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ABSTRACT

The propagation and non-propagation of smell fatigue cracks at the notch
root were studied in the first part of the present paper. A resistance-
curve method was proposed for predicting the growth threshold of mechani-
cally short cracks on the basis of the experimental results on the develop-
ment of crack closure. The effects of material, notch geometry, and mean
stress on the growth threshold of short cracks and the notch fatigue
strength were successfully predicted by the resistance-curve method. In
the second part, the propagation behaviour of small fatigue cracks in
smooth specimens was examined. A micromechanical model of small crack
growth was combined with statistical simulation of crack growth for life
prediction. The fatigue failure diagram vas constructed to judge the
threshold condition for small crack growth.
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INTRODUCTION

Linear elastic fracture mechanics (LEFM) is a well-established discipline
for assessing the strength and durability of a structural component con-
taining cracks and subjected to cyclic loading. The use of AK-based con-
ventional methodology, however, is questionable when the crack length is
physically short or less than about 2mm. Physically small fatigue cracks
in non-corrosive environments can be classified into three categories:
microstructurally small cracks, mechanically small cracks, and large cracks
(Suresh et al., 1984, Tanaka, 1987).

Large cracks whose lengths are above approximately ten times the grain size

are treated by conventional fracture mechanics. Microstructurally small
cracks with length on the order of a grain size show anomalously high ir-
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regular growth rates. Because of microstructural inhomogeneities, the
crack growth behaviour has statistical characteristics. For mechanically
small (microstructurally large) cracks, an appropriate choice of fracture
mechanics parameters such as the effective range of the stress intensity
factor (SIF), AKeff, or the J integral range, AJ, will give the same growth
equation as large cracks, because the material is now regarded as
homogeneous. The predictive method of the development of crack closure
with crack growth needs to be developed for various loading conditions.

In the first half of the present paper, the propagation and non-propagation
of small fatigue cracks at the notch root were treated. The effects of
notch geometry, loading conditions and materials on the development of
crack closure were modeled. A resistance-curve method was proposed to pre-
dict the growth behaviour of small fatigue cracks. In the second part, the
propagation behaviour of small fatigue cracks in smooth specimens was ex-
amined. A micromechanical model of small crack growth was combined with
statistical simulation of crack growth for life prediction. The physical
basis of the fatigue limit is discussed on the basis of the propagation
condition of nucleated cracks.

SMALL FATIGUE CRACKS IN NOTCHED SPECIMENS

Resistance-Curve Method

The propagation rate of a short fatigue crack nucleated at the root of a
sharp notch first decreases as the crack propagates. The crack then be-
comes non-propagating under low stresses, while it begins to accelerate
after reaching a minimum growth rate under high stresses. The SIF value
for a crack of length c at the notch root is expressed as

K=ovmc F(c) e

where ¢ is the nominal stress and F(c) is the geometrical correction factor
(Tanaka et al., 1983, 1988a). Since SIF is an increasing function of crack
length under a constant applied stress, AK-based conventional fracture
mechanics fails to predict a dip in the growth rate of a crack at notches.
Recent experimental data have shown that AK g decreases with crack growth
because of the increase of crack clesure, anﬁ that the growth rate of short
cracks is a unique function of AK_¢-, irrespective of crack length and
stress amplitude (Tanaka et al., ?5&3, Nishikawa et al., 1986, Akiniwa

et al., 1988d, e). A method to estimate the development of crack closure
needs to be established.

The development of crack closure was measured for center-notched plate
(CNP) specimens with different notchk-root radii and single-edge-notched
(SEN) specimens with different notct depths. The material was a structural
low-carbon steel (JIS SM41B) with a ferrite grain size of 64um. The yield
strength was 194MPa. The specimens were fatigued under constant load
amplitude with the stress ratio R=-!. The crack opening point was deter-
mined in the stress-strain curve enlarged after subtracting the linear
elastic part. The strain signal was the output of the signal of the crack
opening displacement.

