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FOREWORD 

This investigation was conducted by the Department of Mechanical Engineering of 
the Battelle Memorial Institute,  Columbus,  Ohio,  under Contract No.   N00156-68-C-1344. 
This contract was initiated under Work Unit No.   42,  "Fracture Mechanics and Crack 
Propagation Hypotheses", of basic AIRTASK No.   R009-03-01.    It was administered under 
the direction of the Aero Structures Department,   Naval Air Development Center, 
Warminster,   Pennsylvania, with E.  F.  Manolakos and R.  E.   Vining acting as technical 
liaison.    This report summarizes work performed during the period 25 March 1968 
through 31 October 1969.   A continuation program of research on the fracture proper- 
ties and crack-propagation behavior of annealed titanium-6Al-4V alloy is at present 
being performed by the Battelle Memorial Institute under Contract No.  NOO156-70-1336. 
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UST OF SYMBOLS 

2c,i Instantaneous crack length or flaw size, inch 

!i 2c0 Initial crack or flaw size, inch 

2cc Final crack length,  inch 

2cfB Measured surface-crack length after fatigue failure, inch 

2c, Measured center section crack length after fatigue failure, inch 
fc 

Cm Crack sensitivity 

d.0/dN Rate of crack propagation, in./cycle 

E Modulus of elasticity,  psi 

E, Secant modulus at ultimate strength, psi 

i. K Stress intensity,  stress-intensity factor,  psi inch/2 

Plane-stress fracture index, psi inch/2 

K,. Plane-strain fracture toughness, psi inch'2 

Ka Stress intensity associated with Sa, psi inch' 

Kr,AK Stress intensity associated with 2Sa, psi inch/2 

Stress intensity associated with Sm, psi inch/2 

Stress intensity associated with Smax,  psi i..rh'z 

ÄK Effective stress intensity associated with S, psi inch'2 

Kt Theoretical stress-concentration factor 

K Effective stress-concentration factor 

kw Finite-width correction 

N Number of cycles 

Nf Number of cycles to failure 

NYS Net section yield stress, psi 

p      x Plastic-zone size associated with Smax and Kmax 

p Plastic-zone size associated with 2Sa and AK 

R Stress ratio,   Smin/Smax 

r Notch-root radius,  plastic-zone radius,  inch 

p' Neuber constant 

S,Se Gross section stress,  psi 

Sn'^net Net section stress,  psi 

S, Gross section stress at maximum load,  psi 

S2 Gross section stress at pop-in load, psi 
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LIST OF SYMBOLS 
(Continued) 

"a 

AS 

s   ,s m'   mean 

S 

t,T 

TUS 

TYS 

w, W 

Gross section stress at 5 percent secant offset load, psi 

Alternating stress of stress cycle, psi 

2Sa, psi 

Minimum stress of stress cycle, psi 

Mean stress of stress cycle, psi 

Maximum stress of stress cycle, psi 

Effective stress, psi 

Sheet or plate thickness, inch 

Ultimate tensile strength, psi 

Tensile yield strength, psi 

Sheet or panel width, inch 
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I FRACTURE AND FATIGUE-CRACK PROPAGATION CHARACTERISTICS 

OF 7075-T7351 ALUMINUM ALLOY SHEET AND PLATE 

by 

C.  E.  Feddersen and W.  S.  Hyler 

SUMMARY 

This program was directed to provide information relative to damaee tolerance of 
panels of 7075-T735I sheet and plate.    This implied the generation and analy^ of in- 
formation on flat panels containing centrally located flaws and testing either under mono- 
tomcally increasing load or under cyclic loads.    The information obtained provided in- 
sight into the two major aspects of damage tolerance - residual strength and fatigue- 
crack propagation - from tests or panels 1/16 to 1 inch thick and 8 to 36 inches wide. 

The program has shown that there are at least two bench marks in crack-growth 
behavior from the monotonically increasing load test:   (1) onset of slow growth at which 
a flaw initially present begins to grow slowly with increasing load and (2) critical in- 
stability at which unstable and rapid crack growth occurs that results in failure     From 
the data obtained a generalized residual-strength analysis was developed that identifies 
a fracture-toughness property for thin and transition-thickness materials as well as 
presents design data and fracture or residual-strength predictions for structural appli- 
cations.    The program has also resulted in the identification of an empirical expression 
hat appears to be quite useful in predicting fatigue-crack propagation and the remaining 

lifetime of a panel containing a fatigue crack. "«aming 

INTRODUCTION 

One of the most pressing problems in aircraft design and operation is the concept 
1 tT'«   t0leran"-    " i8 «cognized that real structures may contain flaws initially or 
that the flaws may develop during service.    The growth of these flaws by fatigue and 
their residual strength at any time during growth are the concerns associated with an 
accounting of damage tolerance in the design process. 

>u    u  0^ a/PeCt 0f ^ tol"ance *•' has «ceived an enormous amount of attention is 
the brittle fracture of high-strength materials.    Out of this effort have evolved the tech- 
niques for the analysis of elastic fracture mechanics and the identification of a material 
constant termed fracture toughness,   identified symbolically as KT  .    Fracture toughness 
in this context is associated with plane-strain stress states that are obtained in thick 
sections.    Failures are brittle with little evidence of plastic deformation or shear-lip 
formation and can occur at stress levels substantially below the yield strength and some- 
times well within the design stress envelope. 

Real aircraft structure combines a wide range of thicknesses so that not always do 
plane-strain stress states obtain.    Significant amounts of structure are thin enough so 
that essentially plane-stress conditions exist.    For this stress condition,  failure of 
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flawed component! may be at or near the yield strength of the material with evidence of 
groia plastic deformation.   Other structures may be at intermediate thicknesses, and 
if failure occurs,  the fracture surfaces will show evidence of both brittle and ductile 
failure modes. 

The designer has had some unwillingness to employ fracture-toughness values in 
thin and transition-thickness material since data are available that show that the resid- 
ual strength of a panel or component under plane stress could be substantially higher 
than that of a similar panel (but thicker) under plane strain.   Accordingly, with the lack 
of theoretical tools to predict structural strength in the plane-stress and transition con- 
ditions,   structural verification of damage tolerance has been obtained by means of ac- 
tual tests of real structure containing artificial flaws of various lengths. 

The growing interest in the establishment of more rational procedures to handle 
this problem is evidenced by the activity of various aerospace companies with their in- 
ternal programs,  and by their external interest in group activities such as those asso- 
ciated with the MIL-HDBK-5 working group and with ASTM Committee E-24. 

This program hes been focussed toward an examination of the effect of thickness 
and other geometric factors on fatigue-crack propagation and fracture of a structural 
aluminum alloy,  7075-T7351.   Evaluation of the results of the experimental studies has 
been accompUshed taking into account a number of suggested formulations in the 
literature. 

The test program contained two series of tests.    The first of these series was 
carried out on 8-inch wide panels in thicknesses from 1/16 to I inch.    Fracture tests 
and a limited quantity of fatigue-crack-propagation tests were run.    These tests were 
used primarily to select three thicknesses of material for the main body of tests.   As a 
matter of interest,  four thicknesses were selected for the main program:    1/16 inch, 
1/4 inch,   1/2 inch,   and 1 inch.    The data and analysis from this initial series of testa 
are contained in Appendix A. 

This report concerns itself primarily with the main program conducted on 7075- 
T7351 sheet and plate in the above four thicknesses. 

PROGRAM DETAILS 

Test Plan 

It was decided to confine this program to a simulation of through-the-thickness 
flaws.    Therefore,   center-cracked panels were selected as the test specimen.    In frac- 
ture testing particularly,   the gross section stress at fracture is influenced by thickness, 
by crack aspect ratio*,  and by panel width.    The relationships among these three vari- 
ables has been difficult to characterize,  and,   as a matter of fact,  was the objective of 
this program. 

The crack aspect ratio is the ratio of crack length to panel width. 
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Therefore,  the program plan involved compromise» and decisions relative to these 
variables.    Figure 1 is a graph of gross stress as a function of material thickness ob- 
tained from the initial tests described in Appendix A.    This figure suggests that there 
is a maximum in this curve relating fracture stress and thickness which occurs between 
1/8- and 3/8-inch thicknesses.    The implication» from the data are that fracture stress 
decreases for t < 1/8 inch and t > 3/8 inch,  and that at about t = 1 inch,   the fracture 
stress appears to be leveling out.   It was on the basis of these results that test thick- 
nesses of 1/16 inch,   1/4 inch,   1/2 inch, and 1 inch were selected. 

The decision regarding panel width was somewhat more arbitrary; however    the 
decision was influenced by a data review of the wide-panel tests on other aluminum 
alloys.    The aim was to provide at least one panel width where elastic fracture gener- 
ally would occur.    The actual decision was that three panel widths would be employed' 
8 inches,   16 inches,  and 36 inches.    However,  for the  1/16-inch sheet,  only 8-inch-wide 
panels were tested. 

The third variable evaluated was crack aspect ratio.    For 8-inch- and 16-inch- 
wide panels, many crack aspect ratios were tested between 0. 1 and 0. 9.    However    for 
36-inch-wide panels, tests were confined to 2c/w values of 0.2,  0.5, and 0.8. ' 

Fatigue-crack-propagation tests were conducted on 8-inch-wide-panels  1/16    1/4 
1/2,  and 1 inch thick as well as on 16- and 36-inch-wide panels  1/4, 1/2,  and 1 inch thick 
In all cases,  the starter flaw was 0. 5 inch long as described subsequently. 

The decision in regard to fatigue test stresses was made on the basis that load 
ratio, R, had a measurable effect on crack propagation.    Three mean stress levels and 
three alternating stress levels were selected for testing the 8-inch-wide panels to pro- 
vide 9 different load ratios ranging from about 0. 1 to 0. 5.    The maximum test stresses 
associated with the three mean and alternating stresses represented a range equivalent 
to about 30 to 50 percent of a nominal limit load stress of 32 ksi that is typical for a 
naval fighter aircraft. (D*   The actual mean stress levels were 6. 8,  8. 4,  and 10  0 ksi 
These stress levels were employed to provide fatigue-crack propagation'data for mod- 
erately low rates of propagation.    The 8-inch-wide panel test stresses were as follows: 

(1) 6.8*3.3 ksi (6) 8.4± 5. 5 ksi 

(2) 6.8±4.4ksi (7) 10.0* 3.3 ksi 

(3) 6.8±5.5ksi (8) 10.0±4.4k8i 

(4) 8.4 ±3.3 ksi (9) 10.0 ±5. 5 ksi 

(5) 8.4 ±4.4 ksi 

In the case of the 16- and 36-inch-wide panels, the stress cycles employed were 
the three described above, having Smea,, = 8. 4 ksi. 

• References are lilted on page 117. 
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Specimen Preparation 

Material 

The 7075 aluminum alloy waa selected for this program because it has been used 
considerably u, the past in Navy fighter airplanes.    The -T7351 heat treatment for 7075 
provides »omewhat greater toughness and increased stress-corrosion resistance than 
does the -T6 heat treatment.   Purchased material was 7075-T651,  and it was sent to the 
heat-trea   source by the vendor as 8 x 32-inch,   16 x 48-inch, and 36 x 96-inch panels 

Allov 707^ t0 TK' 7075-T
i

7f51 COndition w" according to Alcoa Copy No.  78,  Alcoa 
Alloy 7075-T73      This is an Alcoa Green Letter,  published in August,   1965.    According 
to the letter,  the range of electrical conductivity for this alloy is 38 to 42 percent IACS 
A confirmation test showed the conductivity to be actually 40 to 41 percent IACS    Table 1 
shows the results of tensile tests performed at Battelle.    On the basis of conductivity 
measurements and tensile tests and the microstructures in Figure 2,   it was concluded 
that the material was 7075-T7351. 

Specimen Configuration and Machining 

The basic specimen is shown in Figure 3,   and the flaw details are given in Fisure 
*.   As noted in Figure 4,   the initial flaw is located at the center of the specimen blank 
Specimen blanks were sectioned so that the rolling direction was in the direction of 
loading     Grip and hole patterns for the 8-inch-wide specimens varied somewhat depend- 
ing on the thickness since several tests machines were used as a consequence of test- 
load requirements.    This was also the case for the 16-inch-wide specimens.    For the 
8- and 16-inch-wide specimens,   the ratio of the test length between grips to the speci- 
men width was 1.5; for the 36-inch-wide specimen,  the ratio was 1. 75. 

Fabrication of specimens at Battelle consisted of drilling grip end holes and ma- 
chining the starter flaw,  since the finished width and length dimensions were established 
by the supplier.    Grip and holes were drilled with the specimens clamped together 
Figure 5 shows this operation being carried out for the 1/2-inch-thick,   36-inch-wide 
specimens.    The preparation of the initial flaw,  however,   was done on each specimen 
separately.    This involved first drilling a hole 0. 250 inch in diameter at the center of 
the specimen.    Then the EDM flaw was machined to the dimensions shown in Figure 4 
Figure 6 shows this operation in process for a 1-inch-thick,   36-inch-wide specimen. ' 

For the fatigue-crack-propagation specimens,   the above operations essentially 
completed the specimen preparation.   However,   for the fracture tests,   the starter flaw 
was extended by saw cut to within about 0. 8 inch of the required length.    As described 
in a later section,   the crack was extended to the test length by fatigue cracking 

Procedures 

Apparatus 

All testing was accomplished in electrohydraulic servo-controlled machines 
Four machines were used,  the choice depending upon load requirements and to some 
extent upon specimen width and thickness.    These four machines had dynamic-load 
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TABLE 1.    VERIFICATION TEST DATA FOR TENSILE PROPERTIES 
OF 7075-T73S1 ALUMINUM ALLOY 

0.2 Percent Ultimate 
Specimen Thickness, Yield Strength, Tensile Strength, 

In. pel psl 

1 0.0608 58,300 69,600 
2 0.0610 57,900 69,600 
3 0.0610 58,800 69,800 
4 0.0610 58,400 69,900 
5 0.0610 57,800 

58,240 

69,900 

Average 69,700 

1 0.2572 60,700 72,000 
2 0.2572 60,300 71,900 
3 0.2572 60,300 72,000 
4 0.2570 60,400 71,900 
5 0.2572 60,600 72,000 

Average 60,460 71,960 

1 0.506 62,700 72,600 
2 0.506 61,800 72,500 

3 0.5055 62,000 72,600 
4 0.5052 62,000 72,600 
5 0.506 62,000 73,200 

Average 62,100 72,700 

1 1.004 61,100 71,600 
2 1.0045 61,000 71,400 

3 1.004 61,100 71,800 

Average 61,066 71,600 

1 1.2585 61,700 71,600 

2 1.260 61,600 71,400 

3 1.258 62,000 

61,766 

71,800 

Average 71,600 
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FIGURE 3.   SPECIMEN CONFIGURATION 

1/4-inch-diameter drill and 
hole in center of sheet 

R=0.005 

FIGURE 4.    DETAILS OF INITIAL EDM FLAW 
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capacities ranging from 25 kip to 500 kip.   All testa were conducted in a controlled 
laboratory environment of 70 F and a relative humidity of 50 * 10 percent.    Cycling 
rates for the fatigue-crack-propagation teats varied between 10 and 25 cps after a few 
tests showed that in this limited range there did not appear to be a frequency effect. 

Crack-Propagation Procedures 

Fatigue-crack propagation measurements were performed optically.   A plastic 
., film prepared photographically was centered on the EDM flaw.   The film had an em- 
i bossed grid with 0.05-inch spacing in the central 2 inches and 0. 10-inch spacing for the 

remainder of the width.    Various short-distance viewing telescopes were used, and a 
« remote counter was employed to provide a cycle reading when the crack had propagated 

to a given length. 

