Journal of the European Ceramic Society 15 (1995) 307-312
© 1995 Elsevier Science Limited

Printed in Great Britain. All rights reserved
0955-2219/95/$9.50

Fracture Tests for Ceramics under Mode-I, Mode-I1
and Mixed-Mode Loading

T. Fett, G. Gerteisen, S. Hahnenberger, G. Martin & D. Munz

Forschungszentrum Karlsruhe, Institut fiir Materialforschung I, and Universitit Karlsruhe, Institut fiir
Zuverldssigkeit und Schadenskunde im Maschinenbau, D 76021 Karlsruhe, Germany

(Received 26 July 1993; revised version received 2 June 1994; accepted 28 July 1994)

Abstract The stress intensity factors are given by
In the theoretical part of this paper a wide data K = oF\/ma, Ky = oF;\/ma; o= i*ﬁp(l)
base of stress intensity factors is presented for three 2 Bw?

types of tests appropriate for mixed-node investiga-
tions on ceramic materials. In the experimental part
the test methods are applied to determine the failure
behaviour of Al,O; under mixed-mode loading. In
particular, the influence of the starter crack, mod-

elled by a narrow saw-cut and a pre-crack is illus-
trated. 3 Three Point Bending with Eccentric Notch

where B is the specimen thickness and Fj, Fj; are
the geometric functions. A literature overview of
these data is given in Ref. 5.

Asymmetric bending arrangements have been stud-
1 Introduction ied by several authors using different methods.*"
In Ref. 10 the weight function method was ap-
plied. The stresses in the symmetrically supported
three-point bending bar (Fig. 2) have been studied
by Filon'' who derived an analytical solution for
the stress state. This solution, which take into

Regarding ceramic material interest is increasing
in the failure behaviour under mixed-mode condi-
tions."”* The aim of the investigations is:

(1) to determine the fracture toughness data K;, consideration the stress magnification due to the
Kie. line contacts of the rollers, is given by

(2) to check the failure criteria by which failure %
under mixed-mode conditions can be predicted o = — 3yPL 4P E
from the fracture toughness values K., Kj,.. ¥ 2W? L 1

In this paper stress intensity factors will be pre- )
sented for three types of tests appropriate for sinh mW/2 - mW/2 cosh mWi2 = my

mixed-mode investigations. Their applications to mW + sinh mW
Al,O; will be demonstrated.

4P Q' _my sinh mW2

cos mx sinh my

L mW + sinh mW

2 Bending Tests with Bars Containing Oblique Edge "
Notches 4P d

. . . . L
Bending specimens containing edge-cracks or =0
narrow saw-cuts are often used in the determina- .
tion of fracture toughness of ceramic materials. cosh MW/2 — MW/2 sinh MW/2 cos Mx sinh My
Whilst cracks orthogonal to the specimen surfaces sinh MW — MW
are applied in Kj-determination, oblique edge- .
cracks are appropriate for mixed-mode fracture. 4P My cosh MW/2
Figu.re 1 illustrgtes the gec_)metrica! data of a L sinh MW — MW cos Mx cosh My (2)
specimen loaded in a four point bending test. n=0
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4P O mW/2 cosh mW/2

— _ sin mx sinh my
L mW + sinh mW

4P XQ _my sinh mW)2
L mW + sinh mW

n=1

sin mx cosh my

L 4P ~ MW)/2 sinh MW/2
L sinh MW - MW

n=0

sin Mx cosh My

| 4PNO My cosh MW2

L sinh MW - MW
n=0

with m = 4nw/L, and M = 2(2n + 1)7@/L

In order to determine the geometric function F;
and Fj; defined by

sin Mx sinh My (3)
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Fig. 1. The oblique edge-crack under four-point bending load.

Table 1. Geometric function for the edge-cracked plate in
bending: influence of the crack length a/W and the angle w on F;

w(®) aw=01 02 03 04 05 0-6 0-7

0 1-049 1.058 1126 126 1:495 1915 271
15 0-980 1-02 1058 1185 1365 1-698 2-30
2250 0935 0955 0985 1090 126 153 2:04
30 0-874 0883 091 098 112 132 174
40 0-765 0-752 0772 0-810 090 1032 1-03
45 0699 068 0695 0710 0794 089 109
60 0-450 0446 0451 0467 0510 056 0-64
90 0 0 0 0 0 0 0

Table 2. Geometric function for the edge-cracked plate bending:
influence of the crack length a/W and the angle @ on Fy;
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Fig. 2. Geometrical data of the asymmetric notched bending bar.

