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C~PACIC PRCPAGATION IN FATIGUE. 
SOIW< EXPERIMENTS WITH DTD 5070A ALUMINIUM ALLOY SHEET 

D. P. Rooke, N. J. F. Gunn, 
J. T. Ballett, I". J. Bradshaw 

Fatigue crack propagation rates have been measured in I6 smg shoets of 
this aluminium alloy using stress levels of 8800 27200 psi, I&CO +3600 psi and 
13,2oO ?;10,800 psi. The scatters in crack initiation times and crack rates 
were determined. Varying the panel length/ridth ratio from 1.2 to 4.75 was 
fcund to have little effect on crack rate. A maJor &u&J was made on the 
effect of varying pancl width from 3 ' to 20" and various parameters were used 
to correlate all the resu.tts at all the three stress levels. The stress in- 
tensity factor, I(, was preferred on grounds of simplicity and effectiveness, 
though all parameters fliled to correlate stress daffcrences adequately. 
Crack propngotion rates in two directions at rxght-angles were little different. 
Buckling, which occurred in a few of the large panels, had little effect on 
crack rate. Tests on panels ntthe ssme stresses as above, with the cladding 
removed, showed negligible change In crack rate. Macroscopic fracture mode 
transitions were correlated with IC values and crack rates. 
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I INTRODUCTION 

In recent year8 there has been an increasing need for data on the rates 
of fatigue crack propagation in alloys of interest to the aircraft industry. 
In general, alloys showing slow 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 is also the hope that in 
the future quantitative crack propagation data can be used as a basis for more 

accurate methods of estimating the safe life of a structure. Though the fatigue 

failure of met.sls in thick sections and sheets are both serious problems most 
measurements have been made on materiels in sheet form as these are the easiest to 

study and analyse. It is relatively simple to compare the crack propagation 
characteristics of tvio dxfferent alloys in any one laboratory using one test 
procedure; but there is a need to be able to compare tests in different 
laboratories on different sizes of specimen at different stress levels and 
frequencies. 0,nly a limited emount of work has been done in this country on 
the problem and this Report describes 8ome experiments carried out to see how 

far variation 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 fluctuating tension at stress levels of 13,200 

+:0,800 psi or 88OG 27200 psi or L&O0 ~3600 psi (gross area). The stress 
ratro, R, (rat10 of minimum to maximum stress) was thus 0.1 for all levels and 
corresponds roughly to the type of fatigue stressing of components in an aircraft 
fuselage. The simpler stress ratio cf R e* 0 was not attainable owing to machine 
limitations. A slot was made in the centre of each sheet or panel to provide a . 
starting notch from which two fatigue cracks could run. The crack lengths and 
number of fatigue cycles were measured at suitable intervals. 

The folio-wing points were investigated:- 

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

crack propagation. 
It is necessary to kilo&v the scatter in crack rate in order to know whether 

the fxtor being studied is having a signlf'icant effect, particularly when one 
comes co compare the different methods of crack analysis (see (3)). Further, 
it is often stated that the scatter in the total fatigue life of a test piece 
is due manly to the variability in the early stages, i.e. in the time to 

initiate the crack, rather than in the crack propagation phase. Accordingly 

measurement8 Tvere made of the time taken before the fatigue crack started to run. 
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(2) The effect of altering the ratio of' panel length to width. 

Given a certain utidth.of teat piece it is obviously economical to choose 
the shortest length possible j the fatigue machine may also limit the length of 

the teat piece which can be used. However v;ith the grips holding the panel too 

close to the running crack, the stress distribution round the crack KXL be 
affected by the restraint of the rigid grips. The restraint will depend on the 

detailod grip design but here ure have investigated the effects on crack 
propagation of reducing the ratio (length/width) of the panel from 4.75 to l-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 nlnimum ratio is 2.0 but we have 

found no detailed report :rrhich justifies this value. 

(3) The effect of panel size and stress amplitude. 

It is we.11 knq;m thqt the ac sling factors for crack propagation rates in 
specimens of different sizes under different stresses are not simple. Much 
work has been done with various approaches, empirical and otherwise, to~correlate 
results. SchiJve, Brock and Rijk' end Earrois2 have made valuable sumaries of 
some of the methods. Moat work-has been done in the &@.A. and the tvo moat 
common mothods used are those based on the "stress intensity factor ,,3,4 and those 
using developments of the original Ncuber stress concentration ideas 5967 . O& 
aim h&e has not been to test one method to its llmi'ca but rather to test, at 
three stress levels, a range of commonly used specimen sizes to see how well 
the various methods correlate the results. It is hoped in later work to . 
explore these limitetions further. 

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

the results, together uith,those from specimens I&" wide used for another 
inveatigation8 have been aoalyaed. Results from all the experiments are presented 
mainly in teraa of "stress intensities" since,to anticipate, this parameter turned 

out to be the moat convenient. Til5.s inveatigat;on occupied the major part'of 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 the sheet i.e. thc.tonailc load axis and 
rolling directions were the asme. In aircreft structures this is not always 
the case and so a limited study was made of crack propagation in panala 4;" 

wide with the~tensile axis at right angles to the rolling diraotlon. 
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(5) The effwt of buckling. 

When the ratio of total crack length to sheet thickness becomes too great, 

them will be a tendency for the shcot to buckle. It can be shown that there 
are compressive stresses in the sheet on either side of the central crack 

approaimotely equal to the applied tensile stress and that above a critical 
stress level buckling should occur 9 . If this happens the stresses round the 
orack tip will be affcctod thereby altering the crack propagation rate. 
Attempts were made to measure the amount of buckling and the effect on oraok 
rate of stiffening the larger sheets with btlrs to prevent buokling. 

(6) The affect of removing the cladding. 

It is usually held that cladding a material has a detrimental effect on 
the fatigue life. Them is little data on Its effect on craok propagation. 
Panels 3” wide were prepared and tested as normal except that the cladding on 
both aides ;ma machined off before teat. This left a somewhat thinner sheet 
convisting of core nlatcrlal only. 

(7) The oiode of fatigue farl.ure in 3heot specimens is knvnn to depen3 

on the material.,thickneas, slternatlng and mean stress levels, environment etc. 
Ve have related the macroscopic charaoteristics of the fracture surfaces with 

the strrss situation. 

2 E.WERT.@FNTAL r"E!EfODS - 

2.1 MatE rkll 

The mettricil used for all the teats was a 16 svrg clad artificially aged 
uluminxum alloy (Al-2~5Cu-l~5tig-l*2Pli-l*G1Te) to Specification DTD'5070A. 

The cladding consisted of % of the thiclawss on each side of Al +0.8 -I,% Zn. 
All test specimens inoluding those for tenaxle testing were out from 6' x 3' 

sheets. Tith the exception of those used to determine the effects of rolling 
direction, spccimans iiere cut su that their longitudinal axes were persllel to 
the direction of final rolling. Sheets from two casts of material wer3 used, 
the mechanical pvpertjcs of each wore measured ati are tabulated below. 
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Cast analyses supplied by the manufacturer uere as follows: 

Figures 1 and 2 show how the sheets from the two casts of materiel were cut for 
test specimen selection. Two sheets of cast A material and twelve sheets of 
cast B material v,ere 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 material, test pieces as 
illustrated in Fig.3 were used, with a Lamb extensometer used for determitllng 
the proof stresses. The crack propagation panels used are illustrated in Fig.3; 
all had central slotsq&" in length except for the 3" wide panels which had slots 
l/3" long. The slots were made with a Jewellers saw and were about O-008" mide. 
For the study of scatter the slots in the 3" panels nere 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 +zvice p,anel 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 sny way except for an initial 

I) 
ithorough deereasing. In the case of the experiments to determine the effect of 
cladding removal honever, both s&es of the pansls were scalped on a milling 
machine using a flycutcer to remove about O-004" per side. This amount is a 
iittle more than the 5,: of cladding per side and so ensured that only core 
material remained. A central transverse band approximately 2" wide was then 
polished on each side or' each panel to icemove all machining marks that might 
influence crack growth. A fins1 degreasing was then carried out. 

2.3 End 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 varying. These have been described in Ref.10. Except for the IO” and 20" 
$.de panels, gripping was -effected by friction only and this was done by transverse 
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serrationa machined into the inner faces of the grips. The IO" and 20" panels 

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

To examine the effect of buckling on the crack propagation rates in 20" 
wide panels, restraints were fitted across some of the panels to minimise the 
tendenoy to buckle es the crack progressed. These "anti-buckle" bars were 

channel section members made of aluminium alloy with a length of 4' thick 
sponge mbber 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 aide of the crack line. 

2.4 Testing maohinea 

All crack propagation tests were made in Schenck Pulsators except for 

the teats made on the 14" panels. Panels up to 65” in width were tested in a 
6 ton pulsator operating at approximately 2500 cpm. This machine has been 
deacrlbed in Ref.10. For the IO" 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 then the 
6 ton machine, nanely 2000 cpm. 

During the period of the-teats the average temperature was 20°C and the 
relat5ve hunidlty 5%. 

2.5 _ Load measurement 
. 

All tests were at one of three stress levels, calculated on gross area, - 

fluctuating peak tension stresses of 24,000 psi, 16,000 psi an3 8000 psi. 
These stresses were made up such that the ratlo of minimum stress to maximum 
stress per cycle we5 0.1. 

The loads (mean and alternating) were measured by a Peekel strain brzdge 

(reading in microstrain) and a cathode ray oscilloscope from strain gauges 
cemented. onto the ring dynamometer of the pulsator. On the 6 ton machine the 

oslibratlon of the dynamometer was IO-8 lb/microstrain and on the 20 ton 

pulsator 14.9 lb/microatrain. The calibrations were arrived at by inserting a 
specially calibrated atraln gauged load cell into the machines and loading 
statxally. The strain in the dynamometer could be read to an accuracy of 
+2 microstrain, mluch for the 6 ton pulsator corresponds to +22 lb load or on 
a 3" wide panel 317 psi. This corresponds to +3.‘$, 21.6% and ?l*l$ of the 

three alternating stresses +36oo, +7200 and ~10,800 psi used. Load measurement 

in the 20 ton machlne was made in the same way. With this maohine 22 mioro- 

strain was equivalent to 229.8 lb load or on a IO” wide panel $46.5 psi. This 
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corresponds to ?I*$ an3 :0*6$ of the two alternating stresses +3600 and t720Q psi 

used. 

2.6 Crack measurement - 

After final clearing 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 l/20" 
sub-divisions as shown in Fig.& The stress cycle counter was mounted near the 

panel so that it and the panel were photographed together by a Sheckman Auto- 
camera Mk.111. Twenty to thirty photographs wero taken during each test with an 
exposure time of l/200 second. Using a field of view appropriate for the panel 
size, this technique resulted In the following estimated errors in crack tip 
position:- 

3" wide panels ?O*Olj" 

G" ati 6&l' wide panels +o-025~' 
IO" an3 20" wide panels +O*03j" 

2.7 14 wide suecimens 

These nere 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 ends. The total 

length of the central slot was O-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 accuracy of load measurement was w ?&%. 
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 w +0*004" (for further details see Bef.8). 

3 ANALYSIS OF RESULTS 

3.1 Curve fitting 

The experimental 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 velues of a. This method is lengthy, laborious and 
inaccurate if done by hand; the data was therefore processed with the aid of a 
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 was 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 tested to see which best fitted the experimentel points. 

None of the suggested relationships was capable of giving a good fit over the 
whole range. However the fit eras much improved by using a polynomial expansion 
based on the functional forms. 

The first relationship tried was that suggested by both Frost and Dugdale 11 

and Liu 12 They said that the rate of growth was given by 

da 
dN 5 c, a , 

where C 
1 

is * constant. This equation was only expected to be valid for crack 
lengths much less than the I I. V’dth of the sheet (Zb). Integrating (I) we have 

+I - No’ , 

(1) 

where a0 is the value of’ the crack half-length at N = N oI i.e., the crack half- 
length 1s of the form 

a = A eCIN , (3) 

where 

A = a0 eScqNo . 

It was not possible to choose values of A and C, to obtain a good fit over the 
whole experimental range since in the smaller test panels a 6 0.8b. A much 
better fit was obtained with a third-order polynomial, i.e., 

4 
a = 

1 
Aj Xj , 

j=O 

where XJ = [e 
C,N . 

1’ and A 
j 

are constant coefficients. The Aj’s were determined 
by the least squares fit procedure. 
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13 Another suggested relationship trxed was that due to Head , which states 
that the orack growth rata 1s given by 

aa aN 1 c* 8312 , 

where c2 is a constQnt. Integrating (6) gives 

(6) 

where A and B are constants. To obtain a good fit over the whole range it was 
found nece.esary to expand (7) as a Polynomial in N, i.e., 

where the Aj's are again determined by the least squares prooedure. 

The third functional relationship tried zas that due to Weibull 14 , who 
suggested that the rate of crack growth was mven by 

(8) 

where C3 is .a Constant, un is the average strew3 on the net section and 8 is a 
const4nt exponent. un may be written as a function of the oraok half-length, 
i.e., 

where u is the constant nominal stress on the gross section. 
P Substituting for 

fir, in (9) and integrating we obtain 

N = AtBy, 

where A and B are constants and 

Y = (1 - ,/by+' ‘ 

(11) 

(12) 
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Again a much better fit with the experimental points cculd be obtained with a 
polynomial expansion, i.e., 

3 N = c A@ ; 

j=o 

(13) 

the Aj's were determined as before. 

