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Determination of da/dN-AK1 curves for 
small cracks in alumina in alternating 
bending tests 

T. FETT, G. M A R T I N ,  D. M U N Z ,  G. THUN 
Kernforschungszentrum Karlsruhe, Institut for Material- und Festk6rperforschung IV, 
Universit#t Karlsruhe, Institut for Zuverl#ssigkeit und Schadenskunde im Maschinenbau, FRG 

Crack-growth relations under cyclic fatigue conditions are mostly determined for long cracks. 
In order to determine da/dN-AKcurves for small cracks from lifetimes under cyclic load a pro- 
cedure has been derived which is based on a method usually applied to subcritical crack 
growth. To prove the cyclic effect and to demonstrate the procedure in detail, measurements 
were carried out on an AI203-ceramic in bending with an R-ratio of R = - 1 and two types of 
relatively small cracks, namely natural cracks and Knoop-cracks. It was found that both crack 
types exhibit the same da/dN-AK relation. The exponent of the Paris law for fatigue crack 
growth is significantly different from the exponent of the power law for subcritical crack 
growth. 

1. In troduc t ion  
In recent years much effort has been spent on the 
investigation of the cyclic fatigue behaviour of ceramic 
materials. It is obvious that in most cases damage due 
to fatigue starts at small flaws such as pores, inclusions 
or cracks. The fatigue damage, therefore, can be de- 
scribed applying linear elastic fracture mechanics by a 
relation between the crack growth rate per load cycle 
da/dN and the cyclic stress intensity factor AK. In 
metallic materials the d a / d N - A K  relation is deter- 
mined with fracture mechanics specimens having a 
crack size of several centimetres and the results are 
applied to the real cracks in a component applying the 
appropriate stress intensity factor. 

In ceramic materials, the behaviour of specimens 
with macrocracks was also investigated [1, 2-]. The 
application of the results from macrocracks to com- 
ponents with small, natural flaws may be doubtful for 
several reasons: applicability of linear-elastic fracture 
mechanics to the small flaws, complicated flaw geo- 
metry, effects of rising crack growth resistance curve 
(R-curve). For crack extension under static loading 
large differences between micro- and macrocrack be- 
haviour was observed [3]. A similar effect can be 
expected for cyclic loading. 

The results of tests under cyclic loading can be 
presented as ~ -N  curves, with the stress amplitude, 
(Ya, or the maximum stress, ~ . . . .  plotted versus the 
number of cycles until failure. It is also possible to 
derive from such tests the da/dN-AK- relation of the 
material, as will be shown in this paper. This relation 
then can be compared with results from macrocracks. 

The delayed failure under constant loading can be 
described by a relation between crack growth rate and 
stress intensity factor. From these results predictions 

for the cyclic fatigue behaviour can be made under the 
assumption that no additional fatigue damage occurs. 
The real fatigue can then be compared with the predic- 
tion to reveal any cyclic effects. 

2. Cyclic fatigue relations 
The crack growth in one load cycle da/dN is a func- 
tion of the range of the stress intensity factor 

da 
dN - f ( A K )  (1) 

where AK is dependent on the stress range, Act, and 
the crack depth, a, by 

AK = Acya 1/2 Y (2a) 

Instead of the stress range the stress amplitude o.  -- 
Ao/2 or the maximum stress can be used. Then with R 

O'min/O'ma x 

AK = 2oaa 1/2Y (2b) 

AK = ~ m a x ( 1  - -  R ) a  1/2 Y (2c) 

For a power law relation 

da 
- A (AK)  n (3a) 

dN 

o r  
da / AK'~" 

- A * ~ )  (3b) 
dN 

the number of cycles until failure can be obtained by 
the integration of Equation 1 

Nf = A ( n -  2)Y"(Ao)" a} "-z)/z a(~ "--2)/2 (4) 
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where ai is the initial crack depth and ar is the critical 
crack depth. It is assumed that Yis independent of the 
crack depth. The parameter A or A* and possibly also 
n may be dependent on R. Under the assumption that 
the inert fracture strength, o-~, and cyclic fatigue a r e  
caused by the same flaw population, the initial flaw 
size can be replaced by the strength, Gr 

= ( K l c ' ~  2 
a, \b- l (5) 

The critical flaw size is given by 

a, \ ~  y/  (6) 

leading to 

Nf = A ( n -  2)Y-~-z(A(~)"  1 - k ~ f  / 

Because of the large exponent n 

(7) 