U A strobo-slave light was integrated into the electronic circuit of each test machine 
g which was triggered at the peak load of each cycle.    Thus,   it was not necessary to stop 

the test to get an accurate measurement of crack length.    By triggering at peak load,  the 
crack movement was frozen at the time of maximum crack opening.    Figures 7 and 8 

£ show one setup in the 500-kip machine where guide plates were not used.   However,   to 
prevent out-of-plane buckling,  «trip-type guide plates were positioned on either side of 
the flaw for all crack-propagation tests and fracture tests on the 1/16- and 1/4-inch- 
thick specimens and on the 1/2-inch-thick,  36-inch-wide specimens. 

Crack-propagation measurements were taken on 8-inch-wide panels to about 
6 inches' length; on 16-inch-wide panels to about 8 to 10 inches; and on 36-inch-wide 
panels to about 10 to 12 inches.    Upon completion of each test, the fracture surface was 
examined for significant facets. 

Fracture Ttat Procedures 

For the fracture tests,  the EDM slot shown in Figure 7 was extended by saw cut 
to within 0. 8 inch of the desired crack length.   The last 0. 8 inch of crack length was 
introduced by fatigue cycling at stress levels that would result in a stress intensity 
about half that expected in the test.   About 50,000 fatigue cycles were required. 

After the fatigue crack was completed, a plastic grid was taped below the plane of 
the crack and a compliance gage was inserted into the crack opening as shown in 
Figure 9.   This gage is a double-cantilever clip gage to measure crack-opening dis- 
placement (COD) during the fracture tests.    The gage was constructed from 17-7PH 
stainless steel and had a bridge of four active electrical-resistance strain gages. 

The compliance gage output was the X-axis input to an X-Y recorder,  with the 
Y-axis recording load.    Thus, from the load-COD trace,  the significant events could be 
determined.   In addition, movies were taken during slow growth and fracture at about 
128 frames per second.    These two records comprise the information used in the 
fracture-data analysis. 

As with the fatigue-crack-propagation specimens,  fracture surfaces were ex- 
amined to observe salient features. 
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EXPERIMENTAL RESULTS 

Fracture Data 

Data PreBentation 

Tbe basic fracture data derived in this program are presented in Tables 2 
through 5.    The data format is based on the typical load-compliance record illustrated 
in Figure 10, 

Following the specimen-identification column are the thickness,   T,  and width,   W, 
columns denoting the measured gross dimensions of the critical section of the respec- 
tive specimens.    Next is the initial crack length,   2c0,  denoting the initial fatigue-crack 
length existing prior to the rising-load fracture test.    The two following columns list 
alternative measures of the threshold stress associated with the onset of slow crack 
growth.    First is the pop-in stress,  83, which is identified by a distinct horizontal off- 
set on the load compliance and an audible "pop".    This characteristic stress or load 
behavior is frequently elusive to identify or is even nonexistent in the thin sheet mate- 
rials.    It is identified here only when it was positively recognized.    The second measure 
of threshold stress for slow crack growth is the 5 percent secant offset stress^  S3, 
which is a graphical approximation") to the crack-growth threshold.    Because the me- 
chanical determination of the latter stress (S3) is more reproducible,  it is the threshold 
stress that is used with the initial crack length to define initiation of crack growth.    The 
pop-in value,  S2,   is presented only for comparative purposes and is noted to be sparsely 
distributed among test specimens. 

The last two columns identify the maximum load conditions.    The final crack 
length,  2cc, is the last measurable crack length prior to fracture as determined from 
the photographic record.    The maximum load stress,  Sj,   is the stress at maximum 
load associated with fracture or "rapid" crack propagation. 

Graphical Displays 

From the above data,  the basic stress-flaw size relationship is graphically illus- 
trated in Figure  11.    There are two sets of points on these figures corresponding to two 
events in the fracture test that have some significance.    The first of these is onset of 
slow crack growth associated with the 5 percent offset stress,  S3)  in the tables (identi- 
fied on the graph by triangular symbols).    The second event is identified with onset of 
rapid crack propagation (fracture at maximum stress,   Sj) and is shown by the open cir- 
cles.    The coordinates on each figure are gross stress,  S,   as the Ordinate,   with crack 
aspect ratio 2c/w as the abscissa.    The initial crack length,   2c0,  is paired with the 
5 percent offset stress,  S3,   and the critical crack length,   2cc,  is paired with the maxi- 
mum stress, Sj, 

'rotial Observations 

Although the subsequent data analysis in another section of this report will refine 
and mold the conclusions of this task,  it is important to recognize certain indicators 
immediately apparent within the data compiled, 
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First not« an important graphical detail on the stress/aspect-ratio plots of 
Figure 11.    A negatively sloping straight line passing through the coordinate point 
(2c/w =1.0,  S = 0),  i.e.,  the right-hand graphical limit,  and intersecting the ordinate 
(S-axis) line is a line of constant net section stress.   That is,  it is the locus of points 
whose product 

S(l   -  2c/w) =Sn 

is constant.    The magnitude of the net section stress is the value of the ordinate inter- 
cept.    Thus,   the limiting dashed line passing through TYS on each figure is the net 
section yield (NSY) line. 

In this fashion, one can readily observe in each of the figures that the threshold 
condition of flaw growth appears to occur at a net section stress of one-half of TYS or 
less.    Furthermore,  the threshold appears to decrease with increasing thickness,  which 
is consistent with thickness or stress-state transition effect.   Specifically,  it is noted 
that for the 1/16- and 1/4-inch-thick material, the threshold occurs at a net section 
stress of one-half of TYS.   For the 1/2- and 1-inch-thick material, it appears to be 
about one-third of TYS. 

The next important observations are the conditions of fracture or critical flaw 
propagation.    For the 1/16-,  1/4-, and 1/2-inch-thick material,  critical-fracture con- 
ditions appear to fit a net section yield criterion (the tensile instability condition) for 
widths up to 16 inches.    In contrast,   the 36-inch-wide specimens appear to exhibit 
something significantly less than this.    The implication is that the increased width serves 
to influence the basic stress state as well as to alter boundary effects.   The 1-inch-thick 
material in all widths tested appears to exhibit an energy instability, i.e., elastic net 
section stresses. 

Failure Surfaces of Fracture-Test Specimens 

The surface appearance of the failed sections of the fracture-test specimens can be 
categorized very simply.    The 1/16-,   1/4-, and 1/2-inch-thick specimens failed in a 
full-shear mode (with either a 45-degree slant or vee profile); the 1-inch-thick speci- 
mens failed in a flat mode.    In both cases,  four distinct zones can be recognized.    This 
is more fully detailed in the following paragraph. 

Consider Figure 12(a) which illustrates schematically the typical full-shear frac- 
ture surface observed on this program.    Zone 1 is the starter flaw surface,  either an 
EDM or a sawed-notch surface.    Zone A is the fatigue-cracked surface generated as the 
initial flaw for the fracture test.    This surface exhibited a variation in texturing visible 
to the naked eye.   A very smooth and satiny surface was noted for apparent maximum 
stress-intensity factors (SIF) less than 20 ksi-inch '/   .    Increased graininess was noted 
with an increase in the maximum fatiguing SIF.    This also increased the tendency for 
slanting of the initial flaw plane.    Zones B and C are the surfaces developed during 
slow growth and final rapid fracture.    Zone B is that transitional zone between the nearly 
flat initial flaw and the full-shear surface.   No particular preference for 45-degree shear 
or vee shear was noted.    The singular difference was that the tongue length for 45-degree 
shear was about 3t,  whereas that for vee shear extended to about St. 
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Fatigue-Crack-Propagation Data 

Data Presentation 

Because the test machines are hydraulic in nature,   their maximum operating fre - 
quency is a function of the specimen deflection under load.    Since different^oads are 

FoTlllt        ^ thiCkne88 range te8ted' different machi"e "•P°n" was an icipated! 
•' be emoloved    Thus V" rT™** ^ * ^'^ "" ^""y could *°* Poetically 

Ljn   y « ' uStS Were conducfed t0 determine whether there was a signif- 
icant frequency effect over the frequency range of interest.    Figure 13 showa the 0^^ 

- s^PH    .'I",CraCk length Ver8U8 mocy^'-    T-° Cerent te%t conditions were 
shidied at the frequencies noted on the figure.    For tweof the specimens,   the frequency 

I 7Z *        K"^ ^ '"v.''  " n0ted 0n Fi8Ure 13-    N0 insistent trend relating to frequency is observed in the data. 

The fatigue-crack-propagation measurement, are summariZed in Tables 6 through 

2c    and^ T r"68 T Ii8ted ^ * VertiCal ""^ -»'antaneous crack length.    g 

2c, and Ufetime   N   for each specimen tested.    Immediately under the specimen number 
, are given numerical values in k.i of the test stress cycle.    M the bottom of each ver- 

tical array of data are listed three quantities for each specimen.    Nf is the total number 
of cycle» to cause failure of the specimen.    The quantities 2cf. and 2c,   are crack 
lengths measured on the fracture surface after failure.    Since the crack front indicated 
more rapid crack propagation in the center of the cross section in comparison wUh the 
surface,   both measurements were made.    2cfc is the crack length taken along the center 
o     he cross section     2cf8 is the average of two measurements taken,  one on each side 
of the specimen, and represents the length of the crack at the surface.   This latter 

men     ^/tmVT   " ^ ^ ^ 0f 2Cfc'  «"P1 «>' ** 1/16-inch-thick speci- 
mens.    For 1/16-inch specimens,   the crack front was essentially straight. 

Tables 6,  7,  8,  and 9 list data on 8-inch wide specimens of 1/16-    1/4-    i/z- 
and 1-inch thickness,  respectively. ' '     '     > 

Jables 10,   11.  and 12 list data on 16-inch-wide specimens of 1/4-,   1/2-    and 
1-inch thickness,   respectively. ' 

Tables 13,   14,  and 15 list data on 36-inch-wide specimens of 1/4-    1/2-    and 
1-inch thickness,   respectively. ' ' 

«oh J^ data.fr0rn Table8 6 throu8h 15 also are plotted in Figures  14 through 23.    On 
each of these figures,   fatigue crack length is the ordinate and number of cycles is the 
abscissa     Each figure page contains data for three specimens of one sheet thickness 
panel width   and mean stress.    The variable among the three specimens is alternating 
stress      The open symbols represent the test data.    The solid symbols will be described 
in detail in a subsequent section.    Through the data points for each specimen is drawn 
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a continuous curve originating at a length of 0. 5 inch (the original EDM flaw) and termi- 
nating at the failure lifetime, Nf.    The horizontal line or lines at the top of the curves 
represent the measured crack lengths through the center and on the surface as described 
above. 

Figures 14, 15, 16,  and 17 show the crack propagation curves for 8-inch-wide panels 
of 1/16-,   1/4-,   1/2-,  and 1-inch thickness,  respectively.   A comparison of Figures 15 
and 17 shows the extensive tunneling that occurs in the 1-inch-wide specimens as com- 
pared with the 1/4-inch-wide specimens.   It is believed on the basis of macroscopic ex- 
amination that most of this tunneling occurs very late in life. 

Figures 18,   19,  and 20 show the curves for 16-inch-wide panels of 1/4-,   1/2-, 
and 1-inch thickness,  respectively. 

Figures 21,   22 and 23 show the curves for 36-inch-wide panels of 1/4-,   1/2-, 
and 1-inch thickness,  respectively. 

Since in Tables 6 through  15,  Nf is the total lifetime to failure for specimens 
notched with the EDM notch shown in Figure 4 (Kt = 15.2), based on Kt = 1 + 2>/t/r, 
from Neuber (3)),  S-N-type plots were made and are illustrated in Figures 24,   25,  26, 
and 27 for 1/16-,   1/4-,   1/2-,  and 1-inch-thick panels,   respectively.    The curves on 
these figures are predicted curves discussed in a subsequent section. 

On each figure,  the data are presented two ways.    The open points on the right 
side of each figure represent the stress - total lifetime to failure data, which includes 
crack initiation.    The solid points on the left side of each figure represent the stress - 
remaining lifetime to failure after the fatigue crack has initiated and propagated to the 
length indicated on each figure.    The indicated crack lengths are essentially the lengths 
needed to ensure that a through crack will be present,  having propagated from the 
starter flaw in Figure 4. 

Initial Observations 

The graphs in Figures  14 through 23 show that crack propagation does not always 
occur as a continuous function.    There are evidences that propagation may slow down for 
a number of cycles, or there may be a burst in propagation again for a small number of 
cycles.    Crack-propagation laws,  however,  assume a continuous functional relationship. 
Since the fatigue-fracture profile is relatively complex as discussed in the next section, 
the fact that there are discontinuities in propagation is not surprising. 

Both the fatigue-crack-propagation curves and the S-N data plots in Figures 24 
through 27 clearly show that there is a real difference in results for 1/16-inch-thick 
panels compared with those for 1/4-,   1/2-,  and 1-inch-thick panels.    Among the three 
thicker panels, the distinctions are more subtle; however,  they suggest that somewhat 
higher crack-propagation rates are associated with the thicker panels.    This will be 
examined in considerable detail in a later section. 
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FIGURE 26.   STRESS-LIFETIME GRAPHS FOR 1/2-INCH-THICK PANELS, 
CENTER NOTCHED WITH Kt   =   15.2 
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Failure Surface» of Fatigue-Crack-Propagation Specimens 

The aurface» of the fatigue-crack-propagation «pecimenB were quite complex. 
Among the four thickneasea,  there were some similarities as well as notable differences. 
Figures 28 and 29 illustrate the major features.    Generally, as the fatigue crack grew 
aw*v from the »tarter notch,  the fracture surface had a flat grainy appearance.    At some 
distin-e (1) from the starter flaw (see Figure 28), a series of small ridges formed that 
were parallel to the sides of the «pecimen».   The ridges generally occurred first along 
the midpl.        ind then extended across the entire surface at (2).   Between (1) and (2), 
shear lips v      e seen to form at both surface».    These lengths were identified as (3) 

and (4). 

As the fatigue crack grew, the shear lips increased in size and the small ridges 
combined to form fewer but much more pronounced ridges.   Eventually,  one ridge re- 
mained along the center plane which finally terminated when the fracture surface com- 
pleted the transition to shear mode with either the slant or vee profile.    The crack length 
at this point was identified as (5). 

With the 1/16-inch-thick specimens, the symmetrical shear-lip growth that led to 
converging of the »hear Up» in the 1/4- and 1/2-inch-thick »pecimens did not occur. 
Instead,  thin shear lips developed,  one of which finally dominated the surface and 
the fracture then went into a full-slant mode,  regardless of the stress level. 

The final failure mode for 1/4- and 1/2-inch-thick specimens was a mixture of full 
slant and vee profile as shown by Sections Ea and Eb on Figure 28. 

With regard to the 1-inch-thick specimens,  it was interesting to note from 
Figure 29 that shear lips formed and grew in size until they covered over half the thick- 
ness     However,  the last-to-fail portion of the specimen was flat fracture,  for all widths, 
as was the case for the fracture specimens.   In fact,   surface characteristics show that 
accelerated crack growth leading to final failure was occurring at the fracture surface 
region containing the strongest shear-lip development. 

Figure 30 »hows photographs of the fracture surfaces of ore of each of the three 
thicker specimens (8 inch wide).   All of the features described above and shown sche- 
matically in Figures 28 and 29 are seen in these photographs.    In addition,  it is possible 
to pick out what appears to be the extent of fatigue-crack growth prior to failure,   at 
least on the  1/4- and 1-inch-thick specimens.    Both show that crack growth is occurring 
more rapidly along the midplane than at the surfaces.    The surface of the 1-inch-thick 
specimen suggests that crack growth along the center may well be in bursts of varying 

length. 

