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SUMMARY

Fetigue crack propagation rates have been measured in 16 swg shoets of
this aluminium alloy using stress levels of 8800 7200 psi, 4400 *3600 psi and
13,200 #10,800 psi. The scatters in orack initiation times and crack rates
were determined. Varying the panel length/width ratio from 1.2 to 4.75 was
found to have litile effect on crack rate. A major study wes made oun the
effect of varying panol width from 3" to 20" and various parameters were used
to correlate ull the rcsults at all the three stress levels, The stress in-
tensily factor, K, was preferred on grounds of simplicity and effectiveness,
though 811 parameters faliled to correlate stress differences adequately.
Crack propagation rates in two directions st raght-angles were little different.
Buckling, which occurred in a few of the large panels, had little effect on
crack rate, Tests on panels at the seme stresses as above, with the cladding
removed, showed negligible change in crack rate. Macroscoplc fracture mode

transitions were correlated with X values and crock rates.

Replaces R.A.E, Tech, Repert No. 64025 - A.R.C. 27350
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1 INTROPUCTION

In recent years there has been an increasing need for data on the rates
of fatigue crack propagation in alloys of interest to the siroraft industry.
In generel, alloys showing 3low crack propagation characteristics have an
obvious advantage over those with faster rates as there is a greater likelihood
of detecting the fatigue crack before failure, There i1s alsc the hope that in
the future gquantitative crack propagation data can be used as a basis for more
accurate methods of estimaling the safe life of a structure. Though the fatigue
farlure of metals in thick sections and shsets are both serious problems most
measurements have been made on materials in sheet form as these are the easiest to
study and enalyse. It is relatively simple to compare the crack propagation
characteristics of two different alloys in any one laboratory using one test
procedure; but there is 3 need to be sble to compare tests in different
laboratories on different sizes of specimen at different stress levels and
frequencies. Only & limited emount of work has been done in thls country on
the problem and this Report describes some experiments carried out to see how
far vaerietion of a few of the simplest factors can be rationalised to a

common basis.

Rectangular sheets of one type of clad aluminium alloy of one thickness
were subjected to fatigue in fluctusting tension at stress levels of 13,200
+10,800 psi or 8800 #7200 psi or K400 *3600 psi (gross area), The stress
ratio, R, (ratio of minimun to maximum stress) was ihus O+1 for all levels and
corresponds roughly to the type of fatigue stressing of components in an asircraft
fuselage, The siuwpler atress retio cf R ~ O was not attainable owing to machine
limitations. A slot was made in the centre of each sheet or panel to provide a
starting nolch from which two fatigue cracks could run. The erack lengths and

number of fatiguc cycles were measured at suitable intervals.
The following points were investigabed:-

(1) The scatter in the time to initiate a crack and in the rates of
crack propasgation. )

It 13 necessary to kn&w the scatter an crack rate in order to know whether
the factor beang studied is having a signifiicant effect, particularly when one
comes ¢o compare the different methods of crack analysis (see (3))., Further,
it 15 often stated that the scatter in the total fatigue life of s test piece
is due maimly to the variability in the early stages, 1.e. in the time to
initiate ilhe crack, rather then in the crack propagation phase. Accordingly

measurements were made of the time taken before the fatigue crack started to run.



(2) The effect of altering the ratio of panel length to width.

Given a certain width, of test piece 1t is obviously economical to choose
the shortest length possible; the fatigue machine may slso limit the length of
the test piece which can be used. Iowever with the grips holding the panel too
close to the running crack, the stress distribution round the crack will be
affeeted by the restraint of the rigid grips. The restraint will depend on the
detailed grip design but here we have investigated the eff'ects on crack
propagation of reducing the ratio (length/width) of the panel from 4-75 to 1-2.
The length here is that part of the panel free of the grips. This work was
done on material 3" wide. A commonly accepted minimum ratio is 2:0 but we have

found no deteiled report which justifies this value.
(3) The cffect of panel size and stress amplitude.

It is well known that the scaling factors for crack propagation rates in
specimens of different sizes under different stresses are not simple. Much
work has been done with verious approaches, cmpirical and otherwise, to correlate
results, Schijgve, Broek and Rijk1 and Barrois2 have made valuable summagries of
some of the methods. Most work has been done in the U, 7,A. and the two most
common mothods used are those based on the "stress intensity factor"B’h and those
using developments of the original Neuber stress concentration idea35’6’7. Our
aim here has not been to test one method to its 1imits but rather to test, at
three stress levels, a range of commonly used specimen sizes to sce how well
the various methods correlate the results, It is hoped in later work to ~
explore these limitations further,

Sheets of widths 3" to 20" were tested at the two lower stress levels and

the results, together with those from specimens 1"

wide used for another
investlgations have beecn analysed. Results from all ithe experiments are presented
mainiy in terwrs of "stress intensities" 5ince;to anticipate, this parameter turned
out to be the most convenicnt. This investigation occupied the major partjof the

time .
(4) The effect of direction of crack propagation.

In ell the other tests the direction of crack propagation was at right
angles to the rolling direction of ﬂxeishcet ji.e. tho tensilec load axis and
rolling directions were ihe same. In alrcraft structures this is not salways
’ 1n

the case and so a limited study was made of crack propegation in pamels Lz

wide with the tensile axis at right angles to the rolling dirsction.
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(5) The effoct of buckling.

When the ratio of total erack length to sheet thickness becomes too great,
there will be a tendency for the shcet to buckle. It can be shown that there
are compresgive stresses in the sheet on either side of the central crack
approximately equal to the applied tensile stress and that above a critical
stross level buckling should occurg. If' this happens the stresses round the
orack tip will be effected thereby altering the crack propagation rata.
Attempts were made to measure the amount of buckling and the effect on crack

rate of stiffening the larger sheets with burs to prevent buckling.
(6) The effcct of removing the cladding.

It is usually held that cladding a material has a detrimental effect on
the fatigue life. There is lattle dsta on 1ts effect on crack propagation,
Panels 3" wide werc prepared and tested as normal except that the cladding on
both sides was machined off before test. This left a somewhat thinner sheet

consisting of core materael enly.

(7) The mode of fatigue failure in cheet specimens is known to deperd
on the material, thickness, alternating and mean stress levels, enviromment ete.
Yo have related the macroscopic churaoteristics of the frecture surfaces with

the stress situstion.

2 EXVERTIGNTAL METHODS

2.1 Metexial

The matcerial used for all the tests was o 16 swg clad artificislly aged
sluminium alloy (A1-2-5Cu-1+5Mg-1+2Ni-1-CFe)} to Specification DTD 5070A.
The claddiﬂg consisted of 5% of the thickness on each side of Al +0.8 -1,2% Zn,
All test specimens including those fo} tensile testing were cut from 6' x 3!
sheets. *With the exception of\those uscd to determine the effects of rolling
direction, spccimensg were cut so that their longitudinal axes were parallel to
the direction of final rolling. Sheets from two casts of material were used,

the mschanical properties of esch were measured and are tabulated below.

R.A.E, Cast H.'0. batch 0+:2% ps T.S. Elong %
designaticn No. No. tsi tsi cn 2"
A 26 WG 19B26 26+0 *0+1 27+7 01 65
B longitudinel | 8838/2 26:7 *0+4 | 2840 0+ 6k
B transverse HE 25441 257 01 27+8 *0-1 5+5




Cast analyses supplied by the manufacturer were as follows:

ontent &4 o | wp | No | Fe | un | St | zn | TS M
Cast

26 We 255|154 1112 |1+0610:025] 020 { 00 | 0-08 { remainder

4 WKA l2'52 1+63 1114|103 | 0-03 020 ' 0-10 0-07 | remainder

Pigures 1 and 2 show how the sheets from the two casts of materisl were cut for
test specimen selection, Two sheets of cast A material and twelve sheets of

cast B material were used, The test specimens were selected from random positions
in any one sheet and it will be seen that in both the scatter and the effect of
panel width experiments specimens were selected from both material casts, It will

also be seen that only one 20" panel could be cut from any one sheet.

2.2 Test specimens

To determine the tensile properties of the materiel, test pieces as
illustrated in Fig.3 were used, with a Lamb extensometer used for determining
the proof stresses. The crack propagation panels used are illustrated in Fig 3;
all had central slots'%" in length except for the 3" wide panels which had slots
1/3" long. The slots were made with a jewellers saw and were about 0-008" wide.
For the study of scatter the slots in the 3" panels were terminated in holes
0-020" diameter so as to provide more reproducible crack starting conditions.
The free lengths of the panels were always equal to twice panel width (d/b_: 2),
except for those used in the experiments to determine the effect of d/b. The
surfaces of the panels were not prepared in any way except for an initial
thorough degre331ﬁé. In the case of the experiments to determine the effect of
cladding removal however, both s1des of’ihe panels weré.scalped on & milling
machine using a flycutce; to remove about 0-004" per side. This amount is a
little more than the ﬁﬁ of cladding per side and so ensured that only core
ﬁaterial remained. A central transverse band approximately 2" wide was then
polished on each side of each panel to remove all machining marks that might

influence crack growth., A finel degreasing was then carried out.

2.3 Ind grips
Three sizes of end grips were made and used for testing the range-of panel
widths 3" - 20". They were identical in design, only overall dimensions and bolt

sizes verying. These have becn described in Ref.10. Except for the 10" and 20"
wide panels, gripping was effected by friction only and this was done by transverse
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serrations machined inte the inner faces of the grips. The 10" and 20" panels

were secured into the end grips by a row of bolts.

To examine the effect of buckling on the orack propagation rates in 20"
wide panels, restraints were fitted across some of the panels to minimise the
tendency to buckle as the crack progressed. These "anti-buckle" bars were
channel section members made of aluminium alloy with a length of %" thick
sponge rubber cemented to the lower faces of the "channel" and having a hole
at each end. Four of these bars were bolted together in pairs 'sandwiching'

the panel on each side of the crack line.

2.4 Testing machines

A1l crack propagation tests were made in Schenck Pulsators except for
the tests made on the 1%" panels. Panels up to 63" in width were tested in a
6 ton pulsator operating at approximately 2500 cpm. This machine has been
descraibed in Ref.10. TFor the 10" and 20" wide panel, a 20 ton long bed
Schenck Pulsator was necessary to accommodate the overall dimensions of these
large panels., The operating speed of this machine was slightly lower than the
6 ton machine, namely 2000 cpm.

During the period of the tests the average temperature was 20°C and the
relative humidaty 50%.

2.5 Load measurement

»

All tests were at one of three stress levels, calculated on gross area, -
fluctuating peak tension siresses of 24,000 psi, 16,000 psi ard 8000 psi.
These stresses were made up such that the ratio of minimum stress to maximum

stress per cycle was 0O-1.

The loads {mean and alternating) were measured by a Peeckel strain bridge
(reading in microstrain) and a cathode ray oscilloscope from strain gauges
cemented onte the ring dynamometer of the pulsator, On the & ton machine the
calibration of the dynamometer was 10+8 1b/microstrain and on the 20 ton
pulsator 149 1b/microstrain. The calibrations were arrived at by inserting a
specially calibrated strain gauged load cell into the machines and loading
statically. The strain in the dynamometer could be read to an accuracy of
*2 microstrain, which for the 6 ton pulsator corresponds to *22 1b load or on
a 3" wide panel *117 psi. This corresponds to *3.2%, *1:6% and *1+1% of the
three alternating stresses *3600, *7200 and #10,800 psi used. Load measurement
in the 20 ton mechine was made in the samo way. With this machine *2 micro-

strain was equivalent to 29,8 1b load or on a 10" wide panel *46+5 psi. This
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corresponds to *1+3% and *0+6% of the two alternating stresses 3600 and 7200 psi

used.

