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SUMMARY
Constant- and variable-amplitude fatigue crack growth data have been obtained for

A7-U4SG-T651 (2214) -akM inim alloy applicable to frame 26 of Mirage 1110 aircraft,
enabling calibration of computer models of crack growth. Of the four crack growth re-
tardation models examined- Wheeler, Willenborg, modified Willenborg and Crock .
Closure-the Wheeler and modified Willenborg models are the most satisfactory but
both require calibration by test. Even so, crack growth is not accurately predicted when
the specimen geometry and the test sequence are varied from those used in calibrating
the models.

Apart from the crack growth models, the main sources of iraccuracy in predicting crack
growth are the inadequacy of the growth rate basic data, incorrect assumptions of crack 0
shape, and uncertainty in stress history. Thus, crack growth life may not be confidently
nredicted to better than afactor of two on actual life and, in some cases, the factor may be
ir high as ten.

POSTAL ADDRESS: Director, Aeronautical Research Laboratories, 0
Box 4331, P.O., Melbourne, Victoria, 3001, Australia
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I. INTRODUCTION

To determine inspection intervals for assuring integrity of an aircraft structure against
fatigue the following aspects require consideration: "

" a specification of flight loading:
* the stress distribution, to convert the loading history into a stress history and to establish

potentially-critical areas:

* a crack growth prediction model: S

" utilization of the model with materials crack growth data to predict growth rates in
critical areas:

* a procedure for asserting safety using inspections for detecting cracks.

4 This report deals with one aspect of the structural integrity of the Mirage 1110 aircraft 0
operated by the Royal Australian Air Force (RAAF), namely, crack growth prediction models.
It is restricted also to one part of the structure-frame 26 of the fuselage. This frame, shown
pictorially in Fig. I, is a composite of two forged aluminium alloy frames and connecting plates,
and contains the attachment points for the main spars of the wings.

Crack growth models have been formulated on a variety of bases, such as dislocation
behaviour, work-hardening processes, and crack tip geometries, but those most commonly 0
used are based upon a development of fracture mechanics by Paris. 1 2 Paris postulated that

da/dN = [(AK) (I)

and specifically that

da/dN - C(AK )n (2) 0

The fracture mechanics models are popular because they are simple to use and because they have,
in many cases, provided good agreement with experimental results, at least better than most
other models.

The Pris model (equation (2)) is recognized to have a number of deficiencies. It does
not account for the substantial effect of load ratio, R, on crack growth rates, or for the threshold -

AK phenomenon and the K,. limit of stress intensity, or for load sequence effects. .I

The present work utilizes the extensive fracture mechanics background in order to establish
a suitable model for predicting crack growth in frame 26. Constant-load-amplitude tests on
frame 26 material provide basic growth rate data, evaluate the effects of R, and determine limiting
growth rate conditions. Variable-amplitude tests allow the *calibration' of crack growth re-

4 tardation models and provide crack growth data for comparison with predictions.

2. LOAD SEQUENCES '1

2.1 Ioad-Time Histories 0

Ihe loading sequence used for the 'calibration' crack growth tests %has derived from that
used h) the Swiss Federal Aircraft Factory (F+ W)at Emmen. Switzerland for testing Mirage III
aircraft. The sequence was thought to he sufficiendy representative of RAAF Mirage flying for
the computer model calibration.*



The F + W sequence is a flight-by-flight type with 200 flights per program.3 The 200 flights
are not all unique; there are 24 unique or 'typical' ones repeated to give selected occurrence .-. • -"
frequencies. One program contains approximately 39,000 turning points and the occurrence
distribution is given in Table 1. The maximum load of 7.5 g occurs in only one of the typical -

flights (number 2), but this flight is used twice in the 200 flight program, once as flight 48 and
once as flight 150. The 7.5 g load occurs within these flights at turning point number 116. The
g-levels in Table I are only nominal designations. Stresses in the specimen tests were chosen
arbitrarily and were directly proportional to the g-values listed. It is useful to retain the g nomen-
clature in discussing the fractographic and crack growth modelling aspects of this report.

A different Mirage load-time history was applied to two specimens as a check on the com-
puter model calibrations. This sequence was derived from the 'all-time-average' of RAAF
Mirage flying applicable up to late 1976. It was based on Fatigue Meter records which were
used to derive a strain sequence at a particular control point on frame 26, namely, the area
around the 6 mm fastener hole in the 8 mm thick outer flange at the bottom of the frame
(Reference 4 gives the derivation). The sequence consists of 500 flights (all different) per program
and one program encompasses approximately 108,000 turning points. The occurrence distri-
bution is given in Table 2. The maximum load is equivalent to 7.8 g and occurs only once-
in flight 65, turning point 43. The derived strain sequence is location dependent and the con-
version from g to strain depends on whether the aircraft was fitted with centreline tanks. Only
6.64'. of all flights utilized these tanks and for the present task it is satisfactory to describe the
stress level in the specimens tested under this sequence as a certain gross area stress per g, obtained
by dividing the stress under the maximum load by 7.8. (This gives scaled levels for ready com-
parison with the levels of the F + W sequence).

2.2 Constant-Load-Amplitude Tests-R Values

For the F + W sequence described above, Table 3 was compiled using range-mean-pair
counting, to show the frequency of occurrence of R-values associated with a range of maximum

g-levels. Three R-values were chosen for obtaining constant-amplitude data, namely +0.7,
+0.2 and --07. They were chosen to cover most of the load excursions counted (to reduc.
the amount of extrapolation), but not to include the extremes which cover relatively very few
excursions.

3. MATERIAL AND SPECIMENS

3.1 Regions Modelled

Twso regions of the forged parts of the frame were chosen for the purpose of calibrating
crack growth models and these are illustrated in Fig. 2. Figure 2(a) shows the flange area around
hole 18 from which cracks have grown during full-scale testing. The metal is nominally 5 mm
thick at this hole, although the thickness measured on some frames has been as low as about
3 mm. Figure 2(b) shows the bottom of the forged frame near the aircraft centreline where the
bulk of the material is 20 mm thick and the outer flange is 8 mm thick. Various stress analyses5  S
have indicated this region of the frame to be that most highly stressed.

The thickness and bolting arrangements in these two regions are considered to be sufficiently
representative of most other regions in the forgings and for the purpose of calibrating crack ,.
growth models.

3.2 Material

The material specified for the frame 26 forgings is the French A-U4SG aluminium alloy
(equivalent to the US 2014 and the British LI04 specifications). A 55 mm thick rolled plate
to the current specification of this alloy, A7-U4SG-T651, was available and used for the testing
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program. It is equivalent to the US alloy 2214. The tensile and fracture properties of this plate
are given in Table 4. Figure 3 shows the locations of fatigue specimens within the thickness of .2
the plate.

]

3.3 Specimens

3.3.1 Standard Crack Growth Specimens

Because of the need to apply compressive forces in obtaining some of the crack growth data, a
centre-cracked-tension (CCT) configuration was adopted, Fig. 4. This design conforms to the
ASTM standard. E647-81 for obtaining constant-load-amplitude fatigue crack growth rates.
Two thicknesses were used, 5 mm and 20 mm, appropriate to the generic regions of the frame 1
noted above.

3.3.2 Simulation Specimens I
The flange area around hole 18 is simulated by a 5 mm thick plate having a central hole

with a 5 mm diameter interference-fit screw, as illustrated in Fig. 5 (denoted hole-18 simulation
specimen). The plate thickness, hole finish, hole-to-edge distance, screw type and torque all
conform to the practice for hole 18. 0

The bottom-of-the-frame area is simulated by the configuration shown in Fig. 6. The - -

specimen (denoted frame-bottom simulation specimen) has retained the essential dimensions
of the frame but the geometry has been modified to a symmetrical cross-section to avoid bending
strains during test.

