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5
A NONLINEAR FRACTURE MECHANICS APPROACH TO THE GROWTH OF SMALL CRACKS v -

J. C. Newman, Jr.
NASA Langley Research Center
Hampton, Virginia 23665, U.S.A.

SUMMARY

Using linear-elastic and nonlinear fracture mechanics. many investigators have tried
to explain the growth of small cracks in plates and at notches. These studies have con-
centrated on the growth of small cracks ranging in length from 10~2 to 1 mm. On the
basis of linear-elastic fracture mechanics, the small cracks grew much faster than would
be predicted from large crack data. Nonlinear fracture mechanics, in particular the
J-integral concept, and an empirical length parameter have been used to correlate small
and large crack-growth rate data. The physical interpretation of the length paraneter,
however, is unclear.

Recently, some investigators have suggested that crack closure may be a major factor
in causing differences between growth of small and large cracks. The purpose of the
present paper is to use an analytical model of crack closure to study the crack growth
and closure behavior of small cracks in plates and at notches. The calculated crack-
opening stresses for small and large cracks, together with elastic and elastic-plastic
fracture mechanics analyses, are used to correlate crack-growth rate 2ata. At equiva-
lent elastic stress-intensity factor levels, calculations predict that small cracks in
plates and at notches should grow faster than large cracks because the applied stress
needed to open a small crack is less than that needed to open a large crack. These pre-
dictions agree with observed trends in test data. The calculaticns from the model also
imply that many of the stress-intensity factor thresholds that have been developed in
tests with large cracks and with load-reduction schemes do not apply to the growth of
small cracks.

The current calculations are based upon continuum mechanics principles and, thus,
some crack size and grain structure exist where the underlying fracture mechanics assump-
tions become invalid because of material inhomogeneity (grains, inclusions, etc.}.
Admittedly, much more effort is needed to develop the mechanics of a noncontinuum. Never-
theless, these results indicate the importance of crack closure in predicting the growth
of small cracks from large crack data.

NOMENCLATURE

Ay coefficients in stress-intensity factor equation (k = 1,2)
b location of concentrated force, m

bk dimensions for partially-loaded crack (k = 1,2}, m

c half length of crack, m

S half length of initial crack in load-reduction scheme, m
<h half length of crack-starter notch, m

d hi1f length of crack plus tensile plastic zone, m

E Young's modulus of elasticity, MPa

F boundary-correction factor on stress-intensity factor

K stress-intensity factor, MPa—mU2

N number of cvcles

n nuniber of bar elements in crack-closure model

P applied load, N

P, applied load at initiation of load-reduction scheme, N
Boxy maximum applied load, N

PO crack-opening load, N

R stress ratio (Smin/smax)

r radius of circular hole, m

[42]

applied stress, MPa
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Sc crack-closure stress, MPa

Si applied stress at initiation of load-reduction scheme, MPa

Smax maximum applied stress, MPa

Smin minimum applied stress, MPa

S0 crack-opening stress, MPa

t specimen thickncss, m

Y crack-surface displacement, m

vc displacement of crack-tip element, m

w half width of specimen, m

wj half width of bar element at point j, m

X,y Cartesian coordinates

X coordinate location of element i, m

a constraint factor, a =1 for plane stress and a = 3 for plane strain
AK stress-intensity factor range, MPa-ml/2

AKeff effective stress-intensity factor range, MPa-ml/2

Lﬁeff plastic-cone cerrested effective stress-intonsity facior range, MPa—ml/z
AKth threshold stress-intensity factor range, MPa-ml/2

ASeff effective stress range, MPa

n material constant, n = 0 for plane stress and n = v for plane strain
\Y Poisson's ratio

o length of tsnsile plastic zone, m

Oj stress on segment of crack surface, MPa

9 flow stress. MPa

o4 ultimate tensile strength, MPa

Oys yield stress (0.2 percent offset), MPa

w lergth of compressive plastic zone, m

INTRODUCTION

Most experimental and analytical studies on fatigue-crack growth have keen conducted
on "large" cracks with lengths in excess of 2 mm. However, in many engineering struc-
tures, crack growth from “"=small" pre-existing flaws is a major portion of the component's
fatique life. Numerous investigators (1-11} have observed that the growth characteristics
of small fatigue cracks in plates and at notcnes differ from those of large cracks in the
came material. These studies have concentrated on the growth of small cracks ranging in
length from 102 to 1 mm. On the basis of linear-elastic fracture mechanics (LEFM), the
small cracks grew much faster than would be predicted from large crack data. This behav-
ior is illustrated in Figure 1, where the crack-growth rate 1s vlottecd against the
linear-elastic stress-intensity factor range, K. The solid (sigmoidal) curve shows a
typical result for a given material and environment under constant-amplitude loading.

The solid curve is usually obtained from tests with large cracks. At low growth rates,
the threshold stress-intensity factor range, AKyp, is usually obtained from load-
reduction {(K-decreasing) tests. some typical expe:imental results for small cracks in
plates and at notches are shown by the dashed curves. These results show that small
sow faster than \arge cracks at thc same LK lovel and that they also grow at

Using nonlinear fracture mechanics, some investigators have tried to explain the
growth of small cracks in plates and at notches. In gparticular, the J-integral concept
and an empirical length parameter [3,4] have been used to correlate small-crack and
large-crack growth rate data. The physical interpretation of the length parameter, how-
ever, is unclear. More recently, several investigators [5-11} have suggested that crack
closure (12,13} may be a major factor in causing the differences between the growth of
small and large cracks.
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Many of the comparisons between growth rates for small and large cracks have been
made in the low crack-growth rate region associated with threshold (AKth) for large
cracks. Measurement of AKy, using load-reduction schemes [14-17], establishes a regime
of crack sizes and applied stress levels where crack growth would not occur. But small
cracks and cracks from pre-existing flaws have been observed to grow ([1-3,10] at stress-
intensity factor levels below AKgh, as shown in Figure 1. Here again, several investiga-
tors [18-20] have experimentally shown that crack closure is causing the stress-intensity
factor threshold under load-reduction schemes. On the basis of thesc results, an impor-
tant gquestion concerning the growth of large cracks at extremely low stress levels arises.
Is the AK-rate relationship for large cracks under constant-amplitude loading given by
the dash-dot curve in Figure 1? Admittedly, a threshold could exist for large cracks due
to material inhomogeneities and environmental factors; such as oxide or corrosion products
on the crack surfaces [21,22]. But these thresholds must be obtained in tests without any
load-interaction effects.

To adequately resolve the differences between the growth of small and large cracks,
crack-closure effects must be considered. This paper is concerned with the analytical
treatment of crack closure. A simple strip-yield model of crack closure was developed in
Reference 23, but a more useful model was developed in References 24 and 25. There have
also been several other attempts to develop simple analytical models of crack closure,
but a review here is beyond the scope of the present paper (see Ref. 25).