2.6 Crack measurement

After final cleaning of the panels, scales were photo printed onto them so
that when photographed at selected intervals the crack progression could be
measured {see Ref.10 for details). The scale was graduated in inches with 1/20"
sub-divisions as shown in Fig.3. The stress cycle counter was mounted near the
panel so that it and the panel were photographed together by a Shzckman Auto-
camera Mk.III. Twenty to thirty photographs werec taken during each test with en
exposure time of 1/200 second. Using & field of view appropriate for the panel
size, this technique resulted in the following estimated errors in crack tip

position:=~

3" wide parels *0.013"
A" and 65" wide panels *0-025"
10" amd 20" wide pansls *0-035"

2.7 14" wide specimens

These wers from one sheet of cast A, but being the subject of a separate
research were tested slightly differently. The free length was 3-025" and the
grips were in the form of s:deplates bolted onto the specimen erds. The total
length of the central slot was 0:16", the width 0-008"., A Haigh fatigue machine
was used, operating at 6000 cpm. Loads were measured by a load cell with strain
gauges in series with the specimen. The acecuracy of load measurement was ~ +2%.
The progress of the fatigue cracks was measured by means of a microscope with a
calibrated eyepiece relative to reference lines lightly scribed on the specimen,
The estimated accuracy of this method was ~ #0-004" (for further details see Ref.8).

3 ANALYSIS OF RESULTS

3.1 Curve fitting

The experimentel measurements resulted in values of crack half-length, a,
et given numbers of cycles, N, Curves of a vs.N could then be drawn and tangents
(da/dN) obtained at various values of a. This method is lengthy, laborious and
inaccurate if done by hand; the data was therefore processed with the aid of e
Mercury computer. A curve was fitted using a least squares procedure and the
slopes (da/dN) obtained from the equation of the fitted curve. It wes convenient
to choose certain fixed values of da/dN and to obtain the corresponding values

a and N using an iteration procedure.
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Several authors have suggested functional relationships between a and N;
three were chosen and teated to see which best fitted the experimental points.
None of the suggested relationships was capable of giving a goed fit over the
whole runge. However the fit was much improved by using a polynomial expansion

based on the functional forms.

The first relationship traed was that suggested by both Frost and Dugdale11

and Liu12 They seid that the rate of growth wes given by
== = C,a , (1)

where 01 is & congtant. This equetion was only expected to be valid for crack
lengths much less than the ~idth of the sheet (2b)., Integrating (1) we have

\
a
én (g—) =C1(N - Né) , (2)
8]
where & s the value of the crack half-length at N = No’ i.e., the crack halfe
length 1s of the form
a = 4 otY (3)
where
A = & e . (&')

It was not poassible to choose values of A and C1 to obtain a good fit over the
whole experimental range since in the smaller test panels a € C.8b, A much

better fit was obtained with a third-order polynomial, i.e.,

3

N J
a = 2ij , (5)
§=0

where X° = [e L ]J and Aj are constant coefficients. The Aj‘s were determined

by the leuast squares fit procedurs.
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1
Avother suggested relationship traed was that due to Head 3, which states
that the cerack growth rate 1s given by

da 3/2
i = b s (6)

where C, 1s a constant, Integrating (6) gives

1
8 ¢ = A+ BN (7)

where A and B are constanta. To obtain a good fit over the whole range it was

found necessary to expand (7) as a polynomial in N, il.e.,

0

3

1 - .

3.2 = ZJAJ NJ ) (8)
J=

where the Aj's are again determined by the least squares procedure,

The third functional relationship tried was that due to Weibull14, who
suggested that the rate of crack growth was grven by
da 8
an ~ 03 ch ’ (9)

where 03 is a constant, ch is the average stress on the net section and s is a
constant exponent, ch may be written as a function of the crack half-length,

i.e,,

o = , (10)

where o, is the constant nominal stress on the gross section. Substituting for

o, in (9} and integrating we obtain

N = A+BY | (11)

where A and B are constants and

Y = (1 -am)® (12)
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Again a much better fit with the experimentsl points could be obtained with a

polynomlal expansion, i.e.,

3 .
N = ZAJYJ H ' (13)

5=0

the Aj‘s were determined as before.

Curves of a vs. N were computed using the three equations (5), (8) and (13)
for seversl specimens and then compared with the experimental points. It was
found that equation (13) gave the best fit over the whole range of experimental
values and was thereforc used to analyse the data obteined in all the tests.

3.2 Correlation by the stress intensity factor

It has been suggesiled by Paris’ that the stress intemsity factor, K, is
a good parameter for correlating crack growth rates, under various conditions,
due to cyclic loading. This follows from the work of Irwin."5 who showed that
the elastic stresses at 2 point near the root of a crack always have the

following form: .

L
= Epe) (14)
v 2r

where r and © aro polar co-ordinates, with the origin at the crack tip, of the
point under consideration. This expression is only valid if r << a (the crack
helf-length). f£{6) is a function of © only, determined by which component of
stress is being considered. K is & funotion of crack length and loading. For
a crack in an infinite plete with a uniform stress (o;) applied perpendicular

to the crack, a2t infainity, we have
K = o Ya . (15)

The exact stress snalysis cannot be done analyticelly for a sheet of finite
width., However, Irwin16 has suggested that a good approximation to K may be
obtained for a finite sheet of width 2b by taking the expression obtained by
Westergaard1? for a series of co-linear cracks of length 2e separated by a

dlstance 2. Thus, we have,
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1
2b yid:)
K = a_ wfac.w = O {a[ma tan ij . (16)

where O is the Westergaard finite width correction used in the present work.

Another type of finite sheet correction (aG) has been used by Irwin and

, 18,19
Kies .
(== KZ/E, where E is Young's Modulus) due to the finiteness of the sheet. The

correction is based on the work of C—reenspan2o who calculated the effect of

They calculate the correction to the strain energy release rate

various shaped perforations on the axial rigidity of a sheet finite in both
directions. Within the spproximations of the method the correction to K turns

out to be independent of the length of the sheet19, and is gaven by

o)
RO

In order to compere G and a. & plot of c:.G_/cLW vs.a/b is shown in Pig.lk.

There is a third finite width correclion (u.D) due to Dixonm, it is an

empiriesl correction based on results using photoelastic techniques., It is

- [T - oo

A comparison of Oy and Oy is also shown in Fig.4.

given by

The elastic solutions predict infinite stresses et the crack tip,
(see (14)); in reality plastic flo~ occurs thereby ensuring that the stresses
are everywhere finite. In order to meke &llowance for the effect of plasticity
it has been suggested22 that the crack should be regarded as being aincreased in
1engt‘h by an amount ?qual to the radius of the plastic zone (ro) ahead of the

crack tip; thus

na, &
2b 172
K = 0'00[:;‘- tan 5= , (19)
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where e, = & + T_. Graphs of Ro(ro/h) vs-Z(oV%}) have been plotted by Rooke23

for various yield eriteris, using these graphs and the finite sheet relation

U r—"b e |2
L = Y na tan ',-.)".B' » (20)

We can obtain R as a function of a/b for the experiments under oonsideration.

Pig.5 shows a plot of R vs. a/b for the three stress levels.

The effect of this correction on K can be estimated from (16);

diffarentiating with respect to a, we have,

o |
& _ o f2m, ma| ¢ 228
ia - 3 [% tan o :} sec S e (21)
Re-arranging (21) we cobtain
aK _- e da
= . (22)

~
|}
%
]
Pl
=]
x

Since r, << 2 we may replace da/a by R  in (22), giving

7a R

o]
- [ ] (23)
2h sin ‘ %—9 )

Since Ro is known as & function of &/b (see Fig.L) we have the correction to K
due to plasticity as a function of a/b; this is plotted in Fig.6.

=5

The values of K werc caloulated, using (19) ss part of the computer
curve-fitting programme, with o equal to the amplitude of the alternating
stress (oh). In this respect it differs from that in Ref.4 where K is based
on the peak stress.

33 Other ocorrelstion methods

3,3.,4 The eritical strain method

It has been suggestedzu that there exists a critical strain (ao) which

characterizes the rate of crack propagation. This strain is given by
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g = ke (24)

where €, is the average strain corresponding to ihe peak stress on the net

section of the cracked sheet and k is a strain concentration factoer. The

kEzJ}]H (25)

where p' is a material constant., The form of k is based on the theoretical

25

explicit form of k is

, modified for finiteness
that k is given by (25) if
a/b € O+4; for larger values of a/b k is a constant at the value it has when

a/b = O,

stress concentration in notched sheets, due to Neuber

1
of plate in the manner of Dixon2 . It is assumedga

Since the strain (en) may be expressed in terms of stress thus,

O"n a
Sn = ﬁ— - " R > (26)
s 1 = =1 E
b 8

where o, ard ob are respectively the average net and gross stresses and E8 is

the secant modulus, we have

6c=%§':1+2ﬁ]an . (27)

Since
L-R)
K = o, Ya @ = 5 ob Ya A (28)
where R is the ratio of minimum stress applied to maximum stress, i.e.,

R = Pt (29)

we have, for a/b € 0-4,
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Q

2 [ 4 2
® - swew Ry o
The ebove can be simplified by putting
ay = Gy (31)
this is valid to within 1+5% for a/b < 04 (see Fig.4). Thus
£ ° T [*7;4,%:] : (32)

It is convenient to define the dimensionless parameter B by

E(t - R) 7 €, B e
- =1 L — 2—
fs = 1{1{_ - Es [:1 + 2 a :| 4 (33)

In the precsent series of experiments the average net-section stresses were below
the elastic limzt, for s/b < O+, in all but the tests at the highest stress

level. llowever the chenge in modulus is less than 1%, therefore we put

E = E , (34)

end thersfore,

o+

e . (35)

D
]
-t
o

For a/b > 0+4, k is a constant which is given by

k = 0655 (1 +1-26\Fg—;> . (36)
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Thus
e, = 0+655 (‘I + 1-26\/-:'57)(1 -‘%)-1 g_u_ (37)
and
13 (1-26+F> - a1
%=%E8@(1_:) [ﬁ<1'3>] ' o

Therefore the parameter B is gl\}en by

o - 22 o, EV F(1-977 (59

Since, for large cracks, the average stress on the net section exceeds the
elastic limit, it follows that

E % E . (40)

In order to obtain ES an empirical stress-strain law suggested in the Royal

Aeronautical Society Date Sheet826 was used; the law states that

il
%' - %+ 80(%) ? (1)
s ®

where &, and o are co-ordinates of a reference point on the stress-strain

curve. The exponent (m} is given by

so—e‘ 0'0-0"
m=log[1+'——-95. ]/logE+ d.°:l, (42)
[s]

0

where (s(;, cr;) is another reference point. Using an experimentally determined

stress-strain curve it was found that
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m o= 71 (43)

for the range of stress used., Finally we have

B 7 a «6+1

;= o= 1 + 6.4 x 10 (1-:‘;) for ¢ = 8000 psi , (M-F)
8 P

E .- a -6¢1

T c 1 + 37 x10 9(1 - g) for U’p = 16,000 psi , (45)
8

and

B - o -6-1

i 1+ 43 x 10 L‘( - '1'5) for o-p = 24,000 psi . (46)
8

Using (44) to (46) in (39) togethor with (35) B was plotted for all velues of
a/b, in Fig,7, for both 3" and 10" sheets, with p' = 0:0025",