Measurements of crack lengths (1),   (2),   (3),   (4),   (5),  and (6)* were made on 
most specimens and are listed in Table  16. 

A detailed examination of Table  16 shows the following to be generally the case 
(there is quite a bit of scatter involved in these measurements since the distinction was 

many times very subjective): 

^nl/16-inch-thick specimens only, at that crack length where the ftacture lurf.ce developed a full-slant mode. 
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(1) For each one of the five facet! of the fracture surface 
measured,  (a) the length of crack at each facet wai 
■ mailer,   the higher the alternating atreae (for a conatant 
Sm); (b) the length of crack at each facet also was smaller, 
the higher the mean stress (for a constant Sa). 

(2) As the panel width increased, the crack length to each 
facet also increased somewhat, 

(3) There is some trend that as thickness increases, the 
crack length to similar failure surface facets increases. 

The trend suggested by the first two statements appears to be in the direction sug- 
gested by Broek,  et al(     and Walker'5', namely,  that completion of rotation to the shear 
mode should occur at about a constant value of AK*.    An examination of the data in 
Table 16 expressed as various AK values,  depending upon the crack facet, did not negate 
the idea that AK is reasonably conatant.    The scatter in AK values did not strongly sup- 
port it either.    Whether these data will support Walker's thinking in regard to AK on 
this point has yet to be tested. 

There is a general belief that a fatigue crack propagating under a given stress 
condition should fail when the crack reaches a length critical for that stress level.    To 
test out this belief to a first approximation,   the data in Figure 11 were examined as 
follows.    The residual-strength data given by the coordinates Sj,  2cc /w in these figures 
were used to obtain estimates of 2cc/w for each maximum stress of the nine fatigue- 
stress cycles used on the 8-inch-wide panels and the three fatigue-stress cycles used 
on the 16- and 36-inch-wide panels.    This merely involved constructing a straight or 
curved line through data, and drawing horizontal lines at all maximum stress values so 
that they intersected the residual-strength curve.    Vertical lines from the points of 
intersection provided the 2c/w values that would be expected to be associated with the 
failure stresses.    From these values,   critical crack lengths were computed merely by 
multiplying the 2c/w by the appropriate panel width.    Then, from the measured surface- 
fatigue-crack lengths shown in Figures 14 through 23 (as 2c£g values),   a graph was con- 
structed showing measured surface-fatigue-crack length as a function of the critical 
crack length estimated from residual-strength data. . Figure 31 shows the comparison. 
In this figure,   if there is a good correlation,   the plotted points should fall reasonably 
well along a 45-degree line.    It is seen that with two exceptions the data do agree quite 
well.    The exceptions are the two collections of data on 36-inch-wide panels for 1/4- 
and l/2-inch-thick material. 

Generally then,   it does appear that in the fatigue-crack-propagation analyses,  a 
useful concluding crack length for a given stress cycle is that length predicted from 
residual-strength data for the maximum stress of the fatigue cycle.    It is recognized 
that the moderate-to-large amount of tunneling that occurs in the 1/2- and 1-inch speci- 
mens raises some questions,   however. 

' Walker says this should occur at a constant value of AK, an effective itren-lntemlty factor, that account» for alternating men 
and load ratio as discussed later In the report. 
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TECHNICAL EVALUATION AND DISCUSSION 

Fracture Toughnesa and Re«tdu>l Strength 

The resistance of a material to the initiation and propagation of flaws and tc frac- 
ture is frequently termed the toughness of the material.   Generally, this toughness is 
considered to be an intrinsic material characteristic that, when properly quantified, may 
be used to determine the residual (or remaining) strength of a flawed structural element. 
Since, in this program, the fracture behavior and toughness of flat, centrally cracked 
tension aluminum panels was studied, the following discussion will emphasize that geo- 
metric model.    However, parallel discussions,  observations, and arguments can be 
generated readily for other structural configurations. 

It will be important to note that in the following discussion, toughness, or fracture 
toughness, is viewed as a material characteristic, while residual strength refers to the 
structural strength as influenced by fracture toughness, geometry, loading, and so forth. 
This not-always-so-obvious distinction is very important to recognize.    The goal in 
appraising fracture toughness is to obtain a quantitative description of the material itself. 
Then, in residual-strength studies, this fracture-toughness quantity is applied to design 
situations.    Of course,  at this point in the discussion, this distinction is only conceptual; 
the purpose of the program was an elucidation of this concept. 

In the most fundamental sense, the basic objective of toughness testing and 
residual-strength studies is to determine the relationship between gross applied stress, 
S,  (or load) and flaw size,  2c.    For flat,  centrally cracked tension panels,  these quan- 
tities within their geometric framework are graphically idealized in Figure 32.   In this 
illustration, the constraint of finite size immediately suggests width as a basic param- 
eter in the studies.    Furthermore, the recognition of stress states (i.e. ,  plane stress or 
plane strain) makes third-dimensional restraint,  or "thickness effects", quite important. 
From here one can readily suggest additional parameters of temperature, environment, 
strain rate, etc. ; however, these were beyond the scope of the current program.   The 
remaining discussion and subsequent analysis and evaluation of data will be concerned 
with the basic variables,  stress and flaw size, and basic parameters, width and thick- 
ness, for 7075-T7351 aluminum alloy sheet and plate. 

Failure Modes in Center-Cracked Tension Panel 

From both an analytical and a mechanistic point of view, it is convenient to clas- 
sify center-cracked tension-panel failure modes into two general categories,  namely, 
(1) tensile instability,   and (2) energy instability,  defined by the character of the stress 
field and the material behavior on the net critical section.    In a loose sense,  these 
categories distinguish between gross plastic behavior and gross elastic behavior, respec- 
tively,  in the material at failure.    Although these modes are not entirely distinct and, 
in fact,  do interact,  they are significant classifications for an evaluation of the complex 
field of data being considered. 

Tensile Instability.    Tensile instability is defined as that failure mode in which 
gross plastic effects are noted prior to fracture on the entire critical section.    The net 
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FIGURE 32.   FLAT, CENTER-CRACKED TENSION PANEL 
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aectlon stretaea are at yield strength, or above, poaaibly at ultimate atrength.   The 
plaatic zone extenda acroaa the entire width of the specimen.    For engineering purposes, 
auch a failure condition may be expreased aa 

Tensile instability = anet ~ TYS, a*, or TUS 

where 

TYS = tensile yield strength 

a* = some critical plastic flow stress 

TUS = tensile ultimate strength. 

In other words,  failure has resulted from exceeding the maximum strength equilibrium 
of the mate rial-structural combination. 

The idealized stress profile of this mode of failure is illustrated schematically in 
Figure 33.    The crack-tip plaatic zone (PZ on figure) has engulfed the entire critical sec- 
tion,  and the failure which is imminent will be triggered by something other than an 
elastic mechanism.   On graphical plots of stress versus flaw-size ratio, these data 
appear at or above the net-section-yield line, as shown in Figure 34, indicating inelastic 
failure. 

Energy Instability.   Energy instability is that failure mode in which not all points of 
the cross section are in the plastic regime at the onset of fracture.    As shown in Fig- 
ure 35,  the plastic zone does not extend completely across the critical cross section. 
Fracture results as a divergence from the equilibrium energy profile on the critical 
cross section as postulated by linear elastic fracture mechanics. (°> ?)   Data of this type, 
schematically illustrated in Figure 36, plots as an inverse relation between stress and 
flaw size well below the net-section-yield line. 

Interaction.    To understand the interrelationship of tensile instability and energy 
instability more fully, it is convenient to consider the idealized superposition of the two 
relationships as shown in Figure 37.    Tensile instability for a panel of width W is rep- 
resented simply as a straight line from a gross section streps equal to TYS for 2c equal 
to zero to a gross section stress of zero for a 2c equal to the plate width W.   Energy 
instability,  as described by linear elastic mechanics for an infinitely wide plate, is rep- 
resented by the curved line ff in Figure 37, where the curve represents explicitly one 
value of stress intensity, K.   Although one might think that these discrete characteriza- 
tions are straightforward, the modes do overlap at both extremes. 

At the left,  plastic-zone (PZ) development, which is the primary distinguishing 
factor between the two instability modes,  is a continuous process increasing with applied 
gross stress.    The plastic zone present at (a) does not suddenly expand across the 
critical section when the applied stress reaches (b); rather,  it develops gradually and 
continuously between (a) and (b),  amplifying the effect of the actual crack present.    This 
transitional behavior results in the occurrence of data points in the shaded area (a,b, c) 
somewhat short of the idealized line (ab) for energy instability or line (be) for tensile 
instability.    In a similar fashion at the right-hand extreme,  the finite-boundary effects 
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dapress actual data point! into the shaded area below both the idealised tensile- and 
energy-instability lines.    These observations are important for the development of a 
residual-strength-analysis technique later in this report. 

Implicit to this categorization of fracture modes are two discrete and distinctly 
different fracture behavior modes.   Tensile instability is predominantly a plastic mech- 
anism on the gross section, while energy instability is largely an elastic process acting 
on a localised self-perpetuating front.   As a result, it would be expected that no single 
aiialytical mod») would completely explain both behavior modes, although the two 
criteria may be easily interfaced to each other.   There are many instances where a 
single analytical model appears to cover two problems; however, this is usually accom- 
plished by "distortion" or "stretching" of either the coordinates or the data base.    While 
this is not necessarily objectionable, it should be recognized as being semiempirical 
rather than rigorous. 

Basic Factors in Fracture Toughness and 
Residual-Strength Analysis 

In the following subsection, the fundamental quantities affecting fracture toughness 
and residual strength are discussed.   Stress, flaw size, width, and thickness are the 
elementary quantities that have been considered in this program.   However, for com- 
pleteness, it is also appropriate to mention briefly additional factors which may compli- 
cate the picture. 

Stress and Flaw Size.    These two quantities are literally inseparable in the discus- 
sion of fracture.    Without a flaw, there would be no discontinuity to disturb the stress 
field; without a stress field, there would be no mechanism to activate an instability at 
the flaw.   Experience,   as well as engineering intuition, always leads to the inverse 
relation 

S ~ (flaw size)"1 

between failure stress and flaw size.   The development of linear elastic fracture mech- 
anics'"' provided a quantification of this relation in the unique form 

K = S^/TTT , (1) 

where 

K = stress-intensity factor 

S = applied gross stress 

c = flaw size,  one-half crack length for center-cracked tension panel. 

This latter relation, while potentially very useful, is based on certain idealized condi- 
tions that are very difficult to duplicate in finite-size structural elements and imper- 
fectly elastic (or real) materials.    As a result, practical structural experiments have 
not clearly discriminated the actual role of each of the several parameters influencing 
residual strength.    In this program, an attempt was made to gain further insight into the 
parameters of width and thickness. 
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Width.    The development of Equation 1 li baaed on the Idealization of a crack or 
flaw In a panel of Infinite extent.   Of courae, In real engineering itructurea, auch a 
structural alze la only hypothetical.   A correction factor la needed to correlate fracture 
data obtained on flnlte-ilze elementa and relate It to the reference baseline of an infinite- 
size panel.    To account for the effects of finite width, a factor termed the finite-width 
correction, f(2c/W), has been used to modify Equation (1) as 

K = S>/7iFf(2c/W)   , (2) 

where 

2c = crack length 

W = panel width. 

The finite-width correction is in excess of unity, i.e., 

f(2c/W)>1.0   , (3) 

since the finite boundary tends to intensify the distribution of stresses in the area of the 
discontinuity.    This is a more severe situation than for the equivalent flaw in an infinite- 
width panel.   Alternatively, it may be viewed as having less section remaining to carry 
the cut load and, hence, a more severe loading condition. 

Thickness.    The effect of thickness is a bit more nebulous in its definition.    The 
bulk restraint of thickness adjacent to the crack tip Introduces a triaxial stress field 
which, in turn, tends to restrain plastic deformation.    The extremes of thickness (i.e. , 
plane stress, in reality, is a two-dimensional case where t = 0; and plane strain, t = «o) 
are relatively easy to model analytically, but are only the extreme bound to a myriad of 
real, finite-thickness cases.    While an evaluation of the thickness effect was one objec- 
tive of this program, it is essentially an empirical study.   Intimately tied to this param- 
eter is the effect of plasticity. 

Plasticity.    The stress raiser at the crack tip inevitably introduces plasticity to 
the residual-strength problem.   As suggested earlier in the discussion of tensile and 
energy instability, the amount of plasticity in existence on the critical section appears 
to be the major factor in discerning between net elastic or net plastic effects. 

From an analytical perspective, plasticity can be considered as either an effective 
extension of the crack length or an artificial amplification of the applied gross stress. 
In either case.  It tends to manifest itself as a relative increase in material toughness. 
Frequently, the influence of plasticity is appended to the crack-length term of Equa- 
tions (1) and (2) as a plastic-zone radius,  r, with the formulation 

K = S V7i(c + r) f[2(c + r)/W]    . (4) 

Several analytical formulations of plastic-zone sizes have been postulated.   Irwin pre- 
sented the relations 
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for plane itreti, and 

r-.J-(-Z-\\±(JL.)Z (6) 
WST \TYS/    677 VTYS/ 

for plane «train.   In contraat, Dugdale derived 

'"«(■«lA-1) (7) 

which for small value« of S/TYS i« equivalent to Equation (5), but for large S/TYS value«, 
is «igniflcantly larger. 

Interpretation and Application 

The foregoing discussion on failures modes and on the principal parameters and 
variables involved in flaw behavior provides a framework within which the distinction be- 
tween fracture toughness and residual strength can be made clearer.   In the following 
subsection, the quantification of a material toughness index is discussed and then applied 
to the more general framework of residual strength.    It is very important to recognize 
that a useful toughne«« index mu«t play a dual role.    It mu«t provide a comparative rating 
for material«' «election and a quantitative description of damage tolerance for design 
applications. 

Fracture Toughness.    The stress-intensity factor, K, previously described, is one 
formulation of the conceptual toughness characteristic alluded to earlier in the report. 
Although it is not the only means of determining toughness, it appears to be the most 
amenable to design applications because it is directly stress related. 

The significance of the stress-inten«ity factor as a parameter of energy instability 
is illustrated in Figure 38,  repeating the essence of Figure 37.    The interaction of the 
parametric K curves with tensile instability on the left boundary is the origin of plasticity 
corrections; the interaction on the right is a manifestation of finite-width effects.   These 
multiple interactions gave rise to Equations (2) and (4), representing various refinements 
of the stress-intensity factor.   Both arc equally useful for a comparative rating of mate- 
rials, provided they are utilized in a consistent fashion.   It must be recognized, how- 
ever,' that correction factors are only approximate (i. e., none have been shown to be 
exact) and are most influential at the extremes of the parametric curves.    They all serve 
to increase the value of the basic stress-intensity factor [Equation (1)], and,  so to 
speak, bring the actual data points up into alignment with the idealized K curve.   As a 
result, several different numerical values of K can be obtained for a specific fracture 
test, depending on the formulation selected or the parameters considered. 