Curves of a vs.N were. oomputed using the three equations (5), (8) and (13) 
for several specimens and then compared vrith the experimental points. It was 

found that equation (13) gave the beet fit over the whole range of experimental 
velues and was therefore used to analyse the data obtained in all the tests. 

3.2 Correlation by the stress intensity factor 

It has been suggested by Paris 3. that the stress intensity factor, R, is 
a good parameter for correlating crack growth rates, under various conditions, 
due to cyclic loading. 15 This follows from the work of Irwin who showed that 
the elastio stresses at a point near the root of a crack always have the 
following form: 

u = d& f(e) , (14) 

whore r end C are polar co-ordinates, with the origin at the crack tip, of the 
point under considerztion. This expression is only valid if r << a (the craok 
ho1 f &n&h). f(e) is a function of 0 only, determined by which component of 
stress is being considered. K is & funotion of crack length an3 loading. For 
a crack in an infinite plate with a uniform stress (Us) applied perpendicular 
to the crack, at infinity, we have 

The exact stress analysis cannot be done analytically for a sheet of finite 
width. 16 However, Irwin hes suggested that a good approximation to K may be 
obtained for a finite sheet of width 2b by taking the expression obtained by 
Yestergaard 17 for a series of co-linear cracks of length 2s separated by a 
distance 2b,. Thus, ne have, 



(16) 

where % is the \Qectergaard finite width correction use& in the present work. 

Another type of finite sheet correction (a,) has been used by Irwin and 
Kies'8J'p . They calculate the correctlon to the strain energy release rate 

(= x K'/E, where B is Young's Modulus) due to the finiteness of the sheet. The 

correction is based on the work of Greenspan 
20 ' who calculated the effect of 

various shaped perforations on the axial rigidity of B sheet finite in both 
directions. Within the approximations of the method the correctlon to R turns 
out to be independent of the length of the sheet 19 , and is given by 

In order to compsre "w and aG a plot of aG/yQ vs*a/b is shown in Big.4. 

There is a third finite rildth correctIon (a,) due to Dixon 21 , it is an 
empirical correction based on results using photoelastic techniques. It is 
given by 

(17) 

(18) 

A comparison of aD and a,Q is also shown m Big.& 

The elastw solutions predict infinite stresses at the crack tip, 

(see (14)); in reality plastw fled occurs thereby ensuring that the stresses 

are everywhere finite. In order to mske el.loi<ance for the effect of plasticity 
it has been suggested 22 that the crack should be regarded as being increased in 
lengt,h by an amount. equal to the radius of the plastic zone (ro) ahead of the 

. crack tip; thus 

(‘9) 
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Graphs of' Ro(ro/a) vs.Z(u,$) have been plotted by Rooke 23 where a 1 = a + ro. 
for various yiold criteria, using these graphs and the finite sheet relation 

(20) 

wa can obtain R. as a function of a/b for the experiments under oonsideration. 
0 

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

The effect of this correction on K oan be estimated from (16); 
differentiating with respcrct to a, we have, 

Re-arranging (21) we obtain 

Since rd <i a we my replace da/a by R. in (22), giving 

(23) 

Since R. is known as a function of a/b (see Fig.4) we have the correotion to K 
due to plasticity as a function of a/b; this is plotted in Fig.6. 

The values of R were calculated, using (19) as part of the computer 
curve-fitting prograe~me, tith am equal to the amplitude of the alternating 
stress (a,). In this respect it differs fmm that in Ref.4 where K is based 
on the peak stress. 

3.3 Other oorrelation methods 

3.3.1 The oratioal strain method 

It has been suggested 24 that there exists a critical strain (ho) which 

characterises the rate of crack propagation. This strain is givenby 
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E c = ksn 

0: 

(24) 

where en is the average strain corresponding to the peak stress on the net 
section of the cracked sheet and k IS a strain concentration factor. The 

explloit #'ox-m of k 1s 

(25) 

where p ' is a material constant. The form of k is based on the theoretical 
stress concentration in notched sheets, due to Neuber 25 , modified foi- finiteness 
of plate in the manner of Dixon 21 . It is assumed 24 that k is given by (25) if 
a/b h 0.4; for larger values of a/b k is a constant at the value it has when 
a/b = 0.4. 

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

on cl- 
E z-2 n Es 

r-l-- 
I -5 

, 
b E- s 

(26) 

where cn ard up are respectively the average net an3 gross stresses and Es is 

the secant modulus, we have 

Since 

where R is the ratio of minimum stress applied to maximum stress, i.e., 

a-2a 
R= au a -, 

P 

(27) 

(28) 

(29) 

we have, for a/b 8 0.4, 
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The above can be simplified by putting 

this is valid to within I*$ for a/b d 0.4 (see Fig.4). Thus 

17 

(30) 

(31) 

(32) 

It is convenient to define the dimensionhss parameter @ by 

P = 
E(l - R) +j so 

4K (33) 

In the present series of expdments the average net-seotion stresses were below 
the elastic limit, for a/b s 0.4, =n all but the tests at the highest stress 
level. 1Iowever the change in moclulus is less than IA, therefore we put 

E 8 = E, (34) 

end therefore, 

P =I+3 $. 
J- 

For a/b > 0.4, k is e constant which is given by 

k E 0.655(1 + C26fi) . 

(35) 

(36) 



18 

Thus 

E 
c 

= 0.6,,(, t 1.266)(1 -;y z (37) 

and 

2 
1.31 

K = 

(1.26 + j$) 

c&q7 I-B 
( ) [Jql - !$I-' * (38) 

Therefore the parameter p is gIGen by 

P = ~;$51.26+~)[-(1 -;)j-' . (39) 

Sn~ce, for large cracks, the average stress on the net section exceeds the 

elastic limit, it follows that 

ES + E . (40) 

In order to obtain Es an empirical stress-strain law suggested in the Royal 
Aeronautical Society Data Sheets 26 was used; the law states that 

where E 0 Pad u. are co-ordinates of a reference point on the stress-strain 

curve. The exponent (m) is given by 

m 3 log 1 + 
[ 

so ;;q/1og[I too -qq , 

(41) 

(42) 

where (E:, 17;) is another reference point. Using an experimentally determined 
stress-strain curve it was found that 
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for the rsnge of stress used. Finally we have 

E = 1 + 5.4 x 10 
-7 

E8 
for u 

P 
= 8003 psi ) 

E -6.1 

ES 
5 I + 3.7 x for u 

P 
0 16~00 psi , 

19 

(43) 

(441 

(4s) 

and 

L -6.1 

ES 

i 1 + 4.3 x lo- for u 
P 

0 24,ooo psi . (46) 

Using (44) to (46) in (39) togethor with (35) 8 was plotted for ell values of 
a/b, in Ffg.7, for both 3" arid IO" sheets, with p' + 0*0025". 

3.3.2 The stress cgns&r&tion method 

Two other very similar methods have been suggested for correlating crack 
growth data by IIardrath and 16cEvily5 snd by Kuhn and Figge'. Both methods use 
semi-empirical means of cslculat~ry stress concentration factors at the tips of 
cracks. They start with the theoretical elastic stress concentration for a hole 
in a finite sheet (Kc) caloulated by Howlandz7. This is modified in the manner 
of Neuber to obtain the theoretical factor (I$) for an elliptical hole with the 
major axis of the ellipse equal to the crack-length. The explicit form of KT iS 

KT i l+(Kc-1) (47) 

where p is the radius of the crack-tip. I$, la then modified to take into socount 
the Neuber size-effect parameter; this gives, for a fatigue craok, a new faotor 
(KN) which is 

-1 

KN 
= I+ s , 

I+ f$ 
s 
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where p' is the Neuber material constant. Since p is very small and difficult 

to measure for .a fatigue crack Hardrath and McEvily assume that p = p'. Thus 

(47) b eCOLUeS 

Kuhn and Figge, however, take the limit of p + 0 and obtain 

(49) 

(50) 

Since the constant p' is detemined such that the best fit with experimental 
data 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 oompariscn 
of results given by Iiardrath and Mdvily5 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 purposes of 
correlation both methods wti give similar results. The Royal Aeronautiodl 
Society Data Sheet 28 value of ~1 = O*O025vf for aluminium alloys is comparable 

with that of Hardrsth and McEvily. 

It is assumed that a crack xi.11 propagate when KTN times the average net 
sectlon stress reaches a certain value for .s given crack length. NOT 

and 80, from (28), (50) and (51) we have 

% % Nun = Nun = 
2'1+(K -1) $ 

J I 
K K Lo . 

(51) 

(52) 

It is convenient to define a parameter (y) in the following manner: 
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(53) 

Pram the curve given by Kuhn and Figge we obtain, for DTD 507CA (a u = 62,ooO psi), 
w = c-15 G A plot of y vs.& is given in Fig. 8. 

Reaently Kuhn29 has suggested a stress concentration factor moclif?ied for 
finite width of sheet according to Dixon 21 , The new K,& is given by 

where 

(54) 

(55) 

TUG ssme criterion for crack propagation ia adopted as shove. The pa&meter y, 
deftned above, 1s non replaced by u,, defined by 

(1 - R) $7 1% un xl-- a’ + * 57 

YF = -- 2K y-j- 
. 

-f “tv 
(56) 

A plot of yF VC. a/b is given in Pig.8. 

4 ,SGATmR IN INCmATION TILE MD CRACK PROPAGATION RATE -- 

4.1 Results 

A number of 3” wide panels were tested at the three different stress 
levels (&CC 23600, 8800 17200 al;d 13,200 ~10,800 psi) and IO" wide panels at 

l&CC +36CC psi. Approximately IO panels were tested in each of the three cases. 
For the 10” wide panels, the cracks were made to run from the standard saw cuts. 
For the 3” wide panels, each saw cut terminated in a drilled hole C-020” 
diameter and care ;:ss taken not to damage the internal surface of the hole when 

the saw blade broke through the hole. In this way it was hoped to provide a 

rather more reproduczble stress concentration to start the crack. The total 
slot length was l/3tt. 
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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" and 0.6" in 
the 3" panels and 0.7" and 0.8" in the IO" panels, were taken to ensure that the 

observations of N were reliable. Although the measurement accuracy of the runn- 
ing crack would have allowed 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 werc not necessarily from the ssme sheet 
(see slso Table 1). Corresponding figures for total cycles to complete specimen 
failure are slso gaven. 

Crack propagation observations were analysed by the methods described in 
section 3 and are sumnarized in Tables 2, 3, 4 and 5. The computer programme 
was arranged to yield values of K appropriate to selerted vslues of da/dN. 
Since all the data for da/dN is based on total length of crack sll the scatter 
results are baaed 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). Ye can convert these results into variations in 
da/dN at fixed values of K by noting in Figs.12, 13 and 14 (section 6) that 
suffioiently accurately for our purpose da/dN = Ae BK 1 where B = 1000 lb-' 1n3'2. 

Since the standard deviations are small, then d logs -\ B/2.3 o-(K) = s 
( > 

2.3 v(K). 

Using Fig.?4 to obtain values of K we may tabulate values of q log g, 
( > 

u, and 

a2 corresponding to v(K) = 0.02 and 0.04. These values are, respectively, that 
found for the 3" panels at 27200 psi, scatter tests only, and a rough average 
of all the other runs. 

in per cycle) / BK 1 a, (log g) 1 o2 (log %ji 

10 
-6 

I.3 0.01 0.02 

10-5 3.5 0.03 0.06 

10-4 I I 6.0 0.05 . 0.10 

I I 

I I 

10 -3 a-5 0.07 0.14 
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Finally, values of 6 can be compared direotly with initiation times or 

cycles to fail&e by noting that d' a crack takes N cycles to traverse a fixed 
distance 4 at a constant rate g = $ ; #hence. for small deviations 

Q log 5% ( > dN 
= cr (log N). 

4.2 Discussion 

These results os.n form a basis for testing the significance of smell 
differences in subsequent experiments. It is interesting however to see how 
far the scatter observed is due'to the intrinsic material veriktions.rather 
than errors in testing technique. Our estimated uncertainty in each crack tip 
position was ~O*Oljpa (3" panels) and ?O*03S5" (IOU panels) as given in 
section 2.6. Assume errors in p c-e +2 of' these i.e.,0*009" (3” panels) and 
0.025" (IO* panels). Measurements of N' to suffioient aocuracy presented no 
problem; streosing errors 1782'8 given in Section 2.5. 

Considering the initiation times first, calculations of the effect of these 
errors on the pbservea scntter show that for the 3” panels at 23600 psi, all the 

'measurement errors were smaller than the observed scatter; for the 3” panels at 
+72COznd tlO,EOO psi the stressing errors end to e. lesser extent+the crack tip 
position errors oould well have been a major zouroe of scatter; for the IO" 
panels the crack tip,position error was sufficient to acoount.for the observed 
scatter. Accordingly we can.only rcgmd the last three sets of observations as 

. . upper.llmlts for mdt-rid variations. On the very limited data available, the 
scatter of the prtncls with holed ends to the sew cuts were little different 
from those without. 