4. TEST TECHNIQUES

The constant-load-amplitude tests were made according to the definitions and requirements
of ASTM E647-81. (The one exception to recommended practice was that testing was stopped , . -

overnight with the lo,,d sustained at the mean load of the cycle. No transient effects on subse-
growth rate were observed.) A single electrohydraulic fatigue machine of dynamic capacity
330 kN was used for all tests except those of the frame-bottom simulation specimens, for which
a 600 kN machine was used. For most tests on 5 mm thick specimens the loading accuracy
was increased by fitting a 44 kN load cell to the machine. Figure 7 illustrates the test arrange-
ments.

To conserve testing time two values of cyclic load were used during the course of most

constant-amplitude tests. After precracking, the loading was set to give growth rates in the
region of 4 x 10 9 m'cycle. After sufficient readings were taken to locate the da/dN-AK curve
around this growth rate the maximum and minimum loads were increased by 40-50% and kept
constant until failure.

For CCT specimens the crack lengths were measured manually during the test. A grid
with I mm spacings between lines was applied using photoresist and a contact printing tech-
nique. The grid lines were used as references and crack lengths between the lines were measured
using X40 microscopes with scaled graticules. Measurements were recorded to the nearest
0.02 mm. Crack lengths were measured on both faces for the 20 mm thick CCT specimens,
but only on one face for the 5 mm thick specimens.

The cyclic frequency for all constant-load-amplitude tests was 15 Hz and a sinusoidal wave S
form was used. Constant velocity and acceleration rates were used for the sequence tests and the
values set to produce the same average cyclic frequency with a sinusoidal-like waveform.

A standard controller was used for load control in the constant-load-amplitude tests.
A PDP 11/20 computer with magnetic tape storage was used in the sequence tests to control

3 i1



both waveform and turning-point value. A chart recorder fed from a peak detector gave a
continuous record of load and allowed checks on the sequence as desired.

5. CRACK GROWTH DATA

5.1 General

5.1.1 Crack Length Measurements

Mostly, one specimen per condition was tested. With CCTspecimens the manually-measured
crack growth data were supplemented, where necessary, with fractographically-derived data.
The supplementary data were required in two cases.

(i) A computer malfunction part-way through the F+W sequence test of a 5 mm thick 0
CCT specimen (GZIAJI) resulted in no crack length readings being made after
2a = 30.90 mm. Scanning electron and optical microscopies enabled the remainder of
the fatigue crack growth to be tracked (Fig. 18 shows the results).

(ii) Corrections to measured crack lengths were required when excessive crack front curva-
ture was observed. All specimens were examined for this curvature and when it was
large enough in any part of the fracture to result in a greater than 5% difference in 0
calculated stress intensity (the ASTM criterion for correction), corrections to average
recorded crack lengths were made as follows. The differences between recorded crack
lengths (surface measurements) and average through-thickness crack lengths (using a
5-point measurement method) were determined. These differences were plotted against
the surface-measured crack lengths and a best-fit straight line was used to make
corrections to all recorded crack lengths for that specimen. Figure 8 shows an example
of curvature and a correction line adopted.

Crack lengths in component simulation specimens were obtained entirely from fracto-
graphic analysis. Macrophotographs of the fatigue fractures in these specimens are shown in
Fig. 9. The hole-18 simulation specimen, Fig. 9(a), failed through the central screw hole with
major fatigue cracking commencing at several points down the bore of the hole and at the plate
surface (screw head face) on one side of the hole approximately 3 mm from the hole edge. The
latter origin appeared associated with one of a number of longitudinal scratches made on the
5 mm thick plate to assist in crack growth measurement.

The frame-bottom simulation specimens failed through an end pair of Huck fasteners (see
Fig. 7(b)) although fatigue cracking was mostly around one fastener of the pair. In the early
stages of fracture the fatigue crack can be classed as embedded. In the frame-bottom specimen
tested under the F + W sequence, Fig. 9(b), crack growth was measured from the bore of the hole
to the outer edge of the specimen in the 8 mm thick section. Crack growth rates on the opposite
side of the hole were roughly similar. Cracking in the frame-bottom specimen tested under the
RAAF 'all-time-average" sequence, Fig. 9(c), occurred in three regions. The major region,
and that used to determine growth rates, was from the bore of the hole in the 8 mm thick section
to the 20 mm thick interior of the specimen. Fretting induced cracking due to side plate rubbing
occurred near the outer corner of the 8 mm thick section in the mid-plane section of the hole,
and in the opposite 8 mm thick section at a plane coinciding with the end of the side plate.

5.1.2 Analytical Techniques

5.1.2.1 Crack Growth Rate Data

Two methods of obtaining da/dN AK data from the recorded constant-amplitude crack
growth data (crack length v. number of cycles) were investigated. One was to use cubic splines
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to curve-fit the raw data and then differentiate to obtain growth rates. It was necessary to experi-
ment with the placing of knots in this method to achieve a best-fit curve: Fig. 10 shows one
such data set and fitted curve. Although first and second derivatives at a simple knot are con-
tinuous, rapid curvature changes may occur from one side of the knot to the other and unaccept-
able da dN-AK plots follow. The other method was to use the seven-point incremental poly-.
nomial technique as given in ASTM E647-8 1: this was found to be satisfactory and was adopted
for all the analyses.

5.1.2.2 Load Ratio (R) Effects

Cycle-by-cycle computer models of crack growth require estimations of crack growth
rates over a range of R-values. Two methods of coping with this variable were utilized. One
method was to define an effective AK in such a way that it correlates all the experimental R
information available. This was achieved by using an equation due to Schijve,6 namely,

AKeff = AK[O55+0"35R+0' I R] (3)

This equation is based on the concept of crack closure, where the stress to open (and close)
the crack is a function of the maximum stress and R-value. A comparison of Figs 12 and 13
shows that the equation above satisfactorily accounts for the R variable.

The other method (contained in the CRACKS IV7 crack growth prediction program)
makes simple interpolations and extrapolations using a linear AK scale and a logarithmic da/dN
scale. The data are stored in arrays of crack growth rate and AK for the various R-values. Nega- 0
tive R-values are treated as zero (except for the crack closure retardation model-Section 6.3.4)
and R-extrapolations are not made. Determination of growth rates outside the AK data limits,
for particular R-values within the stored arrays, occurs by straight-line extrapolation (on log/
linear scales) of the first or last two data points.

5.1.2.3 Threshold Stress Intensities

Threshold AK values, defined as those which give a growth rate of 10-11 m/cycle, were
estimated for the constant-amplitude test results on 20 mm thick material by combining the
location of the present da/dN -AK curves with the threshold AK data given in ESDU 81031.8
The values arrived at were, S

R AKth (MPa m I)

+0.7 0.70
+0.2 163
-0.7 2.21

The threshold value of .K,,f was calculated to be 0.80 MPa m, by using the values above
with the Schijve equation (Section 5.1.2.2) and taking an average.

5.2 Test Results

Table 5 lists the various specimen numbers and test conditions used in the present investi-
gation. Figures II and 12 show the crack growth rate data* derived from test results for 5 rm
and 20 mm thick CC7 specimens respectively. Only one repeat of any test condition was made
during the present test series-a 5 mm thick CCT specimen tested at R +0-2. The results

* Following standard practice, AK Kmax for R < 0.
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are given in Fig. 14 which shows that scatter in crack growth rates is less than a factor of two;
a usual result. Figures 15-17 show that material thickness (5 mm-20 mm) has no substantial effect
on crack growth rate, considering normal scatter.

The crack growth results using the F+W sequence are given in Figs 18 and 19 for the CCT
specimens and in Fig. 20 for the simulation specimens.

6. CRACK GROWTH MODELLING

6.1 Crack Growth Model

The deficiencies of the Paris model of crack growth, as noted earlier, have been overcome
to some extent by formulations which more closely resemble the shape of the crack growth rate
curves and account for the mean stress effect (see, for example, References 9 and 10). Another
possibility is to use experimental growth rate data instead of relying upon a particular-form
equation. This approach was adopted for the present work and it was foreshadowed in Section
5.1.2.2 xshich described the analytical techniques used to cope with the load ratio effect on crack
growth rate.