Figure 1 indicates the change of the opening stress intensity factor K

with the crack length (measured on the specimen surface) for two cases of
CNP specimens. The final data corresponding to the longest crack length
were obtained from non-propagating cracks. The Kop value increases with
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increasing crack length. A sharp rise in K,  seen near the threshold may
be induced by asperity contact or oxide debrgs on the fracture surface.

i i . ting
In Fig.2, all the data of the K value obtained from non-propaga
crackg aI"e plotted against the SPack length for the cases of CNP and SEN
specimens with various notch depths and root radii. For 1c.)nger cr.'acks,
is equal to K ip., (=2.78MPaym) for long cracks obtained using the

K .
cgg\tlrelntional fracture mechanics specimens. For very short cracl:ksé gogth is
nearly zero. The relation between Kopth and Cpp can be approximate y
1/2
Cnp ~ €1 / (2)

Kopth = Kopthm (—Cz—_—cl—

where c; is taken as the length of Stage I crack (0.057mm), and c, 35 the_e
crack length (1.322mm) above which Kopth=K0 tl‘}w' The cy value was deter .
mined through a least-square regression metgo . For the cases of propagat-
ing cracks, Kop is lower than that given by eq.(2).

The threshold values of the stress intensity range AK.}p and the effe_ctive
stress intensity range AK ggep are plotted against the non-propagating
crack length in Fig.3(a), where

K 3)

8effeh = Knaxth ~ Xopth

and K is the maximum stress intensity factor at the threshold. Barred
marks & the figure indicate part-through Stage II cracks and for these hat
cases the abscissa is the equivalent crack length. It'should be noted rt. a
an intrinsic resistance of the material, i.e. AKe%fth is nearlykcor}stanused
for all the cracks measured. A decrease in AK, or short cracks is ca
solely by an extrinsic factor, %.e. the crack closure. The solid line cor-—
responds to AK., given by

4
8Kip = Kpaxeh = 2[8Kegfen + 1(opth] (4)
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where AKef th=0Keffrh and K ih is determined by eq.(2). The data of AKpp

X
for part-through cracks as we

as through cracks follow the solid line.

Figure 3(b) shows the opening fraction Uy, at the threshold which is

defined by

Uph = 8Kegren/8Key

(5)

The Uy, value is 0.5 for short cracks, and gradually decreases approaching

a constant value of Uthm=0'225'

The resistance curve (R-curve) method can be applied to predict the
threshold of crack growth of notched component (McEvily et al., 1987, Tanaka
et al., 1988a). 1In Fig.4, the R curve is constructed in terms of the maxi-

Notch stress

mum stress intensity factor which is given by

Knaxth = 8Keffen + Kopth (6)

The change of the applied K . under a giren value of the applied nominal T
stress is shown with the dasﬁed line. A Stage II crack can be formed at

the notch root when the stress is larger than Oulr and it continues to

propagate when the stress is larger than ¢ . A non-propagating crack is

formed for stresses between o,; and o . ¥ﬁe effects of the loading mode

and the specimen geometry on ¢, and o o ire taken into account by the F

term in eq.(l). The relation between ﬁo :h and c changes depending on the

stress ratio as well as the material as gescribed below. Once the K . H
value is determined as a function of the crack length, the R-curve meEhod

can be used to judge the propagation and non-propagation of short cracks at

notches.

Notch-Geometry Effect

The R-curve method is applied to the CNP specimen with various notch-root

radii (Tanaka et al., 1988a). The non-propagating crack length at the in-
tersection between the driving force curve of K ax and the resistance curve

of Kpaxep 1S shown as a function of the applied stress amplitude o, in

Fig.g. gor the case of p=0.16mm, the diagram is divided into three

regions: Regions I, II, and III. When o, is above o,2 in Region II, a

nucleated crack continues to propagate. Vhen o, is between o, ; and g,0, @ f
nucleated crack will be arrested at the crack length on the boundary be-

tween Regions I and III. On the other haid, Region III will disappear in

the case of p=3mm as shown in Fig.5(b). The fatigue limit for crack in-

itiation o] is higher than that for fracture 0y2- Even for this case, a
tiny little (microscopic) Stage II crack can be %ormed.