3.3.2 The stress conosntration method

Two other very similar methods have been suggeated for correlating crack
growth data by lardrath and McEvilyS and by Kuhn and Figges. Both methods use
semi-empirical means of celculating stress concentration factors at the tips of
cracks. They start with ihe theoretical elastic stress concentration for & hole
in & finite sheet (Kc) celoulated by Homlend>!., This is modified in the manner
of Neuber to obtain the theoretical factor (KT) for en elliptical hole with the
major axia of the ellipse equal to the crack-length. The explicit form of KT is

Bp o= 1+ (K -1) |2, (47)

whers p is the radius of the crack-tip. Xm ls then modlfied to take into account
the Neuber size-effect paremeter; this gives, for a fatigue crack, a new factor
(KN) which is

KN = 1+ ) (48)
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where p' is the Neuber material constant. Since p is very smell and difficult
to measwre for a fatigue crack Hardrath and McEvily assume that p = p'. Thus
(47) becomes

KN=1+12(K0-1) ., (49)

Kuhn and Figge, however, take the limit of p - O and obtain

£t
p~0

n

Koy = 1+ (K, = 1) -:-‘-; . (50)

(Kl

Since the constant p' is determined such that the best fit with experimental
deta is obtained it follows from (49) and (50) that p' as determined by Kuhn and
Figge should be four times that determined by Hardrath and McEvily., A compariscen
5 for an Al-Zn-Mg alloy (7075-T6),

p' = 0:002", and for an Al-Cu alloy (2024-T3), p' = 0-003", with the curve given
by Kuhn and Figge6 show this to be approximately true. Thus for the purposgs of

of results given by Hardrath and McEvily

correlation both methods wall give similar results. The Royal Aeronautical
Society Data Sheet28
with that of Hardrath and McEvily.

value of p! = 0.0025" for aluminium alloys is comparable

It is assumed that a crack will propagate when KTN times the average net

section stress resches a certain value for a given crack length. Now

Kew On © _'%TTP_JZ » (51)

ard so, from (28), (50) and (51) we have

gpy 2L G 5]

i ) (1—R)\fa(1-%>uw

(52)

It is convenient to define a parameter (y) in the following manner:
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,P_'. -
(1 - R) ¥p7 Ko O a tE

Y = - T = 2<1‘%>0w- (53)

Prom the cwrve given by Kuhn and Figge we ohtein, for DID 50704 (ch = 62,000 psi),
Vg7 = 0+15 ¥in A plot of vy vs.a/b is given in Fig 8, ‘

Recently Kuhn29 has suggested a stress concentration factor modified for
finite width of sheet according to Dixon21. The new KTN ia given by

(K’PN)new = KF = 1+2KWJ-%; ’ (5“"‘)

where

R ) )

The same criterion for crack propagation is adopled as sbove. The parémeter Y,

defined above, 1s now replaced by Yy defined by

(# - R) VP X, o \/’;E+2KW
Yp = 5K n’( 2 y (56)
"5 %

& plot of vy, va a/b is given in Tig.8.

& SCATTER I[N INCUBATION TIiE AND CRACK PROPAGATION RATE

Led Results

A number of 3" wide panels were tested at the three different stress
levels (L4400 #3600, 8800 x7200 and 13,200 #10,800 psi) and 10" wide panels at
4100 +3600 psi. Approximately 10 panels were tested in each of the three ocases.
For the 10" wide panels, the cracks were made to run from the standard saw cuts.
For the 3" wide pansls, each saw cut terminated in a drilled hole 0-020"
diameter and care was taken not to damage the internal surface of the hole when
the saw blade broke through the heole. In this way it was hoped to provide a
rather more reproducible stress concentration to start the crack. The totael
slot length was 1/3",
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"Initiation times" were measured by observing the number of cycles (N)
necessary for the crack to reach a new total length, as small as possible yet
clearly different from the original length, Table 1 shows the mean and standard
deviations of log N as measured. Two values of crack length, 0:5" end 0-6" in
the 3" panels amd 0-7" and 0-8" in the 10" panels, were taken to ensure that the
observations of N were reliable. Although the measurement accuracy qf the runn-
ing crack would have sallowed shorter lengths to be taken, the surface disturbance
near the sawn slots made it inadvisable. During the other experiments at the two
lower stress levels further data was obtained for the 3" panels under what should
have been identical conditions except that cracks in these cases started from
standard saw cuts and the specimens were not necessarily from the same sheet
(see also Table 1). Corresponding figures for total c¢cycles to complete specimen

failure are e2lso givern.

Crack propagation observations were analysed by the methods described in
section 3 end are summarized in Tables 2, 3, 4 and 5. The computer programme
was arranged to yield values of K appropriate to selerted values of da/dN.
Since all the data for da/dN is based on total length of crack all the scatter
results are based on the average progression of two cracks. Fig,9% shows the
coefficient of variation of K, v(K), for different values of da/dN for the four
tests, with and without the inclusion of the additional 3" panel data (S = scatter
tests only, A = all tests). We can convert these results into variations in

da/dN at fixed values of K by noting in Pigs.12, 13 and 14 (section 6) that
L 1yt 402
1000 :

Since the standard deviations are small, then o‘(log %%) a B/2.3 o(K) = %%SV(K).

sufficiently accurately for our purpose de/dN = AeBK where B =

Using Fig.14 to obtain values of K we may tabulate values of 0'(105 %%), o, and
v, corresponding to v(K) = 0+02 and 0+O4. These values are, respectively, that
found for the 3" panels at #7200 psi, scatter tests only, and a rough average

of all the other runs.

da (. da /, . da

3 (in per cycle) | BK v, (log an) | % \log dN)
10'6 143 0+04 0-02
1072 345 003 0-06
107% 60 0-05 0410

1072 8.5 0-07 O+14
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Finally, values of o'<lbg %%) can be compared directly with initiation times or

cyeles to failure by noting that :f a crack takes N cycles to traverse a fixed

distance £ at a constant rate %—; = ‘I‘? ; whence for small deviations

0'(103 %%) = o (log N).

L.2 Discusaion

) These results can form a basis for testing the significance of small
'differences in subsequent experiments. It is interesting however to see how
far the scatter observed is due to the intrinsic material variations .rather
than errors in testing technique., Our estimated upcertainty in each crack tip
position was +0:013" (3" penels) and #0:025" (10" penels) as given in
section 2.6, Assume errors in a are %5 of these i.e. 0°009" (3" panels) and
0+025" (10" panels). Measurements of N to sufficient aocuracy presented no

problem; streesing errors were given in Seetion 2.5, -

Considering the initiation times first, calculations of the effect of these

errors on the pbserved scatter show that for the 3" penels at #3600 psi, all the
‘measurement errors were smaller than the observed scatter; for the 3" panels at
+72C0 end #10,800 psi the stressing errors and to a lesser extent.the crack Hip
position errors could well have been a major source of scatter; for the 10"
penels the crack tip.position error was sufficient to ecocount for the obaserved
scatter. Accordingly we can.only regard the last three sets of observations as
upper, limits for materlial variations. On the very limited data available, the
scatter of the panels with holed ends to the saw cuts were little different

from those without.

The effects of experimental errors cn crack propagation rates are more
involved, Our estimated streasing errors were ~3+2%, 1:6%, 1+1% and 1+3% for
M oat o, = %3600 psi, *7200 psi, #10,B00 psi and 10" at o, = #3600 psi
respectively and bearing in mind that K is proportional to stress it is obvious
that we cannot, especially for the 3", *7200 psi scatter tests, expect results .
much petter than those observed. In gencral the errors in orack position should
only have a significant effect at the lower crack propagation rates, |
(~40—5 in/cycle or less) and could here account Por some of the observed
increase in v(XK) in Fig. S.

But in view of the ;Qk values of v(k) of ~0-02 for 3", *7200 psi scatter

tests, it is reasonsble to assume that the higher scatiers of the other runs

are due to other undetermined experimental errors and that this value of v(X)
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only is the best upper limit for materiel variations of specimens taken from one
sheet, Comparing our results with Barroisz, he found for an aluminium alloy

AujG1 (Similar to 24ST Al clad) values of crack propagation rate leading, if we
have interpreted them correctly, to c(}og %%) 2 0:2 for values of da/dN between

10-3 and 10_2. This is a larger scatter, but Barrois does not consider

experimental errors.

Because of our experimental errors we cannot compare material induced
scatter initiation time amd crack propagatibn in much detail but as Table 1 shows,
at the lowest stress and shortest crack length (1/3") the initiation time scatter
is greater.‘ Higher atresses and longer sterting cracks reduce it to the same
order as propagation rate scatter. The low scatter in total life from our high
Kt specimens may ﬁe qomp;red with typical values given by Ford, Graff and PayneBO

of o(log N) for a notched (Kt ~5) Al alloy of ~0-+18.

5 EFFECT OF PANEL LENGTH//IDTH RATIO

Get Results

To determine the effect of panel free length/panel width (d/b}, on the ecrack
propagation characteristics, duplicate teats were made ot two stress levels
(8000 and 16,000 psi peak)-on 3" wide panels having the following d/b ratiocs -
1:2, 146, 241, 3:2 and'4+75, The free length of the panel, i.e. the ungripped
length, was determined by measuring the length of the specimen between the -
serration marks made by the grips. Since the panel was probebly not fully con-
strained by the grips at these points the values of d/b quoted may be slightly
too low. The results of the tests are shown in Tables 6 « 10 and Figs.10 and 41.
Each curve in each figure represents the mean value for two tests and although
there is some scatter at the lower stress level these curves are reasonably
close together in spite of the different geometry of the panels. More important,
there is no trend in the results for the different values of d/b at either stress
level.

5.2 Discussion

Comparison of the two scts of curves shows that for 2 given rate the values
of K are slightly higher for the higher stress level. This trend will be discussed

in more detail in the next section.

Since all the panels were of the same width, using s different width
correction (e.g. Ay or mG) would only change the K-scale a2t any one stress level
arnd would not affect the relative positions of the curves. Thus the conclusion

that the rates are virtually independent of length of panel remeins valid.
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and the constant unity may be neglected., Thus X orn/K o a.D/u.w, which is of
order unity for most values of a/b. Summarising, K or KF 9, provided the best
width correlation up to the surprisingly high values of a/b ~ 0+8.

The effect of stress level may be seen in comparing Figs.12 and 13.
Correlation on a K basis shows differences between the two lower stress levels
which are clearly significant in the 3" panel results of Fig.44. The additional
stress level of o, = 10,800 psi confirms the trerd, Use of Qs E4s KTN o, °or
KF o, &s in Figs.45, 16, 17 and 18 does not improve matters., In this respect
all methode of correlation have failed to allow exactly for the veriation in

stress level.

In general we have preferred to use K since it is a simple analytical
function which correlates width well and is easily calculated. Although KF S,
gives similar results it requires a knowledge of an empirical parameter p' which
‘must be found for each material such that a best fit is obtained. The physical
interpretation of p' is not clear, since although it is called “"Neubers material
constant" its value depends on the manner in which KF(or KTN) is calculated
(see section 3). K, on the other hand, is based on an exact elastic analysis
with reasonsbly known approximations. The complications introduced with p' do
not improve the correlation in stress nor make it easier to understand the

sources of error.

.

