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TECHNICAL NOTE L39k

THE RATE OF FATIGUE-CRACK PROPAGATION IN
TWO ALUMINUM ALLOYS

By Arthur J. McEvily, Jr., and Walter Illg
SUMMARY

A general method has been developed for the determination of
fatigue-crack propagation rates. In order to provide a check on the
theoretical predictions and to evaluaste certain empirical constants
appearing in the expression for the rate of fatigue-crack propagation,
en extensive series of tests has been conducted. Sheet specimens,

2 inches and 12 inches wide, of 2024-T3 and T075-T6 elumimm alloys
were tested in repeated tension with constant-amplitude loading.
Stresses ranged up to 50 ksi, based on the initial area. Good asgree-
ment between the results and predictions was found.

INTRODUCTION

The rate of propagation of fatigue cracks is a subject not only of
academic but also of practical interest as applied to fail-safe design.
Some theoretical and experimental work has already been done in this
field, but as yet no generally spplicable method for the quantitative
prediction of the rate of fatigue-crack propagation is availsble. The
aim of the present lnvestigation is to present such a method and apply
it to the aluminum alloys 2024-T3 and TO75-T6.

SYMBOLS
a semimajor axis of ellipse, in.
c half-width of plate, in.
C1 material constant, ksi

C constant of integration, cycles
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rate-determining functions
theoretical stress-concentration factor for ellipse
theoretical stress;concentration factor for circular hole

theoretical stress-concentration factor modified for size
effect

theoretical stress-concentration factor

exponent

number of cycles

incremental number of cycles

rate of fatigue-crack propagetion, in./cycles
ratio of minimum stress to maximum stress

endurance limit (or the stress at 108 cycles), ksi

maximum load divided by remsining net sectional area, ksi

maximum losd divided by initial net sectional area, ksi

one-half of total length of central symmetrical crack, in.

stress-dependent proportionality constant, in.—E/Lycle
number of cycles from beginning of work-hardening stege
radius of curvature, in.

Neuber material'constant, in.

effective radius of curvature at tip of fatigue crack,
in.

local stress, ksi -
fracture strength of critical region, ksi

yleld strength of critical region, ksei

<l
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THECRETICAL, CONSIDERATIONS

Background Information

An excellent review of the state of knowledge on the growth of
fatigue cracks has recently been given by Schivje (ref. 1) and will not
be repeated in detaill herein. However, the work of Head (ref. 2) and
Weibull (refs. 3, 4, and 5) is of particular interest and will be
briefly described.

Head developed a physical model of the process of fatigue-crack
propagation based upon Orowan's concept of fatigue (ref. 6), which con-
siders that locelized fracture occurs as the result of an increase in
stress due to an accumulation of work-hardening in the vicinity of a
stress raiser. Head visualized the process of fatigue-crack propagation
in the following memner: At the tip of an existing crack or flaw, the
local strength would be exceeded in accordance with the Orowan mechanism.
The crack would then advance an incremental emount into a region which
had not yet been fully work-hardened. The region at the tip of the
extended- erack would then be hardened, and the process would be repeated
over and over st an ever increasing rate since the stress-concentration
factor at the crack tip would increase as the. crack grew in length. The
expression for the rate of fatigue-crack propagstion developed from this
model is of the following type:

& _ a2 (1)

dN

From integration of equation (1) the crack length as a function of N
is

_L X
x 2= a(C - N) (2)

where o 4is a factor depending on stress, C 1is a constant, x is
one-half the crack length, and- N 1s the number of cycles. These equa-
tions are limited by a number of assumptions, among which are: +that a
linear law of work-hardening applies, that the mean stress is zero, and
that the medium is of infinite extent. The number of arbitrary constants
involved in the determination of the constant o precludes the general
quentitative use of equations (1) and (2). Head compared the trend pre-
dicted by equation (2) with experimental results obtained for steel
tested in rotating bending and, although the tests were not in keeping
with all of his assumptions, found fairly good agreement over most of

the range. Schijve did not find as good agreement from comparison of
equation (2) with test results for axially loaded aluminum-alloy specimens
at R = 0.
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Weibull (ref. 3) has presented data on fatigue-crack propegation
for a series of constant-load fatigue tests at R = 0 for sheet specl-
mens of 2024T-~3 and clad 7075-T6 aluminum alloys. He also developed .
semiempirical expressions for the rate of fatigue-crack propagation in
these alloys. In deriving these expressions he assumed that the peak
stress at the tip of the fatigue crack 1s the principal factor which
determines the rate of fatigue-crack propagation

The resultant expression was of the form

&

=X < kSt - _ - (3)

=

where the constants k and n are to be determined empirically and
depend upon the original specimen dimensions, the material, and possibly
also the stress distribution. (Although Weibull was cognizant of the
fact that the stress-concentration factor increased with crack length,

no attempt was made to incorporate this fact into eq. (3).) Weibull
checked the validity of equation (%) with test results and found good
agreement except for very small cracks.

In a second investigation (ref. L), Weibull found that for sheet
specimens of aluminum alloys tested at coustant amplitude of stress on
the remesining net section at R = 0, the following expressions for the
rate of fatigue-crack propagation gave good agreement with the data:

for 2024-T3,

1. ;
% = T7.28 % 10‘7(snet - :L.u) £ (&)

and for clad 7075-T6,

-6 1.
% = 2.9% x 10 (sn,_e_t) 03 (‘5)

Equation (4) indicates that for the particular 2024-T3 specimens tested,

a stress exists below which a fatigue crack will not be propagated and
that the rate of crack propagation depends solely on the net section
stress and is independent of crack length., On the other hand, equation (5
indicates that no matter how low the stress level the fatigue crack
should be propagated.

Welbull's results (refs. 3 and 4) were obtalned from specimens
approximately 2 inches wide for maximum stresses between 5 and 20 ksi at
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R = 0. He made the further observation (ref. 5) that the rate of fatigue-
crack propagation is proportional to the width of the specimen. However,
no data were presented to illustrate this effect.