The effects of experimental errors on craok propagation rates aye more 
involved. Our estimated stressing errors were -3-Z&, 1*6$, l*l% and i-3$ for 
3” at o8 ~‘23600 psi, -+72OO'psi, Z10,800 psi and IO" at cr ; +3600 psi 

* 
respectively and bearing in mind that K is proportional to stress it is obvious 
that we cannot, especially for the 3", 27200 psi soatter tests, expeot results _ 
much better than those observe& In general the errors in crack position should 

j I 1 
only have a significant effect at the lower crack propagation rates* 
(40 -5 in/cycle or less) and could here account for some of the observed 
increase in v(K) in Pi.g.9. 

But in view of id-he l&r values of v(K) of k-02 for 3”, +72OO psi scatqer 

tests, it is reasonable lo assume that the higher scatters of the other runs 
are due to other undetermined experimental errors and that this yalue of‘v(K) 
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only is the best upper limit for materialsvariations of specimens taken from one 
sheet. Comparing our results with Barrois2, he found for an aluminium alloy 

Au&G1 (Similar to 2l+ST Al clad.) values of crack propagation rate leading, if we 
have interpreted them correctly, to 

( > 
log g z 0.2 for values of da/clN bekeen 

10 -3 -2 
and10 . This is a larger scatter, but Barrois does'not consider 

experimental errors. 

Because of our experimental errors we cannot compure material induced 

scatter initiation time and crack propagation in much detail but as Table 1 shows, 
at the lowest stress and s'hortest‘crack length (I/3") the initiation time scatter 
is greater.- Iii&er stresses and longer starting cracks reduce it to the same 
order 88 propagation rate scatter. The low scatter in total life from our high 

Kt specimens may be compared with typical values given by Ford, Graff and Payne 30 

of cr(log N) for a notch& (Kt 3) Al alloy of -0.18. 

5 EFFECT OF PANEL LENGTH/nDTH RATIO 

5.1 Results 

To determine the effect of panel free length/panel width, (d/b), on the crack 
propagation characteristics, duplicate tests were made at two stress levels 
(8000 and 16,000 psi peak)-on 3" vX~ panels having the following d/b ratios - 
1.2, 1.~6; 2.1;3.2 d'4.75. The free length of the panel, i.e. the ungripped 
length, w&s determined by measuring the length of the specimen between the *- 
serration marks made by the grips. Since the panel was probably not fully con- 
strained by the grips at these points the values of.@ quoted may be slightly 
too low. The results of the tests are shown in Tables 6 - 10 and Figs.lO and II. 
Each curve in each figure represents the mean value for two tests and although 
there is some scat:er 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 sets of curves shows that for a 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 a different width 
correction (e.g. aD or aG) would only change the K-scale at any one stress level 
ati would not affect the relative positions of the curves. Thus the conclusion 
that the rates are virtually independent of length of panel remains valid. 
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and the oonstant unity may be neglected. Thus $ unfi P aD/%, which is of 

order unity for most values of a/b. Summarising, K or $ on provided the best 
width correletlon up to the surprisingly high values of a/b z O-8. 

The effect of stress level may be seen in comparing Figs.12 and 13. 
Correlation on a K basis shons differences between the two lower stress levels 
which are clearly significant in the 3" panel results of Fig.14. The additional 
stress level of oa = 10,800 psi confirms the trend.‘ Use of aG, Eo, KTN on or 
KF un as in Figs.15, 16, 17 and 18 does not improve matters. In this respect 

all methods 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 $ un 
gives similar results it requires a knowledge of an empirical parameter p1 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 han3,is based on an exact elastic analysis 
with reasonably known approximations. The complications introduced with p' do 

not improve the correlation in stress nor mske it easier to understand the 
source8 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 the crack 
tip. Taking for instance a distance from the tip equal to the size of the 
plastic-zone then here the elastic stress given by the I( 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 ssme K only differ by 1 - &, 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; factors such as the differences in the strain distribution round cracks 
with the same K should also be considered. Despite these points however, the 
value of fatigue crack propagation correlatxon on the basis of K is olearly 
established. 

7 EFFECT OF DIRLCTION OF CRACK PROPAGATION 

A small number of tests were made on L+-$" nide panels (with d/b = 2) which 
were cut transversely to the final directlon of rolling. AZ will be seen from 
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Tables 17 anl 18 three teats were made at each of the two peak stress levels, 
8000 and 16,000 psi. The results from these panels are compared with thosa 

obtained for the &%lt panels in the size effect tests - see Figs.19 and 20. 
The mean vsluea for these teats at each level are plotted and show that there 
is very little difference whether the crack ard rolling direction sre the seme 
or at right angles. The tensile properties may be compared in the two 
directions at right angles by reference to the table in section 2.1. 

8 XFi%CT OF IWCKLI>rr, 

In the final stages of a panel's life, just before it fails oatiastrophioally, 
the fatigue crack may be sufficiently large for buckling of the panel t0 occur 
(due to the lateral compressive streaaoa at the edges of the crack). Mansfield9 
has suggested for the buckling stress, cb n h E2 t2/A a2 where t is the sheet 
thickness and h is a constant (fi 10). Teklng our two peak stresses of 8000 and 
16,0oO psi snd working out the critical velues of a for the onset of buckling 
with these stresses, they are respectivcl:; 2.5" and 3.5". On this basis we 
should only e.xpect buckling in the 20" Panels as only here were such values of 
a reached. In practioe this was found to be so. Sinoe buckling will affect the 
stress field round the ciock tip (see Ref.9) and hence presumably crack growth 
rate a number of 20" wide psnols having a d/b ratio of 2 were tested at the peak 

stress of 8000 psi to determine the effect of buckling restraint. 20" wide 

panels at o 
P 

= 16,000 psi failed before the crack length was great enough to 
induce a,ny aubatantxl buckling. Two p:snels were tested with "anti-buckle" 
bars (described in aoction 2.3) strapped across the width, the centre line of 
the bsrs being 2" from the crack line. These iicre compared with results for 
unrestrainzd panels tostcd during the investigation on size effects. All five 
panels had four strain gauges, cumented. on to them in the positions shown by 
Fig.21, to measure the transverse strain due to buckling throughout the test. 
Figs.22to 24 ahow plots of transverse strain due to buckling. Ends A and R 

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 and Figs.23 and 24 show the two teats with bars. It will be 
seen in Fig.22 as predicted by Mansfield that until a rr 2", the strains due to 
buckling in sn unsupported panel were fairly small and only for a 3 2" did 
these strains nount rapidly. A strain difference between top and bottom. 
gauges of 2 x 10M3 would correspond to a panel radius of curvature of * 30". 

Figs.23 and 24 shoa that the "anti-buckle" bars effectively reduced the strains. 

Fig.22 indicates, that because the tension and compression gauges were showing 
tensile atrosaca of two different magnitudes the panel was in fact pulsating to 
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produce tension on each aide. Figs.23 and 24 show that the panels were buckling 
m one direction only. The crack propagation results of these tests are shown 
in Table 19 and the average plotted in Fig.25. 

da Bearing in mind that a has reached the value of 2" by the time TN LS 6 x 10 -5 

in/cycle ve 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 is based on one sample only). Accordingly we can 
conolude that at no time did buckling have much effect on crack propagation, even 
though when a n 3" and da/dN reached 2 x 10m4 in/cycle appreciable buckling 
strains were recorded. 

9 EFFECT OF REMOVING THE CIADDING 

9.1 Results 

Tests in triplicate were made on 3” wide panels from v!hich 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 $ of the total thickness. 
To ensure complete removal of the cladding, 0.OOL" was machined from each side 
leaving the spzcunen nominally 0.056". The results oftthese tests are shown in 
Table 20 and Figs.26 and 27. Also shown in these figures arc the results of all 
the clad 3" panels; the difference is seen to be negligible. 

9.2 Discussion 

It is known that in general crack propagation depends on sheet thickness; 
but we can assume that the 12% thickness reduction which we have made will have 
a negligible 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 same way as the core material. If it had been 

playing no part there would have been a readily detectable change (-4%) in K 
for the same value 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 

crack front. However if this were so one would expect evidence of this in the 
clad material such as a pronounced curvature in the crack front. This was not 
observed 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 507OA the first conclusion is tentatively preferred. 
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10 FRACTURE MODE TRANSITIONS - 

10.1 Results 

As the cracks traversed the sheets the mode of failure changed in a 
systematic way. In terms of the two stages of crack growth as described by 
Forsyth31 , it is north mentioning that the Stags 1 shear mode was virtually 
undetectable. Under the biaxial 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 
perpendicular to the panel surface plus small shear lips, complicated by the 

cladding, at the free surface. 

(2) Failure in multiple shear leading to a chevron fatigue fracture 
,r 

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 45' 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 observed. It depended on the stress 
level and the sheet width. For instance at the stress level of 8800 27200 psi 
the crack started in the'multiple shear mode withvirtually no flat mode; at 
4400 t3600 psi the 20" panels showed no region with double shear failure; the 
failure mode in the 3" panels at 13,200 -f10,800 was all double or single shear. 
At no time did we observe substantial crack tunnelling in the centre of the 
sheet such as can o&cur in thicker sheets, dr in more brittle Al-Sn-Xg alloys. 
These modes are similar to those described by Lipsitt, Forbes and Baird 32 . The 
position of our cracks was not observed frequently enough to confirm the 
arrests rrhich they reported before a neF; 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 arrests here. 

The values of X at which the fracture mode transitions occurred mere 
calculated and are plotted for the two principal stress levels in Fig.29 for the 
panel widths tested. Although there was.8 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 observed, 
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at the two stress levels, to the moan vslues of K for the two stress levels. 
Let K = K I at the start of the multiple-shear mode, K = K2 at the start of the 
double-shear mode ani K = K3 at the start of the single-shear mode; from Fig.28 

we find that 

K2b = 16,000 psi) 

Ko 
2( P 

= 8000 psi) = 1 .~2 (57) 

and 

K3b = 16,ooO psi) 

K3'"P 
= 8000 psi) = 4-l . (58) 

The K3 transition, for 3” panels only, at $ = 24,000 psi is about 2% higher 

than at u 
P 

= 16,ooO psi. 

10.2 Discussion 

It has been suggested33 that the fracture mode transition to double shear 
(K 5 K2) should occur nhen the radius of the plastic zone, perpendicular to the 

crack q909j, is equal to half the sheet thickness. Usmg Liu's formula33 

WC have 

r,(YO”) = 
5+=*) 
-- f 

8~; 
(59) 

where K2(peak) is the value of K calculated using u instead of,ua and u is the 
P Y 

yip14 stress. Since 6 1s a lincqr functxon of stress me have . 

K2bd = u 
5 K2 

a 

and therefore 

52 K2 
rp(YOO) = -JL2 . 

&?u2 u2 
a Y 

(‘3) 
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Thus for 0 z 8000 psi, r (90°) c O*Oll+" md for CT P 16,000 psi, . 
r,(900) c ti.021". The he&-sheet thickness (t/2) fs 0~032~ and so the plastic 

zone radii, as calculated, do not agree with this figure. Moreover the value 
of rp(900) is not 8 constant for the-t7io stress levels. . 

("P 

The corro8ponding values of rp(90') for tie K3 transition are 0*029' 
= 8000 psi) and 0.036 (crp = 16,000 psi), so that on this data we might 

alter Liu's criterion to apply to the K 
by Liu himself31e 

3 transition. This has been suggested 
35 , mho anslysed results obtained by WeibuJ.1 ; Liu found that 

the transition to double shear occurred at r,(YO") B O*jt ard the transition 
to single shear at r,(90") 3 0*5t. For the sheets used in these teats . 
0*3t f 0.019" which lies between the two values, calculated above, for the K2 
transition. The K3 transit‘lon at the hi&eat stress (u = 24,oOO.psi) however, 
corresponds to r,(90") z 0.054" which is appreciably le&er than 0*5t. other 
work36 has shown that while the shear lip depth in fatigue is appreciably leas 
than this theoretical r 

P 
there is slso a region of plestio strain extending 

aome distanca beyoti rp away from the crack in the surfaoe of the sheet. 
Accordingly more data 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 somewhnt better correlated with crack rate. 

II GEIQXAL DISCUSSIOE? AND CONCLIJSIOMS 

(1) We have shown that the scatter in crack propagation rate in specimens , . 
t.sken from one sheet can to very low. i?eaults could best be expressed ns in 
equivalent S.D. in stroaa for a given clack rete. ' This S.D. could be 8s low as 

$ though usually it wua nearer trtioe this figure. Similarly the scatter in 
crack initistlon timea were, with the excoptzon of the 3” +3600 psi tests, low, 

having values of ~(106 Ni) -. 0.04. Bearing in mind that the experimental errors - 
primarily those jn load application - were oompsrable with these scatters the 
figures only give upper limits of scatter due to material variations. More 
precise equipment would bo needed to pursue the subject further. , 

(2) The airectionel effect in crack propagation rate waa found to be 
very smell in this material in contrast with Frost's relatively large effect 
in the alwninium (AlZnMgCu) alloy DTD 6S7A37. However, in his material crack 
propngntion was accompanied by periodic 'unstable' tunnelfing and he found that 
unstable fast fkcture 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:l was adopted for most of 

the work, it was found that even down to the smallest ratio of 1*2:1 used the 
crack propagation 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. 