Taking the analysis based on K, a possible source of error may lie in the
fact that the use of K to describe the stress field is only valid near éhe crack
tip. Teking for instance a distance from the tip equal to the size of the
plasticwzone then here the elastic stress given by the X approximation can differ
from the exact elastic stress by up to several per cent, For the stresses and
crack lengths used here, the difference in exact elastic stresses with cracks
of the same K only differ by 1 - Z°, but taking into account the plastic
relaxation which will occur this difference may increase and if we are interested
in the volume of material over which a certain stress is exceeded the effect of
such differences may be increased further. The problem requires more investiga-
tion; factora such as the differences in the strain distribution round cracks
with the same K should zlso be considered. Despite these points however, the
value of fatigue crack propagation correlation on the basis of K is clearly
established.

7 EFFECT OF DIRLCTION OF CRACK PROPAGATION

A small number of tests were made on L4F" wide panels (with d/b = 2) which

were cut transversely to the final direction of rolling., As will be seen from
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Tables 17 and 18 three tests were made at each of the two pesk stress levels,
8000 and 16,000 psi., The results from these panels are compared with those
obtained for the 4L" penels in the size effect tests - see Figs.19 and 20,

The mean values for these tests at each level are plotted and show that there
is very little difference whether the crack ard rolling direction are the seme
or at right angles, The tensile properties may be compared in the two
directions at right engles by reference to the table in section 2.1.

8 TFFECT OF BUCKLING

In the final stages of a panel's life, just before it fails catastrophically,
tha fatigue crack may be sufficiently large for buckling of the panel to oceur
(due to the lateral compressive stressos at the edges of the orack). Mansfield
has suggested for the buckling stress, o = S E2 t2/A a2 where t is the sheet
thickness and A is a constant (= 10). Taking our two pesk stresses of 8000 ard
16,000 psi and working ocut the critical values of a for the onset of buckling

with these siresses, they are respectivcl& 2*E" and 3¢5". On this hasis we

9

should only expect buckling in the 20" panels as only here were such values of

& reached. In practice this was found to be so., Since buckling will affect the
stress field round the c;ack tip (see Ref.9) and hence presumebly crack growth
;ate & number of 20" wide panels having a d/b ratio of 2 were tested st the ﬁeak
satress of 8000 psi to determine the offect of buckling restraint. 20" wide
penels ai ob = 16,000 psi failed before the crack length was great enough to
induce any substantiel buckling. Two punels were tested with "anti~buckle"

ﬂars (described in soction 2.3) strappca across the width, the centre line of
the bars being 2" from the crack line. These vere compared with results for
unrestrained panels tested during the investigation on size effects. All five
panels had four strain geuges, cemented on to them in the positions shown by
Pig.21, to measure the transverse strain due to buckling throughout the test,
Figs.22 to 24 slow plots of transverse strain due to buckling. Ends A and B

refer respectively to the ends of the panels further from and nearer to the

fixed head of the pulsator. Fig.22 shows a typical result of a test without
"anti-buckle" bars end Figs.23 and 24 show the itwo tests with bars. It will be
seen 1in Fig, 22 as predicted by Manasfield that until a = 2", the streins due to
buckling in an unsupported panel were feirly small and only for & 2 2" did
these strains mount rapidly. A strain difference between top and bottom.
gauges of 2 x 1073 would correspond te a panel radius of curvature of ~ 30",
Figs.23 and 24 show that the "anti-buckle"” bars effectively reduced the strains.
Fig.22 indicates, that because the tension and compression gauges were showing
tensile strosses of two dafferent magnitudes the panel was in fact pulsating to
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produce tension on each side., Figs.23 and 24 show that the panels were buckling
in cne dairection only. The crack propagation results of these tests are shown
in Table 19 and the average plotted in Fig. 25.

Bearing in mind that a has reached the value of 2" by the time %f—; a6 x 1077
in/cyecle we might expect the crack growth curves to begin to differ at this point,
In fact they do not do so significantly even up to complete fracture (the last
dotted part of the curve 1s bascd on one sample only)., Accordingly we can
conclude that at no time did buckling have much effect on crack propagation, even
though when a = 3" and da/aN reached 2 x ‘IO'-LP in/cycle appreciable buckling

strains were recorded.

9 EFFECT OF REMOVING THE CLADDING

9.1 Results

Tests in triplicate were made on 3" wide panels from which the cladding
on each side had been removed, at each of the two peak stresses 8000 and
16,000 psi. The cladding on each face is nominally 5% of the total thickness.
To ensure complete removal of the cladding, 0-00L" was machined from each side
leaving the specimen nominally 0-056". The results of \these tests are shown in
Table 20 and Figs.26 and 27, Also shown in these figures arc the results of all
the ¢lad 3" panels; the difference 1s seen to be negligable.

9,2 Discussisn

It is known that in general crack propagation deperds on sheet thickneass;
but we can assume that the 12%c thickness reduction which we have made will have
a négligibie effect on its own, Accordingly since the values of K are based on
gross area stress in both cases, we must conclude that the cladding was
effectively behaving in just the samec way as the core material. If it had been
playing no part there would have been a readily detectable change (~M0%) in K
for the same velue of da/dN. Alternatively one could regard the cladding as
taking no fatigue load directly, but acting as a brake on the progression of the
cerack front, However if this were so one would expesct evidence of this in the
clad material such as a pronounced curvature in the crack front. This was not
cbserved and since in any case it is known from other Work8 that the crack
propagation characteristics of pure aluminium are little worse if at all, than
that of DTD 5070A the first conclusion iz tentatively preferred.
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i0 FRACTURE MODE TRANSITIONS

10.1 Results

As the cracks traversed the sheets the mode of failure changed in a
systematic way. In temms of the two stages of crack growth as described by
Forsyth51, it is worth mentioning that the Stage { shear mode was virtually
undetectable. Under the blaxial stress situation-at the crack tip we always
had the Stage 2 mode with the subsequent modifications of it. The general
sequence of modes and the associated macroscopic appearance of the fracture

surfaces could be classified as follows (see Fig.28):

(1) Failure in a tensile mode with a nominally flat fracture surface
perpendiculer to the panel surface plus small shear lips, complicated by the
cladding, at the free surface,

(2) Failure in multiple shear leadlng to a chevron fhtlgue fracture

surface with shear lips on a comparable scale at the free surface.

+

(3) Failure in double shear on two planes at right angles to each
other and inclined at 450 to the panel surface {the shear lips are now fully

incorporated in the double shear).

(4) Failure in single shear on a plane inclined at 45° to the panel

surface.

The entire sequence was not always cobserved. It depended on the stress

Jlevel and the sheet width. For instance at the stress level of 8800 #7200 psi
the crack started in the'multlﬁle shear mode with virtually no flat mode; at
LL00 *3600 psi the 20" panels showed no region with double shear failure; the
failure mode in tpe 3 penels at 13,200 10,800 vas all double or single shear.
At no time @id we observe substantial crack tunnelling in the centre of the
sheet such as can occur in thicker sheets, or in more brittle Al-Sn-Mg alloys.
Thege modes are similar to those described by Lipsitt, Forbes and Baird32. The
position of our cracks was not observed frequently enough to confirm the

arrests which they reported befofé a new mode started, but since we had the
additional multiple shear mode, not reported by them, with no sudden transitions

into and out of it we would not expect such arrssts here.

The values of X at which the fracture mode transitions occurred were
calculated and are plotted for the two principal stress levels in Fig.29 for the
panel widths tested. Although there was.a fairly large spread in individual
K values it can be seen that any one transition occurs at approximately the

same average K-value for all widths., Fig.28 relates the fracture mode observad,
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at the two stress levels, to the mean values of K for the two stress levels.
Let K = Kﬁ at the start of the multiple-shear mode, XK = K2 at the start of the
double-shear mode ard K = K, at the start of the single-shear modé; from Fig.28

3
we find that

K.{oc = 16,000 psi)
T T ® 12 (57)
K2(Gf = 8000 psi)

and

K.,(ac = 16,000 psi)
3 o - a b '1 '1 - : (58)
K5(Gb = 8000 psi)

The K3 transition, for 3" panels only, at o, = 24,000 psi is about 20% higher
than at ob = 16,000 psi.

10.2 Discussien

It has been suggested33 that the fracture mode transition to double shear
(X = K2) should occur when the radius of the plastic zone, perpendicular to the
crack (rp(90°)), is equal to half the sheet thickness. Using Liu's formula

we have

2
5K, (peak)
r (90°) = = — (59)

80&

a

where K2(peak) is the wvalue of K calculated using ob ingtead of Gé and 0& is the

yield stress. Since K 13 a lincar function of stress we have

o .
K (peak) = -&-E K, (60)
and therefore
507 K-
r (90°) = -—%—-— . (61)
P 8o 02
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Thus for o = BOOO psi, rp(90°) x 0-014" and for ¢ = 16,000 psi,
rp(90°) % 0:021", The half-sheet thickness (t/2) is 0:032" and so the plastic
zone radii, as calculated, do not agree with this figure. Moreover the value

of rp(90°) is not & constant for the-two stress levels.

The corresponding values of r (90°) for the K3 transition are 0:029"
(ob = 8000 psi) and 0-036 (cb = 16,000 psi), so that on this date we might
slter Liu's criterion to epply to the K3 transition. This has been suggested
by Liu himaelfih, who enalysed results ocbtained by WsibullBs; Liu found that
the transition to double shear occurred at rP(90°) # 0+3t and the transition
to single shsar at rp(90°) = 0+5t, For the sheets used in these tests
0+3t = 0.019" which lies between the two values, calculated sbove, for the K2
transition. The K, transition at the highest stress (ob = 24,000 psi) however,
corrggponda to rp(90°) = 0-054" which 1is appreciably larger than 0:5t. Other
work” has shown that while the ghear lip depth in fatigue 1s appreciebly less
than this theoretical rP there is also & region of plastic strain extending
some dlstance beoyond rp away from the crack in the surface of the sheet.
Aocordingly more dota 1s needed before definite conclusions may be drawn. It
is evident from the deta in section 6 and Fig.14, on the difference between
K-values for a given crack rate at different stresses, that fracture mode

transitions are somewhat better corrslated with crack rate,

11 GENERAL DISCUSSION AND CONCLUSIONS

(1) Weihave shown that the scatter in crack'propagation rate in specimens
taken from ong sheet can be very low., Results could bést be expressed as an
equivalent S.D. in stross for a given ciack rete. This 3.D. could be as low as
2% though usually it was nearer twice this figure, Similarly the scatter in
crack initiation timea were, with the exccption of the 3" #3600 psi tests, low,
having values of c(log Ni) ~ 0:Oh. Bearing in mind that the experimental errors =
primarily those in load application - were comperable with these scatters the
figures only give upper limits of scatter due to materiel variations. More

precise equipment would bo needed to pursue the subject further.

(2) The directional effect in creck propagation rate wes found to be
very small in this materisl in contrast with Frost's relatively large effect
in the aluminium {A1ZnMgCu) alloy DID 687 37, However, in his materiel crack
propagation was accompanied by periodic 'unstable' tunneliing and he found that
unstable fast frocture was also sensitive to directicn: this is an added

factor not present in our work,
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(3) Although a panel length/width ratio of 2:1 was adopted for most of
the work, it was found that even down to the smallest ratio of 41:2:1 used the
crack propagotion rate (in 3" wide panels) was insignificantly affected. This
confirmed that Irwin's derivation of length independence based on Greenspan's

work was valid for values of a/b and a/d beyond the suggested limits.
(&) . Regarding .the general crack growth.dependence on stress and crack
BK
length, our results can be expressed over most of the range by da/dN = Ae .
Expressions of this form and modifications of it have been consadered by previous

2,30 but although they are valuable as a means of summarising data they

workers
do not throw light on the physical processes involved. Similarly expressions of
the form da/dN « a” cﬁ have been considered (see Ref.1 for a summary)._ Expressed
in this form our results show that o lies between 1-5 arxd 3-0 and over most c¢f

the range is ~ 2, Similarly  is between 25 and L+5.

