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FOREWORD

This report describes an investigation of flaw growth and fracture character-
istics of structural aerospace alloys containing deep surface flaws performed
by the Boeing Aerospace Company from June 1970 through March 1972 under Con-
tract NAS3-14341. The work was administered by Mr. John A. Misencik of the

NASA Lewis Research Center.

This program was conducted by the Research and Engineering Division of the
Boeing Aerospace Company, Seattle, Washington under the supervision of H. U,
Klopfenstein, Structures Research and Development Manager. The Program Leader
was J. N. Masters, Supervisor, Failure Mechanisms Group. The Technical Leader
was R, W. Finger and W. D. Bixler performed the flaw growth analysis.

A. A. Ottlyk provided test engineering support, and D. G. Good produced the
technical illustrations and art work. This technical report is also released
as Boeing Document D180-17753-1.
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1.0 INTRODUCTION

The semi-elliptical surface flaw is an excellent model of common failure
origins in aerospace structure and so has been the object of considerable
study. This type of defect is especially prevalent in failure analysis reports
of welded aerospace pressure vessels and to a lesser degree, percentage wise,

in aircraft primary structures.

Pressure vessel design methods have been developed {1)* for assuring that
crack-like defects will not grow sufficiently to initiate failure during the
required operational life. Similar efforts are now underway to develop more
effective guidelines for assuring structural integrity of military aircraft(z).
A large part of the data used in the formulation of the philosophies of the
reference 1 monograph resulted from testing and analysis of surface flaws 1in
relatively brittle materials. Flaw and plastic zone sizes usually were
relatively small with respect to other specimen or structure dimensions., The
most significant structural failures of high performance aircraft, those
prompting accelerated Air Force research efforts, also involved surface
defects in high strength (brittle) materials.

With the above situations the defect becomes critical before it can grow
through the thickness and become detectable. Catastrophic failure can and
has occurred. Exact stress intensity solutions for these conditions are not

(3)

and combined with Kobayashi's original deep flaw magnification values has

available, however, the solution due to Irwin for shallow surface flaws

proven to be quite useful in solving practical engineering problems.

Recognition of the factors causing these past failure problems has resulted

in gradual but marked changes in new designs and structures. Improved
materials and material processing, and reduced strength and stress levels

have combined to result in conditions in which critical flaw sizes approach or
exceed the wall thickness of the structure. While this improves structural
safety and durability, it complicates the failure mode and 1ife prediction
efforts. The previously developed analytical procedures based upon modified

* numbers in parenthesis refer to references at end of report



linear elastic fracture theory become increasingly ineffective as flaw and
plastic zone size become large with respect to other dimensions, and one must
rely heavily on experimental results.

Initial experimental work devoted strictly to the deep flaw problem was
initiated in 1967 and is published in Reference 4. This work involved static
and cyclic testing of 2219-T87 aluminum and 5A1-2.55n titanium base metal and
weldments. VYery thick and very thin gages of material were tested to bracket
the problem, a/t and a/2c values were systematically varied to cover a complete
range of flaw sizes and shapes. The resulting data were analyzed to determine
deep flaw magnification factors, MK, which could be applied to the Irwin stress
intensity solution. It was concluded that these values of MK applied for net
failure stresses up to 0,900y and ligament thicknesses (tn =t - a) greater

than 0.20 (KIE/oy)2
4 program to detect stable flaw growth preceding fracture, however, it was

Instrumentation was not available during the reference
suspected that such behavior did affect both static and cyclic behavior.

This experimental program had two major objectives. The first objective was to
further explore the static and cyclic behavior of combinations of flaw depths,
flaw shapes, and thicknesses thru that range where failure mode changed from
"catastrophic failure" to "leak-before-failure". Titanium 6A1-4Y and aluminum
7075-T651 were added to the 2219, and several intermediate thicknesses were
added in order to expand applicability of the results.

The second objective was to evaluate the effects of a prior proof overload
cycle on subsequent cyclic or sustained load behavior. 6AT1-4V titanium
specimens were either sustain loaded or cycled in air or in a 3%% salt solution
at room temperature after receiving a simulated proof overload cycle. 2219-T8&7
specimens were cycled at 78° (-320°F) after receiving a proof cycle.

The following sections of this report describe related background data,
materials and experimenta] approach, and presentation and discussion of results.

Applicable data from reference 4 are combined with results of this program in
the discussion section.



2.0 BACKGROUND

Relationships between stress intensity, flaw size, and nominal stress field
have been derived for a number of crack geometries and loading conditions.
Solutions for the semi-elliptical surface flaws have provided to be the most
useful in the prediction of pressure vessel performance. To date several

approximate solutions are available.

Irwin(B) first obtained a solution for a semi-elliptical surface flaw in a plate
and estimated that the solution may be valid for flaws with depth to about
one-half the material thickness. This derivation was based on Green and
Sneddon's so]utipn(S) of an elliptical crack in an infinite solid and Wiggle-
worth's so]ution(s) of an edgecracked semi-infinite solid. The stress intensity
factor at the deepest penetration of a semi-elliptical flaw was then given by:

Kpg = 1.70 \f% (1)

where g 1is the applied gross stress
Q is as shown in Figure 1

Equation (1) has proven to be quite useful in practical applications for
relatively shallow flaws and at stress levels below the material yield strength.
There are no acceptable theoretical solutions for surface flaws fracturing in
the presence of largescale yielding. Several theoretical solutions are now
.available for estimating the magnification factors for deep surface f]aws.(7)
The work of Smith, and of Shah and Kobayashi reported in reference (7) are
believed to be particularly important contributions to the increased under-
standing of the problem. Due to the extensive coverage of the surface flaw
problem reported in reference (7) a detailed description is not attempted here.
It is important to note that these recent solutions generally take the form of
equation (1), but modify it to better account for front surface effects, and

to account for back surface effects. For example, the 1.1 factor estimated by
Irwin to account for the front surface effects is replaced by a variable

which ranges from a value of about 1.03 to 1.12, and is a function of flaw
shape. Additionally, back surface effects are accounted for by multiplying



equation (1) by a correction factor (MK or Mz) which varies primarily with flaw
shape and flaw depth-to-thickness ratio.

(4) was under-
taken in 1967. This work involved static and cyclic testing of aluminum
2219-T87 and titanium 5A1-2.55n base metal and weldment. Each material was
tested in very thick and in very thin gages in an attempt to bracket the

The first systematic experimental study of deep surface flaws

problem; a/t and a/2c values were systematically varied to cover a complete
range of flaw sizes and shapes for each of the materials. A summary of testing
parameters included in the reference (4) work is shown in Table 1.

The approach used to calculate magnification factors consisted of, first,
plotting all data in terms of apparent toughness (KIE per equation 1) versus
depth-to-thickness ratio, a/t for each of the thicknesses, test temperatures,
and flaw shapes. Earlier data (e.g., reference 8) had shown that at net
section stresses above about 90% of yield strength, KIE values are suppressed,
and thus data in this range was not included. A baseline toughness was then
selected as the apparent KIE as a/t approached 0. The My value then was set
equal to the baseline toughness divided by the calculated apparent toughness
for the particular value of depth and shape tested. Figure 2 shows typical
data for 2219-T87 aluminum base metal at a test temperature of 20%K (-4230F).
Note that net section stress for all points is less than 90% of yield strength
except as noted, and that the curve of apparent toughness is faired above the
high stress points.

Resultant MK curves for 2219-T87 base metal for varying a/t and a/2c values
are shown in Figure 3. As a result of the analysis of this data, it was
concluded that these curves apply for failure stresses up to 0.90c s and
Tigament thicknesses (tn = t - a) greater than 0.20 (KIE/cyS)Z. Similar
curves for the H5A1-2-1/2Sn material exhibited slightly higher MK values.

With only a few exceptions, the actual data fell within a + 10 percent scatter
band around the curves shown, with the titanium data showing a tendency for
greater scatter than that of the aluminum.



The ligament restriction noted above was an estimate, although very few data
points were obtained in this area. It was hypothesized that at this point,
excessive filaw growth preceded failure. In the extreme case, growth through-
the-thickness could occur prior to fracture. Obviously, a surface flaw "model™
would not be expected to describe the failure process in this case--the
specimen actually contains a through-crack at failure. As a result of analysis
of the cyclic test data, it was also concluded that cyclic flaw growth rates
increased markedly when the above noted ligament restrictions were exceeded.

NAS 3-10290 provided considerable data which verified a significant increase in
flaw tip stress intensity for deep flaws, and identified a range of flaw
depth-to-thickness ratios where important deviations from theoretical predic-
tions occur. This range of depths roughly corresponded with the departure from
"castastrdphic failure" versus "leak before failure" condition. Thus, additional
data in this range were considered vital for accurate prediction of failure mode
of pressure vessels. The program reported herein was initiated to further
explore this area. 6A1-4V¥-Ti and 7075-T651 were added to the 2219, and several
intermediate thicknesses were added in order to expand applicability of the
results.






PRECEDING PAGE BLANK NOT FILMED

3.0 MATERIALS AND PROCEDURES

Table 2 shows an overall summary of tests performed. As can be seen, mechanical
property and static fracture tests were performed on 7075-T651 aluminum, 6A1-4Y
STA titanium, and 2219-T87 aluminum. Additionally, simulated proof tests, cyclic
flaw growth tests, and cyclic and sustain load tests following a simulated proof
overload cycle were performed on the latter two alloys. Other test variables
included specimen thickness, flaw shape, and flaw depth-to-thickness ratio.
Specimens of all thicknesses were machined from a common gage for each atloy

with the specimen neutral axis coincident with the plate neutral axis. The
following paragraphs give specific details on test materials and procedures.

3.1 Materials

The 2219 aluminum plate material, 25.4 by 914 by 2134mm (1.0 by 36.0 x 84.0
jnches) was purchased in the T87 condition per Boeing BMS 7-105C (equivalent to
MIL-A-8920-ASG). The 7075 aluminum plate material, 25.4 by 914 by 2134mm

(1.0 by 36.0 by 84.0 inches) was purchased in the T651 condition per QQ-A-250/
12D. The 6A1-4Y titanium plate material, 9.5 by 609 by 1829mm (0.375 by 24.0

by 72.0 inches) was purchased in the annealed condition per MIL-T-9046F, Type II,
Composition C.