For purposes of material comparison,  each formulation will provide a proper rela- 
tive toughness rating within itself.   However,  on an absolute scale, such as is necessary 
for design application, the variances could lead to overly conservative or very uncon- 
servative predictions, neither of which is desirable.    These aspects will be further dis- 
cussed in the next subsection and in the data analysis of the experimental program. 
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FIGURE 38.   STRESS-INTENSITY FACTOR, K, AS A PARAMETER 
OF ENERGY INSTABILITY 

■ATTBLLK   MKMORIAL   INSTITUTS - COLUMBUS   LABORATORIES 



72 

Re»ld\ial Strength.   The reeidual-itrength »nalytU coniidered In thU report is a 
•imple and direct means of relating stress-intensity factors to a residual-strength data 
format.   It is based on the observation that over the central range of stresses and crack 
lengths, idealised elastic instability is indeed representative of fracture data, but at the 
extremes of stress and flaw siae, analytical corrections for plasticity and width do not 
motlel the data in a reliable fashion.   The technique and its analytical expressions are 
presented in the following paragraphs. 

Although this technique may be considered an oversimplification of the ultimate 
method for modeling plasticity and boundary effects, it will be shown to embrace the 
experimental data quite well over the full range of crack lengths.    This method is not a 
substitute for, but rather a supplement to, the stress-intensity concept.    No new param- 
eters are introduced. 

The central portion (Segment a-d) of the idealized elastic-instability curve is pre- 
served since it represents the fracture data very well in that regime.    However, at the 
crack-length extremes (i. e. , 2c = 0, or 2c = W), the linear extensions, c-a and d-e of 
Figure 38, appear to fit the experimental data better.    Thus, as a convenient approxima- 
tion and as a simplified representation of the data,  straight-line segments are appended 
to the central curve by tangency conditions at Points a and d.   These conditions are as 
follows: 

(1) For tangency at Point a, 

slope of c-a = slope of K = SVTTC at Point a 

TYS-S _    dS S_ 
2c       = d(2c) " " 4c 

or S = | (TYS)   . (8) 

(2) For tangency at Point d, 

slope of d-e = slope of K = S-V/TTC at Point d 

W - 2c 4c 

2c or f- 1/3. (9) 

These conditions imply that the elastic-instability curve is effective up to two-thirds of 
the tensile yield strength and up to crack lengths of one-third the panel width.    Beyond 
these limits, the straight-line projections are more realistic representotions of fracture 
behavior. 

It may next be asked,  "What is the crack length 2c at which the fracture stress, S, 
is equal to two-thirds of the tensile yield strength? ". This can be readily evaluated by 
the following equation: 

s _ 2(TYS) ,   K 
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It Is interesting to note that this expression is less restrictive than the crack-length 
requirement, 

which has been empirically proposed'^) for a variety of fracture specimens.    Thus, it 
does appear that a rational engineering criterion compatible with empirical evidence 
does exist for limiting plasticity effects. 

The significance of these observations and criteria for the determination of critical 
stress-intensity factors may be summarized as follows: 

(1) The specimen should fracture at a gross stress less than two-thirds 
of the tensile yield strength. 

(2) The initial crack length should be less than one-third the panel width. 

(3) If the first two criteria cannot be simultaneously satisfied, the mate- 
rial in that size range is not subject to an energy instability. 

The full significance and potential of this analytical interpretation can be demon- 
strated by the example of a rather classical set of 2219-T87 aluminum-alloy-sheet frac- 
ture data(10) which have been used frequently to justify various analytical methods. 
These data represent the condition of critical instability analogous to the data coordinates 
(2cc, Sj) of this report.   Although there may be some argument as to the details of what 
really constitutes critical instability, the principal point in this illustration is the con- 
sistency of the data for the damage level being considered.    Figure 39 presents these 
data points for the 18-, 24-, 30-, 36-, and 48-inch-wide panels.    The data points for each 
width are screened in accordance with the relations 

S <|-  TYS = 39 ksi 

and 

2c < W/3 . 

These latter limits are indicated on the figure for each width.    The results of this screen- 
ing procedure are that one data point from each of the 18-, 24-, and 36-inch panel widths 
is considered for analysis, that no points for the 30-inch-wide-panel data are accepted, 
and that four points for the 48-inch-wide-panel data are accepted.   From these screened 
data, a stress-intensity factor is computed by Equation (1) and averaged to yield 

K != 107 ksi-in. 1/2 

as a representative fracture-toughness index for this product and geometry.    From this 
calculated index, a solid-line curve is plotted in the central portion of the figure.   At the 

left-hand limit l-r • TYS j of this curve, a linear tangent to TYS at zero crack length is 

drawn in order to approximate plastic effects.   The finite-boundary limitations on the 
right are indicated by linear tangents to the K curve passing through the abscissa inter- 
cept corresponding to the respective panel widths.    In all cases, note the good curve fit 
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FIGURE 39.    RESIDUAL STRENGTH OF PANELS OF 22I9-T87 
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that is achieved from a meager collection of screened data in the central portion of the 
figure.    The final point of this illustration is that stress-intensity-factor indices can be 
simply and directly associated with the residual-strength format to relate material 
toughness with structural parameters. 

Fracture Data Analysis and Interpretation 

Fracture data may be analyzed by a variety of methods, all of which are techniques 
intended to be descriptive of the same phenomenon - fracture.    The methods differ not 
so much in their expression as in their perspective. -In its broadest generalization, 
fracture testing is usually directed toward either the characterization of the material or 
the characterization of the structure.    In the first instance, the geometric parameters 
are severely constrained so as to emphasize purely mechanical behavior of the material, 
such as with plane-strain fracture-toughness testing.    In the latter case, the combined 
influence of structural and material parameters is studied in more complex interactions, 
such as the residual-strength emphasis of this program.    Thus, while the goals are 
similar, their scope and means of achievement are quite different. 

It was the objective of the fracture-study portion of this program to determine the 
general fracture behavior of aluminum alloy 7075-T7351 over a range of thicknesses and 
widths.    This has been accomplished in deriving the basic data reported in the previous 
section.   An interpretation and discussion of these results is presented in the following 
subsections from several perspectives. 

Notch- and Crack-Strength Analyses.   This approach to fracture characterization 
has evolved from the concept of notch-stress concentrations at the crack tip (considered 
a notch with root radius approaching zero).   This development is traced in two basic 
steps discussed in the following subsections. 

Notch-Strength Analysis (NSA).    Current concepts of notch analysis were originally 
presented by Neuberw), who considered the problem in terms of elastic theory and the 
necessary modification for real materials.   Further engineering refinements have been 
developed by Kuhn and Figge(ll). 

Essentially, stress-concentration factors on the net section are modified by size 
effect (a function of the Neuber constant, p') and plasticity.    These factors are used 
with the ultimate strength to define the critical or allowable net section stress based on 
an initial flaw or crack size.    The applicable equations for cracked center-notch speci- 
mens are 

<   = 1 + 2k     /—r -=r u w v p1   E K, = l + 2k.../—T-r- (10) 

and 

TUS 

u 
where 
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c
0 = one-half crack length before loading 

p' = Neuber'e constant 

E = elastic modulus 

£j = secant modulus at ultimate strength 

k^ = Dixon's'12' finite-width correction = V (1 - 2c0/W) / (1 + 2c0/W) 

TUS = tensile ultimate strength 

Sn = critical net section stress = S/ (1 - 2c0/W) 

(Ku is the effective net section stress concentration factor.) 

The similarity of the right-most term to the basic formulation of the stress-intensity 
factor suggested^13) the consolidation of modulus values and the Neuber constant into one 
factor termed crack sensitivity. 

Crack-Strength Analysis (CSA).    An inverse measure of material toughness termed 
crack sensitivity was introduced by making the consolidation 

2   Ei 
Cm=-^ (12) 

in Equation (10), with the resulting net section stress concentration factor 

Ku= 1 +Cmkwv^;   . (13) 

This equation may be transposed to 
TUS 

K    - 1      S 
C-.^—sJt   , (14) m 

k     /c~      k     /c~ wv   o        wv   o 

which may be used to evaluate the crack sensitivity directly from experimental data.    It 
is important to note that in a qualitative sense,  crack sensitivity, C    , is an inverse K 
value, i. e. , it is inversely proportional to failure stress.    High values of Cm denote 
brittleness; low values of Cm denote toughness. 

Significance.    The easily grasped physical significance of the stress-concentration- 
factor concept makes this technique an attractive means of expressing toughness.    How- 
ever, since Cm, as defined by Equation (14), is determined from the net stress, Sn, 
and the dimensionless aspect ratio,  2c0/W, panel width remains a free parameter.    This 
lacks some of the generality sought for in other methods.    Again on the positive side, 
this approach represents "residual" strength in its truest form.    Since the method is 
based on initial flaw size and yet relates to failure load, it automatically compensates 
for the slow crack growth inherent to the rising-load test.    This is in contrast to the 
idealized K concept which is based on a simultaneous correlation of flaw size and stress. 
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D»ta Analysi».   The range and average values of the crack-iensitivity, Cm, param- 
eter for the sheet and plate data generated on this program are shown in Figure 40. 
Individual values are tabulated in Appendix B.   In Figure 41, the average Cm curves are 
plotted, along with the fracture data, on a net-section-stress format in accordance with 
the CSA method.   It should be noted that the best fits are obtained on the wide (36-inch) 
panels.    Furthermore, it is apparent, both from the appendix tables and the figures, that 
the distortion is due to the data at the high crack-aspect-ratio, 2c0/W, values.    That is, 
the Cm values obtained for 

2c /W > 0. 8 
o       — 

appear to unbalance the consistency of the data at smaller aspect ratios.    Thus, to be of 
more significant value, it appears that more restrictive criteria should be formulated 
for this technique. 

Stress-Intensity Factors.   A characterization parameter for material toughness is 
the stress-intensity factor which has evolved from linear elastic fracture mechanics as 
discussed in a previous section of this report.    The general formulation of the stress- 
intensity factor,  repeated from Equation (4), is 

K = SV7l {c+ r)f[2(c + r)/W]    . 

Specifically for the data generated on this program, the plastic-zone model of Equa- 
tion (6), 

1    /   K   \2 

r = 5W VTYS/    ' 

and the finite-width correction, 

f[2(c + r)/W]  =   ysec 
■njc + r) 

W 

were used for calculations in this section.    The calculation of K for a given data point 
requires an iterative procedure and was cycled until the convergence of K was within 
0. 1 percent of the previous value.    This required from three to five cycles.    It should be 
noted that the plastic-zone-radius formulation selected is that representative of plane- 
strain conditions.    This formulation was selected because it provides a more conserva- 
tive value of K and a greater assurance of convergence within the iterative calculation. 
In attempting to use the plane-stress formuUtion on the data for the critical flaw condi- 
tions, divergence rendered the calculations useless. 

The stress-intensity-factor (SIF) values derived from the data of this program are 
summarized in Table 17.   Average SIF values, K0 and Kj, for the threshold (5 percent 
secant offset load) of flaw propagation date set (2c0, S3) and the maximum-load data set 
(Zcj, S\), respectively, are presented for each thickness and width where the yield 
criterion was not violated.   Individual values are tabulated in Appendix B.    A graphical 
presentation of these individual values is presented in Figure 42.   On the graphs in 
Figure 42 it should be noted that both threshold and critical stress-intensity factors are 
presented in a manner similar to the basic data illustrated in Figure 11.    The corre- 
sponding threshold and critical values are linked by a straight line.   An upper, limiting, 
dashed-line envelope is indicated on each figure which denotes the condition of net sec- 
tion yielding (NSY). 
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TABLE 17.    SUMMA« OF AVERAGB STRESS-INTBSSm FACTORS  (SIF) 

Nominal 
Thickness, 

T, 
In. 

Nominal 
Width, 

w. 
In. 

Average 
5 Percent Secant 

Offset SIF, 
*0»l/2 

k8l-ln./z 

Average 
Maximum Load 

SIF, 

kel-lä:1/2 

1/16 8 39.9 NSY 

1/4 
8 

16 
36 

42.5 
55.7 
60.71 

NSY 
NSY 

149.26 

1/2 
8 

16 
36 

37.3 
45.0 
41.83 

75.0 
NSY 

1 
8 

16 
36 

39.2 
36.3 
46.03 

46.9 
53.4 
67.34 

In these figures, it appears that the conditions of fracture (except for the 1-inch 
thickness) closely follow the net-section-yield envelope, which implies that failure con- 
ditions are beyond the realm of elastic fracture mechanics.    This is a real manifesta- 
tion of the tensile instability described earlier.   In contrast, the data for threshold or 
onset of slow crack growth appear to approach a relatively more stable value of K, 
which implies more predominant elastic behavior.    It should be recalled that one of the 
objectives in defining a stress-intensity factor, and then providing both plasticity and 
boundary corrections, is to obtain a stable material index that can be used as a design 
parameter.    For this reason, coarse average values were also calculated for the derived 
data.    However,  these do emphasize the degeneration of the K value at the extremes of 
2c/W (i. e. , very low and very high aspect ratio).    The net conclusion is that the present 
corrections for plasticity and finite width cannot totally account for crack behavior.    In 
fact,  it was this realization that motivated a look at other possibilities, such as de- 
scribed in the next section. 

Residual Strength 

The strength remaining in a panel or structural element after the occurrence of 
cracking or other damage if, termed residual strength.   A reliable description of this 
strength is imperative for Che synthesis and analysis of design to satisfy fail-safe and/or 
safe-life criteria with sorre degree of confidence and reliability.   In this section, the 
data derived in this program are analyzed in accordance with the residual-strength 
analysis described in the "Interpretation and Application" section. 

For each width and thickness combination of the 7075-T73 aluminum-alloy sheet 
and plate tested,  the derived data have been screened by Equations (8) and (9) as upper 
limits to valid elastic data,  data unadulterated by plastic or boundary effects,  for com- 
putation purposes.    These criteria are 
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S < I TYS 

and 

2c/W < 1/3 . 

Simple •treis-intentlty factors are computed from the equation 

(8) 

(9) 

(1) 

for tho screened data, since in the previous section it was concluded that plastic zone and 
finite width corrections did not always account for crack behavior.    For each thickness- 
width combination, an average K value is computed and is considered to be characteristic 
of that test, series.    The values are tabulated in Table 18.    To illustrate the applicability 
and usefulness of this technique, the data generated on this program are presented in 
Figure 43 along with the analytical curves generated by the simplified K index. 