6.2 Crack Length Summations

The computing technique used calculates the crack growth increment arising from the current
stress cycle and adds it to the length of the crack calculated up until that cycle, i.e.,

n£.

an ao+ /-(XKi) (4)

For any load history, such as the F+ W sequence, the increments of crack growth are calculated 0
for the stress cycles in the order in which they are applied to the specimens. The definition of a
cycle in a sariable-amplitude stress history and the use of discriminator levels on stress for
efficient computer use may affect calculated crack lengths, but these aspects will be examined
later sshen describing the results.

The following computer programs were utilized. S

(i) An ARL program which incorporates the Wheeler model of retardation (described
shortly) and which utilizes the Schijve definition of AKerf (Section 5.1.2.2) and a cubic
spline curve-fit to the crack growth rate data (see, for example, Fig. 13).

(ii) CRACKS IV- generated by Engle of the U.S. Air Force Flight Dynamics Laboratory.
This program contains many options for the basic model, the retardation model,
stress intensity factors and input formats.

6.3 Retardation

The sequence of load application is known to affect the rate of subsequent crack growth,
the severest effect being a retardation after the application of one or a small number of high
positive loads. Computations of crack growth ignoring retardation usually resull in ultra-
conservative predictions and this had led to models which modify the basic premise of equation (I).

* 60



Four retardation models have been examined, all options of CRACKS IV, and brief des-
criptions follow.

6.3.1 Wheeler Model

Wheeler' introduced a retardation parameter, C), bounded by zero and unity, which is
calculated for each cycle and represents the state of strain at the crack tip during that cycle.
It is used as a multiplying factor on the calculated increment of crack growth.

Specifically.

Aa C,.f(AK) (5) •

and

CP "a 4-R, <" 6

(a, a)

where

R, is the size of the current yield zone from the current crack length, a,

a,, is the distance, from zero, to the longest elastic/plastic interface caused by prior
cycling,

m is a shaping exponent to be determine,, experimentally.

Descriptively, the amount of retardation is related to the extent to which the current-load yield
zone penetrates the yield zone resulting from a prior high load. Wheeler found experimentally
that the shaping exponent, in, was material dependent, having a value of 1 3 for a steel and a
value of 3-4 for a titanium alloy.

1
6.3.2 Willenborg Model S

Willenborg et al.'2 have operated directly on the crack growth driving function AK by
computing an effective AK(AK,r) from an assumed state of residual stress. Using the notation,

a, current crack length

a1, .maximum extent of plastic /one due to prior stressing,

the applied stress, Ya,, necessary for the current yield zone to just reach the extent of the prior
plastic zone is claculated by

Or,, =- Cr iv Id 2 a.) (7)

Where C is a constant.

A stress reduction, 0Yr,.. is then defined as

r, - (afp -- (8) a

%khere (rmax is the maximum stress of the current cycle. -"

Note that for an overload aGiax), followed by a cycle with a lower maximum stress a2(maxl,)

OrdI GI(inax) '2(max) (9)

Hotelcer, for subsequent cycles of magnitude a,-,, ar,d will gradually decrease as the crack length
increases.

The final step in this model is to reduce the maximum and minimum stresses of the current
cyclc by the amount 07red. giving:

aImax. ff) rinax - rdi (10)

lyminwrfj Ofmin - area (II)

7
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When an effective stress is less than zero it is set equal to zero. Crack growth is computed using
these effective stresses with any desired crack growth model. Note that Willenborg et al. predict
cessation of crack growth with an overload ratio (alcmax/a.2(max)) of two or more.

Retardation arises in two ways with this model. ,

(i) A reduction in R (when both effective stresses are positive).

(ii) A reduction in AK (and probably also in R) when one or both of the effective stresses
is set equal to zero.

6.3.3 Modified Willenborg Model

Gallagher and Hughes13 have noted that the overload ratio producing crack arrest (some-
times referred to as the shut-off ratio) is material dependent and is not the constant value of two
as predicted by the Willenborg model. In addition, it is observed that there exists a threshold
value of stress intensity for crack growth (Kth) which should be taken into account.

Their modification to the Willenborg model was simply to alter the gred calculated above
by a proportionality factor 0, such that (using K rather than a notation)

Kred = oKrcd (due to Willenborg) (12)

where (h accounts for the shut-off ratio, S, and Kth. From Willenborg above, 0

Kerr = K2-Kred (13)

and

Kred K 1 -K 2  (14)

before crack growth commences after the overload. Introducing the proportionality factor, 0,
and noting that at crack arrest, i.e. when K 1/K2 = S, Kerr = Kth it follows that

(I -KthK2)
S-I (15)

It is claimed13, 4 that with a knowledge ofS and Kth good predictions of crack growth in overload-
affected zones are made. 0

6.3.4 Crack Closure Model "

Eiber' 7 has shown that in a cracked specimen subject to tension-tension loading the crack 0
closed, uporn unloading, at a positive value of load (due to plasticity effects behind the crack tip).
Assuming that crack extension occurs only as the crack is opened, an effective stress for crack
growth is defined.

Aouerr U Omax oUe (I16) -"

where a,. is the closure stress (requiring measurement). •

Defining a closure factor, Cr, as

Cr (17)

Urmax

the equation above becomes

5 Aaerr- Uma 0I -C) (18)

Bell et al.5., 11 have formulated a crack growth model based on this concept of crack closure
coupled with data from a variety of tests they conducted on 2219-T851 aluminium alloy and
Ti-6A1-4V which investigated a number of important features such as multiple overloads and

8



growth rate transients. Unlike the previous models it allows both acceleration and retardation
to be evaluated and it accepts negative stresses. Specifically they determined the influence on the
closure stress, or the closure factor, of the stress ratio, the overload stress, and the number of
overloads. The stress ratio effect is modelled by the equation

Ct = Cf_l +(Cfo-Crj)(l + R)P (19)

where

Ct is the closure factor at any R

Cr-, is the closure factor at R -- I

C 0 is the closure factor at R = 0.

Note that from equations (18) and (19) the stress range at some R-value can be translated to a
stress range at any other R-value on the basis that the effective stress is independent of R. Thus,

(1 -R2)(l -CfRI)AG2 O1 -- R1)I- CR 2) (20)

(CRACKS IV requires that all stress ranges be translated to R = 0).
Bell et al. used crack growth data from overload tests to determine values of the closure

factors and, because of the range of stress ratios covered by equation (19) negative stresses can
be accounted for in crack growth prediction (unlike the Willenborg model which treats all nega-
tive stresses as zero).

Retardation due to an overload cycle is modelled by;

op= g'el- cl-O'2 ) b; 0 Aa RY (21) "

where

Ucl.2 are the stabilized closure levels associated with the overstress al
and the lower stress U2 respectively,

Ry, is the overload plastic radius,

a is the crack growth increment subsequent to the overstress.

Equation (21) allows for the fact that the constant-amplitude closure stress is not established
immediately after one or more cycles of overstress but takes until the crack reaches the limit
of the overstress plastic zone.

Multiple overloads produce more retardation than a single overload, up to a limiting number,
and this effect is modelled by assuming that the closure stress associated with the overload stress
level is a function of the number of overload cycles. The equation used is;

N, i "
=- i+ ( - ')(N 0 1 - , (22)

where S

y is the ratio of the closure stress after No, overloads to the stabilized
closure stress (after N.,at overloads),

yj is the value of y for N.1  I.

The crack closure model thus requires as additional input the values of six parameters:

Ct0 closure factor at R -- 0.

Cr_, closure factor at R I.

p exponent for determining the closure factor at any R.

9 5



b exponent for determining the decay in closure stress with cycles
subsequent to an overload. "'

yj the effectiveness of one overload in establishing the steady state
closure stress of multiple overloads. .0

N,.t the number of overload cycles to achieve saturation in the closure
stress.