This brief review indicates that considerably more quantitative
information is required before the rate of fatigue-crack propagation in
aluminum alloys can be predicted. Much more information is needed for
the rate of fatigue-crack propagation at other values of R and for
varisble-amplitude loading. The review also reveals that the theoretical
approach of Head 1s too qualitative because of the number of not readily
determined constants involved, whereas the semiempirical approach of
Weibull 1s too restrictive (i.e., to certain specimen shapes and test
conditions) to be generally appliceble. The method described herein will
attempt to be more quantitative and more general than the previous
approaches to the problem of the rate of fatigue-crack propagation.

Derivation of Equations

At the present time the complex nature of the process of fatigue-
crack propagation precludes the derivation of expressions for the rate
of propagation based solely on theoretical considerations. However,
theoretical considerations can indicate which parameters are of impor-
tance, and useful results may be obtained through a semiempirical
approach. Such an aspproach is adopted in the present paper.

In order to formulate an expression for the rate of fatigue-crack
propagation, a physical concept of the process is required. TFor this
purpose the process is considered to conslst of two stages as in refer-
ence 2: during the first stage the material in a critical region at
the tip of a crack is cyclically work-hardened up to the fracture
strength of the material; during the second stage the crack is propa-
gated an incremental amount into material which has not been work-
hardened. Then the first stage is repeated, and so forth.

The extent of crack growth during the second stage will depend
inversely upon the amount of plastic deformation required to advence
the fracture front. Hence, it would be expected that in relatively
brittle meterials the extent of this advance would be greater than in
more ductile materials.

In order to clarify the role of the work-hardening stage, some of
the main points of Orowan's theory (ref. 6} are briefly reviewed.
According to this theory, in any metal object there exist certain weak
sites which will deform plastically while the remainder of the body
remains elastic, provided the yield stress oy of the sites is exceeded.
During cyclic loading the local stress at these sites increases because
of the cumulative effects of work-hardening, and when the local stress
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is raised to the local fracture strength, a fatigue crack is nucleated.
(Unfortunately, the local fracture strength is a quantity which has not
yet been quantitatively defined.)

Although the materiel at the critical sites may be thought of as
hardening to the fracture strength, the work of Wood and Segall (ref. T)
has shown that there is a limit to the amount of overall hardenling which
can be developed through cyclic loasding in a specimen for a given
plastic-strain amplitude. In thelr experiments, this limiting value
varies approximately as the square root of the plastic-strain amplitude.
Once this limit has been reached, the specimen can be cycled indefinitely
without a further change in the yield level of the material. The fact
that the material yleld strength leveled off instead of rising indefi-
nitely was attributed to a process of stress relaxation.

In the present investigstion, the first-stage process of work-
hardening at the tip of the fatigue crack is considered to involve both
the Orowan concept and the findings of Wood and Segall, with the addi-
tion that the stress-concentration factor for the crack Ky 1s taken

into account. A method for the computation of stress-concentration
factors for fatigue cracks has been presented in reference 8 and a brief
review is given in the eppendix of this paper. According to Wood and
Segall, the total Increase in yleld strength developed through work-
hardening 1s approximately proporticnal to the square root of the plastic-
strain aemplitude. In the present case the straln amplitude and hence

the smount of hardening ‘developed for the material at the tip of the

crack is a function of the product of Ky, the stress-concentration fac-

tor, and 8,.¢, the net section stress based on the instantaneous

remaining area. Values of this product within the elestic range of the
material correspond directly to the peak stress in & region at the tlp

of the fatigue crack. Beyond the elastic range, very high values even
with respect to the static strength of the material may be obtained.
However, because of plasticity and stress relaxation, the actual stresses
will be much lower. For such cases no attempt is made to fix theilr exact
magnitudes in this paper. Within this highly stressed region lie the
damage nuclei of the Orowan type which are work-hardened up to the
fracture strength, while the peak stress of the region as a whole may
meanwhlle have leveled off at some lesser value. In some cases it
develops that, when ZXKySpet 18 in the elastic range, The fatigue cracks

will still be propagated. This observation lends support to the idea
that the critical sites which are being work-hardened are of even smaller
dimensions than that of the region of peak stress. This interpretation
is in contrast with Head's concept, which considers that the entire
region at the tip of the crack makes up the critical site. _
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During the work-hardening stage for a given material the number of
cycles required to raise the stress at the critical site up to the frac-
ture strength of the msterisl depends upon KySpet and the endurance

limit of the meterial. This latter value is assumed to be known from
tests of unnotched specimens. Where the existence of an endurance limit
is not clear, the stress at 108 cycles will be taken. For values of
KNSnet Pbelow the endurasnce l1imit the work-hardening stage cannot lead

to the formation of a crack, while for KyS,ot Vvalues in excess of the
endurance limit a erack will eventually be nucleated.

In order to formulate an expression for the rate of fatigue-crack
propagation, let 17 be the mmber of cycles elapsed in a particular
stage 1 upon which attention has been focused since the preceding stage 2,
and let do/dn be interpreted as the rate of increase of. stress per
cycle at a critical site during this first stage. Denote the total num-
ber of cycles involved from the start to the finish of this first stage
by AN. Then the total number of cycles to propagste a crack over some
large distence will be the sum of the various values of AN involved
if no cycles are involved in the second stage. If 1t is assumed that
the rate of increase of stress at the critlcal site is inversely propor-
tional to the nmumber of cycles 1 since the last increment of crack
growth and that the rate for a propagating crack also depends upon KySpet

and the endurance limit, the rate of increase of stress can be expressed
as

dog _ 1
do _ L ¢k S (6)
dn 1 ( Nonets e)
When this expression is integrated between the local yield strength Oy
and the local fracture strength op, the following expressions are
obtained
Of .
loge AN = fl(KNSnet,Se) f do (7
of
y

or

log, &N = Cqfy (KyS, .1, Se) (8)
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where
Op )
Cq = Jr do
%y
Therefore,
Cif4 (KxS 5
AN = et l( NPnet» e)_ _ (9)

The extent of ilncremental crack growth during the second stage also
depends upon the value of KNSnet and may be expressed as

% = £5(KySnet) (10)

It 1s assumed that the time required for this incremental growth
is small compared with the period of cycling. The average rate of
fatigue-crack propagation may then be expressed as

.o D £2 (KNSnet) (1) .
AN _C1f1 (KnSnetSe)
or
Cy /
logip T = log1g fo(KnSpet) - 2.3 71 (KSnetSe) (12)