The purpose of the present paper is to use an analytical closure model ([25] to study
the crack growth and closure behavior of small cracks in plates and at holes, and to study
the closure behavior of large cracks under lcad-reduction schemes used in threshold test-
ing. The model used here simulates the influence of plane-stress and plane-strain condi-
tions on yielding at the crack tip. The model is based on the Dugdale model ([26], but
modified to leave plastically deformed material along the crack surfaces as the crack
grows. Two configurations are analyzed: (1) a center-crack tension specimen and (2) two
symmetric cracks emanating from a circular hole. A surface-crack configuration is also
vonsidered, but i1t is analyzed as a center-crack specimen with a modified stress-intensity
factor solution. The crack-opening stresses for these configurations are calculated as a
function of crack length for constant-amplitude loading and for the locad-reduction schemes
used for threshold testing. An improved method of calculating crack-opening stresses,
using crack-surface displacements, is also presented. The calculated crack-opening
stresses are compared with experimental measurements made under a load-reduction scheme.

Because specimens with small cracks are usually subjected to high stress levels,
Elher's effective stress-intensity factor range (13]) is modified herein for plasticity.
Crack-growth rates under constant-amplitude loading are correlated with the plastic-zone
corrected effective stress-intensity factor_range, AKeff, Over a wide range of stress
ratios. Using the crack-growth rate and AKegg correlations for large cracks in several
materials, predicted growth rates for small cracks in plates and at circular holes are
compared with experimental rates.

FATIGUE CRACK-CLOSURE ANALYSIS

The following sections include a brief description of the analytical crack-closure
model [25] and of the assumptions made in the application of the model to the growth of
small cracks. These sections also include a description of the plastic-zone corrected
effective stress-intensity factor range and its correlation with crack-growth rates.

Analytical Crack-Closure Model

To calculate crack-closure and crack-opening stress during fatigue crack growth, the
elastic-plastic solution for stresses and displacements in a cracked body must be known.
Because there are nn closed-form solutions to elastic-plastic cracked bodies, simple
approximations must be used when finite-element solutions [23) are inappropriate. The
bugdale modei [26] is one such approximation. The crack-surface displacements, which are
used to calculate contact (or closure) stresses under cyclic loading, are influenced by
plastic yield.:y at the crack tip and residual defcrmations left in the wake of the grow-
ing cracik. The applied strecs level at which the crack surfaces become fully open (no
surface conract) 1is directly related to contact stresses.

The analytical closure model developed in Reference 25 is for a central crack in a
finite-width specimen subjected to uniform applied stress (Fig. 2(a)). This model is
extended herein to cracks emanating from a circular hole in a finite-width specimen sub-
jected to uniform applied stress (Fig. 2(b)). The model is based on the Dugdale model,
but modified to leave plastically deformed material in the wake of the crack. The primary
advantaye in using this model is that the plastic-zone size and crack-surface displace-
ments are obtained by superposition of two elastic problems--a crack in a plate subjected
to a remote uniform stress, S, or to a unifcrm stress, o, applied over a segment of the
crack surface. The stress-intensity factor and crack-surface displacement equations for
these loading conditions on a plate with a central crack are given in Reference 25. The
corresponding equations for cracks emanating from a circular hole are given in Appendix A.

Figure 3 shows a schematic of the model at maximum and minimum applied stress. The
mode!l is composed of three regicns: (1) a linear-elastic region containing a circular
hole with a fictitious crack of half-length ¢ + ., (2) 2 plastic region of lenqth o,
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and (3) a residual plastic deformation region along the crack surface. The physical

crack is of length ¢ - r, where r is the radius of the circular hole. The compressive
plastic zone is w. Region 1 is treated as an elastic continuum; the crack-surface dis-
placements under various loading conditions are given in Reference 25 for a central crack
and in Appendix A for cracks emanating from a hole. Regions 2 and 3 are composed of
rigid-perfectly plastic (constant stress) bar elements with a flow stress, o,. The flow
stress is taken as the ultimate tensile strength (o) herein because some tesgs were con-
ducted at very high applied stress levels. (If a nonlinear stress-strain curve had been
incorporated into the model [27], the need for an assumed flow stress would have been
eliminated.) The shaded regions in Figures 3(a) and 3(b) indicate material that is in a
plastic state. At any applied stress level, the bar elements are either intact (in the
plastic zone) or broken (residual plastic deformation). The broken elements carry com-
pressive loads only, and then only if they are in contact. The elements yield in compres-
sion when the contact stress reaches -o,. Those elements that are not in contact do not
affect the calculation of crack-surface displacements. To account for the effects of
state of stress on plastic-zone size, a constraint factor a was used to elevate the
tensile flow stress for the intact elements in the plastic zcne. The effective flow
stress aody under simulated plane-stress conditions was oo and under simulated plane-
strain conditions was 30,. The constraint factor is a lower bound for plane stress and
an approximate upper boun8 for plane strain [25). The constraint factor was assumed to

be 1, 1.73 (Irwin's plane-strain constraint {Z28]), or 3, depending upon the test condi-
tions. Plane-stress conditions were assumed for high applied stress levels and for crack-
growth rates higher than the rate at transiticn (flat to slant crack growth) [29] because
the plastic-zone size would be of the order of the plate thickness. Plane-strain condi-
tions were assumed for crack-growth rates lower than the rate at transition because the
plastic-zone size would be small compared to plate thickness. Where the constraint condi-
tions were unknown, such as a small surface crack, plane-stress and plane-strain condi-
tions were both tried.

The analytical closure model was used to calculate crack-opening stresses as a func-
tion 2f craczk length and lcad history. The applied stress level at which the crack sur-
faces are fully open is denoted as S, the crack-opening stress. These stresses have
been calculated by two methods. One method was based on the stress-intensity factor due
te contact stresses at the minimum applied stress; the other was based on crack-surface
displacements. Under constant-amplitude loading, the crack closes first and opens last
at the crack tip, so the stress-intensity facter method was used to calculate S, [24,25]).
However, under some variable-amplitude loading conditions and tne load-reduction schemes
used for threshold testing, the crack closes first and opens last away from the tip.

Under these conditions, the stresg-intensity factor method was inadequate. The crack-
surface displacement method was more accurate in calculating the applied stress level at
which the crack surfaces open completely under general cyclic loading. In this paper, the
displacement method was used to calculate S, and is presented in Appendix B.

The closure model was only used to calculate crack-opening stresses. In turn, the
crack-opening stress was used to calculate the plastic-zone corrected effective stress-
intensity factor range and then the crack-growth rate,

Plastic-Zone Corrected Effective Stress-Intensity Factor Range

Elber's effective stregs-intensity factor range {l13] is based on linear-elastic
stress~intensity factors. For small cracks and high stress levels, the plastic-zone sizes
are no longer small compared to crack size, and linear-elastic analyses are inadequate.

