( )
4% 28
15% 11% 6% 5%
6%
1.
[1,2,3]
20 mechanisms)
(
(zirconia ZrO,)
e (toughening mechanisms)
[6.7]
(bridging) (pull-out)™®
el
(defects)
« ) (creep)
(inclusion theory)
(matrix)
(inclusions) (cement
paste) (mortar) (monoclinic structure) (FS2),
C, (volume fraction) ¢,=0 ¢ =002 ¢ =004 c =006
14 28 90
2.
(m-2r0,) 17¢C (t—Zr0,) 23710°C (c-2r0,) 2680C
(metastable) (tetragonal)

(cubic) MgO CaO

(stress-induced phase-transformation toughening)



(10

(microcrack toughening)

1
E2E
1
3-
3.1
(1) | 3.15 CNS61
) 2.12 (Blaine)3110 cm?/g.
©) 2.95 4350 cm?/g.
4 2.67 FM=3.05.
(5) Type-G ASTM C494 G-Type
(6) (Gredmann) 5.8 0.42 mm.
3.2
(W/B)=0.32 ( ) C 0% 2% 4% 6%
1 C )
2 3 (B) (A)
0.735
1
C, 0 0.02 0.04 0.06
100 98 9% %
0 2 4 6
2 (kg/ m?)
Zro, Zro,
0% 1226 68 219 468 163 0
2% 1210 67 215 459 156 116
4% u7nr 66 211 449 153 232
6% 1153 65 206 440 153 348
3 (kg/ m°)
zro, Zro,
0% 704 39 127 1123 270 9.2 0
2% 690 38 125 1010 265 9.0 116
4% 676 37 122 1078 259 838 232
6% 662 37 120 1055 254 8.6 348
3.3
14 28 90 5 x10cm
10 x20cm 216 4cmx4cmx16cm



0.4cm 144 CNS 1230
3.4
(extensometer) MTS
&=1x10"/sec - (Young's modulus)E
(Poisson’s ratio) v (fracturetoughness) ™
3P
Ke =73 Y/ma @
KC = P= = b= h=
a= a=0.4cm Y =0.97
4.
4.1
(
(o)
clog 4 5 4%
10%-~15% oo 6%
90
6 6%
100 100
%‘ 80 0% s 80
, e . »_,/o—o\‘
:E./ '—/4/’—‘\‘28 x E %0 X
o 60;_/——0—/.\-1475 o & %X
B R " TTT——aux
§ “ B K § o
# n 18 Z:0, 1l B
- 20 e ZIO1
o] . 0 "
1] 3 4 5 6 (4] 1 2 3 4 5 6 7
SksE (%) f1k3E (%)
3
1.4 14
27 e /14 x
10 w%ﬁ
\\Dg o8} \b° 08 90 X
© o6} © o6
04} R A 04 R H B
02 R/ ZO, 02 N8 20,
0.0 0.0 L
1 2 3 4 5 6 7

S (%)

g )



4.2

8.5%

14

1.0

c8r
C61
04+
02}

0.0

8
7}
s ° 4%
& s 2%
s 0%
® 4 6 %
B 3
2
1
0
0 20 40 60 80 100
| 3:CNES)]
6
4 5
6%
1000 (OM)
7 (E/Ey) E,
6% 14 20% 90
( ) 8 (E/Ey) 4%
6% 1
4 (GPa)
14 28 20
Zro,
0% 13.30 16.98 19.30
2% 14.22 17.20 19.55
4% 15.73 17.94 20.27
6% 15.89 18.29 20.87
5 (GPa)
14 28 20
Zro,
0% 21.18 23.90 25.14
2% 22.57 25.77 25.96
4% 22.74 25.95 26.22
6% 20.96 23.18 2358
1.4
P | %
A—’/‘—_———_:%__.. Lo..—-—ésg—ﬂ\ B
28K
X k
§ 8}
90 X
25
c6f
. 0.4
B ki (S
R Z0, 02 MR 20,
. . 0.0 s .
1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
S L$E %) fAL3E (%)
7 8