the mode-I and mode-II stress intensity factors
were calculated by use of the mode-I and mode-II
weight functions given in Ref. 10. The results are
expressed by the normalized geometric functions
Fy = F, (1-a/W)¥? and F'; = F; (1-a/W)"?2, where

Table 3. Normalized geometric function for mode-I F';

L'w oW 2d/L=02 04 0-6 07 08 09

2 02 0-6145 0-5032 0-3521 0-2564 0-1345 —0-0011
03 0-5240 0-4210 0-2864 02094 0-1274 0-0497
0-4 0-4648 0-3664 0-2468 0-1837 0-1206 0-0601
0-5 0-4235 03276 02194 0-1648 0-1106 0-0584

3 0-2 0-6179 04755 03252 0-2496 0-1604 0-0344
0-3 0-5315 04067 0-2745 0-2070 0-1331 0-0533
0-4 0-4720 0-3581 0-2398 0-1801 0-1187 0-0571
0-5 0-4280 0-3220 0-2148 0-1615 0-1079 0-0547

4 02 0-6187 04625 0-3111 0-2399 0-1651 0-0607
0-3 0-5330 03989 0-2673 0-2034 0-1364 0-0597
0-4 0-4729 03536 0-2362 0-1785 0-1194 0-0583
0-5 0-4278 03196 0-2132 0-1605 0-1075 0-0545

8 0-2 0-6101 04553 0-3035 0-2282 0-1551 0-0825
0-3 0-5279 0-3945 0-2630 0-1976 0-1333 0-0682
0-4 0-4692 03511 0-2341 0-1757 0-1180 0-0597
0-5 0-4250 03184 0-2123 0-1593 0-1065 0-0537

Table 4. Normalized geometric function for mode-II

w oW 2d/L=02 04 0-6 07 08 09

2 0-2 0-0557 0-0868 0-1069 0-1359 0-2146 0-3893
03 0-0743 01167 0-1453 0-1750 0-2315 0-3093
0-4 0-0899 0-1378 0-1649 0-1858 0-2172 0-2522
0-5 0-1041 0-1513 0-1709 0-1825 0-1979 02116

3 0-2 0-0553 0:0696 0-0638 0-0649 0-0871 0-1912
0-3 0-0712 0-0895 0-0856 0-0895 0-1131 0-1779
0-4 0-0827 0-1018 0-0995 0-1036 0-1206 0-1550
0-5 0-0915 01081 0-1063 0-1091 0-1189 0-1358

w(®) aw=01 02 03 04 0-5 06

0 0 0 0 0 0 0
22-5 0-23 0216 0215 0220 0235 0265
30 0-286 0278 0274 0275 0286 0-302
40 0-335 0320 0310 0312 0321 0-340
45 0-344 0-329 0316 0321 0326 0349
60 0-306 0304 0302 0306 0315 0318
90 0 0 0 0 0 0

4 0-2 0-0497 0-0543 0-0481 0-0454 0-0499 0-1049
03 0-0633 00693 0-0632 0-0616 0-0692 0-1131
0-4 0-0722 0-0781 0-0730 0-0723 0-0793 0-1062
0-5 0-0777 00820 0-0783 0-0779 0-0827 0-0971

8 0-2 00276 0-0259 0-0258 0-0253 0-0236 0-0249
0-3 0-0352 0-0333 0-0332 0-0328 0-0311 0-0345
0-4 0-0395 0-0378 0-0377 0-0373 0-0361 0-0396
0-5 0-0413 0-0400 0-0400 0-0397 0-0388 0-0413
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Flg 3. Interpolations for the two geometric functions F; and
Fy; (three-point bending with eccentric crack).

F,, Fy are defined by eqn (4). Data for F'| are en-
tered in Table 3 and Table 4 contains values of F';.

Tables 3 and 4 allow geometric functions for a wide
range of L/W ratios to be interpolated. Since addi-
tionally the values for L/W — o are known, namely

_(_2_)171

Fy

F (52)

L/W = L/W=od/L=0

=0 (5b)

L/W=o0

all L/W-values in the range 2 < L/W < « can be
evaluated. For the geometric function F;at /L = 0
the solution of Nisitani and Mori'? may be applied.

F = 1122 - 1121 + 3-740% + 3-873¢°
~19-05¢# + 22-550° (5¢)

For practical use interpolation of W/L instead of
L/W is recommended as illustrated im Fig. 3 for
the geometrical data (L = 20 mm, W = 4-5 mm)
used in the experimental part.

4 The Asymmetric Four-point Bending Test

For the determination of the fracture toughness
K. with edge-notched (or pre-cracked) beams
asymmetric bending arrangements (Fig. 4) are rec-
ommended which show a negligible mode-I contri-
bution. Stress intensity factors have been deter-
mined for special geometrics by FE-calculations
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Fig. 4. Geometrical data of the asymmetrically loaded notched
bending bar.