To correct the analyses for plasticity, the Dugdale plastic-zone length (p) is added to
crack length (c), like Irwin's plastic-zone correction {28]. Thus, the plastic-zone cor-
rected stress-intensity factor range is

AR

= (St 5 1 Hitn) '7d F( (0

Q1
£
£10
p —

where d = ¢ + 0 and ¢ is calculated at the maximum applied stress, Sgyzx, using the
equations given in Appendix C. The boundary-correction factor F accounts for the influ-
ence of hole radius and specimen width, and is given by the product of the functions Fy
and FS. These functions are given in Appendix A, by Egs. (6) and (22), respectively.
(This parameter, MK, Is similar to Barenblatt's cohesive modulus {30] under cyclic
loading.)

The plastic-zone corrected effective stress-intensity factor range was obtained from

Eq. (1) by replacing S,i, by 8,., like Elber's modificat.on, and is given by

max o .5 (2)

Fatigue Crack Growth Rates

Instead of using an equation to relate the crack-growth rates to lRe:-, a table-
lookup procedure was used in this paper. The primary advantage in using a éable is that
the baseline crack-growth rate da*- can be described more accurately than with a
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multi-parameter equation, especially in the transitional region (flat to slant crack e
growth). To illustrate the construction and use of the table, an example is shown.

Center-crack tension (CCT) specimens (w = 80 mm) were used to obtain crack-growth
rate data on 2024-T3 Alclad aluminum alloy sheet (t = 2 mm) material [5]. The tensile
strength (oy) and the assumed flow stress (og) of the material were 475 MPa. The maximum
applied stress level Spayx was 77.5 MPa at an R ratio of 0.0l. A plot of 1log dc/dN
against 1log AK was constructed.
listed in the following table:

The AK values at selected crack-growth rates are

a, AK, AR, 5o Mege
mm/cycle MPa-ml/2 MPa-ml/2 Snax MPa-ml/z
7.6E-06 6.59 6.70 0.572 2.90
3.0E-05 8.79 8.95 .596 3.65
4.3E-05 12.64 12.86 .597 5.23
6.8E-05 14.29 14.58 .596 5.95
1.2E-04 17.58 18.06 .600 7.30
3.8E-04 13.78 20.20 .599 8.18
1.3E-03 25.28 25.88 .594 10.61
7.6E-03 30.27 38.25 .578 16.30

The rates were selected so that straight lines between each adjacent data point would
describe the AK-rate data using a visual fit.

Next, the plastic-zone corrected stress-intensity factor, AK, was computed from
Eg. (1) with the plastic-zone size given by Eq. (31). The constraint factor (a) was
assumed to he unity because most of the data had rates higher than the rate at transition
(about 3 x 10-5 mm/cycle). For small AK levels, AK 1is given approximately by

nS
AR = AX ,lsec (ﬁi) (3)
o]

A closure analysis was then conducted on a CCT specimen subjected to a maximum
applied stress (Smax) of 77.5 MPa with an R ratio of 0.0l1. The initial crack length
was 1.5 mm. Crack-opening stresses were calculated as a function of crack length from
the model. The crack-opening stress for each value of AK is listed in the table.
Values of AKeff were computed from Eq. (2). The table of dc/dN aqainst AKegg forms
the crack-growth rate data used in all predictions made on this material and thickness.
The crack-growth rates at intermediate values of AR gf were obtained by assuming a

power-law equation, () Aie%f' between the two adjacent data points. For Aieff values
outside of the table, the power-iaw equation between the two closest data points was

extrapolated.

APPLICATION OF THE CRACK-CLOSURE ANALYSIS

The analytical closure model is used to calculate crack-opening stresses under
constant-amplitude loading and under the load-reduction schemes used for threshold test-
ing. Some comparisons are made between calculated and experimental crack-opening
stresses for these loading conditions on a steel and an aluminum alloy.

Crack-growth rates under constant-amplitude loading for large cracks (¢ » 2 mm) in a
steel, an aluminum alloy, and a cast (nickel-aluminum-bronze) alloy are correlated with
the plastic-zone corrected erfective stress-intensity factor range. Using these correla-
tions, the growth rates for small cracks in plates or at circular holes are predicted and
compared with experimental growth rates.

Constant-Amplitude Loading

To show how the crack-openiny stress influences the local crack-tip displacements
under constant-amplitude loading, and conseguently the crack-tip damage or crack growth,
the applied stress (S) 1s plotted against the displacement (V:) of the crack-tip element
in Figure 4. The maximum applied stress was 0.40, and the specimen was cycled at an
R ratio of zero. Recalling that the elements in the plastic zone are rigid-perfectly
plastic, no change in displacement occurs until the element yields. The calculated
crack-opening stress from the displacement method (Appendix B) 1is shown as the solid

symbol on the loading branch.

The

se results demonstrate the significance of crack clo-

sure, in that all cyelic loads below §; would cuuse no plastic deformation at the crack
tip and, presumably, no crack yrowth. These results also show that the crack opens
before the crack-tip element yields. This was caused by the finite stress concentration
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in the mcdel (elastic stress concentration was about 30). If the model had had an
infinite stress concentration, like an ideal crack, then the element would have yielded
when the crack tip opened. Likewise, compressive yielding occurred only after some
unloadirg. The crack-closure stress (Sc) is shown as the solid symbol on the unloading
branch. S 1is the stress level at which the first crack-surface element at the crack
tip clcses. In this example, the crack was not allowed to grow during the loading
branch. 1If the crack had been allowed to grow, then closure would have occurred over the
newly created crack surface after & smaller amount of unloading.

The closure model was exercised under simulated plane-stress and plane-strain condi-
tions for constant-amplitude loading. The calculated S, values for the CCT specimen
remained nearly constant over a very wide range of crack lengths [25). This constant
value is called the "stabilized" crack-opening stress. The stabilized crack-opening
stresses, normalized by Spax, are plotted against stress ratio for various stress levels
in Pigure 5., The calculations were made on CCT specimens made of an aluminum alloy, but
the results also apply for steels and titanium alloys when the material behavior is
elastic-perfectly plastic. At any R ratio, the Sg/Smax Values are lower for higher
values of a and for higher values of stress level (Spax/0o). The influence of stress
level was more pronounced under plane-stress conditions (solid curves) than under plane-
strain conditions (dashed curves).