Various arguments have been put forward to account for such parameters.
Of those based on physical modelsall necessarily demand great simplifications.
59 has suggested that P should be ~ 4 on the basis ?f
Coffin's work on fatigue life at high strains. Coffin deduced that NZ x (plastic

strain amplitude) was a constant, However Coffin's empirical formula was based

For example, Irwin

on tests on plain specimens under a constant plastic strain range; this is very
different from the propagating crack case. In plain speoimens much of the time
is of'ten spent initieting and propasgating the crack along slip plenes. In our
type of test the crack is propagated by successive cycles of fracture at right
angles to the principal tensile stress, Tt would be surprising also, if the

crack rate did not vary with the fracture modes listed in section 10.

(5} In correlating results from panels of different widths, the stress
intensity fector K (with the Westergaard width correction) and the streas
concentration factor KF Uh were the most successful of the parameters tried.

In general, agreement was within the limits of scatter. In contrast,
correlation of results at three different stress levels in 3" wide panels showed
significaent residual differcnces no matter which method was used. There is no

obviocus explanation for this.

In general the K factor was preferred because of its simplicity and clear
basis. Here Irwin's method of regarding the crack as effectively longer by an
amount equal to the plastioc zone was followed, but at the fatigue stresses used
the correction was for the most part negligible. It amounted to ~ 7% at most
in the 3" panels with cb = 24,000 psi.
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(6y A study of buckling in the 20" wile panels showed that it ocourred
roughly when expected, but that its effect on crack propsgation rate, when
compared with similar supported panels, was insignificant in these

experiments,

{7) Tests mado on panels with the cladding removed showed that if
stresses are based on the gross area, including cladding if any, then crack

propagation rotes werc the same with or without cladding.

(8) The macroscoplic fraciure modes in general progreaéed from normal
tensile, through multiple shear, double shear and finslly single shear.
Transitionfrom doublv to single shear could roughly be correlated with the
poin$ vhere the plastic tone was approximatoly half {he sheet width., However,
in that r ig directly rclated to K 2nd in view of the feilure of X to
correlale rates at differont stress levels it 1s not surprising that the
transitions could bagt be sald to occur at definite values of orack growth

rale.
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Table 1

SCATTER IN CYCLES TO CRACK INITIATION AND CYCLES TO FAILURE

No. of tests Scatter only Al
an§32§§e§§§:?ng Total | Mo | Mean |s.D. off o Mean |S.D. of
stress level length | tests of log N | log N tests of log N| log N
3n 05" 5.18 0:17 5443 | 0417
0-6" 9 5.25 013 14 521 0413
3600 psi failure 545 0-085 5eddy 0.092
3" 0-5" L -07 0-047 4+08 0:055
06" 10 4419 0-038 14 419 0. 047
7200 psi failure L+43 0-020 Lei3 0.048
| 3n 0+5" 3.76 | 0-038
0-6" 16 3.78 0+-037
10,800 psi failure 3+79 0-039
10" 07" L+69 0039
0-8" 10 L.+82 0-0LL
3600 pai Pailure 5.29 0+030




Table 2

RESILTS OF CRACK FROPAGATIOR TESTS ON 3% WIDE FANELS FGR

CATTER ISVRSTIGATION. ALTERNATING STREFS 3600 psi

i Tast No. 330 332 334 337 338 34 34 36 349
l inches | & K-x lex a 'ex1w03 | a |Kx103 .: K x 1073 eikx103 ]| a ikx103] a |kx103] & (kx103] a KA 107X
@ cfrii‘e in {pst Jin | in |pst .Ji;‘ in |psi Sin ] tn fpst JTR | 1 lpsr (I | in |pst JIn ‘ in |ogi fin }in [psi Jin{ in i»si JTH
6 x 1077 0.9 1 1.58 ’ T T
8 x 1077 oz 1.70 ' ,
1x10¢ lo2e] 1. (ot 1. 0.zt ] 1,63 '
2x 167° {0.31 2.05 .31 2.04 0.29 1.9 0.27 | 1.90 0.5 2.03 0.26 1,86 0.27 1.91 0.28 1.6
bx106 lose] 2.3 lcss| 230 Jom 2.33‘ 0.1 | 2,39 {C.ht | 2,38 (041 239 |o.40f 2.37 |035] 2.33
6x 1076 Joun| 2.50 Jous | 2m1  jous 2.65 [0.571 2.93 ) 0.5 1 2.35 [0.53] 2,77 {o.52| 2.% o3| 277 lowsol =.67
82106 los1| 2.2 |05 ] 285 |o62]| 308 jo.es| sz |o.66] 3.3 o.68| 330 o611 3.5 [0.63] 3.3 |o.62| 3.08
1105 fees| 3 o | s |o2| 33 Jos|' 33 foom| e ot | se2 loss| 328 loom| nm Jom| e
2x105 [0.90] 86 |oos | w3t Jos2| bz fo.st| ez jouoz| L2z 0,951 wt [0.86 ] 3.96 |0.89] £a3 [0.91] .20
bx 105 Jron| 890 {1.07] 507 [1.0s] wos [ron| ke (row] et |1e07| saz |oos| w2 {103 mer [ren] n
6x 1075 1110} 532 | 142 550 J1.41| 537 [1.10f 530 f1.10{ 532 [1.13 sy 11.06] s.o1 [1.09] 5.2 |1.10] 5032
821070 [1ab7] 5.65 [1.16] 5.8 1.13]  5.59  }1.14] 5.62 - 116 | 5.85 [1.10] 5.30 [1.3] 5.52 [1.a4) 5.62
1 x 1074 1116 5.87 | 1.18 6.05 ) 1 . 1.16] .5.83 1413] 5453 [1415] 575 |[1.16] 5.86
2x 1078 | X 1.22) 653 |1.23] 6.65

o4

a¢
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Table 3

RESULTS CF_CRACK PRCFAGATION TESTS ON 27 WIDE PASELS FOR
ALTERHATIWNG STRESS 7200 psi

SCATTER_INVESTIGATION,

-

Test No. 350 333 335 336 339 342 33 345 347 e
4 VcEs | @ k2103 | a [®x103 ] a |ka1073 | e imo-3 8 JKx1073 | & |Kkx1073 | a (k2103 | & |Kx1073 | & [Kx1073 | & |Kx10%)
o c§:I; in ipsidn | tn |pst/in | 1n |pstVin| in |pstiin | tn {pstfin | tn |psiiin | tn {pstiin | in {psiiin { in psivIn | in | psivin
8 x 1076 0,22 | 3.9
1 x 1075 0.27 | 3.83 0.2h | 3.64 {0.26]| 3.7
2x105 [0.38 | 4.67 (0,38 | 4.63 [0.37 | 4.58 |0.3L | L.36 [0.36 | 4,52 [0.38 | 4.65 0,37 | L.55 [0.38| L.67 [0.38 | L2 |0.37 4.57
43100 0,50 | 5.47 |0.48 | 5.30 |0.4B | 5.34 {0.45 | 5.10 {0.47 [ 5.23 [0.50 | 5.43 [0.47] 5.25 |0.50 | S.b5 |0.49 | 5.39 [0.48| 5.3k
6 x 1072 10,57 | 5.89 [0.53 | 5.68 [0.55 | 5.76 {0.51 | 5.52 5.53 5.6h 0,56 | 5.85 10.53 | 5.62 "[0.56 | 5.86 [0.55] 5.79 [0.54] 5.74
8x10° {0.61 | 6.19 0.57 | 5.95 |0.59 | 6.05 [0.56 | 5.83 |0.57 | 5.93 |0.60 | 6.15 [0.56 | 5.88 [C.60 | 6.14 [0.59 | 6.07 [0.58| 6.02
1x10°% jo.64 | 6.1 [0.61 | 6,16 lo.62 | 6.27 [0.59 | 6,06 [0.61 | 6.16 |0.64 | 6.38 |0.59 | 6,09 j0.6L | 6.36 |[0.62] 6.28 |0.62| 6.23
2x10™% lo.7 | 713 |o.70 ] 6.85 l0.72 | 6.98 {0.7%0 | 6.80 (0.7 | 6.88 0.7 | 7.11 |o.69) 6.73 |o.73| 7.06 [0.72]| 6.96 0.1 6.3
kx 10 [0.83 | 7.88 |o.m | 753 |o.81 ]| 7.7 0.80 | 7.62 {0.83 | 7.85 [0.78| 7.L0 |o.82) 7.78 |0.81] 7.67 [0.30| 7.62
6x 10 10,88 | 832 0.8 | 7.96 [0.67 | 8.16 0.86 | 8,07 |0.88 | 8.30 ]0.83| 7.82 [(0.87| 8.22 [0.86| B.10 |0.85] B.05
8 x 1074 lo.92 | 8.64 ]0.88 | 8,28 }0.90 | 8.47 0.89 | 8.39 0.86| 8,12 10.97 | 8.54 |0.82] B8.L2 [0.89 8.36
1x ;0'3 0.94 | 8,90 |0.91 | 8,52 0.92 | 8,64 0.89| B8.36 {0.93} 8. 0.91f 8.61

9¢



Tabie _1,

RESLLTR OF C3/'CK PROPAGATI. M TESTS G 3" J'IDE PAJELS FOR

SCHTTER 1, ViSTICATION.

ALTERNATING STRESS 10,800 psi

TestHo. | 113 s we | w7 13 k20 121 ez
inches a |Kx 1072 a [Kx103 :- K 1 1077 | a (Kx102{ a |k z 107 a {K 103 B {Kx102 ] & |Kx 107
@ c:r;z.fa in |pst.In | ip lpstVin ] 1 jpstivin | in {pst Jin | in |pst<in | in {psiin | in ipst J1n | in |psiJin
bx05 o8| 69 | loes| s 02| s jo.s| 6an |o.27| ss0 7| sk
6.x 1077 o3| 652 (026 5.3 |0.29| 612 [0.30| 627 fo.32| 652 o3| 642 {o.x| 6.33 0.30| 6.22
8x 1070 1035 | 6.84 [0.29] 6.16 |0.31| 6.38 032] €52 loss| 6 lo.3s 6.77 [0.33] 6.6 0.33| 6.60
1x10h fous | 7.87 |o.32| 645 Jo.33| 659 o3| 6.7 0.37] 6.58 0.37] 7.02 |o0.35| 6.83 jo.36| 6.88
2x 107 Jos6 | 895 [omo| 7233 Jo39| .28 lodo| w3 [ouas| 762 o 2T foud2] 7.0 03| 7.65
tx10h jo.6e | 9.60 Jodo| B.25 o8| &2t fodB| 843 lodg| B2 o.so| 8o |o.2| 858 |o.s0| 8.3
6.x 105 Jo.66 | 10,07 fosu| 882 [o.s6| 8.98 |o.su| s |osu| 8. |osi| 8.7 |09 9.9 |o.ss| s.70
8 x 1074 0.69 | 10,4  10.58 | 9.24 0,62 9‘.6? 0.59 9.2} 0.57{ 9.3 0.55: 9.00 j0.64| 9.83 |0.56| 8.95
1 x 107 . Jos6t! 9.57 jo.e6 10.67 c.63] 9.7 080 s.k3 10.58| 9.9 [0.63] 10.25 |o0.57] 9.4
2 x 1073 . . - 0.7 | 1.6 |0.75 | 11.09 0.70 | 10,16 0.63| 9.7 {0.B} 11.55 [0.63} 9.70
4 x 1073 o 2 0.79 | 11.62 10,68 10,25 0.67] 10.22

