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ABSTRACT
Crack-growth rate studies were performed for thin-walled tubes of
Inconel 718 under biaxial, strain-controlled fatigue loading at room
temperature, Loading modes 1included axial, torsion, and combined
tension-torsion where Ay/Ae = V3 for effective strain amplitudes of 1.0%
and 0.5% at strain ratios of R, = -1, and Re =0 . From replicas of the
surface, it was observed that from initiation through the "“small crack"
region {up to 1 mm) cracks initiated and propagated on or near planes of
maximum shear amplitude, This indicated the presence of combined Mode-I
and Mode-IT loadings. On these replicas the cracks were measured tip to
tip. The crack-growth rate was calculated from these measurements and
plotted versus combined stress~intensity factor.
For nearly all loading cases the "small crack" effect is observed,
i.e. a decrease or small increase in the crack growth rates versus
combined stress intensity factor as compared to the "long crack" be-
havior where the rate increases much faster, Additionally an increasing
Mode-1 loading compared to Mode-1I1 loading decreases the life of the
specimen, Crack 1ihking does not affect the overall crack growth
behavior., The differences in life and behavior are probably explained
by the different crack-growth micro-mechanisms. Possible crack-growth
micro~mechanisms are described in the literature. The crack-growth data
presented in this paper contains evidence for their presence. Recommen-
dations for future study include tests to observe these mechanisms .
The results presented here are for a Mode-] loading that was at

most 60% of the Mode-II loading.
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1. INTRODUCTICN

The design of modern engineesring structures such as spacecraft,
aircraft, automobiles, pressure vessels and printing machines has become
increasingly complex. Increased load demands as well as strain rate and
temperature combined with the pressure for cost effectiveness, requires
the optimal design of every component in the structure. Designers must
consider the low cycle fatigue region and frequently can not design for
a stress level below the long life fatigue limit. This has c¢reated the
need for increasingly more accurate and reliable design methods which
would include the evaluation of the fatigue resistance of the component
under dynamic loadings. Generally, the fatigue loadings are multiaxial
states of stress {or strain), However, uniaxial test programs are
typically used to generate data on the fatigue characteristics of
materials, Few multiaxial fatigue tests have been done until recent
years because of the complexity of multiaxial loading, the expense and
unavailability of the test wmachines and the large number of tests
required to develop the empirical data. In the past, research centered
on developing an appropriate rule which converts the multiaxial loading
te an ‘"equivalent" uniaxial loading. The fatigue resistance of the
components can then be estimated from uniaxial data.

A number of reviews of multiaxial fatigue have been published
describing several theories for the tow cycle fatigue region [1-3]*.
Each one has its advantages and limitations. More recent approaches are

based on the critical plane for crack initiation and growth. One of the

*Number in brackets refer to corresponding items in the list of
references.



more popular theories was proposed by Brown and Miller [27 and modified
by Socie and Shield to include mean stress effects [4]. Their theories
postulate stress and strain parameters which guantify the shear strain
on the critical plane and the normal stress and strain to that plane, A
major advantage of this method is the characterization of the strains on
the planes of crack initiation and propagation, Brown and Miller
postulated that cracks initiate on maximum shear strain planes with
crack propagation assisted by the normal strain on these planes. This
parameter provided good correlation of the data for Inconel 718 under
biaxial loading using uniaxial material properties [5]. However, to
improve the 1ife prediction of components with pre-existing cracks,
detailed crack growth studies are required to understand the mechanisms
of crack growth,

Most fatigue crack growth studies have been conducted for
precracked {long crack) specimens under uniaxial loading. However, not
only are many engineering components loaded multiaxially, but they also
experience initiatfon and propagation of cracks through the region of
“small crack™ sizes {i.e, 2c less than 1 mm), For many materials, most
of the component 1ife is spent in this region. For example, Socie, et
al. [5], nas shown that for Inconel 718, 75 to 95 percent of the
component life in axial and combined tension-torsion fatigque loading,
and 50 to 70 percent in torsional fatigue loading is spent initiating
and growing cracks to a length of 1 mm. At crack lengths greater than
1 mm, growth occurs at a much greater rate. Since a large percentage of
the component life is frequently spent growing cracks to 1 mm, a good

understanding of their growth characteristics is important.