(4). Rcgarding.the general crack growth,dependence on stress and crack 
length, our results can be expressed over most of the range by da/dN = Ae BK 

. , 
Expressions of this form and modifications of it have been considered by previous 
workers2'30 but although they are valuable as a means of summarising data they 
do not throw light on the physical processes involved. Similarly expressions of 
the form da/dN CC a" o@ have been considered (see Ref.1 for a summary). . Expressed 

in this form our results show that CL lies between l-5 srd 3-O and over most of 
the range is - 2. Similarly p is between 2.5 and 4.5. 

Various arguments have been put forward to account for such parameters. 
Of those based on physical modals‘all necessarily d.eman.3 great simplifications. 
For example, Irwin3' has suggested that p should be - 4 on the basis yf 
Coffin's work on fatigue life at high strains. Coffin deduced that N;" x (plastio 
strain amplitude) was a constant, However Coffin's empirical formula was based 
on tests on plain specimens under a constant plastic strain range; this is very 
different from the propagating crack case. In plain specimens much of the time 

is often spent initiating and propagating the crack along slip plants. In our 
type of test the crack is propagated by successive cycles of fracture at right 
angles to the principal tensile stress. It 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 factor K (with the Westergaard width correction) and the stress 
concentration factor $ ";, 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 

significant residual differences no matter which method was used, There is no 
obvious 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 plastic 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 c~ = 24,000 psi. 

P 
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(6) A study of buckling in the 20" rjJe panels showed that it occurred 
toughly when expected, but that its effect on orack propagation rate, when 
compared .with similar supported panels, WM insignificant in those 
experiments. 

(7) Tests mado on panels with the cladding removed showed that if' 
stresses an? based on the gross area, inciuding cladding if any, then crack 
propagation rotcs wem the saw with or without cladding. 

(8) The macrosoopio fracture modes in general progressed from normal 
tensile, through multiple shear, double shear and finally single shear. 
Transit~or~f'romdoubl~ to single shear cou$l roughly be correlated with the 
point where the plastic zone was apprbximatoly half the sheet width. However, 
bn that rp is directly rclatecl to K and in view of the failure of K to 
correlate rctos at difforont stress lovcls it is not surprising that the 
transitions could bs ot bo sai 4 to occur at definite values of oraok growth 
l-fit!?. 
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Table 1 

SCATTER IN CYCLFS TO CFACK INITIATION ANJI CYCLES TO FAILURE 

IO" 0.7” 4.69 o-039 

0-8” IO 4.82 o*oL& 

i 3600 psi failure 5-29 0.030 



Test No. I 330 t 332 I 334 I 337 I 

6x10-7 1 

8 I 10-7 

1 I 10-6 0.24 

2 Y lo-6 0.31 

4 x 10-6 0.39 

6 I IO-~ o.!+h 

8 x lo4 0.51 

1 x. 10-j 0.63 

2'x 10-5 0.90 

4 x 10-5 . 1.04 

6 x 10-5 1.10 

8 L 10-s 1.14 

1 x 10-4 . i.16 

2x10-4 n 

._ 
;rw-3 9 

I- 

0.19 

“ 
0.22 

1.79 0.24 

2.05 0.31 

2.31 c.3a 

2.50 . 0.d 

2.R 0.55 

3.11 0.72 

4.16 0.94 

4.90 - 1.07 

5.32 1.12 

5.63 1.16 

5.87 1.18 

r-i--- 

1.58 

l.io 

1.78 0.21 

2.04 0.23 

2.3o 0.33 

2.51 0.49 

2.84 0.62 

3.u 0.72 

L.34 0.92 

5.07 1.05 

5.50 1.11 
_" 

5.81 . 

6.05 

. 

3143 I 0.75 3.53 0.74 

4.25 0.91 4.22 0.92 

4.95 1.04 4&l 1.04 

5.37 1.10 5.30 1.10 

1.13 5.59 1.14 

- I 1.16 .s.a3 

1.90 0.31 

2.39 

2.85 IO.53 

3.23 0.68 

3.i!9 0177 

4.;2 0.95 

4.91 1.07 

i 

5.32 1.13 
. . 

5.62 1.16 

2.77 3.52 

3.30 0.61 

3.62 0.68 

4.41 0.86 

5.12 089 

5.54 1.06 

5.85 1.10 

1.13 

2.39 0.40' 2.37 

2.76 0.53 2.77 

3.05 0.63 3.13 

3.28 0.n 3.39 

3.96 0.89 k.13 

4.62 1.03 4.81 

5.01 1.09 5.22 

5.3o 1.13 5.52 

5.53 1.15 5.75 

1.22 6.53 

0.28 1.~6 

0.39 2.33 

0.50 2.67 

0.62 3.03 

0.n 3.40 

0.91 I..20 

1.04 4.91 

1.10 5.32 

1.14 5.62 

1.16 5.66 

1.23 6.65 



l-zzr-L= I 333 I "-F- 

,nctles * 'K x10-3 
& 
dN 

Per 
cycle in p Sllii 

8 x 10-6 

0.27 

4.67 0.38 

5.47 0.40 

5.89 0.53 

6.19 0.57 

6.41 0.61 

7.13 0.P 

;.m 0.73 

8.32 O& 

8.64 0.88 

8.90 0.91 

3.83 

4.63 0.37 

5.30 0.48 

5.68 0.55 

5.95 WV 

6.16 0.62 

6.83 0.72 

7.33 0.81 

i.96 0.07 

8.28 0.90 

8.52 

4.58 

5.34 

5.76 

6.05 

6.27 

6.90 

7.n 

8.16 

8.47 

I 
I - 

I 
t 

L 

.__ . - - _ -  I-__ . -_ -  
-  . - - -  

3% I 339 I 342 I 343 I : %5 

8 jK 

in P 

-I 

0.24 

0.34 

0.45 : 

0.51 

0.56 

0.59 

0.70 

0.22 

3.64 0.26 

4.3s 0.36 

5.10 0.47 

5.52 d.53 

5.83 0.57 

6.06 0.61 

6.60 0.7, 

0.80 

0.86 

0.89 

0.92 

5.49 

3.76 

4.52 0.38 

5.23 0.50 

5.64 0.56 

5.93 0.60 

6.16 0.64 

6.88 0.74 

7.62 0.83 

8.07 0.88 

8.39 

8.64 

4.65 0.37 

5.43 0.47 

5.85 0.53 

6.15 0.56 

6.30 0.59 

7.11 0.69 

7.85 0.78 

8.30 0.83 

0.86 

0.89 
, 

347 347 348 348 

x10-3 a x10-3 a 
i i Kxlo-3 Kxlo-3 ---;- -: ---;- -: a IKxlO a IKxlO 

Slizii In Slizii In psizi @ psizi @ psiq psiq 

K 
P 

I 
4.55 0.38 4.67 4.67 0.38 0.38 4.62 4.62 0.37 0.37 4.37 4.37 

5.25 0.50 5.45 5.45 0.49 0.49 5.39 5.39 0.48 0.48 3.34 3.34 

5.62 ' 0.56 5.86 5.86 0.55 0.55 5.7s 5.7s 0.54 0.54 5.74 5.74 

5.88 0.60 6.14 6.14 0.59 0.59 6.07 6.07 0.58 0.58 6.02 6.02 

6.~9 0.64 6.36 6.36 0.62 0.62 6:28 6:28 0.62 0.62 6.23 6.23 

6.73 0.73 7.06 7.06 0.~ 0.~ 6.96 6.96 0.71 0.71 6.91 6.91 

7.w 0.82 7.78 7.78 0.81 0.81 7.67 7.67 0.80 0.80 7.62 7.62 

7.02 0.87 8.z 8.z 0.86 0.86 8.10 8.10 0.85 0.85 8.0: 8.0: 

8.12 0.91 8.54 8.54 0.89 0.89 8.42 8.42 0.89 0.89 8.3t 8.3t 

8.36 0.93 8.79 8.79 0.91 0.91 8.61 8.61 
, I 

1 



--- 
Test NJ. ) 

1..-- -----7 .- -.__ 
413 I 41s I 416 4 417 I 419 i 42iw 

. I 4 I 10-5 0.28 

6.x 10-5 0.32 

8 I lo+ 0.35 

1 x 10-4 o&i 

2 x 10-h 0.56 

4 x lo-4 0.62 

6. Y 10-L 0.66 

8 x 10-h 0.69 

1 x 10-3 

2 x 10-3 

4X10m3 i 

. . 

I-.. I-.. . . . . 6.~5 6.~5 L.26 L.26 .’ .’ 
6.52 6.52 0.26 I 0.26 I 5.79 5.79 0 29 0 29 :. :. 

6.84 6.84 0.3. 0.3. 6.16 6.16 0.31 0.31 , , 
7.87 7.87 0.32 0.32 6.45 6.45 o..33 o..33 

8.95 8.95 0.w 0.w 7.33 7.33 0.39 0.39 

9.60 9.60 0.49 0.49 8.25 8.25 0.48 0.48 

10.07 10.07 0.54 0.54 8.02 8.02 0.56 0.56 

lO.wI lO.wI O& -j O& -j 9.24 9.24 +52 +52 

0.61 0.61 957 . 957 . 066 . 066 . 
I 

; 
0.70 r 

j! j 

0.70 
r  

.  i . i 

--! 
MO-3j B 

)SI aiZ m 

-A--- 
5.76 0.27 

6.12 0 30 .'. 

6.38 0.32 

6.59 0.34 

7.28 0.40 

8.n a.40 

8.98 0.54 

9.60 0.59 
_‘ 

IO.07 0.63 

11.46 0.75 
,. 

I 
L x 10 -3 a 

IS1 .Gi in -I- 5:91 ok9 

6.27 0.32 

6.~2 o-35 

6.71 0.37 

7.,35 0.43 

0.13 0.49 

8.74 0.54 

9.27 0.57 

T.-n 0.60 

11.09 0-P 

! 0.79 

) _ . . 

161 “G *n 

6.14 0.2-j 

6.52 0.31 

6.78 0.35 

6.98 0.37 

7.62 0.44 

8.32 0.50 

8.7% 0.i 

9.13 0.56 

9-u 0.58 

10.46 0.63 

1~62 0.68 

5.90 

6.42 

6.77 . , 

7.02 

7:74 

8.40 

8.X 

9.00 

9.19 

9.74 

10.25 
Pm 

0.52 0.58 0.50 

0.59 9.29 0.53 

0.64 9.83 0.56 

0.64 lO.s?!j 0.57 

0.79 11.55 0.63 

I 0.67 

6.22 

6.60 

6.88 

7.65 

8.3; 

8.70 

6.95 

9.14 

9.P 

10.22 



Test NO. 

inchee 
la !Jer 
w cycles 

4 x 10-S 

6 x 10'5 

8 x 10-5 

1 x 10-h 

? x 10-k 

4 x 164 

6 x 10-4 

8 x 10-4 

1 x10-3 

2 x 10-3 

4 I( 10-3 

Tale l4 (Ccntd) 

4.28 42.5 1 - 
a 

in 
- 

0.27 

0.31 

0.33 

0.35 

0.41 

0.48 

0.53 

0.56 

0.59 

0.69 

0.79 
- 

x10-3 a 

IS1 Jxi 1n 

5.94 0.25 

6.33 0.29 

6.60 0.32 

6.80 0.35 

7.46 0.45 

8.18 0.55 

8.65 0.62 

9.02 0.66 

9.33 o‘.P 

10.40 0.80 

11.58 

K 

G 

L 

--- - 
:x10-3 a 

IS1.K Ill 

xto-3 8 

IS, JG in 

5.64 0.29 6.14 0.26 

6.16 0.28 6.05 0.32 6.49 0.29 

6.54 04 6.31 0.34 6.75 o:31 

6.83 0.32 6.51 0.36 6.95 0.33 

7.02 0.38 7.18 0.43 7.67 0.40 

8.91 0.47 8.05 0.53 8.70 0.48 

9.59 0.54 8.76 0.61 9.52 0.56 

10.09 0.59 9.35 0.67 10.13 0.62 

10.47 0.64 9.82 0.77 10.59 0.66 

11.68 0.76 ll.z? 0.62 11.94 

.x10-3 a 

ISi .G I" 