Threshold Testing

Because many of the comparisons between the growth of small and large cracks have
been made in the crack-growth rate region associated with thresholds for large cracks, it
is important to know whether the threshold is a material behavior or is caused by the
load-reduction scheme. Some load-reduction schemes used to obtain AK¢p are shown in
Figure 6. The ratio of current load (or stress) to the initial load (or stress) is
plotted against crack length. The crack length at initiation of the load-reduction scheme
was 20 mm in a CCT specimen {w = 100 mm). The solid curve from Bucci [l17]) (propcsed ASTM
test method) is based on a constant rate of change in normalized plastic-zone size with
crack extension and is independent of the R ratio. The normalized K-gradient,

(dK/dc) /K, was -0.08 mm~l, as recommended. The dashed curves show the load-reduction
scheme proposed by Ohta et al. [19]) for R = 0 and 0.8. Their scheme is based on a con-
stant AK-gradient, d(AK)/dc. The AK-gradient ranged from -20 to -100 MPa/mml/2, The
smallest AK-gradient was used in Figure 6. The step function was proposed by Robin and
Pluvinage [16]). The load was reduced by 10 percent after 0.2 mm of crack extension. The
crack extension was large enough for the crack to traverse the plastic zone created by
the previous load.

As previously mentioned, several investigators [18-20]) have experimentally shown
that the stress-intensity factor threshold under load-reduction schemes can be explained
by the crack-closure behavior. Some typical results on an aluminum alloy are shown in
Figure 7. Minakawa and McEvily [31] conducted a threshold test on a compact specimen and
measured the crack-opening loads as the AK level approached AK¢p. The crack-opening
loads were determined from a displacement gage at the edge of the compact specimen. This
location was remote from the crack tip. For high AK levels, the P,/Ppax Values ranged
from 0.15 to 0.35. The horizontal line is the calculated P,/Ppax ratio from the closure
model under constant-amplitude loading with plane-strain conditions (a = 3). The calcu-
lated ratio agreed fairly well with the experimental values. As AK approached AKgp,
the P,/Ppax ratio rapidly rose and the ratio was nearly unity at threshold. Thus, the
rise in crack-opening load explains why the threshold developed. But what caused the rise
in crack-opening loads? A number cf suggestions have been advanced to explain this behav-
ior. Among these are the mismatch of crack-surface features observed by Walker and
Beevers [32]) in a titanium alloy; the corrosion product formation on the crack surfaces,
as observed by Paris et al. [33]) and Ritchie et al. [34]; and the variation in the mode
of crack growth with stress-intensity factor level as reported by Ohtsuka et 21. [25],
and Minakawa and McEvily [31]). The mismatch of crack-surface features and corrosion pro-
ducts on the crack surfaces could cause the surfaces to come into contact at a higher
ioad than the load for a crack without the mismatch or corrosion products. The mode of
crack growth near threshold is a combination of Mode I and Mode II (tensile and shear)
instead of pure Mode I. The mixed-mode crack growth causes an irregular crack surface
profile and, consequently, the possibility of crack-surface mismatch., The analytical
treatment of crack closure due to crack-surface mismatch or corrosion products on the
crack surface is beyond the scope of the present paper.

However, now consider the influence of the load-reduction scheme on crack closure.
Using the closure model, a simulated threshold test was conducted on a CCT specimen made
of steel using Bucci's load-reduction scheme [17]). The material flow stress was 800 MPa
and the constraint factor was assumed to be unity. The applied load (or applied stress)
against crack length 1s shown by the solid curve in Figure & at an R ratio of zero.
The crack length at initiation of the load-reductioa scheme (cj) was 20 mm. As the
applied stress was reduced with crack extension, the ciosure modei predicted a rise in
crack-opening stress. To find out why the crack-opening stress rose, the crack-tip dis-
placements during a single cycle are shown in Figure 8. The figure shows applied stress
normalized by the maximum applied stress plotted against displacement of the crack-tip
element, similar to that shown in Figure 4 for constant-amplitude loading. Again, the
crack-opening stress is shown by the solid symbol cn the lcading branch. Here, the
crack-opening stress is higher than the value calculated for constant-amplitude loading
{shown by the dashed line). In contrast to the closure behavior under constant-amplitude
loading, in the threshold test the crack did not close near the crack tip but did close
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away from the crack tip, as illustrated in the insert. The insert shows a schematic of
the crack-surface displacements near threshold. The shaded region around the crack
depicts the residual plastic deformations left in the wake of the grcwing crack. The
largest regidual deformations occur along the crack at about c; and, consequently, the
crack-opening stress is controlled by the displacements in this region. These displace-
ments tend to prop the crack open at the tip. Figure 8 shows that the crack-tip element
does not change in displacement until after the crack surfaces are fully open. During
unloading, 5. shows the applied stress level at which the crack surfaces close away
from the tip and S, shows the applied stress level at which the crack tip closes.

Ohta et al. [19] tested CCT specimens made of HT80 steel (t = 10 mm) over a wide
range of R ratios (-1 to 0.8) to determine crack-growth rates down to threshold and to
measure crack-opening stresses. They used the Ohta-Sasaki load-reduction scheme (dashed
curves shown in Fig. &) and a small crack-tip displacement gage to measure S5 values.
Some typical results on crack-opening stresses for R = 0 are shown in Figure 9. The
S0/Smax ratio is plotted against AK level Quring the load-reduction scheme. The
crack-opening ratio was constant down to a AK level of about 15 MPa-ml/2. Near this
level, the ratio rapidly rose as the applied loads were reduced and a threshold developed
at about 7 MPa-ml/2. The solid curves show calculations from the closure model with
a =1 and 1.73. The plane-stress calculations are in good agreement with the experimental
data down near threshold. Because their crack-closure measurements were made on the sur-
face of the specimen, their results should be close to those for plane-stress conditions.
Similar comparisons at R = 0.8 and -1 show similar agreemsnt Letwesn plene-stress calou-
lations and measurements (not shown).

But crack closure near the free surfaces of a specimen may not control the overall
growth rate through the thickness of a specimen. 1In fact, the crack-opening stresses vary
through the thickiess ©f & specimen [36). Thus, the overall growth rate at low LK
values may be controlled by a higher coastraint factor than that cf plane stress. To
determine the proper constraint factor, a three-dimensional analysis would be required.
However, the correlaticn of crack-growth rate data at various stress ratios could also be
used to experimentally determine an approximate constraint factor [37). Using a plot of
AK and rate for various R ratios, as shown in Figure 10(a) for the HT80 steel, the
spread in the data as a function of R can be used to find the crack-openina stresses
needed to correlate the R-ratio data on a AKg¢¢ and rate plot. Because crack-opening
stresses are a function of constraint factor (see Fig. 5), an approximate constraint
factor can be found to correlate the data. For the 10-mm-thick steel specimens at low
AK levels, plane-strain conditions were expected to exist under constant-amplitude load-
ing. Figure 10(b) shows a plot of AKgoff and rate for the same HTBO steel data using a
closure analysis under plane-strain conditions (a = 3). Curves were drawn through the
data for each R ratio. Growth rates above 5 x 106 mm/cycle, basicallv generated under
constant-amplitude loading, correlated quite well under plane-strain conditiong even for
high AK wvalues. But the threshold data showed systematic variations with 1Kerfef.
Recailing how well the closure analysis under plane-s‘:ess conditions {a = 1) predicted
threshcld behavior under a load-reduction schen= (se~ Fig. 9), the growth rate data on the
HT80 steel were replotted in Figure 1l using a clzcure analysis with o =1 (Fig. 1ll(a))
and a = 3 (same as Fig. 10(b)). These results show that plane-stress closure is con-
trclling the growth rates near threshold under a load-reduction scheme.