8%



4.3

- (c,=0)
x (bulk modulus) 4 (shear modulus) 6 172.5 GPa
79.6 GPa ( 6
4~ 7 6%
) K, 8 9
10
1 (K, /Kg) Ko 90
( 100 4% 6% 7% 11% (
12) 1% 2%
6 (¢, =0) (GPa)
14 28 90
K 715 852 1065
U 559 727 8.06
K 8.35 10.88 1157
U 9.83 10.54 11.05
7 K, (MPaym)
zr0, 14 28 %0
0% 0210 0.261 0.288
2% 0.230 0271 0.296
2% 0.242 0276 0.308
% 0.247 0.282 0313
8 K, (MPaJ/m)
zr0, 14 28 %0
0% 0.401 0.443 0482
2% 0.426 0.451 0.483
2% 0436 0.464 0.486
% 0437 0.465 0.489
_—gfl—
iy
F 1] __.__.Lg =
CIS am————— S
=
e - se—-. 1
— LS Dl R E
% [+ 3 o |
g o —
(il =—
o ¥ z 3 4 "

WA (%)



10.

11.

14 14
12 //_._——————- 4R 12 14X
10 * P -:‘.\?E_f_.. 10 /,”—:,'::F———'—'——;fis_{;‘
20 X %X
% 08 % 08
» M
06 06
0.4 8 kit 0.4 3+ it
02t ™R 4O, 02 N/ Z0;
00 0 1 2 3 4 5 6 7 00 0 1 2 3 4 5 6 7
fikig W) a1 %
10 . 11
«y 4%
2 6%
©) 6%
4 4%

(6)

McMeeking R M, Evans A G. Mechanics of Transformation Toughening in Brittle Materials. Journal of American Ceramics Society.
1982, 65:242-246.

Evans A G, Fu Y. Some Effects of Microcracks on the Mechanical Properties of Brittle Solids . Microcrack Toughening. Acta
Metallurgica, 1985, 33:1525-1531.

Becher P F, Tiegs T N. Toughening Behavior Involving Multiple Mechanisms: Whisker Reinforcement and Zirconia Toughening.
Journal of American Ceramics Society, 1987, 70:651-654.

Curtin W A, Futamura K. Microcrack Toughening. Acta metallurgica und materials, 1990, 38:2051-2058.

Pan H H. An Overal Approach for Microcrack and Inhomogeneity Toughening in Brittle Solids. The Chinese Journal of Mechanics,
seriesA, 1999, 15:57-68.

Swamy R N, Ail SA R, Theodorakopoulos D D. Engineering Properties of Concrete Composites Materials Incorporating Fly Ash
and steel Fibers. ACI SP, 1983, 79:558-559.

Bayasi Z, Peterson G Use of Small Diameter Polypropylene Fibers in Cement-Based Materids. Fiber Reinforced Cements and
Concretes: Recent Developments, Elsevier Applied Science Publishers, 1989, 200-208.

Tarng K M, Chern J C, Chen H W. Determination of R-Curves of Steel Fiber Reinforced Concrete from Size Effect Tests. Journal
of the Chinese Ingtitute of Engineers, 1991, 14(2):173-184.

Nawy E G Crack Control in Reinforced Concrete Structure. ACI Journal, 1968, 825-836.

Sridharan S, Tomozawa M. Toughening of glass-ceramics by both transformable and transformed zirconia. Journa of
Non-Crystalline Solids, 1995, 262-270.

Callister W D Jr. Materials Science and Engineering an Introduction. 5/E, John Wiley & Sons Inc.

, , E-mail pam@cc.kuas.edu.tw

, E-mail wtkuo@cc.kuas.edu.tw

6


mailto:pam@cc.kuas.edu.tw
mailto:wtkuo@cc.kuas.edu.tw