Gz

L



Izble b (Contd)

Test No. kah k25 426 L2y k28 529 1350 &3

- tnches{ a [Kx102| a |kx103| a lkx103 | & [Ex103] 2 |[Kx102 | & k2103 a {Kkx103 | & |Kx 1073
an cvt’;;:s tn |pst Jin | tn ipst <in | 1o lpstfin [ in |pst Sin { tn {pst Jin | tn |pst /in | in |[pst<in | In {psi<1n
Lx 10 |0.27| 594 [0.25] 5.6k 0,29 | 6.4 [0.26] 5.8 0.25 5.7

6x107° |0.31 | 6.33 [0.20] 6.16 [0.28] 6.05 [o.32 649 [0.29 | 647 [0.28 | 6.06 |0.29] 6.2 0.27] 5.95
8x1075 [0.33| 6.60 [oui2| 65k [0.30] 631 [0 | 6.7 o3| 62 oo | sy |o31] 6o |o32| 6.5
131070 |o35| 680 [035| 6.83 [0.32] 651 036 | 695 [0.33| 6.62 036 | 6.90 10.33| .62 [0.35| 6.8
2x10°h {0 | 746 jo.45]| 7.82 [0.38) 7.8 |0.43 | 7.67 |0.40 | 730 |0.47 | 8.05 [0.L0| 734 |O.L5 | T7.86
bx 1ol Jos| 8.8 [o.55] 8.91 [o.47] 8.05 [0.53 | 8.0 |0.4B| 8.2 [o.s8 | 9.21 [o.kg| 8.25 lo.s51 8.86
6x 1074 [0.,53| 8.65 [0.62{ 9.59 |o.sk| 8.7 o6t | s.52 [0.56 | 9.0 [o6u} 9.89 |0.55] 8.95 [0.60 | 9uks5
82104 {0.56| 9.02 l0.66] 10,09 |0.59| 9.35 |0.67 [ 10.13 062 9.63 [0.69 1038 0.6 9.47 |O.64 | 9.88
121072 [0.59{ 9433 [0.70[ 10,47 [Ou6h4] 9.82 [0.71 [ 10,59 [0.66 [ 10,11 (0,72 | 10,77 [0.65( 9.90 [0.67.| 10.22
22107 |0.69] 10,50 {o0.80| 11.68 |0.76| 11.22 ]o.82 | 11.94 0.76] 11.23 |0.77] 1.3
bx 105 0.9 | 11.58 0.86 | 12.47

.

8¢



Table 5

RESULTS OF CRACK PROP.GATION TESTS ON 10" WIDE PANFLS FOR

BCATTER LIIVESTIGATION. ALTERMATING STRESS 3600 psi

Test do. \

382 , 383 384 304 395 396 297 1_ 398 359 (00

da inches a le10'3 a | Kx10™3 a |Kmo3 a jKri073 a I{z10"3 a Kx10"3 a wa"}h -: Kx10™3 a |Kx10™3 a lec‘):;
EN- c?rz:e In pswﬁ in pslﬁ'ﬁ in psifTr; in psijl_n in |pst Hl in pa!vit? in psi-an in ipst Ji;n in {psi f{r—l in psifl;:
hx 106 Jo.42 % 2.35 [0.33] 2.08 lo.43 ] 2.37 |0.44 | 2.0 [0.47 ] 2.48 (0.4 ! 2.40 [o.u7| 2.49 jo.33 | 2.27 |o.n ] 2.32

6x10° lo0.58 1 2.77 |0.55| 2.70 [0.60 | 2.85 |0.65 | 2.69 10.67 | 2.97 {0.63{ 2.89 {0.66] 2.96 |0.61 | 2.85 |o.62| 2.87 10.61| 2.55

8x10° [o0.90 | 5,04 [0,70] 3.06 [0.73| 3.11 [0.77 | 3.20 {0.81 | 3.28 [0.76 | 3.19 (0.7 ! 3.26 [0.77 | 3.21 lo.77| 321 {0.78] 3.22

13107 0,78 | 3.24 {0.82} 3.32 [0.83] 3.32 {0.88 | 3.3 10.92 | 3.5t [0.87] 3.4t j0.90| 3.48 |0.89 | 3.46 |0.89 | 3.46 [0.91] 3.k9

2x1075 {1,07 | 3.81 {1.18] L.02 (.14 3.94 {1.22 | £.09 [1.28 | 420 [1.21 | L.08 {1.2h| L.13 }1.28 | 4.20 [1.26] h4e17 [1.28] L.21

bx 1073 Liant | b5 1253 | Ue66 1148 Bo57 11459 | he77 {167 | 89t {1.59 | W77 [1.60) L.78 [1.67 | 49t [1.65] 4.87 [1.63} 4.85

6x 1072 11,69 | L95 [1.73] 500 [1.71 ] 498 {1.8L | 5.21 [1.93 | 5.37 |1.85 | 5.23 |1.84| s.21 {1.91 | 5.33 [1.89) 5.29 [1.83] 5.19

8 x 1075 [1.97 ] Su6 [1.86] 5.26 11.89 | 5.31 [2.03 | 5.55 (2.12 | 5.73 [2.05| 5.59 l2.02] 5.53 [2.08 | 5.65 [2.06] 5.61 [1.96| S.b4

1x 1078 j2.23 | 5.9h [1.97] S.b5 |2.05 | 5.60 {2.18 | 5.83 12.28 | 6,03 {2.21 ] 5.89 [2.17] 5.81 [2.21 | 5.90 |2.20| 5.87 }2.06] 5.2

2x 104 l2.92 | 7.38 |z.30 | 6.06 |2.60 | 6.67 |2.67 | 6.62 2.77 4 7,04 |2.75 ] 6.9 [2.651 6.77 |2.64 | 6.7 |2.63 ] 6.3 |2.37] 6.19

bx o 2,62 6.70 |3.10] 7.85 3.3 | .92 |3.21 | 8.5 {3.191 8.08 {3.10} 7.86 |3.04 | 7.0 i3.05) 7.2 |2.65] €77
6 x 1074 2.80 | 711 3421 8.78 |3.34] 8.53 3.28] 8.35 |2.61) 7.13
8 x 10"‘ 2.95 ] Tl 3.5 | .29 2.92| 7.40

1x 107 3.01] 7.61

25109 3.27| 8.32

174

6¢
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Table 6

EFFEGT OF d/b ON_THE CRACK PROPAGATION
RATE QF 3" VIDE PANELS

(i) z 12

Al:i::g:i“g 3600 psi 7200 psi

Test No. 299 "'“"""";r'"““ 300 301 202

inches e 1Kx1025 ] & 1Kx107| & [Kx 107 e | Ko 1072

w cﬁzie in !psi Jin in 'psi JI; in | psi Jin in ! psi J{IT
8 x 1077 022 | 1°7H

1% 1070 Oo24 | 1.80

2 x 107° 0«3 | 2415  ]0-3 2406

L x 10'6 0+58 2:95 |04 2439

6 x 1076 0:73| 348 |0:63 ] 3413 [0:23] 357

8 x 10°° 0-821 380 {0-79 | 368 [0-28; 3-92 [0-22| 347

1+ x 1072 |0.87] 403 |0-86| 3.7 |oem| 447 |0e26] 3.77
2 x 1077 1401 | 472 11408 | k72 |O4Y | 4eB5 1 0:381 467
L x 10"5 14114 542 1412 5443 0. 50 5.9 0. 52 5-55
6 x 1072 146 | 5-85 |1+16 | 587 1056} 585 |0+59| 605
8 x 107 1419 | —~6.17 {1:20 { 6+19 {0-60| 6412 -0+64 | 639

1 x107% 1422 | 642 |1:22 | 645 |0.63| 6-32 |0:68| 665
2 x 107% 1-28 | 7-30 lo-72} 7.00 |0-78| 7-45
4 ox 107 0.8 | 770 [0-87 | 8.2
6 x 107 0-87| 813
8 x 107% 0-90 | Bk

1 % 10-5 _ 092 869




Teble 7

EFFECT OF d/b ON THE CRACK PROPAGATION

RATE OF 3" WIDE PANELS

(1) a/b =16
Alternsting |
Siizzzlng 3600 psi 7200 psi
Test No. 293 | 297 ooy 295
da i;lgilea a ; K x '!O"3 a !K x ‘IO“-3 a | K x 10“3 a |X«x 10-}
cyele | in 'psiJin | in |psiJin | in {psi Jin | in |psiJin
1 % 107 0+2%| 1:79
2 x 1070 0:35| 217 1027 | 1.92
L x 1076 049 2:65 (038 | 2430
6x10°  |o-61 2:03  |049 | 2:66
8 x 1078 0-69 | 3.3, [0-62 | 306 |0+23| 357
v x 1075 o6 ] 357 oo | 338 |oe26] 379
2x10° los2| 4e27 lowgo | 417 loe35| 4en7 |owo | 4e81
bx 102 [1-05| 495 |1.0n | 5-29 10-46| 518 j0.52| 5.58
6x107 |11 | 536 [1-13 | 5.59 |0-52] 5.6 |0.58] 6-0f
8x 1077  |1414 | 566 |1+16 | -85 |0-57| 5-92 063 | 63
1 x10™% a7l 5.9 0+61 6:16 |0:66 | 654
2x 107 1oz | 669 0-71] 692 |0:76| 7-27
L x 107% 081 7:69 |0-85| 802
6 x 107 0.86] 8414 1090 | 847
8 x 107¢ 0-90| 8.7 |0-93| 8-80
1 %1072 0-93] 872 0:96 | 9:05

51



Table 8§

EFFECT OF d/b O THE CRACK PROPAGATION
RATE OF 3" WIDE PANELS

(iii) aHd = 2+
Alternating . |
stress 3600 psi 7200 psi
Test No. 290 i 291 287 288
3a inches e lkx102 ] & lkx10| & lkx1072] a (X« 1072
- per
an eycle in | psi \f_‘;r: in | psi Jin in | psi Vin in |psi J;;
2 X 1076 0+36 221 0+32 2+09
i X 10‘6 0+55 2:86 045 2:5%
6 x 10"6 0-67 3:25 0-58 294
8 x 10'6 074 3.52 0-68 3430 0427 3.83

1 x40 lowsol 372 o786} 356 {oe29l ne02 loe29 ) neon
2 x 4072 loeon | 4-36 {0-93] 4-29 |0+38] 468 |0-42| 490
x 1072 11061 5.05 {1.05] 4+98 |051| 5.51 |051 | 5455

L

6x 107 12| 543 {111 5.29 1059 603 {0571 5-90
§x 102 15| 5.73 |1445| 5.70 |0-64| 639 060 | 6+15
1 x107% |18 | 598 |117] 5.9 |0.68] 667 |063| 6-35
2 x 107 M2y | 6077 079| 749 (o072 697
) x 107 0-88| 830 |0-81 | 764
6 x 1074 0-85 | 808
8 x 107% 089 | 836
1 x 1077 0:91 | 8-60

2 x 1072 099 9-38




Table 9

EFFECT OF d/b ON THE CRACK PROPAGATION
RATE OF 3" WIDE PANKLS

(iv) 4/ = 3.2
Alternating | .
e ne 3600 psi 7200 psi
Test No. 283 28y, 285 286
4 inches | a8 [K x 102] & kx40 | a [Ex1072 | a kx40
by Per —— —_— - -
an cycle in ipsi Jin | in |psi vin in |psi Jin in |psi Jin
> x10°¢ {029 | 1.97 lo2e| 1.99
4x166 0-42 | 2.2 |0.m1 272
€ x T O-54 | 281 063 | 3+11
B x 10'6 064 3ell 071 3.38 027 3.89