7. CALIBRATION OF CRACK GROWTH MODELS USING RESULTS FROM
CCT SPECIMENS TESTED UNDER THE F-iW SEQUENCE

7.1 Wheeler Retardation Model

7.1.1 Calibration

Calibration of the Wheeler exponent, rn, was achieved by comparing the experimental
crack growth curve with the curves predicted using various rn-values. In comparing these curves
most emphasis was placed on the goodness of match over the whole of the data, and a minor
emphasis was given to the prediction of the number of programs to failure. Little weight was
attached to how well the final crack length was predicted since that can depend on the values
chosen for K, and initial crack length. The weighting was dictated by the subsequent use of the 0
calibrated models-to determine inspection intervals and accurately predict small crack lengths.

Figure 21 gives the calibration results for the 5 mm thick specimen and an rn-value of I 1 is
seen to be optimum. Figures 22 and 23 give the calibrations for the 20 mm thick specimens and
indicate that optimum rn-values are:

Stress (MPa)/g rn-value

17-98 1.50
13-33 0-75

It is evident that themr-value is not a material constant, as was initially envisaged by Wheeler,"'
and one solution to this problem is to cover a sufficiently wide range of stress/g values by test,
so that a more-accurate rn-value may be chosen for prediction. This approach has been used in
the damage tolerance assessment of the F-4 aircraft' 8 and Fig. 24 reproduces that data base.
These data arc for 7075-T651 aluminium alloy and are the most appropriate available for the
present work. ]*Max is the maximum value of the gross-area stress in the sequence and Q is a crack
shape fa.ctor (Q I for a through-thickness crack).

Two points are noted from Fig. 24. The calibration in-values given above lie within the
scatter of the F-4 data, although towards the upper bound. Secondly, the scatter in rn-values is
quite large and indicates that the Wheeler model is unlikely to yield consistently accurate pre-
dictions. This is not to say that the model is useless, for there is a need to compare the scatter
in predicted crack growth lives, using data such as those in Fig. 24. wsith uncertainties in other
aspects of the prediction process. For example how well known is the time history of the stresses, ...

and their magnitude. how accurate is the base growsth rate data, and how good is the modelling
of those data'?
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The Wheeler model calibrations above used CRACKS IV (Figs 21-23) and for the 20 mm
thick specimens equivalent calibrations were made using the ARL program with the following
results,

Stress (MPa)/g m-value

17.98 i.1
13.33 0-5

The following sections now describe some of the decisions made in order to predict crack growth,
and they also compare the ARL and CRACKS IV programs.

7.1.2 Stress State

Plastic zone sizes were calculated assuming a state of plane stress for the 5 mm thick CCT
specimens and a state of plane strain for the 20 mm thick CCT specimens. From the fracture
toughness and yield stress values in Table 4 a thickness greater than about 12 mm is calculated
to be in plane strain and a thickness less than 1 mm is in plane stress. It is evident that the 5 mm
thick specimens are in an intermediate stress state.

In section 8 where crack growths in simulation specimens are examined, a plane stress state -..-.

is assumed, the critical-section thicknesses being 5 mm and 8 mm for the hole-18 and frame- .

bottom simulation specimens respectively. S

7.1.3 Crack Shape
Crack growth predictions for all CCT specimens assumed a through crack. For simulation

specimens (considered in Section 8) an embedded crack shape was assumed having a depth-to-
length ratio of 0-33. Predictions assuming that the embedded crack grows into a through-
thickness one were shown to be practically identical to those assuming an embedded configura-
tion throughout the growth.

Predictions in this report have a clear advantage in that they are made only for specimens
whose crack shapes are known by test (see Fig. 9). The effect of assuming other shapes is examined
in Section 8.

7.1.4 K,. Value

The ARL crack growth program uses an equation for the basic growth rate data, da/dN-
AKer, based on cubic splines, and it is necessary to determine a K, in order to cope with AK
values above the limits of the data. It is also necessary to define a K, fracture criterion for both
computer programs. Rather than use K1, the approach taken was to determine a K,. value . .
such that the final crack length was exactly predicted (using an optimum Wheeler m-value)
for one specimen test result, and to then apply this value to all predictions. For the test results
from the 20 mm thick CCT specimen GZIAEI a &, value of 48.6 MPa mi (using an m-value
of I' I) gave the desired result. This value transforms to AK,,etr (Schijve) = 26,7 MPa m,
based on the assumption that the load excursion producing fracture commences at zero load.
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7.1.5 Load Sequence Truncations

To minimize computer time two truncations were investigated.

(i) For a sequence of turning points denoted I, 2. 3, etc., assume that the turning point
excursions 1-2, 3-4, etc. represent the full cycles 1-2-3, 3-4-5, etc. This practically
halves computer time and was adopted for all predictions of crack growth. It was shown
to give a nearly identical prediction to that using the complete set of half-cycle excursions
1-2. 2-3, 3-4, etc.

(ii) Editing of the load sequence to remove 'small' loads was investigated with two methods.

(a) Turning point pairs were deleted when their load range was below a specified value.0
0-5 g was found to be the maximum truncation value which resulted in essentially
the same prediction as the untruncated sequence, and this value was used with the
ARL program.

(b) Turning point maxima were ignored when their magnitudes were below a specified
value and, %khen such instances occurred, the turning point minima retained were the S
smallest ones occurring between the successive turning point maxima retained. Fig. 25
shows the effect of delimiter choice on crack growth prediction using the modified
Willenborg retardation model (a similar result applies when using the Wheeler re-
tardation model) and indicates that a value of I 5 g is acceptable for reducing com-
puter time without impairing the prediction. This value was used for all predictions
made with CRACKS IV and its use reduced computer time by a factor of 2.5. 0

7.1.6 da/dN-AK Data Representations

Section 5.1.2.2 noted the use by CRACKS IV of experimental data tabulations, and by the 0
ARL. program of an effective AK (by Schijve) for the growth rate data. Also noted was the
CRACKS IV extrapolation technique of fitting a straight line through the last two data points
(log linear scales). Extrapolation %%ith the Schijve --Ketr approach was made by fitting a curve
%%ith an arbitrary upper limit at K,,cetf, and I metre cycle.

These data representations %ere compared by making a specific crack growth prediction
using CRACKS IV. For this purpose the Schijve AK rtr curve kas inverted to a family of 5
da dN - AK curves, as shown in Fig. 26, which %%ere then digitized. Fig. 27 shows that there is a
sizeable difference (about 20% in life) between the crack growth predictions based upon these
t%%o schemes of representing the same data.

This difference could result from either the extrapolation technique, or the representation
of the experimental data region, or both. Output from CRACKS IV had been arranged to sho%%
the percentage numbers of the cycles and the crack increments which use AK values outside the
limits of the data. The percentages below are applicable to the prediction shown in Fig. 27
using experimentally-obtained da dN AK data. Type I extrapolation is from the lo%%er growth
rate end of the data to the threshold level: type 2 extrapolation is at the upper end and limited
by K.

Stress g Wheeler exponent Percent of crack length and cycles derived from extrapolation
(MPa g) (M) of growth rate data

Type I Type 2

crack length cycles crack length cycles S

13.33 0.5 0.2 16 54 2

17.98 I -I zero 3.3 82 12
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When the percentage crack length is very small, the percentage cycles, although sizeable-
e.g. 16%, will be of little consequence because the number of flights, as distinct from cycles,
predicted for a given crack length will be practically unaffected by the extrapolation. The results
above allow the following inferences.

(i) The combination of data extrapolation and method of representation gives a 20%
variation in predicted crack life as shown in Fig. 27, and extrapolation alone effects
no more than 12o of the cycles. Thus, at least about half, and probably most, of the
difference between the crack growth predictions shown in Fig. 27 arises from the different
representations of the data over the range of AK values used in the experiments. (Simply
because the percentage crack length or cycles predicted from extrapolated data points .
is sizeable for any one crack growth curve it does not follow that differences between
two predicted curves result from the extrapolation technique).