5.81 

6.17 0.28 

6.42 0.32 

6.62 0.5 

7.P 0.47 

8.22 0.58 

9.00 0.64 

9.63 0.69 

10.11 0.72 

- 
x 10-3 e Rxlo-3 a 

,s* /m ItI psi 4% In 

0.2j 5.74 

6.06 0.29 6.12 0.27 

6.54 0.31 6.40 0.32 

6.90 0.33 6.62 0.35 

8.05 0.40 7.34 0.45 

9.21 0.49 8.25 0.55 

9.89 0.55 8.93 0.60 

10.38 0.61 9.47 0.64 

10.77 0.65 9.90 0.67 

0.76 11.23 0.77 

0.86 

-_- I 

x lo- 

siJ% 

5.95 

6.45 

6.81 

7.86 

8.86 

9.45 

9.88 

10.22 

11.31 

12.47 



6 x 10-6 0.58 

3 x 10-6 0-p 

1 )r 103 0.76 

2~ 10-5 1.07 

4 x 10-5 1.41 

6x 10-5 1.69 

8 x10-5 1.97 

1 x 10-4 2.23 

2 )L 10-h 2.92 

4 I 10-4 

6 x lo-4 

8 x -4 10 

1 x 10-3 

2 f 10-3 

I 

2.35 0.33 2.08 0.43 

2.n 0.55 2.70 0.60 

3.04 0.P 3.G6 0.73 

3.24 0.82 3.32 G-83 

3.81 1.18 4.02 1.14 

4.45 1.53 4.66 1.48 

4.95 1.73 5.01 1.n 

5.46 1.86 5.26 1.89 

5.911 1.97 5.45 2.05 

7.318 2s 6.06 2.60 

2.62 6.7~ 3.10 

2.80 7.11 

2.93 7.41 

2.37 

2.83 

3.11 

3.32 

3.94 

4.57 

4.98 

5.31 

5.60 

6.67 

7.85 

i 3% 1 396 I 397 I 3va ! 359 
- 

* 

in 
- 

L44 

3.63 

J.7i 

3.88 

1.22 

1.59 

1.81, 

2.03 

2.18 

2.67 

3.13 

- 

--A.- 
710-3 a 

IS& in 

---l 2.40 G-47 

2.69 0.67 

3-B cur 

3.0 0.92 

4.09 1.28 

4.77 I.67 

5.21 1.93 

5.55 2.12 

5.83 2.28 

6.62 2.77 

7.92 3.21 

.x10-3 a 

IS1 ,in Ill 

2.48 0.44 

2.91 0.63 

3.28 0.76 

3.51 0.87 

4.20 1.21 

4.91 1.59 

5.37 1.85 

5.73 2.05 

6.03 2.21 

7.04 2.73 

8.15 3.19 

3.42 

3.56 

2.40 0.47 2.49 

5.23 1.84 5.21 

5.59 2.02 5.3 2.00 

5.89 2.17 5.81 2.21 

6.94 2.65 6.77 2.64 

8.08 3.10 7.86 3.04 

a.70 3.34 a.53 

9.29 

T 

f 

-c 

- 
x10-3 a -10-3 

s*.Jin In psi &i 

2.27 0.41 2.32 

2.85 0.62 2.87 

3.n 0.77 3.21 

3.46 0.69 3.46 

4.20 1.26 4.17 

4.91 1.65 4.87 

5.33 1.89 5.2v 

5.65 2.06 5.61 

5.90 2.20 5.87 

6.74 2.63 6.73 

7.P 3.05 7.72 

3.28 8.35 

T 400 
- 

e 

in 
i - 

0.61 

3.78 

0.91 

1.28 1 

1.63 

1.a3 

I .96 

2.06 

2.37 

2.65 

2.81 

2.92 

3.01 

3.2; 7 
- 

2.85 

3.22 

3.49 

4.21 

$235 

5.19 

5.44 

5.62 

6.19 

6.x 

7.11 

7.u 

7.61 

8.X 
- 



Table 6 

EFFECT OmQQ@Z CRACK PROPAGATIO&J -_-- 
RAE3 O-9 3" .'IsDE PANELS 

'(Q B/b cl.2 - 

Alternating 
stress 

. --a 
Teat No. 

as 
itlChC8 

div per cycle 

8 x IO" 

1 
-6 

x 10 

2 x 10 -6 

4 -6 x 10 

6 x Id 

8 x lO-6 

1 x 10-5 

2 x 10-5 

4 x 10-5 

6 x IO-~ 

8 x 10 -5 

I x IO -4 

2 x 1o-4 

4 x 10-4 

6 x lo’4 

8 x 1O’4 

1 x 10 -3 

3600 psi 

- 
a 

in 
- 

I.34 

b58 

1.73 

j.82 

,687 

l Ol 

*II 

616 

*I9 

a22 

- 

-.-I 
,; x 10 -3 

pi .fG 
-I 

'2.15 

2.95 

3.48 

3.80 
. . 

4.03 

4.72 

5.42 

5.85 

~6.1' 

6.42 

__ 

I 
I 

- - ”  

300 

a 

in 

0.22 I.71 

0.24 1.80 

0.31 2.06 

o-41 2.39 

0.63 3.13 

0.79 3.68 

0.86 3.97 

1 -01 4.72 

1.12 5.43 

1 *I6 5.87 

l-20 6.19 

I.22 6.45 

1.28 7.30 

; x 10-3 

mi JI;; 

‘i- 
I 7200 psi 
I 

-i 

-_ 

1 

I 

( 

( 

I 

I 

( 

( 

( 

( 

( 

, 

, 
- 

301 -r 
-- 

a 

in 

3.23 3.57 

3.28 3.92 

3.31 4*?7 

3. 41 4.85 

3. 50 5.4.9 

3.56 5.85 

3.60 6.12 

3. 63 6.32 

3.72 7.00 

3.81 7.70 

2.87 8.13 

3*yo 8.44 

3.92 8.69 

-- --I 

i x 10 
-3 

mi JG 

-I- 
I 

1 

( 

C 

( 

( 

( 

( 

c 

( 

c 

a 

in 

l-22 3.47 

I.26 3.77 

I.38 4.67 

1. 52 5.55 

I.59 6.05 

1.64 6.39 

I.68 6.65 

I.78 7.45 

j-87 8.24 

302 
-: 

:x IO * 

'Si JG 
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Table 7 

EFFECT OF d/b ON THE CRACK PROPAGATION 
RATE OF 3" il'IDE PANELS 

r T 
Alternating I 

stress 

Test No. 

36~0 psi 
-7 

293 l-y---l 'K x10 -3 

2 
1 x 10 -6 

2 -6 x 10 

4 x 10 
-6 

6 x 10-6 

8 x 40-6 

1 x 10-5 / 

2 x 10 -5 

4 x 10-5 

G x 10-j 

8 x 10-5 

1 x 10 -4 

2 x 10-4 

4 x 10-4 

6 x 10"' 

8 x 1O-4 

1 x 10 -3 

a 

in 
- 

0.24 

0.35 

0.49 

0.61 

0.69 

0.76 

3.92 

l-05 

1 *II 

I.14 

1 *47 

I.24 

?si AL 

I.79 

2.17 

2.Gg 

3.03 

3.34 

3.57 

4.3-7 

4.95 

5.36 

5.66 

5.90 

6.69 

7- 

-1 .  

297 

I 

-’ 
-- 

-i- 
a I I’ 

in 

I 

L I 
-3 

Lx 10 a 

i- 
)si din 

0.27 1.92 

0.38 2.30 

0.49 2.66 

0.62 3.06 

0,71 3.38 

0-90 4.17 

l-O/+ 5.29 

1.13 5.59 

I.16 5.83 

-- 

I 

I 
( 
( 
( 
( 
( 
( 
( 
( 
( 
( 

- 

3.23 

3.26 

1.35 

1.46 

3.52 

I.57 

3.61 

I.71 

3.81 

Il.86 

1.90 

o-93 

7m psi 
mu_ 

294 -I- - 
a 

in 
- 

K x 1O-3 

psi Ji; 

3.57 

3.79 

4.47 

5.18 

5.61 

5.92 

6.16 

6.92 

7.69 

8.14 

8.47 

8.72 

C 

C 

C 

C 

C 

C 

C 

C 

C 

I’ 
i -L 

I.40 

j-52 

1.58 

b63 

1.66 

j.76 

t.85 

j-90 

b-93 

3.96 

295 - 
& 

in 
- 

KxlO -3 

psi& 

4.81 

5.58 

6.01 

6.31 

6.54 

7.27 

8.02 

8.47 

8.80 

9.05 
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Table 8 

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

(iii) ti 5 2.1 

Llternating I 
stress 3600 psi 7200 psi 

- 
Test No. 290 291 287 288 

A!2 
inches a 1 K x IO -3 a K x ,0m3 a 1 K x lo-3 a K x 10m3 

aN Per 
cycle in r in psi.& in ' psi JZ in psi J;;; psi,m 

2 x 10 -6 0.36 2.21 0.32 2.09 
-6 4 x 10 0.55 2.86 0.45 2.53 

6 x 10'~ 0.67 J-25 0.58 2.94 

8 x 10 -6 0.74 3.52 0.68 3.30 0.27 3.83 

1 x 10-5 0.80 3.72 0.76 3.56 0.29 4.02 0.29 4.04 

2 x 10'5 0.94 4.36 0.93 4.29 0.38 4.68 0.42 4.90 

4 x IO -5 I a06 5.03 I.05 4.98 o-51 5.51 o-51 5.55 

6 x 10-5 I-12 5.43 l-11 5.39 o-59 6.03 0.57 5.90 

8 x lO-5 1.15 5.73 1'15 5.70 0.64 6.39 0.60 6.15 

1 x 10-4 1 *I8 598 l-17 5.94 0.68 6.67 0.63 6.35 

2 x 10-4 1.24 6.77 0.79 7-49 o-72 6.97 

4 x 10-4 O-88 8.30 0.81 7.64 

6 x IO-~ O-85 8.08 

8 x lO-4 0.89 a-36 

I x 10-J I 0.91 8-60 

2 x 10'3 j / / 0.99 9.38 
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EFFECT OF d/b ON THE CRACK PROPAGATION 
RAT,T OF 3" WIDE PAX&S 

(iv) d/b = 3.2 

Alternating 1 
stress 36CO psi 7200 psi 

Test Eio. 283 284 285 206 

1 inches a Kx,O-~ a 'KxlO-'1 a ‘KxlO -3 
aa 

8 K x 10-3 

\a Per 
cycle in jr+- psi vif: in psi<L in psi Jin in psi XL 

2 x IO -6 0.29 1.97 0.29 1.99 

4 x 40-6 0.42 2*1+2 0.51 2.72 

6 x ,0-6 0.54 2.81 O-63 3.11 

8 x to-6 0.64 3.14 0.71 3.38 0.27 3.89 

1 x 10-5 o-71 3.40 0.76 3.58 0.32 4.24 * 

2 x ,o-5 0.89 4.13 0.91 G-21 0.44 5.05 

4 x 10-5 I.03 4.81 l-03 4.86 0.54 5.74 

6 x IQ-~ l-09 5.23 t.09 5-26 0.60 6.l3 0.57 5.95 

8 x IO+ I.13 5.51 I.13 5'55 0.64 6h2 0.61 6.18 

1 x 1cT4 1.15 5.75 1 .I6 5.78 0.67 6.64 0.63 6.36 

2x10-4 . t.23 4.56 o-77 7.34 0.71 6.93 

4 x to-4 1.28 7.42 0.86 8.08 0.79 7.55 

6 x 10-4 0.91 8.53 0.84 7.93 

8 x 10-4 0.94 8.85 0.87 8Q2 . 

1 x to-3 0.96 9.14 0.90 8.44 

2 x 10-3 ,097 V*lV 
, 



Table IO 

EFFECT OF d/b ON !lRX CRACK PROPAGATION 
RATE OF 3" WIDE PANELS 

Uternating 
stress 

Test No. 

da inches 
z per 

cycle 

2 x IO -6 

4 x 10-6 

6 x 10-6 

8 x 10-6 

I x 10-5 

2 x 10-5 

4 x ,o-5 

6 x if5 

8 x lO-5 

I x 10-4 

2 x 10-4 

4 x 10-4 

6 x IO-~ 

8 x 1O-4 

3600 psi 

311 314 

& 

in 

0.25 1.83 0.25 1.81 

0.57 2.91 O-47 2.59 

0.72 3.44 0.63 3.10 

0.81 3.76 0.72 3'42 

0.86 3.99 0.78 3.65 

I *oo 4.67 o-94 4.34 

i-11 5.37 1.06 5.01 

I -16 5.80 I.11 5.42 

I.19 6.11 1 .I5 5.72 

I.21 6.36 I.17 5.96 

x IO -3 B 

si JG in 

: x IO -3 

si JZ 

7200 psi 

316 I 317 

B 

in psi& 1 in 

0.24 3.65 0.25 

0.27 3.83 0.28 

0.29 3.98 0.31 

o-35 4.45 0.41 

0.44 5.05 0.51 

0.51 5.53 0.57 

o-57 5.91 0.62 

O-61 6.21 0.65 

o-74 7.11 o-75 

0.84 7.94 o-84 

0.89 8.41 0.89 

0.93 8.75 o-93 
- 

3.67 

3.97 

4.19 

4.87 

5.54 

5.95 

6.24 

6.47 

7.20 

7.95 

8-W 

8.72 



-.-_ -- -. -_ ---__ - 

7200 psi 

-- 

^ -. ..-- 
25 -i- 17 i--l8 i 19 

[KXlO -3 1 a ;Ifx10-3 t , ajirx10-3 ~--+I- Y. 10 

si Jir I" 

- -7 
a IR 

In P 
- 

0.11 

0.15 

0.23 

0.30 

o-33 

0.36 

0.42 

1.21 

1.U 

1.82 

2.19 0.07 

2.41 0.08 

2.57 0.10 

3.03 0.22 

0.28 

7-Tr 
1.68 0.07 1.90 0.06 1.75 

2.11 o.oe 2.12 0.08 2.07 

2.39 0.10 2.35 0.11 2.u 

3.62 0.21 3.55 0.21 . 3.55 

4.28 0.28 4.23 0.27 4.a, 

0.30 4.53 

j , 

I 1 
1.68 0.07 1.90 0.06 1.75 

2.11 o.oe 2.12 0.08 2.07 

2.39 0.10 2.35 0.11 2.u 

3.62 0.21 3.55 0.21 . 3.55 

4.28 0.28 4.23 0.27 4.a, 

inches a s 22.9 
m 

Per 
cycle ,n 

I- _--. 

i 21 j 22 
-.-.- 
x10-3 * 

51 ,/i- I” 

I ._ -7‘ 
‘K x 10-j 1 IP 'Si Ji;; 

I 
1.22 

1.45 

.--.._ ..- 
24 

-7 
I 

-.~ 
L 10-3 

‘Sl hc 

1.24 

1.17 

1.94 

2.32 

2.54 

2.73 

3.15 

.-I- 
I 

me- 

23 
I- 

0.39 x 10-6 

0.79 I lo4 0.15 

1.58 x 10d 0.23 

2.36 x roa 0.30 

3.15 x 10-6 0.3f.l 

0.39 x 10-5 0.36 

0.79 Y 10-5 oA2 

1.58 )L CO-5 0.46 

2.36 x 10-j 

3.15 x 10-5 

0.39 x 10-k 

1.77 

2.08 

2.30 

2.47 

2.93 

y] 
i 
! 