The data on the non-propagating crack length are compared with the model
prediction in Fig.6, where the solid marks indicate the equivalent length
of Stage I cracks and the open marks the length of Stage II cracks. The
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points with right-pointing arrows on the ordinate on the right-hand side
mean the crack causing fracture. All the data for Stage II cracks fall
very well on the predicted lines. The fatigue limits for fracture o) and
for Stage II crack initiation o, are nicely predicted by the model. The
o, value and the corresponding non-propagating crack length are indepen-
dent of the notch-root radius. For the case of p=3mm, only Stage I crack
was formed. Below g,], Stage I cracks can be formed at the notch root and
then arrested. The stress required for the formation of Stage I cracks
seems to be lower, and a different criterion will be necessary.

The values of g, and o,y are shown as a function of the elastic stress
concentration factor K; in Fig.7, together with the fatigue limit of smooth
specimens divided by K. . The Ow2 value is higher than o, for the cases of
Kt larger than 3.35 or notch root radii smaller than 1.54mm. This value
for the critical root radius is larger than the value reported by Nisitani
(1981), because of a larger grain size of the present material. The data
of Ow and w2 for these cases follow the predicted lines. For the case of
K.=2. 5, a tiny non-propagating crack is formed. Even for smooth
specimens, a tiny non-propagating crack is seen at the fatigue limit, and
that the fatigue limit is determined by the propagating condition of this
tiny fatigue crack as described later. This fact is consistent with the
present model and the experimental data for the case of p=3mm.

The R-curve method was applied to jredict the fatigue threshold of the SEN
specimen with three different notch depths. A good agreement was obtained
between prediction and experiment (Tanaka et al., 1988a). Further the
changes of o,; and o, with notch size in the CNP specimen were computed
for two cases: (i) tge notch lengtl was varied keeping the notch root
radius at a constant value of 0.16mm, and (ii) the radius of a circular
hole was varied. Figure 8(a) presents the result of the former case, where
the stress amplitude on the ordinate means the gross stress amplitude. o -
is always larger than o,;. The values of o, and ¢ for the case of a
vanishing notch are 208 and 215MPa, respectively. When the half notch
length is below 0.047mm, o, , is larger than o g (=163MPa). The notch smal-
ler than this size does not influeice the fatigue limit of the specimen,
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{.c. the notch is non-damaging. A similar trend is seen for the case of a
circular notch as shown in Fig.8(b). Moreover, it is interesting to note
that the relative magnitude of 0, to 0 , changes at the radius of 1.33mm.
The fatigue limit of notched specimens is controlled by the propagation of
a nucleated crack for smaller holes, while by the nucleation of a crack for
larger holes. The existence of non-damaging notches was reported for
steels by Murakami et gl. (1980). The reason why o can be lower than o
or o o for very small notches will be that the leng‘{:'g of Stage I crack in
smooth specimens is larger than that in notched specimens.

Material Effect

The Kopen value as a function of the non-propagating crack length was ob-
tained for the same steel SM41B(S) with a smaller grain size and a 2024-T3
aluminum alloy using SEN specimens (P=0.16mm, t=3mm) under R=-1. The steel
has a grain size of l4um and a yield strength of 280MPa. The grain size of
2024-T3 alloy was 42um in the rolling direction, 27um in the transverse
direction, and 19um in the thickness direction. The rolling direction is
parallel to the loading axis. The 0.2% offset strength in the rolling
direction was 322MPa.