Equation (12) is not of quantitative value, but shows that the rate of
fatigue-crack propagation for a given materisl is a function solely of
the parameter KySpet. The boundary condition is imposed that for

KySpet equal to or less than the endurance limit, the rate of fatigue-;_

crack propagation should be zero. An expresgion for the rate of fatigue-
crack propagetion can be obtained only when some data are availsble, but
once cbtained can be extended to any other stress level or configuration
for the meterial. A description of the specimens end tests of the pres-
ent investigation used to obtain such an expression is gilven in the
following section. '
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SPECIMENS AND TESTS

Specimen Preparation

Sheet material was chosen for this investigation because of its
importance in aireraft structures and also because of the relative ease
with which crack propagation can be studied in it. All specimens were
mede from single sheets of 2024-T3 and 7075-T6 aluminum alloys, nominally
0.102-inch thick. Blanks, 2 by lTE inches and 12 by 35 inches, were

sheared from these sheets parallel to the rolling direction, and a pum-
ber of standard tensile specimens were machined from various locations

in the original sheets. Figure 1 gives the configurations of the crack-
propagation test specimens. A fg-—inch-diameter hole was drilled at the

center of each blank snd a %E-inch-deep notch was cut in each side of

the hole with a nylon thread impregnated with a fine valve-grinding com-
pound. The thread was drawn repeatedly with a reciprocating motion

ecross the edge to be cut. The procedure resulted in remarkably consist-
ent radii of 0.005 inch with an error of approximately *0.0003 inch. A
30-power microscope comparator was used to spot check the noteh radii.
These configurations had computed theoretical stress-concentration fac-
tors, Ky, of 7.4 and 7.9 for specimens 2 and 12 inches wide, respectively.

The surface area on one face of each specimen through which & crack
was expected to travel was polished to a bright finish with No. 600 alu-
minum oxide powder to afford meximum contrast between the crack and the
uncracked materisl. The TO75-T6 material exhibited a brighter final
surface than did the 2024-T3. PFine longltudinal lines were inscribed
with a razor blade to mark intervals in the path of the crack. No stress
concentration due to these lines was expected since they were in the
direction of loading. The distance from the center of the specimen to
each line was measured before testing and the lines were numbered to
facilitate identification during testing.

Equipment and Test Technique

Three types of testing machines were used in the investigation of
fatigue-crack propagation:

(1) Subresonant-type fatigue machines were used for those specimens
which were expected to survive for more than approximstely 5,000 cycles,
These machines operated at 1,800 cpm and had a capacity of +20,000 pounds
(ref. 9). The cycles gounter—read In hundreds of cycles.
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(2) A 100,000-pound-capascity hydraulic fatigue machine operating
at 1,200 cpm was used for tests requiring more than 5,000 cycles but
which were beyond the capacity of the subresonant machines. The cycles
counter read in hundreds of cycles. . -

(3) Those specimens which were expected to last less than 5,000
cycles were tested in a 120,000-pound-capacity hydraulic jack (ref. 10)
in which the meximum speeds of cycling were about 50 and 20 cpm for
specimens 2 and 12 inches wide, respectively. The cycles counter read
directly in cycles.

In 811 tests, loads were continmuously monitored by measuring the
output of a bridge circuit whose actlve elements were wire-resistance
strain gages. These gages were fixed to weighbars through which the load
was trensmitted to the specimen. Monitoring precision was approximstely
+1 percent.

The cracks were observed on only one face of the specimen through
two 30-power microscopes and were llluminsted by a stroboscoplc light in
the two faster machines to allow continuous observation of crack growth
wlthout interruption of the tests.

Tests were. conducted in the range of S, up to 50 kei. The initial
minimum nominal stress was 1 ksi for all tests, and in general, two
specimens were tested at each value of S, except as otherwise noted.
The meximum and minimm loads were kept constant throughout each test. -

The number of load cycles required to propagate the crack to each
line was recorded until either complete fallure occurred or the large
lose of cross-sectional ares made 1t impossible to control the loading
accurately. At this stage the rate of fatigue-crack propagation was
gquite high and failure was imminent.

In order to determine the endurance limit of a specimen contalning
a fatlgue crack, a number of tests were conducted on specimens 2 inches
wide at values of S, which bracketed the endurance limit. After

growing the cracks to a predetermined length at S, = 10 ksi, each of
these speclmens was tested at a particular stress level below 10 ksi in
order to determine whether the crack would continue to be propagated at
the lower level. The highest stress level S, which did not cause
crack growth in 108 cycles was considered to be the endurance limit for
8 2-inch-wide specimen containing fatigue cracks.

In addition, tensile tests were performed to determine the 0.2~
percent-offset yield stress, the ultimate strength, the percent elonga-
tion, and the Young's modulus of the materials.
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RESULTS AND DISCUSSION

The mechanicel properties of the materials are given in table I.
The crack-propagetion test results are summarized in table II, which
gives the mumber of cycles required to extend the crack from a length
of 0.2 inch. This length was chosen for several redsons: It is quite
difficult to determine precisely the mumber of eycles to crack initia-
tion because of both the distortion in the reglon of the notech and the
fact that the minimum size of crack which may be detected is a function
of the magnification used. On the other hand, once a crack had formed
and grown large enocugh to be detected, its progress was relatively easy
to follow. Also, at a length of 0.2 inch it was felt that the rate of
propagation no longer was affected by the originial notch but depended
only upon conditions in the immedliate viecinity of the tip of the crack.

The crack lengths given are the averages from two specimens at each
stress level of 10 ksi or greater. Only one specimen was tested at each
value of Sy Delow 10 ksi. The final 5 percent of crack life was
omitted in each test since it was felt that loading lnaccuracies during
that period were excessive. The cracks grew symmetrically, with eccen-
tricities seldom exceeding 0.1 inch. The fatigue cracks initially grew
in planes perpendicular to the sheet but after a distance which was
inversely proportional to a power of S, the cracks grew at 459 to the
thickness direction. Within experimental accuracy, however, this change
did not have a significant effect on the rate of fatigue-crack propagation.

Table II also includes the total number of cylces to failure. The
So-N curves for camplete failure are shown in figures 2, 3, 4, and 5.

