 240 250 300 350 400 450 500 BoOb PR, o sz IG A3 B 2 BR BRI B o
. RO R AL AR, %5 240°C 1075 381 B4 5 3 i
o [ 28%, WL 9%. (H49K IR AR I (AR
sl 11 I £ BN BT LR I B 9 L% 240°C LTk
R Yl A5, HEAS0CA KT M. KR WISCH 2 AT 4L
=T il T AE 250 C 1N I 43 M A 2Lk 2 1) 3 A1 1)
NI RANEAN CHRBILAE A5 3REE 9 5), TR BRRERY 2 I 1047 L
Cd M AR B4 86 S DL SR PR
oL 0000 e i TAAE), BER A 01 UL RS 450C LI
8% 110 150 200 240 250 300 350 400 450 500

B 10 BIREE AR JT 0 BB IR B AR A

3

BE (C) A R A R (R BT K T R R T R (T ).

(3) AR, 24 250°C B3 A HLIE B
0 0.86 Wt idy, 29 A AN 20%, RIAE
7t 250 C itk 90 min J5, Z3 A HLE B LB
ALy 1.72 wi%, SR EREEN AP TR &1
sEp 40%. 465 MAMPPK IR LR, B 2
al [ A HUTANL S A AL DR, B 2N AL
R ST R AN [ A R () ) 2R bR A RS O T B )2 A A LB IR FAREE TR

RS

WA IEAT IR AT 7, NP ZA NI EIE T RZAAILET.

ZH 3k

A N AW N =

10

Krampitz G, Graser G. Molecular mechanism of biomineralization in the formation of calcified shells. Angew Chem, 1988, 27: 1145—1156
Lowenstam H A. Minerals formed by organisms. Science, 1981, 211: 1126—1131

Zhang S. Fabrication of novel biomaterials through molecular self-assembly. Nat Biotechnol, 2003, 21: 1171—1178

Currey J D, Taylor J D. The mechanical behaviour of some molluscan hard tissues. J Zool, 1974, 173: 395—406

Wang Z R, Suo Z, Evans A G, et al. Deformation mechanisms in nacre. J Mater Res, 2001, 16: 2485—2493

Kamat S, Su X, Ballarini R, et al. Structural basis for the fracture toughness of the shell of conch strombus gigas. Nature, 2000, 405: 1036—
1040

Li X D, Chang W C, Chao Y J, et al. Nanoscale structural and mechanical characterization of a natural nanocomposite material: The shell of
red abalone. Nano Lett, 2004, 4: 613—617

Currey J D. Mechanical properties of mother of pearl in tension. Proc R Soc London B, 1977, 196: 443—463

Jackson A P, Vincent J F V, Turner R M. The mechanical design of nacre. Proc R Soc London B, 1988, 234: 415—425

Menig R, Meyers M H, Meyers M A, et al. Quasi-static and dynamic mechanical response of Strombus gigas (conch) shells. Mater Sci Eng

1051



PINESEEE: D ERBEMED A M (1 ) 24 PR RE AN FAR E 1k

11

12
13

14

15

16

17

18

19

20
21

22
23

24

25

26

27

28
29

30

31

32

33

34
35

A, 2001, 297: 203—211

Smith B L, Schiffer T E, Viani M, et al. Molecular mechanistic origin of the toughness of natural adhesives, fibres and composites. Nature,
1999, 399: 761—763

Sarikaya M. An introduction to biomimetics: A structural viewpoint. Microsc Res Tech, 1994, 27: 360—375

Wang R Z, Wen H B, Cui F Z, et al. Observations of damage morphologies in nacre during deformation and fracture. J Mater Sci, 1995, 30:
2299—2304

Song F, Bai Y L. Effects of nanostructurals on the fracture strength of the interfaces in nacre. J Mater Res, 2003, 18: 1741—1744

Song F, Zhou J B, Xu X H, et al. Effect of a negative Poisson ratio in the tension of ceramics. Phys Rev Lett, 2008, 100(24): 245502

Evans A G, Suo Z, Wang R Z, et al. Model for the robust of mechanical behavior of nacre. J] Mater Res, 2001, 16: 2475—2484

Barthelat F, Tang H, Zavattieri P D, et al. On the mechanics of mother-of-pearl: A key feature in the material hierarchical structure. J] Mech
Phys Solids, 2007, 55: 306—337

Katti K S, Katti D R, Pradhan S M, et al. Platelet interlocks are the key to toughness and strength in nacre. J Mater Res, 2005, 20: 1097—
1100