Both aluminum alloys were tested in the as received condition without subsequent
thermal treatment. The titanium plates were subjected to the following treat-
ment:

a) solution treat at 1227K (1750F) for 30 minutes
b) water quench with 6 second maximum delay
c) age at 769K (925F) for 8 hours.

Chemical composition of the titanium alloy and the specification limits
for the aluminum alloys are listed in Table 3. A1l plates of each alloy
were obtained from a common heat.



3.2 Specimen Preparation

Mechanical properties were obtained by testing specimens of the configuration
shown in Figure 4. Tests were performed with the specimen axis oriented both
parallel and perpendicular to the major plate rolling direction.

A1l fracture and flaw growth tests were performed using uniaxially loaded
surface flaw specimens. The many thickness, flaw depth, and flaw shape
variables investigated resuited in requirements for the many different specimen
configurations as shown in Figures 5 through 12, To prevent configuration
variables from affecting test results dimensions were generally controlled to
the following:

3 times width
5 times flaw length.

specimen length >
>

specimen width

These constraints were practical for all but a few of the thickest specimens
with the longest flaws. However, as shown in Appendix A, strain gage data
indicate that specimen dimensions were adequate even on those excepted cases.
The objective of this program was to investigate flaw growth characteristics
only up to the point at which the flaw penetrated the thickness (i.e., leakage).
Of course, for studies involving growth after this point, greater widths would
be required.

A11 aluminum surface flaws were oriented with the flaw plane parallel to the
major plate rolling divection (referred to as WT orientation/propagation
direction). A1l titanium surface flaws to be tested in air were oriented with
the fiaw plane perpendicular to the major plate rolling direction (RT). The
titanium specimens tested in argon and salt water (Reference Section 4.0) were
oriented in the WT direction.

A1l of the test specimens were drilled using drill jigs in which the holes had
been located to within a tolerance of +0.025mm (+0.007 inch). The specimen

grips were also drilled using the same drill jigs to ensure an accurate fit
between specimen and loading grip.



A1l surface flaws were prepared by initially introducing a starter notch by
means of an Electric Discharge Machine (EDM} and then extending the starter
notch by means of low stress cyclic fatigue. Since the stress level used to
initially fatigue the crack specimen is dependent upon the material and size
of the EDM starter slot, and a wide variety of flaw sizes were tested, many
different stress levels were used during the initial fatigue cracking. All

of the aluminum specimens, both 2219-T87 and 7075-T651 alloys, were precracked
using a maximum fatigue stress level between 41 and 110 MN/m2 (6 and 16 ksi).
A1l of the 6A1-4V STA titanium specimens were precracked using a stress level
between 103 and 310 MN/m2 (15 and 45 ksi}. Care was taken in all cases to
ensure that the precracking stress level was small compared to the anticipated
test stress level. The low stress fatigue cracking was continued on all
specimens until a fatigue crack existed over the entire periphery of the EDM
starter slot. A microscope was used to monitor the size of the fatigue crack
during the precracking operation.

3.3 Experimental Procedures

The following sections describe the instrumentation and experimental procedures
used to accomplish all of the mechanical property, static fracture, cyclic,
overload and load-unload testing performed during the subject program.

3.3.1 Instrumentation

A1l mechanical property tests were conducted using both extensometer and strain
gages for determination of yield strength, modulus of elasticity and Poisson's
ratio. All of the surfaced flaw specimens were instrumented with an electrical
displacement indicator (EDI) clip gage for determination of crack opening
displacement (COD)}. The EDI clip gage was attached to the flaw either by means
of tabs micro-spot welded to the specimen or by integrally machined knife edges.
Figure 13 illustrates the two different means of attaching the EDI gage. In
addition to the EDI clip gage, the majority of the surface flawed specimens were
also instrumented with strain gages attached on the rear surface, in order to
monitor the strain field behind the flaw. A discussion of the placement of the
strain gages and the results obtained is given in Appendix A. Initially,
pressure cups were used on selected specimens for determination of flaw break-
through. This system consists of placing a pressure cup either directly over



the flaw or directly behind the flaw and then filling one cup with pressurized
gas. The pressure in the cup is then monitored throughout the test; a decrease
in pressure in one cup is accompanied by an increase in pressure in the other,
indicating flaw breakthough.

3.3.2 Mechanical Property Tests

Mechanical property tests were conducted at RT, 78K (-320F), and 20K (-423F) in
air, LN2 and Lst respectively. A strain rate of 0.005 mm/mm/minute was used
on all specimens until the material yield stress was obtained. A strain rate
of 0.02 mm/mm/minute was then used for the remaining portion of the loading
until failure.

3.3.3 Static Fracture Tests

Static fracture tests were conducted using surface flawed specimens, in air

at room temperature and in liquid nitrogen (LNZ) at 78K (-320F)}. A1l specimens
tested at 78K (-320F) were submerged in LN2 by means of an open top cryostat.
The liquid level within the cryostat was visually monitored to ensure that the
test section of the specimen had been completely submerged for a minimum of

15 minutes prior to the application of any test load. A1l specimens were loaded
at a rate such that failure would occur between 1 and 3 minutes after the
initiation of loading.

A1l specimens were equipped with an EDI clip gage to monitor crack opening
displacement and strain gages to monitor the rear surface strain.

3.3.4 Cyclic Tests

Cyclic tests were conducted, using surface flawed specimens, at both room temp-
erature and 78K (-320F). A1l of the 6A1-4V STA titanfum specimens were tested
at room temperature and all of the 2219-T87 aluminum specimens were tested at
78K (-320F). The technique used to ensure thermal stability for the LN2

tests was identical to that used for the static fracture tests. A cyclic

speed of 0.33Hz (20 CPM) was used for all of the testing. In order to define
the flaw size at the time back surface dimpling occurred, the cyclic tests were
interrupted and low stress fatigue cycles were applied to mark the flaw

10



periphery. (Refer to Section 4.0 for a discussion of back surface dimpling.)
The tests were then continued and finally terminated either at flaw break-
though or immediately prior to failure. Flaw breakthrough was detected by
means of pressure cups using the method described in Section 2.3.1. Continual
monitoring of the EDI output allowed the test machine operator to estimate the
remaining cycles to failure. When failure appeared to be imminent, the operator
stopped the cyclic test and then loaded the specimen to failure. Employment of
this method, rather than cycling all the way to failure, results in a more
easily distinguishable final flaw size. Since the failure stress of all the
tests terminated in this manner were near the prior cyclic stress, it can be
concluded that these tests were stopped within a very few cycles of failure.

3.3.5 Overload Tests

Overload tests were conducted at 78°K (-320°F) using 2219-T87 aluminum specimens
and at room temperature using 6A1-4V STA titanium specimens. The tests consisted
of a proof overload applied at a rate such that maximum load would be obtained

in one minute, followed by either sustained loading or cyclic loading.

For the aluminum specimens tested in LNZ’ the cyclic loading consisted of a
0.33Hz (20 CPM) sinuscidal profile. Three different cyclic profiles were used
for the titanium specimens. The three cyclic profiles used were 0.33Hz (20 CPM)
sinusoidal, 0.17Hz (10 CPM) triangular, 0.003Hz (0.2 CPM) trapezoidal. The
0.003 Hz (0.2 CPM) trapezoidal loading profile consisted of a 3 second linear
loading, followed by a 294 second hold, and a 3 second linear unloading. By
using the trapezoidal loading just described, it was possible to have identical
loading and unloading profiles between this and the 0.17hz {10 CPM) triangular
profiles.

A1l of the aluminum overload cyclic specimens were either cycled until the flaw
broke through the rear surface or until failure was imminent. The imminence

of failure was detected by means of an EDI gage as described in the previous
section. Flaw breakthrough was determined by means of a strain gage mounted on
the rear surface slightly above the plane of the flaw. The titanium specimens
cycled in salt water using the trapezoidal loading profile were cycled to

1



failure. For all other cyclic tests the tests were terminated either when the
flaw broke through the rear surface or failure was imminent. The same techniques
as previously described were employed for determination of these two cases. The
sustained load tests which were conducted after overload were held at load

for approximately 7.0 hours and then marked and failed at room temperature.

12



4.0 PRESENTATION AND DISCUSSION OF RESULTS

4.1 Mechanical Property Tests

Results of the mechanical properties tests of the alloys are shown in Tables
4 thru 6. Tests on the 2219 aluminum and the 6A1-4V titanium alloys were
performed at room temperature in air, 78°K (-320°F) in liquid nitrogen, and
20%K (-423°F) in liquid hydrogen. The 7075 aluminum alloy was tested only
at room temperature. Utlimate strength, yield strength, elongation, and
Poisson's ratio were determined.

Uniaxial yield strengths were calculated using loads corresponding to a 0.2
percent offset on load-strain curves. Longitudinal strains were measured using
50.8mm (2.0 inch) gage length extensometers.

Poisson's ratio measurements were made from continuous strain gage recordings
of load (P) versus longitudinal strain (EL) and transverse strain (ET). The
elastic Poisson's ratio was then computed from the formula

where u is the elastic Poisson's ratio;
and

aﬁh-and - are the average slopes of the elastic portions
of the Toad-versus-transverse-strain and load-
versus-longitudinal-strain recordings, respec-
tively.

Measured properties are plotted as a function of test temperature in Figure

14 for the 2219 alloy, and in Figure 15 for the titanium alloy. A7l properties
of the 2219 alloy are guite similar to those of the 2219 alloy tested in the
Reference 4 program.

13



The elongation and Poisson's ratio measurements for the 6A1-4V titanium are
significantly lower than that of the titanium tested in Reference 4 (5A1-2.5%n),
and the strength of course, is substantially higher. Average room temperature
properties of the 7075 aluminum alloy are as shown below.

GRAIN DIRECTION  ULTIMATE STRENGTH  YIELD STRENGTH  %ELONG  POISSON'S

) ) IN 50.8mm
MN/m”_(KST) MN/m® (KSI) (2.0 INCH) _RATIO
Longi tudinal 609 (88.4) 551 (79.9) 1.1 0.318

Transverse 607 (88.1) 536 (77.8) 11.1 0.332

4.2 Static Fracture Tests
Results of the static fracture tests of surface flaw specimens are shown in:

Tables 7 thru 10 - 2219-T&7 Aluminum
Table 11 - 7075-T657 ATuminum
Tables 12 thru 15 - 6AT-4Y Titanium

In each of the above noted tables, specimen dimensions, test conditions, and
gross section stresses at maximum load are shown in the first several lefthand
columns. The next columns, where applicable, note the gross section stress
~at which back surface dimpling was detected and the point at which the flaw
broke thru the back surface. Subsequent columns show initial flaw dimensions
as measured after fracture. For reference purposes, the apparent KIE is shown
as calculated from Equation (1), using initial flaw sizes and gross stress

at maximum load. In subsequent paragraphs, the data of Tables 7 thru 15 are
presented and discussed from several viewpoints in an attempt to describe those
conditions controlling fracture instability of specimens containing deep surface
flaws. The discussion is covered under the headings of (1) Stress-Flaw Depth
Relationship, (2) M, Comparisens, (3) Backside Dimpling, (4) Resistance Curve
Considerations, and (5) Static Fracture Summary.