TABLE 18.     SUMMAKJ OF AVERAGE STRESS-IKTENSITy FACTORS 
COMPUTES WITHIN THE CRITERIA OF THE 
SIMPLIFIED RESIDUAL-STREHGTH ANALYSIS 

Nominal Nominal 
Thickness, Width, 5 Percent Secant Maximum Load 

T, w. Offset SIF, SIF, 
In. In. h Kl 

1/16 8 37 68 

8 41 NSY 
1/4 16 45 92 

36 59 99 

8 38 70 
1/2 16 39 NSY 

36 43 — 

8 32 41 
1 16 33 52 

36 43 66 

The results of this analysis point out the excellent modeling of data that can be 
achieved by the proposed residual-strength-evaluation technique.    In most all cases, 
closeness and consistency of data representation are superior to those of the other 
models discussed. 

the 

A final, but "ery significant,  set of illustrations relevant to this technique is pre- 
sented in Figures 44 and 45.    First consider Figure 44.    For each thickness (1/4,  1/2, 
and 1 inch), fracture data for all three (8-,  16-, and 36-inch) pane:, widths are incor- 
porated on a single display.    The data on each plot are screened and analyzed in accord 
with the criteria of Equations (8) and (9).   Additionally, the data from the lesser widths 
(i. e.,  8 and 16 inches) which have crack lengths, Zc,  greater than one-third their 
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ZZ'fr       K !     :e been deleted for Clarit>r in the a-PUy.    Obvioualy, from the 
method de.cnbed,  the.e data point. He on the linear «egment directed downward to the 

data nt a Pt ^ 8 ^ 16 inChe' and WOUld 0nlV Clu"er th« b"^ illu.traLn ola K 

It is interesting to note in these three figures that the fiachir«-^.,»^—- •   J- 

associated with both the threshold and fracturf conditioVslecrea- w " 8 "njt^,. 
ne.s     It is also .igmflcant to note that the data fit appears to improve with increasing 
hickness.    This is attributed to the more distinct and more abrupt response and d«" 

tion of specimen behavior in the thicker sections. response and detec- 

„«nh Trr6 4! iliUStr»te8 ^antitativ«1y the qualitative statement of the previous para- 
graph relative to the effect of thickness on the two fracture criteria.    It is seen in ^he 
lt8aUbiieit H8       ^r8: inCrea8eS fr0m ' = 1/4 inch'  the K valu" associated with in 

stabihty and onset of slow growth decrease.    In fact the fracture instability curve ao- 

fhaTS K^iur^hir^jess wuirb:K::uaiiy without 81ow growth'further impiying 

Fatigue-Crack Propagation 

nrtJ* i8 re
l
C°8"l"^that flaw8 may e^Bt in new aircraft components as an inadvertent 

r/e u ed^A so   fla   ' ^ ■!■ ^ faCt that real ™t*rUlB and Producti- 9*™*'*' 
bv the reneated './ may lmtlate a8 ^ consetluen« °< '"vice.    Growth of the flaws 
by the repeated stress environment can be expected to occur since operating stress levels 

rio/at        are Slmilar !0 th08e that are knOWn t0 cause fa"g"e-crack propagation in 
hfna of [herf^r^      ^ ^ ™t*ri*lB-    " l— -cessary then'o know .ome- 
nlifhf t        t K,    I      8e°met"c variables and stress variables in order to provide the 

insight to estabhsh inspection intervals in real structure,  and to predict remaining life 
of a component in which a recognizably finite-length flaw has been found. remalmng llfe 

tion,   The8e C°n'ide
u
ration8 have led to the development of many crack-propagation rela- 

tions,  some of which are empirical formulations and some of which are based upon 

T "Te ^s b " ^r^T-     A ^ 0f the8e r''lati0n8 are ^-uLe/rnthU re- port.    One has been singled out for extensive evaluation of the data. 

Fatigue-Crack-Propagation Relations 

r-^k Fr08t "^ CO-W°rk.ers have b"" «"ly contributors to an understanding of fatigue- 
c-ack propagation.    Their research(14-19) has 8ugge8ted that the rate of fatfgue.^ 
propagation is related to the instantaneous crack length,  I, as follows- 

di/dN = K^*. (15. 

This equation suggests that there should be a linear relationship between In i and N 

ini UI.'Vl^V8 S ^^ t0 ^ the Ca8e in FrOSt,S WOrk-    H°wever,   Frost conceded 
initially that the relation was applicable only for short cracks and subsequently concluded 
that the relation applied for crack lengths where propagation was on a plane normal to 

•In this section I Is sometimes used synonymously with 2c.   It is the ctack length. 
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the tensile stresses causing crack growth.    From extensive research,  Frost and co- 
workers concluded that K in Equation (15) could be a function of alternating stress, Sa, 
or could be a function of Sa and the mean stress, Sm,  depending upon the material. 
Their generalized equation was 

d^/dN = (P + QSm)S3 I . (16) 

All of their work supports the use of the exponent 3 on Sa. 

Schijve and his co-worker8(20-24) over a period of years have indicated that the 
rate of crack propagation,   di/dN,  is not linear with i as indicated by Frost, but rather 
that 

di/dN » C in   , (17) 

where n has a value greater than 1.    They also recognized, on the basis of their exten- 
sive studies of 2024 and 7075 aluminum sheet,  that there was a complex effect of Sa and 
Sm on di/dN.    Their work led to the general relation 

dN-C ie-C2RSmax3^/2(l + 10^)    , (18) 

reported to be useful for small ratios of crack lengths to panel width (£/w).    It is seen in 
Equation (18) that Smax .g1/2 (1 + 10 i2/w2)l/3 approximates the stress intensity of a 
center-cracked panel.   In other words. Equation (18) has some similarity to the Paris 
and Erdogan relation'"' 

di/dN- cK^ax   , (19) 

where n was considered to be 4 for many materials.    The important difference between 
Paris' original idea and Equation (18) is that Broek and Schijve's relation recognizes 
the importance of load ratio,  R, in addition to maximum stress. 

At this point,  it is relevant to point out that in this country since about I960,  fol- 
lowing the insights of Hardrath and McEvily(2°) and Paris, Gomez,  and Anderson'2^, 
fatigue-crack-propagation relations and data displays have employed stress intensity 
more often than stress.    This usage carries the implied assumption that the fatigue 
stresses provide essentially an elastic stress field adjacent to the crack,  which may not 
always be the case.    It is,  however, a convenient measure of the stress state around a 
crack tip since in some forms, the stress intensity includes the gross stress from ex- 
ternal loads and the geometric interplay between crack length and component geometry. 
Relations developed involving stress intensity have included the use of Kmax (associated 
with the maximum gross stress in a stress cycle),  Ka,  Km,  and AK associated,  re- 
spectively,  with the alternating stress,  the mean stress, and the total range of stress 
(AK = 2Ka). 

One of these relations involving stress intensity was suggested by Forman, 
Kearney, and Engle(28) after noting that the Paris equation does not account for load- 
ratio effects on crack growth nor for accelerated crack growth as the stress-intensity 
approaches the critical value associated with failure.    Also, they did not consider that 
Equation (18) from Broek and Schijve'2^) would account for the acceleration in crack 
growth either.    Their empirical expression assumes that the rate of crack propagation 
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it proportional to AK to some power n, and that the rate of crack propagation becomes 
very large as the strata intensity of the growing crack approaches Kc or Kic, whichever 
it applicable.    This relation also provided for the effect of load ratio and it at follows: 

^dN - (1 - R)^"- AK   ' <20' 

Their paper provides confirming evidence, bated upon test data retrieved from the liter- 
ature, that the equation is useful.    More recently, Hud8on(29) showed that the above 
relation was particularly good in accounting for load-ratio effects. 

Erdogan(30) ha8 developed a continuum model for fatigue-crack growth bated upon 
a consideration of dislocation movement in the plastic zone ahead of a fatigue crack.    He 
rationalized that crack-growth rate is a function of the maximum plastic-zone size 
(PmaxK related to the total number of dislocations that could possibly contribute to 
crack extension, and also a function of the range of plastic-zone size (Pi>),  related to the 
fraction of the total number of dislocations contributing to crack growth: 

dN=APmaxPr   • (21) 

Analytical estimates for pmax and pr were obtained using Dugdale's technique and the 
assumption of small-scale yielding,  so that Equation (21) became 

^- = BK2al   K2a2   . (22) 
dN max    r 

Since load ratio,  R,  is Krrijn/Krriax,  Equation (21) can be rewritten as 

i-(T^)    '«' (23) 

where Kr and AK each is the range of stress intensity. 

Thus,   Erdogan's expression again seeks to describe analytically the experimental 
observation that load ratio,  R,   does influence crack-propagation rate.    C,  aj, and a^ 
are obtained experimentally. 

WalkerC') has started with an expression in terms of stress and crack length, 
identical to Equation (22) from Erdogan, i.e. , 

S  =  f(C(Smax^)C(AS^)b)    • (24) 

By letting 1  - m = c/c + b,  m = b/c + b,  and n = c + b,  the above equation becomes 

'1 =f(c(s     )1-mASmvrT)n . 
In \       max / dn 

(25) 

He then noted that 

sl-m     Asm=s (1 _      m (26) 

max max 
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which he defined as an effective stress S.    Therefore, Equation (26) reduces to 

^UfdvTF)   =£(äK)    . (27) 

Walker's AK is termed an effective stress intensity that in a sense performs the same 
function as Erdogan's and Forman's equations in accounting for load ratio effects.    The 
equation is not complete, however, since Walker has chosen not to express the explicit 
functional relation between d£/dN and AK.    Walker has shown that notched-specimen- 
fatigue data at various load ratios can be normalized by use of Equation (26).    His work 
shows for several materials that the value of m from crack-propagation data is equal to 
the value of m from notched-fatigue data and suggests that m is a kind of material 
parameter. 

Data-Interpretation Methods 

The crack-growth data obtained in the test program consisted of observations of 
crack length and cumulative cycles.   Since, generally, it was expected that long central 
cracks would be tolerated by the material at the stresses involved, measurements 
usually were made in crack-length increments of 0. 20 inch; sometimes an increment of 
0. 10 inch was used. 

Examination of Figures 14 through 23 shows that crack growth is not always a con- 
tinuous process.    Thus,  if one uses directly the crack-propagation data to obtain A^/AN, 
then between observations, the resulting di/dN values frequently will show quite a bit of 
scatter about some mean growth rate line.    Therefore, in the first portion of the com- 
puter analysis, the following steps were accomplished.    From the coordinate pairs 
covering a test, the computer examined the first four data pairs, established the coeffi- 
cients for a fourth-order equation through the points, and computed for the interval be- 
tween the second and third data pair the crack length, Kmax, Kmin, AK, and di/dN for 
life intervals associated with 2500-cycle increments.    The computer then examined the 
second through fifth data pair similarly in order to obtain similar computations between 
the third and fourth data pair.   The procedure was repeated until all groups of data pairs 
had been examined.    This technique smoothed out some of the gross irregularities in 
instantaneous di/dN values, but not all.    The output from the computations for each 
specimen was a tabulation of crack length (i), Kmax, Kjnin, AK, and di/dN for 2500- 
cycle increments over the lifetime range. 

In these computations, all stress-intensity values were computed using K = 
S„Jvi/Z sec 7i£/2w.    Although this expression contains the width correction,  it does not 
contain a plastic-zone correction.    Since the gross section stresses were quite low, it 
was believed that the plastic-zone correction would not be necessary. 

Additionally, a plotting routine permitted the automatic plotting of certain rela- 
tions among the data that Included In I versus N,  di/dN and In di/dN versus Kmay, 
AK,  In Kmax,  and In AK.    Examination of these graphs suggested that for limited crack 
lengths it might be possible to develop a crack-rate equation similar to that of F -ost. 
Also, it appeared from other plots and for other limited ranges of crack length  h&t 
linear relations could be established between In di/dN and In KJJJ2X or In AK aa we'll as 
other combinations.    In fact, a more detailed analysis was made of the data for 1/4- 
inch-thick material using Frost's approach. 
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The analyiii atarted with an examination of the relationship between In/ and N. 
Alto, the same data were evaluated to explore the relationship between In di/dN and In 
AK. 

The Frost type of analyses suggested that for the 1 /4-inch-thick material and for a 
crack length from about 0. 75 inch to about 2. 0 inches, a relation of the form di /dN = ci 
might be possible, where c is an expression containing Sa to some power and Sm. 

It also was found that the scale selection for the graphs of In di/dN versus In &< 
could be adjusted so that the data for a given load ratio could be approximated "reason- 
ably well" by two straight-line segments.   It appeared that it would be possible to 
formulate a complex relation between di/dN,  AK, and R,  since these data generally 
were layered in accordance with load ratio.    The steepest slopes on the In di/dN versus 
In AK graph were for the test stresses with the highest positive load ratio.   As load ratio 
approached R = 0, the slopes decreased, displacing the curves to the right.    There was 
some reluctance to carry these analyses to completion.   Figure 46 shows the computer- 
drawn graph of In di/dN versus either In ÄK (Figure 46a) or AK (Figure 46b).    Both 
graphs suggest that a continuous function should be sought that contains the reversed 
curvature shown in the two graphs at a AK of about 15 ksi V inch.    This characteristic for 
Specimen 2 was seen in most of the other computer-drawn graphs for other specimens. 

Of the various equations described briefly in the previous section, only the empir- 
ical equation of Forman,   et al, (28) could provide such a curve.    The remainder of this 
portion of the report contains a discussion of the evaluation of the Forman-type equation 
using the data from this program.    Once again, this equation is 

11- C(AK)n 

dN ' (1 - R) K   - AK   - *  0' 
c 

It is necessary to determine the constant C and exponent n from the data.   A deci- 
sion was needed relative to which value of Kc to use.    Figure 31 shows the comparison 
between the crack length observed on the fatigue-fracture surface to the estimated crack 
length that one would predict (on the basis of fracture data shown in Figure 11) if the 
gross failure stress had been the same as each fatigue-test stress.    The figure shows 
essentially a one-to-one correspondence for the two lengths regardless of panel width or 
thickness.    This suggested the simple expedient of using the fracture data of Figure 11 
to establish, for the nine maximum test stresses and load ratios, the estimated crack 
aspect ratios,  2c/W (or i/vi).    From each value of i/w and for the appropriate S,, ,  a 

Kc was computed using 

If- VsecTTi/2w   , (29) 

which is the same formula used to compute the AK values obtained for each crack- 
propagation specimen as described above. 

As discussed earlier in the fracture-toughness-analysis section,  some doubt can 
be raised concerning the use of Equation (29) since the graphs of Figure 11 clearly show 
that for many combinations of thickness and panel width,  failure occurs at or slightly 
above net section yielding.   Since,  in the fatigue tests, cracks did propagate to a length 
where net section yielding could occur, and since all AK values were similarly com- 
puted,  it appears in the computation procedure that the terminal point, i.e. , Kc, was 
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compatible with the AK value« for long cracki a* well a* short cracka.   la deiign engi- 

neering there U precedent for thU procedure.   The uae of S » ^ or ^£. to compute the 

fracture moduli in bending and toraion (modulue of rupture) aa well as to compute yield 
conditions and elastic stresses is one such example.   Actually, tor each thickness and 
panel width, the deciaion was made to use an average value of Kc for all nine test stress 
levels, since the range in maximum stress for the series was so narrow. 

This approach was tried cut first on the 1/4-lnch-thick specimens, considering the 
8-,   16-, and 36-lnch-wide panels separately.   Uaing the data for the 1/4-inch-thick, 
8-inch-wide panel as an example, the following steps were taken: 

(1) For each of the nine stress ratios, R,  corresponding to the nine com- 
binations of Sa and Sm, the data pairs di/dN,  AK from the original 
printout were used in program CRACK to compute for each specimen 
its value of C and n.    CRACK performs a least-squares regression 
on the data pairs to provide the beat value for C and n for each 
specimen. 

(2) From this computation, the values of C and n were examined and 
were found to vary as shown below: 

Specimen 
Sm. 
ksi 

6.8 

Sn, 
ksi 

±3.3 

n C 
2 2. 192 1.208E-9(a) 

11 6.8 ±4.4 2.822 3.032E-12 

12 6.8 ±5.5 2.468 8. 200E-11 

7 8.4 ±3.3 2.977 8.7S2E-13 

10 8.4 ±4.4 3. 140 1.566E-13 
13 8.4 ±5.5 2.568 4.601E-11 

8 10.0 ±3.3 3.275 5.579E-14 

9 10.0 ±4.4 2.920 1.517E-12 

14 10.0 ±5.5 2.511 7. 728E-11 
(«)  E-9 = 10-9. e,c. 

Thus, in order to provide one value of n and C for the group of data, 
some averaging of the computed values was needed.   A mathematical 
analysis of Equation (28) indicated that it was appropriate to compute 
n as the arithmetic mean and C as the geometric mean of the tabulated 
values as is illustrated in Appendix C. 

(3)    For the  1/4-inch-thick,  8-inch-wide panels,  C and n were computed 
to be 6. 139E-12 and 2. 76, respectively.    Using an average value Kc = 
67. 7 ksWinch, and the above values of C and n, in Equation (28), 
values of di/dN were computed for selected values of AK from AK = 3 
to AK = (1 - R)KC. 
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(4)   Steps (1), (2), and (3) than war« carried out uaing the data for the 
1/4-lnch-thlck,  16- and 36-Inch-wide panel« where Kc wa« com- 
puted to be 92. 2 and 136. 4 k«i Vlnch for 16- and 36-lnch-wide 
panels, respectively. 