1, INTRODUCTION

The design of modern engineering structures such as spacecraft,
aircraft, automobiles, pressure vessels and printing machines has become
increasingly compiex. Increased load demands as well as strain rate and
temperature combined with the pressure for cost effectiveness, regquires
the optimal design of every component in the structure., Designers must
consider the low cycle fatigque region and frequently can not design for
a stress level below the long life fatigue limit. This has created the
need for increasingly more accurate and reliable design methods which
would include the evaluation of the fatigue resistance of the component
under dynamic loadings. Generally, the fatigue loadings are multiaxial
states of stress (or strain). However, uniaxial test programs are
typically used to generate data on the fatigue characteristics of
materials, Few multiaxial fatigue tests have been done until recent
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unavailability of the test machines and the large number of tests
required to develop the empirical data. In the past, research centered
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based on the critical plane for crack initiation and growth. One of the

*Number in brackets refer to corresponding items in the ii1st of
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more popular theories was proposed by Brown and Miller [2] and modified
by Socie and Shield to include mean stress effects [4]. Their theories
postulate stress and strain parameters which quantify the shear strain
on the critical plane and the normal stress and strain to that plane. A
major advantage of this methed is the characterization of the strains on
the planes of crack initiatioen and propagation. Brown and Miller
postulated that cracks initiate on maximum shear strain planes with
crack propagation assisted by the normal strain on these planes. This
parameter provided good correlation of the data for Inconel 718 under
biaxial loading using uniaxial material properties [5]. However, to
improve the Tlife prediction of components with pre-existing cracks,
detailed crack growth studies are required to understand the mechanisms
of crack growth.

Most fatigue «crack growth studies have been conducted for
precracked (long crack) specimens under uniaxial loading. However, not
only are many engineering components loaded multiaxially, but they also
axperience initiation and propagation of cracks through the region of
"small crack”™ sizes (i.e. 2c less than 1 mm). For many materials, most
of the component 1ife is spent in this region. For example, Socie, et
al. [5], has shown that for Inconel 718, 75 to 95 percent of the
component Tife in axial and combined tension-torsion fatigue loading,
and 50 to 70 percent in torsional fatigue loading is <spent initiating
and growing cracks to a length of 1 mm. At crack lengths greater than
1 mm, growth occurs at a much greater rate., Since a large percentage of
the component life is frequently spent growing cracks to 1 mm, a good

understanding of their growth characteristics is important.



There have been some investigations of "small crack" growth with an
extensive raview of the 1literature on the subject available [6].
Researchers like Dowling [73, Ritchie [8], Lankford [9], and El Haddad
{107, have observed under uniaxial loading a “"small crack” effect, i.e.
a drop in the crack growth rate with an increase in the LEFM stress
intensity factor at crack sizes on the order of the grain size. As the
crack grows, the growth rate then increases and approaches the long
crack behavior., This effect has been postulated on the basis of a
“crack  closure" effect plus the influence of metallurgical
microstructural features [8]. Also Ritchie and Minakawa postulated a
small crack effect for Mode Il based on the mechanical interlocking of
the crack surfaces [8,11]. Tschegg [12] has shown a drop in crack
growth rate in Mode IIl based on microstructural mechanisms induced by
the rubbing of the fracture surface. Extensive investigations are still
required to observe and understand these mechanisms under multiaxial
fatigue loadings.

The work described in this paper on crack growth rates is based on
data obtained from the biaxial fatigue 1loading of smooth tubular
specimens made of Inconel 718. Waill made observations of the surface
behavior of the cracks [13]., She established that in all cases, the
crack propagated along planes of maximum shearing stress (see Figs. 1
through 4).- Only in the axial case, very late in the life, did the
cracks turn to propagate atong planes of maximum normal stress. This
indicates that for the crack growth studies, hoth Mode I and Mode 11
loadings must be considered. Beer [14] made observations of the crack

shapes and how the crack grew into the depth of the specimen. He found



that for these small cracks, the crack shape was part-through-the-
thickness and semi-elliptical as shown in Figs. 5 and 6, These plots
were obtained from a least squares fit of Beer's data for individual
cracks. The aspect ratio was found to be independent of the type of
loading, strain ratio, and size of crack (up to 1 mm) and was dependent
only on the effective, strain amplitude. Therefore, in analyzing the
crack growth rates for this material, it is necessary to look at only
the surface behavior of the crack to get the general nature of the crack
growth.