4.2.1 Stress-Flaw Depth Relationship

The raw data of Tables 7 thru 15 are plotted in terms of stress versus flaw
depth in Figures 16 thru 19 {2219 aluminum), Figure 20 {7075 aluminum), and
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Figures 21 thru 24 (6A1-4V titanium). The data are grouped by nominal flaw
shape, with all test points for a given thickness and alloy plotted on a
single page. For example, the 2219-T87 aluminum data for 0.38 cm (0.15 in.)
thick specimens are shown in Figure 16{a) for a/2c of 0.40; in Figure 16{b)
for a/2c of 0.25 and in Figure 16(c) for a/2c of 0.10. Fach illustration
shows up to three data points for each specimen; the open triangles indicate
stress levels at which back surface dimpling was detected™ the solid circles
indicate stress levels at which the flaws grew through the thickness, and the
open circles indicate stress levels at which the specimens fractured. The
first step in analysis of this data was to determine effective toughness values
which best described the observed failure locii for the various materials,
thicknesses, and flaw geometries. Using the solution and magnification curves
of Figure 3, KIE values were calculated for each alloy which matched the
majority of the data. The resultant nominal values were

K

ALLOY Mn/m> 2 IE[KSI/m
2219-T87 Aluminum 55.0 (50.0)
7075-T651 Aluminum 39.6 (36.0)
6A1-4V STA Titanium 80.2 (73.0)

Plots of these values with a scatter band of *10% were then superimposed on

the raw data plots of Figures 16 thru 24. Test results can now be compared with
those predicted using the Figure 3 solution by observation of each of the above
noted figures.

2219 T87 Aluminum
It is seen in Figures 16 through 19 that all of the 2219-T87 aluminum specimens

which failed before break-thru at section stresses less than ninety percent

of the yield strength (19 data points}) fall within the predicted toughness band.
Above ninety percent of yield strength, the data points fall below the constant
K band. It would appear that a straight line band drawn between this point and
the point of zero flaw size and ultimate strength would adequately describe the
failure locus through this range.

¥ See Section 4.2.3 for a discussion of back surface dimpling.

15



Study of the effects of thickness and flaw shape shows that elastic failure
can be expected for all shapes tested (a/2c of 0.10, 0.25 and 0.40) in thick-
nesses of 1.25 c¢m (0.50 inches) and above. For 0.5]1 c¢m (0.20 inch) material
elastic failure can occur only in the two longer flaw shapes, and in the thin-
nest material tested, 0.38 cm (0.15 inch), only the longest flaw shape can
cause elastic failure.

Observation of all of the 2219 T87 specimens which "leaked" before failing
reveals that such behavior can be expected if the initial Tigament is less
than about 0.15 cm (0.060 inch). Three of the eleven specimens involved, as
seen in Figure 18{(c), had initial ligaments move than 0.15 cm {(0.060 inch).

It is seen that leakage and complete failure in these three specimens occurred
almost simultaneously. In a pressure vessel it is doubtful that leakage would
have been detected prior to complete rupture.

The specimens tested in Reference 4 were not instrumented to detect flaw break-
through, however, it was speculated that break through probably did occur in
several of the thinner specimens and tougher materials. If this did occur the
failures could best be described by consideration of the original surface

flaw Tength (2c) and the plane stress toughness. A comparison of this type was
shown in Figure 71 of Reference 4 for thin titanium surface flaw specimens.

A plot of failure stress versus initial surface length compared quite well with
that obtained from through-cracked specimens over a wide range of crack lengths.
A similar comparison can be made from the data developed in this program. For
example, Figure 18(c) contains the three data points from surface flaws with
a/2c values of 0.10 in 1.27 cm (0.50 inch) plate which broke through before
failing. KCN values were calculated using initial flaw lengths and failure
stresses. The average value was 63.3 MN/m3/2 (57.6 ksivin), which agrees well
with the value of 60.6 MN/m>/ (55.1 ksi/iW) which was obtained for 1.58 cm
(0.625 inch) 2219-T87 plate at 78°K (-320°F) in Reference 4. The single similar
data point on Figure 18(b) for a/2c values of 0.25 in the same thickness
represents a Ky value of 68.7 MN/mW2 (62.5 ksiv¥in). From the above, it is
concluded that fracture of surface flaw specimens which leak before failing can

16



be adequately predicted by considering initial surface flaw length and plane
stress {or transitional stress) toughness for the thickness in question.
Furthermore, the failure stress may be either higher or lower than that which
would be predicted using surface flaw solutions, depending on flaw shape and
the ratio of KIE and KCN for the thickness under consideration.

7075-T651 Aluminum
Results of the 7075-T651 aluminum are shown in Figures 20(a) thru 20(d) for the

four thicknesses tested, all with a/2c values of 0.25.

As can be seen, failures occurred predominantly in the elastic range for all
thicknesses tested. Most of the specimens tested in this series displayed a
distinct pop-in befere failure. This was detected both on the COD traces and
the rear surface strain gages as well as by an audible "click". Pop-in occurred
usually at a load of approximately 85 to 30 percent of the subsequent failure
load. Observation of the fracture faces of these specimens failed to reveal
any signs of growth which may have occurred during the pop-in. Therefore, two
specimens of the series (A5-2 and A5-4 of Table 11) were unloaded immediately
after the discontinuity, and then were fatigue marked and failed. Both
fracture faces revealed growth of about 0.50 c¢m (0.20 inch) predominately at

an angle of about 65 to 75° from the depth direction (i.e., propagat1on closer
to the WR direction). Little or no growth took place at 0 or 90° from the
depth direction., Overall average calculated K1 of the specimens was about 35
MN/m3/2 (32 ksiv/in) at the pop-in load as calculated at the bottom of the flaw.
The stress intensity at an angle of 70° from the bottom should be about

28.6 MN/m3/2 (26.1 ksivin). This value compares favorably with a toughness,
Kie» OF 28.5-30.6 wi/m3/2 (26.0-28.0 ksiv/Tn) obtained from bend specimens in
7075-T6 plate tested in the WR direction (Ref. 9}. The abrupt extension of the
cracks at pop-in was evidently arrested by the pinning action at the surface
and the higher toughness in the depth direction. After pop-in the COD trace
was relatively straight up to the failure Toad.

Since flaw sizes after the pop-ins were not discernible on the other specimens,
the data in Figure 20 and subsequent K calculations are based on initial flaw
dimensions and stress at failure.
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As noted earlier, a K;p value of 39.6 MN/m! 2 (36.0 ksiv/in) with a scatter of
+ten percent was found to best fit the data. By comparing the data of Figures
20{a) thru (d) it is seen that the failure points in the two thinner gages fall
somewhat higher than the overall average toughness band and the points for the
two thickest gages generally appear to fall in the lower part of the toughness
band. (Recall that all specimens were machined from the same thickness). Such
a thickness dependency was not noted in the 2219-T87 data. It may be signifi-
cant that dimpling was not observed in any specimens of the two thicker gages
in the 7075 alloy whereas dimpling was observed in varying degree in all thick-
nesses in the 2219 tests. It is possible that relief of deformation constraint
associated with dimpling would result in increased fracture strength of the
thinner specimens.

One specimen from each of the two thinnest gages experienced break through prior
to failure. In both cases the initial Tigament was less than 0.63 cm {0.025
inch}. Leakage did not occur in the two thickest gages, however ligament
dimensions were larger than 0.63 cm (0.025 inch) in all of these latter tests.
For the two specimens that did leak (Ref. Figures 20{a) and 20{(b)) Koy vatues
are calculated to be 49.2 MN/m>/2 (44.8 ksivin) and 51.6 My/m™ % (47.0 ksivin),
respectively. Mo published KCN data from center cracked specimens of these
thicknesses or test directions could be found, however the values noted appear
to be somewhat low. The edgewise tunneling known to occur during a pop-in

would result in calculated KCN values on the Tow side.

6A1-4Y STA Titanium

Stress-flaw size relationships for the titanium static fracture tests are
shown in Figures 21 thru 24. As noted earlier, a KIE value of 80.2 I‘fiN/m?’/2
(73.0 ksi/in) was initially selected which appeared to fit the overall data
best. This nominal value with a plus or minus 10 percent band is shown in the
figures for comparison with the raw data.
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As with the 2219 fracture results, elastic failure before Teakage was not
observed in the shorter flaws/thinner gage combinations. Elastic failure was
observed in all shapes tested (a/2c of 0.10, 0.25 and 0.40) in thicknesses of
0.318 cm {0.125 inch) and greater. In the thinnest gage of 0.15 c¢cm (0.060 inch)
e]astic failure was produced only with the Tongest flaw (a/2¢c = 0.10).

" There are no systematic variations in failure behavior as affected by varying
thickness. - Additionally, dimpling was observed in all thicknesses tested. In
this respect the titanium behavior is similar to that of the 2219 data.

There does appear to be a distinct effect attributable to flaw shape; specimens
with flaw aspect ratio of 0.40 fall below the nominal KIE band; specimens with
shape of 0.25 fall near or stightly below nominal; and the longest flaws fall
at or slightly above. This is best i1lustrated by comparison of the 0.53 cm
(0.21 inch} data of Figure 23. This is believed to be caused by unusual
directionality of fracture resistance of the plates tested and is discussed

in more detail in Section 4.2.2.