(ii) The extrapolation technique used for the lower growth rate region of the daldN-AK
curve is immaterial, in fact practically the same growth curve would have been predicted
if no extrapolation at all had been used. A corollary to this is that the experimental
crack growth data could have been obtained commencing with a somewhat higher
growth rate.

(iii) The method of extrapolating da/dN-AK experimental data in the high growth rate
region has a greater potential for affecting growth predictions than extrapolations
in the low growth rate region. Any extrapolation effect will become larger as the pre-
dicted crack length increases and, for this reason, predictions must be regarded as
becoming less certain as fracture becomes more likely. If the aim of the predictions
is to establish inspection intervals the foregoing should not present a great problem.

7.1.7 Comparison of ARL and CRACKS IV Programs

It was shown above (Section 7.1.1) that the ARL and CRACKS IV programs gave some-
what different m-calibrations for the same experimental crack growth data. The different
da/dN-AK representations required for the two programs certainly contribute to this difference
(see previous section) and it is possible, though thought not to be so, that other features of the
programs contribute. The matter was resolved by using the inverted Schijve AKeft constant- 0
amplitude crack growth data (Fig. 26) with CRACKS IV and comparing the crack growth
predicted with that obtained using the ARL program (requiring the Schijve AKtt data curve
as mentioned earlier).

Two cases were examined, using the F+ W sequence and Wheeler retardation: m = I 1,
stress = 17.98 MPa/g; and m = 0.5, stress 13.33 MPa/g (the CRACKS IV prediction for the
former case is shown in Fig. 27). As anticipated, in both cases the predictions were practically S

identical.

7.2 Modified Willenborg Model

The modified Willenborg model of retardation, like the Wheeler model, has one parameter
available for calibration. In this case it is the shut-off ratio, S, originally envisaged' 3"14 as being
a material constant. Figures 28 and 29 compare predicted crack growth curves with those obtained
experimentally for the tsAo 20 mm thick CCT specimens tested under different stress/g
conditions.

It is clear that the main problem encountered in calibrating the Wheeler model also exists S
with the modified Willenberg model, namely that the appropriate value of the disposable para-
meter is dependent on stress level. At a stress/g value of 17.98 MPa, a shut-off ratio of about
2.2 seems appropriate, whereas at a stress of 13.33 MPa a ratio of approximately 3.0 is appro-
priate. This problem could be treated similarly to that with the Wheeler model calibration
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but this would require a considerable amount of test information (typified by that in Fig. 24)
which is currently unavailable. It is therefore concluded that there is no advantage of the modified
Willenborg model of retardation over the Wheeler model.

7.3 Crack Closure Model

The crack ciosure model of retardation requires six parameters to be specified (Section 6.3.4)
and few data exist to guide in the selection of values. Three of the parameters model the stress -
ratio effect on crack growth rate (equation (19)), and used in conjunction with equation (18)
they allow the determination of an effective stress range. (Thus far the model is similar in approach
to the Schijve effective stress-section 5.1.2.2).

Eidinoff and Bell' 9 have tabulated values of the parameters for some aluminium and titanium
alloys: the alloys most relevant to the present investigation are 2219-T851, 2024-T851 and
2024 T3. Values for these materials are;

Cf0  Cr_ 1  p b y1 Nsat

2219-T851 0"400 0'347 3-93 1.0 0'667 13"0
2024-T851 0'400 0'347 3"93 1.0 0"667 200"0
2024-T3 0-500 0'450 3'42 1.0 0'667 13'0

The first three columns permit translation of all AK values to those at R = 0 (equation (20)).
Using the values for the T851 temper, the experimental constant-amplitude crack growth data S
for the 20 mm thick CCT specimens (Fig. 12) were replotted and are shown in Fig. 30. It is
apparent that the parameter values chosen did not adequately correlate the R-effect. However,
the values for 2024-T3 were then used and they provided a much better correlation-Fig. 31.
(Because the data points in Fig. 31 overlap, and CRACKS IV requires a monotonic tabulation
of constant-amplitude data, it was necessary to resort to fitting a curve from which monotonic
values could be determined. The curve-fitting technique used was that described earlier (Section
6.2) when presenting the Schijve AKert data, and the result is given in Fig. 32).

The values of the parameters for 2024-T3 listed above were used to predict crack growth
in the 20 mm thick CCT specimens tested under the F+ W sequence and the results are shown
in Fig. 33. Prediction of the 13.33 MPa/g crack growth is excellent (perhaps fortuitously so,
considering likely scatter) and is within a factor of about two for the growth under the
17 .98 MPa/g stress. Given that another set of parameter values make a better prediction of the
higher-stress crack growth it is most unlikely that they will be as good as the 2024-T3 set in pre-
dicting the lower-stress crack growth. For this reason, and because the optimising of parameter
values requires extensive testing outside the scope of the present work, calibration of the crack
closure model was not attempted.

* S (

8. CRACK GROWTH PREDICTIONS

It is of interest to examine how satisfactory are the calibrations of the previous section for
predicting crack growth in situations a little different from those used for calibration. Two main
variations were examined, a change in geometry using simulation specimens, and a change in
sequence using the RAAF 'all-time-average'.
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The crack growth predictions described in this section were made tll CRACKS IV and
used the experimental dardN-AK data in tabulated form. The stress states and crack shapes
used in the predictions were noted in sections 7.1.2 and 7.1.3.

8.1 F - N' Sequence, Simulation Specimens, W'heeler Retardation

Crack growth in the frame-bottom simulation specimen was predicted using a Wheeler
exponent of 2.7 taken from the F-4 curve shoran in Fig. 24. The prediction is compared with J
the experimental result in Fig. 34 and seen to be rather conservative. An in-%alue of 4.2,
obtained by linear extrapolation from the two calibration values obtained with the 20 mm thick
CCT specimens, was selected, as also was a value of 4.5, and the results are also displayed in . .
Fig. 34. The ti-value of 4.2 gives about the best overall prediction of the experimental result,
but it is clear that no m-value will give an excellent prediction over the whole range of the experi-
mental data.

The influence of the choice of crack shape on predicted crack growth %as examined for this •
specimen. The results, shown in Fig. 35, illustrate a dramatic influence. (References 20 to 22
give the respective K-calibrations).

No prediction was made specifically for the hole-18 simulation specimen. It is evident
from Fig. 20, which compares the experimentally-obtained crack growth in the frame-bottom
and hole-18 simulation speciricrns tested under practically the same stresses, that most crack
growth models would have difficulty in predicting both results. The predictions shown in Fig. 34
for the frame-bottom simulation specimen will apply without much change to the hole-18 speci-
men. The smaller bolt in the hole-18 specimen (5 mm dia. compared with 6 mm dia. in the
frame-bottom specimen) means a slightly lower stress intensity and therefore slightly longer
predicted life. But this cannot explain the eight-times longer life of the hole-18 specimen.

Crack growth in the hole-I L) specimen is even more difficult to reconcile with that in the frame-
bottom specimen when the crack that initiated at the plate surface is considered (Fig. 9(a)).
It might be anticipated that this crack, by decreasing the net-section area, would, if anything,
increase the growth rate of the cracks emanating from the bore of the hole.

8.2 RAAF 'All-Time-Average' Sequence

Crack growth in the 20 mm tI-ick CCT specimen tested at a stress of 14 12 M Pa/g was
predicted by considering firstly, no retardation, and then some retardation using the four models
described in section 6.3. Figure 36 compares experimental and predicted crack growths.

The Wheeler exponent (tit 097) was a linear interpolation of the calibration tn-values
determined in Section 7 (see Fig. 24), also based on CCT specimens. The in-value based on the
F-4 curve, Fig. 24, is zero and hence gives the 'no-retardation' prediction. The modified
Willenborg shut-off ratio S 2"75 is also a linear interpolation of the Section 7 calibrations,
and the crack closure retardation used the six parameter values for 2024-T3 given in Section 7.3.