In this paper, data is extracted from the specimens used for the
work of Waill and Beer for crack growth rate analysis and observations
are made on the small crack behavior under combined Mode 1 and Mode 11
loading, Some possible explanations for the observed behaviors are

discussed with recommendations for future study.



2. EXPERIMENTAL. PROGRAM
2.1 Material

The thin-walled tubular specimens were cut from a forged ring of
Inconel 718, a high temperature nickel based superalloy. The dimensions
of the specimens are shown in Fig. 7. A thin-walled tube was selected
as the specimen configuration because its state of stress is easily
determined and nearly constant through the wall thickness. After rough
machining, the specimens were heat treated at 600°C for 12 hours to
relieve residual stresses induced during forging. This prevented
distortion of the specimen during final machining.

The microstructure is shown in Fig. B. A mixture of grain sizes
was observed in small clusters ranging from a typical diameter of
0,01 mm up to about 0,2 mm. Far the largest grain sizes there were at
ieast 10 grains though the specimen wall thickness., Material properties

are given in Table 1.

2.2 Test Procedure

The specimens were tested under biaxial fatigue Toading conditions
in strain control. Tests were conducted for axial {a = 0},
torsional (X = =), and combined tension-torsion {A=/3) where A is the
ratio of torsional to tensile strain amplitude. In each case, one
series of tests was conducted at an effective strain amplitude (Von
Mises) of 1.0 percent and another series at 0.5 percent. The tests at
each effective strain amplitude were conducted at twe strain
ratios, RE = -1 and 0 with the lpadings proporticnal. The higher strain

amplitude had equal elastic and plastic strains, while the lower



amplitude had about five times as much elastic as plastic strain after
cyclic softening., Tests were stopped after a 10 percent drop in load
was observed, Table 2 shows the test results for the 12 specimens that
provided crack growth data. The crack growth data was obtained from
replicas of the surfaces made at approximately every 5 to 10 percent of
the estimated fatigue lives using celluluse Ldpe moistened with methyl
acetate solution which melted into the surface, After the solution
dried, the tape was removed. In this way, the surface topography was

imprinted and could then be examined under an optical microscope,

2.3 VData Reduction

Surface crack length wversus cycles data was obtained from the
replicas by measuring the crack from tip to tip under an optical
microscope using a calihrated eyepiece. Tne cracks selected for
measurement were the failure cracks plus 3 or 4 additional cracks
selected on each specimen that were about 1 mm long on the last replica
pefore failure., The surface crack growth rate (d(2c¢)/dn) was calculated
using the Seven Point Incremental Polynomial Method described in ASTM
Standard Test Method £647-81, Modifications to the computer program
allowed the use of two of the three data points at each end of the data
set for a crack for which a d{2c)/dn value is not calculated by the
Seven Point Method. At each of these two points, respectively, the
Three Point and Five Point Methods were used, Data is presented in
terms of an effective stress dntensity factor aKeff’ which 1is the
combined loading stress intensity factor for combined Mode I and Mode II

toadings. The model used for combining these modes was based on the

addition of the Irwin energy release rate parameters [15]




Gogr = By + 6 (M)

where the G's are related to the square of the linear elastic fracture

mechanics stress intensity factors:

- 2 1/2
MK ee = (BK] + AKpp) . (2)

The models for AKI and AKII were [10]:

8Ky = E Ae s E: modulus of elasticity (3)
8Ky = G Ay ymc G: modulus of rigidity (4)

where Ae and Ay were the full normal and shear strain ranges,
respectively, on the crack planes. These strain ranges included both

the elastic and plastic strain ranges, and is known as a pseudo elastic

stress method.
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The raw and calculated data is presented in the APPENDIX, The data
tables for each crack are presented in Tables A.1 through A,59,
Figures A.1 through A,12 are linear plots of the surface crack length
versys cycles for each loading condition which includes all the cracks
analyzed on that specimen. (rack growth rate versus surface crack

length tinear plots are shown in Figs. A.13 through A.24,

3.3 General Results

The fatigue lives of the various loading conditions are given in
Table 2. The shortest fatigue lives were for axial loading at R_ =10
and Ag/2 = 1.0 percent. There is an increase in the fatigue life as the
Toading yoes from axial to combined to torsion. There is, of course, an
increase with decreasing effective strain amplitude and, generally, an

increase as one goes from RE =0 to RE = .1, the exception being at

combined and torsional loading at ag/2 = 1.0 percent where they are
ahout the same.