Apparently, the plang-stregs regicns near the free surfaces of a sjecimen play an
important role on crack-closure effects under load-reduction schemes and variable-
amplitade loading. McEvily [38] conducted experiments to confirm the importance of crack
closure near the free surfaces. He found, in a test on a 6061 aluminum alloy specimen
(t = 12.7 mm), that a spike locad caused significant crack-growth delay. In a second test,
he carefully machined 25 percent of the thickness from each surface of the specimen after
the application of the spike load and found very little crack-growth delay. Thus, the
crack-closure effect under spike louading is predoninantly & surface phendinencts

As shown by Figures 7 through 11, the threshcld behavior observed in load-reduction
schemes [15-17] is caused by a rise in the crack-~opening stresses, and the rise is caused
by residual plastic deformations left in the wake of the growing crack. Thus, load-
reduction schemes create artifically high values of stress-intensity factor thresholds,
and the crack-growth rate data generated under these load-reduction schemes cannot be
used in an LEFM analysis to predict the growth of small cracks. To obtain crack-growth
rate data at lew K levels using large cracks, the threshold testing procedures must be
changed. The residual deformations on the crack surfaces near the beginning of a thresh-
old test must be eliminated (see insert in Fig. 8). The deformations could be machined
away during the test or large compressive loads could be applied to che specimen to remove
this deformation. The specimen could also have been side-grooved to eliminate plane-
stress conditions at the crack front.

Growth ot Small Cracks

In the following sections, the crack-growth rates measured in specimens with large
cracks (¢ > 2 mm) are correlated with the plastic-zone corrected stress-intensity factor
range, AKesf. This correlaticn, a table of Kef¢ against dc/dN, provides the crack-
growth rate da%*a for the particular material and thickness. Using the closure model with
an assumed constraint factor, the crack-growth rates for small cracks in plates and from
holes are predicted and compar d with experimental rates. All initial cracks are assumed
to have no previous load history (no residual deformations).
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CSA GA40.11 Steel.- E1 Haddad [3] tested CCT and single-edge-crack tension (SECT)
specimens made of the CSA G40.1l steel under cyclic loading at an R ratio of -1. The
material yield stress was 370 MPa and the ultimate tensile strength was 510 MPa. All
specimens were 2.54 mm thick. These tests were conducted to study the growth character-
istics of small and large cracks.

The AK-rate data for the SECT specimens with large cracks are shown in Figure 12 as
solid symbols. Because the closure model has not been developed for SECT specimens, the
data were assumed to be equivalent to data gensrated on CCT specimens. (E1 Haddad's data
on CCT specimens, to be shown later, were in good agreement with the SECT specimen data.)
The solid lines through the SECT specimen data in Figure 12 show the baseline (AK-rate)
data. To determine ‘Keff, a closure analysis on a CCT specimen (Spmax = 135 MPa; a =1
was conducted. The corresponding crack-growth table is:

g%, AKeff'
mm/cycle MPa-ml/2
2.24E-06 6.53
1.02E-05 7.69
4.70E-05 9.78
1.02E-04 12.62
1.93E-04 17.29
3.18E-04 22.46
6.60E-04 34.20
1.52E-03 58.31

This table was used in all predictions made on the CSA G40.1l1l steel.

El Haddad [3) tested CCT specimens with small cracks at high stress levels (207 and
240 MPa). The crack-starter notch was a very small hole (r = 0.19 mm), but no details
were given on how the crack was initiated. These results are shown as the open symbols
in Figure 12 and show that small cracks grow much faster than large cracks at the same
AK level.

In the closure analysis, an extremely small through crack (0.0l mm) was assumed to
exist at the edge of the starter notch. The constraint factor was assumed to be unity
because the specimens were subjected to high stress levels. The predicted growth rates
are shown as solid curves in Figure 12. The predictions are in fair agreement with the
experimental results. Both experimental and predicted results show a minimum rate at a
particular AK level. 1In the analysis, this behavior was caused by the transient behav-
ior of the crack-opening stresses shown in Figure 13. Here the calculated So/Smax
ratios are plotted against crack length for the two tests. The calculated crack-opening
stress was initially the minimum applied stress, but the opening stress rapidly rose and
then tended to level off as the crack grew under cyclic lvading. Truyens (39 has experi-
mentally shown a similar trend in Sg with crack length in a ship steel. The effective-
stress range (ASeff)., indicated in the figure, was Spax - So. Crack-growth rates are
directly related to ASeff. As the crack grew, the decrease in ASeff and the increase
in crack length (increase in stress-intensity factor) combined to cause the unusual behav-
ior shown in Figure l2. Truyens [39] also observed a similar trend ir crack-growth rates.

El Haddad [3] also tested specimens with cracks emanating from larger holes than
that used in the previous example. The hole radii were 4.76 and 7.94 mm in 70-mm-wide
specimens. The maximum applied stress was 135 MPa at an R ratio of -1. His experimen-
tal data on the cracked-hole specimens are shown as open symbols in Figure 14 The solid
symbols show his results from CCT specimens also tested at an applied stress level of
135 Mpa. These results show that smali cracks trom holes grouw much faster than would be
predicted from using LEFM analyses with large crack data.

In the analysis, the baseline (AK-rate) data were obtained from large cracks in CCT
and SECT specimens. The solid lines through the CCT specimen data in Figure 14 show the
baseline data. Here again, no details on the crack-starter notch were given in Refer-
ence 3. Therefore, it was assumed that a very small through-crack (0.0]1 mm) was at the
edge of the holes. The solid curves in Figure 14 show predictions from the closure
analysis with 1 = 1. The predicted rates were in reasonable agreement with the experi-
mental data. For cracks emanating from holes, the trancient behavior of the crack-
opening stresses (similar to that shown in Fig. 13) and the plastic-zone corrected
stress-intensity factor range combined to cause the trends shown 1n Figure 14.