The Willenborg and crack closure retardation models are highly non-conservative and
obviously unsatisfactory. Quite reasonable predictions are made with the Wheeler and modified
Willenborg models when a linear dependence of the retardation parameter on stress is assumed.
The no-retardation assumption gives a prediction of crack growth that is not less than 0.63 of
the experimental result.

Experimentally-obtained crack growth in the frame-bottom simulation specimen (from
the area shown in Fig. 9(c)(ii) and described in Section 5.1.1) is shown in Fig. 37. Commencing -2
at program number 112 (with corresponding crack length of 0.837 mm) there is a sudden increase
in growth rate which coincides with the complete fracture of the outboard 8 mm thick section --
see Fig. 9(c)(i). Though the shape of the crack growth curve is unusual an attempt was made to •
predict its behaviour using the two retardation models which seemed most promising from the
CCT results above--the Wheeler and modified Willenborg models. The values of the Wheeler
exponent (ri 2.4) and the modified Willenborg shut-off ratio (S 1 .24) were determined by
linear extrapolation of the calibration values determined in Section 7.
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The experimental crack growth data covered crack lengths ranging from 0.230mm to
18.630 mm at w hich stage fracture occurred. At crack lengths of 0.230 mm and 0.837 mm
the crack was embedded: at some larger dimension it became a through-crack and remained so
until fracture. These features can be seen in Fig. 9(c)(ii).

Crack growth prediction using modified Willenborg, an asymmetric embedded crack,
and an initial crack length of 0.230 mm is shown in Fig. 37. It is clearly non-conservative, even
over the crack length range of 0.230 mm to 0.837 mm: in fact very little crack growth at all
was predicted.

Similar conditions were used with Wheeler retardation in the hope of more-adequately
predicting growth behaviour over the crack distance 0.230 mm to 0-837 mm. The prediction
was conservative but still rather poor as shown in Fig. 37. An attempt was made to predict " -
the higher growth rate portion of the data, also with the Wheeler model, by using the facts
that at a crack length of 0.837 mm (from the bore of the hole) the 8 mm thick ligament fractured
and the growth rate suddenly increased by a factor of 14. The inset in Fig. 37 illustrates the
crack geometry at a crack length greater than 0.837 mm. Stress intensity for this configuration
",as modelled using the form;

K = Ca(L+a)' (23)

That is. for a>0.837 mm the length L is added to the expression. The value of the constant,C,
is determined from the fact that there is a sudden 14-times increase in growth rate at
a - 0-837 mm; thus, assuming a fourth power Paris law of crack growth,

C2 = 14' CI Lia (24)

v here C1. C2 are the constants for growth at crack lengths less than (where L = 0) and greater
than 0.837 mm respectively.

It was also assumed that from an a/t ratio of 0-5 (a = crack length, t = thickness) the 0
value of C2 changed linearly with crack length until a through-crack (a/t - i.0) configuration
was reached. The ,value of C2 from above was 1.33 and was applied up until a/t 0.5, and
the final through-crack value was \ 7r. As it eventuated this refinement had little effect on the
prediction of crack growth.

Crack growth predicted on the bases above it shown in Fig. 37 commencing at program 112
and crack length 0.837 mm. Its gross inadequacy arises partly from an inappropriate deter-
mination of the Wheeler exponent and partly from the simplified characterization of stress
intensity.

9. DISCUSSION

9.1 General

[o summarize briefly, the Wheeler and modified Willenborg models of retardation, "hen S
calibrated, enable satisfactory predictions of crack growth in specimens having the same geometry
((CT) as those used for calibration (Fig. 36). The Willenborg and crack closure retardation
models, and crack growth prediction without retardation, are unsatisfactory. Admittedly, a
reasonable prediction may have followed if the crack closure model was properly calibrated,
but there is a question of value-for-effort.

The success of the retardation models for crack growth prediction in more complex geo- 6
metrics is mixed. None of the models were satisfactory when the sequence was different from
that of the calibration (F- ig. 37), w hereas the Wheeler model was satisfactory for the frame-bottom
simulation specimen tested under the F+ W sequence used for calibration (Fig. 34). Two other
experimental facts of significance are that in complex specimens crack locations and geometries
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are not predictable with certainty, and that hole-18 and frame-bottom specimens tested under
the same stress and sequence gave markedly different (a factor of 8) crack growth lives (Fig. 20).

The words satisfactory, poor, reasonable, non-conservative, have been used above or in
previous sections to describe how well crack growth predictions have matched experimental-

o .

results. Expectations of prediction accuracy seem often to depend on the use to which the pre-
dictions are put. For aircraft structures operated by damage tolerance principles quite accurate
predictions of crack growth are necessary. The number of flights predicted and the number
utilized in service to produce a given length of crack should, ideally, differ by not more than
about 10", Progressively larger differences will result in increasingly poorer utilization of the
structure if a given safety level is to be maintained. There are several factors, now discussed.
which affect the accuracy, and hence our expectation, of crack growth prediction.

9.2 Accuracy of Stress Hfistory

The stress magnitudes in the test load histories used in the present work are known pre-
cisely, at least well within the +2%, allowed in ASTM E647-81. In complex structures, however,
local stresses may be known only to within + 10 to 50"./-the accuracy depends upon the pre-
cision of load measurement, the complexity of the geometry and the loading, the stress analysis
technique, and the effort expended. Using a fourth power Paris law for crack growth the
foregoing stress accuracies transpose to a range of crack length prediction of approximately
±50 to 500,,: although this is taking the extreme case of the magnitudes of all stress cycles
being biased in one direction.

Likewise, in the laboratory tests on the specimens, the number of cycles at any given stress
and the order in which they are applied are known precisely. This is not usually so with aircraft
structures in service, the result of which is to further degrade the accuracy of prediction.

9.3 Accuracy of da/d N-AK Data S

There are several considerations which affect the accuracy of the crack growth rate data.
The first point considered is how much scatter in growth rate may be expected-which leads to a
determination of the number of replications required for a given confidence in the mean. The
'variability factor' on growth rate at any AK is likely to be of the order of tWo.23 (The variability
factor is defined as the ratio of maximum to minimum growth rates assuming a log normal

of all the growth rate data)).
Only one constant-load-amplitude test was repeated in the present investigation (Section 5.2)

and from Fig. 14 it can be determined that the maximum variability in growth rate is a factor
of approximately 1 5. Additional information on variability can be obtained by considering
the trends of growth rates with R-value Figs II and 12. It can be seen that,

(i) the general trend of increasing growth rate with R-value is similar in both 5 mmn and
20 mm thick specimens, and accords in magnitude and direction with other published
dat a,

0i6 ariations in growth rate with R-value are of the order of potential scatter-e.g. in the
mid-ranges of AK the growth rates at R n 02 and 0i7 sary from one another by a
factor of 3 3.

a NOu the excellent correlation of the various R information %ith Schije's equation, Fig. 13,

implies little scatter in the originals.
It follows that the present data sets are close to population means and that the average
%.ariability factor is likely to be less than 1 -5.

A second consideration is the effect of the data reduction process on prediction: this was
addressed in Section 7.1.6 and illutrated in Fig. 27. It was concluded that different represen-
tations of the experimental data can result in sizeable differences in prediction of the number of
programs to achieve a given crack length. One of these representations was the AKr format by
Schije, and although his representation gave predicted lives at any crack lal sth which differed
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by about 20' from those using experimental data tabulations, it is not necessarily inferior.
The Schijve treatment has one major advantage, namely that experimental data at one R-value
only are required. (As an aside, the crack closure model of retardation also has the potential
for correlating growth rates at various R-values (see Fig. 31) but in this case at least two sets of
experimental data are required).