O.ma x ~n - 2 
< 1 (8) 

and thus 

Bo-nc -2  BG~ - 2  
Nf  - 

( A o ) "  O ax(1 - R)" 

with 

C 

and 

( Y ~ n a x ( 1  - -  R)" 
(9) 

2 
B = A ( n -  2)y2K~e -z (10a) 

C = B ~  n-2  (10b) 

In a plot of log Ao- or log Crma x versus log Nf, a straight 
line with a slope of - 1/n is expected. Sometimes the 
stress is plotted versus the lifetime tf = Nf/f ,  wheref is  
the frequency. The scatter in lifetime can be related to 
the scatter in strength under the same assumptions: 
power law relation (Equation 3) and same flaw popu- 
lation for strength and lifetime. The scatter in strength 
is described by a Weibull distribution. 

F((~:) = 1 - exp \ ~  J 

The scatter in the number ot" cycles to failure is then 
given by 

F(Nf) = 1 -  exp \ N o /  J 

with 
m 

m* - (13a) 
n - - 2  

B ~  -2 B~? -2 
N O - - (13b) 

(Ao')  n O'~aax(1 - R)" 

Equation (13b) is only valid if the strength and lifetime 
is determined with the same size of the specimen. The 
size effect in the Weibull statistics is described by the 
effective volume for volume flaws or the effective sur- 
face for surface flaws. To obtain the effective volume, 
Veff, the stress distribution in the component is de- 
scribed as 

G(x, y, z )  = o*9(x, y, z) (14) 

where (y* is a reference stress and 9(x, y, z) a geo- 
metric function. Then Veff is given by 

Wef t = fgm(x, y, z )dV  (15) 

For  different effective volumes considered in strength 
and lifetime determinations V~fr,~, and V~ff, N, Equation 
13b has to be replaced by 

/ ~ \ l /m B ~ n - 2  
No = f eff,~] 0 0  (16) 

t Veff, N ) Ao-n 

3. Prediction of cyclic fatigue from 
static tests 

Under static loading the crack growth rate is a func- 
tion of the stress intensity factor, KI, which in many 
cases can be described by a power law relation 

AsK' ~  ̀ for K 1 > 0 
v = (17) 

0 for K1 -< 0 

A prediction of the lifetime under cyclic loading or of 
the crack growth da/dN-AK curve can be made for 
any stress-time relation under the assumption that no 
additional effects are occurring. For  a sinusoidal stress 

or(t) = % + Oasin ~ - t  (18) 

with mean stress, o- m the lifetime is obtained by integ- 
ration of Equation 17, leading to 

Nf Bso- n~-2 
tf~ - - (19a) 

f ~"aSh(o-.,/o,.ns) 

Nf Bsc: ~-2 ( 2 "~"" 
tt~ - f - (Y~axh((~m/o-a,ns) \ l __ R ]  (19b) 

with 

h(~mm ) , n  = l I ~ / 2 [ c r " / G a  + sin q)]" d _  = (20a) 

= sin- 1 (Crm/o-a) (20b) 

B s is given by Equation 10, with A replaced by A s. 
The lifetime for static tests at the stress, crs is 

tf, - (21) 

Therefore, the lifetime under static load at the stress, 
c~ can be compared to the lifetime under cyclic load 
according to 

\ O'max/ ~ h(o-m/tYa, n) (22) 

Equation (22) is valid under the assumption that the 
specimen sizes are the same for static and cyclic tests. 

If static tests are performed in four-point bending 
and cyclic tests with the same specimen size in re- 
versed bending (R = - 1), then the effective volume 
(or surface) in the cyclic tests is twice that in the static 
tests. Then Equation 22 has to be replaced by 

/ o - s V /  2 V 1 1 
tfc : tfs tOma,)-- tl---- R) h(o-,.l(~.,n) 2 ̀"-2,"' 

(23) 
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For tests with R = - 1 ,  the function h is 

' 1 h ( 0 , . )  = ~ L  \~  

(24a) 
which can be approximated for n > 15 by 

0.395 
h(O,n) -~ nl/2 (24b) 

4. Evaluation of fatigue data with 
specimens containing 
natural cracks 

The evaluation of tests with constant amplitude leads 
to a relation between the stress amplitude (or ore..), 
lifetime (expressed as Nf or tfc), and failure probability 
or to a relation between da/dN and AK. 