Alclad 2024-T2 Aluminum Alloy.- Broek {5] tested center-crack and cracked-hole
specimens made of 2024-T3 Alclad aluminum alloy subjected to tencile leadine at an R
ratio of 0.0l. The yield stress of the material was 375 MPa and the ultimate tensile
strength was 475 MPa. All spucimens were 2 mm thick. The 'K-rate data are shown in
Figure 15 for the CCT specimens and for specimens with small cracks emanating froum holes
of various radii, ranging from 2.5 to 20 mm. Again, these results show that small
cracks from holes grow faster than would be predicted using an LEPM analysis with large
crack data on CCT specimens.
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In the closure analysis, the constraint factor was assumed to be unity because most
of the rates were above the rate at transition (flat to slant growth). The rate at tran-
sition was estimated to be about 3 x 10-5 mm/cycle (first knee in baseline data at about
9 Mpa-ml/2). The development of the crack-growth rate table was discussed and was
included in the section on "Fatigue Crack Growth Rates.” The predicted results for small
cracks at holes are shown as solid curves in Figure 15. Solid and open symbols of the
same type denote corresponding predictions and experiments. For small radii, the analysis
underpredicted the growth rates; for the larger radii, the analysis overpredicted the
rates. In all cases, the predicted rates were within about a factor of 2 of the experi-
mental rates.

Cast Nickel-Aluminum-Bronze Alloy.- Taylor and Knott [10,40] tested through-cracks
and small surface cracks under three-point bending at an R ratio of 0.1. The material
yield stress was 250 MPa. The ultimate tensile strength was not reported in References 10
or 40, and the strength was egtimated to be 550 MPa [41]. Most of the surface-crack tests
were conducted with a maximum outer fiber stress of 330 MPa [40]. The small surface
cracks were naturally-occurring cracks from casting defects on the surface of the speci-
mens. Some of the largest defects shown on photomicrographs [10,40] had lengths (2cj
ranging from 0.05 to 0.15 mm. Tha AK-rate data for the surface-crack specimens are shown
as open symbols in Figure 16. Reference 10 did not give the particular test conditions
for each surface-crack test, but the test conditions were assumed to be identical. Thus,
the data show a lot of scatter which is undoubtedly due to the cracks growing through dif-
ferent microstructure.

The soiid curve showing the threshold at about 7.5 MPa-ml/2 was obtained frcn bend
specimens with large through-cracks. The results on large cracks and small surface cracks
show that small cracks grow at AK levels well below the threshold established from large
crack tests. (Again, the details of the large crack tests were not reported in Refer-
ences 10 or 40.)

BeCause vravk-yruwth tate data yenerated under load-reduction schemes (see coiwments
in section on "Threshold Testing") cannot be applied to the growth of small cracks [2],
the dash-dot curve was assumed to be the baseline data. In the closure analysis, the
constraint factor was assumed to be either 1 (plane stress) or 3 (plane strain). The
crack-growth rate table for the corresponding constraint factors is:

%%' AR cpla = 1), bR gpla = 3),
mm/cycle MPa—ml/2 MPa—ml’/2
2.54E-09 1.62 2.55
2.77E-06 5.88 9.28
6.59E-06 6.84 10.78
1.31E-05 7.71 12.18
3.19E-05 9.23 14.58
7.59E-05 11.07 17.46

The closure analysis has only been developed for through-the-thickness crack con-
figurations. To analyze the growth of a small surface crack under bending, the analysis
for the CCT specimen was used with modification. In the analysis, the CCT specimen was
subjected to an applied stress level equal to the outer fiber bending stress, For small
surface cracks, this acsumption is adequate {42). The crack-depth-to-crack-length (a/c)
ratios for the experiments were repcrted to be about 0.8 [10]j. For this a/c ratio and
for small surface cracks (a/t nearly zero), the average stress-intensity factor around
the crack front is about

LK = A8 o

Bl (4)

Thus, the stress-intensity factor for the CCT specimen was multiplied by 0.7 to convert
the equation to a small surface crack under bending. The crack-opening stresses calcu-
lated for a center-crack specimen were also assumed to apply for the surface-crack
configuration,

The predicted results for small surface cracks are shown as solid cuvves in Figure 16
for the respective values of a. The plane-strain predictions were closer to the experi-
mental results than the plane-stress predictions. However, under plare-strain conditions,
the initial high growth rate (solid symbol) was considerably lower than the experimental
rates. This discrepancy may be due to the crack growing in some “"weak™ direction in the
microstructure in the early stages [10].

CONCLUS1ONS

An analytical fatigue crack-closure model was used to study the crack growth and clo-
sure behavior of small cracks in plates and at circular holes, and to study the closure
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behaviqr of large cracks under load-reduction schemes used in threshold testing. Some
comparisons were made between calculated and experimental crack-opening stresses for
these loading conditions on a steel and an aluminum alloy.

Crack-growth rates unde. constant-amplitude loading for large cracks (lengths greater
than 2 mm) in a stnel, an aluminum alley, and a cast nickel-aluminum-bronze alloy were
correlated with the plastic-zone corrected effective stress-intensity factor range. Using
these correlations, the growth rates for small cracks in plates and at circular holes were
predicted and compared with experimental growth rates.

The following conclusions were ohtained:

1. Under load-reducticn schemes used in threshold testing, the rise in crack-opening
stresses near threshold is caused by residual plastic deformations. Thus, load-reduction
schrmes create artificially high values of stress-intensity factor thresholds.

2. Near threshold, the cal-ulated crack-opening stresses under plane-stress condi-
ticus agvecd well with experimental measurements on steel specimens.

3. Crack-growth rate data generatad under load-reduction schemes for large cracks
rannot be used with linear-ulastic fracture mechanics analyses to accurately predict the
grovth of small cracks.

4. Snall cracks (less than 1 mm) in plates and at holes grow faster than large
cracks (greater than 2 mm) at equal stress-intensity factor ranges because the applied
stress needed to open a small crack is less than that needed to open a large crack and,
consequently, the effective stiess range for small cracks is greater than that for large
cracks.

5. Closure analyses based on plastic-zone corrected effective stress-intensity fac-
tor ranges and crack-growth rate data from large cracks predicted the yrowth of small
cracks ip plates and at holes reasonably well.

APPENDIX A--FQUATIONS FOR STRESS-INTENSITY FACTORS AND CRACK-SURFACE DISPLACEMENTS

The analytical closure model for a crack in a finite plate [25]) and for cracks ema-
nating from a circular hole in a finite plate requires the stress-intensity factor and
crack-surface displacement equations for the two elastic configurations shown in Fig-
ure 17. The equations for stress-intensity factors and crack-surface displacements for a
crack subjected to various lcading in an infinite plate (r = 0) were obtained from the
literature {43]. These equations are modified herein for cracks emanating from a circular
hole in a finite plate. Some of the approximate equaticns are verified with boundary-
collocation [44,45) and conformal-mapping [46,47) analyses.