Figure 9 shows the relation between K, ., and c for two materials. The
rising part of K ., with cpp can be approximateg by eq.(2). Both c; and
c, for fine grain-sized steel (c;=0.05lmm, c =0.465mm) are smaller than
those for coarse grain-sized steel shown in Fig.2. For aluminum alloy,
they are even smaller (c;=0.034mm and c =0.374mm). I} is very interesting
to note that the relation between Kopth and (Cnp_cl)l 2 is identical for
three materials.

Mean-Stress Effect

The behaviour of crack closure is influenced by the plastic deformation
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formed near the notch root by stress concentration. Even under cyclic com-
pressive loads, a fatigue crack can grow by the tensile residual stress due
to plastic contraction at the notch root under the minimum (compressive)
stress (Holm et al., 1986, Akiniwa et al., 1988d, e). The oPening stress
intensity factor K , as a function of the crack length is mainly controlled
by the minimum stress level. The crack opening stress can be calcu}ated
assuming that a fatigue crack closes completely at the minimum applied
stress and that compressive plastic deformation takes place as if there
were no crack (Tanaka et al., 1986a).

The above assumption can be examined by Newman's type simulation (Newman,
1982) of the development of plasticity-induced crack closure. The simula-
tion was conducted for a center-holed plate (the hole diameter=6mm, the
plate width=45mm) of mild steel with a yield strength of 194MPa. Figure 10
shows the change of the crack opening stress o, with the crack length c
for the cases of the minimum applied stress cmin=—120MPa. The Yop value at
c=0 is negative and is given by

7

g,

b = oy/Ke + o

min
where K. is the stress concentration factor for a notch (Kt=2.65). For the
cases OE I x=6l“[Pa or less, o,, increases up to zero at the boundary of the
notch plastic zone as shown wiEh the solid line. As the maximum stress
gets larger, dg, deviates from the solid line at shorter crack lengths.

The stress distributions within the plastic zone at the minimum applied

stress at crack lengths c=0, 0.749, 1.499mm for the case of R=-1 are shown
in Fig.11. At c=0.749mm, the stress distribution is identical to that
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without any crack. At c=1.499mm, compressive yielding does not extend over
the entire crack face, although the crack closes completely.

For general cases, once the stress distrilution near the notch root at the
minimum applied stress is known, the crack opening stress is predicable.
Figure 12 shows the result for SEN specimens of mild steel with a notch
root radius of 0.16mm (Akiniwa et al., 1988e). The compressive plastic
zone calculated at the minimum applied stiess -220MPa by the finite element
method was 1.75mm. The most of the data lie close to the predicted line.
There is no sharp rise in Kop when a crack stops within the compressive
plastic zone.

The relation between K .p and c ., for various stress ratios can be ob-
tained by superposing tge crack cgosure die to notch-plasticity on that due
to crack itself, <Z.e. crack-tip plasticity, roughness and oxide debris
(Akiniwa et al., 1988e). The opening stress intensity factor will be given
by the sum of Kopthl and Kopch corresponding to two types of crack
closure.

Kopth = Kopthl + Kopth2 (8)

Figure 13 shows the relation between K and c obtained from SEN

th
specimens of mild steel (SM41B) under vBrious stréss ratios. The Kopthe
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value for long cracks increases linearly with increasing R value. The cy
value also gets shorter. Only for the case of R=—2, the effect of notch
plasticity is superposed. The experimental data agree with the prediction.
The length of non-propagating cracks and the fatigue limit of notched
specimen for fracture under various stress ratios were well predicted on
the basis of R-curve analysis by using the Kopth versus cp, relation given
in Fig.13.