A similar influence of the dadN-AK representation on crack life prediction has been
noted by Hewitt.24 Using five different representations he back-calculated constant-amplitude
crack growth for three specimens of 2219-T951 aluminium alloy from growth rate data and using
CRACKS IV. The variations in predicted crack growth life were I : 115, 1 : 115, 1 : 178

for the three specimens. Hewitt also compared the predictions of crack growth life with the
original test data from the three specimens. Using growth rate data which contained data from "

the three specimens the predictions varied by as much as 2500 from the actual test life (though
in one case the Nariation w as much greater).

A third consideration is the choice of data limits and extrapolation techniques. The lower
limit of experimental growth rate obtained in the constant-load-amplitude tests was approxi-
mateh 10 :1 m cycle: threshold values (at 10-1 m/cycle) were determined as in Section 5.1.2.3.
Section 7.1.6 showed that even if no extrapolation had been used at low growth rates the pre- 0
dictions sould have been practically the same. Obviously, as stresses decrease and predicted
numbers of flights increase, lower-growth-rate extrapolations will assume some significance.
It ssas also shoswn in Section 7.1.6 that extrapolations at the upper-growth-rate end of the data
have the potential for affecting the prediction.

The crack grosth models investigated in this report (as do all others to the authors' know-
ledge) require a single .alue of K. as the upper limit of growth rate. It is known2 5 ,26 however, 0

that stress history as sell as geometry affect the value and it would seem that fatigue crack growth
models should include K,, as a history-dependent variable. (An alternative view could be taken
that the improsements in the accuracy of prediction would be small when compared with those
possible by reducing variability from other sources).

A fourth consideration is the applicability of available constant-amplitude crack growth
rate data. The data shoswn in previous sections are entirely applicable to the variable-amplitude 0
crack growth predictions as they were derived using specimens taken from the same plate of
material. Figure 38 compares the present growth rate results on 20 mm thick specimens with three
other sets of data considered to be the most relevant of those located in the literature.2 7, 28

Two conclusions from this comparison are:

(i) forged and plate material gike about the same growth rate-a conclusion of some
significance to crack growth predictions for frame 26,

(n) the present results are similar to, though not exactly identical with, those in the literature.

Some indication of the magnitude of batch effects on crack growth is available from the
work of Schije and de Rijk.29 They measured crack growth in 2024-T3 alclad aluminium alloy
obtained from scen manufacturers, the tests being made under both constant-amplitude and
program load conditions. The ratio of highest to lowest crack propagation life was about 2 : I
for the constant-amplitude tests and I -5 : I for the program load tests. A more extreme result
kas found b, Hesitt,21 however, in his work noted above. Calculations of crack growth life,
using \,arious da d.V AK representations were compared with experimental results from three
specimens. When the growth rate data were taken from sources other than that with the experi-
mental results, the ,nredictions of crack growth life varied from the experimental lives by as much
as a factor of six.

9.4 Amsumption of Crack Shape
4 S I

The necessary prior choice of crack shape can markedly influence the crack growth pre-
diction as illustrated in Fig. 35. From the initial condition adopted, a 0.356 mm, there is a
7 : I difference in the predictions assuming embedded and through-crack shapes.

The U.S. Military Specification on damage tolerance30 requires a corner flaw of quarter-
circular shape at a hole. Pike and Kirkby3i have shown, however, that even if such a crack
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occurs initially, subsequent grokkth, until it becomes a through-crack, is more likely to be quarter-
elliptical. That is. cracks tend to propagate faster dokn the bore of a hole than along the plate '-.
surface. Pike and Kirkby made crack growth predictions \%ith both groN th shapes under a
%ariety of conditions including no retardation, t%%o initial crack radii, three types of structural
element, txo materials, tMo stress spectra. and %arious stress per g %alues. The ratios of the
quarter-circle to quarter-ellipse predicted crack gro%%th lives varied betkkeen about I and 10.
%%ith .alues betseen 2 and 3 being most common.

A substantial bias can. therefore, be introduced into crack gro~kth i edictions by assuming *1
a crack shape khich does not e%entuate in practice. Although the U.S. Military Specification
appears to haxe taken a reasonable and conserxati\e shape the study of Pike and Kirkhy shoks
that there is a danger of cracks actually gro% ing much faster than predicted or of the predictions

being ultra-conserxati\e.

9.5 Correctness of Crack Growth Models

Very little can be said about the absolute correctness of the \arious crack gro\%th and
retardation models. Scientifically they all ha%e some plausibility and some deficiencies. To
judge them on performance is, mostly, a test of their robustness since they are used in conjunction
\%ith the many factors noted above which can influence the prediction.

The present study supports the viex that a model of retardation should be used in estimating 0
crack erox.th to avoid ultra-conservatixe predictions. Of the four retardation models considered.
that by Wheeler proxed the most robust. Although simple in concept its 'shaping exponent" in
xaries %kith stress per g and kkith crack shape, and requires calibration by test. The linear cali-
bration line from the present tests, Fig. 24. is a little different from that obtained on F-4 and
associated tests. One reason for this could be that only single component simulation tests \ere
made under any condition: no attempt \,as made to establish mean gro th beha iour. Another •
reason comes from Section 7.1.1 where it wkas sho%%n that the Wheeler m-\alues depend on the
method of treating the basic crack grokth data. Using the Schijve AK,,tf approach the cali-
bration m-%alues from the present tests are much closer to the F-4 curxe. Consistency in usage
is beliexed to be more important in retardation modelling than attempts to establish \\hether
absolute calibrations are possible.

The dexelopment of retardation models has required the specification of an increasing number
of parameters to cope k ith further insights into the complicated process of crack propagation
under xariable-amplitude loading. The crack closure model is a good example of this. The
\alues of such parameters are obtainable only by test, and it remains to be seen ho\% close the
generation of this information comes to replacing prediction by test.

9.6 Total Variability

The discussion has covered most factors xhich. indixidually, contribute to inaccurate crack
growth prediction. The crack gro\kth model used and the crack shape assumed both give a bias
to the gro%\th prediction, the amount of %khich cannot be determined \\ithout test, although
data such as are in this Report can pro\ide guidance.

The accuracy of the (hi c/V - AK data and of the stress history can be transposed into a
xariability in prediction which may be statistically described. The combined effect of these txxo
sources of xariability may be described, approximately, by a summation of variances. Thus.
assuming that xariations in gro%%th rate (da dN) and stress are distributed log normal.
xariance in programs to failure i, given as:

,'2,ipro rain-i 112,Rro%,,ot ratv, 4- 1- 2 -trv'- 2 .

%%here m is the Paris exponent, and a2 (in this case) is the Nariance (in logarithms). Taking the
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Nariance ratio of the growsth rate data as 2 (a minimum value), and the Paris exponent as 4,
the following values of combined variance were obtained for different variance ratios of stress.

Variance ratio Varianc,. ratio
of stress of number o' programs

1I 205
1"2 2"19
S1.5 2.91

The ariabilitv in growth rate thus dominates and only very large uncertainties in stress magni-
tude contribute substantially to the variability in predicted life.

10. CONCLUSIONS

1. Ultra-conservative predictions of fatigue crack growth can occur when no retardation is
incorporated in a crack gro\.th model.

2. Of the four retardation models considered-Wheeler. Willenborg, modified Willenborg and
Crack Closure-the Wheeler and modified Willenborg models are the most satisfactory.
k ith the Wheeler model possibly being the better of the two.

3. Both the Wheeler and modified Willenborg models contain one disposable parameter which
is not a material constant and requires calibration by test. A deficiency of the crack closure

retardation model is that it requires a number of tests to determine the values of six parameters.

4. The Wheeler model of retardation cnables satisfactory predictions of crack growth in speci-
mens ha\.ing the same geometry as that used in tests for calibrating the model. When the
loading sequence and the specimen geometry are different from those used in calibrating the
retardation models, none of the retardation models yield accurate predictions.