The crack density calculations by Waill [13] (Fig. 26) show that
this density increases in going from axial to combined to torsional
loading as well as increasing with increasing Ae/2. Generally, there is
an increase in going from R_ =0 to RE = -1 except at combined and
torsional loading at A%/2 = 1.0 percent where this density is about the
same for each of thesc loading cases at the two RS values.

In the case of axial loading, one crack generally clearly dominated
and was larger that the others, Whereas in torsional loading
at R_ =0, many large cracks developed and it was difficult to follow

the dominant crack after about 70 percent of the fatigue life. For
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combined loading, the behavior was intermediate between axial and
torsional loading.

The crack growth results are discussed by the three loading

modes.

3.4 Axial Tests

Figure 9 shows the crack growth rate plots for R.=10. In this
case, the "small crack" effect reported by others is observed, i.e. a
drop in crack growth rate with an increase in the effective stress
intensity factor which is seen for both effective strain amplitudes.
This effect is observed in cracks other than the failure crack,
however, the effect is at a longer surface crack length. It is useful
to recall that the crack density is very low for this case and the other
cracks are small in relation to the failure crack., 1In the more linear
portions of the curves, there are slight drops in the slope of the
curves, this 1is due to jumps in the crack sizes at crack linking
followed by a slowing of the crack growth for which a reason will be
postulated later.

The results for a strain ratio of RE = -1 are shown in Fig. 10.
Here, the "small crack" effect is present, but not as pronounced, i.e.
the crack growth rate is increasing at a much slower rate than the long
crack rate. Crack density has increased and the effect of crack linking
has increased., The cracks other than failure cracks have less crack
linking and have & nearly linear growth rate, while the failure crack
has a distinct slowing of the crack growth rate at about 70 percent of

the fatigue life which is not a fupnction of crack Tinking, This effect
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becomes more noticeable with an increasing torsional loading component

at R_ = 0.
£

3.5 Combined Tests

Figure 11 s the plot for R_= 0. This case is similar to the
axial Tloading at R_ = -1 in that the "small crack" effect is not as
pronouncad compared to axial loading at RE = 0, The effect of crack
linking is present. As seen in the data for Ae/2 = 1.0 percent, there
is a marked slowing of the crack growth rate at about 70 percent of the
fatigue 1ife which was observed for the axial loading at Ag/2 =
1.0 percent and RE = -1. This siowing was observed for both the failure
crack and the "“other" «cracks, hut was nnt ohservaed at Ae/? =
0.5 percent.

The slowing observed at R_ =0 and Ae/2 = 1.0% is not observed
at R8 = -1 (Fig., 12}, However, one crack at each strain amplitude did
slow, but appear to be anomalous. Beyond the "very small crack" sizes
(up to about two grains)., the crack growth rate increased at nearly a
constant rate, This distinction between the results at RE = 0,
andg R8 = -1 becomes more obvious for torsignal loading. Again, the

"small crack” effect 1is present, but not pronounced as discussed

for RE = 0 above. Also, the effect of crack linking is present.

3.6 Torsional Tests
Figure 13 shows tne data for Re = 0, The most obvious result fis
the dramatic decrease in the growth rate for all the cracks at about

70 percent of the fatigque 1ife or at the same stress intensity factors
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for each of the two effective strain amplitudes. This is clearly
distinguished from the R_ = -1 data (Fig. 14) where the data is nearly
Tinear beyond the very small crack sizes. This effect will be discussed
more fully later, Fogr both strain ratios, the small crack effect is
present, hut is a little more pronounced for RE = ] than for R8 = 0,

The effect of crack linking is quite large which is expected since the
crack density is highest for torsional loading plus these "other" cracks
are large in relation to the dominant crack. In fact, the dominant
cracks could not be followed beyond about 70 percent of the fatigue life

because of the extensive crack linking beyond this point.