SMALL FATIGUE CRACKS IN SMOOTH SPECIMENS

Propagation Behaviour of Small Cracks

Fatigue cracks nucleated in smooth specimens first grow in an irregular
manner because of microstructural inhomogeneity. Figure 14 shows the
propagation of a fatigue crack nucleated at an inclusion in a smooth
specimen of 2024-T3 aluminum alloy (Akiniwa et al., 1988b). The propaga-
tion rate is plotted against the crack length measured from the inclusion
center. (The crack length is the length of the projection of a crack on
the plane perpendicular to the applied stress axis.) The crack growing
along slip bands is often decelersted when it hits the grain boundary and
inclusions or when it makes a sharp bend.

Figure 15(a) shows the da/dN vs. a2 relation obtained from 40 cracks for the
stress amplitude Ua=15OMTa with R=—1. The dotted lines are thelgpper and
lower bounds of the data. Most crack decelerations below 5x107-'m/cycle
occur at crack lengths less than 0.lmm. The full line in the figure was
derived from the da/dN vs. K ,, relation for large cracks by assuming that
the crack is semi-circular. Tﬁe sroken line is the da/dN vs. AK ¢¢ rela-
tion for large cracks. The scales of Kpax and AK ¢g are indicated on the
top abscissa. For small Stage I cracks, the crack growth rate can be even
higher than that predicted from the da/dN vs. AK ¢¢ relation for large
cracks. The scatter of the data in da/dN vs. a relation diminishes and the
data converge to the large-cragk growth law at a crack length of about
0.5mm and a growth rate of 107 m/cycle.
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For }ife prediction, it is important to predict the propagation behaviour o
a main crack which will cause the final separation of components. In
Fig.15(b), the propagation rate of the main crack (full curve) is shown
together with the average (chain curve) and the bounds (dotted curves) of
small-crack growth rates. The propagation rate of the main crack is
generally higher than the average rate. A crack which encounters fewer
blockages becomes the main crack.

Microstructurally Small Cracks

For microstructurally small cracks, the resistance to crack growth is much
influenced by the material microstructure such as the grain orientation and
grain ?oundary. The crack growth rate will be different even when the

crack is subjected to the same loading parameter of continuum mechanics (AK

?r AJ). Local parameters will be necessary to express the crack driving
orce.
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Fig. 16. Model for Stage II crack growth.
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The interaction of a propagating crack with grain boundaries has been
modeled by several investigators (Chan et al., 1983, Rios et al., 1985,
Tanaka et al,, 1986b). The grain boundary acts as the barrier for slip
propagation into adjacent grains near the tips of Stage I and II cracks.
Figure 16 shows a Stage II crack propagating through a horizontal array of
grains. In Fig.16(a), the slip band zone w is smaller than the distance A
between the crack tip and the grain boundary; the slip band does not reach
the grain boundary. In Fig.16(b), the slip bands are blocked by the grain
boundary with w=XA. As the crack grows, the slip bands propagate into the
ad jacent grains B and C as shown in Fig.16(c). The intensity of slip band
blocking by the grain boundaries depends on the difficulty of generating
slip in the adjacent grains near the tips of the blocked slip bands.

By neglecting elastic anisotropy, the range of the crack-tip opening dis-
placement, ACTOD, is calculated by the continuously distributed dislocation
theory. Tanaka etal. (1986b) assumed the crack growth rate as a power
function of ACTOD as

da/dN = A (ACTOD)" 9)

and derived irregular growth of microstructurally small cracks. Crack
decelerate as they approach the grain boundary.

A Monte Carlo simulation was conducted for fatigue crack growth by assuming
the grain size and the frictional stress of each grain as random variables
following the two—parameter Weibull distribution (Akiniwa et al., 1988c).
Figure 17(a) §hows the ?eha¥iour ot ACTOD of a propagating crack for the
case of Ag/2¢7,20.5, (o k/° u)y=0.3, d,=50 and du=50ym (Ao =the applied
stress range, g, =the mean frictional stress, (cfk/cf ),=the variance of
the frictional stress relative to the mean value, d,=the mean grain size,
d,=the variance of the grain size). The crack propagates over six grains
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whose relative frictional stresses afk/of are given in the figure. The
blocking effect of the grain boundary is neglected in the simulation. The
crack decelerates when the next grain has a higher frictional stress. In
Fig.17(b), the ACTOD valge if plotted against AK/20%,v/md,. The chain curve
is the ACTOD value for o"p=c, and has a slope of two in the log-log
diagram. The scatter of the growth rate diminishes with crack growth, ap-

proaching the chain line.