Stress-Intensity Factors for Cracks Emanating from a Circular Hole in an Infinite Plate
Remote Uniform Stress.- The stress-intensity factor equation for the configuration

shown In Figure 17(a), with w equal to infinity, was obtained by fitting to the results
from References 45 and 47. The equation is

S‘,SSM o R -1 (5)

=T . .S .
where KS 1s for a crack in an infinite plate without a hole and Fy o s the boundary-
correction factor for the circular hole. The equation for Fg is

. (6)

where n = 1 is for a single c¢rack and n = 2 is for two symmnetric crucks. ‘The func-
tions  f, arce

Rl
f. o« 0.707 + 0.765: - 0.281° + 0,747 » ¢.8722 7} (N
i
and
R - - oml . .4
he; Poe 00358 « 1.425%7 - 1,578+ 7 + 2.15u% (8)
where + = r/d and 0 < + < 1. Eg. {5 3 within 0.2 percent o! the results an Reter-

ences 45 and 7.

Concenrtrated ! rce.- The streus-intensity factors for two cracks emanating from a

circular hoTe subje.ted to 4 syametric palr or concentrated toyees in an infinite plate,
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Figure 18, were obtained from a boundary-coliocation analysis by Newman {(unpublished). -1 [

An equation was fitted to the results and is
p
Fy (9)

where Kg is for a crack in an infinite plate without a hole and Fg is the boundary-
correction factor for the circular hole. The equation for the correction factor is

2
P l - l -
a) = -0.022% + o.s5824 (1)
~ 2 4
AZ = 0.2212° + 0,046) (12)

where y =b/d and X =r/d for XA <y <1l and 0 < X <1, Eq. (9) is within *1 per-
cent of the boundary-collocation results.

Partially-Loaded Crack.- The stress-intensity factors for the configuration and
lnading shown in Figure 17(b), with w = », were obtained by using Eq. (9} as a Green's
function and integrating over the segment by to b,. The resulting equation is

k? = 2% /73 G(v,2) (13)
where
A 3a ]
1 2 -1
G(v,\) = [l + - + sin Y
=D orl e A
a (4 - Y)a ] ¥y = b,/d
1 2 2 2 .
+ = + 1l - ¥y _ (14)
[1 ) 201 - X)2 y = bl/d

Ay and A, are giver by Egs. (1l1) and (12), respectively. To get Eg. (13) into the
same form as Egs. (5) and (9), Eq. (13) is rewritten as

b b
Kﬁ = K:Fh = %ﬂ /rd [sin-1 <a£> - sin”! (El>] Fg ()

; . e . o . :
where Ki is for a crack in an infinite plate without a hcle and F is the circular
hole correction factor. The function Fg is given by

o
Fh =

G(y,\)
— - b2 ] bl\ (16)
= ( - sinT (
sin . d si d /

where G(y,\) 1is given by Eq. (14).

Crack-Surface Displacements for Cracks Emanating from a Circular Hole in an Infinite Plate

The exact crack-surface displacements for the configurations shown in Figure 17, with
w equal to infinity and hnle radius equal to zero, were obtained from Westergaard gstress
functions given in Reterence 43. These equations are modified herein for cracks emanating
from a circular holc. ¢ following sections ygiven approximate displacement equations for
remote uniform stress and for the partially-~loaded crack.

Remote Uniform Stress.- The approximate crack-surface displacements for the configur-
ations shown 1n Figure l7(a), with w = =, are

s, 31 8 gtls JJm2 0 Foas
= - - 7
vh E d X" Fp (17)
for x < d, where =~ = v for plane strain and =~ = 0 for plane stress. F: 1s given
by Eq. (6). In the region near the crack tip, Eq. (17) is very accurate. '
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[ 1> Partially-Ioaded Crack.- The approximate crack-surface displacements for the config-
uration and loading shown in Figure 17(b), with w = =, are

vp = [V, 00 + v (-x)]F] (18)

s
E A

where

4 &

—| 2 2
V_(x) = 2&}___3 Jo Lb - x) cosh™! <d =-bx >

mE dlb - x|

g
G

£ 29 S

[}
o

o3 b
2 _ .2 _.-1(b
+ \d x¢ sin (E)] b (19)

G . 5 . . g
for x| < d, and Fp, 1is given by Eq. (16). Again, the equation is very accurate in the
region near the cracﬁ tip.

1]
o

Finite-Width Corrections

The equations given in the preceding secticns for stress-intensity factors and crack-
surface displacements (Egs. {5) to (19)) are for cracks emanating from a circular hole in
an infinite plate. But these quantities are influenced by the f£inite width of the plate.
Therefore, some approximate finite-wiath corrections are developed herein. The stress-
intensity factor for a crack in a finite-width plate is

K =K F (20)

where K,  is the stress-intensity factor for cracks emanating from a circular hole in an
infinite plate and F,, is th. finite-width correction for the particular loading condi-
tion. Noting that the elastic crack~surface displacements in the region of the crack tip
are directly related to the stress-intensity factor, it is proposed that the same correc-
tion factor be used for displacements:

v = vm(K—> = V,F (21)

ou

where V, 1is the displacement for cracks emanating from a circular hole in an infinite
plate, acain subjected to the particular loading condition. Eq. (21) gives very accurate
crack-surface displacements in the regicn near the crack tip.

Remcte Uniform Stress.- The approximate boundary-correction factor for twe symmet-
ric cracks emanating from a circular hole in a finite-width plate subjected to uniform
stress (48], «s shown in Figure 17(a), is

s _ {r\ {md
- Fo = \/sec {35/ sec (5. (22)
H! for r/w < 0.5 and d/w < 0.7. Eg. (22) is within *2 percent of boundary-collocation
3 results [45]. The equation accounts for the influence of width on stress concentrations

at the edge of the hole [49] and the influence of width on stress-intensity factors. The
crack-surface disvlacements given by Egs. (17), (21), and (22) for r = 0 were compared
X with resulte from Reterence 44, which used the boundary-collocation method. The displace-
5 ments were within 2 percent of cach other for any value of x for d/w ¢ 0.7. The dis-
placements near the crack tip were very accurate, as expected.

prartially-lLoaded Crack.- The approximate boundary-correction factor for two symmetric
cracks cmanatinag from a circular hole in a finite-width plate subjected to partial loading
on the crack surface (Fig. 17(b)) was obtained from the infinite periodic array of cracks
{(r = 0) sclution [43]. The correction factor is modified herein, as was done in Refer-
ence 25, and is given by

r 9 .
. sin © B, - sin B =
F. o= 5 2 1 - vSec (.,S) (23)
; .= ( ) —1( ¥ -
sin e sin a~)
1 whore
3, = sin ("bk/2w)//sin {(~d/2w) (24)

" for r/w +« 0.25 and 3d,/w : 0.7.
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APPENDIX B--CALCULATION OF CRACK-OPENING STRESS

The following section describes the method used to calculate the crack-opening
stresses in the analytical closure model. To find the applied stress level needed to
open the ~rack surface at any point, the displacement at that point due tc an applied
stress increment (S, - Sp;i.) is set equal to the displacement at that point due to tie
contact stresses at Spip. This calculation is made at the centroid of all elements in
contact along the crack surface. The maximum value of (55 - Spin) gives the applied
stress level at which the last element (in contact) separates (or opens). This apnroach
is possible because the stresses on the elements are elastic until the crack-tip element
yields. Crack-tip element vielding occurs only after the crack surfaces open (see
Figs. 4 and 8).