Study of the titanium specimens which leaked before breaking indicates that if
the initial ligament dimension is less than about 0.051 cm (0.020 inch) then such
behavior is highly probable. A few specimens with Tigaments of up to 0.102 cm
{0.040 inch) also leaked before fai]ing. There were a total of nine specimens
which leaked éhd then failed at less than 90 percent of yield strength, and
they representéa‘a11‘f1aw shapes tested and all but the thickest of the gages
tested. As with the aluminum tests, KCN.values were calculated for these nine
specimens using initial flaw length (2c¢) and failure stress. The average of
the calculated KCN values was 101.2 MN/m3/2 (92.1 ksivin) with a standard
deviation of 8.1 MN/mB/z (7.4 ksi/in). These values are well within the range
of toughness values developed for similarly processed material tested in SST

research(]o).
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4.2.2 Comparison of Magnification Factors

In the preceding discussion, the surface flaw failure locii of specimens of
various alioys, thicknesses, flaw shapes and flaw depth-to-thickness ratios
were compared with the experimentally determined back surface magnification
factor of Reference 4. Since the development of the Reference 4 data,
considerable effort has been directed toward the derivation of analytical
soTutions for the deep surface f]aw.(]]_]4) Two of these solutions, that of
Shah and Kobayashi(12) and that of Smith(]]), are compared with available
experimental data in the following paragraphs.

2219-T87 Aluminum
A comparison of the 2219-T87 Aluminum experimental data obtained in this program

with available solutions is shown in Figure 25. The data noints included in
Figure 25 consist only of those specimens which failed prior to leakage at net
section stress levels less than 90 percent of yield strength. The curves are
plotted in terms of calculated KIE versus flaw depth-to-thickness ratio (a/t).

Figure 25(a) is a plot of data calculated by equation 1 {Reference 3} and is
included to graphically display the magnitude of the back surface effect. The
family of curves incTuded represent predicted trends of the Figure 3 solution
(i.e., the expected reduction in apparent toughness with increasing a/t if
magnification is ignored).

Figures 25 (b), (c) and (d) show results using magnification terms of Masters(q),
Shah and Kobayash1(12), and Smith(]T). The solutions for the latter two curves
are valid for a Poisson's ratio of 0.30. The Smith data points are calculated
for matching flaw depth and length for an equivalent ellipse (Smith's solution
is based on a part circular crack). Additionally, Smith's analysis is Timited
to moderate to high aspect ratios, so data is included only for a/2c ratios of
0.25 and 0.40.

Results of these analyses are shown in terms of the average calculated KIE value
and the standard deviation (S.D.) for the set of data. For example, the
experimentally defined solution from Reference (4) results in an average Kig
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of 57.2 Myr3? (52,1 ksivAm) with a S.D. of 3.9 MN/m>/ % (3.6 ksi/in). (Note
that this average value is slightly higher than that which was visually
established in the previous section.) Shah's analysis vields an average Kyg
of 50.8 MN/m/2 (46.3 ksi/im) and a S.D. of 4.0 Mi/m” % (3.7 ksi/in) while
Smith's average for the fewer data points is 59.6 My/m> > (54.2 ksi/in) with a
5.0. of 4.4 MN/m>/% (4.0 ksi/in).

Data from Reference 4 is illustrated in Figures 26, 27 and 28. This data is
for 1.58 cm (0.625 inch) 2219-T87 aluminum tested in the RT direction at room
temperature 78%K (-320°F) and 20°K (—423°F). Trends of this data are similar
to that of Figure 25. That is the average KIE value calculated from Reference
4 is consistently higher than from the Reference 12 solution, and is either
comparable or slightly Tower than that calculated from the Reference 11 solu-
tion. Calculated S.D.'s are comparable except that those from Reference 1)
probably would have been higher had the same number of data points been assessed.
Again, observation of all data of Figures 25 thru 28 does not reveal any
consistent trends of errors in the handling of the various thickness and flaw
shape variables tested.

7075-7651 Aluminum

Data for the 7075-T651 aluminum were analyzed in a similar manner and are shown
in Figure 29. A comparison of the three deep flaw solutions again shows the
KIE average from Reference 4 higher than that of Reference 12 and close to that
of Reference 11. Scatter in the latter values is the highest with a trend of
over correcting the deeper flaws in evidence.

" As noted in Section 4.2.1, there was a discrepancy between the two thinner gage
data as compared to that of the two thicker gages. This is also shown in all
plots of Figure 29; the four data points for the 0.38 cm (0.15 inch) and the
0.51 cm (0.20 inch) test are consistently and significantly above those of the
thicker specimens. As seen in Figure 29(b), the average KIE value for all data
is 40.3 MN/m3/2 (36.7 ksi/in). The average for the thin specimens is

46.0 MN/m3/2 (41.9 ksivin) and the average for the thick specimens is

38.3 MN/m>/2 (34.9 ksi/in).
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6A1-4Y STA Titanium

It was noted in Section 4.2.1 that there was a significant flaw shape effect
apparent in the titanium data. The average KIE value tentatively set at

80.2 MN/m3/2 (73.0 ksivin) was high for the short flaws and somewhat low for
the long flaws. A plot of apparent KIE (per Equation {1)) versus a/t was made,

but as would be expected, the data were not well ordered. Because of this
the data were separated by flaw shape, and plotted individually as in Figures
30, 31 and 32.

Figure 30 shows the specimens of a/2c¢ = 0.10 which failed before breaking
through at stresses less than 90 percent of yield strenath. Figure 30(a) shows
an average KIE of 83.5 MN/mB/2 (76.0 ksivin)} using the Reference 4 maanifica-
tion factors. As with the aluminum data the Shah-Kobayashi average KIE is
Tower. The specimen with the largest a/t lies significantly higher than the
average on both plots. The ligament dimension for this specimen was in the
region where leakage could be expected, however a recheck of the instrumenta-
tion records did not indicate such.

Figure 32 shows the a/2c¢c = 0.40 data, and shows a further drop in calculated
KIE values.

This behavior 6f decreasing ca]cuiated KIE with increasing a/2c can possibly
be explained if the material in question displays significant directionality
with respect to:crack propagation resistance. If the material is highly
directional, it is probable that fracture will initiate at some point on the
flaw periphery other than at the bottom. To check this, two single edge notch
tension specimen; were tested to determine KIC for this material in the RW
direction (i.e., 90° from the bottom of the surface flaw tests) The average
Kic of these specimens, valid per ASTM requirements, was 48.1 MN/mB/2
(43.8 ksi/in), or less than 60 percent of the K;p values calculated for the
long surface flaws. It has been observed that crack-Tine loaded specimens
often dis?}g{ Tower toughness(¥a;ues than those obtained from surface flaw

6

mens are tested with identical propagation directions, the toughness results

specimens However, Hall has shown that when the two types of speci-
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usually compare quite favorably. Hall's conclusions were based on tests of

- aluminum and titanium at ambient and cryogenic temperatures. Therefore,

it is believed that a large part of the difference between the two directions
is truly an indication of directionality and not a specimen configuration -
effect.

To estimate the location on the flaw periphery where fracture initiation is
most likely to occur, it is necessary to compare the variation of applied
and critical stress intensities around the crack front. This is shown in

Figure 33.

Figure 33{a) describes estimated critical and applied stress intensity as a
function of location on the front of a flaw of a/2c = 0.10. The solid line
is an estimate of the critical stress intensity around the flaw front
assuming that the critical value varies lineariy with % from KIE(RT) at

oy = 0 to KIC(RH) at ay = 90%, It is recognized that the effective toughness
is higher at the surface than shown, however, it will be seen that this is
unimportant for the longer flaws. The dashed curve represents Shah's(]z)
theoretical variation in applied stress intensity around the flaw. It is
further assumed that fracture will initiate in a direction normal to the flaw
front, oy The critical curve is set at a K of 72.8 MN/mB'/2 (66.2 ksivin) at
oy = 0 (Shah's average value from Figure 30), and 48.1 MN/mB/2 (43.8 ksivin)
at ty = 90° (from the SENT specimens). It is seen that the critical curve is

- relatively flat up to o, of about 70°. At this point oy increases rapidly

with an increase in ays and the K critical drops rapidly. The K applied curve,
with known variation is then adjusted upward until the two curves meet. This
occurs at « = 0, and indicates that fracture initiation would occur at the

flaw bottom, o = 0, and at a stress intensity at this point of 72.8 MN/m3/2

(66.2 ksivin).
Figure 33(b) is constructed in a similar manner for an a/2c of 0.25. Here

the curves meet at o, of about 30° and at a stress intensity of 68.1 MN/m3/2
(62 ksi/in). Extension of the applied curve to a; = 0 results in a stress
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intensity of about 69.2 MN/m3/2 (63 ksi/in). This latter value compares well
with Shah's average value for this flaw shape in Figure 31.

Figure 33(c) describes conditions for an a/2c of 0.40. The curve ABD
represents critical stress intensity without relief of the front face
plasticity. It is estimated that this plastic zone depth is approximately
0.13 cm (0.050 inch) using the expression of Rice(17) of p= l—(—5——)2
rominal K of 66.0 MymS/2 (60 ksivim). This zone would extend from oy of
about 50° to the front surface. Thus the actual fracture resistance would
increase through this range. Curve ABC is a rough estimate of the upper limit
of K critical. It is now seen that the K applied curve would intersect the K
critical curve at point D. Shah's calculated average K] is 64.8 MN/m3/2

(59 ksivin) in Figure 32. If the applied curve is set at this value at ay = 0
the curve intersects the resistance curve at point B. Thus, while there are
obviously errors in the values of assumed plastic zone size and the actual
shape of the resistance curve in this area, it does appear plausible that
fracture of short deep flaws would initiate at oy between 45 and 55°

(a2 = 32° to 41°). Fracture would initiate at this point at a stress intensity
of about 61.5 Mhl/m?’/2 (56.0 ksivin) but the applied stress intensity calculated
at the flaw bottom should be as shown in Figure 31(c}.

Notwithstanding the above noted flaw shape considerations, the plots of Figures
30 throush 32 may be used to compare the various magnification values. As
noted, the results are in line with that of the aluminum data. That is, the
calculated Kig values from Shah’s solution are consistently the lowest, and

the other two solutions are comparable. Scatter appears to be similar for all
solutions.

4.2.3 Back Surface Dimpling

Recent studies of back surface dimpling have made use of interferometric
techniques to study the surface displacements caused by the formation of
plastic zones(]a’ ]9). Such techniques were not feasible on this program
because instrumentation used to detect flaw break through made the rear surface
inaccessible for direct observation. For this reason, strain gages were
affixed to the rear surface to detect plastic zone penetration. Appendix

A describes gage locations and includes example data.
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For these tests it was assumed that dimpling had occurred when the maximum
strain on the back surface was eoual to the vield strain of the material
defined by the 0.20 percent offset. The gross section stress at which this
strain was reached is noted as the dimpling stress for each specimen in

Tables 7 thru 15. Tt is recognized that this definition of dimpling threshold
is somewhat arbitrary, however it does represent a procedure which is fairly
reproducible in view of the fact that we are considering lateral deformations
in the realm of a few hundred microinches.