The crack propagation rates were determined as follows: Each crack
length was plotted against the number of cycles required to obtain each
length. Aversge curves were then computed for each stress level and are
shown in figure 6 as solid lines. The dashed lines in this figure are
discussed subsequently in this paper. The rate of crack propagation
(slope) was found graphically from these average curves. All crack
propagation rates presented in this paper refer to the progress of only
one end of the crack relative to the center line of the specimen.

The scatter in life was quite small for both crack life and total
life to failure. The effects of cyeling fregquency are of minor impor-
tance and not readily predictable, for as can be seen in figure 6 for
So = 30 ksi, the 2024 -T3 aluminum alloy exhibits a slightly higher average
propagation rate at 50 cpm then at 1,800 cpm; whereas the T0T5-T6 alumi-
nmm alloy, the reverse is true. For identical test conditions the crack
propagation rate for T075-T6 was always greater than that for 2024-T3.

As shown in table IT endurance limits (or the stress at 108 cycles)
were found for both 2024-T3 and TOT5-T6 materials containing fatigue
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cracks. This contraste with Weibull's suggested formula for crack propa-
gation rate (eq. (5)), which implies that no endurance limit exists for
7075-T6 materiasl containing fatigue cracks.

COMPARISON WITH THEORIES

Present Theory - Present Test Results

In order to compere the results of the tests with the predictions
of the theory, it is necessary to know the Neuber material constants for
these aluminum alloys (2024-T3 and TOT5-T6). (See appendix.} These
constants have been previously evaluated in reference 8 through analysis
of tensile tests run to fallure of parts contalning stress raisers of
known radli. However, the present data afford an opportunity to reeval-
uate these constants in a more sensitive fashion, since no correction
for plasticity effects is required. _ -

As mentioned previously, whether s fatigue crack will be propageted
is governed by the relation of the value of KySpet to the endurance

limit of the material. In reference 8 it was found that the Neuber
material constant p' and the effective radius of a fatigue crack Pe

were of the same order, and as a simplificatlon the two were assumed %o
be equal. The seme assumption is made in the present case, and appendix

equation (A3) becomes
= By - X 5
Ky = 1+ S(kg - 1) "Pe (13)

where x is one~half the length of the crack and Ky 18 the stress-
concentration factor for s hole of radius x.

From reference 9, the endurance limit (or the stress at 108 cycles)
for unnotched sheét specimens of 2024-T3 and TO075-T6 for values of R
appropriate to the present tests was obtained and is 34 ksi for both
materials. TFrom the data of the present lnvestigstion, stresses and
corresponding crack lengths for which cracks are not propagated are
known. Consequently, through the relation _

KNSpnet = Se - (1k)

the only unknown p, &appearing in equation (13) can be evaluated. The
results of such calculations for Py are given in table III, together

with the results from reference 8 for static tests. Because of uncer-
tainties due to scatter in the determination of the endurance limits
for unnotched specimens, the present values of p, are given to one

significant figure only. It is seen that the two dissimilar types of

"
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tests give results for the constants which are in good agreement. The
values of p, determined through use of equation (14) will be adopted

in this report; these values are 0.003 and 0.002 inch for 2024-T3 and
7075-T6, respectively.

Once the values of p, have been established, Ky (eq. (13)) can
be evaluated for various crack lengths. 1In figure T a plot of Ky

agalnst crack length covering the range of the present tests is presented
for each materisl and specimen width. With Ky known, the product

KxSnet can be obtained at any stage during the propagation of a fatigue
crack.

In figures 8 to 11, plots of KyS,et &agalnst the rate of fatigue-

crack propagation are presented. The data for different widths and
different materials have been plotted separately for clarity. In each
figure the rate is essentially a single-velued function of the parameter

KNSnet'

From equation (12), the rate is seen to depend upon KNSpet &and the
endurance limit S,. An equation which fits the test data and incorpo-

rates these quantities in eddition to satisfying tThe boundsry condition
that the rate should go to zero as KySp.t &pproaches the endurance

limit is

. S
Kﬁsnet - 34

This equation has been plotted as the dashed line in figures 8 to 11 and
is seen to agree well with 811 the data, irrespective of materisl or
specimen width. Although egreement for a particular materisl irrespec-
tive of width was anticipated, 1t was not expected that a single curve
would fit the data for both materials.

logyy r = 0.0050%KyS et - 5.472 - (15)

The principal discrepancy between the data and the general curve
occurs for 2024-T3 specimens tested at an initiasl maximum net section
stress of 50 ksi. A possible explanation of this discrepancy is that
the net section stress for the materiasl is sbove the elastic 1imit, and
therefore s modification of the work-hardening process and, consequently,
of the rate of fatigue-crack propagation might be expected.

Although the parameter KyS,et in these tests takes on values up

to 600 ksi, the work of Wood and Segall (ref. 7) tends to show that the
actual stress in the region at the tip of the crack would never attain
such a high value but would level off at some lower value. Just what
values are developed is not known, but the present results indicate that



14 NACA TN L439L

the level attained is a function of KNSnet in the small constrained
region at the tip of the crack.

Since the nmumber of cycles to develop a ¢rack of a certain length
mey be of practical interest, it is desirable that the rate equation (15)

be integrated. As it is not possible to perform this integration
directly, a numerlcal integration must be employed. For the seke of
comparison, equation (15) has been integrated for one stress level
(30 kei) for both materials in the two widths and the results are com-
pared with the experimental results in .figure 6 (short-dashed lines).
In view of the fact that small deviations in the rate in the early
stages can lead to large deviations in N after integration and also
that the plots are on & linear N rather than a log N basis, the
agreement found is considered to be reasonably satisfactory.

The large range of experimental date obtained in this investigation
provides an opportunity to evaluate and compafe the present theory with

other studies of fatigue-crack propagation, and this is done in the fol-

lowing sections.

Present Theory - Weibull's Results

Data from Weibull's coustant-load tests {(ref. 3) are shown in fig-
ure 12. In these tests Ky and Sp.¢ increase with crack length.

Agreement with the general curve is seen to be fairly good and lends
support to the KySpet &approach. Clad TO75~T6 exhibite a higher rate

of fatigue-crack propagation than the bare TO075-T6 material tested in
the present Investigation, and such an effect 1s not unexpected. It is
interesting to note that costing the clad material wlth kerosene brings
the results into better agreement with the general curve.