1 %1072 107 3.0 |0:76 1 358 [0:32} ye2n
2 x 102 |o-89 | 413 low9t | 421 (ol | 5:05
x 1072 l1.03 | 481 {4.03| 4-86 |o-su| 5.7

%

6x 102 |1.091 5.2 |4.09| 526 |060]| 6443 J0:57) 5:95
8x 1070 |43 | se51 [4443] s5.55 Joeen| 6m2 |06t | 6418
1 x 107% 1445 5:75 11416 5+78 0-67 664y 0:63% 6-36
2 x 107% : 42230 656 10-77( 7.3 |07 | 6.93
b ox 1074 328 | 742 |0-86| 8.08 [0:79] 7-55
6 x 1074 091 | 853 |0-84| 7.93
8 x 107 094 885 - |0-87| 822
1 x 1072 0-96| 9.1 0.90| 8enn

2 x 107 0-97 9419 _J




Table 10

EFFECT OF d/b ON THE CRACK PROPAGATION

RATE OF 3" WIDE PANELS

(v}  alb=u75

Altzzg:zing 3600 psi 7200 psi
Test No. 311 3L 316 37

inches | & |Kx 10| a |Kx1023| a |Kx102 | a |Kx 10

ax cﬁiie in |psiJin | in lpsi Jin | in |psiJfin | in {psiin
2 x 1078 0425 | 183 0251 1.84
L x 1078 057 | 291 |07 | 2.59
6 x 1078 0+72 | 3kh {0:63 ] 3-10 |0-24 | 3+65 }0+25| 367
8 x 107 |o-81 3+76 |0+72 | 342 ]0-27}( 3-83 {0-28| 3.97
1 x40 lo0-86 | 399 |o-78 | 365 |0-29| 3.98 03| 419
2x 107 [1:00 | 467 |0°94 | 43w |0:35| neus5 (044 | 4087
Lx 1072 111 | 5.37 [1:06 | 500 |0ehn| 5.05 |0-51 | 55
6x10° |1-16 | 580 [1411 | 5.2 |0-51] 553 057 5-95
8x107° {1419 | 611|115 | 572 |0-57| 5.9 lo-62| 624
1x10% 1.2t | 636 [1.17 | 5-96 o6t ] 621 |o65| 647
2 x 1074 07 | 711 [0:75 | 7.20
L ox 107% 084 | 79 |08k | 7.95
6 x 107% 0.89 | 8.1 [0-89 | 8.0
8 x 107 0-93{ 875 |0:93| 872




Table 11
ZEFECT OF _PAVEL “IDTH ON THE CRack PROPAGATION RATE

(1) Hidth = 14" |

Alt:::z;;ng 3600 psi 7200 psi

Test No. 20 i 21 i T T 2 . | 25 ) :7 - 18 j 19 5 23

g8 inches a 1Kx103 | a K210 | a 'Kx103] & l&x 105 a Kx102| e 1Kx102] a xx103] aigx103] a [Kz 1073

& c;::;-e in jpsi Jin in (pst Jin in 'pst Jin in [ psi Jn In' psi Jin in :psi Jin 1n { pst Jin in | pgl vin in | psi Jin
0.39 x 1076 01| 1.22 {0 | 1.2k |o.1 ] .2

0.Bx108 05| 1 (0015 | 183 {oa5| 1.5 1045 1.47 1045 ] 1.4

1.58x 10 [o.23 | 1.35 ozt | t.m fo.21| 1.77 Jowes| 1.sw lo.z3 | 182

2,3 x 107 {0.30 | 2.21 [0.26 § 2,01 Jo.27] 2.08 Jos2l 232 oo 219 lo.07] 1.88 lo.07] 1.90 Jo.os] 1.1 lowo7] 1.97
345 x 100 fo3n | 243 oo | 223 lose| 230 to.xs| zsn foas| 2.1 Jo.08] 2.1 fo.08] 2.2 |o.08] 2007 louz2! 2.59
0,39 x 1079 [0.36 | 2.5 o33 | 2.39 jo.3u| 2.7 [0.38] 2.0 [0.36| 2.57 lo.0] 239 loao| 235 loat| 2.4 lo.as| 2.9
0.7 x 1073 {042 | 3.04 0.40 | 285 ot ] 293 fou3| 3.5 |od2| 3.05 lo.zz| 362 [o.21] 355 o] 355 |02l 3.65
1.58 x 107 |o.46 | 3.50 0.28] 4.28 lo.28| 4.23 lo.27| k2o [0.28) L.23
2.36 x 1072 0.30 | 4453 | 030} L4a55
3415 x 1070 0.32| b [ 0.32] baT?
0.39 x 107k | : 0.33 ] 4,92 j 0.34 | L.93

Gz
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Table 12

EFFECT_OF PANEL WIDTH ON THE CRACK PROPAGATION RATE

(ii) Width = 3"

Alternating ! “ . .-

stress 3600 psi 7200 psi

Test No. 350 352 355 H 353 354

o, nches | & [Kx 107 & [kx107' & [Kx107| & iKx107 | & [Kx107] & |Kx107

=% per . —

cycle in {psi fin in ! psi Jin in |psi fin in |psi Jin in jpsi fin in | psi' Jin

2 x 107° : 0-29} 1.97 (027 | 1-90

L % 10‘6 0-42 2ehly 045 2451 0-40 23

6 x 1078 0-54 | 2-84 0-55{ 2-85 10-51 2-70

8 x 1076 0-61 3-06 |0-62 3.10  |0-60 | 3-03 0-23 3.5

1 x107° |o-671 3-25 [0-68| 3.29 lo-68| “3.29 |o0-25| 31 lo.25| 372 |o-22| 346
‘2x107° {o-82| 385 jo-85! 3-91 |0:87 | w035 |0-37| 456 |0-33| 427 |0-3%| 4en0

L x102 1096 | 443 |0-98] 4-55 |1-01 h-T1 O:46 | 5417 jO-xt ! 4-83% Ok | 506

6 x10™° {102 4.8 {1-05] 4-95 107 | 5-11 -|0-51 | 549 J0-46| 519 {0-49| 5-42
"8 x 1072 1.07 5-08 1-09 5422 1411 5oLt Q+5L, 572 0+50 546 0-53 566
1 x10% 40| s-30 1412] s 1414 | s5e66 lo-57.| s5-89 lo-su| 568 |o-56| 5-80
L2 *:o"LF 1.20 6-19 1-22 644 Q-6 6-42 Q-84 6-40 0+65 6‘-45
Lx 10H 0-72| 6-98 |0.75] 716 |0-731 7-08

6 x 1074 0-77 1 733 |08 760 |0-79}| 7-47

8 x 107% 0-80 | 7-59 |0-B4| 7-93 |0-82] 7-75

1 x 1072 0-83 | 7-80 {0-87| 8-18 |0-85] 7-98

ot



(311) Width = 43"

Table 13
EFFECT OF PANEL WIDTH ON THE CRACK PROPAGATION RATE

nlt:i?:;;ng 3600 psi 7200 psi
Test No. 359 ? 560 367 362 363 361
inches a Ex1072] a iEx40° ] a |Kx 10'37 a |Kx 10 a |xx107 | a |kx107
£ er I '
chffcle in ipsi \E-r; in |psi f;.; in | psi u!;l—rl_ in |psz: f:‘-L; in jpsi \fi_n in | psi \FFJ':;
b x 107 0+40 | 233  [0-41 2-35  |0-43 2.40
6 x 10’6 0:55 275 0-57 | 2-81 0-58 2+83
8 x 10"6 065 3.03 0-67 3-08 0-69 312
1 %107 Jo-75 | 3.2 |05 328 |0e77| 335
2 x 10—5 0-97 3+88 097 3-87 1-03 405 0-36 L6 0-35 L+37
bx 102 {120 ] 456 |117 ) 4en7 {1-26| 4-77 |o46| 5-08 |o-46| 5-08 |04 | 5-08
6x10° [1.32 | 497 l1:28| z-85 [1.38] 5.2 0-53 | 5-46 |0-541 555 055 5-58
8x 102 {140 | 5-27 [1-36 | 5-12 [1-46] 5-52 {058 | 575 [0+61 5:92 [ 0«61 5+89
1 x10% |16 551 (a2l s5-35 l4esa ] s5.77 lo63| 6-00 l0-67] 6.2 |o65| 614
2x 10 1162 | 631 1.58 1 610 [1-66 | 6-60 10.79 ! 6-89 j0-87) 7-32 076} 673
b x 107 1.7 6+92 (178} 7-50 {0-97{ 7-89 [1-05| 8:37 (0-86| 7-29
6 x 107* 1.07| 848 |1.15| 8.96 |o.92| 7-61
8 x 107" 14451 890 {1.21| 9.37 [2.96| 7-83
1 x 1072 1449 | 9.24 099 | 8-00
2 x 1077 ‘ 1.33 | 102 1.08| 8-54
b x 1072 ; 14171 9-10

A



Zebleth.

EFFECT OF PANEL WIDTH ON THE CRACK FROPAGATION RATE

(iv) VWidth = 63"

"y

Alternating

stress 3600 psi 7200 psi
Test No. 365 366 369 367 368 370
. :'an}hes a K x '10—‘3 a K x 10-3 a |K x 10-'3 a :K x 10"3 a | K x 10-'3 a (K x 10-3
dN cycle in |psi yin in psi.vfi—n in |psi Jin in psi\/;a in ! psi Jin lin psi JZ_GI
Lx10® Joug | 25, os| 243 Jous| 20
6 x 10‘6 062 289 0-61 2-86 0463 2-92
8 x 107 0:72 1 314 ]0-73| 345 [0-77 | 3-25

1 %107 1o | 3.3 |o0-82| 337 {0-88] 3-50
2x107° |14 ] 408 [1:13] 406 |1e22| 4.2
4 x 10~ 1:56 5-05

145 L+79 156 504 046 504 046 501 0-48 511
6x10 {1-79| 563 |1-64] 525 [1-m| 552 |0-55| 548 |o-55| 5.8 |0-57| 5-63
8x 107 {1.95| 6.0 [1-77] 559 |1-87| 587 {0-61| 581 061 | 5-85 |0-65| 5-99
1x10™% l2.03| 6.3 |1.87] 5.8 |1-96| 6415 [|o0-66| 6.07 |o-67] 611 lo-0| 627
2x10™% {2.28 735 (24| 675 |[2o24| 7-06 |o-84| 690 [0-88] 7-08 [0-89| 7-13
b ox 1074 1.0 | 783 [1-14| B8-28 |1-09| 8-05
6 x 107 ' 147 | 8-43 [1.30} 9-02 {1-21 861
8 x 107% 1.27 | 888 [1-41] 9-54 |1-30| 9-02
1 x 1073 135 923 f1.50| 9.9 [1-37] 9-35
2 x 1077 158 | 10+4 1.59 | 10-4
b x 1073 1279 | 11+5




Table 15
EFFECT OF PANEL WIDTH ON THE CRACK PROPAGATION RATE
(v)  Width = 10" )
:
Alternating .
stress 36C0 ps3 7200 psi