A 

or 

4.1. P o w e r  law relat ion 
For a power law relation according to Equation 3, the 
materials parameters A and n have to be determined. 

In a plot of log o,  (or log Omax) versus log Nf (or 
log tf) for at least two amplitudes, n and the quantity 
C = B ~  -2 can be determined from a straight line 
through the median values of Nf. The parameter A 
then can be calculated from 

2o~ -2 
= (n - 2)y2K'~-2C (25a) 

9 n - 2 k  "~2 

(n - 2) y2 C (25b) 

where o~ is the median inert strength. The factor Y 
depends on the flaw geometry. A value of Y = 1.3 for 
surface cracks is recommended. 

4.2. Stat ist ical  p rocedure  
A statistical procedure to determine the da/dN-AK 
relation is described here. It is analogous to the 
method developed by the authors for static tests I-4]. It 
does not assume a power law relation between da/dN 
and AK. The evaluation procedure uses th~ general 
relation 

f l  ~c da Nf = i (da/dN) 

2 ~AKc AK d(Ag) 
(26) 

(AcrY) 2 |JaKi (da/dS) 

with 

AKc 
and 

AK i = AtJYa~/2 (27) 

= AoYa~/z = Acrc Ya~/z (28) 

Acr e = o~(1 - R) (29) 

This first kind of Volterra integral equation can be 
solved by differentiation and one obtains 

d(NfA(s2 y2) AK i 
2 (30) 

d(AKi) (da/dN)i 

Assuming that the same flaws are responsible for 
fatigue failure and for strength, the initial crack size 
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can be replaced by the inert fracture strength (Equa- 
tion 5) and AK i by 

A~ 
AKi - Ktc (31) 

O" c 

Equation (30) then leads to the crack growth rate 
da/dN at the beginning of the cyclic test (AK = AKi) 

f d a ' S _  2K12c d log(Acy/cy~) 
(32) 

I X ) ~ i  Nfo~ y2 dlog(NfAo2) 

If the initial crack size can be measured, Equation 32 
can be replaced by 

( d a )  2aidlog(Acra~/2yi) 
~ i i  = - Nf dlog(NfAcr 2 ri  2) (33) 

The evaluation of Equation 32 requires the relation 
between Acr/o~ and NyAcy 2. The basic idea is to use 
the natural scatter of the strength and the lifetime and 
to correlate the corresponding values for the same 
failure ,probability. 

If for both the strength test and the lifetime test the 
same specimen size is used, then a number of N 
specimens are used for strength and lifetime measure- 
ments. The results are ranked and corresponding val- 
ues (jth strength and j th  lifetime) are used in a 
log(Ao/oo) versus log(NfjAcr 2) plot. From this plot 
the slope is determined and da/dN calculated for the 
corresponding Nfj, t~cj according to Equation 32. The 
corresponding AKij is given by 

Ao 
AKij - KI~ (34) 

O'ej 

If different numbers of specimens are used for lifetime 
and strength measurements, the corresponding values 
have to be obtained for the same failure probability 
according to 

j - 0.5 
F~ = N (35) 

In principle, this method requires tests to be per- 
formed at only one stress range. 

4.3. Description of a least-squares 
procedure 

If the lifetime tests are performed at several stress 
levels and the numbers of results at each level are too 
small, it is recommended to apply a least-squares 
routine to find the mean dependency between Ao/~ c 
and Ao2Nf. If the fitting curve - not necessarily a 
straight line - is analytically expressed by 

this relation can be introduced into Equation 30 
which can be rewritten in a more convenient form 
which only contains the quantities A ~ / ~  and A~2Nf 

dN y2 k, eye / Acy2 Nf 

[d(log~)]/[d(logAo'NO] (37) 



Thus, the v - K  curve is obtained directly as a mean 
curve. This variant seems to be best appropriate  for 
artificial surface cracks with their strongly reduced 
scatter. 