Figure 34 shows results for the 6AT-4V STA titanium tests. This is a plot
of the crack aspect ratio, a/2c, versus crack depth ratio, a/t, at the per-
ceived dimple threshold. This plot shows a definite trend for the data to
group together for a given applied stress ratio (U/oys) with the perceived
dimple threshold for a deeper crack occurring at a lower stress level as
expected. The perceived dimple thresheld is also relatively insensitive to
changes in crack aspect ratio and at an applied stress level of o/cys = 0.99,
such effect is virtually nonexistent. Average perceived dimple threshold
curves for the five applied stress levels are thus shown in this figure.

Experimentally determined average threshold curves are also compared with
threshold curves estimated by the Dugdale model of plastic yielding proposed
in Reference 20. Close agreement between the predicted and observed threshold
of dimpling is noted in Figure 35 for applied stress level of c/cys = 0.79.
Larger differences, as expected, are noted for larger applied stress Tevels.

Since the Dugdale model used here does not account for strain hardening
effects, the predicted threshold of dimpling would tend to occur at shallower
cracks for larger applied stresses as shown in Figure 35. Francis et a1(]9)
tested 0.26 cm (0.10 inch) Ti6A1-4V of a lower strength and visually

observed dimpling at a stress somewhat lower than predicted by Kobayashi,
even at the very low stress levels {e.g., <0.30 oys). This anomaly probably
stems from the methods used to measure the dimpling stress.
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Figure 36 shows the effect of flaw shape and depth on dimpling stress for the
2219-T87 aluminum data. The trends are similar to that of the titanium. That
is, dimpling stress is strongly dependent on a/t, and relatively insensitive
to flaw shape. Francis(18) tested 32.0 cm (0.125 inch) 2219-T87 sheet stock
and measured dimple depth as a function of a/2c, a/t and stress ratio. This
allows a rough comparison of data from the two sources. For example, from
Figure 36 it can be seen that for flaw shapes of 0.20 and 0.40 dimpling would
occur at O/Uys = 0.70 for &/t ratios of about 0.70 and 0.80, respectivelv.
From Reference 18, it is estimated that these conditions would result in
dimple depths of about 1524 ucm (600 microinches) for both cases, (data
obtained from Figure 6 of Reference 18). Reference 18 notes that the dimple
depth, when first detected by eye, was typically on the order of 50 ucm (20
microinches). There was no mention of dimple size after unloading.

It has been suggested(21) that the dimpling behavior of surface flaws
potentially forms the basis for surface flaw detection in thin-walled pressure
vessels. Certainly considerably more must be known about such behavior to
implement such a procedure. However, the following suggests that such a

technique may prove to be feasible. Using the curves of Figure 34, KIE is

plotted in Figure 37 in a nondimensionalized form against applied stress.

This figure shows that the threshold of perceived dimple can possibly be used
to estimate, within an estimated accuracy of 20%, the corresponding "average"
stress intensity factor for a given applied stress level and plate thickness.
It should be noted that the above estimated accuracy of predicting the average
stress intensity factor is speculative at this time. Figure 37, however,

does lend some credence to the suggestion that back surface dimpling can be
used to estimate the average stress intensity factor of a surface flaw
residing on the inside surfaces of thin-walled pressure vessels and which
cannot be conveniently observed by direct NDT methods.

4.2.4 Resistance Curve Considerations

In prior paragraphs, it was noted that KIE values were calculated based upon
the initial flaw size and the maximum (failure) stress. However, it is
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known that some amount of flaw extension precedes instability in most
engineering materials, The actual critical stress intensity may differ from
that calculated depending upon the amount and nature of the flaw extension
occurring during the rising Toad. Insight into this behavior can be gained
by comparing crack extension driving- and resistance-curves. This concept,
developed by Irwin, has normally been applied to specimen types other than

the surface flaw Specimen(22° 23, 24 and 25}

The resistance, or R curve, is a plot of crack growth resistance KR as a
function of crack extension in the material as the crack is driven under a
continuously increasing stress intensity factor, as shown in Fiqure 38, Thus,
R curves characterize the resistance to fracture of (tough) materials during
incremental slow crack growth extension. For throuch cracked specimens R
curves are dependent on material thickness and are normally assumed to be
independent of specimen initial crack length, ass and specimen configuration,
R curves can be used to determine the Toad necessary to cause unstable crack
propagation for a specimen containing a given initial crack size, ;. as shown
in Figure 38. A family of crack driving force curves for the specimen are
generated for initial crack length, a5 as shown in the figure and the unique
curve which is tangent to the R curve defines the load at which unstable
fracture will occur.

This program was not geared to obtain a comprehensive picture of flaw
extension characteristics at or near instability, however, some of the find-
ings obtained in overicad/cyclic testing may prove useful in describing, at
Teast qualitatively, the instability conditions for a set of 2219-T87

aluminum tests. As discussed later in Section 4.3, overltoad/cyclic tests

were performed to determine the effect of a simulated proof test on subsequent
cyclic flaw growth rates. It is important to note here only that the amount
of stable growth which occurred on the single overload cycle could be detected
on the fracture face of the specimen. The specimens selected are shown in
Tables 34 through 36 as called out in Section 4.3. The data are for 1.27 cm
(0.50 inch) thick 2217-T87 tested at 78%K (-320°F) and are plotted in Figure
39 in terms of applied stress intensity versus growth increment. The initial
flaw shapes are noted by the various symbols, and the initial flaw depth is
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noted in parentheses next to the points. While there is considerable scatter
in the data, it does appear that the amount of flaw extension can be described
by consideration of both the maximum applied stress intensity and the initial
flaw size. It is seen that there is a general trend, at a given stress
intensity, that the smallest flaws exhibit the greatest extension. This does
not appear to be unreasonable when it is recognized that for a fixed stress
intensity, the smaller flaws would have to be loaded to a higher stress level,

On the other hand, there is no strong indication of a flaw shape effect.
While considerably more data would be required to confidently describe these
interactions, the solid curves in Figure 39 were drawn to represent a best
estimate of the average subcritical growth behavior.

The above noted curves were then used to construct the crack extension
resistance curves shown in Figures 40 and 41. Figure 40 represents specimens
with a/2c of 0.40, comparable to those shown earlier in Figure 18a. The

two specimens shown represent the shallowest and the deepest flaws of speci-
mens which failed elastically. The two dotted curves represent resistance
curves for specimens AS54-4 and -8 which contained initial flaw depths of
0.71 cm (0.28 inch) and 1.09 cm {0.43 inch), respectively. The solid curves
represent driving conditions at constant stress. It is seen that the driving
and resistance curves become tangent at a stress intensity of 52.7 to 54.9
MN/m>/2 (48 to 50 ksi/in) after stable flaw extension on the order of about
0.08 cm {0.030 inches).

Figure 4] shows results of similar calculations for 1.27 cm (0.50 inch) thick
2219 specimens containing flaws with a/2c of 0.10. These specimens are
representative of those specimens which failed elastically (refer to Figure
18c) and contained initial flaw depths of 0.41 cm (0.16 inch) through 0.84 cm
{0.33 inch). Again it is seen that the points of tangency of the driving and
resistance curves occur at a relatively constant stress intensity level of
about 53.9 MN/m> 2 (49.0 ksivim).
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The above examples indicate that crack instability may occur at an applied
stress level somewhat less than the maximum stress attained during the
fracture test, and after some measurablie crack extension. However, the KIE
value calculated using maximum stress and initial flaw size in the cases
studied compares quite well with that obtained by resistance curve considera-
tions. There is not sufficient subcritical crack extension data available

to determine over what range of thickness/flaw geometries this correlation
would hold.

4,2.5 Static Test Summary
Some of the more important observations from the preceding discussion are
summarized in the following paragraphs.

(1) When plotted on a linear scale in terms of stress versus flaw size,
static test results generally fall into one of three different
regions as shown in Figure 42, The first region consists of the
range of flaw sizes from zero at ultimate strength to a point at
which a flaw causes failure at about 90 percent of typical yield
strength. Through this range the failure locus roughly follows
a straight 1ine. With a further increase in flaw size, the failure
Tocus follows a path which can be described fairly well with the
use of back surface magnification factors of References 4, 11 and
12. With a further increase in flaw size, the third region
develops in which the flaw grows through the thickness prior to
specimen failure. Fajlure strength in this region can be predicted
by consideration of original flaw length and the applicable through-
crack toughness of the material, KCN‘ Departure from region II to
region 111 appears to be a function of the initial l1igament
dimensions (t - a1) and relative toughness of the material
( :15)2

ys
of all the static test results. Data is grouped by alloy, flaw
shape, and thicknesses tested. The window in each bar defines the
point where failure mode changes from "fracture” to "leakage-
before-fracture.”" It appears for each material and flaw shape,

This is shown in Figure 43 which summarizes behavior
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(2)

(3)

that a ligament of 0.10 (KIE'/uys)z falls quite close to the
window. Additionally, for a thickness as small as approximately
O'ZS(KIE/°ys)2 failure can result (prior to leakage) at stresses
below the yield strength.

Within these overall general trends several unique characteristics

peculiar to each of the alloys tested {or at 1ea5t peculiar to the

relative thickness of the alloys tested) were observed:
(a) Back surface dimpling was detected on the majority of the

(b)

(c)

2219-T87 aluminum specimens which fell into Region II. There
were no systematic variations in calculated KIE values as
specimen thickness or flaw shape was varied.

Back surface dimpling was detected on the majority of the
6A1-4V STA titanium specimens which fell into Region II.

There were no systematic variations in calculated KIE values
as specimen thickness was varied. Calculated KIE values
(i.e., calculated stress intensity at the bottom of the flaw)
decreased with increasing a/2c ratios.

For the 7075-T651 aluminum tests, back surface dimpling was
observed on the two thinner gages, but was not observed on the
two thicker gages. Calculated average KIE values for the
thinner gages were about 18% higher than those for the thicker
gages.