The displacement at point i, along the crack surface, due to an applied stress
increment is

Vi = (So - Smin)f(xi) (25)
where

2(1 - n?) 2 - x% FSF (26)

s
t A1 E i‘h

Fg and FS are given by Eqs. (6) and (22), respectively, with d «replaced by c¢. The
displacement at point 1 due to contact stresses is

n
a
L 27
vy ojg(xi,xj) (27)
j=11
where
= - . 28
g(xi,xj) G(xi,xj) + G( xi,xj) {28)
2(1 - n?) L (e - byxy
G(x;+Xy) T (by - ) cosh \c N
= c2 = blx.
- i
- (Dl - xi) cosh —=
1 i
== [l ‘b /b ])
+ yJe? - x.? lsin7t ’_E> - sin”}| —lwli RlFs (29)
R \C \ C /J)h'w'
by = x3 - w3y and by = X3 + wj (W; is the half width of bar element at point j). (In

the cldsure model, 10 elements weré& used in the plastic zone and elements 11 to n were
residual plastic deformation elements along the crack surface {scc Ref. 25 for details).)

Fg and Fg are given by Egs. (16} and (23), respectively, again with d replaced by c.

Equating Egs. (25) and (27), and soiving for (So)i, sives

n
= 8§ . +>
min —

(S5). = Sn
j=11

o), ‘jg(xi.xj)/?(xi) (30)

tor i = 11 to n. The maximum value of (S,). gives the crack-opening stress, S,.

APPENDIX C--CALCULATION OF PLASTIC-ZONE SIZE

Center-Crack Tension Specimen

The plastic-zone size (¢) for a crack in a finite-width specimen (Fig. 2{a)) was
obtained trom Rice [50] and rederived by Newman (25] as
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p = c%(%%) sin”t [sin <%%) sec <;§§§£)] -1 (31)

For o =1, the equation reduces to the expression derived by Rice from an infinite peri-
qdlc array of cracks solution. Newman derived the equation from approximate stress-
intensity factor equations for finite-width specimens.

Cracked-Hole Specimen

The plastic-zone size for cracks emanating from a circular hole in a finite-width
specimen (Fig. 2(b)) was determined by requiring that the finiteness condition of
Dugdale {26] be satisfied. This condition states that the stress-intensity factor at the
tip of the plastic zone is zero and is given by

s 0 _
Kp + X = 0 (32)
where
s _ S.S
Kh = Smax 4.0 Fth (33)
and
2a0 P
o _ _ o /= fn _ . -1 c\] 0.0
Ky = - v/1d lz sin (a)j P Fo (34)

Fﬁ and Fi are givaen by Egs. (6) and (22), respectively. Fg and Fg werc obtained
from Eqs. (16) and (23}, respectively, by setting by = ¢ and by = d. Substituting
Las. (33) and (34) intc Eq. (32) and simplifying gives

S8 I -
S _FF° - mc_[l '« = sin L (
max n w oL i \

)

] FyFo = 0 (35)

is

Qo

For a given applied stress Sp,x, constraint factor a, flow stress 0,, specimen width
w, hole radius r, and crack length ¢, Eg. (35) was solved for d by using an iterative
technigque. Noting that o 1is equal to d - ¢ gives the plastic-zone size.

The plastic-zone sizes for cracks emanating from a circular hole in an infinite plate
subjected to remote uniform stress are shown in Figure 19. The plastic-zone size normal-
ized by ¢ 1is plotted against S/(n6y). The dashed curve {r = 0) shows the Dugdule
mcdel [2§1. The solid curves show the normalized plastic-zone sizes for various &/r
ratios. For c¢/r equal to unity, yielding does not occur for S/(aog ratios less than
one-third or 1/Kq, where Kq 15 the stress concentration for the circular hole.
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Figure 1.- Typical fatigue-crack growth rate data for small
and large cracks.
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Figure 2.- Center-crack and cracks from circular hole specimens with Dugdale
plastic zones and residual plastic deformations.
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Figure 3.- Crack-surface displacements and stress distributions along crack line,
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Figure 4.- Calculated displacement of crack-tip element under corstant-
amplitcude loading.
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Figure 5.- Normalized crack-opening stresses as a function of R ratio under
constant-amplitude loading for simulated plane-stress and plane-strain
conditions.
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A Figure 7.- Comparison of experimental growth rates and crack-opening stresses
W on a 2219-T87 aluminum alloy compact specimen [31].
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Figure 8.- Calculated displacement of crack-tip element for a AK-threshold
test using Bucci's load-reduction scheme [17].
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; Figure 9.- Comparison of experimental and calculated crack-opening stresses for
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Figure 10.- Crack-growth rates as a function of stress-intensity factor range for
various R ratios using LEFM and closure analysis for simulated plane-strain
conditior.
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Figure 1ll.- Crack-growth rates as a function of stress-intensity factor range
for various R ratios using closure analyses for simulated plane-stress
and plane-strain conditions.
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Cigure 12.- Comparison of experimental and predicted crack-arowth rates for
small cracks in center-crack tension specinens subiected to high stress
levels.,
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Figure 13.- Calculated crack-opening stresses as a function of crack length
under constant-amplitude loading (solid symbol denotes crack length at
minimum crack-growth rate).
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Figure 14.- Compa:ison of experimental and predicted crack-growth rates
tor small cracks emarating from a circular hole in steel specimens.
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Figure 15.- Comparison of experimental and predicted crack-growth rates for
small cracks emanating from a circular hole in aluminum specimens.,

107"

1072

dc

o -6
aN 10

m/cycle

1077

Y

1078

Cast Nickle-Aluminum-Bronze (10]

Oys= 250 MPg
0, 0y 550 MPa (est.)

t = 2w = 8.5 mm
R = 0.1

Prediction
{Spax* 330 MPa)

Erperimental
Surface cracks 4
(c - .12 to mm

Cract stopped
growing

AKth
R

Exper imental

iy
! fhroug cracks

(¢ -2 nm

— Assured baseline data

J

1

D
av, ¥pg-ml/?

10 20

Figure 16.- Comparison of experimental and predict~d crack-growth rates for
small surface cracxs in specimens subjected to a high stress level.
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