Table 5. Geometric function for mode 11

a/W d/w=025 0300 0-375 0-500 0625

01 0-3746 0-3428 0-3318 03450  0-3599
0-2 0-7881 0-7180  0-6719  0-6633  0-6741
03 1-0374 0-9933 0-9560 09399  0-9431
0-4 1-1858 1-1819 1-1753 1-1702  1-1695
0-5 1-3120 1-3380 1:3579 1-3661 1-3641
0-6 1-4674 1-5079 1-5387 1-5507  1-5472
0-7 16948 17318 1-7553 1-7600  1-7547
0-8 2-053 2:0687 2:073 2:0684 20635
09 2-7563 2:7545 27505 27467  2-7452

Table 6. Geometric function for mode I

aW dw=025 0300 0-375 0-500 0625

01 0-2615 0-3695  0-4241 0-3841 02918
02 -0-0038 0-1129  0-2110  0-2448  0-2060
0-3 —0-0307 0-0447 0-1184 0-1580 0-1410
0-4 0-0024 0-0483 00904 0-1098 009534
0-5 0-0407 0-0672 00842 0-0806  0-06268
0-6 0-0716 0-0808 00771  0-0566  0-03706
0-7 0-0855 0-0769  0-0581  0-03198 0-0164
0-8 0-0641 0-0460 00271 0-0106  0-00359
0-9 -0-0048  -0-0002  0-0077 0-01406 0-0138
9-14

and energy considerations™* and for a wide range
of geometries by the weight function method.'?
The stresses in this loading case were also com-
puted by Filon"' with formulae similar to eqns (2) and
(3). The geometric functions F; and Fj; defined by

K= (1) vmar Ky = (10 ) ey
WB L WB L
(6)
are given in Table 5 and 6.

As can be seen from Table 6, the geometric
function Fj; is approximately independent of the
value of d/W in the range 0-375 < d/W < 0-625. An
analytical approximation can be given by

Fy; = 39204 - 5:12950° + 14-4566a° — 26-29160*
+ 170730, a = a/W N

5 Experiments

5.1 Failure diagram for edge-notched specimens

Mixed-mode fracture tests were performed with
bending bars having the dimensions B = 3-5 mm,
W = 4.5 mm and length >43 mm, made of two
Al,Os;—ceramics (material I: ALO;+ 3% SiO,, V37;
material II: 99.1% Al,O;, B40; both materials from
Feldmiihle AG, Plochingen). The specimens were
edge-notched with saw-cuts of 50 um width. Sev-
eral specimens were provided with oblique notches,
angles w = 0°, 22-5°, 30° and 40° and relative notch
lengths in the range of 0-1<a/W <0-4. In Fig. 5 the
mode-I stress intensity factors at failure are plotted
versus the mode-II stress intensity factors for material
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Fig. 5. K| vs Kj; at failure for Al,O; (material I); circles: eccen-
tric three-point bending test, triangles: asymmetric four-point
bending test.
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Fig. 6. K| vs Kj; at failure for Al,O, (material I1I) measured
with oblique edge notched specimens.

1. The circles represent fracture tests carried out in three-
point bending arrangements with eccentric notch
(Fig. 2), /W = 0-35-0-5, L = 20 mm; the triangles were
determined in the asymmetric four-point bending test
with a/W ~ 0-45-0-5, L = 20 mm, d = 5 mm. Figure 6
shows results obtained for material II. The data are
obtained in tests with oblique notches. The differences
in the K—Kj; dependencies shown in Figs 5 and 6
seem to be caused more by the specific material prop-
erties than by the different types of measurement.

5.2 Mode-I and mode-1I fracture toughness
Fracture toughness measurements were carried
out in three and four-point bending tests with
different starter cracks. Small saw-cuts were intro-
duced as well as sharp pre-cracks produced with
the bridging method. Some of the precracked
specimens were annealed in order to remove resid-
ual stresses caused by the bridging procedure, and
some pre-cracked specimens were renotched so
that ~ 80-90% of the original crack was removed.
The results are shown in Tables 7 and 8.
The numbers in the column heads of the tables
denote the test procedure.
1 —saw-cut (&/W = 0-33), four-point bending
(inner roller span 20 mm, outer roller span
40 mm);

Table 7. Kj, Al,O;: (material I)

1 2 3 4 5
3-28 3.08 3.02 3.44 2-93
3-59 2-69 331 3:27 325
3-47 2-84 3-50 328 332
3-37 2-80 3-58 323 314
3-30 2-98 3-59 336 314
K. =340 2-88 340 332 316