From Step« (1) through (4) and the di/dN,   AK data pair«, Figure 47 ha« been con- 
structed.   On each graph of Figure 47 are plotted the teat data, evaluated as described 
early in this section on In AU dN, AK coordinate«.    The graph« in Figure 47 for the 3- 
inch-wide panels contain, in addition to the data, two curved line«.   The dashed line i« 
the result of Step (1) computation for each specimen.   Examination of each graph shows 
that the dashed curve appear« to fit the data quite well, suggesting that Equation (28) may 
be quite good in representing fatigue-crack-propagation data.    The solid curve in each 
graph represents the average curve from Step (3) calculations.    Examination of the nine 
graph« «hows that the use of the average values of C, n, and Kc provides somawhat less 
of a good fit than did the individual values; however, this is considered a necessary 
penalty in obtaining a more generally useful equation. 

In Figures 48 and 49 for the 16- and 36-inch-wide panels,  only the d^tta point« and 
the average curve are shown.    There is excellent agreement between the data and the 
average curves. 

In order to assess how satisfactory this equation might be in predicting the remain- 
ing life, one additional set of computations was made using the equations for the 1/4-inch- 
thick, 8-inch-wide panel obtained for each specimen in Step (1) and for the family of 
specimens in Step (3). 

Thi« computation was to determine the number of cycles to failure for each speci- 
men, assuming a crack existed that was 0. 75 inch long.    From Figure 15, the actual 
remaining life was determined for each specimen for comparison with the computed 
value. 

The computation scheme for Program LIFE is illustrated schematically in Fig- 
ure 50.   The essential feature for a given specimen was to determine by computer dl/dN 
and i for «elected value« of AK using Equation (28).    Then the reciprocals of the di/dN 
values could be paired with each (, to construct a dN/di versus I plot.    Computation of 
the area under the curve from some initial value of I (say 0. 75 inch) to a value of i con- 
sistent with AK = (1 - R) Kc would be the predicted remaining lifetime to failure. 

The entire operation was programmed and the computer printed out predicted 
failure lifetimes for each specimen for initial cracks ranging in length upwards from 
0. 75 inch in increments of 0. 25 or 0. 50 inch. 

Table 19 «hows the results of this set of computations for the 1/4-inch-thick, 8- 
inch-wide panels.   In the table, there are'three lifetime column« of interest.    The first 
of these is the actual lifetime remaining obtained from the curves on Figure 15, given 
a crack 0. 75 inch long.    The second lifetime column is a predicted lifetime using the 
values of C and n for the specimen obtained in Program CRACK.    The deviations from 
the actual lifetimes are in the adjacent column.    They show that the deviations, without 
regard to sign, agree with actuality within about 5. 0 percent on the average.    Following 
that column, are two columns based upon predictions made with Equation (28) using the 
mean values of C and n.   It is seen that the average deviation has increased when using 
the mean values.   It was considered, however, that the equation was providing an 
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excellent predictive tool.   Coneequently, the cr»ck-prop*gatlon «Ut» for the remaining 
test conditloM were handled in a aimilar manner. 

TABLE 19.    COMPARISON OF ACTUAL AND PREDICTED LIFETIMES 
TO FAILURE OF 1/4-INCH-THICK, 8-INCH-WIDE 
PANELS WITH AN INITIAL CRACK OF 0.75 INCH LONG 

Lifetime Remaining for Panel With 0.75-lnch Crack 

Specimen Actual Predicted<■) Deviation, Predicted(b) Deviation. 

Cycles Cycles percent Cycles percent 

2 95,540 101,740 +6.55 109.500 +14.60 

11 61,580 58,740 -4.62 57,000 -7.45 

12 44,900 40,140 -10.60 33.600 -25.20 

7 84,860 83,750 -1.31 88.800 +4.64 

10 51,180 49.250 -3.77 46.800 -8.55 

13 26.150 24,280 -7.15 27,800 +6.31 

8 78,430 74,910 -4.49 73,200 -6.67 

9 39,670 37,230 -6.15 39,000 -1.69 

1« 22,960 22,850 -0.48 23.300 +1.48 

Average Deviation, X 5.01 8.51 

(a) Based on Individual values of C and n for each specimen. 

(b) Based on average C and n values  for the group of specimens. 

Incidentally,  in Figure 15 and in other such figures for the other thicknesses, the 
solid symbols for each specimen mark points along predicted crack-propagation curves, 
assuming a crack was discovered with a length of 0. 65 inch,  0. 75 inch,   1.0 inch, and 
1.25 inch for the 1/16-,  1/4-,   1/2-,  and 1-inch-thick panels. 

Fatigue-Crack-Propagation Evaluation 

Using the methods reviewed in the previous section, the data for the remaining 
thicknesses have been evaluated in a similar fashion.    For each thickness and panel 
width   the computations have been made and mean values of C and n have been deter- 
mined in each case.    The results of the evaluation are presented and discussed m this 

section. 

For the 1/16-inch-thick material, only 8-inch-wide panels were tested.   Mean 
values of C and n were computed to be 1. 77E-9 and 2. 138    respectively   using an average 
Kr of 66. 8 ksi Vi^.    Figure 51 contains graphs of In di/dN versus A K for each load 
ratio     In addition to the data pointe,  the continuous curve represents Equation (28) 
using the mean values of C and n.    In a number of cases    there is quite a divergence be- 
tween the data points and the curves as a consequence of the averaging of C and n     Pro- 
gram LIFE was used,  together with the curves of Figure 14,  to provide an estimate of 
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remaining life, bated on a fatigue-crack initially 0. 65 Inch long.    The comparison with 
actual remaining lifetimes la shown In Table 20.   The table also shows that the average 
deviation in predicted life from actual life is 13. 5 percent, which is «bout SO percent 
larger than the average deviation for the 1/4-inch-thlck panels.   The greatest deviation 
is almost 25 percent, the same as that for the 1/4-inch-thlck panels. 

TABLE 20 .      COMPARISON   OF PREDICTED LIFETIME TO FAILURE WITH 
ACTUAL LIFETIME TO FAILURE FOR 1/16-niCH-THICK 
PANELS CONTAINING A FATIGUE CRACK 0.65-INCH LONG 

Specimen 
Sm S 

a Nf N0.65 

Life Remaining, 
cycles Deviation, 

Actual Predicted percent 

46 6.8 3.3 221,690 43,000 178,690 135,000 -24.4 
42 6.8 4.4 135,810 43,000 92,810 83,600 -9.9 
43 6.8 5.5 103,160 37,000 66,160 56,300 -14.9 
53 8.4 3.3 146,230 26,500 119,730 108,700 -9.2 
41 8.4 4.4 76,650 20,000 56,650 68,300 +20.6 

55 8.4 5.5 48,690 8,200 40,390 46,400 +14.6 
39 10.0 3.3 143,290 37,000 106.290 89,000 -16.3 

54 10.0 4.4 70,870 13,000 57,870 56,300 -2.7 
56 10.0 5.5 44,880 9,500 35,380 

Average 

38,600 

Deviation, 

+9.1 

X     13.5 

Although the resulting evaluation of the 1/4-inch-thlck material in 8-inch-wide 
panels has been illustrated and described in the previous section, the results of the 
LIFE Program computations were not given for the two wider panels.    Table 21 lists the 
pertinent information for all three panel widths.   From the table it can be seen that 
Equation (28) appears to be quite useful for all three panel widths. 

The data for the 1/2- and 1-inch-thick panel were evaluated in a similar manner. 
The results are shown in Figures 52 through 54 for t = 1/2 inch, and in Figures 55 
through 57 for t = 1. 0 inch.    Tables 22 and 23 once again provide comparisons of re- 
maining life.    Generally, the series of figures and the tables show that there is somewhat 
greater divergence between predicted and actual remaining lives for specimens with 
these thicknesses than for 1/4-inch-thick specimens.    Part of the reason for this is that 
the di/dN - AK curves for the thicker panels did not extend into low di/dN values.   This 
is an important area in which to have good agreement,  since for moderate to long-lived 
specimens, most of the crack-propagation lifetime is used up at these low rates. 

The comparisons discussed above represent an average deviation of about 13 per- 
cent between all predicted lives and actual lives, with a maximum deviation of about 
50 percent.   In addition to the above data comparisons, Figures 24 through 27 show 
another way to evaluate the predictive capability of Equation (28).    The figures show all 
of the data plotted on S-N coordinates.    The data points are test lifetimes.    The curves 
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TABLE 21.    COMPARISON OF PREDICTED LIFETIME TO FAILURE WITH 
ACTUAL LIFETIME TO FAILURE FOR 1/4-INCH-THICK 
PANELS CONTAINING A FATIGUE CRACK 0.75-INCH LONG 

Specimen 
S m S. Nf N0.75       : 

Life Remaining 
From 0.75" Crack, 

cycles Deviation, 
Vctual Predicted percent 

8 Inch Wide 

2 6.8 3.3 145,540 50,000 95,540 109,500 +14.60 

11 6.8 4.4 86,580 25,000 61,580 57,000 -7.45 

12 6.8 5.5 57,900 14,000 44,900 33,600 -25.20 

7 8.4 3.3 136,360 51,500 84,860 88,800 +4.64 

10 8.4 4.4 75,680 24,500 51,180 46,800 -8.55 

13 8.4 5.5 36,850 10,700 26,150 27,800 +6.31 

8 10.0 3.3 126,430 48,000 78,430 73,200 -6.67 

9 10.0 4.4 59,170 19,500 39,670 39,000 -1.69 

14 10.0 5.5 33,760 10,800 22,960 23,300 +1.48 

16 Inch Wide 

57 8.4 3.3 138,330 43,000 95,330 89,900 -5.70 

58 8.4 4.4 60,360 18,200 42,160 42,600 +1.04 

59 8.4 4.4 35,590 9,500 26,090 23,400 -10.3 

36 Inch Wide 

75 8.4 3.3 156,420 45,000 111,420 110,400 -0.92 

76 8.4 4.4 68,530 19,000 49,530 49,500 0.00 

77 8.4 5.5 43,650 13,200 30,450 

Average 

26,100 

Deviation, 

+14.30 

2          7.25 
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TABLE   22.     COMPARISON OF PREDICTED LIFETIME TO FAILURE WITH 
ACTUAL LIFETIME TO FAILURE FOR 1/2-INCH-THICK 
PANELS CONTAINING A FATIGUE CRACK  1.0-INCH LONG 

Specimen 
Su S 

a Nf N1.0 

Life Remaining, 
cycles Deviation, 

Actual Predicted percent 

f 1 Inch Wide 

4 & 21 
(avg.) 

6.8 3.3 173,540 89,000 84,540 82,600 -2.30 

20 6.8 4.4 77.210 38,000 39,210 39,500 +0.74 
22 6.8 5.5 50,940 25,000 25,940 21,700 -16.4 
15 8.4 3.3 125,720 68,000 57,720 65,400 +13.3 
19 8.4 4.4 61,330 31,700 29,630 31,600 +6.76 
23 8.4 5.5 43,160 21,600 21,560 17,500 -18.8 
16 10.0 3.3 117,270 67,500 49,770 52,500 +5.48 
18 10.0 4.4 61,440 36,700 24,740 25,600 +3.47 
24 10.0 5.5 35,020 19,500 15,520 14,210 -8.44 

16 Inch Wide 

63 8-4        3-3      126,890      61,500      65,390        84,000 +29.1 
64 8-4        4-4        66,820      32,200      34,620        30,900 
65 8-4        5.5        42,560      18,800      23,760        13,900 

36 Inch Wide 

-10.75 

-41.50 

72 8-4        3.3      143,470      61,000      82,470 84,000 +1.86 
73 8-4        4-«        68,230      29,800      38.430 35,900 -6.58 
74 8-4        5.5        44,200      19,800      24,400 18,200 -25.4 

Average Deviation,  % 12.7 
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TABLE   23. COMPARISON OF PREDICTED LIFETIME 1 
ACTUAL LIFETIME TO FAILURE FOR 1-] 
PANELS CONTAINING A FATIGUE CRACK 

CO FAILURE 
[NCH-THICK 
1.25-INCH 

WITH 

LONG 

Specimen 
S* S a N£ N1.25 

Life Remaining, 
cycles Deviation, 

Actual Predicted percent 

S_ Inch Wide 

25 6.8 3.3 129,770 80,300 49,470 52.800 +6.54 

36 6.8 4.4 75,350 45,000 30,350 27.200 -10.38 

31 6.8 5.5 47,510 27,200 20,310 15,700 -22.70 

26 8.4 3.3 117,430 80,500 36,930 40.100 +8.60 

29 8.4 4.4 73,890 50,200 23,690 20.800 -12.20 

34 8.4 5.5 31,630 18,400 13,230 12.000 -9.30 

27 10.0 3.3 109,740 73,500 36,240 30,700 -15.30 

28 10.0 4.4 52.640 35,500 17,140 16,000 -6.65 

33 10.0 5.5 27,640 17,400 10,240 15,700 +53.20 

16 Inch Wide 

66 8.4 3.3 125,180 81,500 43,680 61,800 +41.40 

67 8.4 4.4 58,040 35,000 23,040 24.200 +5.05 

68 8.4 5.5 31,990 18,500 13.490 11.310 -16.16 

36 i  Inch Wide 

69 8.4 3.3 130,930 83,500 47,430 71.200 +43.9 

70 8.4 4.4 67,340 41,000 26,340 24.900 -5.47 

71 8.4 5.5 45,230 27,300 17.930 

Average 

10.700 

Deviation, 

-40.3 

%      19.8 
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on each of these figures represent predicted lives.    The agreement between test data 
and prediction is outstanding. 

du C AKn 

It appears then that an equation of the form ^ = n K    _ AK   can usefully pre- 

dict lifetimes remaining in cracked panels.   Some further thoughts on this point are 
discussed in a later section. 

This program was initiated partly to examine the influence of thickness and width 
on fatigue-crack propagation.    The information in Table 24 provides a summary of the 
average values of C and n obtained during the analysis of data for each combination of 
thickness and width.    In the table are the values of C and n and the average Kc value used 
for each set of calculations.    An examination of the table suggests that the values of C 
and n vary with thickness and width, but not always consistently.    The trend of C and n is 
usually to increase as thickness increases for each width.   Also, the trend of C and n is 
to increase as width increases for each thickness.    In both cases, the C and n values for 
1/2-inch-thick,  16-inch-wide panels are too high to fit within the stated trends.    An 
examination of the equation shows that di/dN would be expected to increase with increas- 
ing C and n.    It is evident though that the values of Kc will influence this also. 

TABLE   2«.    COMPUTED VALUES OF C AHD n 

FOR Ü .       C(&K>n 
JfUK dN       (1-R) K -AK 

Plate Characteristics 

t, w. V 
in. in. ksl/ln. C* 

1/16 8 66.8 1.770E-9 2.134 

1/4 8 67.7 6.139E-12 2.760 

1/4 16 92.2 2.252E-13 3.179 

1/4 36 136.4 3.867E-U 3.409 

1/2 8 58.0 5.377E-13 2.995 

1/2 16 101.0 4.631E-17 4.075 

1/2 36 96.7 8.478E-15 3.524 

1 8 50.7 1.396E-11 2.644 

1 16 55.0 7.890E-16 3.677 

1 36 70.5 1.259E-17 4.155 

*E-9 - 10-9,  etc. 