‘Test' No. 182 733 381, 385 386 387
3, inches a (Kx10°] a kx1072 | a |kx102| a |kx107] a Ex107°| a |Kx107
<= per f_ . 1
WM vele in lpsiin | in lpsi Jfin | in lpsi fia | in lpsi~is | in |psi fin | in |psi Jin
4 x 10'6 042 2435 0-33 2-08 043 2.37
6 x 10’6 0-58 2.77 0+55 2470 0-60 2.8%
8 x 10"6 0-70 3.0k 0-70 306 073 311
1 x ToR 0-781 3«24 0-82 3432 0-83 332
2 %1072 {4-07| 381 (1418 | 4-02 111yl 3.9y 0:30 | 4-03
Lx 100 laag | wews (1953 | he66 1.8 | 457|045 | 487 0-47 | 5-05
6 x ‘lO-'5 1-69 495 173 5+ 1M 4-98 0-94 542 O-48 5+10 Q-57 5-56
8 x 1072 1-97 546 186 526 1+89 531 0-61 5-78 058 5460 0-64 5+90
1 x10%* l2.23| 5.9 {167 ! 545 |z-05| s-60 |0-67| 600 |0-66| 5-98 [0-69] 6-15
2 x 10™% l2.92) 7.38 |2-30 | 6.06 |2-60| 6-67 |o-86| 6-86 |0:93] 748 |o-87| 6-92
L % 10"1" 2562 670 3+10 7-85 1-08 7-78 1-30 8+60 1-09 7-80
6 x_10_}+ 2.80 | 7.11 1.28 1 852 |1-56] 9-57 |1-28| 8.5,
8 x 1074 2:93 | 7.1 1481 927 |1.75! 10-3 1.52 | 9.0
1x 1072 1.68 { 9.99 {1:90{ 10-8 1-75 | 10-2
2 x 1072 2+30 | 123

61



Zable 16

EFFECT OF PANEL WIDTH ON THE CRACK PROPAGATION RATRE

{vi) . Width = 20"

0%

Alternating § ¥ "

stress 3600 psi . 7200 psi

Test No. 391 409 10 406 b1 y2

1o ioches | & |k x102] a |kx10° | a |Kx107| a |[Kx102] a [Kx10°| & |Kx 107
— Per L3 — v - R _
ax cycle in | psi f;r—x in -| psi Jin in j{psi Jin in' psi vin in |}psi Jr:‘fr: in | psiin

-6 ' X

4 x 10 0-32 | 2.05

6x 100 | 0-60 | 2:80 {063 2-87

8x10® |o.62| 28 |o0-81| 326 lo83z| 33

1 x1072 J0-80] 3-25 ]0.97] 357 10-99} 361
2x1072 (1.3 421 {1-u3] 437 |1-46 | 4en0 »
L x10 l1.8] 500 |4-8] s.01 [1-89°] s5-05 {0591 s5-64 |01 | ue70 [o-u6| 4-95
6 x 1077 2.41 5+36 2+40 543l 2-14 539 0«7k 6+33 0-57 552  10-60 5470
g x10° |2.34| 562 |2-26| 555 |2-3 | 5-63 [o-& | 6-76 |o067 | 6:00 |o-70| 6-16
1x10% lous! 581 {2:38] 5.7 |245 ] 5.8 |0o-92] 7:05 |0-75 | 6-35 |0-78| 647
2x10% o0l 639 |2-m| 619 |2.95| 642 |113| 7.8 {o-97 | 72 loe99| 7-30
bx 0% 13.3, 1 6.95 {242 6-66 |u-23) 8-.08 113 | 845 |16 | 7-9  |447) 7496
C6x107™* 362 729 |3-37| 6.9 |5-72|10-25 |1-40| 87 [1-26 | 8-28 [1-26| 827
8 x 107% 3-é2 ‘7-56 — 361 7.28 R 1-46 8-92° (133 | "8-50 1-32 8-48
1x1072 (400! 778 |39 7777 1-49 { 905 [1-38 | 8-66
2 x 107|473, 876 . T

20



Table 17
EFFECT OF ROLLING DIRECTTIUNL ON TS CRACK PROPAGATICHK RATE O L,,%“ WIiDE PANELS

(i) Alternsting stress = 3600 psi

YAl

"_‘ Rolling . X -
direction Longitudinel Transverse
T T me—m— T ° ;
Test No. 359 350 361 276 377 378
USRS, N
inches a K x ‘IO'-3 a | K % 10—3 a K x ‘IO-3 a K x 10—3 g {Kx ‘iO-'3 a K x ‘lO_'3
== per L ____ — . —
cycle in lpsi vin in | psi vin in {psi Jin in |[psi v4in in |[psi «in in | psi ’,:E
W ox ‘IO_6 0-LC 2-35% Q-1 2435 G4 3 2+40 ) 041 2-35 040 232
6 x 10-6 0-5h 275 0-57 281 0-58 2-83 051 2+63 0:53 269 0-56 2.78
8 x 10_6 0-65 3-03 0-67 3.08 0+69 3412 0+61 2+90 G-61 2+G3 0-66 3-06

1 x107° lo75{ 32 lo-7s| 328 fo-77| 335 {068 3.1 0-68{ 312 lO-74| 3-26
2 x 1072 0-97 3+88 0-97 3-87 103 405 0N 573 0-92 373 0-96 5+85
Lx 1070 |4.20 | 456 [1-17| 4en7 11026 w77 |4t w37 |15 pn2 16 4eus
1432 | 4+97 [1:28] 485 |1-38| 5-20 [1.26| 477 |1-28] 4-By [1-27| 4-82
8 x 1072 140 527 1-36 5-12 1+46 5+52 1034 5+06 1437 5415 135 5+10
1x10% |1.46 ] 551 [1a2] 535 less | o577 |10 s5e30 {143 5039 |1ewa | 5e32
162 6+ 1+58 6+10 1.66 6+60 1+57 606 1-59 619 157 6-06
L x 10" 171 692 [1-78} 750 |17 | 6 |1l 6.89

39



Table 18

EFFECT OF ROLLING DIRECTION ON THE CRACK PROPAGATION RATE OF 15" WIDE PANELS

(ii) Alternating stress = 7200 psi
d?iiii?gn iongitudinal Transverse
Test No. 362 363 364 379 380 381
inches | a |Kx107°| a |Ex90°| a |Kx10°| a |Ex10°] a |Kx102] a |Kx 107
== per . __ A — - —
cycle in | psi Jin in | psi vin in jpsi vin in { psivin in | psi Jin in | psi Jin
2x 1077 10:36| 446 |0:35| 4-37 0-33] 4-25
Lx 1072 (046 508 [0-46]| 508 [0-46 | 5-08 [O-hh| 4e97 [0-42] 4B |Ohk| 497
6 x 10_5 0-53 5:46 Q- 54 5+55 G55 5-58 0-52 543 0-51 5+38 0-52 5+39
8 x 1072 0-58] 5-75 |0+61 5.92 {061 5+89 (0-58} 5-7% [|0-59| 5-80 |0-57 569
1 x40% 10.63] 6.00 |067| 6-20 |0-65 | 611 |0-62| 5.98 10-65]| 6-13 |0:61] 5-93
2x10™% lo.79! ¢.89 lo-g7| 7.32 {o-76 | 6.73 |o-76| 6-75 lo-sy| 7-18 |[0-75| 6-70
bx10™ fo97| 7.8 |1.05| 8-37 |o0-86 | 7-29 |09 | 7.3 [1-02| 820 |o-90| 7-53
6 x 107 1-07 8-48 115 8-96 0.92 7+67 099 8-02 112 878 0-99 8-04
8x 10 {14! 890 |1-21| 9-37 lo-96 | 783 |1-05| 8-38 [1-18| 9-18 |1-06| 8«11
1 x 1070 {1419 ] g2 0:99 | 8:00 [1-10] 8+66 |1-23} 9-50 [1-10] 870
2 %1072 |1-33| 10.2 1.08 | 855 {124 | 9-55 1.25| 9-62
b x 1072 1-17 | 9-10 i

28



Table 19

EFFECT OF ANTI-BUCKLING BARS ON THE
CRACK PBOPAGATION OF 20" PANELS

Alternating stress o 3600 psi

55

oog;zfion Without anti-buckle bars With enti-buckle bars
Teat No. 394 49 | 110 388 405
inches| a |K x 1072 & |K x 1072] & [k x 107°{ & |k x 10™?| a |k x 1072

ax cﬁiie in |psi Vin | 4n |psi Vin | in |psi Jin | in |psi fin | in |psi Jin
4 x 107 0-32| 2.05

6 x 107° 060 2:80 {0+63| 2+87

8 x 10‘6 0+62] 2-86 [0-81| 3.26 (0:83] 3-31 {0.75( 3+14

1 %1077 [0-80] 3-25 |0:97] 3.57 |0-99] 3-61 [0.92] 347

2 %1077 |1o34] 4e21 [1ou3] 437 [ea6| ues0 100 432 sl 3096
bx 107 |1.8,| s5.00 [1-86] s5.01 j1-89| 5.05 [1.86] 501 [1.58] 459
6 x 1072 f241| 536 [2:10| 5e3m [214| 5-39 [2-13| 537 [1.82] 4-95°
8 x 1072 |2.31| 5.62 |2:26] 5.55 23] 5.63 |2.31| 5.62 [2.02| 5.2
1 x107% l2.05] 5-80 |2:38] 5.71 |2-45] 581 |2.45| 5-81 [2-22] 5.5
2 x 107" (290 6-39 |2o74| 649 |2:93] 642 {2:94| 6-u3

4 x 1074 3+341 6+95 [3+42} 6-66 |4:23| B8:08 |[3-65] T7+34

6 x 10°* |3.62| 7-20 1|3-37] 6.98 [5:72] 10-25 |4-87| 895

8 x 107™* |5.82] 7.56 |3-61] 7-28 5+64 | 10-11

1 x 107 |y.00| 7-78 |3-99] 7.77 16+06| 10-83

2 x 107 |4.73 | 8-76 6-98| 12-77

hox 1072 J 7463 | 1467
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- SYMBOLS

2,8 - crack half-length !
84 - crack half-length corrected for plasticity
A - a constant

Aj - a constant coefficient

b - sheet half-width

B - a constant

01,02,03 - conatants

d - half the free length of a sheet

B = Young's Modulus

EB - gecant modulus

J - index (= O, 1, 2, 3)

k - gtrain concentratiocn factor

]
i

stress intensity factor {based on oa)

KC’KN’KT’KTN’KF- stvess concentration factors (section 3)

Ky - a finite width correction (equetion 55)

m -~ constant exponent in stress-strain law (section 3.3.1)
N,Nb - number of cycles

T ~ polar co-ordinates

r, ~ length of plastic zone ashead of the crack

R - ratlio of minimum stress to maximum stress (= 0+1)
Ro - ro/a

8 - a conslant

t - sheet thickness

X - exp(C1 N)

Y - (1 _ a/b)8+1

2 - ratic of operating stress to yield stress

oy = Dixon's finlte width correction

4 ~ Greenspan's finite width correction

= Wegtergaard's finite width correction

dimensionless parameter (defined in (35))
- dimensionless parameter (defined in (53))
- dimensionless parameter (defined in (56))

A
1



56

e ,g!
o’’o

m

qQ Q@ © ™© ¥ @

SY{BOLS fCONTD!

strain

reference points on the stress-strain curve
eritical strain (section 3.3.1)
average strain on net section

polar co-ordinate

a constant

radius of orack tip
& material constant
a stress

amplitude of alternating stress on gross area
maximum average stress on net-section

pesk siress on grosa area

stress applied at infinity

yield stresa

reference points on the stress-strain curve

buckling stress
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