.- 

.- - -_ 
G IK 

in IP 
-- 

0.11 

0.15 

0.25 

0.32 

0.35 

0.38 

0.43 

- 

1.74 0.21 

2.01' 0.27 

2.23 0.32 

2.39 0.34 

2.85 0.41 

t 
1 

1.44 0.15 

l-E5 0.21 

2.21 0.26 

2.43 0.30 

2.59 0.33 

3.04 0.40 

3.50 

-- 

0.30 4.53 

0.32 4.75 

j , I ,0.33, 4.92 

1.97 

2.59 

2.Vz 

3.65 

4.23 

4.55 

4.77 

4.93 ! I -. 



EFFECT OF PLI'IZL VIDT!i ON THE CRACK PROPAGATION RATE 

(ii) Width = 3" 

T 
'3600 psi Alternating 

. stress 

Test No. 

&? 
inches 

a Per 
cycle 

2.x 10 
-6 

4 x -6 10 

I 6x10-~. 

a x 10~~ 
J I -5 xl0 

I2 x 10 -5 

4 x -5 10 

6 x 10-5 
. . a x IO -5 

- 1 x Id4 

2klO -4 
-4 

.4"10 

6 x 10-4 

a x id4 
-3 1 x 10 

i 

7200 psi - 
--- 

353 

-- .-- - .-.._- 

354 
T 'T 352 

--- 

355 ;x a 

?si hii in 

: x IO -3 

ai .G 

I.97 0-27 l-90 

2.51 0-40 z-34 

2.85 0.51 2.70 

3.10 o-60 3-03 
3.29 3.60 '3.29 
3.91 w07 '4-03 
4.55 1 -01 4-P 
4.93 I.07 5.11 

5.22 1.11' 5.41 

5.44 1.14 5.64 

6-19 1.22 6-W 

* 

in 

*-r- --- 

351 

--f iKx IO 
! 

F bsi &i 

-7 

I 

.-. 
I 350 

a 

in 
-- 

0.29 

O-45 

0.55 

0:62 

0.68 

O-85 

0.va 

I.05 

l-09 

1.12 

1.20 

t a 

in I 
7 r I I 

L 

a 

in 

a 

in 

: x -3 10 

rsi :in 

; x 10 -3 

mi JZ 

0.25 3.71 

0.37 4.56 

0.46 5.17 

0.51 5.49 

0.54 5.72 

0.57 5.av 
0.64 64.2 

0.72 6.98 

o-77 7.33 

0.80 7.59 

O-83 7.80 

3-22 

3.34 

3-44 

3.49 

3-53 

3.56 

0.65 

o-73 

0.79 

0.82 

O-85 

O-42 2-a 

0.54 2-81 

0.61 3.06 

0.67 3.25 

0.82 3.83 

0.96 4.43 

I.02 4.81 

I.07 5.08 

l-10 5.30 

0.23 3.54 

0.25 3.72 

0.33 4 27 

o-41 4.83 

O-46 5.19 

0.50 5.46 
0.54 5.68 

o-64 6.40 

0.75 7.16 

o-80 7.60 

O-84 7.93 

0.87 8.18 

3.46 

4.40 

5.06 

5.42 
5.66 

5.80 

6 -45 
$08 

7.47 
7-75 
7.98 I 



13 Table 

EF??XT OF PAXEL WYDTH ON TWE CRACK PROPAGA!l!ION RATE 

(iii) :lidth = 11, 

;Lternatir* 
stress 

Test No. 

4 x IO 
-6 

6 x 10 -6 

8 x 10 -6 

1 x IO -5 

2 x IO -5 

4 x 10-5 

6 x 10-5 
8 x 10 -5 

1 x 10 -4 

2 x 10-4 

4 x lo-4 

6 x if4 

8 x IO-' 
1 Y 10 -3 

2 x 10-3 

4 x 10-J 

1- - - A  ^ -  

-3 x IO 

Sl&l 

2.33 

2.75 

3.03 

3.24 

3.88 

4.56 

4.97 _ 

5.27 

5.51 

6.31 

36CO psi 
- 

560 
-- 

a 

-_ 
I ic 
1 

3.n F 

-3 x 10 

si lz 

3.41 2-35 

0.57 2.81 

3.67 3.08 

3.75 3.28 

3.97 3.87 

I.17 4.47 

I.28 4.85 

1.36 5.12 

1.42 5.35 

I-58 6.10 

I.71 6.92 

I 

I 

i 
, 

, 

I 
I - 

3.43 2.40 

O-58 2.83 

0.69 3-12 

0.77 3.35 

I.03 4.05 

1.26 4.77 

I.38 5.x) 

1.46 5.52 

I.51 5'77 

j-66 6-60 

1.78 7.50 

,: 

-.. - 

7200 psi 

362 I 363 
-- 

a 

in 

0.36 

0.46 

O-53 

0.58 

0.63 

0.79 

0.97 

l-07 

I.44 

I *I9 

I.33 

?- 
IC 
E 

T 

I 
-L 

4.46 0.35 

5.08 O-46 

5.46 0*5Jt 

5.75 0.61 

6.00 0.67 

6-83 0.87 

7.89 I.05 

8-48 I.15 

8-W I.21 

p-21 

10.2 

-- 

5 x 10 -3 

si & 
_-__ 

4.37 

5.08 

5.55 

5.92 

6.24 

7.32 

8.37 

8.96 

9.37 

a 

in 

0.46 5-08 

0.55 5.58 

0.61 5.89 

0~65 6.41 

0.76 6.73 

0.86 7.29 

0.92 7.61 

7.96 7.83 

0.99 8.00 

1.08 854 

l-17 9.10 

364 
--- 
c x IO -3 

?siiX 



EFI'ECT OF PAIGL S‘IIIIDTII ON THS CRACK PROPAMFIOA RATE 

(iv) Width = 64" 

T 
i- 

3600 psi Alternating 
stress 

Test No. 

in:hes 
g per 

cycle 

4 x 1o-6 
6 x 18 
8 x 10 -6 

1 x 10 -5 

2 x 10-5 

4 x 10-5 

6 x 10-5 

8 x 10-5 

1 x 10-k 

2 x 1Q-4 

l+ x 10-4 
6 x 10-4 

8 x 10-4 

1 x 10-3 

2 x Id' 

4 x 10-3 

7200 psi 

365 1 366 T ,969’ I 367 I 368 T 370 
- 

a 

in 
- 

3.43 

3.63 

3.77 

3.88 

1.22 

1.56 

I.74 
I.87 

1.96 

2.21 

I 
cx10-J a 

1 ISi Jin in 

I 

cx10-' 1 a 

,siJG in 
--- 

-I- 

7- 
‘E 

I 

- 

5.01 0.46 

5.48 0.55 

5.81 0.61 

6.07 0.67 

6.90 O-88 

7.83 I.14 ! 8.43 I.30 

8.88 I.41 

9.23 I.50 

10.4 

11.5 

- 
1 

1 

L 

- 
x 

F 

- 

a 

in 

. -3 : x 10 a 

,si, \iin in 

t 
2.54 Q-44 
2.89 0.61 

3.14 0.73 

3.34 O-82 

4.08 1.13 

5.05 1.45 

5.63 1.64 

6.04 i-77 

6.36 1.87 

7.35 2.14 

Ilc x -3 

I: 

10 

psLvrjTn 

~ 

2.43 

2.86 

3.15 

3.37 

4.06 

4.79 

5.25 

5.59 

5.86 

6.75 

i 

i x Id' 

psi 2.n J;- 

: x IO -3 

mi .xn I;- 

a 

in 

0.49 

0-62 

0.72 

O-81 

1.14 

r-56 

1.79 

I.93 

2.03 

2.28 

I 

2.40 

2.92 

3-25 

3.50 

4.26 

5.04 0.46 

5:52 0.55 

5.87 0.61 

6.15 0.66 

7.06 o-81+ 

I -04 

1.17 

I.27 

I.35 

l-58 

I -79 

5.01 

5.48 

5-83 

6.11 

7.08 

8-28 

9.02 

9-54 

Y-94 

0.48 

0.57 

0.65 

0.70 

0.89 

l-09 

1 .21 

1.30 

I-37 

I.59 

5.11 

5.63 

5-99 

6.27 

7.13 

8.05 

8.61 

9.02 

9.35 

10.4 

I 



Table 15 

EFFECT OF PtiJEL WIM'H ON THE CF?ACK PROPAGM'IONRATE 

(VI I&lth = 10" 

ilternating 
stress 36C0 ps-r 7200 psi 

.- 
‘I'est'Ik. 382 383 384 385 I i 386 387 

inches 
g per 

a ixx10 -' 'a 'K x ,0-3 a K x 10-3 a /K x 1O-3 a 
I 

,KxIO-~ a K x lO-3 

cycle in psi\:Z in psi .G in psi .I& in psi-S 1x1 \ psi & in psi &I 

4 x 10 
-6 

O-42 2-35 0.33 2.08 0.43 2.37 

6 x IO--~ 0.58 2.77 0.55 2.70 o-60 2.83 
8 x 10 -6 

I 
0.70 3.04 0.70 3.06 0.73 3.11 

1 x 10 -5 O-78 3.24 0.82 3.32 0.83 3.32 
2 x 10-5 I -07 j-81 I -18 4-02 i-Ii+ 3-94 or'30 4.03 

4 x 10-5 1.41 4.45 I.53 4.66 l-48 4.57 o-45 4.87 0.47 5.05 

6 x 16~ 1.69 4.95 4.73 5.01 1.71 4.98 o-54 5.42 o-48 5.10 o-57 5-56 

a x low5 1.97 5.46 1.86 5.26 1'09 5-31 0.61 5.78 o-58 5.60 0.64 5.90 

1 x 10 -4 2.23 5-Y& I*$7 5.45 2.05 5.60 0.67 6.04 0.66 5.98 0.69 6.15 

2 x 10-4 2.92 7.38 2.30 6.06 2.60 6.67 0.86 6.86 o-93 7.18 0.87 6.92 

4; 10-4 2:62 6.70 3.40 7.85 4.08 7.70 1-30 a.60 1 *oy 7.80 

6 x 40-4 2.80 7.1f 1.28 a.52 1.56 9-57 1.28 8.54 
. 8 x 10 -4 I.48 I*-75 10-3 

1 x 10 -3. 

2-93 7.41 9.27 1.52 9-w 

1.68 9.99 1.90 10.6 f-75 10.2 
2 x 10-J 2-Y 12.3 



Table 16 

EFFECT OF Pkn'Ez XDTH ON THE C-RACK PROPAGATION RA'l.3 

(vi) . Width E 20" 

r 4 

Alternating 
stress I 

T Test No. I 391 I- 42 2 

t 
I - 

a I 

in I 

o-60 
O-81 
0.97 

1.43 

1.86 

2.10 

2.26 

2.38 

2.74 

3.12 

3.37 

3.61 

3.99 

- 

c x -3' a 10 

-T- psi JYG in 

ok32 

2.bo 0.63 

3.26 0.83 

3.57 o-99 

4.37 I.46 

5-O-l i-89' 

5;s 2.14 

5.55 2.31 

5.71 2.45 

6.19 i-93 

6.66 4-23 

6.90 5.72 
7.28 1 _ . 

- 
H 

1 

L 

; : x 10 -3 

rsi I- I In 

a 

in 

: x 10 -3 

si JG 

c x -3 10 

mi JZ 
aa 

inches a 
aN per cycle in 

4x19 
-6 

~x,O-~ 1 
8 x Id 0.62 

I x 10-5 O-80 

2 x 10-5 l-y+ 

4 x 10 -5 Isa!+ 

6 x lo-5 2-u 

a x 10-5 2.31 

1 x 1 o? 2.45 

2 x Id4 2-90 

I!+ x -4 10 3-34 

6 x IO-~ 3.62 

8 x 10L4 3.82 

1 x 10 -3 4.Q.j 

2x10-3 4. 

ISi JX in 

2.05 

2.87 

3.31 
3.61 

4.40 

5.05 b.59 

5.39 O-74 

5.63 O-84 
5+31 0.92 

6-u I.13 

8.08 1.31 

IO.25 I.40 
ti 

1-46 

2.86 

3.25 

4.21 

5.00 

5.36 

5.62 

5.81. 

6.39 

6.95. 