A more critical evaluation is obtained through an examination of
Weibull's data for constant-stress tests (ref. 4) plotted In figure 13.
In these tests the load was repeatedly adjusted after short intervals
to maintaln a constant stress. Each point in figure 13 represents the
average rate during this interval and each type of symbol represents
the data from one specimen. According to Welbull the data should lie
on a series of horizontal lines, since S, . 1is constant for any stress

level. The present theory holds that although Spet 18 constant, Ky

increases as the crack length increases, and consequently these data
should lie along the general curve. The fact that the data do indeed
generally follow the curve rather than fall along horizontal lines
further substantiates the present theory.

B e
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It should also be pointed out that for small cracks Weibull did not
get good agreement between his theory and his data, whereas in the pres-
ent case when his data are plotted in terms of KySpct, even the small-

crack data fall along the generalized curve,

Weibull's Theory - Present Results

The present data have been plotted in terms of Spe+ 1in figure 1k,
In this figure the rate data for both widths are presented in terms of
the rate of fatigue~-crack propagation as a percentage of specimen width
in order to check Weilbull's rate-width relations.

According to Weilbull, crack propagation depends solely on Spet,

and the date for a particular width of the specimens tested should lie
along a single curve which is a unique function of Sp.t. Examination
of the figure shows that this is approximastely true for the 2-inch-wide
specimens but is not true for the l2-inch-wide specimens. It is con-
slidered that the better agreement found for the 2-inch-wide specimens
is essentially due to a smaller variation of Ky with crack length for

these specimens than for the 12-inch-wide specimens.

Weilbull also stated that the rate of fatigue-crack propagation is
proportional to the width of the specimen. If this were the case, the
data for both widths when plotted in terms of percentage of width per

cycle against S;.; should lie along the same curve. Although figure 1k

shows a degree of overlap of the curves, the overall agreement is not
considered to be satisfactory.

Head's Theory - Present Results

The only quantitative conclusion of Head's which can be compared
with the present results is that the datae plotted in terms of x
against N should fall along straight lines. Since tThe type of test
utilized herein is not in accord with several of Head's assumptions,
good agreement would be rather surprising. Nevertheless, the data do
fall on gpproximately straight lines as seen In figure 15. Since this
is the case, = possibility for a simple method for integration of the
rate equation (15) presents itself.

The several unknown constants in Head's theory can be combined into
a single stress-dependent constant which determines the slopes of the
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stralght lines in figure 15. This constant «, which appears in the
rate expression developed by Head (eq. (1)), is

In the present derivation the rate is given by the more complex
expression .

dx -1 3l
— = log 0.00509K: -5472 @ ———2Z 1 16
aN 10 ( NSnet KB - 5%) (16)

Since both expressions appear to give reasonably good results for
the rate of fatigue-crack propagetion, the rig@t-h&nd s8ides of each can -

be equated and solved for the unknown o B T T e o
"3 )
a =% x “log);"'f0.00509KySpet - 5.472 - _ % (17)
KNSnet - 34

Since o 1is supposed to be a constant for a given stress level, it
follows that the product on the right-hand side must also be a constant
for that stress level. 1In order to check on this conclusion, o has -
been evaluated for the present data and the results are given in table IV.
The results indicate that o« is approximstely constant, at least for -
short cracks although a general increase with crack length is noted. The
variation of « with crack length 1s seen to be much less than the vari-
ation of o with the stress level S,. The fact that « 1is spproxi-

mately constant for a given stress level S, and specimen width leads

to a simpler method for cbtaining quantitative predictions. An average
value of o for a specimen and stress level can be computed. Since
most of the life is spent in the short-crack region, values of « in
this region should be more heavily weighted in obtaining the average.
This can be done by multiplying o by the retiprocal of the rate as
determined by equation (15) and determining the thus weighted average.
These averages are slso given in table IV. (In many instances, espe-
cially for a short crack length, sufficilently accurate results may be
obtained by a single determination of a.) -

These values for o may then be used to evaluate the mumber of
cycles required to produce a crack of a given length in equation (2)
expressed as:
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N=cCc-Lx
.

N

where N 1is the number of cycles measured from an initiasl crack length
and C 1s a constant of integration (which may be determined from the
crack length when N is zero).

In figure 6 computed curves based on this expression for N are
compared with experimental curves plotted from the data of table II.
In general, the sgreement is seen to be good. The maximum discrepancy
is of the order of 2:1 except when S et ©xceeds the yileld point and

except for very low stresses. Accurate predictions of crack propagation
rates for low values of KySp.y are difficult because of the very steep

slope in that region of the curve of rate against KySpet. Whether good

agreement would be found for other types of specimens and other loading
conditions remains to be seen.

CONCLUDING REMARKS

A general method has been developed for the determination of fatigue-
crack propagation rates. An extensive series of tests has been conducted
on sheet specimens of 2024-T3 and TOT5-T6 aluminum alloys in order to
provide a check on the theoretical predictions and to evaluaste certain
empirical constants. The dependence of the rate of fatigue-crack propa-
gation on the parsmeter KgySpet (theoretical stress-concentration fac-
tor modified for size effect times net section stress) has been demon-
strated, and a general means is thereby provided for the determination
of fatigue-crack propagaetion rates.

Incidental to the main purpose of the paper, it is of interest to
note that endurance limits {(or the stress at 108 cycles) of specimens
containing fatigue cracks have been established, and that these endurance
limits cen be utilized in the determinstion of the effective radius of
curvature of a fatigue crack. . The fact that the rate of fatigue crack
propegation for both 2024-T3 and TO7T5-T6 can be given by the same
expression is also noteworthy. As has been reported in the literature,
crack growth in 7075-T6 is more rapid than in 2024-T3 tested under simi-
lar conditions. This fact is reflected in the smaller value of pg

(effective redius of fatigue crack) for T0T75-T6; namely, 0.002 inch, as
compared with the value for 2024-T3 of 0.003 inch.

Through & cambination of the present theory and the theory of Head,
an gpproximation has been made which enables the rate expression to be
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easily integrated in order to obtain crack lengths as a funetion of the
number of load cycles.

In conclusion, it should be poilnted out that the present investiga-
tion has been concerned only with simple specimens tested &t an R
value of approximastely zero, where R 1is the ratio of minimum stress
to maximum stress. Information is needed on other R wvalues of inter-
est and also on the effect of variable-amplitude loading on fatigue-
crack propagation, so that in combinatlon with aircraft-load statistics
a rational fail-safe program of periodic inspection might be set up.