Based on COD traces and limited evidence from overload/cyclic tests
(Reference Section 4.3} it is believed that varying degrees of flaw
extension occurred prior to failure of all specimens with the
possible exception of some of the thicker 7075 specimens. Based
upon a study of crack driving and resistance curves and very
Timited crack extension data, it appears that the practice of

using initial flaw size and maximum stress for KIE calculations

may not result in large errors. Certainly additional data are
necessary in this area.
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From these observations and related data, four major conclusions are offered.

(1) When the yield zone penetrates the thickness relatively constant
KIE values are obtained over a wide range of thicknesses and
flaw dimensions. Calculated KIE values for thicker specimens
(where the yield zone does not reach the back surface) may be
lower than those obtained from the thinner gages. This was observed
in the 7075 data. Considerably thicker gages would be required
in 2219-T87 aluminum and the 6A1-4Y titanium to test this con-
clusion {i.e., over 5.0 cm (2.0 inch) and 1.2 cm (0.50 inch),

respectively).

(2) For materials which are not highly directional with regard to crack
propagation resistance, relatively constant KIE values result over
a wide range of flaw shapes. This implies that the surface flaw
specimen measures the material toughness in the direction of the
flaw minor axis, and that the flaw shape factor, ® , adeguately
describes the flaw geometry variable.

(3) For materials in which the toughness in the edgewise direction
(RW) is significantly lower than in the thickness direction (RT)
fracture may not initiate in the depth direction for high a/2c
geometries. Calculated KIE values, assuming fracture initiates at
the bottom of the flaw, would decrease with increasing a/2c ratio.
It is estimated that the actual toughness in the RW direction
would have to be Tess than 70 percent of that in the RT direction

before this behavior would result.

(4) As qualified by the above, failure before leakage can be
described by available stress intensity solutions for stress

levels below about 90 percent of yield up to the point where the
Kic 2
initial remaining flaw ligament is less than about 0.10 (—ELE
¥s
Through this range, use of either of the available magnification
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terms {e.g., References 4, 11, 12) would appear to be acceptable
as Jong as consistency is maintained from data generation to
application. Bevond this point, leakage prior to fracture will
result, and fracture strength is dependent upon crack length and

the KC value of the material and thickness in auestion.

N
4.3 Cyclic Tests

The effects of stress level, flaw shape, proof overload cycle, environment and
test frequency on the cyclic flaw growth rates of various thicknesses of
2219-T87 aluminum and 6A1-4V STA titanium were investigated and are presented
in this section. Stress intensity values were calculated using Equation 1 with
a deep flaw magnification factor as defined in Figure 3.

4.3.1 Baseline da/dN Data

Baseline cyclic flaw growth rate data, da/dN, were generated for 2219-T87
aluminum (WT direction) in Tiguid nitrogen at 78K (-320F), 6A1-4V STA titanium
(RT direction) in air at room temperature and 6A1-4V STA titanium (WT direction)

/

in argon at room temperature. These baseline data were developed at a o

N g
min’ “max’

(R ratio) of zero.

2219-187 Aluminum (WT direction)
Three different thicknesses of 2219-T87 aluminum were cyclic tested in liquid

nitrogen with a sinusoidal profile at a frequency of 0.33 Hz (20 cpm). The
thicknesses involved were 1.27 cm (0.50 inch}, 0.51 ¢m (0.20 inch), and 0.38 cm
(0.15 inch). Material thicknesses of 1.27 cm (0.50 inch) and 0.38 cm (0.15
inch) were tested at moderate stress and high stress levels while a material
thickness of 0.51 cm (0.20 inch) was tested only at the high stress level. The
moderate and high stress levels were set at 0.67 o S and 0.91 ¢ s respectively.
The specimen and test details for these tests are presented in Tables 16 through
25.
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The baseline da/dN data developed for the 1.27 cm (0.50 inch) thick material
are shown in Figures 44 through 47. The crack growth rate data generated at a
moderate cyclic stress Jevel for specimens with initial flaw shapes, (a/2c)1,
of 0.37 and 0.30, are shown in Figures 44 and 45, respectively while Figures
46 and 47 present the crack growth rate data developed at a high stress Tevel
for specimens with initial flaw shapes of 0.41 and 0.11, respectively. The
data scatter bands are established on these plots.

It should be pointed out that not all the fatique crack growth rate data
generated at a high cyclic stress level were included in establishing the

data scatter bands. The solid symbols presented in Figures 46 and 47 represent
growth rates calculated prior to flaw dimpling. At dimpling, the specimen was
slightly marked so that the flaw size at that instant was clearly defined. It
is believed that a large amount of flaw growth occurred during the first cycle,
based on subsequent visual or photographic observation of the specimen fracture
face. If growth-on-Toading did occur during the first cycle and if this amount
of growth was included in the crack growth rate calculations, it would result
in faster apparent fatigue crack growth rates than would actually exist. Ffor
this reason the solid symbols were not included in defining the data scatter
bands.

The baseline da/dN data developed using 0.51 cm (0.20 inch) thick specimens
with initial flaw shapes of 0.40 and 0.09 are shown in Figures 48 and 49.
These data were generated at a high cyclic stress level (00 = 0,91 Uys)'

The baseline da/dN data developed for the 0.38 cm {0.15 inch) thick materials
are shown in Figures 50 through 53. The crack growth rate data generated at a
moderate cyclic stress level for specimens with initial flaw shapes of 0.37
and 0.11, are shown in Figures 50 and 51, respectively while Figures 52 and 53
present the cyclic flaw growth rate data developed at a high stress Tevel for
specimens with initial flaw shapes of 0.38 and 0.10, respectively.
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A summary of all the baseline da/dN data presented in the preceding paragraphs
for 2219-T87 aluminum at 78K (-320F)} is shown in Figure 54. The majority of
data fall within a relatively narrow scatter band considering the range of
material thicknesses, stress levels and flaw shapes presented. Only one set
of data fell outside the basic scatter band as shown in Figure 54. These

data were developed for the thinnest material tested, 0.38 c¢m {0.15 inch),

as well as at the highest stress level and longest initial flaw shape. A
previous investigation {Reference 4) demonstrated that thin sections of
2219-787 aluminum (Tess than 0.25 cm (0.10 inch) thick) exhibited increasing
crack growth rates as the thickness decreased for a constant stress intensity.
The increased growth rate observed for the 0.38 c¢m (0.15 inch) material over
the 0,51 cm {(0.20 inch) and 1.27 ¢m (0.50 inch) materials as tested herein
could be the start of the increased crack growth rate for thinner materials
tested in Reference 4.

A comparison was made between the baseline cyclic crack growth rate data devel-
oped in this program for 2219-T87 aluminum and data presented in Reference 25.
These data are directly comparable; the tests being conducted at the same
temperature, freauency, environment and flaw plane orientation. This
comparison is presented in Figure 55 and shows a very good correlation of the
two sets of data at both Tow cyclic stress (ao = 0.46 Oys) and high cyclic
stress (co = (.91 Uys) levels.

6A1-4V STA Titanium (RT direction)

Three different thicknesses of 6A1-4Y STA titanium (RT direction) were cyclic
tested in air with a sinusoidal profile at a frequency of 0.33 Hz (20 cpm).
Material thicknesses of 0.54 c¢cm (0.21 inch), 0.31 cm (0.12 inch) and 0.16 cm
(0.063 inch) were tested at a moderate stress level of 0.77 Oyg” These data
were generated for initial flaw shapes of about 0.40 and 0.10. The specimen
and test details for these tests are presented in Tables 26 through 31. The
baseline da/dN data developed for the three thicknesses of material tested are
shown in Figures 56 through 61,
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A summary of all the baseline da/dN data developed in this experimental
program for 6A1-4V STA titanium (RT direction) at 295K (72F) is included in
Figure 62, The data fall within a relatively narrow scatter band considering
the range of material thicknesses and flaw shapes tested.

A comparison was made between the baseline cyclic arowth rate data developed

in this program for 6A1-4V STA titanium (RT direction and data presented in
Reference 25. These data are directly comparable; the tests being conducted

at the same temperature, frequency and flaw plane orientation. The environ-
ments were different between the two sets of data; being air for the results
presented herein and gaseous helium for the Reference 25 data. This difference
is not believed to influence the cyclic crack growth rate results. This
comparison is presented in Figure 63 and shows a good correlation of the two

sets of data.

6A1-4Y STA Titanium {WT direction)

Two different thicknesses of 6A1-4Y STA titanium (WT direction) were cyclic
tested in argon at a frequency of 0.17 Hz (10 cpm). The loading profile for
these tests was triangular. Material thicknesses of 0.31 cm (0.12 inch) and
0.16 c¢cm (0.063 inch) were tested at a moderate stress level of 0.68 Gys
These data were generated for initial flaw shapes of 0.37 and 0.40. The
specimen and test details for these tests are presented in Tables 32 and 33.
The baseline da/dN data developed are shown in Figures 64 and 65.

A summary of the data developed for the WT direction is shown in Figure 66
and compares the result with the RT direction results. The scatter band for
the WT direction result essentially falls within the scatter band for the

RT direction.

4.3.2 Proof Overload Effects on Baseline da/dN Data

The effect of a proof overload on the subsequent fatigue crack growth rates
was investigated for 2219-T87 aluminum (WT direction) in liquid nitrogen at
78K (-320F), 6A1-4V STA titanium (RT direction) in air at room temperature
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and 6A1-4Y STA titanium (YT direction) in argon at room temperature. For
these tests, the proof overload was conducted in the same environment and at
the same temperature as the subsequent cyclic tests.

2219-T87 Aluminum
The effect of a cryogenic proof overioad cycle on the fatigue crack growth

rates was investigated for 2219-T87 aluminum using material thicknesses of
1.27 cm (0.50 inch) and 0.38 em (0.15 inch).

The specimens were cryogenically proof stressed from between 0,85 ?ys to
1.0 s and then cycled in liquid nitrogen at stress levels used to develop
the baseline fatigue crack growth rate data (i.e., 0.67 o < and 0.9] oys).
These tests were conducted at a frequency of 0.33 Hz (20 cpm).

The specimen and test details for these tests are presented in Table 34 through
40. For comparison purposes, all figures of cyclic flaw arowth rate data
presented below show the corresponding baseline growth rate data developed at
the same cyclic stress level and initial flaw shape.