7.29 

‘7.56 

7-78 

8.76 

0.46 4.95 

0.60 5.70 

0.70 6.16 

0.78 6.47 

0.94 7.30 

l-17 7.96 

1.26 8.27 

1.32 8.48 

5.64 0.41 4.70 

6.33 O-57 5*52- 

6.76 o&7 6-m 

7.05 0.75 6-35 

.7++ 0.97 7.'24 

8-45 1.16 7-94 

8.74 I.26 8.28 

8.92. 1233 '8.50 

9.05 1.38 8.66 I 1.49 

I 



(i) AIiteras.tina stress L i6OOpgi - I- --II 
-c-- 

Rolling 
direction 

Test No. 

aa inches 
E per 

cycle 
-- 

.!+ x d 
6 x 18 

8 x IL-I-~ 
1 x 10 -5 

2 x 10-5 

4 x to-5 
6 x lO-5 

8 x 1O-5 
I x10 -4 

2 x IF4 

4 x id-4 
I 

_--.-- .  . . w - - .  

Lor@.tudinal 
-- __-- --~~---~--~-- 

359 i 360 / 361 

a 

in 
--. 

o-40 

0-55 

0.65 

o-73 

P-97 

i-20 

1.32 

1.40 

l-46 

1-62 

mi .:Z in 
---.. - 

2.33 0.41 

2.75 O-57 

3.03 O-67 

3:24 0.75 

3.80 o-97 

4.56 1.17 

4.97 I.20 

5.27 I.36 

5.51 1.42 

6.31 1.58 

I.71 

; x -3 10 

>Si .G 
-- 

2.40 

2.83 

3.12 

3.35 

4.05 

4.77 

5.20 

5.52 

5.77 

6.60 

7.50 

f 

-^- - 

376 
7 
I 

in 
I_. 

-- --- 
; x IC -3 

d din 
-- 

0.51 2.63 

0.61 2.90 

0.68 3.11 

O-91 3.73 

1.14 4.37 

3.26 4.77 

l-34 5.06 

1-w 5.30 

I.57 6.06 

I.71 6.54 

t’ 

Transverse 

377 T 378 
--- 

a 

in 
-- 

O-41 

0.53 

0.61 

0.68 

0.92 

I.15 

1.28 

I.37 

1.43 

I.59 

---- 
-3 Ix 10 

psi ,'in 
-- 

2.36 

2:69 

2.93 
3.12 

3.73 

4.42 

4.84 

5.15 

5.39 
C-49 

-- 
.% 

in 
.-- 

o-40 
0.56 
O-66 
o-74 
0.96 

I-16 

1.27 

1.35 

I.41 

I.57 

1.71 
L 

--- 
; x IO -3 

Isi .G 
--.-- 

2.32 

2.78 

3.06 

3.26 
3.85 
4-45 
4.82 
5-10 
5-32 
6-06 
6.89 



.Table. 18_ 

EFFECT OF ROLLING DICTION 0s m CRACK ~RCIPAGATION~E OF &I WIDE PALS 

(ii) Alternat-in2 stress = 72OOpsi 
-4 

Longitudinal Rolling 
direation 

Test No. 

aa 
inches 

a Per 
CYCh? 

2 x 10 -5 

4 x 10 -5 

6 x 10-5 
8 x 10 -5 

1 x 10 -4 

2 x 10-4 
4 x 10 -4 

6 x IO-~ 

8 x 1O-4 
1 x 10 -3 

2 x IO -3 

4 x 10 -3 

363 364 379 380 362 381 

a 

in 

0.36 4.46 

O-46 5.03 

0.53 5.46 

0.58 5.75 

0.63 6-m 

0.79 6.89 

0.97 7.89 

i-07 8.48 

I.14 8.90 

I-19 9.21 

1.33 10.2 

a 

in 

_-- 
x 10 -3 

si AZ 
-e-m 

O-46 5.08 

0.55 5.58 

0.61 5.89 

o-65 6.11 

0.76 6.73 
0.86 7.29 

0.92 7.61 

0.96 7.83 

0.99 8.00 

1.08 8.54 

1.17 9.10 

-- 
c x -3 10 

- 
mi din 

--- 
c x 10-3 

3si Ji, 

a 

in psi Jin 

0.35 4.37 

O-46 5.08 

O-54 5.55 
0.61 5.92 

0.67 6.24 

0.87 7.32 

1.05 8.37 

1.15 8.96 

1.21 9.37 

- 
E 

1 

i 

- 
I 

1 

a 

in 
-- 

0.44 
0.52 

O-58 

0.62 

0.76 

0.91 

0.99 

1.05 

l-10 

l-24 

a 

in 

t 

o-42 4.81 

o-51 5.38 

0.59 5.80 

0.65 6.13 

3.84 7.48 

1.02 8.20 

1.12 8.78 

I -18 9.18 

1.23 9-50 

4.97 

5.43 

5.74 

5.98 

6.75 

7.54 

8.02 

8.38 

8.66 

9.55 



5 53 

12 Table 

EFFECT OF AXCI-DUCKLINk BARS ON THE 
CRACK PROPAGATION OF 20" PANELS 

&.?.ternatin.e stress = 36~0 psi - 

Test 
oondition WithoLtt anti-buckle hors With anti-buokle bars 

Teat No. Teat No. 391 391 I 409 409 i i 410 410 I 388 388 1 1 405 405 

aa inches aa inches a 5(x10-3 a 5(x10-3 a KXIO a KXIO -3 -3 a KxlO a KxlO -3 -3 * KXIO * KXIO -3 -3 a KXIO a KXIO -3 -3 

z per z per 
cycle cycle in pm in pm *JG - *JG - in psi Jln ir, in psi Jln ir, psi& psi& in psi EG in psi EG in psi&l in psi&l 

4x10 -6 4x10 -6 0.32 0.32 2.05 2.05 

6 x IO-~ 6 x 1o-6 0.60 0.60 2.80 2.80 0.63 0.63 2.87 2.87 

8 x ,o-~ 8 x ,o-~ 0.62 0.62 2.86 2.86 0.81 0.81 3.26 3.26 0.83 0.83 3.31 3.31 o-75 o-75 3.14 3.14 

I x 1O-5 I x 1O-5 0.80 0.80 3.25 3.25 0.97 0.97 3.57 3.57 0.99 0.99 3.61 3.61 0.92 0.92 3.47 3.47 

2 x 10-5 2 x 10-5 1.34 1.34 4.21 4.21 l-43 1.43 4.37 4.37 1146 1146 4.40 4.40 I%0 I%0 4.32 4.32 I.18 1.18 3.96 3.96 

4 x 10-5 4 x 10-5 1.84 1.84 5.00 5.00 I.86 I.86 5.01 5.01 I.89 I.89 5.05 5.05 l-86 l-86 5.Of 5.Of I.58 I.58 4.59 4.59 

6 x IO-~ 6 x IO-~ 2.11 2.11 5.36 5.36 2.10 2.10 5.34 5.34 2.14 2.14 5.39 5.39 2.13 2.13 5.37 5.37 1.82 1.82 4.95' 4.95' 

a x 10~~ a x 10~~ 2.31 2.31 5.62 5.62 2.26 2.26 5.55 5.55 2.31 2.31 5.63 5.63 2.31 2.31 5.62 5.62 2.02 2.02 5.24 5.24 

1 x 10-4 1 x 10-4 2.~5 2.~5 5.81 5.81 2.38 2.38 5.71 5.71 2.45 2.45 5.81 5.81 2.45 2.45 5.81 5.81 2.22 2.22 5.51 5.51 

2 x loe4 2 x 10-4 2.90 2.90 6.39 6.39 2.74 2.74 6.19 6.19 2.93 2.93 6.42 6.42 2.94 2.94 6.43 6.43 

4 x 10-4 4 x 10-4 3.34 3.34 6.95 6.95 3.12 3.12 -6.66 -6.66 4.23 4.23 6.08 6.08 3.65 3.65 7.34 7.34 

6 x Id4 6 x Id4 3.62 3.62 7.29 7.29 3.37 3.37 6.98 6.98 5.72 5.72 IO.25 10.25 4.87 4.87 8.95 8.95 

8 x 10~~ 8 x 1O-4 3.02 3.82 7.56 7.56 3.61 3.61 7.28 7.28 5.64 5.64 lo.11 lo.11 

I x IO -3 I x IO -3 4.00 4.00 7.78 7.78 3.99 3.99 7.77 7.77 6.06 6.06 IO.83 IO.83 

2 x 10-3 2 x 10-3 4.73 4.73 8.76 8.76 6.98 6.98 12.77 12.77 

I+ x 10-3 I+ x 10-3 7.63 7.63 14.67 14.67 



CRACK PROPAGATION MTES OF 3" WIDE PANELS WITH CLADDING QXNED 

r 
7200 psi Uternating 

stress 3600 psi 

Test No. 320 321 

aa inches 
51 per 

CYCh 

a a K x 1O-3 

in in psi&Z 

8 x m-7 
1 x 10-G 
2 x 104 
4 x 10 -6 
6 x 
8 x 

10:; 
10 

I x 10-5 
2 x 10-5 
4 x 10-5 
6 x 10-5 
8 x IO-5 
1 x 10-4 
2 x 10-4 
4 x 10-4 
6 x 10-4 
8 x 10-4 
1 x 10-3 
2 x IO-3 
4 x 10-3 

o-19 I.66 
0.22 I.77 
O-j1 2.11 
o-41 2.47 
0.49 2.75 
0.58 3.04 
0.66 3.32 
0.87 4.14 
1 -01 4.87 
1.07 5.29 
1 *Ii 5.60 
1-14 5-85 
1.22 6.64 
1.27 7.52 

0.26 1.99 
0.39 2.47 
0.52 2-94 
0.65 3.37 
0.73 3.68 
O*Vl 4.48 
I -04 5.22 
1 *IO 5.66 
1 *I4 5.98 
I -16 6.24 
1.23 7.08 

i 

322 T 323 326 327 
-- 

a 

in 
t 

a K x lO-3 

in psi-J-z 

0.20 3.72 
0.27 4-27 
0.34 4-w 
0.40 5.34 
0.45 5.73 
0.50 6.08 
0.64 7.16 
0.76 8.14 
0.82 8.68 
0.86 9-06 
0.89 9.35 

i x -5 10 

,sx Jz 

- 

5 x 10 -3 

psi ,iin 

: x -3 IO 

isi jin 

a 

in 

0.22 1.92 
o-33 2-N 
o-40 2.64 
0-48 2.91 
o-55 3.18 
o-79 4.10 
o-95 4.89 
1.02 5.34 
I.07 5.66 
l-10 5.91 
I.18 6.74 
1.25 7-65 

0.21 
0.29 
0.37 

. 
:.g 
O-48 
0.57 
0.66 
0.72 
0.75 
0.78 
0.87 
0.95 

3.84 
4.53 
5.18 
5.55 
5.82 
6.03 
6.70 

3:Z 
8.19 
8-U 
9.28 

10.16 

3.30 
3-44 
3.51 
3.56 
3.60 
2.70 
3.80 
3.85 
3.89 
3.92 

4.37 
5.43 

z: . 
6-54 

i::: 
8-63 
8.98 
P-25 

I 



55 

- SYMBOLS 

+a 
/ 

0 
- crack half-length 

81 - crack half-length corrected for plasticity 

A - a constant 

Aj - a constant coefficient 

b - sheet half-width 
‘B - R constant 

c,'c*'cJ - constants 

d - hslf the free length of a sheet 
E - Young's Modulus 
E 8 - secant modulus 

j - inaex (= 0, 1, 2, 3) 

k - strain concentrat;cn factor 
K - stress intensity factor (based on ua) 

KC,K.m,l$,Y~N,$- at-ess concentration factors (section 3) 

% - a finite width correction (equation 55) 

m - constant exponent in stress-strain law (section 3.3.1) 

N, No - number of cycles 

r - polar co-ordinates 
r 

0 
- length of plastic zone ahead of the crack 

B - ratio of minimum stress to maximum stress (= O-1) 

RO 
- PO/a 

S - a constnnt 
t - sheet thickness 
X - exp(C, 8) 

Y - (1 - a/b)'+' 
2 - ratio of operating stress to yield stress 

an - Dixon's finite width correction 

"G - Greenspan's finite width correction 

& - Yestergaard's finite width correction 

B - dimensionless parsmeter (defined in (33)) 

Y - ddmersionless parameter (defined in (53)) 

yi? 
- dimensionless parameter (deflnsd in (56)) 
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SYX!OLS (CONI'D) 

E 

Ec’E; 

E 0 
E n 
9 
h 

P 
P' 
Q 
u a 
c- n 

"P 

=ou 

"Y 
u 6' 0' 0 

ub 

- strain 

- reference points on the stress-strain curve 

- criticcrl strain (section 3.3.1) 

- average strain on net section 

- polar co-ordinate 
- a constant 
- radius of crack tip 
- a material constant 

- a stress 
- amplitude of alternating stress on gross area 

- maximum average stress on net-sectlon 

- peak stress on gross srea 

- stress applied at infinity 

- yield stress 

- reference points on the stress-strain curve 

- buckling stress 



57 

No. Author 

1 J. Schijve, 
D. Broek, 
P. de Rijk 

2 W. Barrois 

3 P.C. Paris 

L 

7 E.R. Welbourne 

8 

9 

10 

D.R. Donaldson, Crack propagation behavicur of some '&-frame 
9.E. Anderscn materials. 