Langley Aeronasutical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., July 14, 1958,
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APPENDIX
CALCULATION OF Ky

The method of calculation of Ky, the stress-concentration factor

corrected for size effect, is presented in this sppendix. This method
was developed in reference 8, and is given in greater detail therein.

For the case of a sheet containing a central, symmetrical crack,
such as in the present investigation, the stress-concentration factor for
a circular hole Kg of diameter equal to the total length of the crack

is determined from Howland's curve (ref. 11) shown in figure 16. The
crack is then considered to be an ellipse of major axis equal to the
total length of the crack, and the stress-concentration factor for such
a configuration is assumed to be related to that for a hole as follows:

kg =1+ (g - 1)\[5 (A1)

where Ky 1s the stress concentration factor for the ellipse of semi-
major axis a and of tip radius p.

In order to obtain an expression for the stress-concentration factor
for a crack, the effect radius Pe is substituted for p, and the crack

length is substituted for the major axis of the ellipse,

The final step in computing the stress-concentration factor is to
make a correction for size effect. Such a correction has been made by
Neuber in the following manner:

Kp - 1
Ky = 1 + ———— (a2)
t

1+ (&
Pe

where p' 1is a material constant which is determined empirically.

Substituting, there is obtained

(KH - 1) pie
p!
Pe

Kn=1+ (AB)

14+
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TABLE T.- AVERAGE MECHANICAL FROPERTIES OF ALUMINUM ALLOYS TESTED

2024 -T3

T075-T6

Number of specimens

Young's modulus, ksi .

Ultimete strength, ksi .

Yield stress (0.2-percent offset), ksi

Total elongation (based on 2-inch gage
length), percent . . .

5l1.2

1.3

22.3

.[10.61 x 103

T

7.9
82.9

11.8
10.60 x 102

9
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TABLE II.- AVERAGE NUMEER OF CYCLES REQUIRED T0 EXTEND FATIUE CRACKS FROM 0.2 INCH, AND TOTAL LIFE T0 FATLURE

(a) 2-inch-wide specimens

Biress | cyoling | Huber | Toial Fumber of cycles to extend arack from 0.2 in. to & length of - Total
so,‘ frequency, of | 1ength, iife,
o cm tests | gn. | 0.25 in. [0.30 m.] 0.%0 in. ! 0.% in. | 0.60 1a. E.-ro 1n. E.eo in. {l.oo tn.] cycles

2024-T3 aluninum slloy =

.0 | 1,800 1 | o.% 7 T Grack Qia not propegate in 108 cycres | T R

85,1 1,800 2 16 Crack did not propagate in 108 cycles 00 | caceeeam

85,3 1,800 L .50 Failed ___ ——
3.0 1,800 1 13 CGrack 414 not propegate in 108 cycles R
%6y | 1,80 T 13 Crack d1d not propagate in 10° cycles —
87.1 | 1,800 i s | 217,500 392,500 | 640,000 | 841,500| 947,500 | 991,000 1,005,000 | -ae-e-- ————e

10 1,800 g | —-- 9,500 | 164,000 | 235,000 266,000| 284,500 | 297,500 | 308,500 | awememe %;283

s | 1,80 2 | — | 1m,m0| 19,80| 32,50| uo,600| 6,200 30,80 om0l 62,k0|iTk00

20 1,800 CR — woo|  T200| 1z,800| 16,30 19,800 | 21,700 | 23,800 26,300| 137500

y 22,500

25 1,800 2 | -— 2,400 4,200} 7,000 9,300{ 10,90 | 12,000 | 12,600 | ——--mv| Z2:300

%0 1,600 2 | e 1,600l 3,00( »80[ 630 7,10 ﬁ:%
50 50 1| e Lot0)  1,8%01 30050 3,800] W,3% 8,900
1o %0 P (o 540 %20| 1,346F 1,538 g:%
% 30 PR [— 172 220 238 1,20
707516 alusinum allay =
N T T T T [

83,2 1,800 1 o Crack 414 not Fropegate in 108 cycles .

ex.5 1,80 1 .50 Crack 434 not propegate in 108 cyciens ———

a7 | 1,600 a 50 Failed O

as.1 | 1,800 1 16 Crack did not propagate in 108 cycles R

o 5 1,800 1 AT " Crack 414 not propagate in 108 cyeles [

5.6 1,800 - 1 .16 180,000 [ 335,000 | 577,500| 775,000 | 900,000 | 982,%00 1,020,000 [ -cmeen ————

2.6 | 1,80 1 ! .6 | 160,000] 297,000 | 88,000 587,000 | 620,000 | 641,000 |

a1 | 1,800 1 B 73,500 | 157,50 | 230,000 | 264,800 | 285,800 | 299,500 | 307,600 | -wreemn —m
8.6 | 1,80 1 k| 220,500 | 196,800 [ 300,000 | 347,500 374,500