3.7 Comparison of Loadings

Figures 21 through 24 shows no distinct layering between axial,

-combined, and torsional loading. However, the following general
observations can be made. There is more scatter in the data
for R_ = 0 than for RE = -1, In the <case of Ag/2 = 0,5 percent

and RE

3

0, the combined toading curve was removed from the axial and
torsional loading curves which are layered. This deviation cannot be
explained. Also for Ae/2 = 1.0 percent and R, = 0, the torsional
loading has a distinct slowing of the crack. Such effect is not
observed or as distinct in the other Toadings. Figure 25 clearly shows
that the "small crack" effect is present for this material. This figure

also shows an apparent joining up with the long crack hehavior,

3,8 Discussion of Results

The observed “small crack" effect could be caused by at least two
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main factors. In Mode I type loading, this could be the residual
plastic stretch in the wake of the crack tip that increased in the small
crack region up to a stabilized amount which leads to crack closure on
the reversed part of the strain cycle [81, This causes a reduced actual
stress intensity factor with a lower crack growth resulting. A similar
closure mechanism could be operative in Mode [I, Correction for this
could provide better predictions. This result has been obtained by
others for uniaxial specimens [7,17].

Additionally, slowing of the crack growth rate may be due to the
effect of the microstructure at these crack sizes. Cracks have been
observed to slow after passing across grain boundaries or upon hitting a
grain with slip bands offset [18). Lankford [9] has postulated this
effect on the basis of localized micro-plasticity within one grain which
has decreasing influence as the crack grows across grain boundaries into
grains of different orientation of favorable crystallographic structure
for crack growth, Additionally, crack branching has been observed at
very small crack sizes before one crack tip becomes dominant. Upon
reaching a certain size, the crack mechanics are probably more
adequately described by continuum mechanics models [8].

With Mode Il loading, there is probably a rubbing of the surfaces
plus mechanical interlocking of asperities on the crack surfaces. This
was observed by others [8,12]. Waill [13] reported observing debris
emanating from the cracks. It can be conjectured that the slowing of
the cracks observed in torsional Re = 0 loading 13 caused by such
mechanical interlocking., A discussion by Ritchie [8] postulates that

when the crack is within one grain boundary, the crack has not become
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faceted enough to provide this interlocking, However, as the crack
grows, encugh facets develop that interiocking starts., This effect may
increase up to a maximum amount at which point the crack nearly stops
growing, But damage could still be accumulated at the crack tip to
where the crack may become of a size that the crack is wedged open by
the asperities instead of locked. However, RE = «] torsional loading
does not display this behavior since the d{2c)/dn versus AKeff curve is
more nearly linear, This may be explained by Re = -1 being a back and
forth straining whereas RE =0 is in the same direction which means
for IilS = -1 interlocking does not occur as much as for R€ = 0 where the
asperities will always catch in the same way and at a relatively
high AYmax' Therefore, at this point, the stress intensity factor is
considerably reduced with a resuliting large drop in the crack growth
Eate. An increasing Mode I component with decreasing Mode I1 loading
would be expected to reduce this effect and is observed as the loading
goes from torsion to combined to axial. For the axial case
at RE = -1 and A%/2 = 1,0 percent, slowing of the crack at about
70 percent of the fatigue life is observed, This could be explained by
the compressive stress during the lower part of the strain cycle causing
a forcing together of the crack surface so the effect of rubbing or
interlocking in Mode II in enhanced. The "small crack"” effect was
observed earlier as less pronounced in certain cases, this was probably
due to a smaller Mode 1 component causing less crack closure,

The reduced growth rate after c¢rack 1linking can be possibly
explained by the need for the new crack to consolidate to the stable

semi-elliptical shape. Another explanation would be based on the effect
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that two cracks have on the stress intensity factor as the two cracks
approach each other, It is observed that crack linking does not appear
to affect the overall crack growth behavior, since a change in crack
density does not affect the crack growth rate versus AKeﬂ, plots,
Observation of the data tables ({Tables A.1 through A.59) shows,
that at most, Mode I type loading is about 60 percent of the Mode II
Toading. For long crack specimens, crack growth rates have been
reported as greater in pure Mode I than for pure Mode ITI [19] which is
similar to Mode II. However, the data reported here does not clearly
indicate any dominant effect of Mode [ loading on the crack growth rate
as a function of AKeff. Further experimentation f{s required to