5. Of the \ariols factors \%hich mao influence the accuracy of crack growth prediction, the
adequa\c of the (hi d. AK data and how, they are treated, the assumption of crack shape.
and the accura\c of the stress historx appear to be the most important. Using the \arious
cra,.k gr ith and rctardation models considered in this Report, and treating the case of an
aircraft ,tructure. an cxpectation of predicting crack growth life to better than a factor of
t\, 11, tin\arranted. It should be anticipated that some predictions will only be mithin a
trcto, ,t ten ot actual rack roirh life.

*20 5)o: :
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TABLE I

Frequency of load occurrence in F W 200 flight
sequence

Occurrences
g-level* per program

7-5 2
6.75 to 7 25 6 0

6.25to6.75 IX
5.75 to 6.25 14
5.25 to 5.75 88
4.75 to 5.25 205

4.25 to 4.75 275
3.75 to 4- 25 634 S
3.25 to 3.75 913
2.75 to 3.25 1,364
2.25 to 2.75 1,430
1.75to2.25 2,319
Il25to 1.75 4,233
S075 to 1 .25 10,060 0
0.25 to0.75 15,678

-0.25 to0.25 1,706
-0.75 to -- 025 104
--1-25 to -0.75 28
-1.75to --1.25 14
--2.25 to -1-75 2
-275 to -2.25 4
-3.25 to -275 2

Total 39,099

• The g-levels indicated are proportional to the

loads applied in the specimen tests; they are not
necessarily an accurate representation of forces
seen in the F+W test article because of the
different flying load cases

.S
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TABLE 2

Frequency of load occurrence in RAAF 'all-time-
average' 500 flight sequence

Occurrences
g-level* per program

7.8 1
7.25to 7.75 0
6.75 to 7.25 2
6.25 to 6.75 106
5.75 to 6.25 139
5.25 to 5.75 361
4.75to5.25 871
4.25 to4.75 1,347
3.75 to 4- 25 2,448
3.25 to 3.75 3,524
2.75 to 3,25 4,874
2.25 to 2.75 5.261
1 .75 to 2.25 14,679
1 .25 to 1.75 28,299 0
0.75 to 1.25 9,151
0.25 to0.75 33,126

--0.25 to0-25 3,163
-075 to --0-25 177

- 1.25to -0.75 14
1-75to -125 1

-2.25 to -I.75 1

Total 107,545

* The g-levels are based on a unique linear relation

betwveen stress and g, and are proportional to the
loads applied in the specimen tests. They are
based on the relation between the highest load and
g which is relevant to the case of no carriage of
centreline tanks. As noted in the text however, a
small fraction of the flying is with centreline tanks
and this makes the above g estimations not com-
pletely accurate as a measure of the forces seen in
the aircraft.
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TABLE 3

R values in F NN' 200-flight sequence (without ground loads) I

Peak 1 ... _-1
load R< 0.7 07<R 0.6<R 05<R 04<R 0.3<R 0.2<R 0.1<R

(g) < 0-6 < 05 < 0.4 < 03 < 02 <- 01 -0

1 0 0 52 0 0 0 0 0
15 0 .0

25 0 0 0 0 0 0 0 0

2 20 0 0 0 0 0 0 0

3 0 0 0 0 0 0 0 0

4 0 0 0 0 0 14 0 0
4 1 0 0 0) 2 0 14 0 0 -)

5 0 0 0 0 0 0

. 0 0 0 0 0 0 0

6 0 0 0 0 0 0 0 0
.5 0 0 00 0 0 0 0

7 0 0 0 0 0 0 0 0410 
0 0 0 0 0 0

_I
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Table 3 (Continued)

Peak
load 0<R 0. 1<R 0.2<R 0'3<R 0'4<R 0'5<R 0'6<R 0.7<R 
(g) <0' 1 <0.2 <0.3 <0.4 <0'5 <0.6 <0.7

1 52 0 0 0 0 110 0 0

15 52 24 34 398 0 0 1099 0

2 52 0 116 0 0 948 0 241

2-5 0 0 271 0 863 102 0 0

3 0 14 0 682 0 270 0 0

3-5 156 50 400 0 62 152 0 20

4 52 10 202 231 0 95 0 0

4"5 52 4 112 20 66 117 0 0

5 0 II 110 15 104 0 0 0

5-5 58 0 52 12 5 0 0 0

6 0 18 18 0 0 14 0 0

6.5 0 12 0 0 6 0 0 0

7 0 6 0 0 0 0 0 0

7.5 0 2 0 0 0 0 0 0

____ ____ _ __ ___ ___ _ __ ___ ____ __ ___ _,._ ___ __,



TABLE 4

Tensile and fracture properties of A7-U4SG-T651 55 mm thick
rolled plate (batch serial GZ)

(a) Static tensile

Specification GZ

01 I, proof stress (MPa) 451

0.2 proof stress (M Pa) 390 457

Ultimate tensile strength (MPa) 450 502

Elongation (%) (5'65\ A) 5 10.7

(b) Fracture toughness

25 mm thick LT specimens

GZ

Fracture toughness.
K,. (MPa m )
(a~erage of 8 tests) 32.0

Standard deviation (MPa ml) 0.5

I
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TABLE 5

Test conditions and specimen numbers

Test details
Loading Specimen Specimen

condition tN pe Material R-value Initial Final number
thickness max. load max. load

kN kN

Constant CCi' 5 mmn +0-7 17.33 24.32 GZIAG3
amplitude +0-2 8.00 11.22 GZIAF3

+0.2 1006 12.07 GZIAF2
0.7 10.47 - GZIAG2

20 mm -0'7 95"52 143"28 GZIAAI 0
4-0'2 41 "72 62-58 GZIABI

0.7 40"48 56"67 GZIACI

(TC 5 nim gross area stress: GZIAJI
sequence 15'97 MPa g

20 mm gross area stress: GZIAEI
17.98 MPa g

20 mm gross area stress: GZIAB2
13-33 MPa, g

Hole-18 5 mm gross area stress: GZI E2A
siMulation 44.04 M Pa, g

Frame-bottom 20 nim gross area stress: GZI EI B
SiMnulation 43-80 MPa g

RAM Af- 20 mm gross area stress: GZIAA2
all-time- 14-12 MPa, g
a' crage----------.. ....... . ...
sequence Frame-bottom 20 mm gross area stress: GZIDIB

simulation 28"63 M Pa, g--"

* _ _ _ _ _ _ _ _ _ _ __ _ _
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FIG. 2 REGIONS OF MIRAGE FRAME 26 MODELLED



Plate designation GZ

Hatched specimens used in tests -other spares

Plate length

Plate width

1A2 AD 1E2 1AF4 1AG4 JAJ

I 0A U/

r 1AGGZ11D2A

Plate

L 
length

-w - Plate width -- ~

1EC E Plate

L..E1 length

I(I)) sinu I lit i01) s) ( It ri n (,il

FIG 3 LOCATION OF SPECIMENS WITHIN THICKNESS
OF ROLLED PLATE



Scale, graduated
in 1 mm spacings
either side of
specimen
(On both sides for
20 thick specimen)

40 30 20 10 0 10 20 30 40 EL Specimen
,~ 4dia.

40 30 20 10 0 10 20 30 1.0 12

Slit width 0.015

Detai(s of notch

Length

0

W_- Width--_____

Length Width Thickness

(a) 300 100 20

(b) 300 75 5

FIG. 4 CENTRE -CRACKED-TENSION SPECIMENS
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dia. and two-stage reamed to4.969 l
4.957 mm dia (Z7 tolerance)

I o -

187 350

ICI S
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FIG. 5 SIMULATION SPECIMEN HOLE 18
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(a) Crack-front curvature
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(i) Full cross-section x 1.5 6

(ii) Detail of crack x 12
Crack depths measured along line indicated.

FIG. 9(b) FRACTURE OF FRAME-BOTTOM SIMULATION SPECIMEN
TESTED UNDER F + W SEQUENCE (GZ1E1B)
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Crack depths measured along line indicated.
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