Figure 18(a) shows the ACTOD vs. AK relations obtained from 30 cracks. The
scatter diminishes as the crack grows, which agrees with the experimental
results shown in Fig.15(a). For very small cracks, the scatter is larger
in experiments. In reality, a very small crack grows in a Stage I fashion
and the grain boundary blocks the crack growth. By assuming the exponent
n=l in eq.(9), the number of cycles spent for propagating a crack to a
length of 500um can be calculated for 40 cracks. In Fig.18(b), the ACTOD
behaviour of the fastest crack is drawn with the full line and that of the
slowest one with the dotted line. At short crack lengths, the difference
in ACTOD between the fastest and slowest cracks is large. The effects of
the distributions of the grain size and the frictional stress on the growth
rate of small cracks can be evaluated by this simulation. The effect of
the strength of the boundary blocking on crack growth was also analysed by
simulation (Akiniwa et al., 1988c).
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Crack Closure and Life Prediction

The crack closure also plays an important role for small crack growth.

Sharpe et al. (1988) used the laser interferometric method to measure the
crack opening displacement of a small crack. The same method was applied
to small cracks in 2024-T3 alloy and the crack opening stress was deter-
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mined (Akiniwa et al.,
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For life prediction, the relation between the crack growth rate and the
crack length is necessary. Based on the experimental results on small
fatigue cracks in 2024-T3 aluminum alloy, the relation can be divided into
three regions as shgwn in Fig.20. In Region C, where the crack growth rate
was higher than 107°m/cycle, the growth data followed the da/dN vs. &K
relation for large cracks and the scatter in the crack growth rate was
small. In Region A, where the crack length was less than O.lmm, the crack
grew along slip planes and the scatter of the crack growth rate was large.
In Region B, the crack growth path was perpendicular to the stress axis;
the crack growth rate was higher than that predicted form the da/dN vs. AK
relation because of premature crack closure, but lower than da/dN vs. AK ¢
relation. Tokaji et al. (1986) used a similar division of the crack lengt
regime in their studies of steels.

For Regions A and B, the scatter of the fatigue crack growth rate can be
treated statistically; the life prediction based on the average growth be-
haviour of small crack gives a dengerous estimate. A conservative estimate
can be obtained by using the constant rate for Region A (chain line) and
the da/dN vs. AK ¢¢ relation for Regions B and C given by

¥
da/dN = C'(AK Jeg)" (10)
The transition from Region A %o B coincides with the transition in growth
mode from Stage I to II. Thel distribution of the fatigue life can be es-

timated by a Monte Carlo simulation. The use of eq.(10) for life predict-
ion has been suggested by Kendall et al. (1986) and Herman et al. (1988).

Fatigue Failure Diagram

The growth threshold of a mechanically small crack such as a notch-tip
crack is given by a constant valve of AKeff. On the other hand, for a
microstructurally small crack, AK f£f is not a constant value. A local
parameter such as the true SIF vaiue which is the subtraction of the
shielding SIF value from the applied SIF value is necessary to derive the
threshold condition (Yokobori et al., 1988). Engineering judgment of the
possibility of fatigue failure is based on the diagram such as shown in
Figs.7 and 8. For a pre-cracked specimen, the diagram between the
threshold stress and the crack size proposed by Kitagawa et al. (1976) will
be useful. However, the original diagram does not distinguish the nuclea-
tion threshold and the non-propagation threshold.