determine the small crack behavior with greater Mode I loadings.
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4, CONCLUSIONS
The "small crack" effect ic observed for all loading cases. For
axial Joading at RE = 0 this effect 1is very pronounced, i.e., a
decrease in crack growth with an increase in the combined stress-
intensity factor. At all other Tloading conditions, combined
tension-torsion and torsion at R€ = 0 and -1 and for axial loading
at R_ = -1 this effect is less prenounced, i.e. the crack-growth
rate is increasing at a much slower rate as a function of combined
stress-intensity factor compared to the "long crack" behavior.
Beyond this "“small crack" region, the crack growth increases at a
nearly constant rate as a function of stress-intensity factor. This
could be the "long crack" behavior since this rate of increase is
much higher than in the “small crack" region.
An  increasing Mode-l loading compared to Mode-I1 loading on 4
specimen decreases the 1ife of the specimen. This behavior may be
explained by the effect of the rubbing and interlocking of the
fracture surfaces under Mode-11 loading.
Crack Tinking with the dominant crack is observed throughout the
Tives of the specimens under all the Tloading conditions, Even
though crack Tinking affects the immediate behavior of the crack, it
does not affect the overall crack behavior as observed on the plot

of crack-growth rate versus combined stress-intensity factor.
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5. RECOMMENDATIQONS EOR FURTHER STUDY
A detailed mechanism study should be performed to observe the
effects of crack closure, micro-plasticity, crack interaction with
the grain boundaries, mechanical interlocking, and rubbing of the
fracture surfaces, The effects of these mechanisms on the stress
intensity factors should be quantified.
The data presented in this paper should be compared with long crack
data for both Mode I and II. Some investigators have cbserved that
the transition from small to long crack behavior occurs in the
threshold stress-intensity factor region [8].
A smaller grain material should be tested under the same conditions
to decrease the crack density and determine if the effect of crack
Tinking can be eliminated,

Tests should be performed with higher Mode-1 loadings compared to

Mode 11,
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Table 1 Material Properties

General Properties

Modulus of Elasticity 205,500 MPa
Modulus of Rigidity 80,000 MPa
Poisson's Ratio (elastic) 0.28
Poisson's Ratio (plastic) 0.50

Monotonic Properties

Yield Stress 0.2 percent 1160 MPa
Fracture Stress 1850 MPa
Fracture Strain 0.33
% Reduction in Area 28%
Strength Coefficient 1910 MPa
Strain Hardening Exponent 0.08
Cyclic Properties
Fatigue Strength Coefficient 1640 MPa
Fatigue Strength Exponent ~0.06
Fatigue NDuctility Coefficient 2.67
Fatigue Ductility Exponent -0.82
Cyclic Strength Coefficient 1530 MPa

Cyclic Strain Hardening Exponent 0.07
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Figure A.1 Crack Length versus Cycles

A= 0, Ag/2 = 1.0%, R. =0



107

FAILURE{

Crack has Tinked e

O-FRILURE CRRACK

“wIZ~O0*N

2000.  4008.  ©000.

1200 . 5000 . S@203. 7000 .
N(CYCLES)

Figure A.2 Crack Length versus Cycles
A =0, 4e/2 = 0.5%, R. = 0



108

FAILURE
<{> Crack has linked wa»

|o-FaILURE cRACK

a. . 498.  e00. 1208
=200 ., ca0. 1000.

N(CYCLES)

Figure A.3 Crack Length versus Cycles
A= 0, 8e/2 = 1.0%, R = -1
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Figure A.4 Crack Length versus Cycles
A =0, Ae/2 = 0.5%, Re = -1
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Figure A.5 Crack Length versus Cycles
A= V3, Ae/2 = 1.0%, R. =0
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Figure A.6 Crack Length versus Cycles
A= V3, 8e/2 = 0.5%, Re = 0
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Figure A.7 Crack Length versus Cycles

A= V3, Ae/2 = 1.0%, R, = -1
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Figure A.8 Crack Length versus Cycles
A= V3, Ae/2 = 0.5%, R. = -1
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Figure A.9 Crack Length versus Cycles
A=, Ae/2 = 1.0%, R. =0
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Figure A.10 Crack Length versus Cycles
A=, Ac/2 = 0.5%, R_=0
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Figure A.11 Crack Length versus Cycles
A=, pg/2 = 1.0%, Re = -1
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Figure A.12 Crack Length versus Cycles
A= w, Aef2 = 0.5%, R = -]
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A =0, AE/2 = 0.5%, R_ = -1
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Figure A.19 Crack Growth Rate versus Crack Length
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