Some additional insight can be obtained by examining the dH/dN versus AK data 
plots, wherein certain of the data have been overlaid.    Figure 58 shows three of the over- 
lays that were made from the data for the 8-inch-wide panel; Figure 59 data for the 
16-inch-wide panel; and Figure 60, data for the 36-inch-wide panel.   One can see from 
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this leriea of figure« that there ia a email but consittent effect of thickness on fatigue- 
crack-propagation rate for thicknesses in the range 1/4 to 1 Inch.    The panels of greater 
thickness have a somewhat higher propagation rate.   With regtrd to the 1/16-inch-thlck 
panels, the rate of crack propagation always is less than that of the thicker materials. 
The figures show also for rates below about 10-4 in. /in. /cycle ^ th<) crack growth for 

1/4-,  1/2-, and 1-inch-thick panels are essentially the same.   At these low growth 
rates, the crack is propagating primarily on a plane normal to the tensile stress, al- 
though shear-lip formation may have Initiated.    The real divergence above 2 x 10-4 in. / 
In. /cycle begins to reflect to some extent the difference in residual strength among the 
panels of various thicknesses. 

Similar displays were made of the data to examine sheet-width effects.   Realis- 
tically, one would say that over the range of crack lengths measured, there was almost 
no effect of specimen width when the data are organized to express crack-propagation rate 
In terms of stress Intensity.   Figure 59 shows a summary overlay for 1/4-inch-thlck 
specimens of the three widths tested at 8. 4 ± 4. 4 ksl.   The figure suggests that all the 
data could reasonably be considered together, at least to d^/dN = 10-3 in. /in /Cycle- 

The form of the crack-propagation equation suggests that the data would begin to diverge 
at propagation rates higher than 10-3 in. /in- /Cycle.   This ia becauae the equation pre- 
dicts a curve that is vertically asymptotic at AK = (1 - R) Kc for each width panel, in 
accordance with the assumption that d^/dN - «when Kmax - Kc.    The fitting factors 
(i. e., C and n) must vary to accommodate the assumption.    This suggests that the crack- 
propagation equation may not be quite correct, even though this work has demonstrated 
that it predicts remaining life quite well. 

Another feature of the analysis bears comment.   In all of this discussion of fatlgue- 
crack propagation, stress intensity has been defined with the width correction factor as 
K = Sg Vnl/ZsecTTlTZw. In the section on fracture toughness and residual strength, the 
finally suggested residual-strength analysis employs stress intensity without any correc- 
tions, I. e., as K = Sg/OTn.   While there is a difference between the two,  they are not 
incompatible.    In view of the fact that stress intensity has been used in the crack- 
propagation analysis as a mathematical tool rather than as a precise description of stress 
condition. It should not matter which K is used.    Once data are available for stress 
cycles higher than those evaluated in this program, the reevaluation will be done using 
the uncorrected K. 

CONCLUDING REMARKS 

In this program,  panels of 7075-T7351 of various thicknesses and widths were 
provided with a center notch and tested to failure by a monotonically increasing load or 
by a load cycle that was repeated many times.    The former test provided residual-strength 
data whereas the latter test provided fatigue-crack propagation data.    Both types of data 
were extensively analyzed and discussed In previous sections of this report.    There were 
several significant results of these analyses. 

First, it Is apparent that there are at least two distinct and Important bench marks 
In crack behavior during the rising-load test.    The first bench mark is at onset of slow 
growth.   At this load, a flaw Initially present will begin to grow slowly as the load is 
Increased.   The second bench mark Is the critical instability at failure.    At this load, 
unstable and rapid crack growth occurs that results in complete failure.    The loads and 
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grosa ■•ction itreaiei at which thai« bench marka occur ara diitinctly dlfferant.   For 
axampla, for Inatabllity at failure, in aaveral inaUncaa, tba groit failure atresiea ware 
high enough that net section yielding was the critical fracture criterion.   Only in the very 
wide or thick plates waa elastic instability a failure criterion.   However, in all caaea, 
slow growth initiated in the elaatic range.   It therefore waa well represented by a 
stress-intensity value. 

Both of these load levels have important significance for design considerationa as 
well as for establishing and delineating thin-sheet-testing standards. 

A second significant result is the development of a generalised residual-strength 
analysis that provides a data format consistent with and in terms of stress-intensity 
factors.    It serves a dual purpoae of identifying a fracture-toughness property for thin 
and transition-thickness material, and of presenting design data and developing fracture- 
prediction methods for structural applications.    This analysis also providea screening 
criteria for residual-strength data and has significance in establishing testing standards. 

A third significant result is the identification and evaluation of an empirical expres- 
sion that appears to be quite useful in predicting crack propagation and the remaining 
lifetime of a panel containing a fatigue crack.    The expression attempts to recognize that 
residual strength of a panel is associated with a flaw length which represents the ter- 
minal point in fatigue-crack propagation. 

In terms of quantitative results on 7075-T7351 alloy, the data analysis has shown 
that there is a transition in failure characteristics within the thickness range of 1/4 to 
1 inch that influences the fracture strength of center-notched panels of this alloy.    The 
stress intensity for instability decreases as material thickness increases.    Not only that, 
but the K value for instability approaches that of the threshold of slow growth.    The im- 
plication is that for some thickness greater than 1 inch, failure will occur essentially 
without slow growth, further implying that the K value at that thickness will be Kic. 

In regard to fatigue-crack propagation, this program has shown, over the limited 
stress range studied, that in the thickness range 1/4 to 1 inch, there is a very small 
effect of thickness on fatigue-crack propagation at propagation rates below about 10-4 
in. /in. /cycle.    A thickness effect at higher rates (for identical AK,  di/dN is greater, 
the greater the thickness) is believed to reflect the reduced fracture resistance of the 
thicker materials.    In comparison with the 1/4 to  1-inch-thick material,   1/16-inch-thick 
sheet had substantially lower rates of crack propagation for all comparable crack lengths. 

The question of the effect of plate width has not been completely answered by this 
study since crack-growth measurements were not followed to the instability length. 
However, for crack lengths up to about 10 inches in 16- and 36-inch-wide panels and up 
to about 6 inches in 8-inch-wide panels, the rates of crack propagation up to a rate of 
approximately 10-3 in. /in. /cycle at similar values of AK are essentially the same. 
Additional experiments are needed to determine whether this is the case at even higher 
cracking rates. 
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APPENDIX A 

PRELIMINARY TESTS 

In this appendix are presented details of the preliminary series of tests and their 
interpretation.    For brevity, all information common to these tests and the main body of 
tests has been included in the main text. 

Test Details 

Material 

All specimens were machined from 7075-T7351 aluminum alloy 1/4-inch sheet or 
1-inch plate.    Tensile tests were performed and the results for the 1/4-inch sheet and 
1-inch plate are listed in Table A-l,  as are the Alcoa figures. 

TABLE A-l. VERIFICATION TEST DATA FOR TENSILE PROPERTIES 
OF 7075-T7351 /iLUMINUM ALLOY 

Battelle Room-Temperature Tensile-Test Results 

Specimen Thickness, 
in. 

2 Percent 
Yield Strength, 

psl 

1 
2 
3 
4 
5 

0.2512 
0.2500 
0.2503 
0.2510 
0.2505 

60,295 
60,745 
60,385 
60,025 
60,465 

irage 60,383 

1 
2 
3 
4 
5 

1.0370 
1.0380 
1.0370 
1.0368 
1,0380 

65,535 
65,550 
64,865 
65,610 
64,550 

Ultimate 
Tensile Strength, 

psl 

71,040 
71,220 
71,130 
71,015 
71,160 

71,113 

75,190 
75,450 
75,140 
75,770 
74,835 

Average     1.0380        65,222 75,277 

Alcoa Tensile Test Results (75 F) 

Tensile Strength   73,000 psl 
Yield Strength 63,000 psl 
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Specimen Configuration and Fabrication 

The specimens were machined from 1/4-inch sheet and 1-inch plate to the desired 
thickness so that rolling effects upon material-property variation were minimized.   It 
was necessary to use 1/4-inch sheet for specimens 1/4 inch thick and less because of 
the machining and handling difficulties associated with 1-inch plate machined to less 
than 1/4 inch thick at the reduced section. 

The 1/4-inch-thick specimens were made from both 1/4-inch sheet and 1-inch 
plate to observe deviations in fracture and fatigue-crack-propagation behavior due to 
processing. 

The overall dimensions and profile types of the specimens are presented in Fig- 
ure A-l.    Profile Types 2 and 4 represent offset specimens.    The offset was employed 
to determine whether there were any differences in properties with respect to the loca- 
tion of the reduced section and to note whether there were machining effects.    Specimens 
1/4,   1/8,  and 1/ 16 inch thick were machined according to Profile  1 in Figure A-l. 
Specimens 3/8,   1/2, 5/8,  3/4,  7/8, and 1 inch thick were machined according to Pro- 
file 3 of Figure A-l.    Two 1/8-inch-thick offset specimens were machined according 
to Profile 2 and two 1/2-inch-thick specimens were machined according to Profile 4. 

The specimens were blanked in the mill before shipping to Battelle.    Fabrication 
was accomplished using standard machining operations.    The initial through-the- 
thickness flaw was machined using electric discharge machining.    The dimensions and 
shape of the initial flaw are shown in Figure 4 in the main body of the report. 

Test Procedures 

Fatigue-Crack Propagation.    Two preliminary tests were conducted to determine 
the stress level to be employed for the crack-growth studies.    The initial stress levels 
were selected in accordance with operational stress levels applied to naval aircraft. 
However,  it was found that by employing these levels, the fatigue crack made a transi- 
tion from the flat to the slant mode of propagation before the desired crack length of 
W/3 was reached.    Consequently,  a lower value of stress had to be employed in the 
crack-growth studies.    The values of stress finally arrived at were a mean stress of 
8000 psi and an alternating stress of 5000 psi.    It was found that this stress level was 
low enough to prevent the transition from the flat to the slant mode of propagation.    The 
specimens were subjected to sinusoidal loading such that the peak value of load gave a 
corresponding peak gross stress of 13, 000 psi and a minimum load value that resulted 
in a 3000-psi stress level- 

On the basis of previous investigations of aluminum alloys,  it was assumed that 
7075-T7351 was insensitive to loading frequency.    The specimens were always tested at 
the highest possible frequency while maintaining consistent load accuracy by visually 
monitoring the load cycle on an oscilloscope and by using limit detectors that restrict 
machine operation to the desired accuracy.    The limit detectors were set to give upper 
and lower load accuracies of 1.5 percent full scale for the load range used.    The fatigue 
loading was terminated using the remote on-off switch when'the crack reached a length 
of 2. 6 inches. 
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Fracture.    After fatigue cracking was completed, the plastic grid was removed 
and a compliance gage was inserted into the crack opening.   The gage was aligned with 
a telescope.   The fracture tests for Specimens 1 through 21 were conducted at a strain 
rate of 0. 005 in. /in. /min until failure occurred.   The tests on Specimens 22 
through 27 were conducted using a constant loading rate to fracture.    The loading rate 
was selected such that it produced a strain rate of 0. 005 in. /in. /min in the elastic por- 
tion of the deformation.    The constant-load-rate tests were conducted because it was 
observed that immediately after pop-in on the constant strain tests, the load dropped off. 
This drop-off in load is associated with a delay in the hydraulics when pop-in occurs. 
It was reasoned that a structure does not see a loading situation where the load drops 
off at pop-in, and thus it was decided to conduct tests at a constant load rate to deter- 
mine whether this type of loading would affect the results. 

The compliance-gage output was the X-axis input to an X-Y recorder with the 
X-axis recording the load level.    The COD-load curves comprised the record of the 
fracture tests.    This plot, in conjunction with viewing the fracture surface, was used 
to analyze the results. 

Experimental Results 

Fatigue-Crack Propagation Results 

Figure A-2 is a graphical display of the basic crack-propagation data.   The crack 
length as a function of the number of load cycles is plotted for the spectrum of 
thicknesses. 

From Figure A-2, the crack growth rate, d(2c)/dN, for a given crack length was 
obtained by graphical differentiation.    It was plotted as a function of crack length for 
1-,  3/8-, and 1/16-inch-thick specimens.    These thicknesses were selected because 
of possible interest in them for the main program.   Figure A-3 represents the crack- 
growth rate versus crack-length data plotted on arithmetic coordinates. 

Fracture Results 

Basic Data.    The results of the fracture tests are presented in Table A-2,    For 
each specimen,  Table A-2 contains the following information (reading left to right); 
specimen number; thickness,  t; gross area, Ag; maximum fracture load,  Pj; pop-in 
load,  P2; 5 percent secant offset load,   P3; gross stresses Sj,  82, and S3; and the 
stress-intensity factors K\, Kj,  and K3 based on Pi,  Pj,  and P3,  respectively. 

Stress-Intensity Factors. The fracture-data analysis was based on the concepts 
of linear elastic fracture mechanics using for a center-notched, through-the-thickness 
flaw, 

K -- S    V TC sec(7rc/W)    . (A-l) 
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Straw Ratio«0.433 

i J^ ' ^ ' A ' .L ' ^ 
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FIGURE A-2.   CRACK LENGTH VERSUS CYCLES FOR PANELS OF 
VARYING THICKNESSES 
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0.4 0.8 1.2 1.6 2.0 
Crack Length, 2c, inch«« 

2.4 2.8 

FIGURE A-3.    CRACK GROWTH RATE AS A FUNCTION OF CRACK 
LENGTH AND THICKNESS 
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TABU A-2.    F»A1 OTM-IOUCBMSS 

Thlckneaa, 
In. 

Groaa 
Area, Ag, 

aq In. 

Maximum 
LoaiP].. 

kip 

Pop-In 
Load, P2. 

kip 

5 Percent 
Secant Offaet 

Load, P3, 
kip 

V      82'      S3-        V 
kal     kal     kal    kal/ln. kalrtnT 

«3. 

kal/ln. 