5. Test ing dev ice  
Fig. 1 shows a simple testing device for cyclic bending 
tests with R = - 1 [5]. The specimen (1) is fixed at its 
ends in brass tubes (2) by an epoxy resin (3). Owing to 
the low Young's modulus of the epoxy resin compared 
with the Young's modulus of the ceramic specimen, 
the load can be applied without any notch effect. The 
second version of fixing the specimen l-6] may be 
recommended for materials with a relatively low 
Young's modulus (i.e. glass). The cyclic load is gener- 
ated by the magnet system of a loudspeaker (4) and 
transferred to the specimen by a cantilever (5). The 
bending moment  is measured by strain gauges (6) 
provided on the fixing bracket as well as directly on 
special specimens used for calibrating. At the moment  
of failure, the loudspeaker stops working and a time 
counter is interrupted. By additional application of a 
spring (7) the mean stress can be changed in a wide 
range. 

6. Results from specimens with natural 
cracks 

6.1. Strength and lifetime measurements 
Measurements were carried out on 3.5 m m x  4.5 mm 
x 50ram specimens made of 99.6% A120 3. The 

99.6% A120 3 was roughly ground only resulting in a 
relatively low strength. Such a surface state will ensure 
that all specimens will fail on account of surface 
cracks. The specimens were annealed in vacuum for 
5 h at 1200 ~ Fig. 2 shows in a Weibull plot inert 
bending strength data for the specimens with natural 
crack population. The corresponding strength for a 
specimen with twice the surface (or volume) a2, which 

2 

| ! 

Figure 1 Testing device for alternating bending tests. 
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Figure 2 Inert strength in a Weibull representation. 
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is relevant for comparison with cyclic tests with 
R = - 1, can be calculated by 

F(oc2) = 1 - [1 - F(oc)]  2 (38) 

The distribution of these strength data is also shown 
in Fig. 2. Obviously the data cannot be described by a 
two-parameter  Weibull distribution. For  further 
evaluation the following parameters have been 
determined: 

median strength 6c = 223 MPa,  6c2 = 214 MPa.  

Weibull parameters for the data at the lower strength 
values: 

o~: F < 0.6, o o = 228.6MPa, 

m = 18.8; 

o2r F < 0.72, o o ,=  220.1MPa, 

m = 21.1. 

The results of tests with constant stress are shown in 
Fig. 3. F rom these data n S = 40 was obtained. In Fig. 4 
the results for cr = 185 M P a  are shown in a Weibull 
plot. A similar behaviour as for the strength can be 
seen. 

The Weibull parameters for F < 0.6 are 

* = 0.616, t~o = 0.0194h. ms 

From the scatter of strength and lifetime the relation 
between crack growth rate and stress intensity factor 
was found as [7] 

dt - 5 • 10 -4 m s  -a 

i.e. n = 38.6, As* = 5 x 10 -4. 

(39) 

In Fig. 5 the results of the cyclic tests are shown for 
a frequency of 50 Hz. Fig. 5 also shows the prediction 
from the static tests using Equation 23. The predicted 
and measured lifetimes are significantly different. It 
has to be concluded from these results that the cyclic 
fatigue effect is very strong. 
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pared with predictions ( ) based on static tests. R = - 1; 50 Hz. 
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Figure 4 Static lifetimes in a Weibull representation. A12Os, 
o = 185 MPa.  

The Weibull plot for two stress amplitudes is shown 
in Fig. 6. TheWeibull-parameters for F < 0.72 (cor- 
responding to the strength) are 

Oma x = 143 MPa: 

m* = 0.654 [0.41, 0.856], 

to = 0.62h (No = 1.1 x l0 s ) 

O ' m a  x = 1 2 0  M P a :  

m* = 0.653 [0.388, 0.868], 

t o = 7 0 h  (N o = 1.26 x 107 ) 

where the numbers in brackets are the lower and 
upper values of the 90% confidence interval. 
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Figure 6 Cyclic lifetimes in a Weibull representation. 

6.2.  Determinat ion  of da /dN-AK data 
6.2. 1. Parameters A and n of a power- law 

description 
In order to determine the parameters A, A* and n of 
the power law Equation 3, a least-squares fit accord- 
ing to Equation 9 was performed with the data of 
Fig. 5, resulting in 

log tf = 60.99 - 28.64 log O'ma x (40) 



or  
logNf = 66.25 - 28.641ogCrma X (41) 

with CYmax in MPa, tf in h. From Equation 9 it follows 
that 

logNf = log ( C )  - nlog Crmax (42) 

Comparing this equation with the fitted straight line 
yields n = 28.64 and log C = 74.87, and by use of the 
median strength, o2~, one obtains log B = 12.788. As a 
consequence of Equation 25 and knowledge of the 
fracture toughness KI~ = 3.3 MPa m 1/2, the faotors A, 
A* are given by logA = - 27.94, logA* = - 13.09. 