The da/dN data for 1.27 cm (0.50 inch) thick material tested after receiving

a proof overload cycle are shown in Figures 67 through 69. The growth rate
data generated at a moderate cyclic stress level (co = 0.67 Oys) for specimens
with initial flaw shapes of 0.39 and 0.28, are shown in Figures 67 and 68,
respectively. These results show that the fatigue crack growth rates are, in
general, significantly retarded initially after receiving the proof over-

load cycle and then tend to converge with the scatter bands of the baseline

data as stress intensity increases. Specimens cycled at stress intensity

values approaching critical after receiving a proof overload cycle do not

show any retardation in crack growth rates. The crack growth rates at low stress
intensity values after receiving an overload cycle are, in general, about one-
fifth the non-overload rates. Figure 72 presents the crack growth rate data at
a high cyclic stress level after receiving a proof overload cvcle for specimens
with initial flaw shapes of 0.36 and 0.11. For initial flaw shapes of 0.36
there does not appear to be any detectable retardation in the crack growth rates
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after receiving the proof overload cycle {based on a single test) whereas a sig-
nificant retardation in crack growth rate was apparent for the data generated
with an initial flaw shape of 0.11.

It was noted in Section 4.3.1 that growth rates for the 0.38 cm (0.15 inch)
thick specimens and the lTowest flaw shape tended to be higher than those of
any of the other thicknesses and shapes tested. As shown in Figure 72, the
overload cycle appears to retard growth rates to values within the range

of the thicker specimen data. While only limited data were generated in this
area, it might be speculated that retardation may be more significant in
thirner gages and lower flaw shape ratios.

6A1-4Y STA Titanium (RT direction)

The effect of an ambient proof overload cycle on the fatigue crack growth
rates was investigated for 6AT-4Y STA titanium {RT direction) using material
thicknesses of 0.54 cm {0.21 inch) and 0.16 c¢m (0.063 inch). The specimens
were proof stressed to 0.89 gys and then cycled in air at 0.77 Gys (the
stress level used to develop the baseline fatigue crack growth rate data).

These tests were conducted at a frequency of 0.33 Hz (20 cpm). The specimen
and test details for these tests are presented in Tables 41 through 44.

The da/dN data for 0.54 cm (0.21 inch} thick material tested after receiving

a proof overload cycle are shown in Figures 73 and 74. ATl figures of crack
growth rate data presented show the corresponding baseline growth rate data
developed at the same cyclic stress level and initial flaw shape. These data
were developed for initial flaw shapes of 0.37 and 0.10. From the data presented
in these two figures it appears that the crack growth rates are only very sTightly
retarded, if at all, after receiving a proof overload cycle. Figures 75 and

76 present the da/dN data for 0.16 cm (0.063 inch) thick specimens with

initial flaw shapes of 0.33 and 0.09, respectively. The data shown in

Figure 75 (high a/2c) demonstrates a significant initial retardation with a
sTlight retardation effect over the remaining stress intensity range tested.

The results obtained at the Tow initial flaw shape (Figure 76) generally

falls within the scatter band of the baseline data with a sTight retardation
initially.
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6A1-4Y STA Titanium {WT diréction)

The effect of an ambient proof overload cycle on the fatique crack growth rates
was investigated for 6A1-4Y STA titanium (WT direction) using material thick-
nesses of 0.31 cm (0.12 inch) and 0.16 cm (0.063 inch), These specimens were

proof tested to 0.9] Iys and then cycled in argon at 0.68 Iy (the stress
level used to develop the baseline fatigue crack growth rate data). The tests
were conducted at a frequency of 0.17 hz (10 cpm) with a triangular loading
profile. The specimen and test details for these tests are presented in
Tables 45 and 46.

Figure 77 presents the da/dN data for the 0.31 cm (0.12 inch) thick material
tested after receiving a proof overload cycle. A1l figures of crack growth
rate data presented show the corresponding baseline crack growth rate data
developed at the same cyclic stress level and initial flaw shape. These data
were developed for an initial flaw shape of 0.38. Figure 78 shows the crack
growth rate data for the 0.16 c¢m (0.063 inch) material tested with an initial
flaw shape of 0.10. Both figures show a significant retardation of crack
growth rate initially and then the rates approach the baseline scatter band
values. The thin material results show more retardation than the moderately
thick titanium.

4,3.3 Environmental Effects on Baseline da/dN Data

The effect of cyclic testing surface flawed 6A1-4V STA titanium (WT direction)
specimens in a solution of 3.5% NaCl was investigated. These tests were
conducted at 295K (72F) and at a test frequency of 0.17 Hz (10 cpm). The
Toading profile for these tests was triangular. Material thicknesses of

0.31 cm {0.12 inch) and 0.16 cm (0.063 inch) were tested at a moderate

stress lTevel of 0.68 Oys The specimen and test details for these tests are
presented in Tables 32 and 33.

Figures 79 and 80 present the da/dN developed for the thicknesses of material

tested in environments of argon and salt water and are compared with baseline
data of Figures 64 and 65. These data were generated for initial flaw shapes
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of 0.37 and 0.10. The data developed in salt-water show almost an order-of-
magnitude increase in the crack growth rates at a given stress intensity com-
pared to those developed in argon.

4.3.4 Environmental/Proof Overload Effects on da/dH Data

The effect of a proof overload on the subsequent fatigue crack arowth rates

was investigated using surface flawed 6A1-4V STA titanium (WT direction)
specimens in a 3.5% NaCl solution. These tests were conducted at room
temperature at a frequency of 0.17 Hz (10 cpm) with a triangular loading
profite. Material thicknesses of 0.31 cm (0.12 inch} and 0.16 cm {0.063 inch)
were tested at a moderate stress level of 0.68 %ys after receiving an ambient
proof test in air. The specimen and test details for these tests are presented
in Tables 47 and 48.

Figure 81 presents the da/dN data for the 0.31 ¢m (0.12 inch) thick material
tested after receiving a proof overload cycle. The figures of crack growth
rate data presented show the corresponding no-proof growth rate data developed
at the same cyclic stress level, initial flaw shape and in the same environment,
These data were developed for an initial flaw shape of 0.38. Figure 82 shows
the crack growth rate data for the 0.16 cm (0.063 inch) material tested with an
initial flaw shape of 0.10. The data shown in Figure 81 show a significant
initial retardation for some specimens compared to the no-proof data but then
the crack growth rates appear to accelerate (compared to the no-proof data) as
the critical stress intensity is approached. In addition, some specimens did
not exhibit the initial retardation at all. The data presented in Figure 82
show no retardation. It appears from this data that a proof overload cannot be
relied upon as an effective means of reducing subsequent crack growth in an
aggressive environment.

4,3.5 Frequency/Proof Overload Effects on da/dN Data
The effect of freguency on proof overloaded fatigue crack growth rates was
investigated using surface flawed 6A1-4V STA titanium (WT direction) specimens
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tested in a 3.5% NaCl solution. These tests were conducted at room tempera-
ture at a frequency of 3.3 mHz (0.2 cpm) with a trapezoidal loading profile.
The rise and fall time for this profile was 3 seconds for each. Materijal
thicknesses of 0.37 cm {(0.12 inch) and 0.1€ cm (0.063 inch) were tested at a
moderate stress level of 0.68 o . after recefving an ambient proof test in

air at a stress of about 0.91 o . The specimen and test detaiis for these
tests are presented in Tables 49 and 50. Figures 83 and 84 present the da/dN
data developed for the thicknesses of material tested. The figures of crack
growth rate data presented show the corresponding proof overload crack growth
rate data developed at a frequency of 0.17 Hz (10 cpm), and at the same stress
Tevel, initial flaw shape and environment. These crack growth rate data were
generated for initial flaw shapes of 0.38 and 0.10. From these figures there
does not appear to be any effect of decreasing the test frequency from 160 mHz
(10 cpm) to 3.3 mHz (0.2 com).

4.3.6 Cyclic Test Summary
A summary of the cyclic results are presented in this paragraph.

(1) Baseline surface flaw da/dN data (that developed with no proof
overloads in inert environments) for a variety of stress levels,
flaw shapes and material thicknesses can be adequately described
as a function of stress intensity for the materials tested herein.
Such plots are shown in Figure 85 for 2219-T87 aluminum and
6A1-4V STA titanium and the ranges of applicability are described
on this figure.

(2)  The effect of a prior proof overload cycle on surface flaw fatigue
crack growth rates was investigated for a variety of materials,
cyclic stress levels, flaw shapes and material thicknesses. A
summary of the retardation effects observed are presented in
Tables &1 and 52 for 2219-T87 aluminum and 6A1-4V STA titanium,

In general, retardation can be expected initially after a proof
test if the cyclic stress is considerably below the proof stress;
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(4)

say approximately 0.75 o . As the cyclic stress level approaches
the proof stress level tﬁe retardation becomes negligible.
Generally, the thinner the material, the larcer the amount of

retardation due to a proof overload cvcle.

Retardation of subsequent da/dN rates due to a nroof overload is a
phenomenon that generally occurs but cannot be relied upon in

every instance., Some identical test specimens exhibited no apparent
retardation while others showed significant retardation.

The fatique crack growth rates developed for 6A1-4Y STA titanium
exposed to a 3.5% NaCl solution were almost an order of magnitude
greater than those rates developed in an inert argon environment.

The fatigue crack growth rates developed for 6A1-4V STA titanium
exposed to a 3.5% NaCl solution after being subjected to a proof
overload cycle showed retardation effects ranging from significant
to nonexistent. In general, this retardation cannot be relied
upon to occur.

The fatigue crack growth rates for FA1-4V STA titanium exposed to a
3.5% NaCl solution after being subjected to a proof overload cycle
were not affected by cyclic frequency between 3.3 mHz (0.2 cpm) to

160 mHz (10 cpm).

4.4 Sustained Load Results

The influence of a proof overload cycle on the subseguent sustained load
 flaw growth characteristics was investigated using 6A1-4Y STA titanium (WT
direction) exposed to a 3.5% NaCl solution. Three different thicknesses of
material were tested; 0.54 cm (0.21 inch), 0.31 cm (0.12 inch) and 0.16 cm
(0.063 inch). The specimens were, in general, sustain loaded at 0.68 Tyt
Those specimens receiving a proof test were proofed to 0.91 s in air. The
specimen and test details for these tests are presented in Tables 53 through

55.
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The results for all three thicknesses of material tested are presented in Fiqure
§6. The data developed using the 0.54 cm (N.21 inch) thick material shows that
the threshold stress intensity, KTH’ is considerably less than 45,5 Hﬂ/m3/2
(41.3 ksiv/in) for specimens that were not proof tested. All tests conducted
with this thickness of material used specimens with initial flav shapes of
0.37. These specimens all failed within one minute after being sustain loaded.