w0 1:800 2 ——— 29,300 kv5:5(’0 631”’ Tli,m BE,OOO 53;500 %:m 101,500 g’g

- ',

. k1,300

1.5 1,800 2 —— 3,900 6,800 11,0d0{ k,300] 17,1001 29,400 21,5001 2k,000 33,800

20 1,80 P — g,000| 3,800( 6,600) 830) 9,80 | 10,80) 11,50 ~ee g:"_&

. : 11,800

2 1,800 Y J— 1,500{ "2,%0| &a00| 5,000 35,80 00

30 1,800 2 — 80l 1,k80| 2,30 2,8%0 ;;g

30 % 1| 1,8 2¥5] 32| 3,60| 3920 6,080

%0 %0 PR p— 374 6 go|  1,0m e

50 30 PR p— k2 210 2 314 zgg

®Cracks wers initiated at 10 ksi.
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TABLE IT.- AVERACE MMEER OF CYCLES REQUIRED TO EXTEND FATIGUE CRACKS FROM 0.2 TNCH, AD TOTAL LIFE TO FATLURE - Concluded
(b) 12-inch-wide speci=ena
Burase | cyelng Fuher | T2I0AL Modar of cyclas to entend crack frae 0.2 in. to a length of - Total
¥ | frequency of " life
8o, com | tests | 1%9€%Hs fg 25 40 | 040 1n.] 0.%0 1n.] 0.60 0.} 0.0 tn. | 1.00 1n. [ 1.80 tn. | 1.80 tn. | 280 1n.] Ccyaras
ksl in.
2024 -T3 alvmincx alloy
3 1 T T T
a1 1,800 1 0.16 Creek did ot propagate in 105 cycles
0 1,800 2 | — | 70,000 | 98,000 | 109,000 |13e,000 | 153,000 { 170,000 |15k,000 {210,000 | 230,000 :;’E:gg
117,000
s | 1,800 2 | —— | i3400 | 22,k00 | 28,500 | 3kM00 | 1,600 | 50,300 | 60,900 | 66,100 | Th,500 | py7*cg
20 1,200 2 —_— 5,900 | 10,500 | 1hk,k00 | 17,800 | 23,500 § 27,500 | 32,100 | 34,200 | 35,%0 ﬁja
) 1,200 2 | — 2,80 | 5,20 | 7,600 | 9,800 | 13,000 | k400 [ 16,000 | 16,500 | 16,900 3,-,’88
10,900
30 1,200 2 —— 1Jm° 3,100 1},100 h;m 5,500 5,900 S,W ——— —— 9,m
ko 20 2 | — 53 890 | 1,068 | 1,385 | 1,345 | 1,k30 | 1,890 | cmmmmem [ e ::g
0 20 2 | - 93 130 1h2 57 164 g:g;g
TOT5-T6 alunimm allay
T 1 T T T T
1 1,000 1 | o015 Crack d14 rot propagate in 109 cycles
10 1,800 2 | — | 2,50 %,100| 0,600 | 38,50 | T0,600°| 79,80 | 95,300 | 103,000 | 109,500 | 523.000
N X
k.5 1,800 2 —_ 6,000 | 10,50 | 1k,000 | 17,000 | 21,600 | 2k,800 | 29,200 | 31,500 | 33,000 ?315188
20 1,200 2 | ——- 5,800 | 5,90 | T00 | 870 | 10,700 11,800 | 12,900 | —omm | v S:Ohgg
25 1,200 2 | e 2,000 3,500 &30 | ¥90 ]| 5600 | 6,000 680 [coeeee | ——— g:%
1,200 2 | — o | 1,58 10w | 2100 | 250 ::g
20 2 | — 335 599 588 645 s tg}{g
50 20 2 | —— 13 159 18 203 _5{102

8Crecks were initisted at 10 ksi.
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TABLE III.- COMPARISON OF VALUES OF p, OBTAINED

FROM STATIC AND FATIGUE TESTS

Values of opg, in., from -

Static tests (ref. 8),

Endurance tests,

Ai;Ti;um 12-inch-wide 2-inch-wide
specimens specimens
60° V-notch | U-notch Fatigue crack
2024 -T'3 0.0038 0.0057 0.00%
7075-T6 .0019 .0028 .002




TAELE IV.- THE COWSTANT o USND IN INTEORATION OT RATE EXPREISION, EQUATION (1)

(n) 202493, 2.inch-vide specimens

R6et NI VOVN

Crack Valuss of o for stress level, By, of «
lergth,
in, T.1 ked 10.0 kai k.3 k=i 20,0 i 29.0 ksl 30,0 kai k0.0 xa1
0.29 o.% x 1077 | 0:5960 x 107 | 5.608 x 103 | 8,714 x 0P 13.1;0 x 107 | 26.27 x 1077 | 69.75 x 102
ﬁ . 1.0% R T.Eg; 1k.35 . .72
. 172 1,196 5.%67 1 1374 an.%2 .9
-7 EITL 1,558 3380 G557 5.2 3%.0h 1i58.5
55 2ThG 1.118 LR~ T.515 1%.81 £B.57 98,97
39 L3 1.3 3.5 E\v&il 1545 30.27 105.8
65 @ 1. 5.265 .01k 17.00 34,5k 1%,%
TE 320 1,206 3.310 a1 17.97 36.06 108.%
g ;g: i. 3.l B.T90 19.88 5,00 19k.6
. 4363 1. 3.610 10,10 R%.01 "2,0% £%6,3
;] 509 Llze 3.757 1,20 e7. 6h,06 E;f'o
. 50305 :L.z% h.215 15.06 ¥5.60 - RY ¢ 1
1.0L 68 L. hoTa0 - 15,30 k.79 1045
“m 0,180 x 107 [ 1,138 % 10-7 | 5.445 x 107 | 8.538 x 107 [ 26.32 % 103 | 50.61 x 1077 | oh.27 x 2077 | oM9.2 x 10-0
(v) TOT5-X6, 2-inch-wide spacimans
Craak Valuas of o for stress level, B,, of -
lemgth
in. 5.6 kai 6.6 kai T:0 kai 7.6 xui 10,0 kai 14,9 Xl 0.0 kad £5.0 knl 30.0 ksi k0.0 kai 50.0 kal
Gi2g | 0.0020 x 1577 | Gu0LF x 367 | 6.2850 % 1070 [ 0.ATAL x 107 | 1,82 x 107F | 5,660 x 107 [ 12,66 x 1077 | 24,00 x 10-7| #2.60 x 1677 | 120.5 x 107 | 366.8 x 103
E:& 0290 .;gg .&6& 1,947 ..569 12,98 es.27 LY S E) 17.1 50%.5
RS Lok 0320 . . & J..&g 5,106 12,39 24.09 K] 169'6( 565.7
N7 158 . 5563, . 2. 1,136 12.29 26,12 52.ph 197, Teh b
3 2016 e be32 7658 1.5906 5.022 12.69 27.%9 6.0 241, 9 B98.1
59 L2216 150 6710 .83 1,966 5.119 13.h2 50.27 gz.sh 299.6 129%.2
2lE OB (B (= R OB R | | BOE |=
. . . . . . 5. . . . - m————
g 3600 6LTh Bﬁ SB13 2.0%0 5,651 17,16 38,86 107.8 617k ———
. <3928 66827 .60k :..oeg £.188 6,173 19,87 T hk 14,7
.8 k6l JT2kh ?}E 1.0T 2.2 6.591 28.Th 68.1T 170.1
95 1.1 Eu . 1.161 2.47% ;.7&8 £T.59 a1.70 zsﬁ.z
1.01 N BkgB 1.045 1.206 2.689 016 .13 107.5 £50.
Walshbad . - _ - - - — _ _ — _ _ _
“averaga | 0:0455 X 1077 0.3016 x 1077 | 0.296T % 1077 | 0.70KL x 1077 1,967 x 1072 | 3,521 x 1077 | 13,99 x 1077 | 29,23 x 1077 | 5B.19 x 10771 189.6 x 1077 | 0 x 1070
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TABLE IV.- THE CONSTANT o -USED IN INTEGRATION OF RATE EXPRESSION, EQUATION (1) - Concluded