6.2.2. Statistical procedure 
The statistical procedure for evaluating da/dN is rela- 
tively simple and will be outlined below for the natural 
cracks in the special load case of alternating bending 
(R = - 1). The cyclic lifetime results of Fig. 5 are 
plotted once more in Fig. 6 as Weibull distributions. 
First, the cyclic fatigue data (Nf, tf) have to be associ- 
ated with the corresponding inert strength data, oc. 

In the case of static tests, where the surface of failure 
(namely the surface in the tensile region) is predeter- 
mined, the lifetime, tfc, and strength data are directly 
correlated. 
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Figure 7 Auxiliary diagram for evaluating Equation l 1 (natural 
cracks). 

F(tf) = F(cro) (43) 
In the case of cyclic tests the correlation between 
strength and lifetime data is different. Because in alter- 
nating bending tests with natural cracks, the effective 
surface (volume) is twice the effective surface (volume), 
the cyclic lifetimes (or numbers to failure) have to be 
correlated to the strength, data, O'c2. 

F ( N f )  = F(~e2 ) (44) 

The auxiliary diagram, Fig. 7, provides the derivative 
necessary in Equation 32. 

For  application of the statistical procedure it is very 
important that lifetimes as well as strength measure- 
ments are performed using the same loading config- 
uration. This is indispensable, because the scatter in 
lifetime and strength must not be influenced by use of 
different testing devices. From the data of Fig. 7 and 
application of Equation 32 the da/dN-AK data of 
Fig. 8a result. The relation can be described by 

da / AK \ 2s'z 
= l x  10-13~-1~ ) m/cycle (45) 

d--N 

with Klr = 3.3 M P a m  t/z. 
In Fig. 8b the da/dt data for natural cracks [7] are 

represented. The data points can be described by 
Equation 39. 

7. Results from specimens with Knoop 
cracks 

A second series of specimens were damaged by Knoop 
indentation tests. Owing to the low strength of the 
99.6% A120 3 specimens with "natural" crack popula- 
tion, larger Knoop cracks had to be introduced to 
ensure fracture at these artificial cracks. This was 

fulfilled for Knoop cracks obtained with an indenta- 
tion load of 294N. After indentation the Knoop- 
damaged specimens were annealed once more under 
the same annealing conditions in order to remove the 
residual stresses due to the indentations. Strength 
measurements yield a median strength of 6o = 
192 MPa. Static lifetimes are represented in Fig. 9. 
A least-squares fit of the data yields an exponent 
ns = 38. The related crack growth law is plotted in 
Fig. 8b as a solid line. 

Fig. 10 shows the result of lifetime for a frequency of 
50 Hz compared with predictions based on static tests. 
In this case, the prediction was made by use of Equa- 
tion 21. Similar to the results for natural cracks, for the 
Knoop cracks also a significant cyclic fatigue effect is 
obvious. 

7.1. Determinat ion of da/dN-AK data 
Z 1.1. Parameters A and n of a power-law 

description 
The same procedure as outlined for the natural cracks 
gives the parameters A, A* and n of the power law 
Equation 3 for the artificial cracks by a least-squares 
fit of the data represented in Fig. 10 

logtf = 43.76 -- 21.051ogcrm, x (46) 

or  
logNf --- 4 9 . 0 2 -  21.05 log Crma x (47) 

with ~max in MPa, tf in h. From this fit one obtains, 
with the median strength of ~c = 192 MPa, for the 
Knoop cracks n = 21.05, logA = - 22.93, logA* = 
- 12.02. 
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Figure 8 Crack growth curves for natural cracks. (a) da/dN AK 
curve for cyclic tests at R = - 1; (b) da/dt-K curve for static tests. 