5 1/16 aheet 0.503 14.0 12.5 10.5 27.8    2».9    20.9      60.4 53.8 45.2 

8 

4 

1/16 aheet 

1/8 aheet 

0.523 

0.982 35.1 - 28.0 

28.5 

28 2 

35.7      ..      28.5      77.0 

36.0      —      29.3      77.6 

— 61.5 

63.3 

7 1/8 aheet 0.973 35.0 
35.7      —      28.4      76.8 ~ 61.4 

6 1/8 offeet- 0.993 35.7 

aheet 
28.9 35.8      —      28.2      77.4 — 60.9 

9 1/8 offaet- 1.025 
aheet 

55.0 35.!      .-      27.6      75.8 — 59.6 

1 

2 

3 

1/4 aheet 

1/4 aheet 

1/4 aheet 

1.998 

2.007 

2.015 

71.0 

68.5 

72,5 

50.0 

64.0 

50.0 

56.0 

34.1    25.0    25.0      73.6 

36.0    31.8    27.8      77.6 

25.8      ..        -        55.8 

54.0 

68.7 

54.0 

60.0 

19 1/4 plate 1.996 51.5 " 
64.5 

63.0 

67.0 

34.5      -      32.3      74.5 - 69.7 

26 

10 

14 

1/4 plate 

3/8 plate 

3/8 ttana- 

2.006 

2.983 

2.967 

69.0 

109.1 

70.5 52.5 

36.6      —      21.1      78.9 

23.8    17.7    22.6      51.5 38.2 

45.5 

48.9 

15 

25 

27 

verae plete 

1/2 plate 

1/2 plate 

1/2 offaet- 

4.018 

3.985 

4.005 

135.0 

128.5 

122.0 

76.0 

72.0 

68.0 

106.0 

100.0 

120.0 

33.6    18.9    26.4      72.5 

32.4    18.1    25.1      70.0 

30.6    17.0    30.0      66.0 

40.8 

39.0 

36.7 

57.0 

54.2 

64.7 

20 

plate 

1/2 offaet- 3.985 123.0 120.0 100.0 30.9    30.1   25.1     66.7 65.0 54.2 

12 

24 

16 

22 

17 

21 

plate 

5/8 plate 

5/8 plate 

3/4 plate 

3/4 plate 

7/8 plate 

7/8 plate 

4.977 

4.986 

6.026 

6.006 

6.952 

6.975 

156.2 

154.7 

184.0 

188.5 

178.5 

88.0 

91.0 

104.0 

103.0 

121.0 

117.5 

120.0 

120.0 

146.0 

136.5 

146.5 

142.0 

31.4    17.7    24.1      67.9 

3J.0      —      24.1      67.0 

-      17.2    24.3 

30.7    17.2    22.8     66.3 

27.1    17.4    21.1      58.5 

25.6    16.8    20.4      55.3 

17.2 

38.2 

37.0 

37.1 

37.5 

36.4 

37.2 

52.0 

52.0 

52.5 

49.1 

45.5 

44.0 

11 

13 

1 plate 

1 tranaverae 

8.045 

8.050 134.0 

138.0 

119.0 128.0 16.6    14.8    15.9      36.0 32.0 34.4 

place 
123.0 

144.0 

152.0 

152.5 

26.6    15.4    18.8      57.4 33.1 40.6 

18 

23 

1 plate 

1 plate 

8.078 

8.229 

210.5 

216.0 
26.2    17.6    18.5      56.6 37.9 39.9 
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I 
Figure A-4 U a plot of the •treie-intentlty factor based upon maximum load 

verwut thlckneti.   Figure A-5 «how» the •treei-lntenelty factor bated on the 5 percent j 
•ecant offaet load a« a function of thickneii, and Figure A-6 It a plot of ttrett-Intensity I 
factor bated on pop-in load versus thicknees.   From Figures A-4, A-5, and A-6, It is 
noted that the K values for the transverse specimens are significantly lower than those j 
for the longitudinal specimens. 

I 
Discussion 

Fracture 

The effects of thickness upon the stress-intensity factor, K, are Illustrated by 
Figures A-4, A-5, and A-6.   Apparently, the same values of K result if the specimen 
is loaded under constant-load or constant-strain conditions as long as the rate of load- 
ing is approximately the same.   All three plots of stress intensity versus thickness 
indicate a reduction in the magnitude of K for thicknesses less than 1/4 inch and for 
thicknesses greater than 1/4 inch.    The decrease in K value for thicknesses lest than 
1/4 inch shown in the figures may be due to buckling in the crack plane.    Buckling guides 
were used as described in the main text. 

As discussed previously, four specimens were machined with an offset configura- 
tion to determine whether there is any varUtion in K value due to the location of the 
reduced section.    From Table A-2, the difference in S^ S2, K;, and K2 for the 1/8- 
inch sheet and 1/8-inch offset sheet does not appear significant.    The maxunum gross 
stress   Si, is slightly lower for the 1/2-inch offset specimen than for the 1/2-mch 
sheet specimen.   If one focuses on the Kj values for the 1/2-inch-thick specimens, 
since these have less scatter than do the K2 and K3 values, it appears that there may be 
a slight effect of specimen location on fracture behavior.    This effect might well be 
expected in the thicker material, since the thicker material is probably less homogene- 
ous in the thickness direction than is the thinner material. 

On the basis of these results, it was decided to conduct the main program using 
1/16-,  1/4-,  1/2-, and 1-inch-thick panels. 
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APPENDIX B 

TABULATION OF FRACTURE-TOUGHNESS INDICES 

Tabulation* of ■tresa-intemity factors (SIF) and crack-sensitivity indices for the 
fracture data derived in this program are presented in this appendix.   Tables B-l through 
B-4 present,  respectively, data for 1/16-,   1/4-,  1/2-, and 1-inch-thick 7075-T7351 
aluminum-alloy sheet and plate.    Each  computed column is annotated with the reference 
expression from which it was derived, the appropriate input data set being indicated 
below: 

K0  = f(2c0, S3) 
K!   =f(2c1, Sj) 
cm = 8(2co. sl) 

TABLE B-l.     FRACTÜSE-TOÜGHNESS INDICES FOR 1/16-INCH- 
THICK 7075-T73      ALUMINUM ALLOT SHEET 

5 Percent 
Specimen     Nominal Width,    Secant Offset SIF,     Max Load SIF Crack Sensitivity 

W, in. K,  ksl-ln.1'2 K., ksl-in.1'2 C , In.1'2 

OX IB 

Ref. Eq.   (4) Ref. Eq.   (A) Ref, Eq.   (14) 

57 8 34.5 73.8 0.66 
58 40.0 73.9 0.60 
59 42.2 97.4 0.57 
60 41.0 92.4 0.63 

34.5 73.8 
40.0 73.9 
42.2 97.4 
41.0 92.4 
49.4 96.2 
36.7 88.7 
50.0 74.0 
35.0 60.7 
30.0 43.4 

61 49.4 96.2 0.58 
62 36.7 88.7 0.69 
63 50.0 74.0 0.85 
64 35.0 60.7 0.89 
65 8 30.0 43.4 1.40 

Avg. 39.9 77.8 0.76 
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TABLE B-2.     FRACTURE-TOUGHNESS INDICES FOR 1/4-INCH- 
THICK 707S-T7351 ALUMINUM ALLOT PLATE 

5 Percent 
Specimen     Nominal Width,    Secant Offset SIF,      Max Load SIE.        Crack Sensitivity, 

W,  in. Ko, ksi-ln.1'2 H^ ksl-ln.1'2 Cn,  in.1^ 

Ref. Eq. (4) Ref. Eq. (4) Ref. Eq. (14) 

28 8 31.2 86.6 0.69 

29 40.3 — 0.61 

30 53.3 97.3 0.61 

31 51.4 91.8 0.63 

32 42.7 92.8 0.59 

33 45.0 92.3 0.62 

34 47.0 99.3 0.63 

35 46.7 99.2 0.67 

36 53.2 93.8 0.69 

37 42.2 85.4 0.73 

38 42.1 82.7 0.77 

39 41.1 77.6 0.83 

41 41.3 71.2 0.81 

43 41.0 55.4 0.87 

44 39.3 54.0 1.16 

45 45.7 57.7 1.14 

46 37.0 45.5 1.06 

47 8 24.0 59.7 2.47 

Avg. 42.5 79.0 0.87 

48 16 37.7 92.0 0.54 

49 45.9 — 0.59 

50 57.3 124.3 0.53 

51 83.6 117.8 0.62 

52 63.6 114.0 0.68 

53 61.7 102.6 0.70 

54 58.5 120.0 0.80 

55 53.2 — 0.84 

56 16 40.1 53.6 1.23 

Avg. 55.7 103.5 0.73 

89 36 61.1 104.9 0.78 

90 64.5 141.5 0.81 

91 36 56.6 201.4 0.68 

Avg. 60.71 149.26 0.76 
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TABLE B-3.    FRACTURE-TOUGHNESS INDICES FOR 1/2-INCH- 
THICK 7075-T7351 ALUMINUM ALLOY PLATE 

5 Percent 
Specimen      Nominal Width,     Secant Offset SIF,      Max Load SIF,        Crack Sensitivity, 

W, in. K , ksi-in.1/2 K ,  ksl-ln,1/2 C , in.1/2 

Ref.  Eq.  (4) Ref. Eq.   (4) Ref. Eq.   (14) 

1 8 33.8 64.9 0.86 
2 35.8 — 0.72 
3 34.7 88.8 0.73 
4 37.5 82.3 0.74 
5 49.1 84.5 0.86 
6 35.5 78.8 0,84 
7 36.5 61.4 1.11 
8 33.3 47.8 1.43 
9 34.7 — 1.15 

10 34.9 61.8 1.00 
39.1 66.8 0.87 

12 36.8 74.9 0.87 
13 34.7 73.6 0.87 
14 46.9 — 0.72 
15 47.8 — 0.63 
16 36.8 47.1 1.19 
17 25.0 — 1-40 
18 35.6 80.1 0.65 
19 41.7 110.0 0.76 
20 38.3 67.2 1.01 
2i 43.1 85.0 0.68 
23 41.1 88.5 0.74 
24 46.8 81.6 0.70 
25 39.1 79.5 0.84 
27                        8 39.4 75.9 0.87 

Avg. 

66 16 
67 
68 
69 
70 
71 
72 
73 16 

Avg. 

86 36 
87 
88 36 

Avg. 

37.3 75.0 0.89 

36.5 142.3 0.75 
42.6 132.3 0.64 
  154.0 0.76 

54.5 143.6 0.90 
47.9 115.4 0.68 
49.5 113.8 0.77 
46.0 80.1 0.88 
38.4 — 0.98 

45.0 125.9 0.80 

— 1.83 
46.2 86.7 1.87 
37.5 ~ 2.29 

41.83 86.7 2.00 
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TABLE B-4. FRACTURE-TOUGHNESS INDICES FOR 1-INCH- 
THICK 7075-T7351 ALUMINUM ALLOY PLATE 

5 Percent 
Specimen Nominal Width. 

W,  In. 
Secant Offset SIF, 

K0, ksl-ln.1'2 
Max 

^.1 
Load SIF. 

kal-in.1/2 
Crack Sensitivity, 

Cm. ln.1/2 

( 

Ref .  Eq.   (4) Ref .  Eq.   (4) Ref . Eq.  (14) 
■ 

92 8 33.4 42.5 1,87 
* *• 
93 44.5 52.8 1.45 

94 8 39.7 45.4 1.68 

Avg. 39.2 46.9 1.67 

74 
75 
76 
77 
78 
79 
80 
81 
82 

16 32.8 
34.2 

49.5 
60.6 

1.72 
1.59 

36.8 53.7 1.68 

38.1 55.8 1.53 

42.0 66.0 1.35 

46.2 51.4 1.70 

16 

38.0 
33.7 
25.1 

43.9 
46.5 

2.10 
2.05 
3.16 

53.4 1.88 
Avg. 36.3 

83 
84 
85 

36 

36 
47.6 
44.5 

69.0 
68.4 
64.7 

1.55 
1.56 
1.89 

Avg. 46.0 67.3 1.67 
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APPENDIX C 

MATHEMATICAL ANALYSIS OF CRACK 
PROPAGATION EQUATION 

A preliminary evaluation of fatigue-crack-propagation data using Equation (28), 
i. e., 

di C AKn 

dN     (I - R)K    - AK     ■ c 

showed for a given consistent group of data (for example, all 1/4-inch-thick specimens, 
8 inches wide) that C and n varied from one specimen to another in a random manner*. 
In order to provide a single equation for each group of data,  it was desired to obtain 
mean values of C and n for the nine or more specimens of each group.    This appendix 
contains a discussion of a mathematical analysis of the above expression to determine 
how to characterize the mean values of C and n (arithmetic means, geometric means, 
etc.), retaining the formal structure of the above equation. 

Consider the expression) 

C. (AK)ni 
,  i =  1,   ...    , m, (C-l) 'i     (1 - R)K    - AK 

c 

where i ranges over the number of specimens in a given group of specimens.    Thus, 
nj and C; denote constants fitted to an expression of the above form for each specimen. 

If one takes the logarithm of Equation (C-l), adds the equations for each speci- 
men, and divides each term by m, the number of specimens in a group, the following 
equation results: 

mm m 

i-V   iny^-LY   inC+i^'Y   n, 
i= 1 i= 1 i= 1 

M (1 - R)Kc - (AK)]    . (C-2) 

la ehe intlyih, the data pain for each ipeclmen, I —, AK j   , were analyzed by leait-iquaiei legreulon to provide the best 

value of C and n foe each ipeclmen. 
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Because the «urn of logerithmi U equivalent to the logarithm of a product, namely, 

m 
^   in y. = *n yj + te y2 + .. . + in ym 

i=l 

= in (yj y2 • • • ym) = '« Ji ^1   ' 

Equation (C-2) can be rewritten as follows: 
r       m     ' 

ito(ln1yi)^in(|1c1)+inAK   H^ 

--Linj^, Id -R)K    -(AK)l} 

(C-3) 

(C-4) 

One recognizes in Equation 

i-(i?ivi)i^U<Om 

i-tn. MnAK-in[(l-R)Kc-aK]     . (C-S 

i=l      J 

(C-4) that 1 to ( IJ y.)  and ^ in ^ .^ C.j   are geometri 

means and that 1 V n. is an arithmetic mean, so that one can set 

1=1 

iny ^"(iSi^j111 ' 

in C = to(  .Hj C.j 

_1_ 
m (C-6) 
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and 

-■=!», ■ 
i=l 

where y1 and C are geometric means and n' is an arithmetic mean.    These substitutions 
in Equation (C-5) yield 

in y'= inC +n' in(AK) - to((I - R)K   - &K]    . (C-7) 

By taking antilogarithms, Equation (C-7) becomes 

„ CMAK)  
y   [ (1 - R)K    - AK]     ' 

(C-8) 
c 

or more suggestively, 

[ Geometric mean of y's] 

[ Arithmetic mean of n'sj 
[ Geometric mean of C'B]  AK 

[(1 - R)Kc - AK] (C-9) 

This analysis shows that a relation of the same formal structure to Equation (28) 
in the text is obtained from the averaging process,  if the Cj's are replaced by their 
geometric mean and the nj's are replaced by their arithmetic mean. 

On the basis of this result, the calculations for all groups of test results were 
based on the arithmetic mean of n and geometric mean of C. 

As a numerical test of this decision, the fatigue-crack-propagation data for the 
fifteen I/4-inch-thick specimens were analyzed using three different methods of assign- 
ing values to C and n in Equation (28).    The three methods were as follows; 

(1) Arithmetic mean, n; arithmetic mean, C. 
(2) Median,  n; median,  C. 
(3) Arithmetic mean, n; geometric mean,  C. 

In the analysis using one of the above methods, the "average" C and n were com- 
puted from the individual Ci and nj for each specimen.    Using the "average" values for 
each specimen, dl/dN values were computed for each AK for which data were available. 
Since the computed values represent average values,  one might expect that half of these 
values should be slightly more than the test values and that half of them should be less 
than the test values.   Accordingly, for each specimen, a Chi-Square test* was made on 
the positive and negative deviations between the fitted curve and the data.    If half of the 

2 
2 (P - N/2) 2 •Chl-Squue te« employed X   '2 ■ -— = 4(P - N/2) /N, where Pdenocei the actual number of poiitlve devlatloniand 

N/2 denotes the expected number of positive deviations. 
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devUtlom were po.itlv«, the Chl-Squ.re value would be ..»o.   The Urger the value 
from the Chl-Squ*re te.t, the greater i. the deviation of the average curve from te.t 

data. 

From the above analyele, u.lng the three methode of "averaging" C and n, the 
following eummary statement can be made: 

(1) Method 3, uelng the arithmetic mean on n and geometric mean on C, 
gave the beet reeulte for 11 out of 15 epecimene.* 

(2) Method 2, uelng the median n and C, gave the be.t reeulte for 4 out 
of IS epecimene. 

(3) Method 1, uelng the arithmetic n and C, gave uniformly the woret reeulte. 

Thus, the computatlone eubetantlated the conclusion reached In the mathematical 
analysis of the crack-propagation equation. 

„e« «.ul.. men. th., the Chl-S,»«. ».lue fo, . given .peotoen obtlned with . given method *.. the lowe« value fo, th« 

specimen obulned with the three methodi of "evertglng". 
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