Values of a for stress leyel, 8y, of -

Creck
length,
in. 10.0 ksi 1%.5 xel 20.0 ksi 25.0 kei 30.0 ksi L0.0 ksi 50.0 ksi
0.31 | 1.270 x 109 | k.22l x 1077 | 9.672 x 1072 | 18.11 x 1077 31.07 x 10| 8&7.70 x 1077 | 237.7 x 1075
37 | L.288 3.8%3 8.923 17.0% 31.42 9L.83 270.2
43 1.279 3.661 8.526 16.30, 31.09" 100.3 305.9
49 | L.257 3.50h 8.hk50 16.49 30.92 105.5 346.2
55 | 1.266 %.363 8.11k 1647 31.90 112.7 395.3
.61 1.19h 3.266 8.017 16.33 33.55 126.2 h3g.L
.67 | 1.160 3,120 T7.736 16.50 3%.78 131.5 55,1
VT3 1.179 2.97TL 7.596 16.55 34,01 12,9 Shi 2
.79 1.128 2.88 T7.553 16.52 35.25 155.1 61%.3
.85 | 1.137 2,887 7.669 17.1k 36. 1656.0 667.6
.91 | 1,108 2,851 T. 1357 17.43 38.28 177.6 | e
97 | 1.08L 2.813 7.698 18,36 Lo.TL 1988 | e
1.10 L.017 2.758 7.845 18.88 45.3% £%0.5 | mememmcm—ee-
1.30 .9636 2.624 8.01% 15.65 50.57 299.6 | ameccmmmcaaa
1.50 .9238 2.617 8.468 22,63 59,27
1.70 .8931 2.713 9.059 25.20 68.26
1.90 .8586 2,700 9.3h2 27.54 79.58
2,10 8365 2.The 10.22 31.1% 97.59
2.30 8312 2.761 10.74 35.07 11.5
e | 1105 x 1073 | 31361 x 10-5| 8.455 x 1075 | 17.84 x 2075 | 34,36 x 103 | 115.6 x 1075 | 339.7 x 1073
(4) T075-16, l2-inch-wide specimens
Crack Velues of o for stress level, B, of -
length,
in. 10.0 ksi 1%.5 kei 20.0 ksl 25.0 ksl 30.0 kel k0.0 xsi 50.0 ksi
0.31 | 2.k18 x 1075 | 6.721 x 1077 | 15.82 x 20~3 | 29.51 x 107 | 38.20 x 10-3 | 196.7 x 10-7 | 622.9 x 10~
37 2,042 346 15.08 30.47 60.95 216.8 712.9
43 | 2,608 6.018 1L.79 %1.59 63.19 245, 7 907.7
49 ] 2,43 5.TTL 15.05 31,7k 66.78 280.3 072
55 2.046 5.548 1h.56 32.59 TL.k3 308.6 1266
.61 | 1.960 5.54% .25 32,54 T2.Th 338.5 B
b7 | 1.93% 5.157 14 . hh 53.27 T1.36 33.T | mmmm—em—ma—
T3 1.905 5,011 14.63 3l L7 83.90 5.0 | meemmve—————
.19 1.873 5.05% 14,50 36.25 87.61 b33 | eecmmimam——aa
85 | 1.60k 5.052 14,58 37.89 95.63 BLL.E | c;mmeeeeeaeea
9L | 1.776 5.131 15.31 39.91 102.6 619.0 | memmemenm———-
97 | 1.732 5.107 15,69 k2,19 111.0
1.10 1.692 5.210 16.67 34.94 127.5
1.30 | 1,57k 5.057 17.84 5h.38 162.2
1.50 |} 1.540 5.119 19.63 63.89 234.8
1.70 | 1.b99 5.295 21.37 73.36 2h2. b
1.90 | 1.485 5.400 23,49 83.70
2,10 | 1.k6k 5.669 26.02 1 100.k
2.30 | 1.379 5.879 28.79 117.6
“:iﬁ‘;ﬁ;i 2,005 x 1073 | 5942 x 1077 | 15.51 x 103 | 34.20 x 10°5| 69.16 x 1077 | 267.2 x 103 | 811.0 x 1673
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Figure l.- Configurations of crack-propagetion specimens.
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Crack length, 4
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2
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o 5 1 B 2oxd o 1 2z 3xd
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(a) 2024-T3, 2 inches wide.

Figure 6.~ Fatigue-crack propagation curves. Solid lines indlicate
experimental curves. Long-dashed lines indicate predictions by
1

N=C - &.x 2. Short-dashed lines indicate predictions by numeri-
cal integration.
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Figure 6.- Continued.
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Figure T7.- Elastic stress-concentration factor for fatigue cracks cor-
rected for size effect. 2024-T3 and T075-T6 aluminum alloys.
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Figure 8.- Rates of fatigue-crack propagation in 2024-T3 alumimm-alloy
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Figure 9.- Rates of fatigue-crack propagetion in 2024 -T3 aluminum-alloy
sheet specimens, 12 inches wide. Stress values on curves indicate
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Figure 10.- Rates of fatigue-crack propagation in T7075-T6 aluminum-
alloy sheet specimens, 2 inches wide. Stress values on curves
indicate Sg.
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Figure ll.- Rates of fatigue-crack propagation in 7075-T6 aluminum-
alloy sheet specimens, 12 inches wide. ©Stress values on curves

indicate S,
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Figure 12.- Comperison of results of Weibull's constant-load tests
(ref. 3) with rate expression of present paper (eq. (15)). Sketch
indicates configuration of specimen tested by Weibull.
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(ref. 4) with rate expression of present paper (eq. (15)). Sketch
indicates configuration of specimen tested by Weibull.
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