Bruet B J F, Qi H J, Boyce M C, et al. Nanoscale morphology and indentation of individual nacre tablets from the gastropod mollusc
Trochus niloticus. J] Mater Res, 2005, 20: 2400—2419

Li X D, Xu Z H, Wang R Z. In situ observation of nanograin rotation and deformation in nacre. Nano Lett, 2006, 6: 2301—2304

Zaremba C M, Morse D E, Mann S, et al. Aragonite-hydroxyapatite conversion in gastropod (abalone) nacre. Chem Mater, 1998, 10: 3813—
3824

Neves N M, Mano G F. Structure/mechanical behaviour relationships in crossed lamellar sea shells. Mater Sci Eng C, 2005, 25: 113—118
Qiao L, Feng Q L, Liu Y. A novel bio-vaterite in freshwater pearls with high thermal stability and low dissolubility. Mater Lett, 2008, 62:
1793—1796

Wolf G, Guenther C. Thermophysical investigations of the polymorphous phases of calcium carbonate. J Therm Anal Calorim, 2001, 65:
687—698

Vongsavat V, Winotai P, Meejoo S. Phase transitions of natural corals monitored by ESR spectroscopy. Nucl Instr Meth B, 2006, 43: 167—
173

Menig R, Meyers M H, Meyers M A, et al. Quasi-static and dynamic mechanical response of Haliotis. rufescens (abalone) shells. Acta
Mater, 2000, 48: 2383—2398

Passe-Coutrin N, N'Guyen P H, Pelmard R, et al. Water desorption and aragonite-calcite phase transition in scleractinian corals skeletons.
Thermochim Acta, 1995, 265: 135—140

Bourrat X, Francke L, Lopez E, et al. Nacre biocrystal thermal behaviour. Cryst Eng Comm, 2007, 9: 1205—1208

Guo Y P, Zhou P. Conversion of nacre powders to apatite in phosphate buffer solutions at low temperatures. Mater Chem Phys, 2007, 106:
88—94

Su X W, Belcher A M, Zaremba C M, et al. Structural and microstructural characterization of the growth lines and prismatic
microarchitecture in red abalone shell and the microstructures of abalone "flat pearls". Chem Mater, 2002, 14: 3106—3117

Erasmus J, Cook P A, Sweijd N. Internal shell structure and growth lines in the shell of the abalone, Haliotis midae. J Shellfish Res, 1994,
13: 493—501

Yao N, Epstein A, Akey A. Crystal growth via spiral motion in abalone shell nacre. J] Mater Res, 2006, 21: 1939—1946

Jackson A P, Vincent J F V, Turner R M. Comparison of nacre with other ceramic composites. J Mater Sci, 1990, 25: 3173—3178
Tattersall H G, Tappin G. The work of fracture and its measurement in metals, ceramics and other materials. J] Mater Sci, 1966, 1: 296—301
Wegst U G K, Ashby M F. The mechanical efficiency of natural materials. Philos Mag, 2004, 84: 2167—2186

1052



REERRE: YIS it R3C%: 2010 4 5404 58

Mechanical properties and thermal stability of stacked
microstructure of nacre

SUN JinMei! & GUO WanLin*"

' Mechanical and Electrical Engineering Department, Qingdao Technological University Qindao College, Qingdao,
266106, China;
2 Institute of Nanoscience, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China

Large amount of effort has been invested in nacre of mollusc shells because of its stacked microstructure with
aragonite platelets and thin organic matrix interlayers and excellent mechanical properties. However, the contribution
to the mechanical properties by the interplatelet and intraplatelet organic matrixs in nacre is poorly understood. In this
work, the structure-mechanical property relationship of nacre from Haliotis discus hannai was studied by mechanical
tests coupling with thermal loads. It is found the thermal decomposition of interplatelet organic matrix effectively
decreases the strength and toughness of nacre and makes its layer-stacked microstructure destroyed completely at
250°C. However, at 250°C organic matrix of about 1.7 wt% is decomposed, which is only 40% of total organic
matrix. And mechanical properties tests show that the thermal stability of the stacked microstructure of nacre is much
worse than its primary element—the nanocomposite structure of aragonite platelet. Besides we propose that the
structural design mechanism of layer-by-layer stacked form is the determinative factor of nacre stiffness, and the
adhesives effect of organic matrix interlayers is also significant.

nacre, stacked microstructure, organic matrix, mechanical properties, thermal stability

PACS: 81.07.-b, 81.07.Pr, 81.70.-q, 81.70.Bt
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