7. 1.2. Least-squares procedure 
In order to determine the fatigue crack growth law for 
K n o o p  cracks, the least-squares procedure is applied 
to the K n o o p  data  represented in Fig. 10. In Fig. 11 
the quanti ty log Acr/~ c is plotted versus log A o ' 2 N f .  A 
least-squares fit by a quadratic polynomial  yields 

3326  

2 0 0  ! l I [ [ r 

g i s0  
:E 

b 

O 
O 

O O O 

~ C ~  
O 

C~Cd)O O 

0 O@ 

1 0 0  i I I i i 
0 0 1  1 1 0 0  

L i f e t i r n %  s (h) 

Figure 9 Static lifetimes for specimens with Knoop cracks. 
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Figure 10 Cyclic lifetimes for specimens with Knoop cracks com- 
pared with predictions ( ) based on static tests. R = - 1; 50 Hz. 

l o g ( A o 2 N 0  = 12.21 - 20.7451og 

<) ~ -  - 2.5001og 2 ~ -  (48) 

Inserting these results in Equat ion l l a  yields the 
d a / d N - A K  curves represented in Fig. 12. The depend- 
encies can be approximated by a power law 

da - ( A K ~  23'2 
dN 3.9 • 10 -13 m/cycle (49) 

\K,o) 
In contrast  to this result for crack growth under cyclic 
load, static lifetime measurements (Fig. 10) exhibited a 
subcritical crack growth exponent  of nstatie - -  39. 

8 .  D i s c u s s i o n  
From the results a p ronounced  cyclic fatigue effect can 
be concluded. The relation between crack growth rate 
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da/dN and AK can be described by a power law. The 
two methods applied to determine the parameters A* 
and n yielded nearly identical values (see Table I). 

The exponent is less than the exponent for sub- 
critical crack extension under static loading n~. 

T A B L E  I 

Crack type, A* n Method 
loading 

Natural  cracks, 
cyclic 

Knoop-cracks, 
cyclic 

Natural  cracks, 
static 

8.13 x 10-14 28.6 Power law 
1.0 x 10 13 28.2 Statistic 

34.3(26, 53) Equation 13a 
Omax = 143 MPa  

34.2(26, 56) Equation 13a 
Om, x = 120 MPa  

9.54 x 10 -13 21.1 Power law 
3.9 x 10 -13 23.2 Least squares 

38.6 Statistic 
32.5 Equation 13a 

For the tests with the Knoop cracks the parameters 
are s l igh t ly -  not s ignif icant ly-  different. From the 
good agreement between the different evaluation pro- 
cedures it can be concluded that the assumption for 
the statistical p r o c e d u r e -  namely the same flaw 
population for strength and cyclic fatigue - is fulfil- 
led. 

Another check of this assumption is the comparison 
of the Weibull parameters. The exponent n can be 
obtained from the Weibull parameters m of the 
strength and m* of lifetime using Equation 13a. The 
deviation from the straight line in the Weibull-plot 
complicates this evaluation. Therefore, only the data 
for F(cyc) < 0.6 and F(ts) < 0.6 and for F(CYzc ) < 0.72 
and F(tc, Nf) < 0.72 are used. The results are shown 
in Table I. 

For static loading the agreement is good (ns = 38.6 
from the evaluation of the lifetime, n~ = 32.5 from 
Equation 13a). For cyclic loading, Equation 13a leads 
to slightly higher Values of n than the other method. 
Taking into account the limit values of the 90% 
confidence interval of the m*-values, the limit values in 
brackets (Table I) are obtained, which include the n- 
values of 28.6 and 28.2 for the natural cracks. From 
this point of view there is no significant deviation 
between the various methods. It should, however, be 
emphasized that the determination of m* may not be 
accurate enough because of the limited number of 
specimens tested. 

9.  C o n c l u s i o n  
Measurements of cyclic fatigue were carried out on an 
99.6% AlzO3-ceramic in bending with an R-ratio R = 
- 1. Two types of relatively small cracks have been 

considered: natural cracks and artificial cracks 
(Knoop cracks). By lifetime predictions based on static 
tests it has been proved that there is a real fatigue 
effect for both crack types. 

In order to determine da/dN-AK curves for small 
cracks from lifetimes under cyclic load, a procedure 
has been derived which is based on a method usually 
applied to subcritical crack growth [4]. 

The  main results are as follows. 
1. Within the scatter of data, both crack types 

(na tura l  and Knoop cracks) exhibit the same 
da/dN-AK relation. 

3 3 2 7  



2. The exponent of the Paris law (n-~ 23-27) is 
significantly different from the exponent of the power 
law for subcritical crack growth n -38 .  

3. A threshold value AKo for fatigue crack growth 
is not detectable down to crack growth rates of 
da/dN ~_ 1 x 10 -13 m/cycle. 
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