H.F. Has&&h, 
A.J. ?&cEvily 

P. Kuhn 
I.E. Figge 

F.J. Bradshex, 
C. Uheeler 

E.H. Mausfield 

N.J.F. Gmn 

11 N.E. Frost. 

D.S. Dugdale 

12 H.J. Liu 

Title. etc 

The effect of the frequency of an alternatmg load 
an the crack rate in a light alloy sheet. 
ELR+N M.Z@2,Nationael Luohtvaartlaboratorium, 
kastel;dsrn (1961) 

Critical study on fatigue crack propagation. 
A.R.C. 25623 (1964) 

A note cn variables affecting the rate of orsok 
growth due to cyclic loading. 
Boeing Report E-17867, Boeing Aircraft Co., (1957) 

Proceedings of the Crack Propagation Symposium, 
2, 375, Cllanfid.d, (~51) 

Engineering aspects cf fatigue crack propagation. 
CranfYeld Sjmp~~i~m, 2, Zjl, (1961) 

Unified notch-strength snalysis for wrought 
aluminum alloys. 
NASA TN D-1259, (1962) 

The oorrelation of unstable crack length data for 
sheet materials. 

Aeronaut Q, XII, FT 395-408, (1961) 

' The effect of environment cn the crack propagation 
in a&minim alloys. To be published 

On theoretical plasticity and crack propagation. 
-A.R.C. C.P. 688, (1962) 

Fatigue cracking rates and residual strengths of 
eight aluminium sheet alloys. 
R.A.E. TR 6L@ZI+, (1964) 

The propagaticn.of fatigue cracks in sheet specimens. 
J. hlech Phys Solids, & 92, (1958) L 

Crack propagation in thin metal sheet under repeated 
1Oaaillg. 
Tram A.S.M.E., Series D, J. Basic Engineering, a, 
23, (1961) 



58 

p& 

13 

Author 
A.K. Head 

14 W. Weibull 

15 G.B. Irwin 

16 G.R Irwin 

17 H.M. Westergsard 

18 G.B. Irvin, 
J.A. Kies 

G.R. Irwin, 
J.A. Kies 

20 M. Greenspan 

21 J.R. Dixon 

22 A.S.T.M. Bulletin 243 Fraoture testing of hi& strength sheet materials 

(1960) 

23 

u, 

D.P. Rooke Elastic yield corns rounci s crack tip. (Comparison of 

exact and approximte theorics. A.R.C. 25J+l+3 (1963) 

Royal AeronautiOal Fatigue crack propagation in aluminium alloy sheet 
Society materials. 

Data Sheet, Fatigue A.06.04 

25 H. Neuber 

Title. etc. 
The growth of fatigue cracks. 

Phil Msg., a, 925, (1953) 

The effect of size and stress history on fatigue 
crack initiation and propagation. 
Cranfield Symposium,,~, 271, (I 961) 

Analysis of stress and strain near the end of a 
crack traversing a plate. 
J. AppLMech., 2, PP 361-364 (1957) 

Fracture. Hardbach der Physik l6, (Elasticity and 

Plasticity), Springer-Verlag, (1958) 

Bearing pressures and cracks. 

J. AppLMech., 6, A-49, (1939) 

Fracturing and fracture dynamics. 
Welding Journal, jl, 95-s, (1952) 

Critical energy rate analysis of fracture strength. 
Welding Research (Suppl. Welding Journal), 1p, 193, 

(1954) 

Axial rigidity of perforated structural members. 
J. Research Nat. Bur. of Standards, 2, 305, (1943) 

Stress distribution sround edge slits in a plate 
loaded in tension - the effect of finite width of 
plate. 
J. Roy. Aerc. Sot., 66, 320, (1962) 

Theory of notch stresses. 

(Tram By D. Taylor) J.W. Edwards, Michigan, (I 946) 



59 

REFERE?XXS (COrJml 

_No. Author Title, etc. 
26 Royal Aeronautical InfornwtLon on the use of Data Sheets 03.02, 

sooiety Data Sheet, Struotures 1, 0X02.00 

27 R.C.J. Howland On the stresses in the neighbourhood of .s 

circular hold in a stsip under tension. 
Phil. Trans. Roy. Soo., A., 49, (19jo) 

28 Royal Aeronauticd Effeotive strain concentration factors for 
society cracks in unreinforced sheets under tension. 

Data Sheet, Fatigue, A.06.02 

29 P. Kuhn Notoh effects on fatigue and static strength. 
Symposium on Aeronautical fatigue (ICAF and 

ACAJID) Rome, (1963) 

30 D.G. Ford, 
D.G. Graff, 
A.O. Payne 

31 P.J.E. Forsythe 

32 H.A. Lipsitt, 
F.W. Forbes, 

B.B. Baird 

33 H.V/. Liu 

34 H.W. Liu 

35 W. Weibull 

36 D.A. Bateman, 
F.J. Brsdshaw, 

D.P. Rooke 

Some statistioal aspeots of fatigue life variation. 

Fatigue of Aircraft Structures, p.179, 
Pergamon (1962) 

A two stage prooess of fatigue crack growth. 
Crsnfield Symposium, 1, 76, (1961) 

Craok propagation in cold-rolled aluminum sheet. 
Proc. A.S.T.N., 2, 734, (1959) 

DiscussIon. 

Cranfield Symposium, 2, 514, (1961) 

Size effects on fatigue oraok propagation 

CALCIT SM 63-7, California Institute of 
Technology, (1963) 

A theory of fatigue crack propagation in sheet 
specimens. 
Int. Conf. on Mechanisms gf Fatigue In 
Crystalline Solids, 1962 

Some observations on surfeoe deformation round 
araoks in stressed sheets. 

R.A.E. Tech Note CPM 63, 1964 



60 

No. ALlthOr 

37 N.E. Frost 

38 A.J. McEvily 
w. Illg 

39 G.R Irwin 

REFERENCES (CONTD) 

Title, eta. 
Effect of mean stress on the rate of growth of 
fatigue cracks in sheet materiels. 
J. Mech. Engineering Sci., &, 22, (1962) 

The rate of fatigue crack propagation in two 

altium alloys. 
WA TN 4394, (1958) 

Theoretioal aspects of fracture failure analysis. 
Metals Eng. Quart., 1, 25, (1963) 



:a 

Z 



SHEET 18 SHEET 23 SHEETS 26,27, & 29 

1 POSITION 1 EXPERIMENT I 

SHEETS 19, 20. 24.25. 
34. 35 4 40 

FIG.2. POSITIONS OF CRACK PROPAGATION PANELS 
FROM SHEETS IN CAST ‘8’ 



TENSILE TEST PIECE 
$ SCALE 

2b 

44 JO 6 9 2 

6; 14 6 13 2 

CRACK PROPAGATION PANEL 
+ SCALE 

FlG3. TEST SPECIMENS 



rTl0 OF CC ‘s 
h 

- 
0 0.4 o-8 o-e- b 

FIG.4 COMPARISON OF VARIOUS FINITE WIDTH CORRECTIONS 
&WESTERGAARD, a~ GREENSPAN, a; DIXON) 



/I 
3” / 

-p=24000 &a * L 

\ 
-ZO’- 

\ 

b 3” I 
AND 

4i’l \ 6i 
IO” 

- \ 
/ 
- Up’8000 p s L 

L Q/b 
0 02 04 06 08 I-0 

FIGS. RATIO OF VON MISES YIELD ZONE AHEAD 
OF CRACK TO CRACK HALF-LENGTH VS. a/b 

(ARROWS INDICATE AVERAGE t~1~xlMut4 EXPERIMENTAL CRACK-LENGTHS) 



dK 
K 

0.08 

0’07 

O-06 

O-05 

0.04 

o-03 

0.02 

0.01 

C 

1‘ 

-Up = 16 000 P.S. 

~ 

/i 

-up=8 ooopsi 
AND 

c;B I 

I I 7 /I I 
I +r I, 

FIG. 6. CORRECTION TO K DUE TO PLASTICITY vs a/b 
(ARROWS INDICATE AVERAGE MAXIMUM EXPERIMENTAL CRACK LENGTHS) 



A 

i- 

I- 

i - 

l- 

@ up= 0 000 p.5.i. - td’swzms 

0 2 up= 0 000 p.s.i. 

0 3 0-p’ 16 000 p5.i. 

@ U,, = 24 000 p.5.i. 

0.0 O-6 b 

FIG. 7 COMPARISON OF cc WITH K AS A FUNCTION OF CRACK - LENGTH 



0.0 

IO” StiEETS 
I I I I I 1 I I ,a 

04 o-2 o-3 0.4 0.6 o-7 O-8 0.9 

FIG.8. COMPARISON OF (KTN 4) WITli K AS A FUNCTION OF CRACK-LENGTH 

b 





IOOOC 

BOOC 

6ooa 

4ooc 

2ooa 

Ua = 3600 t=.S.i. 

I-2 

I 

FIG.10. EFFECT OF LENGTH /WIDTH RATIO IN 3’ WIDE PANELS 



. 

Y 

\ 0 
.I i? 

> 0, 

i 

RI .- 
ta .- 

L 
E 
0 
N 



K 

(ps La51 

lOOO( 

8OOc 

6000 

4000 

2ooc 

oh = 3600 p S.i. 

IY 
-I-- 

T 3” L-l 
FIG. 12 EFFECT OF PANEL WIDTH 



0 
0 
0 
a 



\ 



\ \ \ \ 1 

-1 
I 
i 
I 
i 

3 
i 
: 



, 

1 \ \ \ \ 

f \ 

k 



1 

0 

0 

, 
0 

I 

z 
w 

2 
cri > 

b= 

E 
Y 



\. 
.- 



8000 

6000 

4000 

2000 

Ua = 3600 psi. 

LONGITUDINAL 

TRANSVERSE 

FIG. 19 EFFECT OF DIRECTION OF CRACK PROPOGATION IN 4$’ WIDE PANELS 



(p s.i.JZ 

IO00 

aoc 

K. 
c 

3 

‘0 - 

lo- 

O- 

IO - 

)O- 

o- 

600 

4oc 

zoc 

--I=, 
IO - 

4 
IO-- 

-A 
IO - 

~I 

‘OS’ da/dN ( i m/t yc le) ‘O-’ 

FIG. 20 EFFECT OF DIRECTION OF C’RACK PROPAGATION IN 4fM WIDE PANELS 

oh = 7200 p&i. 

LONGITUDINAL 

TRANSVERSE 



\ 
-- 

l 
STRAIN GAUGE 

I 
20” 

I 

&TRAIN GAUGES 

(2 PER SIDE) 

FIG.21 POSITION OF THE 4 STRAIN GAUGES TO MEASURE 
BUCKLING IN A 2O*WlDE PANEL 



/ 

END B END B 

TOP GAUG,ES TOP GAUG,ES 

END A 

:,“,” ,” BOTTOM GAUGES BOTTOM GAUGES 

HALF CRACK LENGTH w - ‘n- 

FlG.22. BUCKLING STRAIN IN A 20’ PANEL WITHOUT ANT -BUCKLE BARS 



2000 

IO00 

0 

-1000 

TOP GAUGES 

I I I 

2, I 4 ENO A 
ENQ B 

HALF CRACK LENGTH (cI) - In 

BOTTOM GAUGES 

FIG. 23 BUCKLING STRAIN IN A 2dPANEL WITH ANTI-BUCKLE BARS 



2000 

IO00 

0 

-1000 

TOP c,AU@,ES 

HALF CRACK u3wrn (a)- in 

BOTTOM GAUGES 

FIG 24 BUCKLING STRAIN IN A 20”PANEL WITH ANTI-BUCKLE BARS 



M 

(p5i.JL) 
ua = 3600 p.5.~. ua = 3600 p.5.L. 

/ 

i 

WlTHOUf A 

I 
1 

IO-’ IO-- 10-4 lo -- CiQ 
i&N (+~\a)‘~-~ 

FIG 25 EFFECT OF BUCKLING IN 2O’WlDE PANELS 



cQ = 3600ps.i. 

to-’ 
da 

IO” 

/dN (m /cycla) 

FIG 26 EFFECT OF CLADDING ON 3’WIDE PANELS 



u-l 



0 
0 

5: 

8 .o- - 
rl* 



0 ENO OFFLAT FRACTURE 

K(ps.i fi.) 
D STARTOF DOUBLE SHEAR FRACTURE 

A 

+ 
START OF S1NGL-E SHEAR FRACTURE 

8000 

6000 

4000 

STRESS=4 400 + 3 600 p6.L 

h 

A A 

El 
‘3 
0 a 

A 

A 

El 
El 

0 

0 0 

2000 ’ 1 I I I I I * 

0 0 2 4 6 8 IO 20 
2b(in) 

STRESS= 80oof 7200 psi 

A El 
4000 El 

A 

A 

0 

0 

2000 I I I I I I* 

0 2 4 6 8 IO 

FIG 29 K-VALUES AT WHICH FRACTURE MODE TRANSITIONS 
OCCUR AT VARIOUS PANEL WIDTHS 







C.P. No. 896 

Pubhshed by 
HER MAJESTY’S STATIONERY OFFICE 

To be purchased from 
49 High Holborn. London w.c 1 
423 Oxford Street. London w 1 
13~ Castle Stnet. Fxhnburgh 2 

109 St Mary Street. Cardiff 
Brazcnnosc Street. Manchester 2 

50 Farfax Street, Brstol 1 
35 Smallbrook. Ringway, Blrmmgham 5 

80 Chrchester Street, Belfast 1 
or through any bookseller 

C.P. No. 896 

S.O. CODE No. 23-9016-96 