Applying a proof test prior to sustain loading specimens resulted in a sig-

nificant elevation of the threshold; 45.5 MN/m3/2 (41.3 ksi/in) < Kpy < 3.0
Mﬂ/m?’/2 (48.2 ksi/in). In addition to the tests discussed above, two specimens

were proof tested, then slightly marked (by low cycle fatigue for less than
0.010 cm {0.004 inch) and then sustain loaded. These tests demonstrated that
a small amount of flaw growth caused by cyclic operation could negate any
beneficial effect a proof test micht have.

The data developed for the 0.31 cm (0.12 inch) thick material showed very
similar results as those developed for the 0.%4 cm (0.21 inch) material. The
non-proof tested specimens indicated a threshold less than 39.2 MN/m3/2
(35.6 ksivin) whereas the proof tested specimens did not show any flaw
growth at a stress intensity level of 47.2 Mi/m>2 (42.9 ksi/iF) when loaded

for 8 hours.

The results obtained for the 0.16 cm (0.063 inch) material differed creatly
from the thicker material results presented previously. Besides the difference
in thickness one other difference should be pointed out between the tests, and
that is, that the tests conducted with the 0.16 cm (0.063 inch) thick specimens
had initial flaw shapes of 0.09 whereas the tests using thicker aaces were
conducted with specimens having initial flaw shapes of 0.37. As Ficure 86
illustrates, the non-proof Toaded/threshold is 47.3 Mi/m>% (43.0 ksi/in).

A single specimen was proof tested and then sustain loaded. This specimen
failed in the same amount of time as the non-proof specimens loaded to the

same stress intensity level thereby indicating no beneficial effect of a

proof test on KTH' The non-proof Joaded/threshold appears higher for these
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tests than those conducted for the tests utilizing thicker material. Again,
it must be emphasized that flaw shape differences existed as well as material
thicknesses and for this reason it cannot be ascertained whether or not a
thickness or flaw shape effect was observed.

From the results presented in Paragraph 4.4 it appears that a proof test is
beneficial (elevates KTH) for 6A1-4Y STA titanium in thicknesses ranging from
0.31 cm (0.12 inch) to 0.54 cm {(0.21 inch) containing flaws with shapes of
about 0.40 when sustain loaded in a salt-water environment. Such is not the
case for a material thickness of 0.16 cm {0.063 inch) with flaw shapes of
about 0.10; the threshold remains unchanged. It also appears from the tests
conducted that the beneficial effects of proof overload cycle could be
negated by a small amount of flaw growth caused by cyclic operation prior to
being sustain loaded.
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PRECEDING PAGE BLANK NOT FILMED

5.0 CONCLUSIONS

Major observations and conclusions were listed in detail in Sections 4.2.5
{static tests), 4.3.6 (cyclic tests), and 4.4 (sustained load tests) and
are summarized below.

Static Fracture Tests

(1)

Any of the three available deep flaw solutions

(4,11,12) can be used

to describe failing stress flaw size locii for a wide range of

thicknesses, flaw shapes and alloys under the following conditions:

a)

b)

for maximum failing stresses of 0.90 Gys

K
IE )2'
¥s

for minimum thickness of about 0.25 (

K
for ligament size greater than about 0.10 ( Elg- 2.

NE
for materials in which the fracture resistance in the edoewise
(2c) direction is greater than about 70 percent of that in the
depth (a) direction.

Under these conditions KIE values will vary, depending upon which

of the three solutions are used and thus the solutions should not be

mixed in analyzing and applying the fracture data.

The thickness of the majority of the specimens tested in this program

ranged from 0.25

Kig,2

K
(—EEJZ to about 1.50 (===) The plastic zone

penetrated the back’2urface on most of tHdse specimens. Thru this

range, calculated K
sets of data were obtained on thicknesses of about 2.5 (

values did not varv with thickness. Two
KIEy2 o

o}

IE

] s
higher, In these cases back surface dimpling was not obsgrved, and

calculated KIE values were somewhat lower than for the thinner gages.
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Cyclic Tests

(1} Baseline cvclic deep flaw growth rate data can be adenuately described
as a function of applied K Tevels (using deep flaw maanification
factors) within the same limits set for static testing noted above.

(2) Growth rates are usually retarded after a proof overload for onerating
stresses less than about 0.75 O The degree of retardation cenerallv
increases with decreasing thickness, however, the amount varied widelv
between presumably identical test conditions.

Sustained Load Tests

(1} A proof overload cvcle will elevate the sustained load threshold (K
in thick gage 6A1-4Y titanium exposed to a salt water environment,
However, this beneficial effect can be negated by a small amount of cvclic
loading prior to the anplication of the sustained load.

TN)
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APPENDIX A - STRAIN MEASUREMENTS

A considerable amount of rear surface strain data was develoved during the
course of this proaram and some of this data is presented in this arpendix.
Figures A-1 through A-4 show how the rear surface strain varies as a function

of distance from the flaw plane, stress Tevel and flaw depth for various thick-
nesses of 7075-T651 and 2219-T87 aluminum. These figures demonstrate that the
maximum strain can be expected at about 45° from the nlane of the surface flaw.
These figures also show that the rear surface directlv behind the flaw aoes

into compression denending upon the apnlied stress level and flaw depth-to-
thickness ratic. Tynical strain results for the two materials are shown in
Figures A-5 and A-6 as a function of flaw depth-to-thickness ratio for a con-
stant thickness, flaw shape and stress Tevel. These figures illustrate that
significant localized bending exists directly behind the flaw and that this phen-
omena eccurs up to the point where the plastic zone engulfs the remaining liga-
ment, at which noint the remaining ligament is fullv enveloped in a high tension
stress field.

The question of adeauate specimen width relative to the surface crack length
was also addressed during the course of this program. The results of these
tests are presented in Fiqure A-7 for 2219-T87 aluminum. These test results
show that the strains on the back surface reach the nominal P/A value at a
distance of about 2 - 2.5 times the crack length. The disturbed strain field
behind the flaw anrears from these tests to be fairly localized in nature and,
therefore, specimen width-to-flaw length ratios creater than 5 appear more than
adeauate.
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PRECEDING PAGE BLANK -NOT FILMED

APPENDIX B - CALCULATION OF CRACK GRCWTH RATES FPOM
SURFACE FLAK OPENING MEASUREMENTS

The specimens in this prooram that were cyclic tested were instrumented with a
crack opening disnlacement (COD} measurement device as shown in Figure Bl so
that the crack denth as a function of the applied cycles could be determined
and consequently the crack growth rates calculated. The COD at the diametral
center of a comnletely embedded elliptical flaw under normal stress was first
related to the flaw size by Green and Sneddon (Reference 5) and is expressed
by the equation

cop =5 = M ) o2 (8-1)

Although a rigorous solution is not available for flaw opening displacements

for a semi-elliptical surface flaw, such displacements would also be pronortional
to ¢ and a/¢ for elastic materials. By following Irwin's nrecedure (Reference

3) to account for the effect of plastic yielding, the flaw opening displacement
for a surface flaw can be approximated by

cop =g =c& (6-2)
vl

where C is a constant, dependent upon material properties.

Tests conducted in this program have shown that C tends to increase with increas-
ing crack size, rather than remain constant. Figures B-2 through B-5 show

the variation of C with flaw depth-to-thickness ratio for various flaw shaves,
These data were generated from static fracture tests of 2219-T87 and 7075-T651

aluminum using the general eauation:

dé=o ( =2~ )dC + Cod { 2= ) + C { = )do (B-3)
a- A Q-

The data presented in the figures were generated using a COD and corresponding
stress level taken from the Tinear portion of the load/COD curve and the initial
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stress Tevel taken from the linear portion of the load/COD curve and the initial
flaw dimension. It is assumed that the flaw size and the value of C remains
constant during the linear portion of the load/COD curve, in which case
gquation (B-3} reduces to

ds =€ ( 2} do (B-4)
il

From the figures, it can be seen that the value of C does not vary for short
flaws, (a/2c) = 0.40, but varies significantly with a/t for long flaws,

(a/2¢) = 0.10. In general, lona flaws grow in depth significantly more than in
the Tength direction during a cvclic test and therefore the flaw shape increases
rapidiy. Thus, the variation of C durina a cvclic test of a snecimen containine
a long flaw would never be as severe as presented in Ficure B-4. for short
flaws or tests where the flaw growth is small, using a constant value of C appears
acceptable but to adequately define the flaw size as a function of the COD for
long flaws requires that the variation of C with flaw depth-to-thickness be
accounted for. Analyses were conducted in which the variation in € between

the initjal and final flaw size values was assumed to be either Tinear or a
fourth order volynominal and these results have shown that computed crack growth
rates are very insensitive to the manner in which C varies. Therefore, the
crack growth rate calculations in this report were based on an assumed linear
variation in C between the known initial and final flaw size values as
calculated below:

where the subscripts i and f refer to initial and final conditions, respectively.
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In order to relate the flaw parameter {a/ vN ) to COD for values of {a//f )
between the initial and final values an assumption must be made as to the
manner in which the flaw shape changes from test initiation to termination. It

was assumed that

a - a 2c - (2c)i

a; - a B (2c) - (2c), (B-6)

i.e., both flaw depth and width growth simultaneouslv reach the same ner-
centage of their respective total arowth from initial to final values. The

flaw shape parameter (0) can now be determined as a function of flaw depth

and, in turn, can be related to crack depth using Equation (B-2). The number

of cycles (N) corresponding to each selected flaw depth value can he determined
from the test record and, consequently, the change in N for each increment

of flaw depth is known. With knowledge of the flaw size, the stress intensity
can be determined for any npoint during the cyclic test. For specimens that were
oroof tested prior to being cycled, the growth-on-loadino due to the nroof

test was not included in the calculation of fatigue flaw growth rates. The
fracture face of these specimens clearly indicated the amount of growth-on-
loading that had taken place during the proof test. For the specimens that

were not proof tested, the fatigue crack growth rates were calculated as
outlined above based on the initial and final flaw dimensions. For detailed
fatigue growth rate calculations using the above procedure refer to Reference 25.
ATl stress intensity calculations incorporate the use of the deep flaw magnif-
ication factors from Reference 4.
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Figure 32: Comparison of Magnification Terms, 6AI-4V Titanium STA at Room Temperature, AT Direction; a/2c = 0.40
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