The crack growth behaviour from a pre-crack in smooth or notched specimens
was studied with mild steel (SM41B) (Tanaka et al., 1988c). Cracks were
made under a stress amplitude higher than the fatigue limit and then
stress-relieved at 650°C for 90min. The stress amplitude was raised step-
wise when the crack did not exterd or stopped after a small amount of crack
extension. The stress-relief of the specimen was repeated before the ap-
plied stress was raised. Figure 21 shows the result for three cracks.

Two small cracks are surface cracks and the longest is a through-thickness
crack in the center of a plate. All three cracks start to grow when the
maximum SIF value K .. is equal to AK ffthw for long cracks. Continuous
propagation takes place even at K .. iess than AK.,, for long cracks. The
diagram can be divided into three regions: no-growth, arrest and continuous
propagation. At the stress amplitude above the horizontal line correspond-
ing to the fatigue limit, the fracture takes place in the specimen even
without pre-cracks. The arrest of a propagating crack in pre-cracked
specimens can also be analysed on the basis of the R-curve method.
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The fatigue limit of smooth specimens is determined by the propagation
threshold of a nucleated crack. Non-propagating cracks in smooth specimens
of mild steel (SM41B) fatigued below the fatigue limit were examined and
the longest one was determined (Tanaka et al., 1988b). In Fig.22, the
longest crack length c ... is plotted against o .., together with a
similar relation for pré-cracked specimens. The stress amplitude cor-
responding to the intersection of o ., ¥s. cnpmax and o ., Vs. cj curves is
the fatigue limit o,y as proposed by Brown (1986). Cracks made under the
fatigue limit were mostly Stage I cracks which could propagate at SIF
values even below Axeffthm‘

CONCLUSIONS

(1) The effective stress intensity range &K g¢ can be used as a crack driv-—
ing force parameter for mechanically short cracks formed at the root of
notches. The threshold value of the effective stress intensity range
8K ffrpn was found to be constant, irrespective of crack length, notch
geometry or loading conditions.

(2) A resistance-curve method was proposed for predicting the growth
threshold of short fatigue cracks near the notch root. The resistance
curve was constructed in terms of the threshold value of the maximum
stress intensity factor which was the sum of the AKefSth value and the
crack opening stress intensity factor Ko th determined experimentally
as a function of crack length. The curvg was independent of notch
geometry, but dependent on the mean stress and materials.

(3) The effects of material, notch geometry and mean stress on the growth
threshold of short crack at notches and on the fatigue strength of
notched specimens were successfully predicted by the resistance-curve
method.

(4) Both crack closure and microstructural inhomogeneity are responsible
for the fast, irregular growth behaviour of microstructurally small
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fatigue cracks nucleated in smooth specimens. The relation between the
crack growth rate and the crack length was divided into three regions:
A, and C. In Region C, where the crack growth rate was higher than
10"°m/cycle”™, the crack growth data followed the da/dN vs. AK relation
for large cracks and the scatter in the crack growth rate was small.

In Region A, where the crack length was less than O.lmm, the crack grew
along slip planes and the scatter of the crack growth rate was large.
In Region B, the crack growth path was perpendicular to the stress
axis; the crack growth rate was higher than that predicted from the
da/dN vs. AK relation because of premature crack closure.

(5) A Monte Carlo simulation for small fatigue crack growth was conducted
by assuming the grain size and the frictional stress of each grain as
random variables in our micromechanical model of crack-tip slip bands
interacting with the grain boundary. The statistical characteristics
of simulated crack growth agreed at least qualitatively with the ex-—
perimental results.

(6) For engineering proposes, a simple method for predicting the propaga-
tion life of small fatigue cracks was proposed based on the observed
relation between the crack growth rate and the stress intensity range.
The fatigue fracture diagram was constructed to show the threshold
stresses for non-growth, arrest and continuous growth of small cracks
as a function of the crack length. The fatigue limit of the smooth
specimen was discussed based on this diagram.
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