Table 8. Kj;., Al,Oy: (material I)

6 7 8
242 416 4-56
267 515 501
297 490
225 519
295

Ky = 2:65 485 48

2 — pre-cracked (a/W ~ 0-45), four-point bend-
ing (inner roller span 20 mm, outer roller
span 40 mm);

3 — pre-cracked and annealed (/W ~ 0-49),
four-point bending (inner roller span 20 mm,
outer roller span 40 mm);

4 — saw-cut (a/W ~ 0-33), three-point bending
(roller span 20 mm);

5 — pre-cracked (o/W ~ 0-4-0-35), three-point
bending (roller span 20 mm),

6 — saw-cut (/W = 0-47), asymmetric four-
point bending;

7 — pre-cracked (@/W ~ 0-45-0-50), asymmetric
four-point bending;

8 — pre-cracked and re-notched (a/W ~ 0-47),
asymmetric four-point bending.

5.3 Influence of the starter crack on the failure
diagram

Mixed-mode strength tests were carried out in
eccentric three-point bending with the different
crack types. Figure 7 shows the results for Al,O,
(material I) for specimens with saw-cuts, pre-
cracks and re-notched cracks. In Fig. 7 also mode-
I fracture toughness data are introduced (small
solid circles) which were obtained with pre-
cracked specimens annealed for 5 h at 900°C in
the vacuum (third column of Table 7).

6 Discussion and Conclusions

6.1 Fracture toughness of Al,O,
® The mode-I fracture toughness K;. of Al,O; has
been found to be
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Fig. 7. K, vs K|; at failure for Al,O; measured in eccentric
three-point bending tests and asymmetric four-point bending
tests. Triangles: specimens with saw-cut, circles: pre-cracked
with bridging method, squares: pre-cracked and re-notched
specimens, solid circles: pre-cracked and annealed.

3-40 + 0-13 MPa \/m for the edge-notched
specimens in four-point bending;
3-32 + 0-08 MPa \m for the edge-notched
specimens in three-point bending;
3-40 + 0-24 MPa \/m for the specimens with
an edge-precrack which has been annealed;
3-16 + 0-14 MPa \/m for the specimens with
an edge-precrack (without annealing) in three-
poirt bending; and
2:88 + 0-15 MPa \/m for the same specimens
in four-point bending.
It is obvious that within the scatter ranges the edge-
notched specimens show the same results as the
pre-cracked and subsequently annealed specimens.
The precracked specimens which were not an-
nealed show a reduced fracture toughness. One
can conclude that the fracture toughness data ob-
tained with pre-cracked specimens are reduced
due to internal stresses caused by a misfit between
the two crack surfaces. This effect overcompen-
sates an expected R-curve effect which would yield
an increase in K, for the pre-cracked specimens.
® Under mode-II loading the pre-cracked speci-
mens showed — in contrast to the mode-I results
— significantly higher fracture toughness than
the notched specimens:
2-65 + 0-3 MPa \/m for notched specimens;
4-85 + 0-3 MPa \/m for pre-cracked specimens;
~4-8 MPa \/m for pre-cracked and then partially
re-notched specimens.
These results may be explained by crack surface
interactions. Under mode-II loading the rough
surface of the pre-crack can carry a part of the
externally applied load and, therefore, the ac-
tual crack tip stress intensity factor is reduced,
i.e. a crack-shielding effect occurs. Consequently,
the applied load has to be increased to reach the
critical crack tip stress intensity factor that is
necessary for the onset of stable crack propaga-
tion followed by catastrophic failure.

From the fact that in the case of partially re-
notched specimens (~80-90% of the pre-crack
were re-notched) the K, is nearly unaffected by
the re-notch procedure we conclude that the main
part of mode-II crack shielding effect occurs di-
rectly in the neighbourhood of the crack tip.
® The ratio of the mode-II and mode-I fracture

toughness results for the notched specimens is

K, /K. = 0-78.

6.2 Conclusion

Several types of starter cracks have been used in
mixed-mode fracture tests, namely

® cdge-notched specimens (saw-cut of 50 um width);
® pre-cracked specimens (bridge method);

® pre-cracked and subsequently annealed specimens;
® pre-cracked and subsequently re-notched specimens.
If a rising crack-growth resistance curve exists, the
tests with specimens with a saw-cut lead to K-
values at the onset of crack extension provided
that the notch width is small enough. The results
for the Al,O; investigated were:

K. = 34 MPa V/m , Ky, = 2:65 MPa vm ,
KIIC/KIC = 078

As a general result of the measurements presented
it is recommended to prefer edge-notched speci-
mens for mode-I and mode-II fracture toughness
measurements.
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